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Abstract 

Integrated insulation clay hollow blocks present a 

complex geometry with 2 different materials: clay and 

mineral wool along high thickness (from 30 to 42,5 cm 

here) with integrated thermal bridges. The equivalent 

thermal conductivity λeq is often well known for energetic 

calculations but the equivalent density ρeq and heat 

capacity cpeq are not assessed. The aim here is to propose 

a method to obtain the equivalent parameters linked to 

thermal inertia to be used in an energy building 

simulation tool, which always supposes uniform 

materials layers and 1D thermal transfers. 

This method is composed of a numerical phase and an 

experimental phase. At first, a 1D finite difference model 

has been created in order to simulate the thermal behavior 

of this kind of block. Then, an experimental test bench 

has been created based on two 1 m3 climatic rooms and a 

1 m² wall sample holder in order to calibrate the 1D 

model thanks to experimental data. An optimization 

procedure lets to identify the equivalent thermal 

properties of a uniform block which presents the same 

dynamic thermal behavior. Finally, a validation is carried 

out by comparing TRNSYS simulations and in situ 

experimental data in a dwelling building. 

The novelty of this work is to propose an original and 

complete approach on inertia properties characterization 

of a complex geometry of modern blocks by a complete 

procedure from a 1D mode, experimental tests, in situ 

tests and TRNSYS simulations. The main result show a 

low thermal capacity for all of these blocks in comparison 

with others construction materials with ρeq cpeq=269 500 

J.m-3.K-1 for CLIMAmur36  blocks. 

Introduction 

Integrated insulation clay hollow blocks is an interesting 

constructive system in the context of Near Zero Energy 

Buildings (NZEB) and energy efficiency. Besides, 

summer comfort purpose becomes a major concern in the 

European context, especially with regard to future climate 

changes. The inertial behavior of this kind of blocks has 

to be well known to assess its natural performance to 

guarantee this summer comfort in a passive way. That’s 

why it’s important to know the classical thermal 

properties (thermal conductivity, density and heat 

capacity) of these complex blocks in order to carry out 

energy building simulations. 

The majority of construction materials are homogeneous 

and their physics properties (thermal conductivity λ, 

density ρ, heat capacity cp) are often well known and 

compiled in reliable data banks (CSTB, 2017) or in 

buildings energy simulation tools like TRNSYS, Energy 

Plus or Pleiades COMFIE for example. However, this 

approach is not well adapted for many construction 

materials because of their geometry complexity like 

hollow bricks for example (Habib, 2017). For complex 

constructive systems like hollow clay blocks or integrated 

insulation hollow clay blocks, data giving the steady state 

behaviour (λ in W.m-1.K-1 or R in m².K.W-1) are well 

known (manufacturer data) and well compiled (CSTB, 

2017). However, there is a big lack of data about steady 

and mainly unsteady behaviour. Some authors work on 

clay hollow blocks but the majority investigates only the 

steady state behaviour (λeq) like Alghamdi et al. (2017) 

who propose a 3D finite element numerical model or Koci 

et al. (2015) who propose a numerical model to determine 

steady state behaviour of hollow clay blocks integrating 

different kinds of insulation materials. Some authors work 

on unsteady thermal behaviour like Habib et al. (2017) 

who only study the time-lag (phase shift) according to the 

block response time (BRT) and by considering simplified 

and non validated equivalent thermal properties (ρeq and 

cpeq). More generally, several works dealt with the thermal 

comfort of clay blocks (CTTB, 1997; Brambilla 2017) but 

the majority of them studies heavy clay blocks with 

sometimes poorly adapted experimental procedures 

(indoor temperature imposed to a constant value although 

the aim is to study  amplitude damping performances) 

(CTTB, 1997). These studies never propose identification 

procedures of equivalent unsteady thermal properties. 

For more modern blocks integrating mineral insulation in 

bigger cavities (see Fig. 1), the question of inertia will be 

more crucial because if the insulation is integrated and 

therefore distributed, the inertia is also distributed. 

The problematic, is, even if the block contains mass in 

clay, what is the effective thermal inertia brought by this 

kind of blocks for the ambient temperature natural 

control? 
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Figure 1: Integrated insulation hollow clay blocks (left) 

and classical hollow clay blocks (right) samples 

(Wienerberger blocks references from left to right: 
CLIMAmur 36, CLIMAmur 30, R37, GF R20). 

Method 

The method is composed of 2 phases. Each phase is 

composed of an experimental part and a numerical part. 

At first, an experimental study is led to investigate the 

steady and unsteady thermal behaviour of a wall sample 

(1 m²) in controlled conditions thanks to a guarded hot 

box composed of two 1 m3 climatic rooms and a 1 m² wall 

sample holder. Each room simulates dynamically indoor 

and outdoor climates (temperature and humidity). Two 

procedures will be distinguished to determine on one hand 

the equivalent thermal conductivity by using steady state 

tests and on the other hand unsteady state tests to identify 

the inertia terms (ρeq and cpeq). In parallel, a 1D finite 

difference model is programmed to simulate the dynamic 

thermal behaviour of these blocks. An optimization 

procedure based on the classical least squares method will 

compare 1D model outputs with experimental outputs to 

find the equivalent thermal properties: (ρeq and cpeq). λeq,  

being determined by steady state tests. 

Then, for the second phase, we will inject the equivalent 

thermal properties in a TRNSYS simulation of a real 

dwelling building. In parallel, we carry out an in situ test 

in this real building by using a meteorological station (the 

real meteorological data will be used in the TRNSYS 

simulation), and non-intrusive metrology (temperature 

probes, heat flux-meters and shading position sensors). 

Finally, we validate the equivalent properties by 

comparing TRNSYS outputs with in situ tests 

measurements. Figure 2 summarizes our scientific 

approach: 

 

 

 

 

Figure 2: Method principle scheme. 

 

Experimental test bench 

The first step of the method consists by carrying out 

experimental tests on a 1 m² wall sample built between 

two 1 m3 climatic rooms whose ambiances are 

dynamically controlled. The first climatic room emulates 

indoor conditions, the second emulates outdoor 

conditions (see. Fig. 3). 
 

 

Figure 3: Test bench (1: indoor climatic room, 2: 

outdoor climatic room, 3: wall sample carrier). 

 Outdoor conditions where fixed over 24 h by considering 

2 sinusoidal scenarios based on 1981-2010 means, max 

and min values from 3 French cities which characterizes 

a “mean” French climate (see Fig 3). 

 

 

Figure 3:  Outdoor temperature variation imposed in the 

“outdoor” climatic room.  

For the indoor temperatures, we have to fix the 

temperature variation because the thermal inertia of the 

climatic room is not representative of a standard building 

behaviour. Besides, we cannot simulate the building 

behaviour built with these blocks because it’s what we are 

investigating. We have to simulate the “natural 

derivation” of the indoor temperature by imposing the 

daily variation: in winter, we assume a constant 

temperature with night set point decrease and we assume 

a sinusoidal variation in summer by considering a fixed 

phase shift and damping (see Fig. 4). 

The relative humidity set points are always fixed to 50 % 

indoor and to 50 % outdoor. 
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Figure 4: Indoor temperature variation imposed in the 

“indoor” climatic room. 

The idea is to test the wall sample in realistic conditions 

we can easily found in standard cases. The accuracy of 

these values is not important here, we just want to avoid 

extreme conditions or unrealistic conditions. 

Then, a wall samples have been built by using a brick 

reference from Wienerberger company presented in Fig. 

1 (CLIMAmur 36). Each construction respects the rules of 

the art that would be used on a real building site (mortar, 

glue, joint, plaster). The wall integrates 8 K-

thermocouples (K-TC) probes through 2 blocks located in 

the middle of the sample to avoid border effects. Then, we 

add on inner face a heat flux-meter and K-thermocouple 

surface sensors (see Fig. 5 and 6). 

 

 

 

 

Figure 5: Metrology locations. 

 

Figure 6: Wall sample and thermocouples location. 

We summarize the metrology technical data in table 1: 

 

Table 1: Metrology features. 

Metrology 

Quantity Technology Range Uncertainty 

Temperature K thermocouple -75  -  150 °C ± 0,8 K 

Global flux 

density 

T thermocouple 

(Captec) 
-∞			 −			+∞ ± 3 % 

Acquisition devices 

Device Reference 

Nanovoltmeter (for flux-meters) Keithley 2182 A 

Acquisition module NI Compact DAQ 

1D finite difference models 

In parallel, a dynamic 1D finite difference model has been 

carried out to emulate the thermal behaviour of this kind 

of integrated insulation clay hollow blocks. A 2 mm 

homogeneous spatial step ∆x has been used. We give for 

example in equation 1, the discretized formula used in a 

central node by considering a time step of ∆t 1 s and an 

explicit numerical scheme: ���� = �1 − 2�∗���� − 	Δt� + �∗���� − Δx� + ��� + Δx�� 
with	�∗ = ���������� ����² (1) 

Steady state tests 

The first procedure aims to confirm experimentally the 

value for the equivalent thermal conductivity λeq of these 

blocks thanks to a long steady state test and thanks to 

metrological means (heat flux meters mainly). According 

to the geometry of the blocks (thickness e) and the mean 

flux density output �� , we can compute the equivalent 

thermal conductivity and compare it to manufacturer data 

(see Eq. 2):  

��� =  ∆��� − 1ℎ# − 1ℎ�
		 

with	ℎ# = ℎ� = 22,5	W.m)*. K), 

(2) 

It is to note that the superficial exchange coefficients hi 

and he were previously determined by specific tests. They 

are intrinsic to the room and not modifiable (linked to the 

geometry and the internal ventilation system that aims to 

mix the air to obtain a uniform temperature in the climatic 

room). This operation generates high convection 

coefficients that are not currently realistic for indoor 

applications but are suitable for outdoor conditions. 

Unsteady state tests 

Then, we apply the dynamic boundary conditions to 

assess by identification the inertial terms: ρeq and cpeq 

values. In fact, we will only consider 1 term: the volume 

heat capacity: ρ.cpeq in J.m-3.K-1 because there are 

physically always linked in the fundamental physic 

formula for the computation (in the accumulation term). 

TRNSYS simulations 

TRNSYS is a robust and powerful building energy 

simulation software which is well adapted here. Indeed, 

this tool can compute many outputs in addition to classical 

outputs (air temperature and heating and cooling loads) 

like heat flux through the walls and wall temperatures that 

can be compared with the heat flux-meters and K-

thermocouples outputs. As soon as the thermal properties 

have been identified, a second procedure has been carried 
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out. The aim is to assess the thermal inertia brought by 

these blocks. This assessment is made in 2 steps: the first 

is to simulate a real building with TRNSYS to observe the 

inner surfaces, air temperatures and the thermal comfort 

brought by this building system. Finally, an in situ test has 

been led to calibrate the TRNSYS model and to verify in 

real conditions the inertial behavior of these blocks. A real 

project has been chosen: a dwelling building which is 

built with CLIMAmur 36 blocks in Alsace region (North-

East of France) (see Fig. 7).  

 

  

Figure 7: Studied dwelling perspective (TRNSYS 3D on 

left with instrumented room in blue). 

In situ tests 

For the in situ tests, we instrumented a specific room 

which presents a double exposition: East and South (see 

Fig. 7 highlighted in blue). Obviously, it would have been 

more interesting to test several rooms and even several 

buildings but we limited the number of instrumented 

rooms because of the limitation of available sensors (heat 

flux meter mainly and only 1 meteo station) and to limit 

the inconvenience for inhabitants (heat flux meters and 

TC probes stuck on the wall and suspended TC probes). 

Besides, it is also complicated to find compliant people 

and suitable buildings. The metrological means are 

presented in Table 2.  

Table 2: In situ test metrology features. 

Device Type Sensibility Accuracy 

Temperature 

probes 
T thermocouples  

± 0,1% 

+0,5°C 

Data logger 
GRAPHTEC midi 

LOGGER GL220 

1 µV à 

0,01V 
± 0,1%  

Heat Flux-

meter 
Thermocouples 

170 

µV/(W/m²) 
± 3% 

Meteo station Davis Pro Vantage2  

Results and Discussion 

Steady state tests 

We carried out a test over 18 hours where we imposed a 

constant temperature difference between indoor and 

outdoor rooms (30 K). Then, according to the mean flux 

density over the steady state period �� , we computed the 

equivalent thermal conductivity and compared it to 

manufacturer data (see Eq. 2,  Fig. 8 and Table 3):  
 

 

Figure 8: Steady state test results in terms of heat flux 

density for λeq identification. 

Table 3: Equivalent thermal conductivity of CLIMAmur 

36 bricks. 

Thermal 

properties 

CLIMAmur 36 

Test Manufacturer data Deviation 

λeq [W.m-1.K-1] 0,0750  0,0785 -4,5% 

The equivalent thermal conductivity is very close to the 

manufacturer data and will be considered as validated.  

Then, we note a high variability in the heat flux 

measurements (sampling rate of 10 s). We can explain it 

mainly by the high turbulence in the room that generates 

this phenomenon. By smoothing the data over 20 minutes, 

we obtain a stable trend that leads to the equivalent 

conductivity computation. 

Unsteady state tests vs 1D model 

We started by using the tabulated data given in the French 

standard (CSTB ,2017) for each elementary materials: 

mineral wool and clay to compare the numerical model 

with the laboratory dynamic tests. At first, we checked, 

that conductive heat transfers in the initial 2D geometry 

can be assimilated to 1D heat transfers. An unsteady state 

2D finite volume model has been programmed and show 

that the isothermal lines are comparable to parallel lines 

and perpendicular lines to the borders which justify the 

hypothesis of a 1D heat diffusion (see Fig. 9). 

 The influence of the internal thermal bridges is therefore 

neglectable from the point of view of the heat diffusion 

direction. The simplification in a 1D model is therefore 

relevant. 

 
Figure 9: Isothermal lines from the 2D finite volume 

model. 
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Secondly, we computed a volume weighted average of the 

volume heat capacity like used also Habib et al. (2017): 

����� = -./�����./ 	+ -0/12�����0/12-33 = 506	400	J/m9/K (3) 

Then, we used this weighted average in the 1D model and 

it generated inconsistent curves in terms of dynamic 

(phase shift and amplitude) in comparison with 

experimental data. We quickly noticed that the “real” 

equivalent volume heat capacity (ρ.cp)eq is lower than 

expected. Then, a parametric study has been launched by 

using a least squares method on both whole data on the 8 

thermocouples data, amplitude values and phase shift 

values in order to identify the equivalent volume heat 

capacity value (ρ.cp)eq of this block which reaches 

269 500 J.m-3.K-1. It was important here to take into 

account the dynamic features in addition to the 

temperatures to be sure that experimental sinusoidal 

curves are synchronous with the 1D model and so in terms 

of amplitude and phase shift.  That’s why the least squares 

method was applied on these 3 parameters (temperatures, 

amplitude and phase shift for each thermocouple). Figures 

10 and 11 compare the outputs from the optimized 1D 

model with experimental data (temperatures and fluxes).  

The correlation is very satisfying for the winter 

configurations. Bigger deviations appear for the summer 

case mainly for the thermocouples 7 and 2, but the 

dynamic is relevant by considering a deviation (about 1 

K) in the same range than the order of magnitude of the 

sensor uncertainty (±0,8 K). 

 

 

Figure 10: Wall inside temperatures comparison 

between 1D model and laboratory test in winter 

conditions. 

 

 

 

Figure 11: Wall inside temperatures comparison 

between 1D model and laboratory test in summer 

conditions. 

With regard to inertia, it is important to check that the 

amount of energy incoming and outcoming of the inner 

wall (heat storage/heat destocking) is also consistent. 

Figures 12 and 13 show these algebraic flux densities for 

respectively winter and summer cases by comparing 1D 

model data and experimental tests.  

 

 
  Figure 12: Indoor heat flux density evolution in winter. 
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Figure 13: Indoor heat flux density evolution in summer. 

We see a good correlation between the simplified 

numerical model and the experimental outputs mainly for 

the winter conditions. In summer, we well observe the 

storage phase during the day (positive values) and the 

destocking phase during the night (negative values). 

Equivalent thermal properties 

Finally, for building energy simulations, we will use the 

following data in Table 4 for each thermal property. We 

note that we use the data of the apparent density supplied 

by the manufacturer (global block mass divided by the 

block external volume) that leads to only adjust cpeq : 

Table 4: Equivalent thermal properties. 

Properties CLIMAmur 36 

ρeq  630 kg.m-3 

cpeq  430 J.kg-1.K-1 

λeq  0,08 W.m-1.K-1 

The cpeq value seems to be low in comparison with 

classical data (CSTB, 2017). A first explanation can be 

that tabulated values are often default values and probably 

wrong values (about 1000 J/kg/K for many construction 

materials) (CSTB, 2017). A second explanation is linked 

to the daily heat penetration depth δ (see Eq. 4): concept 

which assesses the “useful” thickness of a material when 

subjected to periodic solicitations (depth from which the 

amplitude of the signal is damped by the Euler factor e = 

2,72 (-63 %)). A low equivalent heat capacity could mean 

that only a part of the brick is “activated” for the tested 

conditions (period of 24 h and amplitude of some K).  

δ = ; � <=>� <�? < 				with		= = 24.3600	s  

(4) 

Here, if we compute this penetration depth, we obtain 

about 9 cm for the CLIMAmur 36 block that means that 

the internal heat wave only propagates on the first 9 cm. 

This phenomenon could explain this quite low cpeq value. 

Finally, we found the same trend (low equivalent heat 

capacities) for 2 others references of clay hollow blocks 

(without mineral wool integrated (see Fig. 1)) with 437 

J/kg/K for the R37 blocks and 475 J/kg/K for the GF R20 

blocks from Wienerberger manufacturer. Besides, for an 

homogeneous massive material (aerated concrete) we 

applied the same experimental protocol and we found a 

consistent value of 800 J/kg/K in comparison with a 

tabulated value of about 1000 J/kg/K. 

TRNSYS simulations vs in situ tests 

The studied dwelling building (see Fig. 7) has been 

modeled in the TRNSYS 17 environment. Internal loads 

and shading scenario have been made according to a 

survey of occupant habits and sensors analysis (shading 

contact sensors). In particular, quick morning natural and 

manual ventilation by windows openings have been taken 

into account to be more realistic (see highlight on Fig.15). 

 

Figure 14: TRNSYS Studio model. 

Figures 15 to 16 compare TRNSYS outputs with in situ 

measurements during the hottest week. After a calibration 

procedure, mainly on the shading rate during periods of 

direct sunlight and on the solar absorptivity coefficient of 

outer faces, we found a satisfying correlation. Finally, 89 

% of the TRNSYS air temperature outputs are contained 

inside the uncertainty range of the sensors in addition to a 

satisfying shape of the curves in terms of dynamic.
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Figure 15: Air temperatures comparison between TRNSYS and in situ test during the hottest week. 

 

 

Figure 16: Air temperatures comparison between TRNSYS and in situ test during the hottest day.

In particular, we see the strong and punctual impact of the 

morning natural ventilation in this room. We also observe 

an efficient thermal behavior of the building in terms of 

summer thermal comfort with high damping and low 

indoor temperatures in comparison with outdoor 

temperatures. Figure 16 focuses on the hottest day of the 

test period. Uncertainty range has been plotted to proove 

the good correlation at least for this day. We also observed 

a satisfying correlation between TRNSYS wall 

temperatures outputs and in situ measurements, in 

particular for the inner face that leads to validate the 

identification procedure. 

Finally, we consider the equivalent thermal properties 

determined previously as valid thanks to the very good 

correlations between in situ measurements and TRNSYS 

simulations using  equivalent thermal properties to 

simulate a complex integrated insulation clay hollow 

block. Besides, it is interesting to note that our validation 

procedure relies on a discretized finite difference model 

while TRNSYS uses a conduction transfer function CTF 

to calculate 1D transient heat conduction through multi-

layer envelope components, which is different and 

complementary method (Delcroix, 2012). Finally, these in 

situ tests allow validating the relatively low equivalent 

heat capacities values found for hollow clay bricks. 
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Conclusion 

A complete numerical and experimental procedure has 

been carried out to assess equivalent thermal properties 

of complex wall construction blocks (integrated 

insulation clay hollow blocks). This procedure is based 

on laboratory tests, a 1D finite difference numerical 

model, TRNSYS simulations and in situ tests. The results 

show a successful calibration of the 1D model based on 

experimental data. Finally, the equivalent thermal 

properties of the material were found for a 36 cm thick 

block (CLIMAmur 36). It was interesting to show that 

these values (on the thermal capacity in J/K/m3) were 

below than the mean values of the properties of the 2 

materials according to their proportion. This point shows 

the complexity to assess these equivalent values and 

shows that modelers have to pay attention to the used 

thermal properties of this kind of blocks for thermal 

comfort applications mainly. 

In the future, more blocks references have to be tested to 

get their equivalent properties. Some others references 

(CLIMAmur 30, GF R20, R37) have already been tested 

but not until in situ tests which are obviously difficult and 

heavy to implement (see Table 5). Only 1D models and 

experimental tests on 1 m² wall sample have been made. 

But these tests allows to confirm this trend to relatively 

low equivalent heat capacities. An experimental test on 

aerated concrete blocks has also been conducted to 

compare its properties with the clay hollow blocks: 

Table 5: Equivalent thermal properties for several blocks. 

 
CLIMAmur 

36 

R 37 GF 

R20 
Aerated 

concrete 

 

ρeq  630  690 700 450 kg.m-3 

cpeq  430 435 475 800 J.kg-1.K-1 

λeq  0,08  0,12 0,2 0,11 W.m-1.K-1 

Also, others studies would be relevant to conduct. Indeed, 

some authors well show the high sensitivity on thermal 

dynamic of these blocks (clay) to humidity transfers (dos 

Santos, 2009, Schmidt, 2012) which could modify the 

equivalent thermal properties. The guarded hot box 

would let to conduct a new campaign by adding these 

water transfers. 
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Nomenclature 

cp,  heat capacity, J/kg/K 

e, brick thickness, m 

h, superficial exchange coefficient, W/m²/K 

R thermal resistance, m².K/W 

T temperature, °C 

V, volume, m3 

∆T, temperature difference, K 

λ,  thermal conductivity, W/m/K 

ρ denstity, kg/m3 

φ, heat flux density, W/m² 

τ, cycle period, s 

Subscripts and exponents 

e, exterior 

i, interior 

eq, equivalent 
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Abstract 
Heat emissions from buildings to ambient air are a crucial 
component influencing the urban microclimate. However, 
existing literature has very limited coverage of such 
research. This study developed a bottom-up approach to 
calculating heat emissions from buildings to the ambient 
air and implemented it in EnergyPlus. Simulation results 
of heat emissions from the small-sized office buildings in 
Chicago show the heat release from envelope convection 
is dominant over a year, accounting for 79% of the total 
annual heat emissions. Building releases the most amount 
of heat to the ambient air in summer, due to higher cooling 
loads, when heat rejected by condensers or cooling towers 
reaches the peak; during winter, HVAC system relief air 
and zone exfiltration emit a considerable amount of heat 
to ambient air (30% of winter heat emissions for the small 
office). Compared with the annual site energy use, the 
annual total heat emission is 3.7 times larger for the small 
office building.  
Introduction 
Heat emissions from buildings, transportation and 
industry are recognized as important factors influencing 
the urban microclimate, besides the factors of urban 
morphology and surface material property. Quantification 
of the heat emission to the urban atmosphere and its 
spatiotemporal distribution have significant implications 
and hence have been the focus of many related studies. 
Knowing how much heat is released into the atmosphere 
can help quantify the magnitude of its impact on urban 
microclimate, e.g., identifying and ranking the root source 
of urban heat island effect and climate change. Spatial and 
temporal distribution of heat emissions can further serve 
to locate hot spots in space and time for prioritizing 
resources to mitigate their environmental impact (Sun et 
al., 2018).  
Three different approaches have been used in past 
researches to quantifying the heat emissions from 
building sectors, though they have some inherent 
limitations respectively (Sailor, 2011). Inventory method 
is a common approach to quantifying anthropogenic heat 
emission from different sectors (i.e., buildings, 
transportation and industry) in cities. It uses energy 
consumption from each sector as an approximation, given 
all consumed energy ultimately converts to heat and 
dissipates to the atmosphere. Previous studies have shown 
that the building sector is the largest contributor 

especially in a metropolis.  Based on energy statistics in 
Beijing, Sun et al. (2018) adopted the district GDP and 
population density as adjustment factors to calculate and 
allocate heat emissions to seven urban functional zones. 
They found that buildings account for 45% of urban heat 
emission, among which commercial buildings have the 
highest impact on urban climate. Study results of 
Hamilton et al. (2009) also conclude that heat emission 
from buildings in London could be 3 to 25 times greater 
than captured solar radiation in winter. The critical 
problem of inventory approach is that energy 
consumption is not equivalent to heat emission. It is 
particularly evident for buildings with HVAC systems, 
which reject more heat than energy consumption to offset 
thermal load from the enclosure and transmitted solar 
radiation in summer (Sailor, 2011). Another problem of 
the inventory method is the lack of fine-resolution energy 
data in time, which produces inaccurate temporal 
distribution. 
Given the magnitude and complexity of heat emission 
from buildings, a bottom-up method with building energy 
models has been proposed to identify heat fluxes to 
outdoor from different building components. Hsieh et al. 
(2007) focused on heat rejection from air conditioning 
systems in summer, which can be represented by 
condenser side heat transfer to outdoor. They built 
EnergyPlus models for a building portfolio in Taibei city 
and derived diurnal heat rejection patterns with hourly 
EnergyPlus model output.  Bueno et al. (2012) established 
a resistance-capacitance (RC) network model to represent 
the thermal interaction of buildings with their 
surroundings. They then used the RC model to investigate 
the impact of heat fluxes through the building envelope, 
exfiltration, and HVAC system heat rejection on outdoor 
air temperature. However, none of them encapsulates heat 
emitted from all possible building components, failing to 
quantity total heat emission from buildings and to deliver 
a complete picture of annual and seasonal variations. 
The third approach, surface energy balance method, is the 
only method that utilizes field measurements to estimate 
anthropogenic heat emission in regions. The 
approximation of heat emission is the residual from the 
difference between measured net radiative heat flux and 
sensible/latent heat flux. Yet the requirement of expensive 
equipment and long-term measurement are prohibitive, in 
addition to the difficulty to split results into different 
sectors (i.e., buildings, transportation, industry, etc.) 
(Sailor, 2011). 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
230

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.210139 
 



To address the limitations of previous studies, the present 
study is dedicated to quantifying the total heat emissions 
from buildings with a more holistic bottom-up method.  

Method 
Heat emissions from a building include heat release to the 
ambient air, radiant heat to the sky, radiant heat to the 
ground, and radiant heat to the surrendering surfaces 
(neighbor building surfaces, water body) and objects (e.g., 
trees). This study focuses on heat directly discharged to 
the ambient air for urban climate research purpose.  
A bottom-up approach is proposed to calculate heat 
emissions from buildings to ambient air, which can be 
adopted by any building energy modeling programs. The 
heat emissions from a building to ambient air include heat 
releases from three levels of building components: (1) 
building envelope – exterior surfaces’ convective and 
radiative heat transfer to the ambient air, (2) zone - 
exhaust air or exfiltration from spaces to the ambient, and 
(3) HVAC system - relief/exhaust air and heat rejected by 
air-cooled or evaporative-cooled condensers or central 
plants, including cooling towers of water-cooled chillers, 
gas-fired boilers, furnaces and water heaters. All heat 
emission components are illustrated in Figure 1. It should 
be noted that any underground zones or envelope surfaces 
are excluded since the heat from those spaces is rejected 
to the ground instead of to the ambient air.  

 

Figure 1: Building released heat compositions. 
 

Figure 2: Envelope exterior surface heat balance. 
Exterior surfaces of the envelope are crucial heat transfer 
elements of a building to ambient air. As shown in Figure 
1, they emit heat to ambient air in the form of convection 
and long-wave radiation, which could be absorbed by 
particles and gas molecules in the ambient air. As 

indicated by the heat balance of the exterior surface 
(illustrated in Figure 2), this part of emitted heat comes 
from both external source (i.e., solar radiation) and 
internal sources (internal heat gains and space heating or 
cooling). The internal sources change the outside surface 
temperature through envelope conduction, along with the 
incident solar radiation, and this triggers the heat 
exchange with the ambient air. The energy conservation 
between heat sources and envelope total emission holds 
for the annual aggregate results. However, since the heat 
radiated to the sky and ground is not considered as 
emissions to the ambient air, in this study, the calculated 
heat emissions should always be less than sum of the heat 
sources. The surface heat emission to ambient air is 
calculated as the sum of surface outside face convection 
heat gain rate and surface outside face thermal radiation 
to air heat transfer rate: 

Qemi, surf = (Hc +  Hr )* A * (Tsurf – Tout)    (1) 
where Hc is the surface outside face convection heat 
transfer coefficient, Hr is the heat transfer coefficient of 
the surface outside face thermal radiation to the ambient 
air, A is the surface area, Tsurf and Tout are the surface and 
outdoor air temperature. 
Discharge air acts as the media carrying heat to outdoor 
as it leaves a building at indoor air temperature. It consists 
of three parts at two levels, including zone level - 
exfiltration, zone exhaust air and HVAC system level – 
system relief air. Exfiltration is the unintended airflow to 
outdoor through envelope cracks, as opposite to 
infiltration. Zones such as restroom, kitchen and laundry 
room are equipped with an exhaust fan for active venting. 
HVAC system releases part of return air from zones for 
mechanical ventilation purpose. With the discharge air 
temperature converging to the ambient air temperature, 
the contained heat is released into the ambient.  
These items can be quantified by: 

Qexf, zone =  mexf(hzone – hout)     (2)  
Qexh, zone =  mexh(hzone – hout)     (3) 

            Qexh, sys =  mexh(hnode_out - hout)            (4) 
where mexf is the exfiltration air flow rate, mexh is the 
exhaust air flow rate from the zone or system exhaust 
node, hzone and hout are the zone and outdoor air enthalpy, 
and hnode, out is the system outlet air enthalpy.  
While the HVAC system indirectly influences envelope 
heat emission through space heating or cooling, it also 
directly exchanges heat with ambient air via the 
refrigeration cycle and its energy usage. For gas-fired 
heating, waste heat is exhausted to outdoor with 
combustion byproduct. In order to provide space cooling, 
heat is removed from indoors and dumped to outdoor at 
the condenser side or corresponding cooling equipment, 
such as a cooling tower. Besides, energy consumed by 
outdoor equipment will directly dissipate as heat to the 
ambient air, such as compressor and condenser fan in 
packaged DX systems. Heat pump is a special case for 
heating, because it extracts heat from outdoors in heating 
seasons instead of releasing heat. In general, we assume 
the heat rejection is due to gas-powered combustion and 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
231

 

 
  



condensers of any type, and we calculated these items 
based on the system type: 
1. Gas-powered combustion unit: Fuel generated heat – 

fuel heat supply; 
2. Condensing unit: 

a. Air-cooled: cooling rate + electric power of the 
condenser fan and compressor; 

b. Water-cooled: total heat transfer rate with the 
outdoor air. 

Detailed calculation of HVAC rejected heat varies with 
different HVAC object groups and component types. 
Details are documented in the EnergyPlus Engineering 
Reference Manual. 

Implementation in EnergyPlus 
EnergyPlus is an open source building energy simulation 
engine that can dynamically model heating, ventilation, 
air-conditioning, lighting, plug-loads, water use, 
renewable energy generation, and other building energy 
flows. Several new features were recently added to 
EnergyPlus to improve modeling buildings in urban 
context considering the interactions between buildings 
and between buildings and urban microclimate (Hong and 
Luo, 2018): (1) import and export of exterior shading 
schedules, (2) calculation of long-wave radiant exchange 
between buildings, and (3) use of urban microclimate 
conditions for heat transfer calculations in exterior surface 
convection and infiltration, as well as local outdoor air. 
The heat emission calculations were implemented in 
EnergyPlus as a new feature. It is available in the 
EnergyPlus version 9.1 release in April 2019.  
Two new choices, HeatEmissionsSummary and 
HeatEmissionsReportMonthly, are added to the object 
Output:Table:SummaryReports to specify the reporting 
of the annual and monthly heat emissions from buildings 
to the ambient in the EnergyPlus tabular summary reports. 
The reported heat emissions are broken down into the 
Envelope Convection (exterior surfaces, e.g., walls, roofs, 
windows), Zone Exfiltration, Zone Exhaust Air, HVAC 
Relief Air (from air handling units), and HVAC Reject 
Heat (from air-cooled condensers, cooling towers, and 
boiler combustion exhaust). 
A dozen new report variables were added to enable the 
generation of the annual and monthly reports, as well as 
the reporting of time-step total, sensible and latent heat 
emissions: 

• Zone, Average, Surface Outside Face Thermal 
Radiation to Air Heat Transfer Rate [W] 

• Zone, Average, Surface Outside Face Heat 
Emission to Air Rate [W] 

• HVAC, Average, Zone Exfiltration Heat 
Transfer Rate [W] 

• HVAC, Average, Zone Exfiltration Sensible 
Heat Transfer Rate [W] 

• HVAC, Average, Zone Exfiltration Latent Heat 
Transfer Rate [W] 

• HVAC, Average, Zone Exhaust Air Heat 
Transfer Rate [W] 

• HVAC, Average, Zone Exhaust Air Sensible 
Heat Transfer Rate [W] 

• HVAC, Average, Zone Exhaust Air Latent Heat 
Transfer Rate [W] 

• HVAC, Sum, Site Total Zone Exfiltration Heat 
Loss [J] 

• HVAC, Sum, Site Total Zone Exhaust Air Heat 
Loss [J] 

• HVAC, Sum, HVAC System Total Heat 
Rejection Energy [J] 

Positive values of these report variables indicate heat 
released from the building to the ambient air, while 
negative values indicate the heat extracted by the building 
from the ambient air (i.e., the building absorbs heat from 
the ambient air).  

Case Study and Results 
Case study setup 
As a simple case study to demonstrate the use of the 
feature in EnergyPlus and to gain a deep understanding of 
the heat emissions, we chose the small-sized office 
building models from the USDOE’s commercial 
prototype buildings models suite (USDOE). The small 
office building uses packaged air-source heat pump for 
cooling and heating with a gas furnace for backup heat. 
The building meets the ASHRAE Standard 90.1-2014 
efficiency requirements. Chicago is chosen as the typical 
climate with hot summer and cold winter. 
Annual simulations were run. Results are first reported at 
10-min time step, and then aggregated to monthly and 
annual summaries to demonstrate the temporal variations 
of building released heat.  
Case study results 
As shown in Figure 3, for the reference small office 
building, the annual net heat emission is 1180.26 GJ, 
which is 3.71 times of the annual site energy use of 317.91 
GJ. Envelope heat emission to the ambient air via 
convection and long wave radiation is the dominant 
composition (82%), followed by the HVAC system heat 
rejection (9%), zone exfiltration (5%), and HVAC system 
relief air (4%). 

 
Figure 3: Percentage of each composition of the annual 

total net heat emission of the small office building 
Figure 4 and Figure 5 show the seasonal patterns of heat 
emissions. The seasons are defined as spring (March, 
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April, May), summer (June, July, August), autumn 
(September, October, November) and winter (December, 
January, February). The variation of the convective heat 
emission resembles seasonal solar radiation change: 
peaks in summer, continuously diminishes from fall to 
winter, and increases again in spring. The maximum 
HVAC heat rejection appears in summer, while the heat 
pump system absorbs heat from ambient air in winter (i.e., 
the negative value shown in Figure 4 & Figure 5). Heat 
rejected by the relief air shows a reverse pattern, which 
peaks in winter and carries cooling in summer. Long-
wave radiation to air and zone exfiltration exhibit minimal 
seasonal variations.  Except for the dominant convective 
heat emission across all seasons, HVAC heat rejection 
takes up 7% in summer while emission through zone 
exfiltration and HVAC relief air accounts for 16% in 
winter. In summer, the heat emission from the HVAC air 
system relief air is negative (meaning heat absorption due 
to the relief air having a lower temperature than the 
ambient/outdoor air) and is not plotted in the figures. 

 
Figure 4: Seasonal net heat emission per floor area of 

the small office building 

 
Figure 5: Percentage of each composition of the 

seasonal net heat emission of the small office building 
Figures 6 and 7 show heat emissions during a typical 
summer and winter weekday, respectively. During 
daytime in summer, more heat is emitted by the envelope 
convection and the rejected heat from the air-cooled 
condenser, while the envelope absorbs heat during the 
night-time. In winter, the amount of heat emissions is 
much smaller (almost reduced by half compared with 
summer results), and the HVAC systems absorb heat 
rather than release heat due to the heat pump operation in 

heating mode - moving heat from outdoor air to the 
indoor. 

 
Figure 6: Heat emissions on a typical summer day 

 
Figure 7: Heat emissions on a typical winter day 

Among the heat emitted to the surrounding environment, 
we compared the heat emissions to the ground, sky and 
ambient air through the envelope. For the reference small 
office building, the annual heat emission through 
convection and radiation to air, radiation to the sky, and 
radiation to the ground are 964.2 GJ, 1401.5 GJ, and            
-144.7 GJ, respectfully. In particular, the building absorbs 
heat from the ground in winter and releases heat in 
summer by long-wave radiation. 
Overall the heat emissions from the small office building 
are dominated by the envelope convection heat transfer as 
the building has a much larger ratio of surface area to air 
volume. For buildings with more core area and less 
perimeter area, the amount of HVAC system related heat 
rises. On an annual basis, the small office building in 
Chicago emits a significant amount of heat to the ambient 
air of 3.71 times the total site energy consumed by the 
building. Again, this characteristic of heat emission will 
vary by building type, HVAC system type, efficiency 
level, and climate zones. 
Conclusion 
A new feature to calculate heat emissions from buildings 
to the ambient air was developed and implemented in 
EnergyPlus version 9.1. Simulated results of the small-
sized office building show heat emissions from buildings 
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to the ambient air are dynamic and vary by day and night 
as well as by seasons. This feature enables a quantitative 
and deeper understanding of building heat emissions 
which is a key contributor to the urban heat island effect 
in dense urban areas. Future work includes verification of 
the simulated heat emissions using ideal EnergyPlus 
models, and applying the heat emissions feature in the 
urban building energy modeling tools (e.g., CityBES 
(Hong et al. 2016)) to enable the study of heat emissions 
from buildings in an urban context and how they influence 
the urban microclimate. 
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Abstract 

Transparent elements of building enclosure components 

play a critical role in buildings' performance and integrity. 

Numeric simulation provides a tool to model and predict 

the thermal behavior of window constructions. This paper 

presents a two-dimensional numerical analysis of the 

thermal behavior of a casement window before and after 

implementing a vacuum glazing in the external pane. Two 

modelling approaches were considered, a conventional 

one (focusing predominantly on conductive heat transfer) 

and a more detailed one (involving coupled conduction 

and convection). The results of the study demonstrate the 

benefits of the aforementioned retrofit option in terms of 

reduced heat transfer, increase of surface temperature 

within the cavity during the cold season, and the reduction 

of surface condensation risk.  

Introduction 

Energy use due to building operation has a significant 

impact on environment (Taleb, 2015). Improved building 

envelope design can contribute to reducing buildings' 

energy consumption (Malvoni et al., 2016).  

Windows have been a subject of interest for research in 

building industry due to their multifaceted and significant 

implications for indoor environmental quality and 

building energy use. Regarding thermal insulation of 

windows, designers are expected to pay special attention 

toward improving the pertinent properties of the frame 

and glazing (Curcija, 1993). Understanding windows' 

thermal performance requires detailed knowledge of the 

relevant properties of their different elements. To be 

considered energy-efficient, windows require, amongst 

other things, a low U-Value. Thus, the materials used in 

must have lower thermal conductivity (Finlayson et al. 

1998). There are many instances of application of numeric 

heat transfer for analysing windows' thermal performance 

(Marjanovic et al., 2005; Thalfeldt et al., 2015). Likewise, 

multiple studies have addressed the performance of 

vacuum glazing (see, for example, Proskurnina et al., 

2016; Cho, 2017).  

Multi-objective analyses have been carried out in several 

studies (Malvoni et al., 2016; Baglivo et al., 2014) to 

optimize the thermal performance of the windows. 

There are a number of studies regarding heat transfer in 

multi-pane windows, which have focused on free 

convection in the interstitial space between the glazing 

layers (Yin et al., 1978; Zhao et al., 1997). Arici et al. 

(2012) compared numerically the thermal behaviour of 

windows with double, triple, and quadruple panes, 

suggesting that heat loss through the transparent elements 

can be reduced by increasing the number of panes, 

especially in cold climates.  

Numeric heat transfer analyses in multi-pane window 

have mostly focused on natural convection inside the 

cavity between glazing (Curcija, 1993; Yin et al.,  1978;  

Zhao and Curcija, 1997).  

Implementing vacuum glazing in buildings has been an 

object of broad study and application in recent years, both 

in new and existing constructions. However, there is little 

experience in predicting the actual behaviour of vacuum 

glazing. Within the framework of a recently completed 

research project, it was demonstrated that conventional 

(double-layered) windows can be thermally retrofitted 

such that one or both glazing layers are substituted with a 

vacuum glazing element (Proskurnina et al., 2016). 

Conventional – standard-based – thermal bridge analyses 

of such windows does not model in detail the convective 

heat flow generated by buoyancy forces within the 

interstitial air space between the two layers. 

In the present study, we applied numeric simulation to 

study the behaviour of a conventional casement window 

(or, in German: "Kastenfenster") before and after 

application of vacuum glazing to the window's external 

pane. Thereby, two simulation approaches were 

compared. The first considers only conductive heat 

transfer, whereas the second involves a more detailed 

assessment using computational fluid dynamics (CFD) 

coupled with numeric simulation of conductive heat 

transfer.  

To estimate the risk of possible condensation or mould 

grows, the temperature distribution as well as minimum 

surface temperature of the indoor window surfaces was 

obtained from simulation. Furthermore, the 

dimensionless temperature factor at the internal window 

wing (𝑓𝑅𝑠𝑖) was derived based on the following Equation 

1 (ISO,  2007): 

𝑓𝑅𝑠𝑖 =
𝜃𝑠𝑖−𝜃𝑒

𝜃𝑖−𝜃𝑒
 (1) 

𝜃𝑠𝑖 = temperature at the internal surface at the point with 

the lowest temperature 

𝜃𝑖 = internal temperature, 

𝜃𝑒 = external temperature. 
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Methodology 

To address the aforementioned research objective, a 

conventional casement window with an interstitial space 

of 150 mm and two operable wings was used for two-

dimensional heat transfer analysis. Aside from the 

original construction, a retrofitted version using vacuum 

glazing was considered for two-dimensional heat transfer 

as well (Figure 1). Thereby, the heat strengthened low-e 

vacuum glass is assumed to consist of 4 mm glass panes, 

a 0.15 mm vacuum layer, 8 mm edge sealing. The outside 

and inside radii of stainless support pillars are 0.30 mm 

and 0.15 mm respectively. Support pillars were assumed 

to be spaced on a 40 mm grid (see, Proskurnina et al., 

2016, for additional explanation). 

Table 1 summarizes the thermal conductivity of the 

constitutive elements of this construction (Synergy, 2016; 

Proskurnina et al., 2016). The conductivity assumption of 

vacuum glazing is based on the set up of the SYNERGY 

glass (Synergy, 2016).  

 

 

Figure 1: Casement window (retrofitted with vacuum 

glazing in the external wing). 

 

Table1: Thermal conductivity assumptions (in W.m-1.K-1) 

of the constitutive elements of the selected casement 

window (see Figure 1). 

Window construction element Thermal conductivity 

[W.𝒎−𝟏. 𝑲−𝟏] 

1. Window putty 0.375 

2. Lime glass 1 

3. Wooden frame 0.11 

4. Mineral insulation 0.045 

5. Window seal 0.3 

6. Silicon 0.24 

7. Glass 1 

8. Vacuum layer 0.00000975 

9. Edge seal 1 

Figure 2 illustrates the computational domain (boundary 

conditions and the 2D hybrid includes structured and 

unstructured grid. To study the temperature and velocity 

fields in the casement window, the reference winter 

temperature of the internal environment was assumed as 

20˚C and for the external environment -10˚C. boundary 

conditions were assumed to be convection heat transfer on 

two sides and zero heat flux at the bottom and top. special 

care needs to be taken regarding assumptions pertaining 

to the convective heat transfer coefficient (Defraeye et al. 

2010; Palyvos, 2008; Clear et al. 2003; Mirsadeghi et al. 

2013). In this study, we used the calculation procedure 

described in EN ISO 10077-1(ISO 10077, 2017a). The 

internal and external heat transfer coefficient values were 

assumed to be 7.7 and 25 W.m-2.K-1 respectively. 

Due to the rather detailed geometric representation the 

targeted combined airflow and heat transfer modelling, a 

very fine grid had to be formed. The total number of grid 

element was 34453. 

The thermal performance of the casement window was 

investigated using Computational Fluid Dynamic (CFD) 

ANSYS FLUENT Release 19.1. Thereby, the following 

steps were taken: 

1. Geometry model generation 

2. Definition of boundary conditions (indoor and outdoor 

temperatures) and material properties. 

3. Numeric simulation using ANSYS FLUENT Release 

19.1.   

4. Post-processing of simulation results. 

 

 

Figure 2: Boundary condition and computational grid. 

The deployed CFD code uses a control-volume method to 

solve the coupled heat and fluid flow equations 

(Gustavsen et al., 2005). The computational approach 

(Menter, 1994) involved two-dimensional, steady-state, 

double precision calculation with temperature dependent 

thermos-physical properties for the fluid (air), constant 

properties for solid materials, incompressible ideal gas 
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model for the buoyancy forces, the SIMPLE (Semi-

Implicit Model for Pressure-Linked Equations) pressure 

based solver, the  Pressure Staggering Option (PRESTO) 

scheme (to find the pressure values at the cell faces), the 

Quadratic Upstream Interpolation for Convective 

Kinetics (QUICK) scheme for the momentum. Shear 

Stress Transitional (SST) k–ω turbulence model is 

suggested to simulate turbulent natural convection in a 

differentially heated 2D cavity (Menter, 1994, Omri and 

Galanis, 2007) 

Results and discussion  

Thermal behavior of the casement window 

As mentioned before, we studied the thermal behavior of 

a casement window before and after implementing a 

vacuum glazing in the external pane. Figure 3 shows the 

temperature distribution in the two casement window 

versions for an indoor-outdoor temperature difference of 

30 k. Figure 4 illustrates the air flow velocity distribution 

for two the simulated scenarios (original construction 

versus external wing retrofit).  

Table 2 provides numeric information regarding the 

cavity mean temperature and air flow velocity for the 

above scenarios. 

 

 

Figure 3. Temperature distribution in the casement 

window (a) original construction (b) retrofitted external 

wing. 

 

Figure 4. Distribution of velocity magnitude (a) original 

construction (b) external wing retrofitted. 

 

Table2: Mean air flow velocity and temperature in the 

interstitial space between two wings. 

Scenario Mean temperature 

[℃] 
Mean Velocity 

[𝒎. 𝒔−𝟏] 

Conventional 

window 
2.77 0.057 

Retrofitted window 

(external wing) 
12.16 0.030 

As expected, the upper portion of the cavity has a higher 

temperature (in both construction options). However, the 

retrofitted option generally displays, in comparison, 

higher temperatures and lower velocities. The velocity 

couture points to the influence of temperature distribution 

on airflow behavior. The temperature counturs in Figure 

3 show higher temperature at the upper parts of the 

casement window.  

The temperature distribution on the surface of the inner 

glass layer (before and after the application of vacuum 

glazing as a retrofit option) points to the impact of the 

application of vacuum glazing at the external wing 

(Figure 5). Respective numeric results for selected points 

(see Figure 5) are summarized in Table 3. 

The results suggest that retrofitting the casement window 

via application of vacuum glazing to the external wing 

increases the mean cavity temperature and inner glass 

surface temperature. Moreover, such a retrofit reduces the 

mean air flow velocity in the cavity as well as the overall 

heat loss rate through the construction.  
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Figure 5: Temperature profile across the cavity-side surface of the inner glass layer. 

 

Table 3: Computed surface temperatures [℃] at selected 

locations (see Figure 7) on the surface of the inner glass 

of the inner wing of the casement window for two 

scenarios. 

Points Retrofitted window Conventional 

window 

E 10.71 2.32  

F 16.87  7.61 

G 17.50 7.96  

H 18.26  8.69 

I 18.57 9.23 

J 19.22  12.34 

Different modelling approaches 

As discussed earlier, heat transfer processes in casement 

windows are highly complex, as they involve combined 

conduction, convection, and radiation. Thereby, amongst 

other things, fluid flow must be considered in order to 

quantify the convection effect (Gustavsen et al., 2008).  

One of the goals of the present treatment was to reliably 

model the natural convection effects inside two panes of 

the casement window. 

Table 4 summarizes the computed temperature of selected 

locations at the boundary of interstitial space and the solid 

element as well as minimum inside surface temperature 

and temperature factor for conductive only as well as 

coupled conductive and convective heat transfer. The 

location of the points is illustrated in Figure 6. Moreover, 

Figures 7 and 8 Show the temperature distribution across 

the section of the window.  

 

 

Figure 6. Illustration of the retrofitted window (a) 

location of selected points (b). 

 

 

Figure 7. Temperature distribution in the section of 

casement window (conductive heat transfer). 
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Figure 8. Temperature distribution in the section of 

casement window (conductive and convection heat 

transfer). 

 

Table4: Temperature at the selected locations (see 

Figure2), minimum inside surface temperature and 

temperature factor (retrofitted window). 

 Conduction based 

model 

Convection + 

conduction 

𝑨 16.93 18.78 

𝑩 17.00 19.20 

𝑪 14.79 17.38 

𝑫 12.75 13.68 

Minimum inside 

temperature [℃] 
16.61 16.91 

Temperature 

factor (𝒇𝑹𝒔𝒊) 
0.89 0.90 

Simulation results (computed temperatures at selected 

points) suggest that minimum internal surface 

temperatures as well as associated temperature factor 

values are higher when the convection effect is 

considered. The results indicate that the retrofitted 

casement window exceeds the minimum temperature 

factor value (𝑓𝑅𝑠𝑖= 0.71) according to the applicable 

regulation in Austria (OENORM B8110-2  2003). In 

comparison, the temperature factor for the conventional 

casement window is 0.59. 

Simulation software focusing purely on conduction is 

limited in view of modelling air flow velocity and 

temperature distribution in windows' cavity spaces. 

Hence, coupling of conductive heat transfer code with a 

CFD model is necessary, if a more detailed comparison of 

the two casement window options (conventional versus 

retrofitted with vacuum glazing in the exterior window 

wing) is to be performed. 

Conclusion 

Windows are typically characterized as thermally weak 

points in building envelopes. Improving their thermal 

behaviour can reduce buildings' energy demand. The 

results of our numeric assessment show that the 

integration of vacuum glazing in the external wing of a 

casement window can significantly influence the 

temperature and air distribution inside of the 

construction's cavity. Moreover, such a retrofit can reduce 

heat loss through the window construction.  

The study also highlights the difference in results due to 

different modelling approaches. Specifically, purely 

conductive simulations of the thermal behaviour of the 

casement window leads to results different from those 

obtained via coupled conductive and convective heat 

transfer simulation. As such, a more reliable modelling 

approach requires the consideration of convective 

processes associated with air flow within the cavity space 

of a casement window. 

Ongoing and future studies in this context intend to 

address a number of limitations of the present treatment. 

For one thing, the present study was limited to two-

dimensional heat transfer analysis. Likewise, only 

conduction and convection processes in the casement 

window were considered. Hence, additional studies are to 

be undertaken toward three-dimensional heat transfer 

modeling as well as a more inclusive process modeling 

domain, involving conduction, convection, and radiation 

phenomena. Last but not least, a larger variety of 

construction details and climatic contexts are to be taken 

into consideration.  

Acknowledgement 
The study presented in this paper was informed by past 

and ongoing and research efforts pertaining to the 

exploration of vacuum glass as a potential technology for 

contemporary windows and window retrofit. These 

efforts have been conducted at the Department of 

Building Physics and Building Ecology of TU Vienna, 

together in collaboration with the Holzforschung Austria, 

and were funded by the Austrian Research Promotion 

Agency FFG: Project FIVA (ongoing), Project-No: 

867352; Project MOTIVE (2016-2017), Project-No: 

854690; Project VIG-SYS-RENO (2014-2015), Project-

No: 845225.  

References 

Arici, M., Yücel, A., & Karabay, H. (2012). Comparison 

of heat transfer in vertically and horizontally 

installed double-pane windows. 6th International 

Ege Energy Symposium & Exhibition, June 28-30, 

2012, Izmir, Turkey, 28–30. 

Baglivo, C., Congedo, P. M., Fazio, A. (2014). Multi-

criteria optimization analysis of external walls 

according to ITACA protocol for zero energy 

buildings in the Mediterranean climate. Building 

and Environment, 82, 467-480.  

Gustavsen, A., Arasteh, D., Jelle, B.P., Curcija, C. Kohler, 

C. (2008). Developing Low-Conductance Window 

Frames: Capabilities and Limitations of Current 

Window Heat-Transfer Design Tools. Journal of 

Building Physics, 32(2), 131–153. 

Cho, S. (2017). Analysis of the performance of vacuum 

glazing in office buildings in Korea: Simulation and 

experimental studies. Sustainability (Switzerland), 

9(6). https://doi.org/10.3390/su9060936. 

 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
239

 

 
  



 

 

Clear, R. D., Gartland, L., and Winkelmann, F. C. (2003). 

An empirical correlation for the outside convective 

air-film coefficient for horizontal roofs. Energy and 

Buildings, 35(8), 797–811. https://doi.org/10.1016/ 

S0378-7788(02)00240-2. 

Defraeye, T., Blocken, B., & Carmeliet, J. (2010). 

Convective heat transfer coefficients for exterior 

building surfaces: Existing correlations and CFD 

modelling. Energy Conversion and Management, 

In Press,(0), 1–20.  http://www.sciencedirect.com/ 

science/article/B6V2P-50PJJ02-9/2/ec77e5efbfddc 

3a222f1ae08fdd0174a. 

EN ISO 10077-1:2017 Thermal performance of windows, 

doors and shutters – calculation of thermal 

transmittance. 

Finlayson, E., Mitchell, R., Arasteh, D., Huizenga, C., & 

Curcija, D. C. (1998). THERM 2.0. Program 

description. A PC program for analyzing the two-

dimensional heat transfer trough building products. 

University of California, Berkeley. 

ISO. (2007). ISO 10211:2007 Thermal bridges in 

building construction – heat flows and surface 

temperatures. 

Gustavsen, A., Arasteh, D. K., Kohler, C., & Curcija, D. 

C. (2005). Two-Dimension Conduction and CFD 

Simulations for Heat Transfer in Horizontal 

Window Frame Cavities. 2005 ASHRAE Winter 

Meeting, 111, 1–13. 

Vollaro, L., Andrea de , Giorgio G. & Vallati, A. (2015). 

CFD Analysis of Convective Heat Transfer 

Coefficient on External Surfaces of Buildings. 

Sustainability, 7(7), 9088–9099. 

Malvoni, M., Baglivo, C., Congedo, P. M., & Laforgia, D. 

(2016). CFD modeling to evaluate the thermal 

performances of window frames in accordance with 

the ISO 10077. Energy, 111, 430–438. 

https://doi.org/10.1016/j.energy.2016.06.002. 

Marjanovic, L., Cook M., Hanby, V., & Rees, S. (2005). 

CFD Modeling of Convective Heat Transfer From 

a Window With Adjacent Venetian Blinds. 

Menter, F. R. (1994). Two-Equation Eddy-Viscosity 

Turbulence Models for Engineering Applications. 

AIAA Journal, 32(8), 1598–1605. 

Mirsadeghi, M., Cóstola, D., Blocken, B., & Hensen, J. L. 

M. (2013). Review of external convective heat 

transfer coefficient models in building energy 

simulation programs: Implementation and 

uncertainty. Applied Thermal Engineering, 56(1–

2), 134–151. https://doi.org/10.1016/J.APPL 

THERMAL ENG.2013.03.003 

Proskurnina, O., Pont, U., Mahdavi, A. (2016). The 

Performance of Vacuum Glazing in Existing 

Window Constructions: a Case Study. Proceedings 

of the Symposium on Building Physics CESBP 

Central European AND BauSIM, 650–669. 

OENORM B8110-2, 2003-07. (2003). Minimum  

Requirements for fRsi-Values in Austria. 

Omri, M., and Galanis, N. (2007). Numerical analysis of 

turbulent buoyant flows in enclosures: Influence of 

grid and boundary conditions. International 

Journal of Thermal Sciences, 46(8), 727–738. 

https://doi.org/10.1016/j.ijthermalsci.2006.10.006. 

Palyvos, J. A. (2008). A survey of wind convection 

coefficient correlations for building envelope 

energy systems’ modeling. Applied Thermal 

Engineering, 28(8–9), 801–808. https://doi.org/ 

10.1016/j.applthermaleng.2007.12.005. 

Yin, S.H., Wung, T., Chen, K. (1978). Natural convection 

in an air layer enclosed within rectangular cavities. 

International Journal of Heat Mass Transfer, 21, 

307–315. 

Synergy. (2016). Beijing Synergy Vacuum Glazing 

Technology. Retrieved from www.bjsng.com. 

Taleb, H. M. (2015). Natural ventilation as energy 

efficient solution for achieving low-energy houses 

in Dubai. Energy and Buildings, 99, 284–291. 

https://doi.org/10.1016/j.enbuild.2015.04.019. 

Thalfeldt, M., Kurnitski, J., & Voll, H. (2015). 

Comparison of simplified and detailed window 

models in office building energy simulations. 

Energy Procedia, 78, 2076–2081. https://doi.org/ 

10.1016/j.egypro.2015.11.235. 

Zhao, Y., Goss, W.P.,Curcija, D. (1997). Prediction of the 

multicellular flow regime of natural convection in 

fenestration glazing cavities. ASHRAE 

Transactions, 103(1), 1009–1020. 

 

  

 

 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
240

 

 
  

https://www.osti.gov/search/author:%22Zhao,%20Y.%22
https://www.osti.gov/search/author:%22Curcija,%20D.%22


New Models for Solar Protection and Dynamic Walls in Swiss Energy Calculation Standards 
 

Gerhard Zweifel 
Institute for Building Technology and Energy, School of Engineering and Architecture 

Lucerne University of Applied sciences and Arts, Horw, Switzerland 
gerhard.zweifel@hslu.ch 

 
 
 
 

Abstract 
The Swiss Technical Report on the standard method for 
the calculation of the energy performance of buildings, 
Swiss Association of Engineers and Architects (2017.2), 
is under revision due to revisions of the underlying Euro-
pean Standards. For the building model, it references the 
new standard EN ISO 52016-1 (European Committee for 
Standardization, 2017.4). This standard contains a few 
parts, which do not fulfil the Swiss requirements. New 
models had to be developed for two parts: the variable 
solar transmission of windows with movable blinds and 
the dynamic heat transfer through massive walls. The 
theoretical background, testing and results of these two 
models are reported in this paper. 

Introduction 
General 

Due to the revision of the EPBD (European Union 2010), 
the set of European Standards related to this directive had 
to be revised. This was done 2014-2017 (Zweifel, 2015). 
As a consequence, national standards and documents have 
to be adapted. This is also true for the Swiss Technical 
Report on the standard method for the calculation of the 
energy performance of buildings, Swiss Association of 
Engineers and Architects (2018). 

This document describes a simplified dynamic calculation 
method, which allows the calculation of the overall ener-
gy performance of buildings with air/room conditioning 
systems, as opposed to heated only buildings, which are 
calculated by a monthly calculation method. The aim for 
the revision of this document was, to refer as much as 
possible to the European Standards. However, this was 
not entirely possible, for the reasons explained below. 

For the building model, this document references the new 
standard EN ISO 52016-1 (European Committee for 
Standardization, 2017.4). This standard contains two 
parts, which appeared not to fulfil the requirements of the 
hourly calculation in Switzerland: the calculation of 
movable shadings and the model for the dynamic heat 
transfer calculation through massive walls. On the other 
hand, EN ISO 52016-1 offers the possibility for indivi-
dual solutions on these two parts. 

The model for the variable solar transmission in 
EN ISO 52016-1 is only generally described, presented in 
an informative annex and is therefore not binding. It is 
rather rough and cannot be directly implemented without 
further explanations. 

For the model for the dynamic heat transfer through mas-
sive walls, a choice can be made in the foreseen National 
Annex to EN ISO 52016-1 on whether to use the descri-
bed method or an alternative one.  

Why own models? 

The new model for the movable solar shading devices 
needs to deliver hourly solar transmission and reflection 
values dependent on different operation scenarios of the 
solar protection and the solar position. Such scenarios are 
defined in one of the European Standards on building 
automation systems, EN 15232-1 (European Committee 
for Standardization, 2017.3), and the building automation 
industry wants the different classes of operation, repre-
senting different degrees of automation, to be represented 
in the calculation method. In the frame of the revision of 
the Swiss Standard on the energy performance of lighting 
systems (Swiss Association of Engineers and Architects, 
2017.1), the operation scenarios have already been defi-
ned and implemented. There they are used for the con-
sideration of daylight availability for the control of the 
lighting, as described in Zweifel (2017). Consequently, 
the new model for the calculation of the solar gains 
needed to be synchronized with this daylighting model. 

The method for the dynamic heat transfer calculation 
through massive walls described in EN ISO 52016-1 uses 
a 5 node-model as shown in Figure 5 below. The distribu-
tion of the heat capacities eli;i to the nodes is done depen-
ding on a verbally described classification of the construc-
tion types (such as “mass concentrated at internal side” 
etc.). Also, the value of the heat capacity of the construc-
tion is determined by assigning it to one of 5 construction 
classes between “very light” and “very heavy”, where the 
characterizations can be adapted in a National Annex. 

The application of this model would require a table-based 
assignment of all pre-defined constructions (which is pos-
sible to do). In the case of individual constructions, howe-
ver, it would require a user interaction to assign it to a 
specific class. The model is therefore rough and not easily 
programmable. It does not take profit of the calculation of 
the interior and exterior heat capacities according to 
EN ISO 13786 (European Committee for Standardiza-
tion, 2017.1), which had already been implemented in the 
preceding Swiss standards and software, and which has 
remained unchanged in the standards revision. 
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Description of the Models 
Movable Shading 

The aim was, to make the calculation model for the solar 
heat gains compatible with the model of the daylighting 
calculation in Swiss Association of Engineers and Archi-
tects (2017.1). It is based on the same control functions as 
the daylighting model, i.e. it is based on the same assump-
tions in respect of the operation of the blinds, including 
the adjustment of the slat angles (see Zweifel, 2017). 

This means that the total energy transmission, or g-value, 
varies and is therefore calculated on an hourly basis (as 
does the v value). For both values, the calculation is 
based on EN ISO 52022-3 (European Committee for 

Standardization, 2017.7). However, a simplified matrix is 
used for the calculation of the view factors. 

The solar heat gains through transparent building ele-
ments need to be calculated separately for direct and dif-
fuse solar irradiation. Different from the daylighting cal-
culation, the calculation is also done differently according 
to equation (1) for exterior and equation (2) for interior 
solar protection devices, because the solar transmission 
values behave differently in dependence of the irradiation 
direction, and because the secondary heat emission results 
differently. The irradiation values are used simultaneous-
ly for the daylighting calculation in Swiss Association of 
Engineers and Architects (2017.1). 

 (1) 

 (2) 

with 

AW,i Area of building element i, in m2 
FF,i Reduction factor for the frame proportion of 

building element i  
gg Total energy transmission of the glazing of 

building element i for perpendicular incident 
irradiation according to EN 410 

IB,i direct solar irradiation on building element i, 
in W/m2 

ID,i diffuse solar irradiation on building element i, 
in W/m2 

h1 Heat transfer coefficient 1 according to 
EN ISO 52022-1: 5 W/(m2 K) 

h2 Heat transfer coefficient 2 according to 
EN ISO 52022-1: 10 W/(m2 K) 

he,i Exterior heat transfer coefficient of building 
element i according to EN ISO 52022-1: 

W/(m2 K) 

Ug,i Heat transfer coefficient of the glazing, in 
W/(m2 K) 

e,sp,B,i Solar transmission of the solar protection for 
direct irradiation 

F,sp,B,,i Correction factor for the solar transmission of 
the solar protection for direct irradiation for 
the tilt angle of the lamella , see equation (3) 

F,sp,B,,i Correction factor for the solar transmission of 
the solar protection for direct irradiation for 
the solar altitude, see equation (7) 

 

e,sp,D,i Solar transmission of the solar protection for 
diffuse irradiation 

F,sp,D,,i Correction factor for the solar transmission of 
the solar protection for diffuse irradiation for 
the tilt angle of the lamella , see equation (4) 

e,sp,B,i Solar reflection of the solar protection for 
direct irradiation 

F,sp,B,,i Correction factor for the solar reflection of the 
solar protection for direct irradiation for the 
tilt angle of the lamella , see equation (5) 

F,sp,B,,i Correction factor for the solar reflection of the 
solar protection for direct irradiation for the 
solar altitude, see equation (8) 

e,sp,D,i Solar reflection of the solar protection for 
diffuse irradiation 

F,sp,D,,i Correction factor for the solar reflection of the 
solar protection for diffuse irradiation for the 
tilt angle of the lamella, see equation (6) 

h3 Heat transfer coefficient 3 according to 
EN ISO 52022-1: 30 W/(m2 K)  

hi,i Interior heat transfer coefficient of building 
element i according to EN ISO 52022-1:  

W/(m2 K) 

The solar transmission values of the blinds for direct, 
e,sp,B,i, and diffuse irradiation, e,sp,D,i, are taken for a 
“working position” at a slat angle of 45°, the same way as 
the light transmission values for daylighting. These values 
are available from the manufacturers, based on the testing 
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standard EN 14500 (European Committee for Standardi-
zation, 2008)Error! Reference source not found.. The 
modification for other slat angles is considered in form of 
correction factors. 

The correction factors for the dependence of the solar 
transmission on the slat angle are calculated by equation 
(3) for direct irradiation and by equation (4) for diffuse 
irradiation. 

 (3) 

 (4) 

For equations (3) to (6), the calculation method according 
to EN ISO 52022-3, Annex D was implemented, like for 
the daylighting calculation, with the same simplifications 
as described in Zweifel (2017). Equations (3) and (4) are 
identical to the respective equations for daylighting in 
Swiss Association of Engineers and Architects (2017.1). 
For their basis see Zweifel (2017). 

For the solar calculation, also the reflection values are 
needed with the respective correction factors. The 
correction factors for the solar reflection dependence on 
the slat angle are calculated by equation (5) for direct irra-
diation and by equation (6) for diffuse irradiation. 

 (5) 

 (5) 

The basis for equation (5) is shown in Figure 1, the one 
for equation (6) in Figure 2. Despite the simplifications 
applied to the EN ISO 52022-3, Annex D calculation, 
they show a slight dependence of the factors on the reflec-
tion coefficient of the blinds (the different colored curves 
in Figures 1 and 2). This dependence, the scattering of 
which is similar as the one of the daylighting calculation, 
is neglected by the chosen functions (dotted lines). 

 

 
Figure 1: Correction factor for the solar reflection value 
for direct irradiation F,sp,B, dependent on the slat angle 
for different reflection values of the lamella in compari-

son with the function of equation (5). 

 
Figure 2: Correction factor for the solar reflection value 

for diffuse irradiation F,sp,D, dependent on the slat 
angle for different reflection values of the lamella in 

comparison with the function of equation (6). 

 

The correction factor for the dependence of the solar 
transmission on the orthogonal solar altitude s,n (i.e. the 
solar altitude projected on a vertical plane orthogonal to 
the window plane) could not be presented as a pure func-
tion of s,n, as opposed to the light transmission. Accor-
ding to the data evaluated, a combined function also of the 
slat angle is necessary (equation (7)). The base for equa-
tion (7) is shown in Figure 3. The same is true for the 
reflection value, equation (8), the base of which is shown 
in Figure 4.  

 (6) 

 (7) 

Due to this fact, Figures (3) and (4) show a set of graphs 
each, where each graph shows the dependence of the 
correction factor for the transmission or reflection cor-
rection factor, respectively, for a specific slat angle. 
Again, the actual functions would also show a dependence 
on the reflection factor of the blind, represented by the 
bunch of colored curves in each plot, which is neglected 
by the function given in equations (7) and (8) (dotted 
lines). 

The scattering of the curves is generally relatively small, 
so the error due to this simplification is rather modest. 
Obviously it is the highest for the reflection correction 
factor at a slat angle of 0° (horizontal slats) and a high 
solar altitude of 65° (upper left graph in Figure 4), with a 
correction factor according to the function of 1.155, the 
values for the different slat reflections ranging from 1.12 
to 1.21. The error at this situation is still below 5%, and 
taking into account that this is a situation occurring only 
a few hours per year, this can be accepted. 
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Figure 3: Correction factor for the dependence of the solar transmission for direct irradiation F,sp,B, on the orthogonal 

solar altitude for different reflection values of the lamella and different slat angles, in comparison with the function 
according to equation (7). 

 

  

  
Figure 4: Correction factor for the dependence of the solar reflection for direct irradiation F,sp,B, on the orthogonal 
solar altitude for different reflection values of the lamella and different slat angles, in comparison with the function 

according to equation (8). 
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Figure 5: Graphic representation of the 5 node model according to EN ISO 52016-1 (Source: European Committee for 

Standardization, 2017.5). 

 

Dynamic Heat Transfer through Massive Walls 

The model according to EN ISO 52016-1 is designed in 
such a way that – as opposed to e.g. a finite difference 
method – no iterations are needed. It is an R-C-network 
model with 5 nodes and 4 resistances (Figure 5). The 5 
nodes result from the consideration of the two surfaces as 
a node which can principally have a heat capacity assig-
ned. These surface nodes are connected to the interior and 
exterior conditions via the surface heat resistances. 

With the new model developed, this 5-node approach 
from EN ISO 52016-1 is basically kept. However, it is 
linked to the values for the interior and exterior heat 
capacities calculated according to EN ISO 13786 (Euro-
pean Committee for Standardization, 2017.1). This is 
done for the following reasons: 

 Proximity to the European Standard 
 Individual constructions possible through a calcula-

tion 
 Great similarity to a model from another source (see 

below), which would allow for the use of an alterna-
tive way for the calculation of the values, in case 
needed. 

Heat Capacity Values 

The questions had to be resolved on 

 the allocation of the interior and exterior heat capaci-
ties to the nodes, 

 which heat capacity values to assign to the other no-
des. 

Different approaches were investigated, which cannot be 
presented all here for space reasons. 

With the approach chosen, 0 heat capacities are assigned 
to nodes 1 and 5. The values for nodes 2 and 4, eli;2 and 
eli;4, are set to the interior and exterior heat capacities 
according to EN ISO 13786 for an oscillation period of 

24 h. The value for the center node, eli;3, was indentified 
empirically. The finally used approach determines it as 
“the exterior heat capacity according to EN ISO 13786 of 
the building element virtually cut in the geometric cen-
ter”. However, it needs to be limited, so that the sum of 
the 3 heat capacities does not exceed the total “static” heat 
capactiy of the whole building element,  dc. 

Heat transfer coefficients 

In EN ISO 52016-1, the heat resistances (in the inverse 
way as the heat transfer coefficients heli;i) are determined 
as 1/6 of the total heat resistance of the building element 
(without surface heat resistances) for resistances 1 and 4 
and 1/3 each for resistances 2 and 3. This approach neg-
lects the fact that high heat capacities are in tendency con-
nected to high heat conduction values, low capacities to 
low heat conductances (e.g. insulation materials). There-
fore a method was developed, which distributes the heat 
transfer coefficients in dependence of the heat capacities 
of the neighbouring nodes. Also for this, different empiri-
cal approaches were investigated and tested (see models 
1 through 5a in Table 1 below), which cannot all be repor-
ted here. 

For the finally used approach (model 1a/1b), the heat 
transfer coefficients are calculated according to equation 
(9). 

ℎ ;
∙  ;  ;

 ; ∙ ;
;       ℎ ;

∙  ;  ;

 ; ∙ ;
; 

ℎ ;
∙  ;  ;

 ; ∙ ;
;       ℎ ;

∙  ;  ;

 ; ∙ ;
 (9) 

with 

Rc,eli  Thermal resistance of building element i accor-
ding to EN ISO 13789 (European Committee for 
Standardization, 2017.2), in (m2 K)/W. 
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Results 
Movable Shading 

The model was implemented in the EXCEL worksheet for 
daylighting calculation (added to the daylighting model 
according to Zweifel, 2017). For a glass with a gg-value 
of 0.55 and blinds with a reflection factor of 0.5, the 
hourly total g-values (calculated backwards as the relation 
between the solar heat gains and the irradiation on the 
window pane), averaged over all hours with the solar 
protection applied, are between 0.17 and 0.24, with 
minimal values of 0.05 to 0.08, depending on the 
orientation and the control scenario. Fixed values used for 
energy calculations would typically be 0.1 to 0.12 and 
assume “closed blinds” (which must be interpreted as 45° 
position). With the values being higher when the control 
opens the slats as far as possible, and closes more when 
necessary (the assumption for all scenarios is that no 
direct irradiation penetrates, “beam blocking”), the 
calculation looks plausible. 

Because the control scenarios in Swiss Association of 
Engineers and Architects (2017.1) are daylighting-based, 
it was examined whether these are sufficiently effective 
also in respect of the solar heat gains, or whether possibly 
another scenario “minimisation of solar heat gains” 
needed to be added. For standardised assumptions for 
office use according to Swiss Association of Engineers 
and Architects (2015), the lighting energy use and the 
solar heat gains were compared. In order to make the 
values comparable (lighting energy being electrical), the 
the solar heat gains are assumed to be removed by a 
cooling system with an EER of 4.0. This estimation is 
very rough and pessimistic, since it does not consider any 

free cooling contribution, but assumes that the solar heat 
gains are removed by active cooling all year long. 

This way, both values were found to be in the same order 
of magnitude. Therefore the scenarios can be considered 
sufficiently effective also for solar heat gains. 

Dynamic Heat Transfer through Massive Walls 

The model was implemented in EXCEL and tested by the 
use of the following constructions (sequence of material 
layers): 

1 15 cm concrete + 20 cm external insulation; 
U = 0.19 W/(m2 K) 

2 15 cm concrete + 20 cm internal insulation; 
U = 0.19 W/(m2 K) 

3 2 x 7.5 cm conctrete + 20 cm insulation in between; 
U = 0.19 W/(m2 K) 

3a 15 cm concrete + 19 cm insulation + 10 cm brick 
masonry; U = 0.19 W/(m2 K) 

4 15 cm concrete + 10 cm insulation each inside and 
outside; U = 0.19 W/(m2 K) 

4a 10 cm insulation, 15 cm concrete, 10 cm insulation, 
1.5 cm plaster finish ; U = 0.19 W/(m2 K) 

5 Homogenous construction of 35 cm thickness with 
Porotherm T7 masonry ( = 0.07 W/(m K),  = 
575 kg/m3, c = 1000 J/(kg K)); U=0.19 W/(m2 K) 

6 Homogenous construction of 15 cm thickness with 
sand-lime brick masonry ( = 1.0 W/(m K),  = 
1‘800 kg/m3, c = 900 J/(kg K)); U=4.08 W/(m2 K) 

The constructions 3a and 4a are slightly asymmetric cases 
of the constructions 3 and 4. They were introduced for 
some sensitivity tests. The tests were made with the above 
constructions for the following 3 boundary conditions: 

 

Table 1: Comparison of the minima and maxima of the interior heat flux in W/m2 for a daily oscillation for the 
examined constructions (cases) and models. 

Case Model 1 1a 1b 2 2a 3 3a 4 4a 5 5a Reference 

1 
Min. -4.12 -4.03 -3.88 -4.13 -4.03 -4.02 -3.92 -4.00 -3.88 -3.88 -3.82 -4.19 

Max. -3.50 -3.60 -3.73 -3.49 -3.59 -3.60 -3.70 -3.62 -3.73 -3.73 -3.79 -3.44 

2 
Min. -4.39 -4.54 -3.89 -4.44 -4.16 -4.52 -3.99 -4.28 -3.89 -3.94 -3.83 -4.53 

Max. -3.23 -3.08 -3.73 -3.19 -3.46 -3.10 -3.63 -3.34 -3.73 -3.68 -3.78 -3.10 

3 
Min. -3.81 -4.12 -3.95 -3.82 -3.82 -4.11 -4.02 -3.81 -3.81 -3.82 -3.81 -4.38 

Max. -3.79 -3.50 -3.68 -3.79 -3.79 -3.51 -3.60 -3.79 -3.79 -3.79 -3.79 -3.24 

3a 
Min. -3.83 -4.13 -3.81 -3.84 -3.81 -4.19 -3.81 -3.83 -3.80 -3.82 -3.80 -4.12 

Max. -3.79 -3.49 -3.80 -3.78 -3.80 -3.43 -3.80 -3.79 -3.80 -3.79 -3.80 -3.53 

4 
Min. -5.06 -3.89 -3.83 -3.88 -3.84 -3.89 -3.84 -3.87 -3.83 -3.90 -3.85 -3.83 

Max. -2.56 -3.74 -3.76 -3.73 -3.76 -3.72 -3.76 -3.73 -3.76 -3.71 -3.75 -3.69 

4a 
Min. -4.53 -3.86 -3.83 -3.91 -3.85 -3.91 -3.86 -3.86 -3.82 -3.85 -3.82 -3.81 

Max. -2.97 -3.72 -3.75 -3.68 -3.73 -3.68 -3.73 -3.72 -3.75 -3.74 -3.76 -3.68 

5 
Min. -4.3 -4.08 -3.94 -4.08 -3.94 -4.12 -3.93 -4.07 -3.94 -4.08 -3.92 -4.00 

Max. -3.45 -3.66 -3.79 -3.67 -3.80 -3.62 -3.80 -3.67 -3.79 -3.66 -3.82 -3.75 

6 
Min. -74.8 -73.4 -66.0 -73.7 -74.4 -71.5 -64.4 -73.2 -74.6 -73.2 -74.7 -85.0 

Max. -52.2 -53.5 -61.0 -53.3 -52.6 -55.5 -62.6 -53.8 -52.4 -53.8 -52.3 -42.0 
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Figure 6: Results for models 1 and 1a for the construction 3a and comparison with the reference model. 

 

   
Figure 7: Results for models 1 and 1a for the construction 4a and comparison with the reference model. 

 

 A periodic temperature oscillation of +/- 10°C with a 
period of 24 h on the exterior side and a constant tem-
perature of 20°C on the interior side. The connection 
of the nodes 1 and 5 was done with constant, combined 
surface heat resistances of 0.04 and 0.125 (m2K)/W. 

 Same situation, but with an oscillation period of 168 h. 
 Response to a step of the heat flux on the interior side. 

For the first two cases the heat flux on the interior side of 
the construction in respect of its amplitude was evaluated. 
For the step response, the time constant for the heat flux 
on the exterior side was calculated. It has to be mentioned 
that the average values over 24 h or 168 h, respectively, 
correspond to each other and to the steady-state value. 

The resulting values were compared to those from a mo-
del comprised – apart from the also comprised finite diffe-
rence model – in a building simulation program (EQUA 
Simulation AB, 2018). This model (“reference model”) is 
basically the same RC network model as the one develo-
ped, but uses another method for the determination of the 
heat capacities and the resistances. According to Akander 
(1996), cited in Bring et. Al. (1999), these are determined 
by an algorithm in such way that, with harmonic boundary 
conditions with different frequencies, the differences to a 
calculation with finite differences are minimized. In fact, 
for the evaluated constructions hardly any difference can 
be seen between this reference model and the finite dif-
ference model. 

 

Table 1 shows the minima and maxima for the heat flux 
on the interior side of the 8 constructions and 11 different 
models for an oscillation period of 24 h. Green colored 
are the results of the “best” model, i.e. with the smallest 
deviation from the reference model. Yellow and orange 
are the second and third best results. Dark red are the cases 
to be avoided. The blue frame shows the model finally 
chosen and described above (combination of 1a and 1b), 

where 1b has the limitation to the “static” value mentio-
ned above. This value is only exceeded for construction 5. 

Figures 6 and 7 show exemplary plots of the interior and 
exterior heat flux for models 1, 1a and “reference”. 
Model 1 shows a very different curve for the exterior heat 
flux for construction 3a, whereas the interior heat flux 
agrees well. The opposite is true for construction 4a, 
where the interior heat flux is in disagreement. Model 1a 
shows – as opposed to model 1 – a very good agreement 
of the curves with the reference model. 

In Zweifel (2018), results for a period of 1 week and the 
time constant for the step response are reported similarly. 
The latter show a considerably more heterogeneous 
picture. Especially for construction 5, the step response 
deviates massively for model 1a without the limitation, 
which makes the limitation (1b) mandatory. 

The wall model has also been implemented in a prototype 
EXCEL sheet for the EN ISO 52016-1 room model, 
which allows for the comparison with the original wall 
model. Since this worksheet showed some differences to 
the original spreadsheet provided by the CEN-ISO wor-
king group (EPB-Center (2015)), no definitive results can 
be reported so far. The latter is being revised in the mean-
time, which will allow for a comparison on this level. 
Work on the validation is also going on in the CEN-ISO 
working group. 

Perspective 
The revised Technical Reoprt Swiss Association of Engi-
neers and Architects (2017.2) has passed the public enqui-
ry process and is currently in the publishing process. The 
revision of the standard on buildings with air/room condi-
tioning systems, which refers to the calculation method, 
will be started. 

The model for the movable solar protection will be contri-
buted to the new work item for a standard in this field, 
started in ISO TC 163.  
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Conclusion 
For the two areas in EN ISO 52016-1 classified as insuf-
ficient for the national needs, the moveable solar protec-
tion and the dynamic heat transfer in massive walls, suffi-
ciently precise and easy to handle methods could be deve-
loped. In analogy to the requirements set to the CEN-
EPBD Standards, their programmability could be proven 
by the aid of EXCEL sheets. The achieved results are con-
sidered plausible. 

In the case of the moveable blinds, the compatibility with 
the method for the daylighting already published could be 
reached, and so the possibility to cover the respective con-
trol strategies.  

For the dynamic heat transfer through massive walls, the 
quite limiting classification of the constructions in 
EN ISO 52016-1 can be avoided and the calculation of 
individual constructions made possible, without the need 
to resort to computationally intensive iterative methods. 
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Abstract 
Designing building energy performance with confidence 
requires accurate information on the properties of 
building materials and on assemblies of these materials. 
However, thermal properties of the building in use are 
rarely compared to manufacturers’ specifications.  The 
approach reported in this paper determines building 
thermal properties using simulations of dynamic heating 
tests. It replaces the need for physical tests with the actual 
buildings, by conducting these tests with calibrated 
simulation models using data from energy performance 
monitoring of that building during its normal operation. 
The resultant method represents a tool for establishing 
physics properties of buildings in use before and after 
retrofit, and facilitates quality control of retrofit projects. 
The results pinpoint major discrepancies between 
theoretical and actual thermal properties before and after 
the retrofit, giving practical guidance for safety margins 
in relation to technical specifications of building material 
properties and re-evaluation of corresponding technical 
specifications. 
Introduction 
The research introduced here seeks to answer a practical 
question on how to assess whether U-values of the 
components of external envelope are equal to or higher 
than those in manufacturers’ specifications. Designing 
building energy performance with confidence requires 
accurate information on the properties of building 
materials and on assemblies of these materials. This 
includes properties of thermal insulation and masonry 
materials, as well as glazing and cladding assemblies. But 
how can we find out if these properties are different from 
manufacturers’ specifications, once the building is built or 
retrofitted? Would answers be available from research 
into inverse modelling or model calibration? 
Yuna Zhang et al. (2015) worked on comparing inverse 
modelling approaches for predicting building energy 
performance. They reviewed a change-point regression 
model, a Gaussian process regression model, a Gaussian 
mixture regression model and an Artificial neural network 
model. Whilst some of these models exhibited lower 
RMSE in comparison with the others (Gaussian mixture 
regression model), and some were better at capturing 
nonlinear relationships, such as Artificial neural network 
model, establishing building physics parameters was 
outside of the scope of their research. Ruiz et al. (2016) 

worked on a genetic algorithm for building envelope 
calibration. In addition to achieving a calibrated model 
and comparing it to four different calibration standards, 
they outline several possible uses of this research, 
including model based control, commissioning, and most 
relevantly for the subject of this article “to take into 
account thermal energy storage in buildings”. Despite of 
this statement, no attempt was made to quantify the effect 
of thermal energy storage property of the building. Rezaee 
et al. (2019) used linear inverse modelling for 
performance based design exploration, and established a 
relationship between a range of design parameters and 
preferred thermal performance, however no attempt to 
establish building physics parameters was made. 
(Abushakra, 1997) used Stepwise Multiple Linear 
Regression, Fourier series, and Monte Carlo simulation to 
create an inverse model of a building based on sort term 
measurements and predict its long term performance 
before and after retrofit, with prediction errors between 
4% and 23%. As in the previous cases, establishing 
building physics parameters was outside of the scope of 
this work. 
There are two tests that can help to establish the combined 
effect of material properties on building performance: a 
co-heating test (Jankovic, 2017, p. 251) and a dynamic 
heating test (Jankovic, 2017, p. 259). The former involves 
the use of portable electric heaters and measures the 
overall transmittance-area product when the building 
reaches equilibrium after the heaters have been switched 
on. The latter measures the building time constant, the 
overall thermal capacitance, and the overall 
transmittance-area product while the building goes 
through dynamic change of temperature after the heaters 
have been switched on. Both tests require the building to 
be unoccupied during one to two weeks, with stable 
weather conditions throughout that period. This is 
impractical for several reasons: the tests can only be 
conducted in cold weather, and this may not coincide with 
the completion of retrofit work; the occupants need to be 
provided with alternative accommodation during the test 
period; the weather conditions may become unstable and 
influence the test results, causing an extension of the test 
period; and dynamic heating can cause cracks at 
interfaces of different building materials and different 
rates of thermal expansion, due to higher than usual 
internal temperatures. The approach reported in this paper 
replaces the need for physical tests with the actual 
buildings, by conducting these tests with calibrated 
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simulation models using data from energy performance 
monitoring of that building during its normal operation.  
The research described here was carried out on a 
residential building, shown in Figure 1, that had 
undergone deep energy retrofit in a project called Retrofit 
Plus (Jankovic & Basurra, 2016).  
 

 
a) before retrofit 

 
b) After retrofit 

Figure 1: Residential building used as evidence base. 
This residential building consisted of two semi-detached 
houses, attached through a party wall. The construction 
type of the existing building was ‘Wimpey-no fines’, 
refereeing to a solid concrete wall construction that was 
common in the UK after the second world war. Due to 
shortage of skilled labour and the increased need for new 
housing, the construction industry was under pressure to 
find a solution that overcomes these conflicting 
constraints. The Wimpey construction was successful in 
addressing that problem, and some 300,000 houses were 
built in the late 1940s and early 1950s. The ‘no-fines’ part 
of the name of this construction refers to concrete without 
fine aggregates, such as sand. 
The retrofit was carried out on the basis of ‘TCosy’ 
approach, in which the existing building is completely 
surrounded by a Passivhaus type of thermal envelope 
(Beattie, 2017). The building was extensively monitored 
before and after the retrofit. Data from a project weather 
station was used to synthesize the simulation weather data 
file used in this analysis. 
The envelope characteristics before and after the retrofit 
are summarised in Table 1. 

Table 1: Envelope characteristics before and after 
retrofit (Jankovic, 2018).  

Before 
retrofit 

After 
Retrofit 

U-value 
W/(m2K) 

External walls 1.48 0.11 

External glazing 1.60 0.79 

External door 2.56 0.78 

Ground floor slab 1.49 0.26 

Roof 0.47 0.10 

House Air tightness 
1/h at 50 Pascal 

A 6.05 calibrated 0.8 
measured 1.78§ 

B 10.74 calibrated 0.8 
measured 1.78§ 

§Attempts to calibrate the model with fixed air tightness 
values obtained from a measurement by a third party 
resulted in calibration non-convergence, indicating a 
measurement error; instead, air tightness was set as a 
variable and a value obtained from the calibration was 
used. 
 
The simulation model calibration was carried out before 
and after the retrofit, thus giving an accurate 
representation of the building in both phases. Dynamic 
heating test simulations were subsequently carried out for 
both phases, and the building time constant, effective 
thermal capacitance, and effective conductance-area 
product were obtained for the building before and after 
the retrofit.  
The method introduced in this article represents a tool for 
establishing physics properties of buildings in use before 
and after retrofit, and facilitates quality control of retrofit 
projects.  
The results of this research give new insights into the scale 
of differences between theoretical and actual building 
physics parameters before and after the retrofit, and raise 
important issues about the use of theoretical values of 
material properties by designers. Practical guidance for 
safety margins is provided on the basis of results of this 
research. 
Method 
When a building is subjected to a step heat input, its 
temperature changes exponentially, as shown in Figure 2. 
The method for determining building thermal properties 
from dynamic tests is based on previously published and 
ongoing research (Jankovic, 1988, p. 95;  Jankovic, 2017, 
p. 261). Thus, the change of internal temperature is 
defined as 

𝑇" = 𝑇$"%&" + (𝑇)%* − 𝑇$"%&") × .1 − 𝑒
12 ""3

45 (1) 
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Figure 2: Dynamic heating test simulation. 

Minimisation of root mean squared error (RMSE), 
defined with Equation (2), is carried out using the 
differences between simulated temperatures and 
temperatures calculated from Equation (1) on an hourly 
basis. The time constant tc is then obtained as a direct 
result of the RMSE minimisation. The minimisation in this 
particular case was carried out using Microsoft Excel 
Data Solver. 

𝑅𝑀𝑆𝐸 = :∑ (𝑇& − 𝑇")<=
>

𝑛  (2) 

Subsequently, the overall transmittance-area product is 
obtained from the steady-state part of the dynamic test as 
follows: 

𝑈𝐴 =
𝑄

𝑇& −	𝑇D
 (3) 

As the time constant tc and the overall conductance-area 
product UA are now known, that enables the calculation 
of the effective thermal capacitance C as follows: 

𝐶 = 𝑡G × 𝑈𝐴 (4) 

In order to implement the above calculations, the 
simulation model needs to be calibrated using data from 
monitoring. 
The simulation model was developed in EnergyPlus, and 
the model calibration was carried out using parametric 
simulation and multi-objective optimisation in JEA, 
(Zhang & Jankovic, 2017) which uses EnergyPlus as its 
underlying simulation engine. The parameters varied 
were: wall and roof constructions; windows 
constructions; infiltration rates; heating set temperatures; 
lighting power density; and miscellaneous gains power 
density. The ranges for these parameters were chosen 
wide enough below and above the respective design 
values, and the steps of parameter changes were chosen to 
be sufficiently small to detect discrepancies from design 
values. The objective functions were specified to 
represent the absolute value of relative error between 
simulated and measured energy performance as follows:  

𝜀 =
|(𝐸)J%$K&JL − 𝐸$M)KN%"JL)|

𝐸)J%$K&JL
 (5) 

Each energy source, gas and electricity, was assigned 
such objective function. Thus, gas energy consumption 
calibration was carried out by varying wall, roof and 
window constructions; infiltration rates; and heating set 
temperatures; and minimising the error between measured 
and simulated gas consumption. Electricity energy 
consumption calibration was carried out by varying the 
lighting power density and miscellaneous gains power 
density and minimising the error between measured and 
simulated electricity consumption. The minimisation of 
errors was achieved through multi-objective optimisation 
using NSGA-II algorithm (Deb et al., 2002). 
The calibration process is illustrated in Figure 3, where 
the arrow points to the minimum errors in respect of 
electricity and gas consumption. The parameters of the 
simulation model that resulted in the minimum errors for 
each are shown in the yellow rectangle in this figure, and 
are taken forward into the simulation model to be used for 
dynamic tests. 
Model calibration was carried out for both pre-retrofit and 
post-retrofit cases, and the results of calibration will be 
shown in the next section, together with the results of 
dynamic tests. 
The calibrated model, together with the method described 
above now enables a practical calculation of the building 
thermal properties through dynamic heating tests, and a 
comparison with theoretical values of these properties 
obtained from manufacturers’ specifications. 
Results 
The results of calibration of the models before and after 
retrofit are shown in Figure 4. The high accuracy of these 
models, as evidenced from the table, justified their use for 
conducting dynamic heating tests.  
Prior to the tests, the models were adjusted so that all 
internal heat gains were switched off. The model pre-
conditioning period was set to zero days, and a heat input 
schedule was created to start the heating after the first 24 
hours of the simulation and to keep it on until the end of 
simulation. 

Table 2: Model calibration results. 

Description Before 
retrofit 

After 
retrofit 

Gas consumption error 0.33% 0.42% 

Model accuracy - gas consumption 99.67% 99.58% 

Electricity consumption error 0.17% 0.05% 

Model accuracy - electricity 
consumption 99.83% 99.95% 

The results of a set of tests with 8 kW input are shown in 
Figure 4. Both pre-retrofit and post-retrofit cases are 
shown, as pairs of simulated and fitted curves. The curve 
fitting was based on Equations (1) and (2), and the 
building time constant tc was obtained from this process.  
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Figure 3: Simulation model calibration. 

 
The calculation of the overall transmittance-area product 
UA and of the effective thermal capacitance C was then 
carried out on the basis of Equations (3) and (4). 
 

 
Figure 4: Dynamic heating test results with 8 kW heat 

input. 
The first observation that can be made from Figure 4 is 
that in the pre-retrofit case the final balance temperature 
of 26 oC was significantly lower than in the post-retrofit 
case of 57 oC. As both tests were run with 8 kW input 
using the same weather data file over the same period, the 
differences of balance temperatures were attributed to 
different heat loss rates in the two cases. 

The results of building physics parameters obtained from 
dynamic tests are summarised in Table 3. 

Table 3: Building physics parameters obtained from 8 
kW dynamic tests. 

  Post-
retrofit 

Pre-
retrofit 

Ratio Post-
retrofit/Pre

-retrofit 
tc (h) 80.69 19.83 4.07 

UA (W/K)  157.69 356.65 0.44 

C  (MJ/K)  45.81 25.47 1.80 

U (W/m2K) 0.74 1.73 0.43 

 
The initial observations from Figure 4 can now be 
elaborated upon using the numerical results from Table 3. 
As the UA value in the post-retrofit case is only 0.44 of 
the UA value in the pre-retrofit case, that explains the 
final balance temperatures of 57 oC and 26 oC reached 
with 8 kW input in both cases. 
The time constant of 19.8 hours before the retrofit is 
significantly shorter than the time constant of 80.7 hours 
after the retrofit. The practical implication of this finding 
is that the post-retrofit case is about four times slower in 
responding to heat input, which means that it delivers 
more stable internal temperatures. This will have 
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implications on higher thermal comfort and lower heating 
energy consumption. 

Table 4: Pre-retrofit tests with varying heat input. 

Heat 
input 3 kW 6 kW 9 kW Mean 

St
an

da
rd

 
de

vi
at

io
n 

tc  
(h) 25.57 20.90 19.33 21.93 2.65 

UA  
(W/K) 284.17 338.66 363.28 328.70 33.05 

C   
(MJ/K) 26.16 25.48 25.27 25.64 0.38 

U 
(W/m2K) 1.33 1.58 1.70 1.54 0.15 

 
Table 5: Post-retrofit tests with varying heat input. 

Heat 
input 3 kW 6 kW 9 kW Mean 

St
an

da
rd

 
de

vi
at

io
n 

tc 
(h) 77.11 80.33 77.72 78.39 1.40 

UA 
(W/K) 130.59 150.64 160.71 147.32 12.52 

C 
(MJ/K) 36.25 43.56 44.97 41.59 3.82 

U  
(W/m2K) 0.61 0.70 0.75 0.69 0.06 

However, the four times higher time constant will not 
contribute to four times lower energy consumption. 
Energy consumption improvements cannot be solely 
determined on the basis of the relationship between 
individual physics parameters, including the UA values 
before and after the retrofit. Thus, heating energy 
consumption after retrofit will not be a direct reflection of 
the reduction of the UA value of 66%, as derived from 
Table 3. This is because the reduction of the heating 
energy consumption will be the consequence of a 
combination of all building physics properties, including 
the UA value, the time constant, and the effective thermal 
capacitance.  
The correct way to determine the energy savings from this 
analysis is to run the simulations with the calibrated 
models, and to normalise the results to long term weather 
changes. This will be revisited later in this section.  
However, before calculating heating energy savings, we 
wanted to investigate whether the same results of building 
physics parameters would be obtained with different heat 
input rates during dynamic heating test simulations. The 
tests were therefore repeated with 3 kW, 6 kW and 9 kW. 
The results for the pre-retrofit case are shown in Table 4, 
and for the post-retrofit case in Table 5. 
The post-retrofit and pre-retrofit cases can now be 
compared more generally, as shown in Table 6. 
Table 4 and Table 5 show that different heat inputs 
resulted in different values of building physics 
parameters, while similar temperature change pattern was 

observed as in Figure 4.  Can therefore the building 
physics be different just on the basis of different heat 
inputs? Definitely not, as fundamental properties of 
building materials could not have changed just on the 
basis of different heat input, and there were no phase 
change materials that could have, for instance, changed 
the thermal storage properties. The explanation lies in the 
precursor to this analysis, where parametric simulation 
and multi-objective optimisation were used to calibrate 
the simulation models. 
Table 6: Comparison of results with varying heat input. 
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tc  
(h) 78.39 1.40 21.93 2.65 3.57 

UA  
(W/K) 147.32 12.52 328.70 33.05 0.45 

C   
(MJ/K) 41.59 3.82 25.64 0.38 1.62 

U 
(W/m2K) 0.69  1.54  0.45 

As the simulation models were calibrated using measured 
data, there is a measurement error embedded in the results 
of dynamic heating test simulations. The correct way of 
calculating the results is therefore to carry out several 
simulations and express the results as mean value ± 
standard deviation. 
Therefore, when expressed in this more general way, the 
results of dynamic heating test simulations can be 
compared with theoretical U-values. Thus, both 
theoretical and measured values are shown in Table 7. 

Table 7: Theoretical and measured UA values. 

Description Post-retrofit Pre-retrofit 

Theoretical UA value 
(W/K) 97.89 318.56 

UA value obtained from 
simulated dynamic heating 

tests (W/K) 

147.32 ± 
12.52 

328.70 ± 
33.05 

The theoretical UA values in this table were adjusted 
taking the influence of infiltration/ventilation and thermal 
bridging into account (UAtheoretical = S UiAi + NV/3 + S 
Ljyj), in order to make a fair comparison with the 
measured UA values obtained from simulated dynamic 
heating tests. As air tightness figures relate to test 
conditions of 50 Pa in Table 1, these figures were 
proportionally scaled down from 50 Pa to the expected 3 
Pa under normal operational conditions, before 
calculating these theoretical values. 
The results from Table 7 can be unpacked in terms of 
lower and higher end values, by either subtracting or 
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adding the standard deviation to the mean value, as shown 
in Table 8. 
Table 8: Comparison between theoretical and measured 

UA values. 

 Post-
retrofit 

Pre-
retrofit 

Theoretical UA value (W/K) 97.89 318.56 

Measured values from simulated dynamic heating tests 

Lower end of range (W/K) 134.79 295.65 

Higher end of range (W/K) 159.84 361.75 

Average (W/K) 147.32 328.70 

discrepancy = (measured – theoretical)/theoretical 

Lower end of range (%) 38% -7% 

Higher end of range (%) 63% 14% 

Average (%) 50% 3% 
 

Table 9 Energy consumption normalisation factors 

Degree Days calculation 
(base temperature 15.5 oC) 

Energy 
consumption 
normalisation 
factor (ECNF) 

Post retrofit (source: 
monitoring system weather 
station) 

1826 1.00 

Pre-retrofit (source: weather 
file 
GBR_Birmingham.035340_I
WEC.EPW) 

2300 1.26 

Pre-retrofit (source: CIBSE 
for Birmingham-Elmdon) 2425 1.33 

These results will be discussed in the next section. Going 
back to the calculation of heating energy savings, referred 
to earlier in the text, we first need to calculate weather 
normalisation factors from Degree Days, as shown in 
Table 9, and apply these factors to simulated energy 
consumption figures with the calibrated models, as shown 
in Table 10. 
Table 10: Long term energy consumption calculations.  
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SE

 D
D

) 

Including 
base load 

12179 
(162)  

5699 
(76)  

53% 41% 38% 

Excluding 
base load 

11511 
(153)  

5032 
(67)  

56% 45% 42% 

As it can be seen from Table 10, the lowest energy 
consumption savings are 38% including the base load, or 

42% excluding the base load. The base load was 
established as gas energy consumption during summer 
months when heating was not in operation, and it was 
attributed to energy used for cooking and domestic hot 
water. These could not have been anticipated from the 
individual physics parameters alone, due to a combined 
influence of these parameters on the dynamics of heat 
transfer. 
Discussion 
As it can be seen from the Results section, there are 
significant discrepancies between the theoretical and 
measured UA values. These go as high as 14% in the pre-
retrofit case and as high as 63% in the post-retrofit case. 
These discrepancies are one of the factors that contribute 
to the performance gap between design simulations and 
building performance in use. 
How can these discrepancies be addressed? Technical 
specifications of building materials need to be re-
evaluated systematically and new guidance for designers 
needs to be published by professional organisations such 
as CIBSE and ASHRAE. Before such new technical 
guidance becomes available, a significant safety margin 
in terms of building material properties could be deployed 
by designers. That safety margin could be as high as the 
discrepancies found in this research. 
The results show that surrounding a solid concrete 
building with a new thermal envelope increases its time 
constant. This is especially evident in Table 6, from where 
it can be seen that the time constant has increased 3.57 
times as result of retrofit. Considering that no high density 
material was added to the building through retrofit but 
only lightweight thermal insulation, the increase of time 
constant could be counterintuitive. However, this is 
consistent with the definition: “Thermal mass is a 
relationship between the building thermal capacitance C 
and the overall transmittance-area product UA of the 
building, which through the time constant tc gives 
information on the speed of response of a building to a 
heat input.” (Jankovic, 2017, p. 130). Therefore, thermal 
mass is not just the high density material in the building, 
but a combination of that material and the surrounding 
thermal insulation. This is evident from Equation (4), 
where a reduced UA value resulting from retrofitting 
thermal insulation on a building with a constant thermal 
capacitance C will result in an increase of the time 
constant tc. 
What is the meaning of the increased time constant? The 
building will be slower to respond to heat gains and 
losses. It will heat up more slowly and it will cool down 
more slowly. Building occupants will therefore 
experience more gradual temperature changes, and the 
resultant thermal comfort will be better. 
Table 6 also shows 1.62 times increase in the effective 
thermal capacitance C. As no high density materials were 
added to the building through retrofit, the scale of increase 
is unexpected. This could be attributed to the timber frame 
construction of the external envelope panels (Figure 5), 
where the timber most likely contributed to the increase 
of effective thermal capacitance.  
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Figure 5: External insulation panel built from timber 

frame, before installation and insulation injection. 
Alternatively, this could be attributed to a combined effect 
of multiple variables used in the calibration process. 
Whilst the accuracy of the calibrated models before and 
after retrofit was exceptionally high as shown in Table 2, 
this could have been a consequence of a ‘cocktail’ effect 
of multiple parameters acting simultaneously.  
This means that different parameters, such as time 
constant and effective thermal capacitance, could have 
both been changed as result of multi-objective 
optimisation, but in reality, only one could have changed 
and the other could have remained constant. They could 
be ‘two sides of the same coin’ and to be collectively 
holding information on the dynamics of building heat 
transfer. 
This is one of the reasons why energy savings through 
retrofit cannot be evaluated on the basis of changes of the 
individual physics parameters alone. Another reason is, as 
already stated in the Results section, that UA value 
reduction is not directly proportional to energy savings, 
without also taking into account heat transfer dynamics 
effects represented by the time constant and effective 
thermal capacitance. Thus, energy savings need to be 
evaluated through dynamic simulation with the calibrated 
models, rather than on the basis of changes of the 
individual building physics properties alone. 
Initially, it was somewhat surprising that dynamic heating 
test simulations with different rates of heat input produced 
different values of building physics parameters. As there 
were no phase change materials in the building, and as 
there were no other reasons for alterations of heat related 
physics properties, an explanation for these differences 
was sought in the steps preceding the simulations of 
dynamic heating tests. The simulation models were 
calibrated prior to conducting the tests, in order to achieve 
accurate representations of the building before and after 
retrofit. The calibration used data from monitoring, and 

the calibrated models therefore had become a 
measurement instrument that carried forward the 
measurement errors. The resolution of these differences 
was a realisation that a dynamic test with a single heat 
input rate is not sufficient to obtain results. Several tests 
need to be carried out with different heat input rates, and 
the results need to be expressed in the same way as results 
of other measurements, namely as mean value ± standard 
deviation. 
Despite of the uncertainties introduced in this section, the 
method of measuring building physics properties 
represents a useful tool to ensure that design performance 
specification is correctly implemented.  
Conclusion 
The current practice of building design simulations is to 
use theoretical properties of materials, either built into the 
simulation tools, or obtained from manufacturers’ 
specifications or from technical reference tables. These 
properties are rarely compared to actual properties of 
buildings in use. That leads to a performance gap between 
design simulations and actual performance of the 
constructed building. This is significant in deep energy 
retrofit projects, where it is important to know the 
properties of the existing building to be retrofitted, and of 
the materials to be retrofitted, in order to be able to design 
with confidence. 
Building physics properties can be obtained from physical 
tests, such as co-heating tests or dynamic heating tests, but 
these tests are impractical, as they require the building to 
be unoccupied, during a period of stable winter weather. 
The use of additional heaters required to carry out these 
tests could result in cracks in the building materials due to 
differential thermal expansion rates caused by higher than 
usual internal temperatures. 
This research introduces an alternative method for 
obtaining building physics properties through simulation 
of dynamic heating tests using calibrated simulation 
models. It uses a real deep energy retrofit project as 
evidence base, which was monitored extensively before 
and after the retrofit. The calibration is based on data 
obtained from ongoing monitoring during normal use of 
the building. 
In seeking to answer a practical question on how to assess 
whether U-values of the components of external envelope 
are equal to or higher than those in manufacturers’ 
specifications, this research has made two lasting 
contributions. First, the method introduced in this article 
represents a tool for establishing physics properties of 
buildings in use before and after retrofit, and facilitates 
quality control of retrofit projects. Second, this research 
raises the awareness of the discrepancies between 
theoretical and actual building material properties, and 
calls for re-evaluation of technical guidance for designers. 
Considering that the highest discrepancy calculated was 
63%, commensurable safety margins need to be 
implemented in design projects. 
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Nomenclature 
y – thermal bridge transmittance (W/mK) 
DT – temperature difference Tr - To (oC) 
C  – effective thermal capacitance (MJ/K) 
Emeasured  – measured energy consumption (kWh) 
Esimulated  – simulated energy consumption (kWh) 
GA – genetic algorithm 
L – length of a linear thermal bridge (m) 
n  – number of data points  
N – air changes per hour (1/h) 
Q  – heating rate (W) 
STD – standard deviation 
tc = C/UA  – building time constant (h) 
Tmax  – maximum internal air temperature (oC) 
To  – outside air temperature (oC) 
Tr  – simulated room air temperature (oC) 
Tstart  – starting internal air temperature (oC) 
Tt  – calculated room air temperature (oC) 
UA  – overall transmittance-area product 

   (W/m2K) 
V – internal volume of air (m3) 
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Abstract 

The near-surface velocity can be measured by a method 

referred as “thermal image velocimetry”, which acquires 

flow field according to the displacements of  thermal spots 

in fixed intervals. Depending on the capability of two-

dimensional velocity visualization and the low system 

cost, this method is more advantageous over the other 

kinds of current velocity measurement methods. However, 

this method is still in the initial stage of development in 

indoor velocity measurement and feasibility of this 

method has not been fully verified. We aim to verify the 

feasibility of this method in the velocity measurement 

over the heating surface. Differ from the former studies, 

we conducted the experiments and explored the feasibility 

of this method in the condition of natural and mixed 

convection. The flow fields near the heat source were 

acquired by thermal image velocimetry. Particle image 

velocimetry was also used to compare the results 

evaluated by Thermal Image Velocimetry. The results 

show that the thermal image velocimetry can qualitatively 

and quantitatively reflect the near-surface velocity in all 

experimental conditions.    

Introduction 

In the current energy consumption system in China, 

building energy consumption accounts for a large 

proportion (Prek and Krese, 2018). In addition, in the 

energy consumption of buildings, the energy consumption 

for heating should not to be underestimated. With the 

gradual increase of energy consumption, the depletion of 

fossil energy and the deterioration of the environment 

have become more and more serious. Consequently, much 

attention have been focused on improving the efficiency 

of heating system. On the other hand, it is necessary to 

ensure indoor thermal comfort while implementing 

measures such as reducing the heating temperature to 

decrease the heating energy consumption.  

In China, radiators are still the most widely used heating 

terminal equipment (Luo and Wang, 2018). The 

reasonable arrangement of the radiator is of great 

significance for lifting the energy efficiency of the heating 

system and improving the indoor thermal environment. 

As heat source in room, radiator transmits energy to the 

nearby air mainly through the form of convection. The 

heated air rises along vertical direction. As the hot air rises, 

the insufficient driving force of the thermal buoyancy 

causes the hot air to escape from the original flow 

direction. On the other hand, the cold air far away from 

the radiator in the room will continuously flow to the 

vicinity of the radiator to replenish, thus making the air 

circulate throughout the room. Indoor air is thus heated, 

offsetting the discomfort caused by the heat loss of the 

maintenance structure or the outdoor cold air penetration. 

As the indoor hot air rises and the cold air sinks, a 

relatively stable temperature and airflow distribution is 

finally established. Therefore, the flow state of the hot air 

over radiator largely determines the airflow organization 

and energy efficiency of the entire room (Awbi, 1998; 

Cholewa and Anasiewicz, 2017; Peeters and Beausoleil-

Morrison, 2011). Accurately obtaining the flow of airflow 

over the radiator is very important for evaluating indoor 

airflow distribution and indoor heating design. For the 

time being, there are mainly two kinds of indoor velocity 

measurements, which are point-wise measurement and 

global-wise measurement (Sun and Zhang, 2007). The 

global-wise measurement method such as particle image 

velocimetry can visualize the two or three dimensional 

airflow field and is helpful to understand the flow 

characteristics  (Gao and Shaw, 1989). The limitations of 

these two velocity measurement methods for the near-

surface flow field over the heat source has been debated 

(Wu and Liu, 2019). The interaction of near surface 

turbulent structures and the surface temperature 

confirmed to be closely related (Castellví and Cammalleri, 

2016; Aminzadeh and Breitenstein, 2017), which brings a 

new perspective for the measurement of near-surface flow. 

The high frequency temperature fluctuations can be 

obtained by infrared thermography. Several studies have 

been carried out to obtain near-surface flow field by 

measuring the high frequency surface temperature 

fluctuations. However, most of the researches were 

conducted outdoors and are rarely applied in indoor 

environment, especially the flow field above vertical heat 

source. In the current research, there are two main 

methods to deduce the flow conditions by infrared 

thermography. One is to directly establish the relationship 

between near-surface velocity and temperature through 

theoretical analysis. The other is similar to the particle 

image velocimetry technology and obtains the near-

surface flow field by analysing the displacements of 

temperature spots between continuous frames. 

The method based on surface-renewal theory 

When turbulent structures flow through surface, the 

interaction between the turbulent flow and surface affects 
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the energy exchange (Paw and Qiu, 1995). As the airflow 

flows through the surface, the energy exchange is 

promoted or inhibited. There is a direct relationship 

between the flow near the wall and the wall temperature 

fluctuations consequently. The energy transfer 

contributed by the turbulent structures can be quantified 

by the surface renewal theory. In this theory, the 

interaction process between airflow and surface is 

explained as the intermittent residence of flow eddies on 

the surface (Haghighi and Or, 2013). When the flow 

eddies stay on the surface, thermal exchange occurs 

between the turbulent structures and the surface, and the 

surface temperature pattern changes correspondingly. The 

near-surface airflow is described as a collection of the 

flow eddies with different sizes and intensities (Paw and 

Qiu, 1995). The intermittent residence time of the flow 

eddies can be described by the eddy spectrum shape and 

rate parameters and is distributed in gamma function. The 

thermal exchange between the surface and turbulent 

eddies mainly occurs in the viscous sublayer, whose 

thickness characterizes the thermal exchange of the flow 

eddies and surface. Haghighi and Or (2013) proposed a 

function which connects the near-surface velocity with 

the thickness of viscous sublayer:  

 
( )

= af

xu

  
  (1) 

where  is the thickness of the viscous sublayer,  is the 

eddy spectrum shape parameter deduced from the surface 

temperature fluctuations, a  is the kinematic viscosity of 

air, x  is a dimensionless parameter which is determined 

by the flow characteristic and surface properties, u is the 

mean flow velocity near the surface.  

The surface heat exchange is composed of two parts, 

which are the radiative and sensible heat fluxes, when no 

latent heat fluxes exists. The sensible heat exchange 

occurs within the viscous sublayer. 
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where H is the sensible heat flux, ak is the thermal 

conductivity of the air, T is the temperature difference 

of the air and surface. Combing (1) and (2), the 

relationship between the surface temperature fluctuation 

and near-surface mean flow velocity can be established. 

Based on this method, the near-surface mean flow 

velocity can be obtained. 

Thermal image velocimetry 

Thermal image velocimetry (TIV) is similar to the particle 

image velocimetry, which estimates the surface two-

dimensional velocity distributions. As mentioned earlier, 

when airflow flows through the surface, the flow can 

induce the surface temperature fluctuations. In the method 

of thermal image velocimetry, the flow condition is 

inversely deduced by the temperature fluctuations. The 

high frequency temperature fluctuations are obtained by 

the infrared thermography. As a result, this method can 

also be referred as ‘induced infrared thermography’. A 

sequence of image proceeding steps were performed to 

visualize the near-surface velocity according to sequences 

of thermal images. The whole data processing are as 

follows: (1) Preparing thermal images. In this step, the 

high-frequency surface temperature fluctuations are 

captured using infrared camera and saved in the form of 

sequences of infrared thermal images. (2) Image Pre-

processing. This step aims at accentuating the movements 

of thermal spots compared to the background noise. A 

high-pass filter is used to reduce the influence of the 

background noise. (3) Image processing. In this step, the 

velocity vectors are calculated using the calculating 

process similar to particle image velocimetry (PIV). The 

thermal spot is similar to the tracer particle in PIV, and 

the displacements of the thermal spots are obtained by 

cross-correlation calculation within the interrogation 

window. With the shift of the interrogation window, the 

entire flow filed of the image is visualized. (4) Data 

correction. In the raw two-dimensional velocity flow field 

obtained in the previous step, there are some error vectors 

and need to be removed. The error vectors are tracked and 

removed in this step. More detailed data processing can 

be referred in Wu and Liu (2019).  

Compared to the method based on the surface renewal 

theory, this method can visualize the near-surface two-

dimensional velocity field. Restricted to the geometrical 

constrains and the magnitude of velocity, the vertical 

velocity gradient of the airflow field above the heat source 

is large. The point-wise velocity information cannot 

reflect the vertical distribution characteristics. In 

consequence, thermal image velocimetry method is more 

suitable for the measurement of near-surface flow field 

above the heat source. Thermal image velocimetry 

method has been used in some outdoor studies (Huang 

and Hwang, 2015; Inagaki and Kanda, 2013; Legleiter 

and Kinzel, 2017; Lopez  and Thomas, 2014; Tiddens and 

Risthaus, 2017; Lev and Spiegelman, 2012), but rarely 

used in indoor study, especially in the visualization of the 

flow field above the indoor heat source. 

In our former study (Wu and Liu, 2019), the feasibility of 

thermal image velocimetry in the velocity measurement 

over the heat source under natural condition has been 

verified. Differ from the former study, this study aims at 

exploring the feasibility of thermal image velocimetry 

both in the condition of natural convection and mixed 

convection. In addition, the influence of heat source 

surface temperature and ventilation on the near-wall flow 

over the heat source was also measured and analysed. 

Method 

Experiments were performed in a cavity, of which the 

internal dimension is 1200 × 500 × 1400 mm3. The walls 

are made of Plexi-glass and the surface emissivity is 0.90. 

A heating film with the dimension of 500 × 400 mm2 is 

used as the heat source in the cavity. A 20 mm wide 

ventilation inlet is installed at the bottom of the cavity 

near the heated vertical wall. The cavity is connected with 

fan and thus forming a closed circulation system. The 

experimental cavity is shown as Figure 1. 
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Figure 1: Schematic view of the experimental setup.  

The surface temperature fluctuations of the wall over the 

heat source was obtained by a FLIR-T1040 thermal 

infrared camera. For comparison with TIV measurements, 

PIV was used to measure the velocity distribution of the 

plane that is 8mm from the heated vertical wall. The 

visualized surface of PIV and TIV is 500× 400 mm2, 

shown as Figure 1. Infrared camera and the CCD camera 

of PIV captured the target flow field from opposite sides. 

Infrared thermal camera obtained the surface temperature 

fluctuations from the shooting positions located in 

600mm away from the bottom of the cavity. The relevant 

parameters of PIV system are shown as Table 1. 

Table 1: PIV parameters. 

 Parameters 

Laser  Double-pulsed Nd:YAG  

CCD  PIVCAM13-8 

Lens AF Nikon 50mm lens 

Laser intensity 150mJ/pulse 

Visual field  2048pixel × 2048pixel 

Smoke generator VZ09-0751 

Sampling frequency 7Hz 

Images 600 

Interrogation window 32pixel × 32pixel 

Overlap 50% 

The parameters of infrared camera are shown as Table 2. 

The laser intensity of PIV system is 150mJ and the 

sensitive band range of thermal infrared camera is 7.5-

14μm.  

Table 2: Infrared camera parameters. 

 Parameters 

Model FLIR T1040 

Resolution 1024pixel × 768pixel 

Sensitive wave  7.5 ~ 14μm 

Angle of version 28°×21° 

Sampling frequency 30Hz 

Images 600 

The experiments were divided into three cases. The 

experimental cases were adjusted by changing the surface 

temperature of the heat source and the ventilation velocity. 

Case 1 is under natural convection, and the surface 

temperature of heat source is 45°C. Case 2 is under natural 

convection, and the surface temperature of heat source is 

65°C. Case 3 is under mixed convection, and the surface 

temperature is 65°C. The velocity of the ventilation inlet 

is 1.75m/s.   

Results  

The instantaneous velocities are averaged and the time-

averaged velocity counters and vectors of the three cases 

are shown as Figure 2 to Figure 7. 

Figure 2 and Figure 3 are the velocity distributions and 

vectors of Case 1 measured by PIV and TIV. The velocity 

distribution exhibits spatial difference in the vertical 

direction, which is agree with the analysis the introduction 

section. As can be seen from the figures, the region where 

the maximum velocity appears is in the vertical range of 

200mm-400mm. Overall, the velocity increases with the 

increase of the vertical position.  

 

Figure 2: Velocity distribution of Case1 measured by 

PIV.  

 

Figure 3: Velocity distribution of Case1 measured by 

TIV.  

Figure 4 and Figure 5 are the velocity distributions and 

vectors of Case 2 measured by PIV and TIV. The velocity 

distribution exhibits more pronounced spatial difference 

in the vertical direction, compared with the results of 

Case1. As can be seen from the figures, the region where 

the maximum velocity appear is in the vertical range of 

350mm-400mm. With the surface temperature of the heat 

source, the position at which the maximum velocity 

occurs moves up. In addition, the magnitude the 

maximum velocity increases with the increase of the 

surface temperature of the heat source. 
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Figure 4: Velocity distribution of Case2 measured by PIV.  

 

Figure 5: Velocity distribution of Case2 measured by 

TIV.  

Figure 6 and Figure 7 are the velocity distributions and 

vectors of Case 3 measured by PIV and TIV. The velocity 

distribution exhibits a certain spatial difference in the 

vertical direction. Differ from Case 1 and Case 2, Case 3 

is under the condition of mixed convection. The natural 

convection and mechanical ventilation make a joint effect 

on the velocity distribution. As can be seen from the 

figures, the region where the maximum velocity appears 

is in the vertical range of 0mm-200mm, which is the 

location close to the ventilation inlet. The overall 

distribution of velocity shows a decreasing trend with the 

increase of vertical position. The velocity distribution is 

changed under the effect of mechanical ventilation, 

indicating that the natural convection effect is weaker 

than the effect of mechanical ventilation. 

 

Figure 6: Velocity distribution of Case2 measured by 

PIV.  

 

Figure 7: Velocity distribution of Case2 measured by 

TIV.  

Discussion 

From the perspective of velocity distribution, TIV 

measurement results are close to the PIV measurement 

results. The specific positions of the three cases where the 

maximum velocity occur are close to the PIV, indicating 

that the TIV measurement results can reflect the spatial 

distribution characteristics of the velocity.  

From the perspective of the magnitude of maximum 

velocity, the measurement results of TIV are slightly 

smaller than the measurement results of PIV.  In addition 

to conditions such as the resolution of the camera, 

differences in the principles of the measurement methods 

may cause this difference. Since the TIV measurement 

method indirectly obtains the near-surface flow velocity 

by measuring the temperature fluctuations of the wall 

surface, the wall temperature conditions directly affect the 

measurement result. With the change of surface 

temperature of heat source and the ventilation velocity, 

the thickness of the boundary layer near the visualized 

wall changes accordingly. Therefore, the flow field 

position measured by TIV changes, but the position of the 

PIV is fixed at 8 mm. For different working conditions, 

the position of flow field measured by TIV is not fixed, 

but it is certain that the result obtained by TIV is 

associated with the thickness of near-wall boundary layer. 
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It is worth noticing that the verification of feasibility of 

thermal image velocimetry was achieved in lad condition 

rather than field measurement. Scaled model 

experimental research still has a certain difference with 

the actual condition and the difference is mainly caused 

by the physical parameters of the heat source. The shape 

of the actual radiator is not a plane, and the size of the heat 

source relative to the entire room are inconsistent with the 

scaled model experiment. The shape of the actual radiator 

surface is more complicated, and the flow above the heat 

source in the actual room may be different from that in the 

scaled model experiment. In actual room, the vertical 

surface over the heat source is not always homogeneous 

like the scaled model experiment. There may be some 

materials such as glass that are different from the wall 

material, and thus the surface temperature fluctuations are 

inconsistent. This will add some difficult to the 

measurement of airflow field using thermal image 

velocimetry method.  

However, through setting the corresponding time filter, 

the influence of the background heterogeneity can be 

overcame (Inagaki and Kanda, 2013; Gonzalez and 

Woods, 2003). Although the physical parameters of the 

heat surfaces are not identical, the airflow field measured 

in this study is the same as the flow over the actual 

radiator and are both the flow above the vertical heat 

surface. Based on the measurement results of thermal 

image velocimetry method under natural and mixed 

convection condition, we believe that this method has 

great potential in the measurement of airflow field above 

indoor heat source. 

Due to the difficulty of airflow field measurement near 

the heat source, most studies on indoor airflow are 

focused on the airflow situation in the work region. As 

stated in the introduction section, the airflow near the heat 

source  plays an important role in the airflow distribution 

in the entire room. Due to the lack of the flow field 

measurement  information near the heat source,  most of 

the numerical studies verify the correctness of the 

simulation results by comparing the simulation results of 

the working area with the measured values. Therefore, no 

more accurate determination can be made on the 

simulation results near the heat source. Thermal image 

velocimetry method is a non-intrusive and the two-

dimensional velocity distributions can be captured. If this 

method is applied in the measurement of airflow field near 

the indoor heat source, the simulation results near the heat 

source will be netter verified, and the it is also more 

conductive to the study of the overall distribution of the 

indoor airflow field.  

PIV is a mature flow field visualization method, and there 

are some factors that influence the measurement accuracy, 

which is also the main source of errors in this study. The 

uncertainty of PIV measurement consists of two parts, 

which are the system error and the statistical error. The 

performance of tracing particles, image deformation, and 

random displacement are the main factors in system errors 

(Cao, 2015). The maximum system error is about 4.3% 

(Cao, 2015; Raffel and Willert, 2007). The statistical error 

can be evaluated by estimating the random sampling error. 

The random sampling error of the time-averaged velocity 

can be evaluated as (Coleman  and Steel, 2009; Stafford 

and Walsh, 2012): 

 / 2

1
( )

a
S A z

Ak



    (3) 

where S(A)is the random sampling error, k is the sampling 

size, a is the root mean square velocity, A is the time-

averaged velocity, / 2z  is determined yy coefficient 

interval and is equal to 1.96 when the confidence 

interval is 95%. The calculated random sampling error 

of three cases are shown in Figure 8. The random 

sampling error of the three cases are ayout 0.35% and 

can ye neglected. Therefore, the uncertainty of the PIV 

measurement is ayout 4.4%. 

 

Figure 8: Random sampling error.  

Conclusion 

Thermal image velocity measurement is a velocity 

measurement method that obtains the velocity 

distributions based on the high frequency temperature 

fluctuations. Compared to the other kinds of current 

velocity measurement methods, this method is more 

advantageous due to its ability of flow visualization and 

low system cost. 

This study compared the results of thermal image 

velocimetry both in the condition of natural convection 

and mixed convection. From the perspective of velocity 

distribution, the measurement results of thermal image 

velocimetry are close to the measurement results of 

particle image velocimetry. The results obtained by the 

two methods have similar distribution trend and 

magnitude.  

Due to the interaction between the air and surface, the 

thickness of the near-surface boundary layer affects the 

fluctuations of the surface temperature. In thermal image 

velocimetry method, the near-surface velocity is obtained 

indirectly by detecting the surface temperature 

fluctuations. Therefore, the surface temperature 

conditions directly affect the measurement result.  

In addition, the influence of surface temperature of the 

heat source and ventilation velocity on the near-wall flow 
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over the heat source was analysed. In natural convection, 

the airflow velocity in the top region is lager driven by 

thermal buoyancy. In addition, the vertical distribution 

gradient is more obvious, as the surface temperature of the 

heat source increases. After mechanical ventilation, the 

original trend of velocity distribution is broken. The 

velocity tends to increase as closer to the ventilation inlet 

located in the bottom of the cavity. 
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Abstract 

The energy performance of energy systems in buildings 

is commonly studied by applying the First Law of 

Thermodynamics, which allows to quantify the energy 

losses and to measure the energy conversion efficiency 

of the single components. However, different forms of 

energy have different potential to produce useful work, 

mainly depending on the temperature at which they are 

available. For this reason, the Second Law of 

Thermodynamics should be also considered.  

The main scope of this paper is to apply the exergy 

analysis to a residential building located in Southern 

Italy, including its energy systems. The calculation is 

based on a quasi-steady-state approach, where dynamic 

simulations are used to describe the energy performance 

of the building, and steady-state equations are used to 

assess the exergy flows. The selected residential building 

contains eight dwellings, heated by a conventional gas 

boiler and cooled by individual split-units; however, the 

calculations refer to only one apartment. 

The outcomes of this simulation effort show that the 

exergy efficiency for space heating and cooling in the 

current state is very low, being of 6.2 % and 3.8% 

respectively. This is mainly due to the use of combustion 

processes for producing heat, and to the use of electricity 

(i.e. pure exergy) to feed the cooling systems. However, 

the implementation of typical refurbishment strategies 

such as improving the insulation of the envelope and 

adopting more performing mechanical systems, not only 

reduces the energy needs for heating and cooling by 

around 20 %, but also raises the exergy efficiency for 

heating and cooling up to 13.1 % and 6.2 %, 

respectively. 

Introduction 

According to the First Law of Thermodynamics, in a 

steady-state energy conversion process the overall 

energy flow leaving a system equals the overall energy 

flow entering the same system. The different forms of 

energy (thermal, mechanical, internal, potential, kinetic, 

electric, and chemical) may individually undergo 

quantitative changes, but the overall amount of energy 

involved in the process is conserved. The index of 

performance resulting from this approach is the energy 

efficiency, which is the ratio of the useful amount of 

energy provided by the process to the total amount of 

energy exploited by the system. 

However, the Second Law of Thermodynamics shows 

that the different forms of energy involved in a process 

have not the same quality, since they have different 

potential to produce useful work. In particular, the useful 

work potentially extracted from a system at a given 

thermodynamic state can be measured by letting the 

system evolve to a condition of thermal and pressure 

equilibrium with the surrounding environment. In this 

final condition, no further change of state occurs 

spontaneously, and no further work can be produced; the 

system is then said to be in the dead state. 

In this framework, exergy can be defined as the 

maximum amount of work that it is possible to produce 

by exploiting a system or an energy flow available at a 

certain temperature and pressure, through an ideal 

reversible process evolving until the dead state is 

reached. Accordingly, the further the temperature of the 

system is from the environmental temperature, the 

higher the exergy of the system is. 

Several lessons can be learned by applying the exergy 

analysis to the building sector, where the delivery or 

removal of thermal energy is required, respectively, in 

space heating and cooling applications, as well as to 

prepare domestic hot water (DHW). Indeed, in space 

heating systems, thermal energy is delivered to indoor 

spaces at a temperature of around 20 °C, which is very 

close to the outdoor environment (dead state); similar 

reasoning can be applied to thermal energy removed in 

space cooling applications. This means that the quality 

of the energy required for applications in space air 

conditioning is low; nevertheless, heating and cooling 

systems in buildings are frequently operated at high 

temperatures, and they use high-quality energy sources, 

such as fuels and electricity. 

Recently, the exergy analysis of buildings and their 

energy conversion systems has been investigated by a 

growing number of studies. In fact, the most relevant 

contribution has come from the IEA ECBCS Annex 49 

“Low Exergy Systems for High-Performance Buildings 

and Communities”, whose activities were concluded in 

2009. ECBCS Annex 49 involved about 22 research 

institutes, universities and private companies from 12 

different countries, many of which were also members of 

the International Society of Low Exergy Systems in 

Buildings (LowExNet) (Schmidt, 2011). 

Some interesting papers can also be cited. As an 

example, (Zhou and Gong, 2013) studied a six-storey 
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residential building with split-type air conditioners for 

space heating and cooling. In their study, several 

possible improvements to the thermal insulation of the 

envelope and/or potential improvements to the COP of 

the split units gave rise to an increase in the overall 

annual exergy efficiency from 5.1 % to 7.9 %. 

Other studies have also underlined the role played by the 

auxiliary components, whose impact in the overall 

balance of low-exergy heating systems is significant. In 

this sense, some authors have shown a steady-state 

exergy analysis of several heating systems for a 

residential unit in Denmark (Kazanci et al., 2016). The 

results underline that the electricity consumption of a 

pump operating in a floor heating system is much higher 

than for common radiators, due to the lower temperature 

drop and the consequent higher mass flow rate. As a 

result, the exergy depleted by the system increases, and 

in certain cases it may overcome the advantage of using 

low-temperature radiant terminals. 

Under these premises, the main scope of this paper is to 

address these irrational energy uses for space heating 

and cooling by applying the exergy analysis to a case 

study, namely a building representative of the residential 

stock in Catania (Italy). 

Dynamic simulations in EnergyPlus are employed to 

evaluate the energy flows, and the corresponding exergy 

flows, from the HVAC systems to the indoor spaces and 

then to the outdoors. The analysis of the building in its 

current configuration shows that the exergy efficiency is 

very low, being of 6.2 % for space heating and 3.8 % for 

space cooling. The implementation of typical retrofit 

solutions such as improving the insulation level of the 

envelope and using heat pump systems can raise the 

exergy efficiency up to 13.1 % in the case of space 

heating and to 6.2 % for space cooling respectively. The 

study also underlines that the results of the analysis are 

severely influenced by the choice of the reference state: 

this makes the replicability of the exergy analysis 

questionable, and calls for the definition of an 

internationally recognised calculation framework. 

Case study and methodology 

The case study 

The building selected as a case study is an apartment 

block with four storeys above the ground located in 

Catania (Italy), a city characterized by a hot and humid 

climate with sunny days for most of the year. The main 

climatic parameters, extracted from the Typical 

Meteorological Year (TMY) weather file retrieved from 

the EnergyPlus website, are summarized in Table 1.   

As for the building layout, it presents a rectangular shape 

with dimensions of 18.1 x 11.8 m
2 

that result in a gross 

floor area of 816 m
2 

and in a useful floor area of around 

725 m
2
 respectively (see Figure 1 for an outdoor view of 

the north facade). The gross height of each storey is 3 m, 

resulting in a heated gross volume of around 2500 m
3
 for 

the entire building. 

 

Table 1: Main climatic parameters of Catania 

Geographical coordinates  Lat 37°31’N - Lon 15°04’E 

Mean daily temperature in summer 24 °C 

Mean peak temperature in summer 35 °C 

Mean daily temperature in winter 11.8 °C 

Mean peak temperature in winter -1.9 °C 

Mean horizontal daily irradiance  159.1 W·m-2 

Peak irradiance on the horizontal 1021 W·m-2 

Mean daily wind speed 3 m·s-1 

Mean peak wind speed 13.1 m·s-1 

Table 2: Building envelope characteristics 

Building 

component 
Constructions 

U-value  

(W m-2 K-1) 

External walls 
Double-leaf clay bricks  

with air gap 
0.86 

Slabs Lightweight concrete  2.72 

Glazed surfaces 
Single-glazed with 

aluminium frame 
5.78 

 

Each floor hosts two apartments and is organized 

according to a common internal layout, with a stairwell 

on the north side from which it is possible to access two 

flats. Every flat has two or three bedrooms, a kitchen, a 

living room, two bathrooms, a balcony facing south and 

a balcony with a veranda facing north (see Figure 2).  

The construction technique used for the envelope is 

typical of the buildings built in the 1970s, which 

represent the vast majority of the residential stock in 

Catania. More in detail, the external walls are made of 

double-leaf hollow clay bricks (8-cm thick on the inner 

side and 12-cm thick on the outer side, respectively). An 

air gap of 10 cm separates the two leafs. As for the slabs, 

all the floor enclosures are made of a 20-cm thick 

lightweight concrete slab without any insulating layer.  

Internal partitions consist of 8-cm thick hollow clay 

bricks covered with 1-cm concrete plaster on both sides, 

while windows are single-glazed with an aluminum 

frame and without any thermal break. Table 2 

summarizes the technical features of the envelope 

components, together with their U-values.  

Finally, space heating is provided by means of radiators 

fed by hot water at a nominal temperature of 75 °C 

produced by a gas-fired boiler whose thermal efficiency 

is η = 90 %; instead, space cooling is provided by 

several split-type air conditioning devices, whose 

average Energy Efficiency Ratio is EER = 3. 

Thermal modelling in OpenStudio 

Dynamic energy simulations were carried out through 

OpenStudio v.2.7.0, which provides a user-friendly 

graphical interface to the EnergyPlus v.9.0 software 

(DOE, 2018).  In particular, a flat of the middle-storey 

(the one highlighted with a dashed line and tagged as 

Apartment 2 in Figure 2) has been modelled as 

representative of the average behaviour of the entire 

building, thus neglecting the boundary effects that may 

be experienced at the bottom and top floors. 
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Figure 1: Outdoor view of the building used as a case study  

 
Figure 2: Internal layout of a typical floor. The flat considered 

in this study is highlighted by a dashed line (right-hand side) 

According to this principle, adjoining surfaces with 

upper and lower apartments are treated as adiabatic. The 

corresponding model in OpenStudio is shown in Figure 

3, where purple surfaces identify shading objects such as 

overhead balconies and nearby buildings.  

As for air infiltrations, they are computed adopting the 

Effective Leakage Area (ELA) method proposed by the 

ASHRAE Handbook Fundamentals (ASHRAE, 2001). 

This approach first associates a leakage area AL (cm
2
) to 

every thermal zone in the building, which summarises 

the effect of all small cracks in the envelope. The 

leakage area can be correlated to the net volume Vn (m
3
) 

and the air-tightness n50 (h
-1

) of the thermal zones by the 

following relationship: 

50 n
L

50

n V
A

3600 2 p

 
 


  (1) 

Here n50 represents the air exchange rate (h
-1

) occurring 

when a pressure difference of 50 Pa is imposed to the 

envelope (usually through a blower door test). In 

absence of experimental measurements, this value has 

been set to 4 h
-1

, as suggested by the Italian technical 

standard UNI 11300-1:2014 (UNI, 2014) for multi-

storey apartment blocks with average air permeability. 

Once the leakage area is known, the air flow rate through 

the envelope because of leakages (Qinf, expressed in 

m
3·s-1

) can be computed according to the following 

equation: 

2L
inf S W

A
Q C T C w

1000
       (2) 

This approach accounts for both the stack and wind 

effects by means of the coefficients CS (l·s-1
)

2·(cm
4·K)

-1
 

and CW (l·s-1
)

2·(cm
4·m2·s-2

)
-1

, which are defined as a 

function of the building location, its number of floors 

and the surrounding building density. In our case, their 

values are set to CS = 1.45 x 10
-4

 (l·s-1
)

2·(cm
4·K)

-1 
and to 

CW = 2.71 x 10
-4 

(l·s-1
)

2·(cm
4·m2·s-2

)
-1 

respectively. These 

values are in accordance with the recommendations of 

the ASHRAE Handbook of Fundamentals 2001 

(ASHRAE, 2001) when considering a stack effect 

developed within a height of one floor and a typical 

sheltering caused by other buildings across the street 

(third class of sheltering). These coefficients are finally 

multiplied for the corresponding hourly internal-external 

temperature difference ΔT (K) and wind velocity w (m·s-

1
). 

As concerns internal gains, they are made up of four 

people involved in sedentary activities (releasing around 

100 W each), and to the artificial lighting system 

releasing approximately 4 W per unit floor area.   

As concerns the HVAC systems, they are supposed to be 

available according to the following schedules: 

 Heating: from 7 am to 8 am and from 6 pm to 10 

pm during winter (from December 1
st
 to March 

31
st
), at a set-point temperature of 20 °C; 

 Cooling: from 9 am to 9 pm during summer (from 

June 1
st
 to September 30

th
), at a set-point 

temperature of 26 °C 

In order to calculate the energy consumption of the 

heating system with OpenStudio, a Coil Heating Water 

Baseboard Radiant object is attributed to each thermal 

zone. These objects work at rated average water 

temperature and mass flow rate of 75 °C and 0.063 kg·s-1
 

respectively, and their capacity is auto sized by the 

software in order to always meet the heating load (DOE, 

2018). The same auto-sizing principle applies to the 

heat-generator fed by natural gas (thermal efficiency = 

90 %), which is used to produce the hot water needed by 

the baseboards, and to the circulation pump, whose 

efficiency is set to 70 %. As for the split units used to 

provide space cooling, the auto sized Packaged Terminal 

Heat Pump (PTHP) object with a nominal EER = 3 is 

used.  

 
Figure 3: Axonometric view of the model in OpenStudio, 

including the shading surfaces (in purple) 

 
N 
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Exergy calculations 

A recent literature review carried out by the authors 

about the exergy analysis in buildings (Evola et al., 

2018) showed that the exergy related to a heat flux Q 

available at a certain temperature T can be calculated as:  

0T
EX Q 1

T

 
   

 
  (3) 

Here, T0 is the reference temperature, that is to say the 

temperature associated with the dead state. The term in 

brackets can be regarded as a quality factor, i.e. a 

measure of the exergy content related to a unit heat flux. 

On the other hand, a different formulation has to be used 

to calculate the exergy lost by a mass flow ṁ of a fluid, 

with specific heat at constant pressure Cp (J·kg
-1·K-1

), 

undergoing a temperature drop from T1 to T2:  

 p

T
EX m c T T T ln

T

  
       

   

2
2 1 0

1

 (4) 

In this paper, Eq. (3) is used to calculate the exergy of 

the heat delivered to the indoor spaces by the heating 

terminal devices (or the exergy of the heat extracted 

from the indoor spaces by the cooling terminal devices). 

This is calculated by knowing the heat flux Q resulting 

from the dynamic simulations, whereas the indoor 

temperature is T = 20 °C and T = 26 °C, respectively, 

when the heating and the cooling systems are in 

operation. Equation (3) is also formally used to calculate 

the exergy content of the heat transferred from the 

indoor spaces to the outdoor environment (or vice versa 

in summer), which is actually null since T = T0. 

Instead, Equation (4) is used to calculate the exergy 

transferred from the heat generator to the hot water and 

from the hot water to the indoor spaces through the 

baseboards. However, since the heat losses in the 

distribution network has been neglected for the sake of 

simplification, these two quantities are the same in this 

study.  

Both calculations are carried out twice, by considering 

two different reference state conditions:  

1. a constant reference temperature corresponding to 

the lowest outdoor air temperature in winter (T0 = 

-1.9 °C) for space heating, and to the highest 

outdoor air temperature in summer (T0 = 35 °C) 

or space cooling; 

2. the hourly variable outdoor air temperature as 

recorded in the TMY weather file.   

This is particularly relevant when dealing with exergy 

analysis, since there is no agreement by now within the 

scientific community concerning the choice of a 

common reference state for exergy calculations, as 

pointed out in (Evola et al., 2018). Some authors state 

that a variable reference temperature would lead to a 

series of thermodynamic contradictions (Pons, 2009); 

however, even when a constant reference temperature is 

used, this is chosen quite arbitrarily (Marletta, 2010; 

Sangi and Muller, 2016).  

Moreover, the exergy contained in the fuel burnt by the 

gas-fired heat generator corresponds to its Lower 

Heating Value. The rate of fuel burnt by the heat 

generator is calculated by the software as a function of 

the thermal power delivered to the rooms, and 

accounting for the thermal efficiency η = 90 %. 

On the other hand, when the HVAC system is fed by 

electricity, as for split-type units or electric air-to-water 

heat pumps, one has to consider that electricity is pure 

exergy. In this case, the exergy consumption is meant as 

the electricity needed to feed the compressor. Auxiliary 

systems such as pumps and fans are computed separately 

to evaluate their impact on the final exergy consumption.  

However, electricity is produced in a power plant: hence, 

the exergy associated with the primary source deployed 

in the power plant (EXPS) can be calculated by dividing 

the electricity consumption (EEL) by the average 

efficiency of the power plant, here assumed to be of 51 

% (UNI, 2014):  

EL

PS

E
EX

0.51
    (5) 

Finally, starting from the values of the exergy fluxes it 

has been possible to calculate the exergy efficiency of the 

heating and cooling systems. This is the ratio of the 

useful exergy output (i.e. the exergy delivered to the 

indoor space) to the overall exergy input: 

us
E

in

EX

EX
     (6) 

In Eq. (6), the exergy input in the denominator also 

includes the primary exergy deployed to produce the 

electricity needed by the pumps in the heating loop and 

the fans for cooling operation, whose nominal electric 

power is Ppump = 66 W and Pfan = 35 W, respectively. 

Results and discussion 

Base case: the actual building 

As one would expect, the analysis of the base case 

scenario reveals poor energy performance for the 

selected apartment. This is mainly due to the poorly 

insulated envelope, which implies high heat fluxes 

exchanged with the outdoor environment, and to the use 

of low-efficiency HVAC systems. The final heating and 

cooling energy demand amount to around 12.8 kWh·m-2 

and 15.3 kWh·m-2 
respectively; the auxiliary devices (i.e. 

the circulation pump in the heating plant and the fans in 

the PTHP units for cooling operation) show an energy 

demand of 0.61 kWh·m-2 
and 0.73 kWh·m-2

, 

respectively. 

The corresponding exergy fluxes during heating and 

cooling operation are shown in Figure 4 by adopting a 

cascading principle, i.e. from the primary energy source 

represented on the left-hand side of the graph, to the 

thermodynamic sink (i.e. the outdoor air) on the right-
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hand side. The contribution of the auxiliary devices to 

the primary exergy depletion is reported within a box. 

From this kind of representation, many additional 

aspects can be appraised compared to a classic energy 

analysis. In a first instance, a decreasing trend for the 

exergy fluxes is observed, due to the degradation of the 

energy quality during its conversion processes. This is 

particularly evident when thermal energy is provided by 

means of a combustion process, as in the case of the 

heating system. Indeed, with respect to an amount of 

exergy of about 0.9 kWh·m-2 
delivered to the indoor 

spaces,
 
the exergy consumption from the primary source 

(associated with the fuel and including also the 

circulation pump) is of around 15.4 kWh·m-2
. This 

results in a low exergy efficiency (ηE = 5.7 %) when 

considering a constant reference temperature, or even ηE 

= 2.9 % with variable reference temperature. 

Secondly, the exergy delivered to the indoor spaces by 

the cooling system is much lower than for the heating 

process (0.4 kWh·m-2 
against 0.9 kWh·m-2

). This 

happens because in summer the reference state 

conditions are very close to the cooling set-point 

temperature of 26 °C used in the simulations. Therefore, 

the resulting exergy efficiency for space cooling is only 

ηE = 3.2% when considering a fixed outdoor temperature 

for the reference state, and ηE = 0.7% with a variable 

reference temperature. 

Lastly, it is apparent that the choice of the reference state 

conditions does significantly affect the calculation of the 

exergy fluxes for cooling: the difference between the 

results obtained under the two different assumptions is 

around 46%. On the other hand, this difference amounts 

to around 17% in the case of space heating.   

 

 
Figure 4: Heating and cooling exergy fluxes for the base case 

Retrofit scenario 1: improved envelope insulation 

The first retrofit scenario simulates a basic improvement 

in the insulation level of the envelope, aimed to comply 

with the actual prescriptions set by the Legislative 

Decree 26/06/2015 (Legislative Decree 26/06/2015, 

2015). This norm prescribes maximum acceptable U-

values for the building envelope components as a 

function of the climate zone in which the building is 

located. For the city of Catania, the maximum U-value is 

0.43 W·m
-2

·K
-1 

for the external walls and 3.0 W·m
-2

·K
-1 

for the windows, respectively. The proposed retrofit 

solution simulates the application of a 4-cm thick layer 

of extruded polystyrene (XPS) as insulating material to 

the outer side of the external walls, which results in U = 

0.40 W·m
-2

·K
-1

, and the replacement of the original 

single-glazed windows with double-glazed low-emissive 

ones showing U = 1.82 W·m
-2

·K
-1

. In this first retrofit 

scenario, the HVAC systems are kept the same as in the 

base case, in order to appreciate the role played by the 

envelope only in the exergy performance of the building. 

The results of this set of simulations show that the 

heating energy demand can be almost halved, decreasing 

from 12.8 kWh·m
-2

 in the base case to 7.4 kWh·m
-2

 for 

the retrofit scenario. On the other hand, the cooling 

energy demand slightly increases from 15.3 kWh·m
-2

 to 

15.5 kWh·m
-2

, because of the improved insulation and 

the lack of additional passive cooling measures that may 

help releasing the heat outside.  

The resulting exergy fluxes for this scenario are reported 

in Figure 5 in the same fashion as for the base case. 

What is immediately visible is the strong reduction in the 

primary exergy consumption (fuel) for space heating, 

from 15.4 kWh·m
-2

 in the base case (Fig. 4) to 7.7 

kWh·m
-2

 in the retrofit scenario (Fig. 5). This happens 

because the exergy demand of the indoor space is now 

0.47 kWh·m
-2

 against 0.9 kWh·m
-2

 in the existing 

scenario (under the assumption of constant outdoor 

reference temperature). Furthermore, the exergy demand 

for the circulation pump decreases from 1.21 kWh·m
-2

 

(Fig. 4) to 0.80 kWh·m
-2

 (Fig. 5), thanks to the reduced 

activation time of the gas-fired heat generator. In terms 

of exergy fluxes for space cooling, they keep almost the 

same value as for the base case. The only exception is 

the reduction in the exergy demand of the supply fans 

from 1.47 kWh·m
-2

 (Fig. 4) to 1.38 kWh·m
-2

 (Fig. 5),
 

mainly due to the reduction of the peak cooling load 

coming from the improved insulation. 

However, despite the improvements achieved in the 

heating season, the exergy efficiency of this scenario is 

practically the same as that pertaining to the base case 

(see Table 3). This implies that, from an exergy point of 

view, further improvements are needed to make a more 

rational use of the (reduced) amount of energy needed to 

keep comfortable conditions indoors.
  
Finally, also in this 

case the choice of different reference conditions impacts 

on the results in terms of exergy fluxes for about 17 % in 

the case of space heating and for around 47 % in the case 

of space cooling.  
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Figure 5: Heating and cooling exergy fluxes for the first 

retrofit scenario 

Retrofit scenario 2: more efficient HVAC systems 

The second retrofit scenario considers the combined 

effect of using more insulated envelope components 

while adopting more energy efficient HVAC systems. 

The only difference with the Retrofit scenario 1 is thus 

given by the use of high-performing air-to-air PTHP 

units for providing both space heating and cooling. In 

this scenario, both the nominal Coefficient of 

Performance (COP) in heating mode and the Energy 

Efficiency Ratio (EER) in cooling mode are set to 5 in 

OpenStudio, although the average working COP and 

EER turned out to be 3.8 and 4.2, respectively, because 

of the fluctuations of the outdoor air temperature that 

reduce the efficiency of the device. 

Under these circumstances, the energy demand for 

heating and cooling is the same as for the previous 

retrofit scenario (7.4 kWh·m
-2

 and 15.5 kWh·m
-2

 in 

order), thus rebating the importance of using building 

components with lower U-values for reducing the 

magnitude of the heat fluxes through the envelope. 

However, the use of the PTHP devices for providing 

space heating in place of the baseboards significantly 

reduces the exergy fluxes from the primary source to the 

indoor space (see Fig. 6). In fact, although the exergy 

demand of the indoor space and of the auxiliary systems 

keeps the same as for the previous retrofit scenario, the 

exergy consumption linked to the primary energy 

sources from the power plant now amounts to 4.7 

kWh·m
-2 

in the case of space heating and to 8.3 kWh·m
-2 

in the case of space cooling. These values are 

significantly lower than those of the Retrofit scenario 1, 

which amount to 7.7 kWh·m
-2 

and 12.6 kWh·m
-2 

respectively. This helps improving the exergy efficiency 

significantly with respect to the base case, as can be seen 

in Table 3. Here, the exergy efficiency is almost doubled 

(from 5.7 % to 9.8 %) in the case of space heating thanks 

to the adoption of a different and more “rational” process 

for producing low-grade heat (i.e. an electric heat pump 

rather than a combustion process). Noticeable 

improvements should be expected in the case of space 

cooling as well, where under a fixed reference 

temperature a raise in the efficiency from 3.2 % to 4.8 % 

is predicted, while under varying reference temperature 

the improvement with respect to the base case is from 

0.7 % to 0.9 % only. Here it is worth to notice that 

adopting a very efficient PTHP unit just slightly reduces 

the electricity demand and, as such, is barely justifiable 

if not coupled with the implementation of some passive 

cooling measures.  
 
  

Finally, the exergy fluxes evaluated according to 

constant reference state conditions for this scenario are 

about 40 % higher than those evaluated with varying 

reference state temperatures, whereas in the case of 

cooling this difference is slightly higher and amounts to 

around 48 %.  

 

 
Figure 6: Heating and cooling exergy fluxes for the second 

retrofit scenario 

Table 3: Variation of the exergy efficiency  

with the choice of the reference temperature (dead state) 

Scenario 
T0 = constant T0 = variable 

Heating Cooling Heating Cooling 

Base case 5.7 % 3.2 % 2.9 % 0.7 % 

Retrofit scenario 1 5.7 % 3.2 % 2.9 % 0.7 % 

Retrofit scenario 2 9.8 % 4.8 % 5.1 % 0.9 % 
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Conclusions and remarking points 

This paper proposed the exergy analysis of a typical 

multi-apartment block located in Catania (Italy), a city 

characterized by hot and humid climate conditions. The 

investigation is based on the combination of the First and 

the Second Law of Thermodynamics; this provides 

information about the rational use of energy in space 

heating and cooling systems in buildings. 

The application of typical retrofit interventions, based on 

improving the insulation level of the envelope and on 

using more energy-efficient HVAC systems, allowed 

reducing the energy demand for space heating by about 

50 % from the base case (i.e. from 12.8 kWh·m
-2

 to 6.2 

kWh·m
-2

). On the other hand, the energy needs for space 

cooling keep very close to the base case (i.e. around 15.3 

kWh·m
-2

). This can be explained considering that, for 

the specific climate analysed, the implementation of 

passive cooling measures during summer should be 

pursued in order to reduce cooling loads.  

When complementing this classic energy analysis with 

an exergy analysis, several thermodynamic inefficiencies 

can be identified that would be otherwise overlooked. In 

fact, the estimation of the exergy fluxes for every 

element of the supply chain – from the primary energy 

use to the thermodynamic sink – can better inform the 

choice of different retrofit options. 

With regard to the case study, the use of heating devices 

driven by electricity and with high conversion efficiency 

(COP), rather than based on a combustion process, 

contributes to make a more rational use of energy. This 

is demonstrated by the reduced exergy needs for keeping 

the indoor space at the set point temperature of 20 °C 

(0.55 kWh·m
-2

 against 0.96 kWh·m
-2

) and by the higher 

exergy efficiency achieved (9.8 % against 5.7 %).   

In the case of space cooling, although as mentioned 

above the cooling needs keep pretty much the same as in 

the existing scenario, the use of very performing 

Packaged Terminal Heat Pump (PTHP) units allows to 

reduce drastically the primary exergy demand. This now 

amounts to 8.3 kWh·m
-2 

when the nominal Energy 

Efficiency Ratio is EER = 5, against a value of 12.6 

kWh·m
-2

 when EER = 3.  

Furthermore, the primary exergy demand related to the 

supply fans decreases as well, from 1.47 kWh·m
-2 

to 

1.38 kWh·m
-2 

namely. These effects work synergically 

in reducing the exergy consumption from primary 

sources, thus improving the exergy efficiency from 3.2 

% (base case) to 4.8 %. 

One can also observe that, in the best scenario, the 

exergy consumption for the auxiliary systems becomes a 

considerable item, being around 17 % of the total exergy 

consumption. This suggests that in low-exergy systems 

the use of efficient auxiliary devices is needed. 

What seems to represent a barrier to a wider application 

of the exergy analysis to buildings and energy systems is 

the lack of a common agreement around the definition of 

the reference conditions. In this paper, the exergy fluxes 

have been calculated with respect to two different 

reference state conditions (constant and variable outdoor 

air temperatures namely), and differences up to 48 % 

should be expected in the results. Efforts in the 

definition of internationally recognized calculation 

methods should thus be pursued to allow for consistent 

comparison amongst different design options. 
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Abstract 

The present paper evaluates the potential of using the 

thermal inertia of building structures to shift their heat 

load pattern, i.e. to participate to Active Demand 

Response (ADR) programs. The methodology adopted 

relies on two energy flexibility indicators proposed by 

previous researchers: the available storage capacity for 

demand response (𝐶𝑎𝑑𝑟) and the efficiency of the ADR

event (𝜂𝑎𝑑𝑟). The study analyses the effect of the building

envelope, the user behaviour and the installed capacity of 

the heating system on the flexibility indicators for three 

reference apartments –from the 70s, 90s and recently 

built– in both heating and cooling season. The results 

show that the available storage capacity increases with the 

design thermal load of the considered building, i.e. it 

increases from new to old buildings. However, part of the 

thermal energy shifted is lost through the envelope after 

the ADR events, resulting in lower efficiencies for old 

buildings. In general, upwards and downwards 

modulation events are preferable just before and just after 

the peak load periods, respectively. The paper shows that 

severe weather conditions and intermittent setpoint 

schedules lead to exceptions to this general rule. 

Moreover, the indicators were used to evaluate the energy 

flexibility of the considered buildings in the summer 

season. Here, the choice of the best ADR events is more 

difficult due to the high variability of diurnal heat gains, 

especially in buildings with low thermal insulation. 

Introduction 

Nowadays buildings are responsible of 36% of CO2 

emissions and space heating and cooling alone accounts 

for 40% of the final energy consumption at European 

level (EU, 2018). The 2015 Paris Agreement on Climate 

Change following the COP21 Conference boosted the 

European Union’s efforts to decarbonise its building 

stock. As a result, the European Commission presented in 

November 2016 the Clean Energy Package (EU, 2016), 

i.e. a set of measures aimed at regulating the clean energy 

transition. The first document to be approved was the new 

Directive 2018/844 on the energy performance of 

buildings (EU, 2018). The Directive introduces a 

framework to calculate the smart readiness of buildings, 

in order to assess the capabilities of a building (or building 

unit) to adapt its operation to the needs of the occupants 

and of the grid and to improve its energy efficiency and 

overall performance. This capability is strongly related to 

the so-called “energy flexibility” of buildings, i.e. to their 

“..ability to manage its demand and generation according 

to local climate conditions, user needs and grid 

requirements”, as defined by the research group of the 

IEA EBC Annex 67 (Jensen et al, 2017). The energy 

flexibility of buildings will thus allow for demand 

response based on the requirements of an external actor, 

often named “aggregator”. One of the most promising 

applications of ADR consists of using the thermal inertia 

of buildings and thermal energy storage systems to shift 

the load of electrically driven HVAC devices -such as 

heat pumps (Arteconi et al., 2014). Using the building 

structures alone or combined with existing heat storage 

systems is potentially disruptive, as no additional 

investment costs are needed but those for the 

“intelligence” and “connectivity” of existing HVAC 

control devices. In literature, different works studied the 

impacts of energy flexibility in buildings and one of the 

most debated topics is how to quantify this property. 

Some authors evaluated directly the performance of 

specific control strategies in terms of cost or energy 

savings, reduction of CO2 emissions or peak shaving just 

to name some of the most common key performance 

indicators (KPIs). For instance, Pau et al. (2018) proposed 

a smart control strategy formulated as a Mixed Integer 

Linear Programming (MILP) problem  to reduce the peak 

load of a pool of heat pumps using hot water tanks as 

thermal buffers. The study assessed the sensitivity of such 

control strategy to variations of outdoor temperature, size 

of the storage tanks and number of houses involved in the 

optimization. Rodriguez et al. (2018) considered different 

scenarios of setpoint temperature and sixteen different 

control strategies in a plus-energy dwelling participating 

to a Demand Side Management (DSM) program, 

concluding that cost savings up to 25% could be achieved. 

A second approach consists of evaluating the energy 

flexibility of buildings by using specific indicators, thus 

making it possible to predict this property beforehand and 

at the same time to compare different buildings. Reynders 

et al. (2018) summarized six methodologies to quantify 

the energy flexibility of buildings. Among them, Nuytten 

et al. (2013) defined the energy flexibility as the amount 

of hours the energy supply system of the building can be 

delayed or forced to operate. D’Hulst et al. (2015) 

proposed to assess the energy flexibility as the possible 

power increase/decrease that can be realized at a certain 

time of day, combined with how long this power increase 

or decrease can be sustained without affecting thermal 
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comfort inside the building. Stinner et al. (2016) 

suggested similar indicators, i.e. temporal and power – or 

energy – flexibility, but using a different process to 

calculate them. Two simulations are carried out, starting 

with the hot water storage tank at maximum and minimum 

“state of charge”. They concluded that the available 

flexibility varies over time. De Coninck and Helsen 

(2016) evaluated the flexibility in their research using cost 

functions. They used a reference scenario in order to 

obtain the optimal system operation with respect to the 

operational costs. The methodology returns as output the 

amount of energy that can be shifted to or from a specified 

flexibility interval and the costs associated with this load 

shifting. Oldewurtel et al. (2013) extended the use of 

traditional performance indicators for storage systems – 

such as the energy capacity, the maximum (dis)charge 

power and the autonomy – to demand response 

technologies. A similar approach was adopted by 

Reynders et al. (2018), who suggested to evaluate the 

energy flexibility by the use of three indicators: the 

available storage capacity, the storage efficiency and the 

power shifting potential. The methodology used to obtain 

these indicators has been used in this paper and will be 

therefore thoroughly described in the methodological 

section. A recent paper by Foteinaki et al. (2018) 

investigated the energy flexibility of low-energy 

residential buildings. They concluded that the latter is 

determined primarily by the heat losses to the external 

ambient and by the thermal capacity of the internal walls 

rather than by the concrete thickness of external walls. 

The present work aims at evaluating how different 

boundary conditions – e.g. time of ADR event, weather 

conditions and user behavior – affect the energy 

flexibility of three apartments representative of the Italian 

residential building stock in both heating and cooling 

season.  

Methods 

The literature review showed that several methods for 

assessing the energy flexibility of building structures have 

already been proposed in recent years. Among them, the 

method proposed by Reynders et al. (2017) was chosen 

due to its reduced computational effort and the easy 

interpretation of the related KPIs. 

The method relies on two simulations: a reference 

simulation and a so-called ADR simulation, i.e. a 

simulation where an ADR event occurs. An ADR event is 

a time-limited change in the boundary conditions that 

affects both the thermal comfort of the indoor 

environment and the energy consumption pattern of the 

building. This change can be a reduction or an increment 

in the schedule of the temperature (and eventually also 

humidity) setpoint at certain hour of the day. 

For example, a reference simulation calculates the heating 

energy demand of a building with a predefined schedule 

of setpoint temperature and occupancy patterns, and the 

ADR simulation determines the energy demand of the 

same building with an increase or a decrease of the 

setpoint temperatures for two hours every three days at 4 

am, as shown in Figure 1. 

The thermal load profiles obtained with the simulations 

are then used to calculate two flexibility indicators. The 

first one, called available capacity for active demand 

response, is defined as follows: 

𝐶𝑎𝑑𝑟 = ∫ (𝑄𝑎𝑑𝑟 − 𝑄𝑟𝑒𝑓) 𝑑𝑡
𝑙𝑎𝑑𝑟

0

 (1) 

where 𝑄𝑟𝑒𝑓 is the heat load profile of the building in the 

reference simulation, 𝑄𝑎𝑑𝑟  is the energy demand in the 

ADR simulation and 𝑙𝑎𝑑𝑟  is the duration of the event. 𝐶𝑎𝑑𝑟  

measures the surplus/deficit of energy stored in the 

building during the ADR event, which can be considered 

as the capacity of a virtual thermal storage system. 

 
Figure 1: Thermal load profile of a building in the 

reference (blue) and ADR (red) simulation scenarios.  

In case the temperature setpoint is increased during 

heating mode (upwards modulation), only part of the 

energy surplus will be used after the event to reduce the 

energy consumption of the building. A similar argument 

holds true for downwards modulation events such as the 

decrease of the temperature setpoint in winter: the energy 

spent after the ADR event is higher than the energy saved 

due to the forced shutdown during the ADR event. 

Therefore, the second indicator measures the “efficiency” 

of the virtual thermal storage, defined as follows: 

𝜂𝑎𝑑𝑟 = 1 −
∫ (𝑄𝑎𝑑𝑟 − 𝑄𝑟𝑒𝑓) 𝑑𝑡

∞

0

|∫ (𝑄𝑎𝑑𝑟 − 𝑄𝑟𝑒𝑓) 𝑑𝑡
𝑙𝑎𝑑𝑟

0
|
 (2) 

As discussed in Pean et al., (2018), the ADR efficiency of 

the virtual storage 𝜂𝑎𝑑𝑟  can be interpreted as the ratio 

between the “rebound effect” and the “ADR event”, i.e. 

the difference between the energy needs of the building 

after and during the ADR event. As a corollary of this 

definition, one may conclude that any ADR event 

involves a certain loss of energy.  

The duration of the ADR events 𝑙𝑎𝑑𝑟  is set to 2 hours. This 

choice follows the conclusions of Reynders et al. (2017), 

who found it to be a good compromise between low 

energy losses and high available storage capacity. 

Secondly, three days were chosen for the calculations of 

the numerator of 𝜂𝑎𝑑𝑟  in Equation (2). In fact, a post-

processing analysis revealed that for all the considered 

buildings the rebound effect after 72 hours has almost 

ceased. This is important to ensure that consecutive events 

do not influence each other. The other assumptions are the 

following: 
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 The energy needs were calculated using a fixed indoor 

air temperature (according to the setpoint schedules) 

and the maximum limit on the thermal power was 

calculated according to the Standard EN 12831 (CEN, 

2017) (20% being set as radiative and 80% 

convective) with and without shifting power;  

 The shifting power in the heating season was set - 

according to the EN 12831 Standard- using 2 hours for 

recovery duration and the inactivity temperature drops 

are 2 K for BN and 3 K for B90 and BN. 

 The cooling power was set to 7.5 kW for all cases, 

corresponding to the typical size of a split system with 

three internal units; 

 The weather data is taken from the Test Reference 

Year of Venice (DOE, 2005); 

 The internal gains are divided in 30% radiative and 

70% convective contributions; 

 In summer an internal generation of 9 kg/day of water 

vapour was set as an average value for residential 

buildings; 

 Summer and winter simulations were carried out 

separately to avoid variations in the boundary 

conditions. 

Furthermore, three different types of building structures 

were considered, differing by type of external walls and 

windows, as described in the next paragraph. Lastly, for 

each type of building two different schedules of indoor air 

setpoint temperature and internal heat gains were used to 

simulate different behavior of the users –see Figure 2. The 

schedules are intended to represent the continuous 

occupancy typical of old couples (OC) and the 

discontinuous occupancy of young families (FAM).  

 

Figure 2: Boundary conditions for the simulations of the 

heating season: temperature setpoints and internal heat 

gains for two occupancy patterns (FAM and OC)  

The schedules, resumed in Figure 2, are deterministic and 

were built using the work of Barthelmes et al. (2015) and 

the Standard EN 16798 (CEN, 2015) as starting points. In 

summer, the reference heat load profile was calculated 

using a constant setpoint temperature of 26°C and the 

internal heat gains of the schedule FAM. 

Description of the case studies 

Building types  

Table 1 summarizes the properties of the three building 

types B70, B90 and BN. They have typical thermal 

insulation of houses built in the 70s, 90s and after 2005 

respectively, according to the corresponding Standards in 

force at time of construction. They have an internal floor 

area of 94.4 m2 with two external walls in the west and in 

the east direction. The apartment lays on a portico, which 

makes the pavement an additional external surface. The 

other surfaces are adjacent to other neighbors lodgings; 

thus, they have been considered adiabatic. 

Table 1: Thermal properties of the building. 

 

Building elements 

Thermal transmittance U 

[W/(m2K)] 

B70 B90 BN 

External walls 1.14 0.67 0.32 

Dividing walls 1.41 1.41 1.41 

Internal walls 2.11 2.11 2.11 

Ceiling (inter-storey) 1.58 1.58 1.58 

Floor 1.61 0.68 0.38 

Windows 2.75 2.75 1.53 

 

Types of ADR events 

During the heating season, all the events consist in an 

increase/drop in the indoor air temperature setpoint of +/–

3 K compared to the reference schedule. The upwards 

flexibility events are placed when temperature in the 

reference schedule is 18°C. Similarly, downwards 

flexibility events during the heating season take place 

only when the setpoint temperature in the reference 

schedule is 21°C. Table 2 summarizes the events chosen 

for the simulations. Notice that most events were located 

at the end or at the beginning of the periods with presumed 

presence of the occupants (i.e. with the setpoint at 21°C), 

and that at least one event was chosen in the middle of the 

“occupied” period. 

Table 2: Summary of ADR events during heating season. 

Type of ADR events 

during the heating season 

Hours of the day 

FAM OC 

UP (upwards modulation): 

increments of the setpoint 

temperature 

4-6 0-2 

9-11 4-6 

12-14 22-24 

14-16  

DOWN (downwards 

modulation): increments of 

the setpoint temperature 

17-19 8-10 

19-21 13-15 

 18-20 

 

In summer six ADR events (one every six hours, starting 

from midnight) were selected to thoroughly picture the 

flexibility of the buildings under different conditions. In 

fact, the cooling load changes significantly during the day 

due to the presence of the solar radiation. The relative 

humidity setpoint during the events has been increased to 

60% during the upwards flexibility events (point B in Fig. 

3) and reduced to 45% during downwards flexibility 

events (point C in Fig. 3) in order to reduce the latent heat 

load during the events and at the same time to operate 
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within the limits of the thermal comfort. Indeed, with 

these values, a –0.5 < PMV < +0.5 can be achieved with 

a clothing thermal resistance equal to 0.5 clo according to 

the diagram of ASHRAE Standard 55 and ISO 7730 – see 

Figure 3. The ADR events are summarized in Table 3. 

 
Figure 3: Indoor air boundary conditions in summer 

(source: ISO 7730, 2005).  

 

Table 3: Summary of ADR events during cooling season. 

Type of ADR events 

during the cooling season 

Hours of the day when 

the single event occurs 

UP (upwards modulation): 

reduction of the setpoint 

temperature 

0-2 

4-6 

8-10 

12-14 

16-18 

20-22 

DOWN (downwards 

modulation):  increments 

of the setpoint temperature  

0-2 

4-6 

8-10 

12-14 

16-18 

20-22 

 

From all these considerations, 84 simulations (12 

reference simulations and 72 with ADR events) were 

performed to characterize the energy flexibility of the 

considered buildings in the heating season and 39 

simulations (3 reference simulations and 36 with ADR 

events) in the cooling one. 

Results 

Effect of building type 

Table 4 shows the average monthly 𝐶𝑎𝑑𝑟  for the events 

UP 4-6 and DOWN 13-15 in the winter season and for 

events UP 4-6 and DOWN 8-10 in the cooling season with 

an OC schedule. Here 𝐶𝑎𝑑𝑟  is expressed in terms of 

average thermal power (kWh/ℎ𝑎𝑑𝑟), i.e. as the ratio 

between the available storage capacity and the duration of 

the events (2 hours each for our case studies). Therefore, 

𝐶𝑎𝑑𝑟  represents the average thermal power shifted by the 

building in a month during the hours of event. The results 

show that the power shifted decreases from the winter 

season to the mid-season as a consequence of a lower heat 

demand, in particular for the new building that has almost 

no energy needs during mild months.  

As far as summer events are concerned, the peaks in all 

upwards cases are reached in the warmest month (July), 

with an average power shifted of almost 5 kW. In milder 

months (June and August) the values tend to decrease, 

especially for buildings B90 and B70, due to the low 

thermal insulation and the possibility of free cooling 

during the night. The downwards modulation events 

(increase of the setpoint temperature) show a lower heat 

storage capacity compared to upwards events, with an 

average power shifted of around 2 kW in July. As far as 

the efficiency of the events is concerned, Figure 4 shows 

that the trend does not change from heating (a) to cooling 

(b) season: the annual average efficiency grows with 

increasing thermal insulation level of the building 

envelope. 

Table 4: Average 𝐶𝑎𝑑𝑟  [kWh/h] per month of upwards 

and downwards modulation events in the heating season 

and cooling season. 

Month Upwards 

modulation 

Downwards 

modulation 

B70 B90 BN B70 B90 BN 

1 6.8 6.3 3.0 -5.8 -3.1 -1.1 

2 7.6 5.9 2.5 -4.6 -2.1 -0.5 

3 6.9 4.8 1.4 -3.1 -1.1 -0.1 

4 4.3 2.1 0.0 -1.1 -0.2 0.0 

5 - - -4.2 - - - 

6 -2.9 -3.5 -4.6 0.1 0.1 0.2 

7 -4.8 -4.8 -5.0 0.3 0.2 0.4 

8 -4.0 -4.5 -5.0 0.0 0.0 0.2 

9 - - -4.5 - - - 

10 3.6 1.8 0.0 -0.9 -0.1 0.0 

11 7.1 4.7 1.5 -3.7 -1.7 -0.4 

12 7.1 5.6 2.4 -5.0 -2.7 -0.9 

Effect of type of ADR event 

This section shows that the available storage capacity and 

the efficiency of the ADR events depend on the temporal 

distance from high energy demand hours and on the 

maximum power of the heating or cooling system. Figure 

5 shows, for instance, an example of the first effect on an 

upwards modulation event occurring in February in the 

B90 building. In Figure 5(a), the event occurs before the 

peak load hours (4-6) and in Figure 5(b) the forced start-

up occurs at the beginning of the night, when the setpoint 

is decreased and there is no heat demand. In the first case, 

the heating system is switched on when the indoor 

temperature has reached a low value (close to 18°C), i.e. 

when all the heat stored in the building during the 

previous day has been discharged. Therefore, in this event 

the building structure can be used as a thermal reserve to 

store the heat for the following hours, thus leading to a 

high value of 𝐶𝑎𝑑𝑟 . Then, the stored heat is quickly used 

after the event for flattening the morning peak load and 

the heating demand in the next hours, thus leading to an 

efficient ADR event (high values of ηadr). The UP 22-24 

case, instead, is one of the worst cases among the upwards 

modulation events. In fact, the surplus of thermal energy 
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supplied to the building is low due to the high state of 

charge of the building during the event. This small 

amount of heat is wasted during the night, i.e. it is not 

efficiently used to shift the heat load (low values of ηadr). 

 

 
Figure 4: Average 𝜂𝑎𝑑𝑟  in (a) heating and (b) cooling.  

 

 
Figure 5: Heat load profiles of the ADR events for (a) 

UP 4-6 and (b) UP 22-24. 

A limited thermal power of the heating system has two 

negative impacts on the energy flexibility indicators. The 

first effect is trivial: since less energy can be stored in the 

building during upwards modulation events, the available 

storage capacity is lower. On the other hand, the increase 

of indoor air temperature occurs more slowly and the 

setpoint is reached later, thus increasing the energy 

demand during off-peak hours. Consequently, the 

difference between the heat load profiles with and without 

ADR events is lower when the thermal power is limited. 

These effects contribute to the reduction of 𝐶𝑎𝑑𝑟  and 𝜂𝑎𝑑𝑟  

during winter and especially for buildings with low 

thermal insulation. Both effects can be seen clearly in 

building B70 by comparing Figures 6(a) and 6(b). 

 

 
Figure 6: Influence of the design thermal power: (a) 

without and (b) with shift power. 

All the previous considerations hold true for downwards 

modulation events. The best temporal position of forced 

setpoint reductions takes place when the internal 

temperature has just reached 21°C, i.e. immediately after 

the peak load. In fact, DOWN 8-10 is always the best 

performing event with regard to both flexibility 

indicators. Here, the deficit of energy is promptly 

compensated by an increase of consumption to reach and 

maintain 21°C compared to the reference simulation. 

During low consumption hours and in particular during 

the night, the potential increase of the building energy 

demand after the event is negligible, especially in highly 

insulated buildings. The energy flexibility indicators of 

downwards modulation events are also affected by the 

limitation of power of the heating system, especially for 

B90 and B70 in the winter season for the same reason 

explained above. The previous considerations hold true in 

the cooling season. However, during summer the peak 

load hour varies day by day depending primarily on the 

amount of solar radiation entering the building that in turn 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
274

 

 
  



 

 

depends on the orientation of the glazed surfaces. For 

example, Figure 7 shows the cooling load of building BN 

in a day of June and a day of July. Obviously, the higher 

the cooling load, the higher the power that can be shifted 

in time by a forced switch-off of the HVAC system.   

 

 
Figure 7: Upwards modulation events in the cooling 

season: a day of (a) June and (b) July. 

Conversely, the efficiencies do not change significantly: 

they range from 90 to 92% in June, from 94 to 96% in 

July and from 93 to 96% in August for the new building. 

As explained in the previous Section, in the new building 

the cooling load is higher and spread during 24 hours 

instead of being limited to the daylight hours as for 

buildings B70 and B90. 

Effect of user behaviour 

For the schedule FAM, two peak load periods appear 

during the day: one in the morning, between 6 and 9 am, 

and one in the afternoon, between 4 and 7 pm. When the 

thermal power of the heating system includes the shift 

power, the upwards modulation events with the highest 

available storage capacity are UP 4-6 and UP 14-16. Thus, 

the aforementioned rules on the most favorable events 

hold true. However, the intermittent behavior imposed by 

the user reduces the efficiency of event UP 4-6 due to the 

diurnal temperature set back. Figure 8(a) shows, for 

instance, that all the heat stored in the building B90 during 

an event UP 4-6 in February is lost after 9 am. Moreover, 

the intermittent operation during the day imposed by 

schedule FAM increases the energy consumption during 

night hours even for buildings B90 and BN during the 

coldest months of the year. This change in the reference 

heat load pattern improves the performance of events 

occurring later, such as UP 9-11 and DOWN 19-21. With 

the OC schedule this happened only to uninsulated 

buildings in the coldest months of the year as shown in 

the previous paragraph. The FAM schedule extends this 

change to refurbished and new buildings, in particular 

when the thermal power of the heating plant is limited. 

 

 
Figure 8: UP 4-6 event with FAM occupancy (a) without 

shift power, (b) with shift power considered. 

Concluding discussion 

The energy shifting potential of three residential buildings 

was assessed through the energy flexibility indicators 

𝐶𝑎𝑑𝑟  and 𝜂𝑎𝑑𝑟 . They outline the potential energy stored or 

saved during the considered ADR events and how such 

amount of energy is effectively shifted to the following 

hours. The results have shown that 𝐶𝑎𝑑𝑟  decreases from 

old to new buildings during the heating season, while it 

increases in the cooling season -except in the month of 

July, when it is similar for all buildings. In both seasons, 

the better the insulation of the buildings, the higher the 

value of ADR efficiency. This means that, for upwards 

modulation events, the surplus of thermal energy “stored” 

in the building structure allows reducing the heat demand 

after the event in a more significant way for new buildings 

than for those with a poor thermal insulation.  

As a rule of thumb, for upwards modulation events the 

higher 𝜂𝑎𝑑𝑟values can be achieved when the events take 

place immediately before the high-consumption hours of 

the day, while 𝐶𝑎𝑑𝑟  tends to be higher at the end of low-

consumption periods. A similar rule was found for 

downwards modulation events: 𝜂𝑎𝑑𝑟  tends to be higher if 

the event is located immediately after the end of the peak 

hours of energy demand during the day and 𝐶𝑎𝑑𝑟  increases 

its value if the event takes place at the beginning of the 

occupation hours. 
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The general rule did not hold true in the coldest months 

for buildings with low insulation, due to nocturnal start-

ups of the HVAC devices. As a result, the best starting 

hours of the events were distant from the high-

consumption hours. When the schedule was changed from 

OC to FAM type (more intermittent) and the nominal 

power of the heating system was reduced, these 

exceptions occurred also in more insulated buildings and 

during milder months. 

In the cooling season, the general rule still applies but the 

choice of the best ADR events is more difficult due to the 

high fluctuation of diurnal heat gains, especially for 

buildings with low thermal insulation. In fact, the charge 

and discharge cycles are highly affected by the amount of 

solar radiation entering the building, that changes day by 

day depending on weather conditions and on the size and 

orientation of the glazed surfaces. In the downward 

modulation events during the cooling season, the value of 

𝐶𝑎𝑑𝑟  of all events was very low compared to the upwards 

modulation cases.  

The method used here to evaluate the energy flexibility 

offered by building structures has the following 

weaknesses: (i) the indicators deviate from the values 

calculated above when a thermostat control is included in 

the simulation, thus making these indicators unsuitable 

for real applications; (ii) for downwards modulation 

events, the definition of 𝜂𝑎𝑑𝑟  can be misleading, as higher 

thermal losses –and therefore higher consumption after 

the events- result in higher efficiency; (iii) the method 

does not consider thermal comfort issues, that could bring 

the users to prefer different ADR events from those 

indicated here as the best ones.  

Nonetheless, the method provides a framework to assess 

the energy flexibility of buildings and seems therefore 

suitable for building energy labelling purposes. The 

results obtained in this article will be used in future 

research activities to evaluate the thermal behaviour of 

buildings within Active Demand Response policies at the 

level of both single building unit and district. 
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Abstract 

Aiming to aid the design process of buildings, their 

mechanical systems and materials from the perspective of 

building performance this paper presents the Building 

Early-stage Design Optimization Tool (BeDOT), a new 

set of tools for building early-stage design analysis, 

currently focused on energy performance modelling. The 

tool, programmed in Python and built upon ISO 

13790:2008, has been implemented within 

Rhinoceros/Grasshopper interface, which opens many 

possibilities for result visualization and optimization, 

besides easy geometry editing. 

BeDOT has been developed focusing on modularity, 

flexibility, fast processing and on the constant and 

unlimited cooperation of professionals. BeDOT has been 

tested against IDA-ICE for over 800 cases. Energy results 

lie within a range of 15% accuracy, with a slight tendency 

towards underestimation. Also, BeDOT has shown a 

better efficacy in the process of modelling buildings from 

geometry to results. The tool shows faster processing as 

well as a clearer path to build the geometry and attach 

information to every zone of the building(s). BeDOT’s 

process and accuracy are suitable for early design stages. 

Further development is needed to improve the handling of 

data and the program’s user-friendliness. 

Introduction 

The global compromise on sustainability and on the 

pursue of energy-saving solutions has been increasingly 

nurturing and challenging the building sector. Either by 

stricter demands on building performance regulations or 

by their clients’ ever-growing ambitions, designers are 

pushed to constantly improve their methods and the 

product they deliver. One of the most efficient ways of 

doing so is focusing on earlier design stages, when 

decisions still cost little yet have great impact on the final 

product. 

Early stage design in the Swedish context stretches 

between the program stage, when a client formalizes 

demands and conditions for a new building, and the 

planning stage where the building’s shape, construction 

and service systems are sufficiently drafted and evaluated 

to provide evidences that the client’s expectations are 

fulfilled, along with the requirements stated in the 

national standards. Ideally, the early stage design is a 

process where the main key performance indicators (KPI) 

for the building are determined and preliminarily 

confirmed. This applies particularly to KPIs related to the 

energy performance and indoor environmental quality of 

buildings such as the specific energy use and access to 

daylight, which are demanding, mutually conflicting and 

with a high impact on the building’s architecture. 

Overlooks and unsupported decisions in this regard lead 

to higher energy use (Raji et al., 2017) or larger 

investment and operational costs.  

To facilitate the early design stage, building design tools 

with a simplified user interface and rapid feedback are 

required (Morbitzer et al. 2001). At the same time the tool 

should provide trustworthy results and in a ‘familiar 

manner’, respecting the design praxis of engineers and 

architects. These include open source and modularity, to 

allow adaptation and development of calculation routines 

by users, and a visual design capacity of CAD (Computer 

Aided Design) tools. The final price is also important.  

This paper describes a recent attempt to create such a tool, 

entitled the Building Early-stage Design Optimisation 

Tool (BeDOT), together with the main performances and 

verification results.   

BeDOT is an open-source tool in CAD interface aiming 

at assisting designers in the early stage building design. It 

is built upon five principles: 

1. Time & Simplicity: Creation of geometry, attaching 

data  and calculations should be kept simplified to 

make these activities time-efficient. 

2. Modularity: On the modelling level, all building 

zones should be independent and therefore may have 

their unique set of input data. On the programming 

level, the code is split into visual programming 

components according to their main functions, so 

they can be easy to improve, by-pass or replace.  

3. Post-processing: From inputs to results, many 

possibilities for data visualisation arise because the 

building performance analyses are coupled with the 

same CAD tool used for general building design.  

4. Accuracy: Early-stages are characterised by a low 

level of detailing regarding input data and calculation 

resolution. Nevertheless, results must be reliable and 

within a suitable accuracy range of 15% when 

compared to an established software.  

5. Collaboration: Architects, engineers and technicians 

should be able to exchange design information easily, 

keeping a clear communication flow. Furthermore, 
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the programming scripts must preserve calculations 

transparent to understand and edit.  

As a project under development, BeDOT focus now 

mainly on building energy performance modelling. In the 

future it intends to comprise several other studies, such as 

thermal comfort, daylight, primary energy systems and 

control systems.    

Methodology 

The core part of BeDOT is a transient heat balance model 

for a zone, which is developed in-house in Python. The 

scripts associated with the heat balance module have been 

implemented in Rhinoceros, by utilizing several open-

source plugins from its extensive library. The first one is 

Grasshopper, a visual programming language plugin 

inside Rhinoceros that is the main platform in which all 

calculations are performed. Within Grasshopper, several 

tasks such as weather data processing, mass modelling 

and solar radiation studies are done with the aid of the 

plugins Ladybug and Honeybee developed by Roudsari 

and Pak (2013), and Daysim by Reinhart (2013). All 

further components necessary to the analysis have then 

been built into Grasshopper using Python as programming 

language. 

BeDOT has been verified against IDA Indoor Climate and 

Energy (ICE), a detailed building energy simulation 

software (EQUA, 2018). Besides dynamic indoor climate 

and energy use in buildings, IDA ICE allows analyses of 

primary energy systems, air handling systems, latent heat 

for cooling, and pressure and temperature-driven 

airflows. IDA ICE has been chosen as reference for being 

widely used in Sweden, where the study was conducted, 

and mainly due to its good validation results against 

measured data.  

To test BeDOT’s functionality, parametric studies have 

been performed for over 800 cases. These cases referred 

to the same building with varying input data, aiming to 

get a mapping of the model’s behavior under different 

conditions, which can be found in more detail in the 

Appendix. Finally, the model has been applied on two real 

case studies, mixed-used buildings of more varied 

geometry and input data, and both the energy results and 

the modelling process were compared to equivalent 

projects carried out in IDA ICE. Details of the model 

build-up and verification tests are presented hereafter. 

  

Modelling 

Tools 

One of the principles of BeDOT is modularity. It consists 

of different modules or parts that carry out different 

calculations or provide different data. It is therefore 

important to define which tools/plug-ins are present in 

each calculation routine.  

1. BeDOT is built upon Rhinoceros. This program 

allows geometry of zones or buildings to be 

generated, either by drawing or by importing 

them from another compatible tool. 

2. Grasshopper is the main interface of BeDOT. It 

contains all calculation routines, connects the 

different plug-ins and converges all input data 

provided by the user or from weather files.  

3. Ladybug provides and processes weather 

information from a weather file in epw format, 

i.e. outside temperature, relative humidity, 

barometric pressure and solar radiation.  

4. Honeybee complements Ladybug by detailing 

the building(s) geometry with different modules. 

These ones can help splitting the model of a 

building into smaller masses, or to automatically 

create glazed surfaces on facades by considering 

desired window-to-wall ratios and orientation. 

Honeybee also identifies and classifies the 

zones’ surfaces as building elements such as: 

external/ internal walls, windows, roof, ground, 

floors, etc. 

5. Finally, Daysim combines weather data and 

geometry and performs a solar study, accounting 

for shading obstacles, which gives the incident 

solar radiation on the facade.  

All calculations performed by the plug-ins mentioned 

above are used as inputs for the zones’ heat balance 

calculations, written in Python.  

Process 

The process begins with a mass modelling, in which the 

studied buildings and associated zones are drawn as 

simplified solids, as shown in Figure 1. Larger masses can 

be conveniently split into floors and smaller zones by 

using Honeybee. For example, each floor is divided into 

5 zones, 4 perimeter and 1 core zone, according to the 

method recommended by ASHRAE 90.1 (2016). This 

method is found sufficiently accurate for early stages 

when details of HVAC systems are still unknown. Being 

able to quickly build zones allows larger simulations to be 

performed, for example having several buildings at once 

instead of one at a time.  

As it will be explained in the next section, there is no 

thermal coupling between the zones. This is to avoid 

using unreliable input data to model heat transmissions 

and airflows between the zones, since these are usually 

unknown at early stages. A positive outcome from this 

simplification is that it dismisses the need for iterations, 

improving thus the running time. For example, annual 

heat balances for about 300 zones can be done in 

approximately 30 minutes. 

Once masses and zones are defined, window glazings and 

frames, balconies and other possible shading objects can 

be added. As mentioned before, the user can choose to 

automatically assign glazed surfaces to zones with the aid 

of Honeybee, as well as choose the level of detailing that 

best fits the project at hand. Adding zones and detailing 

of facades are not time-consuming once the user is 

familiar with 3D modelling, especially considering the 

possibility to import existing CAD models and counting 

with the aid of plug-ins. Nonetheless, it must be kept in 

mind that increasing the level of detailing might affect the 

model’s running time. 
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Figure 1: Design process in BeDOT: left: building masses; middle: solar radiation over each window on the façade; 

right: results of energy use plotted per zone. 

The following step, solar irradiance analysis, is sensitive 

to details and, therefore, can take a longer time to run. 

When complete, this analysis provides the total radiant 

energy reaching the façade by taking into account its 

orientation and shading from surrounding objects, as 

shown in Figure 1 (middle). This input is then used to 

calculate the zones’ solar heat gains.  At this stage, the 

user obtains how much solar radiation is transmitted 

through the windows by specifying Solar Heat Gain 

Coefficients (SHGC) of the glazing and shading system, 

as well as eventual shadings setpoints or control schedule.  

Input data such as temperature set-points and time 

schedules of internal loads are implemented as different 

lists and on hourly basis. In addition to the input data for 

the different characteristics of the buildings and their use, 

it is also possible to add the characteristics of the air 

handling units (AHU) such as mass flow rates, cooling 

coil temperature and heat recovery system efficiency. All 

these features are combined and handled in Grasshopper 

canvas. 

Combined with Rhinoceros, Grasshopper gives BeDOT a 

wide range of post-processing and visualization 

opportunities. Post-processing alternatives may greatly 

vary depending on each project’s focus and on the user’s 

own preferences. Results can be integrated to a wide range 

of other studies, i.e. primary energy systems, solar cells, 

geothermal heat pumps, building certification systems or 

parametric studies. Moreover, the user is free to group and 

evaluate results according to any desired criteria. Both 

input and output data from all modules can be displayed 

in Rhinoceros’ 3D interface at any moment. Some 

examples are plotting energy use of the different buildings 

or zones (Figure 1, right), solar radiation onto facades or 

heat losses through the different building elements. 

Grasshopper also allows the user to process the data in 

other environments, such as Excel or web-based 

applications. 

 

 

 

Zone heat balance 

BeDOT’s energy performance model is based on the 

simplified hourly method from ISO 13790:2008 and on 

the work of Jayathissa et al. (2017). The physical model 

is built upon a 5R1C thermal network, with internal and 

solar heat gains distributed among the indoor temperature 

nodes depending on their convective or radiative nature. 

Thermal networks are a representation of phenomena that 

take part in the heat balance of a zone. 5R stands then for 

5 different resistances in the network. These represent the 

thermal conductance of the different building elements: 

building envelope, windows, mass-to-surface, surface-to-

air and mechanical ventilation.  

This method, although replaced by a more detailed one in 

ISO 52016:1, has been considered more suitable for the 

early stage design due to several simplifications that 

reduce the detailing level of input data. For example, 

instead of defining and using distinct thermal 

capacitances of all building envelope elements 

surrounding a zone, they are merged in one single 

capacitance (1C), disregarding eventual differences in 

each element’s boundary conditions. 

Another simplification proposed by the ISO 13790:2008 

was the use of an adjustment factor to combine the effects 

of two airflow sources (supply air and infiltration) at 

different temperatures. However, the intrinsic inaccuracy 

of this proposal has been considered too high, considering 

that the adjustment factor makes use of unspecified room 

setpoints as an estimation of the zone’s air temperature, 

while it is unknown. The solution was then to include an 

additional parallel resistance based on the work of 

Weglarz & Narowski, (2011), to describe the heat transfer 

through air leakages. By doing so, the zone heat balance, 

now a 6R1C method, directly accounts for the effect of air 

infiltration (Figure 2). 
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Figure 2: 6R1C network. R- resistance C-capacitance. 

In the figure, internal heat gains and solar radiation are 

represented as a combination of Φ1, Φ2 and Φ3. 

The network is implemented in calculations by using an 

explicit time scheme, with pre-defined initial temperature 

at the mass node. In order to diminish the impact of the 

assumed initial mass node temperatures, two additional 

weeks are calculated prior to the start of yearly 

calculation.  

As a result, the heat balance returns the zone’s hourly 

indoor air temperatures, as well as its heating and cooling 

power demands.  It also provides the heat losses through 

mechanical ventilation, infiltration, thermal bridges and 

each building element. 

Air handling system  

The optimization of indoor climate and energy 

consumption requires flexibility in the design of HVAC 

systems, regarding their configuration and characteristics. 

One of the main challenges was incorporating the effects 

of mechanical ventilation into the calculations while 

reducing the number of iterations in the zone heat balance, 

despite the two being co-dependent. The process is also 

limited by the difficulty in Grasshopper of establishing 

numerical iterations between two separate script 

components, a feature the authors would like to preserve 

in favour of modularity. 

The solution found was to conduct the air handling unit 

calculations in two steps, one as a pre-processing and the 

other as a post-processing of the zone Heat balance 

component. The first step handles hygienic ventilation, 

namely the airflow quantity that each zone is to be 

provided at any given hour. From a known airflow 

magnitude, it is possible to obtain heating and cooling 

powers needed to pre-condition the mass of air from 

outdoor to supply conditions. On the other hand, the 

second step estimates the energy needed to fulfil the 

heating and cooling demands for each thermal zone, 

which were determined at Heat balance. At this stage, 

depending on the zone’s configuration, power can be 

calculated as being provided by local units, i.e. radiators 

or chilled beams, or by the ventilation system, i.e. air 

heating or air cooling. In case the demand is met through 

additional ventilation, all supply air conditions are 

mirrored from the Hygienic ventilation component, which 

guarantees the unit performs homogeneously on both 

steps. 

An important limitation of this process is that the first 

calculation step works upon the assumption that the zone 

will always be kept within its temperature setpoints, 

which might not happen in reality. Such assumption is 

needed in order to estimate the heat recovery unit 

operation, which requires a still unknown return air 

temperature from the zones. 

Throughout the whole air handling system calculations 

the user can choose to include an air recovery system, an 

air cooler and an air heater, as well as specify their 

efficiency. The needed heating and cooling powers in the 

air handling system for a user-specified supply air 

temperature, as well as the fan power are based on the 

models presented in Abel & Elmroth (2016).  

The user can also choose to remove any of the above-

mentioned units from the air handling unit, which allows 

for instance to simulate a ventilation system without a 

cooling battery. Different ventilation conditions can be 

applied to each zone and several air handling units can be 

modelled simultaneously. Furthermore, zones can be 

simulated under free-floating temperature conditions by 

adjusting the setpoint temperatures and cooling schedules.  

At present, only the sensible heat can be calculated, i.e. 

(des)humidification processes are disregarded. 

Nevertheless, the method accommodates variable indoor 

setpoints, variable supply air temperatures, a limiting 

cooling schedule and user-specified cooling coil 

temperature. 

Data flow  

The flow chart in Figure 3 represents how data is handled 

in energy performance calculations.  

The user interface section is composed of two 

independent branches: defining zone input data and 

geometry together with solar irradiance. Having them 

organized in parallel means that changes can be applied to 

either of these sets of parameters separately, without 

affecting the processing time of the other. 
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Figure 3: Data flow of BeDOT’s components.  

As one of the bases for assuring modularity in a visual 

programming project, the standard format of each 

parameter must be followed at every step. The data is then 

conducted to the air handling unit (AHU) component 

(AHU: Hygienic airflow), which calculates hygienic 

airflow conditions prior to the zone heat balance (Heat 

Balance). Next, the Heat balance component calculates 

the zone’s heating and cooling demands, which can either 

be fulfilled by hydronic systems (i.e. radiators, chilled 

beams) or through the ventilation system. Also, if the 

designer so desires, it is possible to combine the two 

strategies.  

Nodal distribution of solar gains 

The implementation of the simple hourly method was 

verified against a test building, consisting of one floor of 

600 m2 divided in 4 perimeter zones and one core zone, 

as described in the Appendix.  When comparing BeDOT’s 

results against their correspondents in IDA ICE, a series 

of discrepancies were observed, and later identified as 

being related to the processing of solar radiation. 

The investigation began with discarding the influence of 

Rhinoceros’ solar radiation method, Daysim, which was 

done by overwriting all solar gains data with the data used 

in IDA ICE. Considering that the configuration proposed 

by ISO 13790 heavily relies on the mass node to 

accommodate solar gains, it raised the interest to 

investigate the system’s behaviour if the load had a 

different distribution, specially relying more on the air 

and surface nodes. The investigation was done by 

comparing the resulting cooling power of four distribution 

cases: 1: Original solar gains’ distribution recommended 

by ISO 13790; 2: Solar gains applied exclusively on the 

air node; 3: 50% of solar gains applied on air node and 

50% on surface node; and 4: Solar gains follow the same 

distribution as the one proposed by ISO 13790 for internal 

heat gains.  

 

Figure 4: Nodal distribution of solar gains 

The duration diagram in Figure 4 shows that cases 3 and 

4 are the ones in most conformity with the reference 

results from IDA ICE, meaning that redirecting the solar 

gains from the mass node partially or completely was 

beneficial to the analysis. The same trend was observed 

when comparing heat losses through the building 

envelope, in which the relative error between BeDOT and 

the reference was decreased from 16 to below 5%. 

This adaptation in nodal distribution of solar gains has 

however been tested in limited cases and therefore the 

extension of its impact on other building configurations 

demands further studies. 

Verification  

BeDOT’s accuracy and process were tested in several 

ways (Silva & Bergel, 2018), including the validation by 

the method presented in EN 15265:2007. Here, details of 

comparisons with IDA ICE are presented, firstly through 

parametric studies by using the building model in 

Appendix, and then with two more realistic test cases. 

Parametric studies  

An analysis was performed on the internal heat capacity 

parameter in order to identify its impact on final cooling 

and heating demands. The energy use in a zone with a 

volumetric heat capacity between the suggested ISO 

13790:2008 values, i.e. 110E+3 J/m2K (lightweight) and 

370E+3 J/m2K (very heavy), was compared with the 

calculations in IDA ICE with internal heat loads ranging 

from 5 to 25 W/m2. Varying the internal heat capacity has 

shown an impact of 1 to 3 kWh/m2 in heating demands 

and of 4 to 7 kWh/m2 in cooling demands for the indicated 

range of the internal heat loads. 

As the mechanical ventilation of zones is co-dependant on 

the heat balance, a detailed parametric study was 

performed in the 5-zone test building varying 4 different 

parameters: 1. U-value of windows, 2. Hygienic airflow, 

3. Infiltration and 4. Internal gains. Over a total of 800 
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cases were analysed against IDA ICE and these are 

presented in a boxplot in figure 5. 

 

Figure 5: Absolute and relative deviations in room 

cooling and heating. 

Results from this analysis show that for room heating 69% 

of cases are below the margin of 15% error, while for 

room cooling it increases to 88%. Cases above the 

considered limit of 15% appear when the different zones 

are exposed to high loads in the case of room heating and 

low loads for room cooling.  

Running Time 

In an effort to reduce running time, BeDOT’s calculation 

routines are built in modules that follow a one-directional 

flow of data (Figure 3). This means that changes in 

upstream modules, such as Daysim, affect all other 

modules located downstream, whereas changes in 

downstream modules like air handling units or heat 

balance can be carried out much faster because modules 

before these ones are not run. This method is especially 

interesting in early-stages, as the impact of alternative 

design solutions can be assessed in a faster and more 

dynamic way.      

Figure 6 displays the approximate weight of each module 

in the total running time. One can see, for example, that 

any change in the AHU design will also affect the heat 

balance, but running these calculations takes only 24% of 

the time used to run the whole simulation. Because of the 

downflow structure, in this case all calculations that come 

before the AHU would remain unchanged. 

 

Figure 6: Running time of the different modules. 

Considering this in the design process is quite important 

to avoid unnecessary running time as much as possible. 

With help of Figure 6 and Table 1, one can reach the 

conclusions on how different parameters and processes 

affect the running time. 

Table 1: Parameter influencing the running time 

Changed parameter Affected 

running time 

U-values, internal heat gains, internal 

heat capacity, infiltration rate 

14% 

Setpoints, supply temperature, airflow 

rate, AHU characteristics 

24% 

Window g-value, shading control 50% 

Geometry, glazing ratio, site location and 

orientation 

100% 

 

Case studies A & B 

BeDOT has been tested on two case studies, of more 

complex geometry and input data sets (Appendix). The 

first one, case study A, is a residential building of 

approximately 16.000 m2 floor area, with a commercial 

ground floor, two air handling units and varying internal 

heat loads. The second case, case study B, is an office 

building of approximately 32.000 m2 floor area and with 

varying window-to-wall ratio. The comparison was drawn 

once again by the same two cases modelled in IDA ICE.    

One of the most relevant comparisons was on the process 

of setting up the model. While it required approximately 

2 working days to establish all necessary zones in IDA 

ICE, the same could be done in BeDOT in about 2 to 3 

hours. This is mostly due to BeDOT’s coupling to 

Rhinoceros’ 3D interface, which allows geometries to be 

created easily as masses, followed by the possibility of 

having them automatically split into floors and zones 

using Honeybee components. 

The analysis follows with assessing the model’s accuracy, 

expressed by the difference in resulting heating, cooling 

and fan power. 
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Figure 7: Energy use in case studies A and B. 

The yearly energy use of both cases is presented in figure 

7. For case study A, a result of 47 kWh/m2 is obtained in 

BeDOT and of 49 kWh/m2 in IDA ICE, therefore an 

underestimation of 4%. When looking at each parameter 

individually, the highest observed absolute difference is 

1.6 kWh/m2, which occurs for room heating in the 

residential floors. Results from case study B are 35 

kWh/m2 for BeDOT and 37 kWh/m2 for IDA ICE, 

representing an error of approximately 5%.  

Discussion 

The approach used BeDOT differs from other programs 

in several ways. Firstly, the analysis is run over pre-

defined and thermally decoupled zones, which do not 

necessarily represent the final rooms and zones. The 

calculation components understand zones as sets of 

independent characteristics and parameters ultimately 

defined as numbers. This means that BeDOT is not 

limited to having information provided from lists of 

inputs and users have flexibility to add, replace, by-pass 

or modify data at any point of the process without causing 

a disruption in calculations, provided that the same data 

structure is kept along the way. By the same principle, not 

just data but calculation components can be detached and 

replaced by others that seem more fitting.  

One of the program’s limitations is adopting a simplified 

calculation method based on ISO 13790, which accounts 

for one lumped capacitance model. It also does not 

account for heat transfer between zones, air movement 

driven by pressure difference or absorptivity of opaque 

surfaces. Furthermore, it is assumed that zone air 

temperature is always kept within the defined setpoints. 

Among the advantages of the model is the use of 

Daysim’s solar radiation method, which allows very 

detailed façade modelling. Another benefit is a wide range 

of possibilities on post-processing and visualization. 

Results can be brought back into the 3D canvas since the 

calculation model is integrated with geometry, or 

numerical data can be stored or exported to other 

calculation platforms. 

The process of modelling a standard building from 

geometry to results is less time consuming than the 

models built in IDA. The calculation time depends on the 

number of zones, detailing of the envelope and 

neighbouring obstacles.  

Conclusion 

Decisions made during early design stages can greatly 

affect the final product’s efficiency, as well as costs of 

production and maintenance, while the design effort is 

still low. The Building Early-stage Design Optimization 

Tool (BeDOT) can potentially help in this area, in great 

part because it is implemented in Rhinoceros, a platform 

that allows broad collaboration among engineers and 

architects. 

The adaptation of nodal distribution of solar gains 

requires further studies in order to be consistently applied 

to all building configurations.  

In early-stage designs updates and modifications happen 

regularly, which often means having to run the simulation 

multiple times. BeDOT’s simplified and modular 

structure reduces computational time that this process 

requires, therefore allowing a faster assessment of design 

modifications. 

BeDOT’s energy performance model displayed fast 

modelling and computational time. For an experienced 

user, setting up a model takes a couple of hours, also 

depending on complexity of geometry, while 

corresponding models could take up to 2 working days to 

be built in IDA ICE. BeDOT’s energy results stayed 

within a 15% accuracy range in almost all cases of the 

parametric study, being those outside the range cases with 

unusual internal loads. When tested on two case studies, 

under a realistic geometry and complete set of input data, 

BeDOT’s error was of approximately 5%, which is well 

within the range of acceptable accuracy.  
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Appendix 

 Test building Case Study A Case Study B 

Location Gothenburg Gothenburg Gothenburg 

Geometry [m]  

  

 

 

h = 3m 

 

 

 

 

  

Floor area [m2] 600 16000 32000 

External wall u-value [W/m2K] 0.2 0.2 0.2 

Roof u-value [W/m2K] 0.172 0.11 0.11 

Windows u-value [W/m2K] 0.8 and 1  0.9 0.9 

Windows g-value 0.25 0.3 0.5 

Shading factor 1 0.71 0.71 

Windows -to-wall ratio [%]  50 60 50-60 

AHU components: 

- Heat Recovery [%] 

- Air Heater 

- Air Cooler 

- Coil temp [ºC] 

 

OFF 

OFF 

OFF 

- 

1st 

70 

ON 

ON 

7.5 

2nd 

80 

ON 

ON 

7.5 

3rd 

80 

ON 

ON 

7.5 

 

70 

ON 

ON 

7.5 

Airflow [l/sm2(floor)] [0.1 to 1] step size 

of 0.1 
1.2 0.3-0.4 1.2 

SFP [kWh/(m3/s)] 1,5 1.8 1.8 

Supply temperature [ºC] Outdoor 

temperature 
17 18 17 

Internal load [W/m2] [10 to 25] step size 

of 5 
5.71 3.425 3.335 5.71 

Occupancy [m2/p] 0 20 34.48 35.4 20 

Load Schedule From 08h to 18h 8-17 Mon-Fry 18-08 All days 8h to 17h Mon-Fry 

Airflow Schedule From 08h to 18h 7-19 Mon-Fry 18-19 All days 7h to 19h Mon-Fry 

Infiltration [l/sm2 façade] [0.01 to 0.1] step 

size 0.01 
0.03 0.03 

Thermal bridges [W/m2K] 0.05 0 0 

Set point for heating [ºC]  20 21 21 

Set point for cooling [ºC] 24 23 25 23 
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Abstract 

Italian cities are mainly constituted by buildings 

constructed until the mid-20th century by pre-industrial 

construction techniques.  A HVAC system for the energy 

retrofit of historical buildings is evaluated when applied 

in the case study of Sant’Apollinare. It consists of a 

ground source heat pump a water tank for thermal energy 

storage connected to a low-temperature radiant system 

and air handling unit. The building thermal-energy 

behavior, typically influenced by thermal inertia in 

historical buildings, and the novel HVAC system 

performance interactions are comparatively assessed 

together with more traditional scenarios. Energy demand 

decreases by about one third compared to the pre-retrofit 

situation. 

Introduction 

While energy and cost efficiency solutions are widely 

acknowledged in new constructions, a still deep 

multidisciplinary interaction is required in case of 

retrofitting of historical building with cultural heritage 

value to be preserved. Such value typically represents a 

huge constraint to face during the course of design and 

construction phases, and therefore tailored low-impact 

solutions have to be fitted according to case-specific 

boundary conditions. The case study building was built in 

the second half of the XIX century as a part of the 

medieval complex of Sant’Apollinare fortress in Perugia, 

Italy (Figure 1). 

 

Figure 1: View of the stable of the Sant’Apollinare 

before renovations. 

After the restoration, the building hosts the offices and 

conference rooms of an International research center 

dedicated to the development of innovative solutions and 

technologies for the energy production from biomasses.  

The external bearing walls, which are completely 

preserved, are composed by a mix of local stone and 

bricks and cork insulations. The historical aspect of the 

building has determined in the renovation phase the 

request by the cultural heritage authority, namely 

“Soprintendenza ai Beni Culturali”, not to glue the cork 

panels to the historical masonry respecting the principle 

of reversibility, i.e. the principle according to which the 

intervention must be removed without damaging the 

original historical masonry preserved. The actual roof is 

characterized by a wooden structure like the original 

(Figure 2). 

In particular, the building has just won Gold Certification 

given by GBC Historic Building™ protocol (Green 

Building Council Italy,2016). Environmental 

certifications of buildings represent an important tool for 

monitoring the impacts of the whole construction process, 

with the purpose being the development of an 

environmental consciousness of both occupants and 

construction stakeholders. 

 

Figure 2: View of the stable of the Sant’Apollinare after 

renovations. 

The GBC Historic Building™ protocol addresses the 

issue of the enhancement of the historical and cultural 

value of the building heritage. This protocol is a tool able 

to combine and enhance both the sustainability of the 

construction process and the respect for the high cultural 

value of the artefacts during the restoration process. The 

combination of energy efficiency requirements and those 

of the historical memory drives in particular the choice of 

materials. 

Methods 

In order to evaluate the achievable energy savings, both 

in terms of economics and environmental impacts related 

to the retrofit of the gas boiler with a geothermal system, 

it was conducted a building energy performance 

simulation in EnergyPlus.  

The building thermal energy model was derived directly 

from the related BIM (Figure 3) model made in the design 

authoring platform Revit (Autodesk) while the HVAC 

system was modelled directly into EnergyPlus simulation 

engine. The data exchange via gbXML schema version 

6.0.1 (gbXML 2017) allowed to reduce the amount of 
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time needed to redraw the building geometry into another 

properly CAD software. 

For a fair comparison between the simulated 

performances and the existing building’s ones, it was 

necessary to validate the model firstly based on the 

thermal zone temperature and secondly on the gas 

consumption for the entire building. The free-floating 

validation aimed to verify the building envelope 

properties and it was conducted in the month of August 

when the HVAC system was off, whereas the 

consumption-based validation was related to the operative 

expenses associated with the HVAC System. 

 

Figure 3: Building information model. 

After modelling the new HVAC system with a water to 

water heat pump and ground heat exchangers we had 

compared the results obtained in terms of cost-data 

analysis and in terms of CO2 retained emissions. 

Building thermal energy model 

The Ex Stable building of Sant’Apollinare fortress has 

been recently restored by seismic and energy renovations. 

The replacement of the windows with low-emissivity 

glass and seamless external perimeter insulation with 10 

cm thick cork panels have improved the thermal 

performance of the building which, thanks to the good 

thermal inertia possessed by the massive masonry, has 

reduced the heating load and the overall annual energy 

demand. 

The building consists of two floors above ground and a 

basement. The basement is used as a laboratory for the 

analysis of biogas samples produced by the biodigester, 

while the upper floors are intended for offices. The usable 

area is about 240 m2 for a heated volume of 700 m3. It has 

been divided into 17 thermal zones, with three unheated 

rooms that are the technical room for the heating and 

domestic hot water system (basement), the technical room 

for the electrical and automation system (basement) and 

the stairwell. 

The various materials making up the building envelope 

were modelled as layers and then were aggregated into 

construction layers applied to the analytical surfaces of 

the model. For transparent surface materials the 

thermophysical properties entered are thickness, 

transmittance and reflectance to solar radiation, 

emissivity and thermal conductivity, as well as values 

such as transmittance in the visible, useful for calculating 

the daylight factor (Table 1).The double pane replaced 

during the energy requalification of the building is low-

emissivity type and the filling material of the cavity is 

constituted by Argon with its relative properties present 

in the calculation engine. The main thermophysical 

properties of the opaque surface materials, shown in Table 

2, are the thermal conductivity, the thickness, the density 

and the specific heat. 

Table 1: Thermophysical properties transparent 

materials. 

 

Table 2: Thermophysical properties opaque materials. 

 

An example of the views of the building energy model 

after importing the gbXML file into SketchUp is shown 

in Figure 4 (a), the final view of the process of assigning 

constructions to the analytical surfaces is shown in (c) , 

while the boundary conditions are shown in (b) where 

blue highlights the parts of the building envelope that are 

exposed to outdoor conditions and therefore subject to 

solar radiation and wind, while yellow highlights the parts 

of the structure that are in direct contact with the ground, 

in (d) the thermal zones are rendered by different colours. 

 

Figure 4: Building energy model. 

Material 
Thickness                

[m]

Solar                

Transmittance 

Front Solar                 

Reflectance

Back Solar              

Reflectance

Front Thermal                   

Emissivity

Back Thermal                

Emissivity

Conductivity                 

[W/m*K]

42 0.006 0.600 0.170 0.220 0.84 0.1 0.9

3 0.006 0.775 0.071 0.071 0.84 0.84 0.9

Material
ThermalResistance                     

[m
2
*K / W]

Thickness                               

[m]

Conductivity                        

[W/m*K]

Density                     

[kg/m
3
]

Specific Heat                        

[J/kg*K]

BRICK 16 CM 0.19 0.16 0.84 1700 800

BRICK 8 CM 0.10 0.08 0.84 1700 800

CERAMIC FLOOR TILES 14MM 0.02 0.01 0.80 1700 850

CERAMIC TILES PIANELLE 30MM 0.04 0.03 0.80 1700 850

CONCRETE 1600 10CM 0.14 0.10 0.73 1600 1000

CONCRETE 2400 5CM 0.03 0.05 1.91 2400 1000

CORK PANEL 10CM 2.44 0.10 0.04 150 1670

CORK PANEL 4CM 0.98 0.04 0.04 150 1670

INSULATION RADIANT  4CM 1.74 0.04 0.02 30 1450

INSULATION XPS 10 CM 2.63 0.10 0.04 30 1450

LIMESTONE  MORTAR 10MM 0.14 0.10 0.70 1600 840

LIMESTONE  MORTAR 13MM 0.19 0.13 0.70 1600 840

LIMESTONE  MORTAR 20MM 0.29 0.20 0.70 1600 840

LIMESTONE  MORTAR 30MM 0.43 0.30 0.70 1600 840

LIMESTONE  MORTAR 40MM 0.06 0.04 0.70 1600 840

OSB BOARD 0.09 0.01 0.13 650 1210

PAINTED OAK 0.18 0.04 0.19 700 2390

SCREED  LEKA 12CM 1.33 0.12 0.09 330 1000

SCREED  MR81 METAL 6CM 0.03 0.06 1.85 2000 1000

SCREED  RENONE 5CM 0.04 0.05 1.30 2000 840

STONE 32CM 0.09 0.32 3.49 2880 840

STONE 39CM 0.11 0.39 3.49 2880 840

STONE 40 CM 0.11 0.40 3.49 2880 840

STONE 44CM 0.13 0.44 3.49 2880 840

STONE 62CM 0.18 0.62 3.49 2880 840

STONE 72CM 0.21 0.72 3.49 2880 840

STONE 74CM 0.21 0.74 3.49 2880 840

STONE 84CM 0.24 0.84 3.49 2880 840

WEBER CALCE TS 0.09 0.05 0.54 1500 1000

WEBER COTE ACTION 0.01 0.01 1.10 1900 1000

WEBER THERM 0.71 0.03 0.04 200 1000

WOOD FIBRE INSULATION 14CM 3.68 0.14 0.04 160 2100

(a) (b) 

(c) (d) 
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The operating profile and internal heat gain due to the 

presence of people and to the presence of electrical and 

lighting equipment have been entered through schedules 

that shows both the values in terms of magnitude and the 

times at which these contributions are available. Air 

infiltrations from outside have been included establishing 

the ASHRAE method of leakages for square meters, 

(ASHRAE, Handbook Fundamentals 2017). The time of 

activation of these schedules follows the typical profile of 

an office building occupation with a peak load by the end 

of the morning and during mid-afternoon of the 

weekdays. The heating temperature setpoint is 20°C in 

each thermal zone with the exception of the unheated 

zones. 

Temperature Validation 

For validating the building thermal energy model and 

verify the correctness of the thermophysical properties of 

the building envelope, it was necessary to create a specific 

climatic file for the month of August, since it was the only 

month in which the external and internal environmental 

data were available without the HVAC system being 

operational, and also without the building occupancy. The 

weather data for the construction of the climatic file were 

obtained from an on-site weather station, where it was 

possible to acquire both the dry bulb temperature of the 

outside air and the relative humidity for the month of 

August. Subsequently, the climatic file was built using 

Elements software (Big Ladder Software). On the other 

hand, the annual thermal energy simulations of the 

building system were carried out using typical 

meteorological year (TMY) weather data files. 

Then, regarding the thermal zones with available 

monitored data, it was made a comparison between the 

simulated temperatures and the internal temperatures 

recorded by the monitoring system. The comparison 

returned a good accuracy evaluated by the NMBE (1) and 

RMSE (2) indices. Their analytical expression is 

represented in the following equations: 

𝑁𝑀𝐵𝐸 =  
∑(𝑉𝑎𝑐𝑡𝑢𝑎𝑙−𝑉𝑚𝑜𝑑𝑒𝑙𝑒𝑑)

(𝑁−1) ×𝑚𝑒𝑎𝑛(𝑉𝑎𝑐𝑡𝑢𝑎𝑙)
                                     (1) 

𝐶𝑉(𝑅𝑀𝑆𝐸)  =  

√∑(𝑉𝑎𝑐𝑡𝑢𝑎𝑙−𝑉𝑚𝑜𝑑𝑒𝑙𝑒𝑑)
2

(𝑁−1)

𝑚𝑒𝑎𝑛(𝑉𝑎𝑐𝑡𝑢𝑎𝑙)
                            (2) 

Where V states for values while actual and modelled state 

respectively for monitored and simulated data. These 

statistical indicators quantify the discrepancies between 

the simulated outputs and the measured data (ASHRAE 

Handbook Fundamentals,2017). A simulation model can 

be considered calibrated if RMSE<30% and NMBE 

<10% (ASHRAEGuideline,14-2014). The results of the 

validation for the thermal zone most exposed to summer 

weather conditions are reported in Figure 5. 

HVAC system model  

In the building, the air conditioning is carried out by a 

partially recirculating air handling unit (AHU) with inlets 

into the offices at the first and second floor and outlet into 

the service rooms. In the AHU there is a cross-flow heat 

exchanger on the exhaust air and a water heating coil 

which conditions the mixed air. 

 

Figure 5: Temperature based validation (August). 

The thermal load of the building during the heating period 

is mainly satisfied by the radiant floors in all the rooms, 

except for the services where wall radiators are installed. 

The distribution to the various unit terminals is carried out 

by a small water storage tank maintained at setpoint 

temperature by means of a plate heat exchanger between 

the gas boiler and the tank itself. For the domestic hot 

water, a2000 litres thermally insulated water tank has 

been installed in the technical room of the basement but 

since this study focused on the analysis of the space 

heating requirement it was not taken into account. 

The entire space heating system was modelled via an air 

loop and three water loops. As requested by EnergyPlus, 

each system has been divided into two complementary 

parts: one for the demand side and the other for the supply 

side (EnergyPlus Plant Application Guide,2018). The 

three water loops were arranged as follows: 

 Hot Water 1 Loop: represents the heat generation part 

of the system with the gas boiler on the supply side 

and the plate heat exchanger on the demand 

side(Figure 6). 

 Hot Water 2 Loop: models the intermediate loop 

between generation and distribution, where the plate 

heat exchanger provides the heat necessary to mantain 

the setpoint temperature in the water storage tank 

(Figure 7). 

 Hot Water 3 Loop: represents the final part of the 

system from the storage tank to the various unit 

terminals such as radiators, radiant floors and heating 

coil(Figure 8) 

. 

 

Figure 6: Hot Water 1 Loop. 
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Figure 8: Hot Water 3 Loop. 

The setpoint temperature for the heat transfer fluid in the 

system is 68°C, which is the temperature required by the 

AHU heating coil and the wall radiators. The setpoint 

temperature regarding the radiant floor is considerably 

lower, reaching 38 °C. 

The weekly activation and operation profile of the water 

system has been described by means of availability 

schedules, similar to the occupation and occupants 

metabolic activity profiles, which define when the plant 

system had to be on or off and whenever cycle on during 

night time. 

The air loop is similar to the hydraulic one. The air unit 

terminals, consisting of diffusers, are arranged on the 

demand side and connected to the thermal zones, while 

supply side, shown in Figure 9, is composed by a half 

loop, whose elements disposed in series represent the 

technological equipment in the AHU. 

 

Figure 9: Air loop supply side. 

Furthermore, in this loop the weekly operation profile has 

been detailed by means of schedules, while the presence 

of the economizer on the outdoor air mixer exhaust path 

allows free-cooling during the intermediate seasons, 

whenever temperature and humidity are suitable for 

contributing in the thermal load reduction. 

The thermal load distribution management between the 

radiant floor and AHU in the thermal zones, where both 

systems are present, is carried out by assigning a priority 

to the radiant system. In this case almost all the heating 

load is satisfied by the radiant floor relegating the main 

function of supply outdoor fresh air to AHU. 

The main HVAC components and their description 

(EnergyPlus Engineering Reference,2018) are as follows: 

1. Boiler Hot Water:represents the gas boiler for which 

it is possible to insert the efficiency curves and the 

type of fuel used in this case is natural gas. 

2. Heat Exchanger Fluid to Fluid:type of heat exchanger 

that allows to model a general heat exchanger from 

fluid to fluid whose power and efficiency are 

described respectively in equations (3) and (4) below. 

   �̇� =  ε (ṁcp)
min

(TSupLoop,in − TDmdLoop,in)               (3) 

Figure 7: Hot Water 2 Loop. 
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        ϵ =  
1−e−NTU(1−RC)

(1−Rc)×e−NTU(1−RC)                                            (4) 

3. Water Heater Mixed: water storage function and 

therefore with no capacity of the auxiliary heater. 

Because of the small volume it is not affected by 

stratification phenomena (mixed type). The energy 

balance equation of storage(5) is as follows. 

        ϱVcp
dT

dt
=  qnet                                                      (5) 

4. Low Temperature Radiant Variable Flow:used to 

represent the radiant floor and inserted within a type 

of internal source construction layer to calculate the 

relative conduction transfer function (CTF) 

5. Convective Baseboard Water: represents the radiators 

present in the service rooms and divide the thermal 

power emitted into radiant and convective 

6. Water Heating Coil:heating coil downstream in the 

AHU with water controller to vary the flow of hot 

water depending on thermal load. 

7. Air to Air Sensible Heat Exchanger: sensible heat 

recovery ventilation with a design conditions 

efficiency of 0.8. 

The results of the simulation for a thermal zone are shown 

in Figure 10, during the month of February. The trend of 

the indoor dry-bulb temperature, the radiant temperature 

and the operating temperature are compared to the 

outdoor dry bulb temperature during the month of 

February on hourly timesteps. The zone temperature 

follows the occupancy and activation profiles with ramps 

and slope changes. In Figure 11, a widening of the 

previous graph allows observing in detail the proximity 

between the operating and radiant temperature with the air 

temperature, due to both the thermal insulation of the 

building and the presence of radiative surfaces at higher 

temperatures. Moreover, during the hours of occupation, 

the dry-bulb air temperature is higher than the radiant 

temperature, due to internal heat, gains while it falls 

below during the closing periods with a thermal drop of 

about 1.5 K in two days. 

 

Figure 10: Simulated zone and outdoor air temperatures 

(February). 

 

Figure 11: Simulated zone air temperatures (February). 

Consumption validation 

The available gas consumption monitored data covered 

the year following the activation of the system and the 

newly occupation of the building after renovation. 

The consumption recorded in this period, shown in Figure 

12, includes the commissioning and the initial start-up of 

the HVAC system during December, in which the results 

of the simulation model deviate significantly. 

However, the building performance model behaves 

acceptably with an RMSE of 3.2% over a monthly period 

at hourly timestep. The NBME of 2.7% is within the 

limits. Not having at least three consecutive years of 

consumption monitored data does not permit to define this 

step as an accurate validation but allows seeing the 

consistency of the model simulated following the same 

order of winter consumption magnitude. 

 

Figure 12: Consumption based validation. 

Geothermal system model 

In order to evaluate the savings that could be achieved 

replacing the gas boiler with a ground source heat pump 

(GSHP), the energy model was modified by inserting a 

vapor compression heat pump with a thermal power of 15 

kW and ground source heat exchangers (HEXs). A further 

hydronic loop has been added to represent the 

contribution of the two vertical U-tube HEXs with a depth 

of 70 m and a diameter equal to 3 cm, as shown in Figure 

13. 

The mathematical models that can be used within 

EnergyPlus to simulate the operation of the GSHP consist 

of two types: the curve-fit model and the parameter 

estimation-based model (Jin,2002). The former, classified 

as an equation fit component model by Hamilton and 

Miller (1990), treats the system as black box by means of 

four dimensionless curves useful to predict the 
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performance of the heat pump in heating and cooling 

mode. The generalized least square method generates a set 

of coefficients from the catalogue data which are used in 

the model to simulate the behaviour of the heat pump 

(Tang, 2005). The latter, called parameter estimation-

based model, form a method between the black box and 

the deterministic model (Jin and Spitler,2002). A 

simplified model from basic thermodynamic heat and 

mass balance equations (Fisher and Rees,2005) is applied 

to each internal component of the heat pump and to find 

the required parameter values using manufacturers 

catalogue data by means of a multi-variable optimization 

algorithm (Nelder and Mead, 1965). This method is 

suitable for alternative compressor heat pump but the 

evaluation of the parameters, when varying the type of 

compressor of the heat pump, has a huge range of errors 

in the parameter estimation-based model. As a result, the 

mathematical model chosen for the heat pump of this 

paper is based on the equation fit model. 

 

Figure 13: Ground Source Loop. 

Kusuda and Achenebach (1965) developed the model 

used for representing the ground thermal behaviour as 

function of time and depth which is correlated to the 

average annual soil surface temperature, the amplitude of 

the soil temperature changes throughout the year or day 

of minimum surface temperature and to the thermal 

diffusivity of the ground. The vertical U-Tube heat 

exchanger model is based on the work of Eskilson (1987) 

which solves the problem of heat transmission for 

borehole by means of a mixed numerical analytical 

method, determining the response factors under constant 

initial and boundary conditions over a long timestep. 

Yavutzturk and Spliter (1999) integrates this model in a 

short time step considering also the thermal capacity of 

the ground and grout, the thermal resistance of the pipe 

and the fluid flow. In this work for determining the 

thermal response of vertical U-tube HEXs was used as 

predefined dataset of response factors, based on 

abovementioned properties and boreholes field 

configuration. The system configuration of the boreholes 

field has great influences over the response factors which 

must be determined before all simulations (Yavuzturk and 

Spitler,2001). 

Results 

The simulation of the GSHP model predicts an annual 

energy demand equal to 2920 electrical kWh, whose 

monthly distribution is visible in the Figure 14. 

 
Figure 14: GSHP electrical energy demand. 

In terms of source energy demand the comparison 

between the gas boiler model and the water-to-water heat 

pump model shows an energy demand for space heating 

decreased by more than half, as shown in the figure 15. 

In order to estimate the achievable economic savings, 

according to the energy market prices, it was assigned an 

average global cost of 0.22 €/kWh to the electricity and 

an average global cost of 0.8 €/m3 for the gas consumption 

(Figure 16). 

 
Figure 15: Source energy. 

 
Figure 16: Annual operating cost. 

Eventually, considering the current national energy mix, 

the electricity from the grid is responsible for 0.44 

kg/kWh of CO2 emissions while the CO2 produced by the 

combustion of a m3 of natural gas is equal to 1,89 kg. The 

saving in terms of CO2 replacing the gas boiler with a 

GSHP is equal to 3032 kg CO2 (Figure 17).  

Conclusion 

The paper was aimed at investigating novel simulation 

techniques and procedures specifically tailored for 

historical buildings, where the implementation of retrofit 

actions and renewables may be difficult because of 

architectural constraints.  

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
291

 

 
  



 
Figure 17: CO2 emission savings. 

The building performance simulation following the 

replacement of the gas boiler with a ground source heat 

pump gives considerable benefits in terms of source 

energy savings and CO2 offset while maintaining the 

same comfort conditions for the occupants, the same 

settings of temperature control and operation of the 

HVAC system. In fact, in the retrofitted scenario the 

source energy demand decreases by about one third 

compared to the pre-retrofit situation while the CO2 

savings reach three quarters of the total. The advantage of 

the geothermal system is both economic and 

environmental and is strictly related to the possibility of 

use the ground as heat source.   

Future Developments 

A new hBIM (BIM for historic buildings) platform is 

proposed, starting from a terrestrial laser scanning 

combined with digital cameras and with the purpose to 

consider historical building priorities and 

energy/structural retrofit actions. Such approach 

demonstrated its efficacy and will be implemented into 

this project with the purpose to act as demonstrator of 

historical building retrofits, by combining energy 

efficiency, building modern functionality, structural 

safety and reliability, while not only preserving cultural 

heritage but also taking advantage of its peculiarities for 

installing new technologies with low visual impact 

(geothermal and storage systems). 

Very interesting future development consists of a ground 

source heat pump implementation coupled to innovative 

“earth baskets” heat exchangers, that will represent an 

intermediate configuration between fully horizontal and 

fully vertical systems, with the related variations in terms 

of cost, drilling depth and total heat exchange potentiality. 
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Abstract 

Many studies have been conducted on sky temperature 

models and sky emissivity. Different correlations have 

been proposed by researchers, over the years. Sky models 

are however related to local weather conditions and 

specific sites. These models do not cover the whole planet 

even though sky temperature assessment is necessary to 

evaluate the net radiative heat transfers between surfaces 

and sky vault. Consequently, taking into account building 

energy performance, radiative cooling and other 

engineering purposes, the evaluation of sky temperature is 

fundamental and needs to be properly accounted.  

The aim of this study is to simulate the influence of 

different correlations, carried out in diverse geographical 

areas, on building annual energy needs, by implementing 

them in a dynamic simulation code. In particular, three 

different climatic conditions (mild temperate, snowy and 

dry) were considered. 

Introduction 

When the sunlight heats up the Earth, the adsorbed energy 

is re-emitted as infrared thermal radiation, which is what 

we perceive as heat and this is essential to guarantee 

adequate living conditions (Kuehn et al, 1998).  

Thanks to the atmosphere, it is possible to avoid the release 

towards the sky during the night of the absorbed radiation 

during the day. Moreover, the atmosphere is plentiful of 

water vapor, which together with other greenhouse gases, 

such as methane and carbon and dioxide, allow the Earth 

to remain warm enough (Liou, 2002), (Chandrasekar, 

2010). 

Heat exchange between the exterior surface of a building 

and the environment is based on radiative and convective 

mechanisms. Since many years, these phenomena were 

considered and studied by using an effective external air 

temperature named sol-air temperature (Kuehn et al, 1998). 

Thermal exchange linked to the sky longwave radiation can 

be associated to an actual sky temperature and currently 

building energy models apply equations that can assess the 

temperature of the sky. 

The sky longwave radiation exchange depends on the 

effective sky temperature. Taking into account buildings 

behavior, radiative cooling is a result of heat loss by 

longwave radiation emission towards the sky, assuming the 

sky as a heat sink for the external surfaces. The radiative 

cooling is higher during the night when the sky is clear, and 

humidity is low (Vall and Castell, 2017). 

It is well-known that all bodies emit electromagnetic 

radiation in a wavelength range which is a function of their 

temperature and at ambient temperature most of the energy 

is released in the infrared range. Radiative cooling 

technique aims at generating a cooling net balance between 

the thermal radiation released from surfaces placed on 

ground and the atmosphere. Considering buildings, 

radiative cooling is a passive cooling technique which 

employs thermal radiation properties for cooling an object 

or part of a building facing a colder surface, such as the sky 

(Sellers, 1965). This issue is of great importance: in the 

European Union, the building sector is responsible of about 

40% of total energy consumption (Directive 2010/31/EU), 

where air-conditioning of living spaces represents almost 

half of buildings energy needs. Moreover, such 

consumptions are growing particularly in emerging 

countries (Bollino et al, 2017; Toscano et al, 2016).  

Several countries, among them Italy, are characterized by 

an ancient building stock that needs significant retrofit 

actions (Evangelisti et al, 2016) and today it is possible to 

employ innovative calculation and simulation tools to 

estimate heating and cooling energy needs, also thanks to 

improved relations between the building and the internal 

and external environment (Nageler, 2018). Among these, 

the radiative heat transfers between building surfaces and 

the sky vault are studied and analyzed in this paper. 

Moreover, to assess the aforementioned heat transfer 

phenomena, sky emissivity and sky temperature have to be 

calculated. Typically, sky models are associated to local 

climatic conditions and precise locations. Currently, 

several equations are available to estimate the sky 

temperature, they come from different sites all over the 

world. It is possible to identify three different approaches: 

empirical equations, detailed models and the model 

proposed by the standard ISO 13790.  

In this study, five different sky temperature correlations 

among the existing ones were compared by simulating a 

simplified detached building through TRNSYS software. 

Moreover, the influence of the different equations on 

annual building energy demands was investigated. All the 

results obtained by implementing the different sky 

temperature models in TRNSYS were compared with the 

sky temperature values provided by the Standard ISO 

13790, which suggests simplified formulas when the 

fictive sky temperature is not available from climatic data. 
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Methodology 

It is well-known that TRNSYS (Transient Systems 

Simulation Program), developed by the University of 

Wisconsin, is one of the most applied building energy 

simulation software for the evaluation of heating and 

cooling energy needs. TRNSYS allows also to calculate the 

fictive sky temperature, starting from some environmental 

parameters. By means of the fictive sky temperature, it is 

possible to assess the long-wave radiation exchange 

between the exterior surfaces of buildings and the sky 

vault. Moreover, if among the available weather data, the 

cloudiness factor (CF) is missing, it can be calculated 

through the following equation (Skartveit, 1996): 

𝐶𝐹 =  (1.4286
𝐺𝑑𝑖𝑓

𝐺𝐺𝑙𝑜𝑏,𝐻
− 0.3)

0.5

   (1) 

where Gdif is the diffuse radiation on the horizontal and 

GGlob,H is the total radiation on the horizontal. The 

TRNSYS subroutine (called Type 69) employs the Berdahl 

and Martin formula (Martin and Berdhal, 1984) to 

calculate the sky emissivity and thus the sky temperature: 

𝑇𝑠𝑘𝑦 = 𝑇𝑎𝑚𝑏[𝜀𝑠𝑘𝑦 + 0.8(1 − 𝜀𝑠𝑘𝑦)𝐶𝐹]
0.25

  (2) 

It is worthy to notice a factor equal to 0.8 appears in 

equation (2). The reason of this value (instead of 1) is 

related to a cloud base temperature significantly lower than 

the air temperature at screen height. The radiative heat flux 

to the building surface is calculated through the equation: 

𝑞
𝑟𝑎𝑑

= 𝜎𝜀(𝑇𝑠
4 − 𝑇𝑓𝑠𝑘𝑦

4 )    (3) 

Where Tfsky is the fictive sky temperature calculated, in 

turn, as: 

𝑇𝑓𝑠𝑘𝑦 = (1 − 𝑓
𝑠𝑘𝑦

) 𝑇𝑎𝑚𝑏 + 𝑓
𝑠𝑘𝑦

𝑇𝑠𝑘𝑦     (4) 

Among the existing empirical models able to evaluate the 

fictive sky temperature, some emissivity based and some 

direct models, both for clear and cloudy sky conditions 

were chosen and described. Then, these correlations were 

implemented in TRNSYS, for estimating their influence on 

building annual energy demands. A detached building was 

simulated and the influence of different correlations on 

heating and cooling energy demands was analyzed. 

Finally, the obtained results were compared with the sky 

temperature values obtained by applying the simplified 

correlations suggested by the standard ISO 13790. In 

particular, the present study is focused on the analysis of 

the following correlations chosen among the empirical 

models. Tables 1 and 3 refer to the direct models, which 

provide the sky temperature through a direct equation, as a 

function of the ambient air temperature (Tamb) for the clear 

and cloudy sky conditions, respectively. Tables 2 and 4 list 

the analyzed equations belonging to the empirical models 

based on the assessment of the emissivity value, for the 

clear and cloudy sky conditions, respectively. 

More in detail, considering clear sky direct models (Table 

1), two correlations were studied: Swinbank model (1963), 

which can assess the sky temperature knowing only the 

ambient air temperature parameter (Tamb); Garg correlation 

(1982), assumed the temperature of the sky is 20°C below 

the ambient temperature. Both equations were carried out 

by means of experimental investigations conducted in 

Australia.  

Table 2 shows the emissivity-based correlations under 

cloudy sky conditions. Raman (1935) defined his model 

starting from the first study about this topic conducted in 

1918 and properly modifying coefficients. Berdahl and 

Martin (1984), collected a set of almost 5 years sky 

longwave radiation data in 6 different cities. Tang et al. 

(2004) carried out a correlation to calculate sky emissivity, 

which can be considered effective for a temperature range 

between 19°C and 33.5°C.  

Taking into account cloudy sky conditions, Table 3 lists the 

investigated direct models. Dreyfus (1962) proposed a very 

simple equation founded on the identity between sky and 

ambient temperature values. Whillier model (1967) 

defined a difference between sky and ambient temperatures 

equal to 6°C. Fuentes correlation (1987) introduced a new 

model employing a clearness index, obtained by studies 

conducted in 68 U.S. cities.  

Regarding the empirical emissivity-based models for 

cloudy sky conditions (Table 4), the Berdahl and Martin 

model (1984) is grounded on the cloud sky fraction (fcloud), 

which is an index that have different values in function of 

the sky conditions, equal to 0 for the clear sky, and equal 

to 1 for overcast sky. In case of opaque clouds conditions, 

the emissivity value is supposed to be equal to 1. The 

Daguenet model (1985) is grounded on vapor pressure 

value (Pv) and cloudiness degree (N). The N parameter 

ranges from 8, that means clear sky conditions, to 0 for the 

overcast sky. 

Table 1. Empirical clear sky direct models. 

Reference Date Correlation 
Measurement 

site 

Swinbank 1963 𝑇𝑠𝑘𝑦 = 0.0552𝑇𝑎𝑚𝑏
1.5  Australia 

Garg 1982 𝑇𝑠𝑘𝑦 = 𝑇𝑎𝑚𝑏 − 20 Australia 

Table 2. Empirical clear sky models based on emissivity correlations. 

Author Date Emissivity 
Measurement 

site 

Raman 1935 𝜀𝑠𝑘𝑦 = 0.62 + 0.029𝑃𝑣
0.5 India 

Berdahl 

and Martin 
1984 

𝜀𝑠𝑘𝑦

= 0.711 + 0.56(𝑇𝑑𝑝 100⁄ )

+ 0.73(𝑇𝑑𝑝 100⁄ )
2
 

Arizona, 

Texas, 

Maryland, 

Missouri, 

Florida and 

Nevada 

Tang et al. 2004 𝜀𝑠𝑘𝑦 = 0.754 + 0.0044𝑇𝑑𝑝 Israel 

Table 3. Empirical cloudy sky direct models. 

Reference Date Correlation 
Measurement 

site 

Dreyfus 1960 𝑇𝑠𝑘𝑦 = 𝑇𝑎𝑚𝑏 - 

Whillier 1967 𝑇𝑠𝑘𝑦 = 𝑇𝑎𝑚𝑏 − 6 United States 
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Fuentes 1987 

𝑇𝑠𝑘𝑦

= 0.037536𝑇𝑎𝑚𝑏
1.5

+ 0.32𝑇𝑎𝑚𝑏 

68 cities in 

U.S.A. 

Table 4. Empirical cloudy sky atmospheric emissivity models. 

Reference Date Emissivity 
Measurement 

site 

Berdahl 

and 
Martin 

1984 

𝜀𝑠𝑘𝑦

= 𝜀𝑐𝑙𝑒𝑎𝑟−𝑘𝑦

+ 𝜀𝑐𝑙𝑜𝑢𝑑(1

− 𝜀𝑐𝑙𝑒𝑎𝑟−𝑘𝑦)𝑓𝑐𝑙𝑜𝑢𝑑 

Arizona, 

Texas, 
Maryland, 

Missouri, 

Florida and 
Nevada 

Daguenet 1985 

𝜀𝑠𝑘𝑦

= (0.53 + 0.065𝑃𝑣
0.5)(1

− 0.1𝑁) + 0.1𝑁 

England 

When data for the sky temperature calculation are not 

available, considering the heat transfers phenomena that 

occur between buildings and the sky vault, the Standard 

ISO 13790 makes possible to calculate the fictive sky 

temperature through the equations listed in Table 5. 

Through the simplified methodology given by the 

Standard, it is possible to assess the annual energy 

requirement in terms of energy needs. 

Table 5. Direct models according to ISO 13790. 

Correlation Site 

𝑇𝑠𝑘𝑦 = 𝑇𝑎𝑚𝑏 − 11 Temperate areas 

𝑇𝑠𝑘𝑦 = 𝑇𝑎𝑚𝑏 − 9 Sub-polar areas 

𝑇𝑠𝑘𝑦 = 𝑇𝑎𝑚𝑏 − 13 Tropical areas 

Taking into account the precise location of the building, it 

is possible to define the climatic area and the suitable 

correlation to calculate the fictive sky temperature. 

According to Köppen classification (Köppen, 1900), which 

is a common classification of the world climate conditions, 

different climatic areas can be recognized. On the other 

hand, the Standard ISO 13790 provides an organization of 

the different climatic area over the world based on the 

latitudes. The Standard classification leads to the 

identification of three areas: sub-polar, temperate and 

tropical. However, it is worthy to notice that the most 

diffuse classification of the worldwide climatic conditions 

is the Köppen one, which is grounded on the local 

temperature and precipitation data, over a proper 

observation period.  

The analysis of this study was focused on quantifying the 

differences in terms of heating and cooling energy 

demands employing different correlations and the ISO 

13790 one. Since no correlations were developed for the 

Mediterranean area, to achieve this goal, a building 

locating in this geographical area was simulated by means 

of different correlations developed by experimental 

investigations conducted in other parts of the world. The 

analyzed sky temperature correlations were compared, also 

investigating the influence of these different equations on 

annual building energy demands, by means of TRNSYS 

software. All the results were compared with the sky 

temperature values obtained by applying the standard ISO 

13790, which suggests simplified formulas when the sky 

temperature is not available from climatic data.  

Results and Discussion 

The first step of the study was the analysis of the empirical 

correlations to estimate and compare the sky temperatures 

values, using the Typical Meteorological Years (TMY) 

available for specific cities. In particular, three locations - 

characterized by different climatic conditions, mild 

temperate, snowy and dry conditions, according to Köppen 

world climate classification - were chosen. Starting from 

this, three representative cities were selected (Rome, 

Vienna and Tripoli) and different correlations were 

applied, considering clear and cloudy sky conditions. 

Considering clear sky conditions, the correlations listed in 

Tables 1 and 2 were tested; taking into account cloudy sky 

conditions, equations described in Tables 3 and 4 were 

applied. Each analysis was performed starting from two 

significant days, in January and July. Mild temperate 

conditions were studied by implementing in the simulation 

code the weather-data of Rome. Regarding the clear sky 

conditions in January (Fig. 1a), it is possible to notice that 

the temperature values provided by the Standard ISO 

13790 are significantly higher compared to the ones 

calculated by means of the analyzed correlations.  
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Fig 1. Comparison among the temperatures calculated using different 

models in Rome, during January and July for clear (a),(b) and cloudy 

sky conditions (c),(d). 

These differences range between about 6°C, applying Tang 

model, to about 12°C if Raman equation is employed. 

Taking into account the summer season (July) (Fig. 1b), 

lower differences were obtained, from a minimum value of 

about 1.5°C for Swinbank correlation to a maximum one 

of about 10 °C. Considering Figs. 1c and 1d, representing 

the cloudy sky conditions in January and July respectively, 

a similar trend can be observed. The ISO 13790 values 

represent average values among the ones provided by the 

other correlations, this is particularly evident in winter 

conditions. In fact, the emissivity-based model Berdhal and 

Deguenet provided similar values compared to the Standar; 

the analysed direct models, Fuentes, Whillier and Dreyfus 

(represented through Tamb value) provided lower values 

of about 8°C (Fuentes) and higher values from 5°C to 10°C 

(Whillier and Dreyfus, respectively.  

When analyzing the snowy climatic conditions in Vienna 

under clear sky, both for January and July (see Fig. 2a and 

2b), it is possible to observe that the values provided by the 

Standard have the same trend shown in the previous case. 

In fact, the ISO values are higher than the ones provided by 

the analyzed correlations, in January the difference ranges 

between about 10°C (Garg equation) and about 15°C for 

the other correlations. In July a narrower range of 

differences was found, between 3°C and 5°C. In this case 

the lower difference is obtained applying the Tang 

correlations and the higher one using the Garg model. For 

the cloudy sky conditions, the ISO 13790 gave lower 

values except for the Fuentes equations that provided the 

lowest results, both in January (about 8°C) and in July 

(about 4°C). 

 

 
Fig 2. Comparison among the temperatures calculated using different 

models in Vienna, during January and July for clear (a),(b) and cloudy 

sky conditions (c),(d). 
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Fig .3 Comparison among the temperatures calculated using different 

models in Tripoli, during January and July for clear (a),(b) and cloudy 

sky conditions (c),(d). 

 

Also taking into account the dry conditions registered in 

Tripoli (Fig. 3), the Standard is not in agreement with the 

analyzed models, except for July when Swinbank and 

Fuentes correlations are considered, both under clear and 

cloudy sky conditions.  

More in general, it is possible to affirm that the values 

provided by the Standard and the correlations carried out 

for different geographical areas are quite different among 

each other. Then, it could be difficult to choose which 

correlation is more suitable to be employed in a dynamic 

simulation to calculate the heating and cooling energy 

demands.  

Usually the fictive sky temperature (Tfsky) is needed in 

order to take into account the long wave radiation 

transferred to the external surface; the Tfsky is an input in 

the simulated model together with the sky view factor (F). 

For vertical walls and isolated buildings, a realistic value 

for F is 0.5, for horizontal surfaces F is equal to 1. 

Starting from this simulation setup, the energy demands for 

heating and cooling were simulated, and the obtained 

results are shown in Fig. 4. Here, five significant equations 

to calculate the sky temperature were implemented in the 

dynamic model (two sky emissivity based and three direct 

correlations), then the obtained results were analyzed and 

compared with the simplified formula suggested by ISO 

13790. It is known that during the year clear and cloudy 

conditions sky alternate with each other and under cloudy 

conditions the infrared radiation is higher. Consequently, 

the clear sky models need to be reviewed in terms of cloudy 

sky conditions. But it is worthy to notice that the cloudiness 

effect is quite difficult to be evaluated, just few studies 

provided correlations that can be employed under cloudy 

sky conditions. By implementing these equations in the 

TRNSYS model, the annual heating and cooling energy 

demands were calculated and compared among the three 

different climatic conditions for each correlation. 

Regarding this, an isolated building was simulated 

considering a very diffused construction technique for the 

most recent buildings. The walls stratigraphy is composed 

by plaster (0.020 m), concrete (0.220 m), xps (0.040 m) and 

plaster again (0.020 m), the total walls thickness I equal 

to0.300 m and it is characterized by a thermal transmittance 

of 0.587 W/m2K. 

The windows cover an area of 18 m2 (width 0.77 m and 

height 1.08 m) with a u-value equal to 5.61 W/m2K. The 

envelope is characterized by a solar absorptance coefficient 

equal to 0.6 and the infiltration rate was set equal to 0.5 

1/h. Regarding the indoor set-point temperature, it was set 

equal to 26°C for cooling and 20°C for heating. 

Fig. 4 shows the simulation results for each correlation 

employed for each considered climatic conditions, typical 

for the Mediterranean area. 
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Fig 4. Comparison among the annual building energy needs for heating 

(Qheat) and cooling (Qcool), using different correlations. 

Considering mild temperate conditions in Rome, both 

heating and cooling energy demands must be simulated. 

Analyzing heating energy needs, the highest differences 

with the results given by the ISO approach can be obtained 

through the Daguenet equation (+14%). The lowest 

percentage differences can be achieved using the Dreyfus 

formula (-15%). By applying other correlations 

intermediate results can be found, the percentage 

differences range from -6% to +3%. In terms of cooling 

energy needs, the highest differences can be observed by 

applying Dreyfus formula (+113%) and Whillier 

correlation (+45%). On the other hand, the lowest 

percentage difference can be reached using the Daguenet 

equation (-57%). The other correlations provided 

percentage differences of about 12% (Fuentes) and 24% 

(Berdhal). 

For the climatic conditions in Vienna (snowy conditions) 

the highest heating energy needs among the studied 

conditions and a negligible demand for cooling. Regarding 

the heating energy needs, the same trend of the previous 

case was achieved: the highest difference was obtained by 

employing the Daguenet formula (10%) and the lowest one 

by using the Dreyfus equation (-9%). The other 

correlations led to percentage differences that range 

between -4% and +2%. Analyzing cooling energy needs, 

the percentage difference values are much higher than the 

other climatic conditions but, as mentioned before, they 

refer to almost negligible cooling energy demands. 

In the dry conditions case, the tendency highlighted in the 

previous case studies was confirmed once again. In fact, 

the highest differences can be obtained by using the 

Daguenet formula (+26%). The Dreyfus correlation allows 

to obtain the lowest energy need (-25%). The other 

correlations allow to achieve different conditions, with 

percentage differences ranging from -11% to +4%. 

Conclusion 

Among all the various correlations, no specific equations 

are currently available for the Mediterranean area and the 

proposal of a specific sky temperature formula can be 

useful for engineering purposes, in particular when detailed 

simulations are needed, such as in case studies related to 

nearly zero energy buildings. Carrying out simulation 

models applying different sky temperatures models can 

lead to different results in terms of annual heating and 

cooling energy demands. Comparing the results obtained 

by applying the most diffused sky temperature correlations, 

several deviations were found. The lack of a specific 

equation for the Mediterranean area does not allow to 

define the best existing correlation to be applied by users 

in building energy simulations and engineering 

applications. Implementing in a dynamic simulation 

software the simplified equation provided by ISO 13790 or 

a specific sky temperature model can lead to significant 

temperature differences, both under clear and cloudy sky 

conditions happen. Furthermore, taking into account the 

effects of employing different correlations in building 

energy simulations, it was found that heating and cooling 

energy needs can be affected by considerable percentage 

differences, ranging from -57% to +45% for the climatic 

conditions registered in Rome. Considering the snowy 

conditions proper of Vienna’s weather, the percentage 

difference in terms of heating demands are quite low, 

between -9% and 3%. The results are completely opposite 

if the cooling needs are considered. Finally, regarding the 

dry climatic conditions (Tripoli), percentage differences 

ranging from -30% to 44% were found. 

The direct follow up of this study is to provide a new 

specific correlation obtained using experimental longwave 

radiation data measured in Rome (Italy) by employing a 

pyrgeometer. This experimental measurement campaign is 

still ongoing.   
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Abstract 

It is critical to identify the contaminant source location 

and emission rate as soon as possible and take proper 

actions to ensure people safe in the buildings. In this study, 

we built Markov Chain model and used Tikhonov 

regularization to inverse the source emission rate in a 

multi-zone building. We further investigated the effects of 

the sensor location selection, time resolution (5 s, 10 s, 20 

s) and methods for choosing the regularization parameter 

(L-Curve, GCV, Quasiopt) on the results of inverse 

calculation. The results show that for Sensor 1, the 

average percentage of the points below the threshold 

(relative error is 10%) is 98.75%, and that of Sensor 2 is 

78.66%, which indicates the sensor more closed to the 

source can provide more accuracy inverse emission rate. 

The results also show that different parameter selection 

methods have different favourite time resolutions. When 

the time step is 20 s, the relative errors of the L-Curve 

method are less than 8%, and the relative errors of the 

Quasiopt method are below 2% under 5 s. The GCV 

method performed best when time step is 5 s, and the 

number of nodes with a relative error less than 10% in the 

GCV method accounted for 94.68%.  

Introduction 

People spend almost 90% of their time in indoors (Chen 

and Zhao, 2011). Therefore, the enclosed environment 

safety is significantly important for peoples’ health. 

Primary indoor pollutants that threaten human health can 

be classified into three categories according to their threat 

severity. The light threat sources include occupants, 

building materials, and fuel combustion, which can cause 

allergy, asthma symptoms, and Sick Building Syndrome 

(SBS). The medium threat sources include virus, bacteria, 

and fungus, which can cause infectious diseases (e.g. 

SARS (Li et al., 2010)). The serious threat sources include 

toxic chemicals and bio-aerosols. In extreme conditions, 

they can be used as biochemical weapons for terrorist 

attacks such as the Tokyo subway attack in 1995 

(Alexander and Klein, 2003). In order to build safe and 

healthy built environment, it is critical to identify the 

source location and release profile fast and accurately in 

the case of an airborne contaminant release.  

The source term estimation (STE) methods can be 

classified into two major types: passive fixed-sensor 

method and active olfactory method. For the active 

olfactory method, the contaminant sensors are usually 

incorporated with a mobile platform with multi-robots 

(Chen et al., 2017; Feng et al., 2017; Zou et al., 2009). 

The most common STE method is the passive fixed-

sensor method including forward, backward, and adjoint 

probabilistic solution 

A forward method stores all potential release source terms 

(location and strength) that are pre-simulated as a 

database, and then search for a solution that marches the 

measured data from sensors from an efficient search 

algorithm such as Bayesian Monte Carlo algorithm (Sohn 

et al., 2002) or intelligent optimization. Another strategy 

of forward method is to minimize the cost function, which 

presents the discrepancy between prediction and 

measurement (Vukovic et al., 2010; Zheng and Chen, 

2011). The simplest algorithm is the classical gradient-

based least squares. In order to make their solutions stable, 

a more robust method is to add a regularization term in 

the cost function and converts the ill-posed problem to 

well-posed problem with stable and unique solution 

(Kathirgamanathan et al., 2004; Tikhonov and Arsenin, 

1977; Zhang et al., 2015).  

The backward method for source identification is to 

inverse the transport equation directly, the reverse 

simulation often involves measuring concentrations from 

a few locations as boundary or initial conditions. Typical 

methods include the quasi-reversibility (QR) and the 

Lagrangian-reversibility (LR) method. The adjoint 

probabilistic method calculated the backward probability 

of the source location and release time through solving the 

adjoint equations. The detailed review could be found in 

the study of (Hutchinson et al., 2017). 

Most studies mentioned above focused on the source 

identification in a single room. However, the application 

of the STE method for the multi-compartment public 

building, such as schools, hospitals, and offices is more 

meaningful. In this work, we built Markov Chain model 

and used Tikhonov regularization to inverse the source 

emission rate in a multi-zone apartment; the performance 

of three regularization parameter choosing methods under 

different time resolutions were investigated. 

Methodology  

Markov chain model for contaminant transportation 

in the multi-compartment building  

The Markov chain technique was used to calculate the 

transient particle transport in multi-zone building.  

Assuming that the building has n zones, and these zones 

were referred to as state related to time and location, 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
300

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.210347 
 



particle was released in certain state, the state either 

experiences a transition or remains in the initial state in 

the next time step (Fontanini et al., 2015). Then an n×n 

transition probability matrix P with an associated time 

step can be formed by the probabilities of the state’s 

changing of a particle: 

 





















== 

nnnn

n

n

nnji

ppp

ppp

ppp

p

,2,1,

,22,21,2

,12,11,1

)(, )(









P  (1) 

where represents the probability of particle’s moving 

from state i to state j in a certain time step, Δt, in this paper, 

Δt is 5 s, 10s and 20s, respectively. The calculation of this 

matrix is related to the flow field. The transition 

probability of a particle staying in initial state i, pi,i, and 

the probability of a particle’s moving from state i to state 

j in a time step , pi,j, can be calculated by the following 

equations (Chen et al., 2015): 

 𝑝𝑖,𝑖 = 𝑒𝑥𝑝(−∑
𝑄𝑖,𝑛𝑏

𝑉𝑖
∆𝑡𝑛𝑏 )  (2) 

 𝑝𝑖,𝑗 =
𝑄𝑖,𝑗

∑ 𝑄𝑖,𝑛𝑏𝑛𝑏
(1 − 𝑝𝑖,𝑖)  (3) 

where Qi,nb is the airflow rate from zone i to a 

neighbouring zone, which can be obtained directly from 

the CONTAM simulation results. For a steady flow field, 

the matrix P with an associated time step is fixed. 

A particle number vector at the present time (time k) was 

defined as follows: 

                        𝑵𝒌 = (𝑁𝑘,1𝑁𝑘,2 ⋯𝑁𝑘,𝑛)                    (4) 

where Nk,i represents the particle number in zone i at time 

k. For the steady flow field with the pulse release source, 

particle number vector at time lΔt can be calculated by 

Equation (5), and for steady flow field with continuous 

release source, particle number vector at time lΔt can be 

calculated by Equation (6).  

                       𝑵𝒍∆𝒕 = 𝑵𝒔 ∙ 𝑷∆𝒕
𝑙                                       (5) 

 𝑵𝑙∆𝑡 = ∑ 𝑵𝑖∆𝑡
𝑠𝑙

𝑖=0 ∙ 𝑷∆𝑡
𝑙−𝑖 

                                = 𝑵0
𝑠 ∙ 𝑷∆𝑡

𝑙 + 𝑵∆𝑡
𝑠 ∙ 𝑷∆𝑡

𝑙−1                (6) 

                               +⋯+𝑵(𝑙−1)∆𝑡
𝑠 ∙ 𝑷∆𝑡 + 𝑵𝑙∆𝑡

𝑠  

where Ns is the source particle number vector, 𝑵𝑖∆𝑡
𝑠  is the 

source particle number vector at time iΔt in steady flow 

field with continuous release source, 𝑷∆𝑡 is the transition 

probability matrix in Δt time period, l and l-i are iteration 

index. 

Regularization method for the source strength 

determination 

The monitored contaminant concentration C and the 

release rate q can form a linear relationship through the 

response matrix: 

 𝑪 = 𝑨𝒒   (7) 

where C is the monitored concentration series at different 

time step, tk is the kth time step, q is the release rate vector 

of the source, and A is the response matrix, which 

describes the cause effect relation between the monitored 

concentration and the release rate.  

The monitored concentration C is provided, while the 

response matrix A is ill-posed, so the Tikhonov 

regularization method was introduced to improve the 

stability of the inverse operation. The Tikhonov 

regularization method transforms the Equation (7) into a 

linear least-squares optimization function problem, and 

the numerical solution can be obtained through a series of 

transformations: 

 𝒒 = (𝑨𝑻𝑨 + 𝜆2𝑳𝑻𝑳)−1 × (𝑨𝑻𝑪) (8) 

Therefore, the release rate q can be obtained once the 

response matrix A, the regularization parameter λ and the 

regularization matrix L were determined. Based on 

Equation (7), the discrete format of the concentration 

response at a certain point can be expressed as: 

 𝑐𝑡𝑛 = ∑ 𝑞𝑡𝑛−𝑘𝐹𝑡𝑘 = 𝑞𝑡𝑛𝐹𝑡0 +⋯+𝑛
𝑘=0 𝑞𝑡𝑛−𝑘𝐹𝑡𝑘 +⋯+

𝑞𝑡0𝐹𝑡𝑘    (9) 

where 𝑐𝑡𝑛 is the concentration at tn time at a location, qtn 

is the release rate at tn time, and 𝐹𝑡𝑛 is the response factor. 

In the steady flow field, response factor   is the 

concentration response for the unit impulse release, which 

can be obtained by calculating the monitored contaminant 

concentration at tn time; The response matrix A can be 

expressed as Equation (10) in terms of concentration 

response factors, and it can be obtained by MATLAB. 
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The most popular form of L is of the second derivative 

like format as Equation (11), because in that case gives 

the best combination of good balance to the data and the 

smooth solution (Kathirgamanathan et al., 2003): 
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The regularization parameter λ controls the weight given 

to minimization of the regularization term relative to 

minimization of the residual norm. A small λ means that 

the solution error is mainly caused by the error of the input 

data, while a large λ means that the error of the solution is 

mainly dominated by the error of the regularization term 

(Hansen, 1994). Therefore, choosing a suitable 

regularization parameter λ is significant for achieving an 

accurate release rate q. Three widely used methods for 

estimating regularization parameter are the L-Curve, 

Generalized cross-validation (GCV) criterion and Quasi-

optimality (Quasiopt) criterion. The specific principles of 
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the three methods are detailed in Regularization Tools 

(Hansen, 1994) and these methods can be realized by 

MATLAB. 

Solution strategies 

The first step of this method is to partition the building 

and build pollutant transition probability matrix through 

Markov chain model, then the second step is to quantify 

the source strength of potential sources through Tikhonov 

regularization method with three different methods. In 

this study, we used the multi-zone model (CONTAM) 

validated by experimental data in a multi-compartment 

apartment to test the method. Figure 1 shows the specific 

layout of the apartment consisting of seven rooms, and 

CO2 as the tracer gas was released in Bedroom 2, the 

source release rate is 5 L/min and the air supply rate is 680 

m3/h. The flow field and concentration distribution were 

predicted by CONTAM simulation and agreed well with 

the experimental data. More detailed information can be 

found in the study of (Zhai et al., 2012).  

 

Figure 1 Multi-zone airflow model 

Results 

This model contains a steady-state continuous released 

source and fixed air supply rate. The carbon dioxide was 

released in Bedroom 2 with 5 L/min release rate, the 

supply air rate is 680 m3/h, and the concentration of the 

two sensors (Living room and Bedroom 1) within initial 

1500 s was recorded to estimate the source release rate. 

The simulation concentration values were firstly validated 

by experimental data, and the detailed comparison was 

illustrated in Figure 2. 

 

Figure 2: Comparison of the measured and multi-

zone simulated CO2 concentrations in Living room 

and Bedroom 1 of the apartment 

Figure 2 also shows the 10% concentration error of 

simulated data due to the actual supply air rate from the 

fan. Considering the accuracy of the CO2 sensors used is 

±40 ppm + 3% of reading, which leads to the reading 

uncertainty of about 60 ppm, then the CO2 concentrations 

simulated by CONTAM agree reasonably well with those 

obtained from the experiment. Therefore, the simulated 

values can be used to estimate the source release rate. The 

inverse process can be divided into two categories 

according to concentration data from Sensor 1 or from 

Sensor 2. At the same time, we compared the 

performances of three different methods solving the 

regularization parameter λ in Tikhonov method. The 

inverse results were shown in Figure 3 and Figure 4. 

 

(a) Δt=5 s 

 

(b) Δt=10 s 
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(c) Δt=20 s 

Figure 3: Difference comparison of time resolution with 

Sensor 1 to estimate the source strength (AR is the 

actual release rate in Bedroom 2, IR represents the 

inverse release rate, and L, G and Q displays the inverse 

results by L-Curve method, GCV method, and Quasiopt 

method, respectively) 

 

(a) Δt=5 s 

 

(b) Δt=10 s 

 

(c) Δt=20 s 

Figure 4: Difference comparison of time resolution with 

Sensor 2 to estimate the source strength (AR is the 

actual release rate in Bedroom 2, IR represents the 

inverse release rate, and L, G and Q displays the inverse 

results by L-Curve method, GCV method, and Quasiopt 

method, respectively) 

Figure 3 and Figure 4 exhibits the release rate 

quantification for the source in the Bedroom 2 by using 

Sensor 1 and Sensor 2 with different time step and 

different regularization methods, respectively. Relative 

error was introduced to quantify the inverse identification 

errors between the inverse rate profiles and actual ones 

(Wei et al., 2017): 

         
peakAR

ARIR

N

NN
error

,

−
=               (12) 

where NIR is the inverse release rate, NAR is the actual 

release rate, and NAR, peak is the peak rate of the actual 

profile, NAR, peak = 5 is adopted. The ratio of time nodes at 

which relative error equals 10% to total time nodes was 

set as the threshold. Table 1 shows the proportion below 

this threshold for Sensor 1 and Sensor 2 under different 

time resolution (the data in Table 1 are the average values 

from three parameter choice methods under same time 

step).  

Table 1: Performance of different sensors under three 

time resolutions. 

 Sensor 1 Sensor 2 

5 s 98.89% 65.78% 

10 s 98.23% 74.14% 

20 s 99.12% 96.05% 

It shows that the inverse result by Sensor 1 is better than 

that by Sensor 2 under each time step, especially under 5 

s. This is because Sensor 1 is more closed to the emission 

source in Bedroom 2.  

The inverse results of three regularization parameter 

choice methods under different time resolutions are 

shown in Table 2 (the data in Table 2 are the average 

values from two sensors under same time step).  

Table 2: Performance of different methods under three 

time resolutions. 

 L-Curve GCV Quasiopt 

5 s  52.33% 94.68% 100% 

10 s 64.90% 94.37% 99.34% 

20 s 100% 94.08% 98.68% 

It is note that the percentage below the threshold of L-

Curve method is gradually increasing as the time step 

increases, while the other two methods show the opposite 

trend. The performance of L-Curve method is worse than 

the other two methods when time steps are 5 s and 10 s. 

However, when time step is 20 s, the performance of L-

Curve method is better than GCV method and Quasiopt 

method. This may be related to differences in their 

principles. The L-curve method is a logarithmic plot of 

residual norm  versus the solution norm, and an optimal 

value can be found to be the point where this curve has 

maximum curvature. The principle of GCV mehod is 

similar to the least squares formulation, the value of the 

smoothing parameter that minimizes the predicted errors 
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is the optimal one (Trujillo and Busby, 1997). This 

method is more suitable for the high frequency contents 

of the inverse problem. A geometric sequence of 

regularization parameters was considered in the Quasiopt 

method, and the corresponding regularized solution could 

be obtained, the optimal parameter is the one at which the 

difference norm of adjacent regularization solution is 

minimum. The advantage of this method is a comparably 

large independence of the underlying noise model. (Bauer 

and Kindermann, 2008). 

To sum up, the determination of time solution should be 

according to actual inverse problem. The selection of 

regularization parameter for the high frequency contents 

of the inverse problem (large sample size) is more suitable 

by GCV method and Quasiopt method. On the contrary, 

the L-Curve method is more applicable for low frequency 

sampling. 

Conclusions 

In this study, we employed Tikhonov regularization to 

inverse the source emission rate in a multi-zone apartment 

based on the Markov Chain model. The model 

performances by choosing different regularization 

parameters (L-Curve, GCV, Quasiopt) and sensor 

locations under three time resoluions (5 s, 10 s and 20 s) 

were compared. The following conclusions are drawn: 

(1) Sensor 1 which was more closed to the source can 

provide more accuracy inverse emission rate than 

Sensor 2; 

(2) For different time resolution, the performance of the 

parameter calculation method was different. The 

GCV method and Quasiopt method were more 

suitable for the inverse problem  with a smaller 

sampling interval (high frequency sampling), while 

the L-Curve method was more applicable for the 

larger sampling interval. 
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Abstract 

Among other energy savings policies, European Directive 

2018/884 promotes the adoption of building energy 

audits. In this perspective, the development of accurate, 

but simplified dynamic energy simulation tools is a 

fundamental step to reduce the costs of energy audits and 

consequently increase their diffusion, especially at the 

professional level. This paper presents SEAS Light, a 

simplified dynamic tool that estimates building heating 

and cooling energy demands. 75 test cases associated to 

typical Italian climates and building structures have been 

performed. SEAS Light results are compared with the 

ones obtained through the full dynamic energy software 

TRNSYS 17. The validation procedure shows that the 

proposed routine can evaluate both seasonal heating and 

cooling energy demands with a good accuracy, using 

three tuning coefficients presented in the manuscript. 

Introduction and state of the art 

In Europe, half of the total energy use regards heating and 

cooling duties, and 80% of that share accounts for the 

thermal energy demand of buildings (European Directive 

(EU) 2018/844). In order to improve energy efficiency 

and achieve energy savings, Directive 2018/844 confirms 

the following requests concerning energy audits, already 

reported in 2012: for large enterprises, the obligation to 

undergo energy audits, and for Member States the 

requirement to promote and guarantee the availability of 

energy audit among households and small-medium 

enterprises (European Directive 2012/27/EU).  

These objectives have been developed with encouraging 

results in respect of the rate of compulsory energy audits 

that have been performed by Member States as well as the 

implementation of national and regional policies of 

energy audit awareness-raising and promotion via direct 

financing and cost-sharing (Italy’s Energy Efficiency 

annual report - Executive summary, 2016; Italian Energy 

Efficiency Action Plan, 2017). In order to guarantee high 

level results in energy audit, European Directive 

2018/844 supposes the auditor to be a trained professional 

in building energy modelling, able to manage and cluster 

in a short time a huge quantity of input and output data. 

To support the diffusion of energy audits, simple and low-

price tools should be provided for auditors, performing 

reliable thermal energy flows analysis and proposing 

specific building retrofit measures (EN 16247-2:2014). 

Currently, there are two types of tools available for 

auditors: full dynamic simulation tools and simplified 

quasi-steady-state tools (EN ISO 13790:2008). The 

former ones require an in-depth analysis on the specific 

building, accurate knowledge of inputs and long labour 

time, evaluating the thermal-energy response on an 

hourly-or-less timestep; the latter ones evaluate the 

energy performances typically on a monthly basis, 

requiring less input data, implementation and 

computational time; but, generally, their results are less 

accurate (Schito et al, 2015). 

Nowadays, most of the professional software and 

calculation codes are based on a quasi-steady-state 

approach, for example, SEAS in Italy, TEE-KENAK in 

Greece, and EPW in Belgium. The accuracy of these 

software and the validity of the monthly approach have 

been investigated by comparison with full dynamic 

simulation codes. Van der Veken et al (2004) compared 

the EPW software with TRNSYS and ESP-r, finding good 

results among three-year simulations in terms of net 

energy demand. Corrado et al. (2007) compared the ISO 

13790 quasi-steady-state method with EnergyPlus, 

showing that the accuracy of the results is mainly 

influenced by the simplified assumptions on intermittency 

and thermal inertia. Pernigotto et al. (2013) compared the 

results of a quasi-steady-state model with a TRNSYS 

simulation in terms of thermal gain estimates (both solar 

and internal ones). They also developed some correction 

correlations to reduce the discrepancies between the 

outputs of the two simulation tools. Testi et al. (2013) 

validated SEAS using TRNSYS on a test case, finding 

good results both on terms of energy balance and energy 

fluxes through external components. In a successive 

work, Schito et al. (2015) found that SEAS is not accurate 

in case of intermittently-heated high thermal inertia 

buildings. Similar issues in the use of quasi-steady-state 

software were found by Evangelisti et al. (2014). 

Full dynamic models and routines overcome the limits of 

the quasi-steady-state approach, providing accurate 

results in both simulation of the temperature evolutions 

and energy fluxes due to the use of many nodes (i.e. 

thermal networks) and shorter space and time scales 

(Coakley et al., 2014). These tools are also used to design 

and analyse the feasibility of energy efficiency actions 

(Testi et al. 2014, Schito et al. 2018a), integrated RES 

systems (Conti et al. 2019, Grassi et al. 2015, Testi et al. 

2016a, Testi et al. 2016b), and advanced control strategies 

(D’Ettorre et al. 2018, D’Ettorre et al. 2019, Schito et al. 

2018b, Testi et al. 2015a). 
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On the other hand, accurate models require a notable 

computational effort and a complete knowledge of a wide 

set of input parameters, such as building characteristics, 

meteorological data, HVAC schedules, profiles and 

manufacturers’ data (Zhao et al., 2012; Coakley et al., 

2014, Testi et al., 2014). In some cases, the necessity of 

thousands of inputs, the implementation time, and the 

computational time are the main criticalities limiting a 

widespread utilization of these tools (Coakley et al, 2014). 

Crawley et al. (2008) proposed an overview on twenty 

building simulation programs. Among the others, DOE-2, 

EnergyPlus, TRNSYS and ESP-r are the most common 

tools used for energy audits (Coakley et al, 2014). Also, 

other methods using lumped RC models are present in 

literature. For example, Kramer et al (2012) specifically 

reviewed simplified building models, introducing black-

box models such as the neural network approach and the 

linear parametrization one, and the lumped capacitance or 

RC white-box model. Danza et al. (2016) defined a 3-

resistance and 2-capacitance prediction model, showing 

the comparison between internal wall surface temperature 

estimated by the lumped RC model and measured data; 

Date et al. (2016) provide a multi-level model predictive 

control strategy, in which the user can switch between 

detailed and simpler RC models. Buonomano et al. (2014) 

introduced DETECt, a dynamic simulation code that 

employs a high-order thermal RC network in which every 

layer of a building element is characterized by two 

resistance and one capacity. All these RC models provide 

good results referring to the reported benchmark case 

studies, but a software with user interfaces and 

customization capabilities is still lacking.  

The presented literature review confirms that the diffusion 

of the building dynamic simulation and energy audits at 

both research and professional level would take advantage 

of the development of simplified dynamic tools that 

provide sufficiently accurate results but require a low 

amount of input data and short implementation and 

computational times.  

In this perspective, the present work introduces the 

physical and mathematical model used in SEAS Light, a 

dynamic simulation software for building energy audit 

developed in MATLAB environment. It is a simplified 

dynamic model that calculates building hourly energy 

requirements, but, with respect to full dynamic models, it 

requires a much smaller amount of input data. The model 

is based on a single lumped capacity node and needs only 

three tuning coefficients. With respect to previously 

mentioned white-box models, the amount of inputs is 

reduced, as well as the number of equations. If SEAS 

Light can correctly estimate energy demands, this would 

hint that the proposed model is strongly physically based. 

Hence, in this case, the model outputs following the 

calibration phase are expected to be more robust when 

compared to black-box models. The software can be 

easily employed in arbitrary cases and uses a tuning 

procedure based on data commonly available in energy 

bills.  

In the following section, the dynamic model of SEAS 

Light is presented and discussed. Next, a description of 

the tuning procedure is reported. Finally, the software is 

validated through the prescriptions of European Standard 

EN 15265:2007 and through the comparison with the 

results obtained by 75 TRNSYS dynamic simulations. 

The model 

SEAS Light considers the whole building as a single 

lumped capacity node associated to the temperature 𝑇𝑧. 

Some broad simplifications of the model have been used 

in other works (e.g., Lü et al., 2006). The main objective 

of the model is to estimate the heating/cooling demands 

of the zone, which can be evaluated as follows: 

 𝑄𝐻/𝐶,𝑧
𝑡 = 𝑄𝐴

𝑡 + 𝑄𝐵
𝑡  (1) 

The term 𝑄𝐴
𝑡  refers to the balance between energy losses 

and gains; the term 𝑄𝐵
𝑡  refers to the variation of internal 

energy of the zone. The term 𝑄𝐴 reads: 

 𝑄𝐴
𝑡 = βH 𝐶⁄ ∑ 𝑄𝑙

𝑡̇5
l Δ𝑡 (2) 

where the five terms 𝑄𝑙
̇  are described next, and Δ𝑡 is the 

hourly simulation time step. The evolution of the zone 

tempeature 𝑇𝑧 reads: 

 𝑇𝑧
𝑡+1 = {

𝑇𝑧
𝑡 +

∑ �̇�𝐴
t

𝐾𝑧
Δ𝑡,  𝑇𝑧

𝑡 +
∑ �̇�𝐴

t

𝐾𝑧
Δ𝑡 ≥  𝑇𝐻

𝑠𝑒𝑡

𝑇𝐻
𝑠𝑒𝑡 , otherwise

  (3.a) 

in the heating period, and: 

 𝑇𝑧
𝑡+1 = {

𝑇𝑧
𝑡 +

∑ �̇�𝐴
t

𝐾𝑧
Δ𝑡,  𝑇𝑧

𝑡 +
∑ �̇�𝐴

t

𝐾𝑧
Δ𝑡 ≤ 𝑇𝐶

𝑠𝑒𝑡

𝑇𝐶
𝑠𝑒𝑡 , otherwise

  (3.b) 

in the cooling period. 𝑇𝐻/𝐶
𝑠𝑒𝑡  are the indoor set-points in the 

heating (𝐻) or cooling (𝐶) period, 𝐾𝑧 is the equivalent 

thermal capacity of the whole building, and 𝛽𝐻/𝐶  are 

proper tuning parameters, furtherly discussed in a 

following subsection. The equivalent thermal capacity, 

𝐾𝑧 , is evaluated as: 

 𝐾𝑧  = ∑ 𝐾𝑖𝑛𝑡𝑝
𝐴𝑝𝑝  (4) 

where 𝐾𝑖𝑛𝑡𝑝
 is the areal heat capacity of the wall 𝑝 

(internal side), as defined in EN ISO 13786:2007, and 𝐴𝑝  

is the area of the opaque surface of the wall 𝑝. The term 

𝑄𝐵 reads: 

 𝑄𝐵
t = {

0, if 𝑇𝑧
t ≥ 𝑇𝐻

𝑠𝑒𝑡

𝛽𝐻𝐾𝑧(𝑇𝐻
𝑠𝑒𝑡 − 𝑇𝑧

𝑡), otherwise
  (5.a) 

in the heating period, and: 

 𝑄𝐵
t = {

0, 𝑇𝑧
t ≤ 𝑇𝐶

𝑠𝑒𝑡

𝛽𝐶𝐾𝑧(𝑇𝑧
𝑡 − 𝑇𝐶

𝑠𝑒𝑡), otherwise
  (5.b) 

in the cooling period. 

When the thermal system is switched-off, 𝑄𝐻/𝐶,𝑧
𝑡  is equal 

to zero and the evolution of 𝑇𝑧 is evaluated with the first 

case of Eqs. (3). 

The five terms 𝑄𝑙
̇  in Eq. (2) are i) the thermal power 

exchanged through the opaque walls, ii) the thermal losses 

through the windows and glazed surfaces, iii) the thermal 

losses due to ventilation, iv) the thermal gains due to solar 

radiation through glazed surfaces, and v) the internal heat 

gains (e.g., people and appliances). 
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Thermal losses through the opaque walls, �̇�𝒍=𝟏 

The term �̇�𝑙=1 considers the heat flux through the opaque 

external elements, including the long-wavelength thermal 

radiation, �̇�𝑠𝑘𝑦, and the global normal solar radiation 𝐼.̇ It 

is defined as the sum of a steady-state contribution, 

�̇�𝑠𝑡𝑎𝑡,𝑝, and a dynamic one, �̇�𝑑𝑦𝑛,𝑝: 

 �̇�𝑙=1
t = ∑ (�̇�𝑠𝑡𝑎𝑡,𝑝

t + �̇�𝑑𝑦𝑛,𝑝
𝑡 )𝑝  (6) 

The first term is the steady-state term for the generic 

external opaque surface 𝑝. It is calculated as the product 

between the overall steady-state thermal transmittance 

𝑈𝑠𝑡𝑎𝑡,𝑝, the area 𝐴𝑝, and the moving daily-average 

difference Δ𝑇̅̅̅̅
𝑠𝑡𝑎𝑡,𝑝
𝑡 : 

 �̇�𝑠𝑡𝑎𝑡,𝑝
𝑡 = 𝑈𝑠𝑡𝑎𝑡,𝑝𝐴𝑝Δ𝑇̅̅̅̅

𝑠𝑡𝑎𝑡,𝑝
𝑡  (7) 

 Δ𝑇̅̅̅̅
𝑠𝑡𝑎𝑡,𝑝
𝑡 =

1

24
∑ (𝑇𝑠𝑜𝑙−𝑎𝑖𝑟,𝑝

𝑡 − 𝑇𝑧
𝑡)𝑡

𝑡−24  (8) 

The dynamic term �̇�𝑑𝑦𝑛,𝑝 is defined as the product 

between the periodic thermal transmittance 𝑈𝑑𝑦𝑛,𝑝, the 

area 𝐴𝑝, and the temperature difference Δ𝑇̅̅̅̅
𝑑𝑦𝑛,𝑝: 

 �̇�𝑑𝑦𝑛,𝑝
𝑡 = 𝑈𝑑𝑦𝑛,𝑝𝐴𝑝Δ𝑇𝑑𝑦𝑛,𝑝

𝑡  (9) 

 Δ𝑇̅̅̅̅
𝑑𝑦𝑛,𝑝 = �̅�𝑠𝑜𝑙−𝑎𝑖𝑟,𝑝

𝑡 − 𝑇𝑠𝑜𝑙−𝑎𝑖𝑟,𝑝
𝑡−𝜙

 (10) 

The periodic thermal transmittance 𝑈𝑑𝑦𝑛,𝑝 and time shift 

𝜙 of walls are defined and calculated according to the 

technical standard EN ISO 13786:2007. 

The sol-air temperature 𝑇𝑠𝑜𝑙−𝑎𝑖𝑟   is defined as (D.G. 

Stephenson, 1957; O’Callaghan et al., 1977): 

 𝑇𝑠𝑜𝑙−𝑎𝑖𝑟 = 𝑇𝑒𝑥𝑡 +
1

ℎ𝑒𝑥𝑡
(𝛼𝑠𝐹𝑠ℎ,𝑜𝑏𝐼̇ − �̇�𝑠𝑘𝑦) (11) 

 �̇�𝑠𝑘𝑦 = 𝐹𝑉𝜀𝜎[𝑇𝑒𝑥𝑡
4 − 𝑇𝑠𝑘𝑦

4 ] (12) 

 𝐹𝑉 = 𝐹𝑠ℎ,𝑜𝑏
𝑑𝑖𝑓𝑓 1+cos(𝛽𝑆)

2
 (13) 

where 𝑇𝑒𝑥𝑡 is the outdoor temperature, 𝐹𝑠ℎ,𝑜𝑏 is the 

shading reduction factor, 𝐼 ̇ is the normal global solar 

radiation, ℎ𝑒𝑥𝑡  is the external heat transfer coefficient, 𝛼𝑠 

is the solar radiation absorptivity, 𝜀 is the surface 

emissivity, 𝜎 is the Stefan-Boltzmann constant, 𝑇𝑠𝑘𝑦  is the 

apparent sky temperature (EN ISO 13790:2008), 𝐹𝑉 is the 

form factor between the building element and the sky, 

which accounts for the surface tilt angle, 𝛽𝑆, and the 

shading reduction factor for the diffuse radiation, 𝐹𝑠ℎ,𝑜𝑏
𝑑𝑖𝑓𝑓

. 

All the shading factors in Eqs. (11 – 13) are calculated 

according to UNI/TS 11300-1:2014. 

Thermal losses through the ground are calculated as: 

�̇�𝑠𝑡𝑎𝑡,𝑓𝑙𝑜𝑜𝑟
𝑡 = 𝑏𝑡𝑟,𝑈𝑈𝑠𝑡𝑎𝑡,𝑓𝑙𝑜𝑜𝑟𝐴𝑓𝑙𝑜𝑜𝑟(𝑇𝑧

t − 𝑇𝑎𝑣𝑔,𝑓𝑙𝑜𝑜𝑟) (14) 

where 𝑇𝑎𝑣𝑔,𝑓𝑙𝑜𝑜𝑟  is the monthly average outdoor 

temperature, and 𝑏𝑡𝑟,𝑈 is the correction factor defined in 

UNI/TS 11300-1:2014 for ground heat transfer. 

Thermal losses through the windows and glazed 

surfaces, �̇�𝒍=𝟐 

The term �̇�𝑙=2 is calculated as: 

 �̇�𝑙=2
t = ∑ 𝑈𝑠ℎ,𝑤

𝑡 𝐴𝑤(𝑇𝑧
t − 𝑇𝑒𝑥𝑡

t )𝑤  (15) 

where 𝐴𝑤 is the area of the 𝑤 − 𝑡ℎ window (frame 

included). The overall steady-state thermal transmittance 

𝑈𝑠ℎ,𝑤
𝑡 =

1

𝑈𝑞
+ 𝑅𝑠ℎ,𝑞 includes overall steady-state thermal 

transmittance of the window and the additional thermal 

resistance of shutters, 𝑅𝑠ℎ,𝑞
𝑡 . The latter term is zero if 

shutters are open at the time 𝑡. 

Thermal losses due to ventilation, �̇�𝒍=𝟑 

The term �̇�𝑙=3  is evaluated as:  

 �̇�𝑙=3
t = �̇�𝑣𝑒𝑛𝑡

𝑡 𝑐𝑝,𝑎𝑖𝑟(𝑇𝑒𝑥𝑡
t − 𝑇𝑧

t) (16) 

where �̇�𝑣𝑒𝑛𝑡
𝑡  and 𝑐𝑝,𝑎𝑖𝑟  are the mass flow rate and the 

specific heat at constant pressure of external air. 

Thermal gains due to solar radiation through glazed 

surfaces, �̇�𝒍=𝟒 

The term �̇�𝑙=4  is evaluated as:  

 �̇�𝑙=4 = 𝛼𝑆𝑂𝐿𝐶
×  

[∑ 𝑔𝑤𝐹𝑠ℎ,𝑜𝑏,𝑤𝐹𝑠ℎ,𝑔𝑙,𝑤(1 − 𝐹𝑓,𝑤)𝐴𝑤𝑤 𝐼�̇�] (17) 

where 𝑔 is the solar energy transmittance of the element, 

𝐹𝑠ℎ,𝑜𝑏 is the shading reduction factor, 𝐹𝑠ℎ,𝑔𝑙 is the shutter 

reduction factor (UNI/TS 11300-1:2014), and 𝐹𝑓 is the 

ratio between frame and total window area. The term 

𝛼𝑆𝑂𝐿𝐶
 is a tuning parameter, discussed hereafter. 

Internal heat gains, �̇�𝒍=𝟓 

Heat gain profiles, �̇�𝑙=5
𝑡 , from occupants, electrical 

devices, and lighting are user-defined inputs of the model. 

Dynamic tuning coefficients, 𝜷𝑯, 𝜷𝑪 and 𝜶𝑺𝑶𝑳𝑪
 

The model introduces three dynamic tuning coefficients 

𝛽𝐻, 𝛽𝐶  and 𝛼𝑆𝑂𝐿𝐶
. The first and the second ones refer to 

the equivalent thermal zone capacity (Eqs. 5), while the 

third one modifies the solar gains through the windows 

(Eq. 17). SEAS Light includes a calculation routine to 

calculate the coefficients 𝛽𝐻, 𝛽𝐶  and 𝛼𝑆𝑂𝐿𝐶
 from energy 

billings. 

Dynamic simulation and evaluation of the 

three tuning parameters 

SEAS Light calculates the results through a three-step 

procedure: 

1. All tuning parameters are set equal to 1 and the first 

simulation runs. The simulated cooling energy 

demand, 𝑄𝐶,𝑧,𝑇𝑂𝑇
𝐼 = ∑ (𝑄𝐶,𝑧

𝑡 )𝑡 , is compared with a 

reference value, 𝑄𝐶,𝑅𝐸𝐹 , obtained from energy bills 

and an estimated cooling system efficiency: 

 𝑒𝑟𝑟𝑆𝑂𝐿
𝐼 =

𝑄𝐶,𝑧,𝑇𝑂𝑇
𝐼 −𝑄𝐶,𝑅𝐸𝐹

𝑄𝐶,𝑅𝐸𝐹
 (18) 

An updated value of the solar gains tuning parameter 

is then calculated as: 

 𝛼𝑆𝑂𝐿
𝐼 =

𝛼𝑆𝑂𝐿

1+e𝑟𝑟𝑆𝑂𝐿
𝐼  (19) 

2. The capacity tuning parameters 𝛽𝐶  and 𝛽𝐻 are again 

set to 1, while the solar gain through windows 

parameter is set equal to 𝛼𝑆𝑂𝐿
𝐼 . A new simulation runs, 

and the following errors are calculated on the basis of 

the updated values of 𝑄𝐻,𝑧
𝐼𝐼  and 𝑄𝐶,𝑧

𝐼𝐼  

 𝑒𝑟𝑟𝐻
𝐼𝐼 =

𝑄𝐻,𝑧,𝑇𝑂𝑇
𝐼𝐼 −𝑄𝐻,𝑅𝐸𝐹

𝑄𝐻,𝑅𝐸𝐹
 (20) 
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 𝑒𝑟𝑟𝐶
𝐼𝐼 =

𝑄𝐶,𝑧,𝑇𝑂𝑇
𝐼𝐼 −𝑄𝐶,𝑅𝐸𝐹

𝑄𝐶,𝑅𝐸𝐹
 (21) 

𝑄𝐻,𝑅𝐸𝐹  is obtained from energy bills and assuming an 

overall heating system efficiency. The new values for 

the tuning parameters are: 

 𝛽𝐻
𝐼𝐼 =

𝛽𝐻

1+𝑒𝑟𝑟𝐻
𝐼𝐼 (22) 

 𝛽𝐶
II =

𝛽𝐶

1+𝑒𝑟𝑟𝐶
𝐼𝐼 (23) 

3. The third iteration runs with the tuning parameters set 

equal to 𝛼𝑆𝑂𝐿
𝐼 , 𝛽𝐻

II, and 𝛽𝐶
II. The final results are the 

values of the seasonal thermal energy demand for 

heating, 𝑄𝐻,𝑧,𝑇𝑂𝑇
𝐼𝐼𝐼 , and cooling, 𝑄𝐶,𝑧,𝑇𝑂𝑇

𝐼𝐼𝐼 , and the 

following errors: 

 𝑒𝑟𝑟𝐻
𝐼𝐼𝐼 =

𝑄𝐻,𝑧,𝑇𝑂𝑇
𝐼𝐼𝐼 −𝑄𝐻,𝑅𝐸𝐹

𝑄𝐻,𝑅𝐸𝐹
 (24) 

 𝑒𝑟𝑟𝐶
𝐼𝐼𝐼 =

𝑄𝐶,𝑧,𝑇𝑂𝑇
𝐼𝐼𝐼 −𝑄𝐶,𝑅𝐸𝐹

𝑄𝐶,𝑅𝐸𝐹
 (25) 

Steps two and three can be repeated to furtherly decrease 

the deviation between SEAS results and reference 

values.When the seasonal cooling energy demand of the 

zone is less than 100 kWh/year, the tuning procedure is 

skipped, because it would result in unrealistic values of 

𝛼𝑠𝑜𝑙𝐶
and 𝛽𝐶 . In these cases, SEAS Light runs the 

simulation with all the tuning parameters set to 1. 

Validation according to EN 15265:2007 

SEAS Light has been validated through the 12 test cases 

proposed by EN 15265:2007. Validation results are 

shown in Table 1. Resulting tuning parameters have 

similar values in all test cases, with three exceptions 

associated to the tests with very low cooling energy loads, 

where the tuning procedure have not run (less than 100 

kWh/year). 

Validation according to TRNSYS results 

SEAS Light has also been compared with the widespread 

and established dynamic software TRNSYS (version 17). 

A total of 75 test cases have been analyzed, concerning 

different typical Italian climates (Catania, Pisa, and 

Turin), different types of building (flat, villa, office), 

different building envelopes (uninsulated, insulated walls, 

single-glazed, double-glazed windows), and different 

users’ thermal zone occupation profiles (family, retirees, 

workers). During this validation process, TRNSYS-

generated outputs in terms of seasonal thermal energy 

demand for cooling and heating are respectively assumed 

as the reference values 𝑄𝐶,𝑅𝐸𝐹, and 𝑄𝐻,𝑅𝐸𝐹 , Tables 2 – 3 

show the envelope characteristics of simulated buildings. 

Tables 4 – 6 report the values of the tuning parameters for 

all the 75 test cases, ordered by users’ profile, geometry, 

stratigraphy of walls, and geographic location. In these 

tables, the name of the test includes the description of the 

parameters used. For instance, the case “Villa _ HR _ 

Retiree _ PI _ MLP01 _ COP04” indicates a villa with a 

horizontal roof, two retired persons as occupants, located 

in PISA, made of MLP01 and COP04 as building 

elements. Additional details on the parameters of the test 

cases and walls ID are provided hereafter. 

 

Table 1: Validation test results according to EN 15265:2007 (energy values in [kWh]). 

Test case 𝜶𝑺𝑶𝑳 𝜷𝑪 𝜷𝑯 𝑸𝑪_𝑹𝑬𝑭 𝑸𝑪_𝑻𝑶𝑻 𝚫𝑸𝑪 [%] 𝑸𝑯_𝑹𝑬𝑭 𝑸𝑯_𝑻𝑶𝑻 𝚫𝑸𝑯 [%]\ 

1 0.76 1.10 0.85 233.8 233.8 <0.1 748.00 748.00 <0.1 

2 0.76 1.14 0.86 200.5 200.5 <0.1 722.70 722.70 <0.1 

3 1 1 1 43 79.8 2.60 1368.50 1418.20  3.52 

4 0.79 1.11 0.72 1530.9 1530.9 <0.1 567.40 572.77 0.26 

5 0.71 1.08 0.77 201.7 201.7 <0.1 463.10 463.16 <0.1 

6 0.74 1.13 0.77 185.1 185.1 <0.1 509.80 509.80 <0.1 

7 1 1 1 19.5 57.5 3.49 1067.40 1080.50  1.21 

8 0.71 1.14 0.61 1133.2 1133.2 <0.1 313.20 323.04 0.68 

9 0.71 1.08 0.71 158.3 158.3 <0.1 747.10 747.12 <0.1 

10 0.73 1.05 0.75 192.4 192.4 <0.1 574.20 574.22 <0.1 

11 1 1 1 14.1 49.5 2.51 1395.10 1573.20  12.64 

12 0.69 1.20 0.61 928.3 928.3 <0.1 533.50 536.77 0.22 

Table 2: Characteristics of buildings 

Type of building Internal vertical 

walls 

External vertical 

walls 

Ceiling / Roof Floor against 

ground 

Reference Geometry 

Office North, south, east West Ceiling No EN ISO 13791:2004 

Flat East North, south, west Ceiling No  Testi et al. (2015b) 

Villa East North, south, west Roof Yes EN ISO 13791:2004 

Table 3: Typologies of external shutters and internal shading devices 

Type of building External covering 𝑭𝒔𝒉,𝒈𝒍 external covering 𝑹𝒔𝒉 Shading device 𝑭𝒔𝒉,𝒈𝒍 shading device 

Office Venetian blind 0.3 0 None 1 

Flat 
Roller 

0.3 if partially closed, 0 if 

closed 
0.26 White curtain 0.8 

Villa Persian blind 0 0 Velvet curtain 0.57 
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Building elements 

All test cases have a simplified box-like structure of the 

building. Flat, villa and office mainly differ from the 

number and size of external walls, as reported in Table 2. 

Thermal characteristics of envelope elements depend on 

building type and geographic location, according to the 

library provided in UNI/TR 11552:2014. The name of the 

test case includes the ID code used in the technical 

standard, allowing the identification of the element 

stratigraphy. 

Windows are only installed on vertical external surfaces. 

Test cases implement two typologies of window, taken 

from TRNSYS 17 libraries (S.A. Klein et al., 2010): 

TRNSYS 1001, which is a single-glazed window 

associated to uninsulated vertical walls, and TRNSYS 

1002, which is a double-glazed window installed in 

insulated vertical walls. Table 3 reports the typologies of 

external shutters and internal shading devices for 

windows. 

Building use, users’ profiles, and HVAC operational 

hours 

The office building is associated to a single person that 

works from 8 a.m. to 6 p.m. every day except for the 

weekend. 

Villa and flat buildings have three occupation profiles: 

1. Retiree: two occupants that stay in the thermal zone 

almost continuously. 

2. Family: four persons that occupy the building from 

the late afternoon to the early morning on workdays 

and almost every hour of weekends. 

3. Worker: a single occupant that leaves the thermal 

zone from 8 a.m. to 5 p.m. on workdays and from 10 

a.m. to 5 p.m. during weekends. 

The values of heat gains per person are taken from EN 

ISO 13792:2012 and EN ISO 8996:2004. 

The occupation profiles also determine the operational 

scheduling of the heating and cooling systems: the system 

is active from the hour before the entrance of the 

occupants in the thermal zone, and it is switched-off when 

no occupants are inside. In any case, systems can be 

activated only from 6 a.m. to 10 p.m. The heating and 

cooling set-points, 𝑇𝐻
𝑠𝑒𝑡  and 𝑇𝐶

𝑠𝑒𝑡 , are set equal to 20 °C 

and 26 °C, respectively. 

Results of the validation 

Tables 4 – 6 show the results of the comparative 

procedure between SEAS Light and TRNSYS 17. The 

tuning has been performed in 63 test cases, where the 

reference values of seasonal demand are higher than 100 

kWh/year. In these cases, SEAS Light results perfectly 

agree with TRNSYS 17 in terms of both heating and 

cooling seasonal energy demands. Besides, the values of 

the tuning parameters are close to 1, indicating a good 

robustness of the physical model. The tuning procedure 

has not been applied to the remaining 12 cases, due to the 

limited value of the cooling energy demand. In these 

cases, SEAS Light provides values with the same order of 

magnitude of TRNSYS results. The tuning parameters 

reported in Tables –4 – 6 can be considered as suggested 

values for energy audits of similar building structures, 

Italian climates, and occupancy profiles when reference 

measured data (actual energy uses by billings) are not 

available for the tuning procedure. 

 

Table 4: Simulation results for Pisa (energy values in [kWh]). 

Test case 𝜶𝑺𝑶𝑳 𝜷𝑪 𝜷𝑯 𝑸𝑪𝑹𝑬𝑭
 𝑸𝑪_𝑻𝑶𝑻 𝒆𝒓𝒓𝑪

𝑰𝑰𝑰[%] 𝑸𝑯_𝑹𝑬𝑭 𝑸𝑯_𝑻𝑶𝑻 𝒆𝒓𝒓𝑯
𝑰𝑰𝑰  

[%] 

Office_PI_MLP01 0.77 1.07 0.67 564.9 564.9 <0.1 829.3 829.3 <0.1 

Office_PI_MCV04 0.9 1.03 0.65 731.9 731.9 <0.1 375.0 375.0 <0.1 

Flat_Retiree_PI_MLP03 0.48 1.1 0.93 622.8 622.8 <0.1 4947.8 4947.8 <0.1 

Flat_Retiree_PI_MCV04 0.65 1.09 0.94 860.6 860.6 <0.1 2827.7 2827.7 <0.1 

Flat_Family_PI_MLP03 0.57 0.89 0.9 369.8 369.8 <0.1 4425.2 4425.2 <0.1 

Flat_Family_PI_MCV04 0.74 0.95 0.91 516.8 516.8 <0.1 2748.7 2748.7 <0.1 

Flat_Worker_PI_MLP03 1 1 1 97.4 243.3 149.85 5586.6 6064.9 8.56 

Flat_Worker_PI_MCV04 0.59 1.18 0.92 130.6 130.6 <0.1 3966.1 3966.1 <0.1 

Villa_HR_Retiree_PI_MLP01_COP04 0.79 0.95 0.79 318.7 318.7 <0.1 18202.1 18202.1 <0.1 

Villa_HR_Retiree_PI_MCV04_COP03 0.93 1.02 0.95 211.5 211.5 <0.1 13276.2 13276.2 <0.1 

Villa_HR_Family_PI_MLP01_COP04 0.58 0.72 0.69 176.2 176.2 <0.1 15641.4 15641.4 <0.1 

Villa_HR_Family_PI_MCV04_COP03 0.64 0.86 0.9 102.6 102.6 <0.1 12701.8 12701.8 <0.1 

Villa_HR_Worker_PI_MLP01_COP04 1 1 1 72.3 180.5 149.54 16675.2 23871.6 43.16 

Villa_HR_Worker_PI_MCV04_COP03 1 1 1 19.5 53.6 175.37 14109.2 15338.6 8.71 

Villa_INC_Retiree_PI_MLP01_CIN04 0.86 0.95 0.79 395.4 395.4 <0.1 20158.5 20158.5 <0.1 

Villa_INC_Retiree_PI_MCV04_CIN03 0.92 1.02 0.95 209.7 209.7 <0.1 14283.0 14283.0 <0.1 

Villa_INC_Retiree_PI_MCV04_CIN02 0.68 0.97 0.92 220.6 220.6 <0.1 14200.8 14200.8 <0.1 

Villa_INC_Family_PI_MLP01_CIN04 0.68 0.78 0.69 244.1 244.1 <0.1 17185.3 17185.3 <0.1 

Villa_INC_Family_PI_MCV04_CIN03 0.64 0.85 0.9 105.5 105.5 <0.1 13659.8 13659.8 <0.1 

Villa_INC_Family_PI_MCV04_CIN02 0.49 0.7 0.89 117.2 117.2 <0.1 13536.0 13536.0 <0.1 

Villa_INC_Worker_PI_MLP01_CIN04 0.53 0.65 0.69 122.1 122.1 <0.1 18168.3 18168.3 <0.1 

Villa_INC_Worker_PI_MCV04_CIN03 1 1 1 23.5 58.3 147.85 15066.5 16329.4 8.38 

Villa_INC_Worker_PI_MCV04_CIN02 1 1 1 28.5 102.5 259.49 14932.6 16438.6 10.09 
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Table 5: Simulation results for Catania (energy values in [kWh]). 

Test case 𝜶𝑺𝑶𝑳 𝜷𝑪 𝜷𝑯 𝑸𝑪_𝑹𝑬𝑭 𝑸𝑪_𝑻𝑶𝑻 𝒆𝒓𝒓𝑪
𝑰𝑰𝑰 

[%] 

𝑸𝑯_𝑹𝑬𝑭 𝑸𝑯_𝑻𝑶𝑻 𝒆𝒓𝒓𝑯
𝑰𝑰𝑰  

[%] 

Office_CT_MCO03 0.82 0.98 0.46 748.6 748.6 <0.1 320.2 320.2 <0.1 

Office_CT_MCV03 0.9 1 0.35 825.9 825.9 <0.1 123.0 123.0 <0.1 

Flat_Retiree_CT_MLP03 0.73 0.88 0.96 1345.1 1345.1 <0.1 2543.1 2543.1 <0.1 

Flat_Retiree_CT_MCV03 0.82 0.92 0.91 1367.8 1367.8 <0.1 1727.7 1727.7 <0.1 

Flat_Family_CT_MLP03 0.8 0.85 0.88 954.6 954.6 <0.1 2350.1 2350.1 <0.1 

Flat_Family_CT_MCV03 0.86 0.9 0.85 998.2 998.2 <0.1 1735.3 1735.3 <0.1 

Flat_Worker_CT_MLP03 0.82 0.86 0.9 455.9 455.9 <0.1 3414.9 3414.9 <0.1 

Flat_Worker_CT_MCV03 0.88 0.91 0.9 460.1 460.1 <0.1 2830.7 2830.7 <0.1 

Villa_HR_Retiree_CT_MLP01_COP04 0.85 0.89 0.77 2251.8 2251.8 <0.1 10223.7 10223.7 <0.1 

Villa_HR_Retiree_CT_MCV03_COP04 0.87 0.9 0.94 2139.0 2139.0 <0.1 10036.8 10036.8 <0.1 

Villa_HR_Family_CT_MLP01_COP04 0.71 0.73 0.67 1569.3 1569.3 <0.1 8988.9 8988.9 <0.1 

Villa_HR_Family_CT_MCV03_COP04 0.75 0.77 0.89 1573.6 1573.6 <0.1 9532.7 9532.7 <0.1 

Villa_HR_Worker_CT_MLP01_COP04 0.65 0.67 0.69 1147.7 1147.7 <0.1 10015.9 10015.9 <0.1 

Villa_HR_Worker_CT_MCV03_COP04 0.7 0.72 0.91 1148.5 1148.5 <0.1 10841.8 10841.8 <0.1 

Villa_INC_Retiree_CT_MLP01_CIN04 0.87 0.9 0.76 2564.9 2564.9 <0.1 11283.0 11283.0 <0.1 

Villa_INC_Retiree_CT_MCV03_CIN04 0.89 0.91 0.94 2452.0 2452.0 <0.1 11348.1 11348.1 <0.1 

Villa_INC_Family_CT_MLP01_CIN04 0.72 0.75 0.67 1826.9 1826.9 <0.1 9824.5 9824.5 <0.1 

Villa_INC_Family_CT_MCV03_CIN04 0.76 0.78 0.89 1835.5 1835.5 <0.1 10699.7 10699.7 <0.1 

Villa_INC_Worker_CT_MLP01_CIN04 0.68 0.7 0.68 1406.7 1406.7 <0.1 10812.7 10812.7 <0.1 

Villa_INC_Worker_CT_MCV03_CIN04 0.73 0.75 0.91 1413.7 1413.7 <0.1 11991.6 11991.6 <0.1 

  

Table 6: Simulation results for Turin (Energy values in [kWh]). 

Test case 𝜶𝑺𝑶𝑳 𝜷𝑪 𝜷𝑯 𝑸𝑪_𝑹𝑬𝑭 𝑸𝑪_𝑻𝑶𝑻 𝒆𝒓𝒓𝑪
𝑰𝑰𝑰 

[%] 

𝑸𝑯_𝑹𝑬𝑭 𝑸𝑯_𝑻𝑶𝑻 𝒆𝒓𝒓𝑯
𝑰𝑰𝑰  

[%] 

Office_TO_MCV04 0.76 1.02 0.8 501.6 501.6 <0.1 896.8 896.8 <0.1 

Office_TO_MPF03 0.75 1.02 0.8 499.1 499.1 <0.1 907.6 907.6 <0.1 

Flat_Retiree_TO_MCV04 0.64 0.98 0.97 664.1 664.1 <0.1 5218.1 5218.1 <0.1 

Flat_Retiree_TO_MCO05 0.65 0.99 0.98 695.4 695.4 <0.1 4894.3 4894.3 <0.1 

Flat_Family_TO_MCV04 0.73 0.86 0.94 407.0 407.0 <0.1 4821.1 4821.1 <0.1 

Flat_Family_TO_MCO05 0.75 0.87 0.95 425.7 425.7 <0.1 4521.9 4521.9 <0.1 

Flat_Worker_TO_MCV04 1 1 1 97.6 148.0 51.7 6074.8 6369.3 4.85 

Flat_Worker_TO_MCO05 0.74 0.91 0.96 107.0 107.0 <0.1 5768.0 5768.0 <0.1 

Villa_HR_Retiree_TO_MLP01_COP04 0.74 0.87 0.8 653.7 653.7 <0.1 26954.9 26954.9 <0.1 

Villa_HR_Retiree_TO_MCV04_COP03 0.83 0.97 0.95 441.7 441.7 <0.1 19819.7 19819.7 <0.1 

Villa_HR_Retiree_TO_MCO05_COP03 0.87 0.99 0.95 456.2 456.2 <0.1 18409.6 18409.6 <0.1 

Villa_HR_Family_TO_MLP01_COP04 0.58 0.66 0.69 364.1 364.1 <0.1 22943.2 22943.2 <0.1 

Villa_HR_Family_TO_MCV04_COP03 0.66 0.78 0.9 215.0 215.0 <0.1 18733.6 18733.6 <0.1 

Villa_HR_Family_TO_MCO05_COP03 0.72 0.83 0.9 222.1 222.1 <0.1 17428.5 17428.5 <0.1 

Villa_HR_Worker_TO_MLP01_COP04 0.47 0.53 0.7 193.5 193.5 <0.1 24061.4 24061.4 <0.1 

Villa_HR_Worker_TO_MCV04_COP03 1 1 1 62.7 136.4 117.64 20314.1 22063.0 8.61 

Villa_HR_Worker_TO_MCO05_COP03 1 1 1 63.4 120.4 89.78 18991.0 20647.3 8.72 

Villa_INC_Retiree_TO_MLP01_CIN04 0.78 0.88 0.8 766.0 766.0 <0.1 30122.2 30122.2 <0.1 

Villa_INC_Retiree_TO_MCV04_CIN03 0.83 0.97 0.96 447.2 447.2 <0.1 21497.6 21497.6 <0.1 

Villa_INC_Retiree_TO_MCV04_CIN02 0.71 0.91 0.93 461.8 461.8 <0.1 21381.8 21381.8 <0.1 

Villa_INC_Retiree_TO_MCO05_CIN03 0.88 0.99 0.96 462.1 462.1 <0.1 19948.0 19948.0 <0.1 

Villa_INC_Retiree_TO_MCO05_CIN02 0.75 0.94 0.93 478.9 478.9 <0.1 19849.0 19849.0 <0.1 

Villa_INC_Family_TO_MLP01_CIN04 0.63 0.69 0.69 460.4 460.4 <0.1 25498.8 25498.8 <0.1 

Villa_INC_Family_TO_MCV04_CIN03 0.69 0.79 0.91 231.9 231.9 <0.1 20251.7 20251.7 <0.1 

Villa_INC_Family_TO_MCV04_CIN02 0.58 0.68 0.89 240.0 240.0 <0.1 20159.7 20159.7 <0.1 

Villa_INC_Family_TO_MCO05_CIN03 0.73 0.83 0.91 232.8 232.8 <0.1 18899.7 18899.7 <0.1 

Villa_INC_Family_TO_MCO05_CIN02 0.63 0.73 0.89 249.1 249.1 <0.1 18772.2 18772.2 <0.1 

Villa_INC_Worker_TO_MLP01_CIN04 0.55 0.6 0.69 286.5 286.5 <0.1 26561.0 26561.0 <0.1 

Villa_INC_Worker_TO_MCV04_CIN03 1 1 1 73.1 148.8 103.59 21922.9 23708.5 8.14 

Villa_INC_Worker_TO_MCV04_CIN02 1 1 1 85.1 217.8 155.91 21742.2 23916.5 10 

Villa_INC_Worker_TO_MCO05_CIN03 1 1 1 74.5 131.6 76.65 20465.9 22155.0 8.25 

Villa_INC_Worker_TO_MCO05_CIN02 1 1 1 88.6 200.8 126.72 20340.8 22365.7 9.95 
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Conclusion 

In this paper, a novel simplified building model has been 

presented, together with an algorithm, implemented in the 

software SEAS Light, to be applied to building energy 

audits. The routine is based on a single lumped capacity 

model, but some input parameters (periodic thermal 

transmittance, time shift, and areal heat capacity of 

opaque walls) are based on analytical solutions of the 

dynamics of continuous walls, according to EN ISO 

13786:2007. Only three tuning coefficients are used, and 

they can be obtained from energy billings (yearly heating 

and cooling energy uses). First, the model has been 

validated on EN 15265:2007. Then, the results of 75 

additional simulations have been compared with those 

obtained through the widespread dynamic energy 

building software TRNSYS. The estimated seasonal 

energy demands perfectly match in 63 of 75 cases. In the 

remaining tests, the tuning procedure has not been 

performed, because the reference cooling energy demand 

is lower than 100 kWh/year. However, also in these cases, 

the algorithm provides results of the same order of 

magnitude of TRNSYS. Most notably, for all the 

examined cases, the values of the tuning parameters are 

close to the unity, indicating the reliability and robustness 

of the described physical model. We can conclude that 

SEAS Light represent a viable energy tool for building 

energy estimations, particularly suitable for energy audits. 

Additionally, the low computational time and the high 

accuracy showed by the model make the algorithm a 

valuable tool for energy optimization analyses, both in 

terms of energy efficiency actions, RES integration, and 

advanced control strategies. Future works will furtherly 

investigate the 75 test cases, seeking trends in the tuning 

parameters and exploring the applicability of the 

algorithm to retrofit measures and to energy estimations 

at shorter time scales. 

Nomenclature 

A: area [m2] 

btr,U: correction factor for the heat transfer through the 

ground  

cp,air: specific heat at constant pressure of external air 

[J/(kgK)] 

Fsh,gl: shutter reduction factor 

Fsh,ob: shading reduction factor 

Fsh,ob
diff : shading reduction factor for the diffuse radiation 

Ff: ratio between frame area and total window area 

FV: form factor between the building element and the sky 

g: solar energy transmittance 

hext: external heat transfer coefficient 

İ: global normal solar radiation [W/m2] 

Kint: areal heat capacity of a wall [Wh (m2K)⁄ ] 

Kz: equivalent thermal capacity of the whole building 

[Wh/K] 

ṁvent: mass flow rate [kg/s] 

Q̇: thermal power [W] 

Q̇sky: long wavelenght thermal radiation [W/m2] 

Q: thermal energy [Wh] 

QREF: seasonal thermal energy demand reference value 

[Wh] 

QTOT: simulated seasonal thermal energy demand [Wh] 

Rsh,q: additional thermal resistance of shutters [m2K/W] 

T: temperature [°C] 

Tavg: monthly average outdoor temperature [°C] 

Tsol-air: sol-air temperature [°C] 

Tsky: apparent sky temperature [°C] 

U: thermal transmittance [W/(m2K)] 

Ush,w: overall steady-state thermal transmittance 

(window, frame, shutter) [W/(m2K)] 

Uq:  overall steady-state thermal transmittance (window 

and frame) [W/(m2K)] 

Greek letters 

αs: solar radiation absorptivity 

αSOL: solar gains through windows tuning parameter 

β: thermal capacity tuning parameter 

βS: surface tilt angle 

ε: surface emissivity 

σ: Stefan-Boltzmann constant, 5.67 ∙ 10-8 W/(m2K4) 

ϕ: time shift [h] 

Superscripts 

set: set point 

t: time step  

Subscripts 

C: cooling 

dyn: dynamic 

H: heating 

l: thermal loss/gain 

p: opaque wall 

stat: steady-state 

w: window (frame included) 

z: thermal zone 
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Abstract 
In this work, a one-dimensional Finite Difference Model 
for Breathing Wall components under time dependent 
Dirichlet boundary conditions is presented. This 
algorithm is experimentally validated at various airflow 
velocities, using temperature distributions and heat flux 
densities data collected through a set of test performed on 
a no-fines concrete sample in the Dual Air Vented 
Thermal Box (DAVTB facility). 

At the end of the validation process, along with a 
sensitivity analysis, a good performance of the model is 
found in predicting the temperature distribution, with an 
average error calculated for each test from 0.07 °C to 
0.10 °C, and standard deviation from 0.04 °C to 0.07 °C. 
At the same time, the heat flux density prediction is 
proven to be highly dependent on the evaluation of the 
material thermal-physical properties and on the 
measurement of temperature boundary conditions. 

Introduction 
Dynamic Insulation, also known as Breathing Wall, is a 
building envelope technology based on air permeable 
components linked to the ventilation system and crossed 
by a desired airflow. Hence, external walls and roofs 
perform as heat exchangers (Taylor et al., 1996; Taylor 
and Imbabi,1998; Imbabi, 2006; Craig and Grinham, 
2017) and filters (Taylor et al., 1999; Imbabi, 2004). 

In the past, this technology has been mostly investigated 
in steady state conditions with air moving inward and heat 
flux moving outward (namely, contra flux condition), 
both numerically (Imbabi, 2012; Gan, 2000) and 
experimentally (Dimoudi, 2004; Imbabi, 2006; Di 
Giuseppe, 2015).The analytical model that predicts the 
behavior of Breathing Walls in steady state conditions, 
established by Taylor, has been experimentally validated 
by the Authors (Alongi et al., 2017a; Alongi et al., 2017b) 
on a small sample of no-fines concrete (Wong, 2007). 

As far as unsteady conditions are concerned, an analytical 
model for steady periodic third type conditions can be 
found in literature (Krarti, 1994). However, in order to 
analyse the energy performance of a Breathing Wall in a 
building subjected to outside weather and internal gains, 
a dynamic model able to describe any variable regime is 
necessary. This leads to develop numerical models for 
heat transfer across Breathing Walls in variable regime. 

A one-dimensional Finite Difference model based on the 
Crank-Nicholson approach is presented in (Ascione et al., 

2015), where the validation process is performed using 
both the steady state Taylor model and a commercial FEM 
software for the transient conditions. 

In this work, a full implicit one-dimensional Finite 
Difference Model for Breathing Wall technologies is 
presented and experimentally validated. Validation is 
performed through direct comparisons with temperature 
distribution and heat flux density measurements collected 
on a no-fines concrete sample subjected to steady periodic 
boundary conditions. A sensitivity analysis is provided, to 
evaluate the effects of time and space discretizations in 
the numerical scheme. Finally, the consequences of 
uncertainties in the measurement of material properties 
and boundary conditions are discussed. 

Methods 
The Breathing Wall unsteady heat transfer model is 
presented below, along with the numerical model, 
experimental setup and wall sample. 

The physical model 

The whole section of a Breathing Wall is crossed by a 
conductive flux, caused by the indoor-outdoor 
temperature difference, and an advective one, generated 
by the imposed airflow. If we introduce the hypothesis of 
homogeneous and isotropic medium and one dimensional 
heat flux, the heat transfer phenomenon can be described 
through a modified Fourier equation such as: 

𝜌𝑐 𝑢 𝜌𝑐 𝜆   (1) 

where T is the temperature distribution in the domain, 
assumed as a function of time t and space x, and , c and 
 are the density, the specific heat (at constant pressure if 
p subscript is indicated) and the thermal conductivity of 
porous material (subscript w) or air (subscript f). Going 
more in detail about the domain, this work is focused on 
a single layer component, with the spatial coordinate from 
the outer surface (x = 0) to the inner one (x = L). 

Usually, third type boundary conditions are combined 
with Eq. (1): namely, the conductive heat flux on the edge 
of the domain is assumed to be equal to a convective-
radiative one on the same side, calculated as a function of 
an operative temperature for the environment and a heat 
transfer coefficient. However, in this work, in order to 
simplify the validation process, first type boundary 
conditions are considered and surface temperature values 
are imposed. More details are given in the following 
sections. The equations for the boundary conditions are: 
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outer surface 𝑇 0, 𝑡 𝑇 𝑡   (2) 

inner surface 𝑇 𝐿, 𝑡 𝑇 𝑡   (3) 

The numerical model 

In order to be able to assess the thermal behaviour of 
Breathing Wall components and calculate the temperature 
distribution across their section for a given set of time-
dependent Dirichlet boundary conditions, a one-
dimension numerical algorithm has been written in 
Matlab®, and the differential problem represented by Eq. 
(1), (2) and (3) has been studied using a Finite Difference 
Method. The central difference scheme has been used to 
approximate both spatial derivatives (second order for the 
diffusive term and first order for the advective one), while 
the time variation has been managed using the fully 
implicit representation (backward Euler). 

Dividing Eq. (1) by the wall thermal capacity 𝜌𝑐 , all 
the thermal-physical properties can be summarized into: 

𝛼    (4) 

𝛽 𝑢    (5) 

namely, the porous medium thermal diffusivity () and 
the fluid revised velocity (). Moreover, the spatial 
domain is discretized into a structured grid with a x step, 
while the temporal dimension is divided into t timesteps. 
If the space domain is divided into N+1 nodes and the 
time domain into M+1 nodes, the discrete field equation 
referred to the i-th node at the j-th timestep becomes: 

∆
𝛽

∆
𝛼

∆
 

  with 
𝑖 1 𝑁
𝑗 0 𝑀   (6) 

Eq. (6) leads then to the following numerical scheme: 

𝑇
𝛽Δ𝑡
2Δ𝑥

𝛼Δ𝑡
Δ𝑥

 

𝑇 1 2
𝛼Δ𝑡
Δ𝑥

 

𝑇 𝑇  (7) 

For this work, boundary conditions are defined as first 
type and feature steady periodic trend. Initial condition is 
a linear temperature distribution across the domain, based 
on the initial values of the boundary conditions:  

𝑇 𝑇 ∆𝑇 𝑠𝑖𝑛 𝜔𝑗∆𝑡 𝜓  at x = 0  (8) 

𝑇 𝑇 ∆𝑇 𝑠𝑖𝑛 𝜔𝑗∆𝑡 𝜓  at x = Nx =L (9) 

𝑇 𝑖Δ𝑥 𝑇  at t = 0   (10) 

where 𝑇 is the stationary component of the surface 
temperature, ∆𝑇 its fluctuation,  and  are the angular 
frequency and phase of the sinusoidal component 
respectively. The Matlab® script is potentially able to 
deal with multi-layer components and third type boundary 
conditions, commonly used in building simulations. 
However, due to the complexity in measuring heat 
transfer coefficients, the validation process is performed 
on the Dirichlet boundary conditions only. 

Finally, the temperature distribution obtained at each time 
step has been used to calculate the corresponding heat flux 
density at the x = L surface, defined as: 

 𝜑 𝜆  (11) 

The experimental setup 

The numerical model experimental validation has been 
performed through direct comparison with temperature 
distribution measurements collected using a laboratory rig 
called Dual Air Vented Thermal Box (DAVTB). This 
setup is able to test small scale samples of building 
envelope technologies under user-defined thermal 
boundary conditions (either steady state or steady 
periodic) and force a controlled airflow through 
permeable components (e.g. Breathing Walls). A detailed 
description is provided in previous works by the Authors 
(Alongi and Mazzarella, 2015; Alongi et al., 2017a). 

The facility (Figure 1) consists of two insulated chambers 
Box 1 and Box 2 (each 1.5 m wide x 1.5 m high x 1.29 m 
long) separated by the 1.5 m x 1.5 m insulated metal frame 
that accommodates the sample. Moreover, they are 
externally connected by the air recirculation system, used 
to generate an airflow through the sample itself. The set-
point operative temperature is defined separately in each 
chamber in a range between 15°C and 50°C, and is 
achieved by means of a dedicated hydronic system 
providing both heating and cooling power through radiant 
panels inside the two boxes. 

The measurement and control system in the DAVTB 
apparatus is based on an Agilent 34980A multifunctional 
switch unit, remotely controlled through a LabVIEW 
algorithm. Temperature measurements are performed in 
several points of the hydraulic plant, in various locations 
inside each chamber and inside the sample wall, using T-
type calibrated thermocouples (TC). Moreover, a globe 
thermometer is installed in the geometrical center of each 
chamber to measure the operative temperature. Following 
the calibration process, for all temperature probes an 
accuracy of 0.15 °C has been considered. Finally, a 
4.4 mm x 4.4 mm heat flux meter (gSKIN®-XM 26 9C) 
has been installed on the sample surface facing Box 2, and 
features a ±3 % calibration accuracy according to the 
manufacturer GreenTeg. 

The average air velocity across the sample is measured 
through a bi-directional fan anemometer located in a 
dedicated section of the air recirculation pipe. The 
anemometer, a vane wheel sensor produced by Hoentzsch 
GmbH, operates in the range ± (0.4 ÷ 20) m/s, and the 
accuracy of the overall measurement chain has been 
assessed at ±1.3∙10-4 m/s. 

As far as the sample is concerned, in this work the analysis 
has been focused on a 0.15 m thick single layer Breathing 
Wall component based on no-fines concrete. The wall is 
also divided into nine 0.32 m x 0.32 m blocks and 
thermocouples are embedded in the centermost section, 
with nine probes displaced at 1.5 cm apart from each other 
and two more to measure the surface temperatures 
(Figure 2). 
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Figure 1: the DAVTB facility. Figure 2: temperature and heat flow measurements 
inside and at the surfaces of the sample wall. 

 

No-fines concrete consists of a cement based mixture 
involving large aggregates only (i.e. gravel with an 
average diameter in the range 6 mm ÷ 12 mm) and 
features a highly interconnected porous matrix (Wong, 
2007; Alongi et al., 2017a). Through Transient Plane 
Source technique, mass and volume measurements its 
thermal-physical properties have been experimentally 
assessed. They are listed in Table 1, along with the air 
properties used in this work during the simulation phase. 

Table 1: thermal-physical properties of air and no-fines 
concrete used in this work. 

quantity Air no-fines 

porosity  - (30±2) % 

density  1.23 kg/m3 (1738±61) kg/m3 

specific heat capacity c 1004.9 J/(kg∙K) (1011±110) J/(kg∙K) 

thermal conductivity  0.025 W/(m∙K) (1.24±0.09) W/(m∙K) 

The validation process applied to the numerical model 
discussed above is based on a series of tests performed 
imposing an operative temperature steady periodic 
condition in one chamber and a steady state one in the 
other. A 24 h period sinusoidal pattern is replicated in Box 
1, with average temperature 26 °C and amplitude 6 °C, 
representing the outdoor environment in Milan during 
summer. In Box 2 the operative temperature is kept 
stationary at 26 °C, representing an indoor summer 
condition for a residential or office building. As far as 
airflow is concerned, five different average air velocities 
have been tested (0.001 m/s, 0.003 m/s, 0.006 m/s, 
0.009 m/s and 0.012 m/s), along with a reference test 
without airflow (airtight) to replicate the behaviour of a 
traditional wall as a benchmark. Data are collected every 
5 s for a period of at least three days in order to guarantee 
the achievement of the desired condition, which is 
assessed through the observation of the measured 
operative temperatures. 

The validation process is conducted as follows: surface 
temperatures measured in each test are filtered using the 
Matlab® Curve Fitting Toolbox, to achieve analytical 
equations to derive these quantities at every necessary 
time and to neglect any small fluctuation. The results of 
the fitting process have then been used as boundary 
conditions to run the numerical, along with the 

appropriate airflow rate value corresponding to each test. 
The outcomes of the numerical simulations (i.e. 
temperature distribution across the calculation domain 
and heat flux density at the inner surface) have then been 
directly compared to the corresponding experimental 
data. 

Results and Discussion 
The outcomes of the experimental campaign are presented 
and discussed. Then, the numerical results are validated 
in terms of temperature distribution and heat flux density. 

Experimental results and relative processing 

As a first step, the six experimental tests previously 
illustrated have been performed: temperature distributions 
across the section of the no-fines concrete slab have been 
sampled under steady periodic boundary conditions and 
with various levels of crossing airflow velocity. 

Moreover, during each test the heat flux density on the 
surface facing Box 2 has been measured. Collected data 
have been inspected to assess the achievement of the 
desired experimental boundary conditions: namely, a 
periodically recursive fluctuation for the operative 
temperature in Box 1 and a stationary operative 
temperature in Box 2. Measurements show an average 
control error of -0.05 °C ÷ 0.04 °C with a standard 
deviation of 0.05 °C ÷ 0.13 °C, depending on the test. 
Even though some discrepancies between the set-point 
and the actual temperatures have been observed when the 
system switches from heating to cooling regime and vice 
versa, these fluctuations are not relevant for the overall 
outcomes of the tests. This means that the DAVTB 
facility is able to achieve the desired conditions with an 
acceptable level of accuracy, and the surface temperature 
measurements, as shown in Figure 3(a) and (b), can then 
be used to derive the boundary conditions for the 
simulation process discussed below. 

Surface temperatures too have been investigated to verify 
the achievement of the steady periodic condition, which 
is clearly observable in Figure 3(a) and (b). Then, these 
quantities have been processed using the Matlab® Curve 
Fitting Toolbox to obtain analitical forms usefull as 
boundary conditions for the numerical model. In this way,  
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(a) 

 
(b) 

Figure 3: operative temperature (red line) and surface temperatures (other colours) measured for each test on Box 1 
side (a) and on Box 2 side (b). 
 

it has been possible to obtain the 𝑇, ∆𝑇 and  required in 
Eqs. (8) and (9), with the assumption of the angular 
frequency  equal to 7.27ꞏ10-5 rd/s, corresponding to a 
period of 24 h. The results of this process are summarized 
in Table 2. 

Table 2: results of the fitting process applied on the 
surface temperatures measured on the Box 1 (T0) and on 

the Box 2 (TN) sides for each test performed. 

 T0 coefficients – Eq.(8) TN coefficients – Eq.(9) 
u 𝑻 ∆𝑻  𝑻 ∆𝑻  

[m/s] [°C] [°C] [rd] [°C] [°C] [rd] 
0 25.91 3.12 -0.423 25.95 1.15 -1.149 

0.001 25.94 3.29 -0.429 26.01 1.27 -1.231 
0.003 25.88 3.84 -0.380 25.94 1.73 -1.103 
0.006 25.85 4.65 -0.298 25.88 2.36 -0.994 
0.009 25.88 5.22 -0.211 25.89 2.90 -0.833 
0.012 25.89 5.60 -0.152 25.94 3.38 -0.719 

Through the observation of the coefficients reported in 
Table 2, it is possible to draw some conclusions about the 
experimental phase of this work. First of all, as expected, 
all the stationary components 𝑇 are comparable to the 
desired value of 26 °C on both sides of the sample, 
leading to an almost null stationary component of the heat 
flux density. Secondly, the growth of the airflow rate 
velocity from a test to another leads to an increased 
fluctuation of both surface temperatures: as a 
consequence of the air motion from Box 1 to Box 2 across 
the sample, the operative temperature variation over time 
inside the first box affects the no-fines concrete slab in an 
increasingly relevant way. 

Numerical simulation results 

At this point, the data collected in Table 2 have been used 
in Eqs. (8) and (9), and with the airflow velocity values it 
has been possible to replicate the experimental tests using 
the Finite Difference Algorithm discussed in this work. At 
first, every simulation has been run using the average 
material properties listed in Table 1, and results have been 

directly compared to the measured data, in order to assess 
the accuracy of the numerical scheme in predicting the 
temperature distribution and the surface heat flux density 
for a given set of boundary conditions. All the velocity 
levels have been tested; however, only the airtight, the 
0.003 m/s and the 0.012 m/s conditions are represented as 
an example in the carpet plots in Figure 4, where the 
temperature distribution across the section (x - ordinate) 
is reported for a 24 h time period (time - abscissa). 

Going more in detail, this first group of simulations has 
been performed assuming a spatial grid discretization 
x = 1 mm and a timestep of t = 3600 s, the latter being 
typically used in annual building simulations. This first 
iteration of the simulation phase provides a reference 
condition for further analysis. The simulation errors are 
then calculated as the absolute value of the difference 
between the measured quantity, either temperature or heat 
flux density, and the calculated one at any given position 
or time. As far as heat flux densities are concerned, since 
measured values show high frequency fluctuations, a 
direct comparison between measured and calculated data 
would have been unpractical. Therefore, a fitting process 
has been applied to this quantity too. The equation is then: 

𝜑 𝑡 𝜑 ∆𝜑 𝑐𝑜𝑠 𝜔𝑡 𝜓   (12) 

and the coefficients are reported in Table 3. Then, average 
, standard deviation  and maximum error emax are 
calculated for each airflow velocity considered, for all the 
measured temperatures and the heat flux density, as 
shown in Table 4. 

This first set of results shows a good performance in 
predicting temperatures: all the average errors and their 
standard deviations are well within the ±0.15 °C accuracy 
of the thermocouples. However, numerical results for heat 
flux densities are less precise: considering all the airflow 
conditions investigated, errors are relevant if compared to 
the measured heat flux density fluctuation amplitude, as 
represented by the ∆𝜑  values listed in Table 3. 

operative termperature u = 0 m/s u = 0.001 m/s u = 0.003 m/s
u = 0.006 m/s u = 0.009 m/s u = 0.012 m/s
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Figure 4: carpet plot of the temperature distribution across the no-fines concrete slab in a 24 h time period. Airtight, 

0.003 m/s and 0.012 m/s conditions are represented. 
 

Table 3: results of the fitting process applied on the 
measured heat flux densities. 

u [m/s] 0 0.001 0.003 0.006 0.009 0.012 
𝜑  [W/m2] -0.98 -0.77 -0.87 -0.70 -1.21 -2.16 

∆𝜑  [W/m2] 13.33 12.49 14.95 17.45 20.22 24.98 
𝜓  [rd] 0.356 0.413 0.402 0.493 0.649 0.773 

Table 4: overall average, standard deviation and 
maximum error calculated for temperature and heat flux 

density, for every airflow velocity considered. 

u [m/s] 0 0.001 0.003 0.006 0.009 0.012 

T
 [

°C
]  0.07 0.07 0.07 0.08 0.09 0.10 

 0.04 0.04 0.04 0.05 0.06 0.07 
emax 0.15 0.19 0.18 0.19 0.24 0.26 

 
[W

/m
2 ]

 

 1.90 1.85 1.89 2.47 2.43 2.62 
 1.25 1.27 1.28 1.28 1.25 1.22 

emax 4.03 3.88 3.95 4.21 4.25 4.36 

Sensitivity analysis: temperatures 

A sensitivity analysis has then been performed to 
investigate the effects of space and time discretizations on 
the numerical results. First, the whole group of airflow 
conditions has been simulated with t = 3600 s, halving 
(0.5 mm) and doubling (2 mm) the spatial grid step; then 
setting 1800 s and 900 s timesteps, with x = 1 mm. The 
computational time is within 3.5s, when a time span of 10 
days is simulated. This value will grow when a whole year 
will be considered. 

Numerical results have been compared to experimental 
data to obtain new average, standard deviation and 
maximum errors. At this stage, only temperatures are 
considered: in Figure 5 and Figure 6 the effects of time 
and space discretizations are considered separately. First 
of all, it is possible to observe that the spatial grid 
dimension has not significant effects on the accuracy of 

the method: none of the values displayed in Figure 5 
seems to be affected by a reduction or increase in x, 
possibly because all the grid dimensions considered are 
fine enough to achieve a set of results which is 
independent from the grid dimension itself. Secondly, a 
slight improuvement in both average and standard 
deviation of the simulation error is achieved with timestep 
progressive reduction, as shown in Figure 6, where a 
generally better agreement between numerical and 
experimental data is displayed. However, a slightly 
different behavior can be observed for the maximum 
error, which does not necessarily decrease with the 
reduction of the simulation timestep, especially with the 
highest level of advection inside the domain 
(u = 0.012 m/s). Yet, the difference between the 
maximum errors calculated at different timesteps for a 
given airflow condition is contained in the thermocouple 
accuracy of 0.15 °C; therefore, this result might be due to 
measurement noise and inaccuracy, rather than being a 
consequence of the numerical model. 

Anyway, all the cases considered show average errors 
well within the measurement accuracy of thermocouples, 
and demonstrate that the numerical scheme investigated 
is able to reliably predict the temperature distribution 
across Breathing Wall components under unsteady 
Dirichlet boundary conditions. Moreover, it is also 
demonstrated that the implicit scheme adopted allows the 
user to assume fairly large timesteps, such as 3600 s, 
which are typically adopted to reduce computational costs 
in building simulations. 

Sensitivity analysis: heat flux density 

Then, the sensitivity analysis has been focused on the 
ability of the numerical model to predict the heat flux 
density at the inner surface. 
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Figure 5: effects of space grid on simulation accuracy. 

 
Figure 6: effects of timestep on simulation accuracy. 

First of all, the effects of a variation in the material heat 
capacity have been calculated: it has in fact to be 
remembered that the no-fines concrete properties reported 
in Table 1 are provided in ranges, and all the simulations 
previously discussed have been performed considering 
the average values for all those quantities. In order to 
consider the effects of their uncertainties, all the values 
have been combined in order to either minimize or 
maximize the overall heat capacity C = (c)w of the 
domain, while the thermal conductivity has been kept 
equal to the average value, since it has already been 
validated in (Alongi et al., 2017a). The values adopted in 
this analysis are 1511 kJ/(m3∙K) (low capacity) and 2017 
kJ/(m3∙K) (high capacity), while the average values 
previously considered are reported in Table 1. 

Again, the results of two sets of simulations have been 
compared to the corresponding heat flux densities 
calculated through the fitting process using Eq. (12), in 
order to obtain the average, standard deviation and 
maximum errors. All the outcomes of this process are 
listed in Table 5 and have to be compared to the 
corresponding quantities reported in Table 4. 

A careful analysis of these results shows that the highest 
accuracy is achieved with heat capacity equal or greater 

than the average: the average error drops in almost all 
airflow conditions when the high C is set for calculations. 
The same happens also for standard deviations and 
maximum errors. As an example, in Figure 7 the 
experimental and simulated variations of heat flux density 
are visually compared for the airtight condition and for 
u = 0.012 m/s. As expected, the increase in heat capacity 
moves the fluctuation forward in time, leading to a 
smaller phase shift with respect to the fitted experimental 
curves, even though the amplitude prediction gets worse. 

Table 5: average, standard deviation and maximum 
error calculated for heat flux density, for every airflow 

velocity considered, at low and high heat capacity. 

u [m/s] 0 0.001 0.003 0.006 0.009 0.012 
low capacity 

 
[W

/m
2 ]

 

 2.84 3.25 3.81 5.53 6.08 5.95 
 1.60 1.88 2.07 2.83 3.14 3.35 

emax 5.41 6.24 6.99 9.20 10.33 11.11 

high capacity 

 
[W

/m
2 ]

 

 1.85 1.24 1.45 0.76 2.01 4.11 
 1.27 1.06 1.19 0.56 1.26 2.42 

emax 4.04 2.85 3.41 1.83 4.99 8.34 

These considerations could explain what has been 
previously noticed: the low accuracy of the numerical 
model in predicting the heat flux density at the surface 
might be due to inaccuracies in the material properties 
definition. Moreover, it has been noticed that a general 
improvement is obtained also in predicting temperature 
distributions, when the highest heat capacity is 
considered, even though these data are omitted for the 
sake of brevity. Hence, this analysis allows the Authors to 
infer that the actual sample heat capacity is higher than 
the average value from Table 1. 

Finally, the effects of the boundary conditions 
uncertainties on the simulated heat flux have neem 
evaluated. Going more in detail, the thermocouple 
accuracy of 0.15 °C is either summed or subtracted to 
both outer and inner boundary conditions, in order to 
alternatively decrease or increase the almost null 
stationary temperature difference by 0.30 °C. The new 
sets of boundary conditions have then been used to run 
new simulations and calculate the corresponding heat flux 
density variations. 

The results of this new analysis are displayed in Figure 8, 
again for the airtight condition and for u = 0.012 m/s only. 
In both cases, it appears clear how the heat flux density is 
largely influenced by the definition of the thermal 
boundary condition: the manipulation of their stationary 
components according to the thermocouples accuracy 
leads to instantaneous ranges of heat flux density 
fluctuations, that include the fitting of the measured 
values in most cases. 

Therefore, these two sensitivity analyses focused on the 
heat flux density have shown that the inaccuracy of the 
numerical model observed at first (Table 4) might be due 
to a combined effect of several uncertainties, related to 
both the material heat capacity and the temperature 
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Figure 7: comparison between experimental data fitted through Eq.(11) and numerical results at various heat capacity 

levels, for airtight condition (left) and u = 0.012 m/s (right). 

 
Figure 8: comparison between experimental data fitted through Eq.(11) and numerical results including the impact of 

the thermocouples accuracy on boundary conditions, for airtight condition (left) and u = 0.012 m/s (right). 

boundary conditions, and not to any intrinsic deficiency 
of the numerical model under discussion. 

Conclusions 
In this work, a numerical model aimed at the dynamic 
simulation of Breathing Wall components has been 
presented and validated against experimental data 
obtained from a series of tests performed on a no-fines 
concrete sample using the DAVTB facility. When 
simulation results are compared to the corresponding 
measured data: 

  a good performance is observed in temperature 
distribution prediction, i.e. the average error is in 
the range 0.07 °C ÷ 0.10 °C, while the highest 
standard deviation is 0.07 °C. These results are 
then comparable with the calibrated 
thermocouple accuracy considered (0.15 °C); 

 the Finite Difference Model is less effective in 
predicting the heat flux density at the edge of the 
domain. The average error goes from 1.90 W/m2 
to 2.62 W/m2 (with a standard deviation around 
1.25 W/m2), which is significant if compared to 

the measured heat flux density fluctuation (that 
lies in the range 12.5 W/m2 ÷ 25 W/m2). 

The sensitivity analysis to the spatial and temporal grid 
shows that: 
 the space discretizations considered (0.5 mm, 1 mm 

and 2 mm has no significant effect on the ability of the 
numerical model to predict both temperature 
distribution and heat flux density; 

 the time discretization shows a greater effect on the 
numerical model accuracy in predicting temperature 
distribution. Actually both average and standard 
deviation of errors decrease when the simulation 
timestep is reduced from 3600 s to 900 s. However, 
even the worst results are within the accuracy of the 
temperature probes. 

It is also shown that the observed discrepancy between 
numerically simulated and measured heat flux density is 
compatible with both: 

 a heat capacity for the material higher than 
average, suggesting that the actual heat capacity 
of the no-fines concrete sample tested might be 
higher than what initially considered; 
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 the uncertainty in the surface temperatures 
boundary conditions imposed to the model, 
deriving from the thermocouple accuracy. 

Therefore, all outcomes demonstrate the reliability of the 
implicit Finite Difference Method presented in this paper. 
The future development of this work might be focused 
first on the assessment of the surface heat transfer 
coefficients for Breathing Wall components inside the 
DAVTB facility, which will then be used to validate the 
Finite Difference Model under third type conditions; then, 
multilayer samples will be studied to collect the 
experimental data needed to validate also this feature of 
the numerical model. Finally, the Finite Difference 
numerical model of the Breathing Wall will be linked to a 
Building Energy Simulation tool, allowing to investigate 
the best strategies to integrate such technology in the 
building envelope and ventilation system. 

Nomenclature 
c specific thermal capacity [J/(kg∙K)] 
C thermal capacity [J/(m3∙K)] 
e error [°C]/[W/m2] 
i space node index [-] 
j time node index [-] 
L size of the sample/domain [m] 
M maximum time node index [-] 
N maximum space node index [-] 
T temperature [°C] 
t time coordinate [s] 
u airflow velocity [m/s] 
x space coordinate [m] 

Greek symbols 

 thermal diffusivity [m2/s] 

 advective term coefficient [m/s] 

 porosity [-] 

 heat flux density [W/m2] 

 thermal conductivity [W/(m∙K)] 

 average error [°C]/[W/m2] 

 density [kg/m3] 

 standard deviation of errors [°C]/[W/m2] 

 angular phase [rd] 

 angular frequency [rd/s] 

Subscripts 
f quantity referred to the fluid phase 
max maximum 
w quantity referred to the porous material 
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Abstract 

The extent and duration of evaporative cooling, as a 

countermeasure to urban heat island effect, depend on 

factors such as moisture availability and material liquid 

capacity and permeability. The present study investigates 

the evaporative-cooling potential of conventional urban 

materials and green surfaces on a historical public square 

in the city of Zurich with a particular focus on the 

pedestrian thermal comfort during a heat wave. The 

numerical model couples computational fluid dynamics 

(CFD) simulations of wind flow with the heat and 

moisture transport (HAM) in urban materials in order to 

document the behavior of urban materials in terms of 

moisture storage and transport in urban settings. By 

resolving the physical processes at urban local scale, we 

aim to provide a framework for the development of 

sustainable and resilient solutions for local heat islands. 

Introduction 

The built environment directly influences the urban 

climate based on its characteristics regarding building 

configuration and choice of urban materials. Urban areas 

are generally accompanied with an increase in sensible 

heat storage and in radiation entrapment and a decrease 

in evapotranspiration, factors that all together lead to the 

urban heat island (UHI) effect. Mitigation measures for 

the UHI, such as the use of high albedo materials, 

evaporative cooling, vegetation and shading devices, can 

improve outdoor thermal comfort, building energy use 

and public health.  

There is a considerable amount of research on the impact 

of each of the aforementioned mitigation measures 

(Toparlar et al., 2017). However, in the majority of 

studies, moisture transport is simplified by applying a 

uniform latent heat flux or, in some cases, neglected 

altogether. Furthermore, some studies consider uniform 

values of surface temperature at large parts of the 

domain. While it can be argued that these simplifications 

are valid at larger scales, e.g. regional or city scale, 

urban climate at local scale (< 100 m) require a more 

detailed consideration of the coupling between different 

physical processes. 

From the aspect of pedestrian-level outdoor thermal 

comfort, accurate estimation of local surface 

temperatures and local wind-flow field is necessary, 

especially when comparing different UHI mitigation 

measures. At local scale, air transport is significantly 

influenced by air-surface temperature differences as 

buoyancy can alter the flow regime (Allegrini et al., 

2013). Research on evaporative cooling at porous urban 

materials in an isolated street canyon shows that the rate 

of evaporation from porous surfaces and, as a result, 

reduction in surface temperature depend on, among other 

variables, wind speed (Saneinejad et al., 2014), liquid 

permeability of material as well as moisture distribution 

and availability (Kubilay et al., 2018b; 2019). Similarly, 

transpiration from vegetation depends on the water 

availability in the soil (Manickathan et al., 2018), which 

is a key aspect for evapotranspiration to function as a 

mitigation measure. Such study requires that coupled 

heat and moisture transport in porous media is taken into 

account in addition to the air domain. Therefore, 

resolving moisture storage and transport in urban 

materials at local level is necessary for accurate 

estimation of evaporative cooling. In addition, the 

impact of evaporative cooling on thermal comfort 

depends on the building configuration and, therefore, 

would be different in an urban neighborhood compared 

with a simpler arrangement of buildings, e.g. a street 

canyon. 

The present study investigates the evaporative-cooling 

potential of conventional porous urban materials and 

green surfaces by coupling computational fluid dynamics 

(CFD) simulations of wind flow with heat and moisture 

transport (HAM) in urban porous materials. The model 

is applied on an urban neighborhood in the city of Zurich 

with a particular focus on the thermal comfort within a 

public square. The cooling mechanisms at varying 

conditions and the resulting local thermal comfort are 

analyzed in detail. Thermal comfort is modeled based on 

the Universal Thermal Comfort Index (UTCI), which 

provides locally the perceived temperature based on the 

mean radiant temperature, air temperature, relative 

humidity and wind speed (Fiala et al., 2012; Bröde et al., 

2012). The results allow for the investigation of how 

particular mitigation measures for UHI effect, or 

combinations of them, perform under varying 

atmospherical conditions.  

Methodology 

The coupled model consists of separate submodels to 

solve for the transport in the air subdomain, for the long-

wave (thermal) and short-wave (solar) radiation, for the 

absorption, transport and storage of heat and moisture in 

the subdomains representing porous urban materials and 

for vegetation. The model is implemented into 
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OpenFOAM v6 (2018). The general framework and the 

detailed methodology of the model are given in Kubilay 

et al. (2018a). 

Numerical modeling of transport in the air 

The wind flow is solved using Reynolds-averaged 

Navier-Stokes (RANS) with the realizable k-ε model. 

Additionally, transport equations for the turbulent and 

convective transport of heat and moisture are solved. 

Heat is considered as an active scalar, where buoyancy is 

modeled by using a compressible formulation of the 

Navier-Stokes equations and calculating air density 

based on the ideal gas law. Moisture is modeled as a 

passive scalar, where the transported quantity is the 

humidity ratio, i.e. the ratio of the mass of water vapor to 

the mass of dry air. 

Numerical modeling of radiation 

Short-wave (solar) and long-wave (thermal) radiative 

fluxes between the domain surfaces and with the sky are 

calculated with separate systems of linear equations 

based on a radiosity approach. The incoming solar 

radiation is composed of direct and diffuse components. 

The direct component of incoming solar radiation is 

calculated with ray tracing in order to take into account 

the occurrence of shading over the day. Multiple 

reflections of both solar and thermal radiation are 

calculated using view factors, which are calculated based 

on algebraic relations between surfaces. 

Air is considered as a non-participating medium, i.e. 

absorption, scattering and emission of radiation by air 

are neglected. All building surfaces are assumed opaque 

to both longwave and shortwave radiation. The model 

further assumes that surfaces are grey and reflections are 

diffuse, i.e. properties are independent of wavelength 

and direction. 

Numerical modeling of porous urban materials 

In the solid subdomains, which model porous urban 

materials, the transport of heat and moisture (HAM) is 

solved. The present study uses the continuum modeling 

approach, where the different phases are not 

distinguished separately at a certain point in the material 

but, instead, the macroscopic behavior of the porous 

material is modeled. The coupled heat and moisture 

transport equations are given in equations (1) and (2), 

respectively (Janssen et al., 2007): 

 (𝑐0𝜌0 + 𝑐𝑙𝑤)
𝜕𝑇

𝜕𝑡
= −𝛻(𝑞𝑐 + 𝑞𝑎) (1) 

 
𝜕𝑤

𝜕𝑝𝑐

𝜕𝑝𝑐

𝜕𝑡
= −𝛻(𝑔𝑙 + 𝑔𝑣) (2) 

where c0 denotes the specific heat of dry material, ρ0 the 

density of dry material, cl the specific heat of liquid 

water, w the moisture content, T absolute temperature 

and pc capillary pressure. The derivative ∂w/∂pc 

represents the moisture capacity of the porous material. 

On the right hand side, qc and qa denote the conductive 

and advective heat fluxes, whereas gl and gv denote 

liquid and vapor moisture fluxes. The advective heat 

transfer represents the heat flow due to vapor and liquid 

flow including latent heat transport. Vapor flux includes 

transport due to capillary pressure gradient and due to 

temperature gradient.  

The implemented HAM model is verified by comparing 

with HAMSTAD (Heat Air and Moisture STAndards 

Development) benchmark study (Hagentoft et al., 2004) 

which is specifically developed for moisture transport in 

building materials. Benchmark case 4 models one-

dimensional transport within a building facade composed 

of brick as load-bearing material and a hygroscopic 

interior finishing. The facade is exposed to subsequent 

heat and moisture loads at the inner and outer surfaces 

for a duration of 120 hours. Figure 1 compares the 

variation of exterior surface temperature and moisture 

content over time. Black lines denote the range of results 

in the benchmark provided by numerical models from 

six different research institutions. The initial rise in 

moisture content is due to condensation, while the 

subsequent wetting and drying cycles are due to rain 

load and solar radiation. From the results, it is concluded 

that the present model successfully captures the strongly 

coupled physical process. 

 

Figure 1: Comparison of a) temperature and b) moisture 

content at the exterior surface. Black: range of data from 

Hagentoft et al. (2004), orange: present model. 

Numerical modeling of grass-covered surfaces 

Grass is modeled using a leaf energy model, assuming a 

stationary leaf energy balance and neglecting the 

dynamic thermal storage of heat in leaves. The stationary 

energy balance at the leaf is given as: 

 𝑞𝑟𝑎𝑑,𝑙 − 𝑞𝑠𝑒𝑛,𝑙 − 𝑞𝑙𝑎𝑡,𝑙 = 0 (3) 

where qrad,l is the net (positive for absorbed) radiative 

flux (solar and thermal) at the leaf surface, qsen,l the 

sensible heat flux and qlat,l the latent heat flux. 

The absorbed solar radiation at the leaf can be defined as 

follows: 

 𝑞𝑟𝑎𝑑,𝑙
𝑠 = (1 − 𝜏𝑙 − 𝜌𝑙)𝑞𝑟𝑎𝑑,𝑖𝑛𝑐

𝑠  (4) 

where τl denotes the transmissivity and ρl the reflectivity 

of leaf for solar radiation and qs
rad,inc is the incoming 
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solar radiation. Transmissivity is modeled based on the 

Beer-Lambert law: 

 𝜏𝑙 = 𝑒−𝛽𝐿𝐴𝐼  (5) 

where β denotes the extinction coefficient for solar 

radiation and LAI the leaf area intensity. The transmitted 

solar radiation is absorbed by the soil underneath. 

The sensible heat flux due to convective heat transfer 

from leaf surface to the air is given as: 

 𝑞𝑠𝑒𝑛,𝑙 = ℎ𝑐,ℎ(𝑇𝑙 − 𝑇) (6) 

where hc,h denotes the convective heat transfer 

coefficient at the leaf surface, Tl the leaf temperature and 

T the air temperature. 

The latent heat flux at the leaf surface is defined as: 

 𝑞𝑙𝑎𝑡,𝑙 = ℎ𝑐,𝑚(𝑝𝑣,𝑙 − 𝑝𝑣) (7) 

where hc,m denotes the convective mass transfer 

coefficient at the leaf surface, pv,l the vapor pressure at 

the leaf stomata and pv the vapor pressure of the air 

above leaf surface. pv,l is close to the saturation vapor 

pressure at leaf temperature. The convective mass 

transfer coefficient at the leaf surface is a function of 

stomatal resistance, which is a function of solar radiative 

flux and vapor pressure deficit in the air (Manickathan et 

al., 2018). Grass leaf temperature is calculated with an 

iterative energy balance calculation based on Eqs. (3)-

(7). Once the calculation for the grass layer is performed, 

source/sink terms for heat, mass and momentum fluxes 

are imposed in the air. 

 

Figure 2: Comparison of soil surface and leaf 

temperatures between the reference study (Tabares-

Valesco and Srebric, 2012) and present model. 

The implemented grass model is verified by comparing 

the grass leaf temperature and the soil surface 

temperature underneath with a numerical study 

performed by Tabares-Valesco and Srebric (2012), 

which provides a detailed parametric study on green 

roofs, validated with laboratory experiments within an 

environmental chamber. In this case, the present grass 

model is coupled with the air flow calculation and the 

transport within the soil. The comparison covers a range 

of wind speed, air temperature, solar radiation, relative 

humidity, stomatal resistance and LAI. Each point in 

Figure 2 denotes the steady state value of leaf and soil 

temperatures for a separate configuration. Values are 

mostly in quite good agreement and within a difference 

of 5°C. The largest discrepancies are observed when the 

wind speed is at the lowest, i.e. buoyancy forces 

dominate within the environmental chamber, and at very 

high or very low LAI. 

Coupling algorithm and convergence criteria 

The coupling between the air and porous solid 

subdomains is performed by sequentially solving the 

steady RANS equations in the air and the unsteady heat 

and moisture transfer in porous building materials. This 

approach is valid due to the fact that the time scale of 

transport in building materials is larger than the time 

scale of transport in air.  

Transient heat and mass transport in porous domains are 

simulated using adaptive time steps (Janssen et al., 

2007), during which the solution of the air domain 

remains constant. At each time step, internal iterations 

between heat and moisture equations are performed until 

temperature and moisture content values converge, while 

the thermal radiative heat fluxes are updated 

accordingly. Finally, the new values for temperature and 

moisture are used to solve the steady air flow for the 

next exchange time step. This information exchange 

between domains is repeated at each exchange time step 

(Saneinejad et al., 2014). In this study, an exchange time 

step of 10 min is chosen.  

At the coupled boundaries of the air subdomain, 

Dirichlet boundary conditions are used, where the values 

for temperature and humidity ratio calculated for the 

urban materials are defined. Neumann boundary 

conditions are used at the coupled exterior surfaces of 

urban materials, where the moisture flux comprises the 

convective vapor exchange and the heat flux comprises 

the convective heat transfer, the radiative heat transfer 

and the latent and sensible heat transfer due to vapor 

exchange.  

Simulation settings  

Computational domain and grid 

The computational domain representing part of the 

Zurich city center and its dimensions are given in 

Figure 3a. The height of the buildings in the 

computational domain varies between 20 and 79 m. The 

minimum distance between the buildings and the lateral 

boundaries of the domain are 420 m. The largest 

blockage ratio for any wind direction is 3.4%, which 

satisfies the best practice guidelines stated in 

Franke et al. (2011). Part of Lake Zurich is also visible 

in Figure 3a to the south of the buildings. From the lake, 

the Limmat river, flows towards North. A close-up view 

of the public square "Münsterhof" is shown in Figure 3b 

together with the computational grid on the surfaces.  

The computational grid has been generated with 

snappyHexMesh utility, which comes with OpenFOAM 
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and requires the surface geometry of the buildings as 

input, e.g. in .stl format. The resolution in terms of the 

geometric details of buildings and the computational 

cells around Münsterhof is defined separately for each 

layer of buildings that are indicated with different colors 

in Figure 3a. The shapes of the buildings in the 

immediate surroundings of Münsterhof are captured 

more accurately, while the buildings in the outermost 

layer are modeled simpler. Buildings further away are 

not modeled explicitly, but only through a surface 

roughness on the ground. The computational cells are 

refined towards the Münsterhof. The resulting 

computational grid is composed of about 4.1 million 

cells, which are mainly of hexahedral shape. The 

smallest cell height is about 0.3 m on the building 

surfaces in order to capture the surface shape well.  

 

Figure 3: a) Computational domain. b) Computational 

grid on the surfaces of the Münsterhof, the area in green 

measures 25×25 m2. 

Meteorological conditions 

The variations of ambient temperature and total solar 

radiation intensity are based on June 29th 2015, during a 

heat wave in Zurich, Switzerland. Wind speed at 10 m 

height, wind direction and air temperature given in 

Figure 4 are obtained in 1-hour intervals based on earlier 

COSMO simulations coupled with Double Canyon 

Effect Parameterization (DCEP) urban canopy model 

(Schubert et al., 2012; Mussetti et al., 2018) and 

represent the meteorological conditions in the vicinity of 

Münsterhof. The ambient temperature, here defined as 

the temperature above the canopy, varies between 

17.6°C and 27.1°C. The ambient relative humidity is 

taken as varying between 40%-70%, the lowest value 

being in the afternoon. Wind direction is from south for 

most of the day, except for a few hours in the afternoon. 

Clear sky conditions are considered throughout the day. 

 

Figure 4: Meteorological conditions obtained from 

COSMO simulations (Mussetti et al., 2018) at the 

location of Münsterhof on June 29th 2015 in Zurich. 

Description of the case study 

The ground surface of the Münsterhof, indicated with 

red and green in Figure 3b, is modeled as a coupled 

boundary, where heat and moisture exchange occurring 

between the air and the urban porous materials is 

explicitly solved using Eqs. (1) and (2). For this, a three-

dimensional subdomain is generated by extruding the 

ground surface downwards.  

Three different configurations are considered for the 

Münsterhof ground as shown in Figure 5. Case 1 is 

composed of a top layer of concrete with 30-cm 

thickness. Beneath this layer, a soil layer with a depth of 

1.70 m is present. The concrete layer within the 

rectangular zone of 25×25 m2, indicated with green in 

Figure 3b, is replaced with brick in case 2 and with 

grass-covered soil in case 3. The remaining parts of the 

ground outside the green rectangular zone are identical 

to case 1.  

Moisture properties, namely the wetting moisture 

retention and liquid permeability, of the materials 

considered are given in Figure 6. Concrete has a very 

limited moisture absorption and reaches capillary 

moisture content already at very large capillary pressure 

(Hagentoft et al., 2004), while soil (Schaap et al., 1998; 

Janssen et al., 2002) and brick (Hagentoft et al., 2004) 

have relatively higher liquid permeability. Soil holds the 

highest amount of water among all three when saturated. 

Due to the much lower liquid permeability of concrete, 

case 1 is considered as a reference case with negligible 

moisture transfer at the surface. 

The rate of evaporation from porous urban surfaces is 

high as long as there is liquid water present at the top 

pores and material surface is at almost 100% RH. At 

these conditions, i.e. first drying phase, the drying rate 

depends mainly on external conditions. The high rate of 

evaporation can be sustained as long as capillary 

transport within the material can replace the water loss at 

the top surface. At similar level of partial wetting 

conditions, brick shows relatively longer first drying 
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phase than soil based on the moisture properties given in 

Figure 3 (Kubilay et al., 2018b; 2019). 

 

Figure 5: Cross sections of the Münsterhof ground 

within the green zone (Not drawn to scale). 

 

Figure 6: a) Wetting moisture retention and b) liquid 

permeability for soil, concrete and brick. 

For each case, the ground materials have been initialized 

with a uniform temperature of 21°C. For concrete and 

brick a relative humidity of 60% is set, while the soil 

saturation is set to 20%. Then, the simulations are run for 

several days using the ambient boundary conditions in 

Figure 4 until an equilibrium daily thermal cycle is 

obtained. Therefore, the results represent thermal 

conditions following a build-up over a period of heat 

wave and are independent from the initial values. It is 

assumed that enough moisture is available in the soil to 

sustain a low stomatal resistance and, hence, a relatively 

high transpiration rate for grass. Note also that, except 

for evapotranspiration of grass, latent heat flux is 

negligible at the surface due to relatively low moisture 

content at the top pores of concrete, brick and soil as a 

result of heat wave. Therefore, as an additional measure 

to enhance evaporative cooling , brick in case 2 and the 

upper 0.3 m of the soil in case 3 are wetted at capillary 

moisture content. Wetting can be performed by using 

stored rain water or similar other means. Note that the 

practical implementation of wetting mechanism is 

outside the scope of the present study. 

At the bottom of the soil layer, a constant temperature of 

10°C and a constant moisture saturation of 20% are set. 

Note that the daily fluctuation of external loads do not 

reach the total depth of 2 m. The lateral boundaries of 

the porous material layers are assumed adiabatic and 

impermeable. The thermal properties for the materials 

are given in Table 1. The remaining surfaces, such as 

ground, building facades and roofs, are assumed 

impermeable and their surface temperatures are obtained 

from the earlier COSMO simulations (Mussetti et al., 

2018). A constant water surface temperature of 20.9°C is 

taken for the lake and the river. The wall surfaces within 

the computational domain, i.e. roof, wall, ground, have a 

uniform emissivity of 0.9 and albedo of 0.2. Grass blades 

of 10 cm height are considered in case 3 with a leaf area 

intensity of 2.0. 

Table 1: Thermal properties of the materials used in 

porous media, where w denotes moisture content. 

Material Density 

[kg/m3] 

Specific heat 

[J/kgK] 

Thermal 

conductivity 

[W/mK] 

Soil 1150 650 1.5 

Concrete 2280 800 1.5+1.58E-2×w 

Brick 2005 840 0.5+4.5E-3×w 

Results 

Contours of the magnitude of wind velocity and the 

difference of air temperature from the ambient air above 

the canopy are given in Figures 7 and 8, respectively, at 

a height of 2 m at different times of the day. The arrows 

indicate the predominant wind direction. The wind-flow 

fields indicate that the river acts as a ventilation lane 

with minimum sheltering from the buildings. 

Furthermore, for wind from south, air enters inside the 

Münsterhof from the riverside, which can be seen at time 

instants 06:00, 18:00 and 00:00. This brings in the 

relatively cooler air inside the Münsterhof, which is not 

the case at 12:00. 

By using case 1 with concrete cover as reference, 

Figures 9a and 9b compare the variation of average 

surface temperature for wet brick (case 2) and for grass-

covered soil (case 3, soil both dry and wet), respectively. 

For case 3, temperature of the grass blades and the soil 

underneath are given separately. The highest temperature 

is observed at the concrete surface which heats up until 

about 57°C. For case 2 (wet brick), a significantly lower 

surface temperature is observed compared to the case 

with concrete. The temperature difference is also 

maintained at the times where the rate of evaporation is 

dominated by solar radiation, which indicates that there 

is still liquid water present within the brick layer and that 

the brick is able to replenish the lost amount of water at 

its surface.  
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Figure 7: Magnitude of wind velocity at different times 

of the day at 2 m height for case 1. Arrows indicate the 

predominant wind direction. 

 

Figure 8: Local air temperature difference with respect 

to the temperature above the canopy at different times of 

the day at 2 m height for case 1. 

In comparison, the latent heat flux from the non-wetted 

soil surface in case 3 is much lower. This is mainly due 

to the fact that the liquid permeability of soil at 20% 

saturation is several order of magnitudes lower than the 

one of brick at saturation. As a result, the maximum 

surface temperature for dry soil in Figure 9b reaches a 

relatively high value of 53°C. Note that soil has a larger 

thermal diffusivity than concrete, but also a lower 

volumetric heat capacity. Assuming that the latent heat 

flux for non-wetted soil is low, the main difference in 

surface heat fluxes between case 1 is the radiative fluxes. 

The soil surface is partially shaded by grass. The shading 

by grass coverage pushes the surface temperature lower 

during the day, but also larger at night due to limited 

thermal radiative losses to the sky. At the same time, the 

temperature of the grass blades is significantly lower as a 

result of evapotranspiration. The other factors playing a 

role in the temperature difference between the non-

wetted soil surface and grass are the neglected heat 

capacity of grass blades and the more efficient 

convective heat removal due to the larger surface area of 

grass blades than the soil surface. 

In the case where the upper part of soil is also wetted, a 

significantly lower soil surface temperature is obtained 

due to additional evaporation. Note that the obtained 

temperature is also lower than case 2 with wet brick due 

to the fact that solar radiation reaching soil is lower than 

the one reaching brick. This decrease in soil temperature 

also lowers the grass temperature slightly due to the 

radiative exchange between soil and due to slightly 

lower air temperature. 

 

Figure 9: Variations of average surface temperature of 

a) case 2 (wet brick) and case 3 (grass with non-wetted 

and wet soil) at the rectangular zone in comparison to 

case 1 (concrete). 

 

Figure 10: Variations of thermal comfort index at the 

rectangular zone for cases 1 (concrete), 2 (brick) and 3 

(grass with non-wetted and wet soil). 

The UTCI values obtained with different surfaces are 

given in Figure 10 for a person standing at the center of 

the rectangular zone. For the grass-covered surface, the 

mean radiant temperature is calculated using the grass 

temperature, assuming that the surface is fully covered 

with grass. The highest UTCI values indicate a strong 

thermal heat stress according to the classification in 
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Bröde et al. (2012). In general, a similar range of values 

are observed for the cases with brick and grass, where 

the resulting UTCI values are up to about 3°C lower for 

the grass-covered than the ones for the concrete surface. 

Discussion and conclusion 

The influence of urban surface covers in a public square 

in Zurich is investigated. In particular, the impact of 

evaporative cooling on the thermal comfort within the 

square is analyzed. The applied numerical model couples 

computational fluid dynamics (CFD) simulations of 

wind flow with the heat and moisture transport (HAM) 

in urban materials. This way, the coupled heat and 

moisture transport in urban materials is resolved at local 

scale.  

The cooling potential obtained with the grass-covered 

and brick surfaces depend on various parameters 

including, but not limited to, liquid transport properties, 

initial conditions of surface layer and soil moisture 

availability. The present study provides an initial 

analysis in a real environment with an aim to obtain and 

compare the range of improvement in external thermal 

comfort by use of separate approaches focusing on 

evaporative cooling. Note that there are several other 

parameters that were not considered in the present study, 

such as the leaf area intensity of grass cover and 

thickness of the top layer material. Therefore, more 

extensive parametric study and sensitivity analysis are 

necessary in order to provide general conclusions. 

Nevertheless, the results can provide insight on the 

comparison and optimization of different strategies that 

aim to improve urban microclimate. As the model 

resolves the three dimensional moisture transport within 

the urban materials, solutions such as “smart wetting” of 

materials, e.g. varying the wetting period and wetting 

amount and the use of permeable materials, e.g. varying 

the porosity and pore size distribution, towards 

optimizing the cooling and providing thermal comfort 

can be investigated in detail. Such solutions can provide 

additional ways to improve thermal comfort during a 

heat wave, e.g. as a mitigation measure. Furthermore, the 

coupled model can help estimate the impact of extreme 

weather conditions such as drought, during which 

vegetation would be unable to provide cooling through 

transpiration.  
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Abstract 

Contemporary building envelopes are becoming adaptive 

and multifunctional in order to further improve the energy 

efficiency of buildings. However, the selection and 

characterization of building façade components are still 

based on traditional metrics – a steady-state U-value and 

g-value, which does not provide information on the 

improved thermal performance of adaptive building 

envelopes. Therefore, much effort is invested in the 

development of new dynamic performance metrics. This 

paper presents the development of a new dynamic thermal 

performance metric Ú, which is determined from 

numerical results of the building construction thermal 

response (the inner surface heat flux and the air 

temperature difference data) at the Sol-air outdoor 

boundary conditions. The results of the analysis have 

shown that by adaptive building construction the new 

metric Ú is lower than the construction U-value; it 

decreases with the decreased daily heat transfer and with 

the increased specific heat capacity. Further research and 

development of the proposed Ú metric is needed for 

adaptive building constructions with low U-value and at 

boundary conditions, which result in the daily heat gains. 

Introduction 

A building envelope represents the dividing line between 

the indoor and outdoor environment. In a traditional form, 

this is a static element, which, if properly thermally 

insulated, strongly hinders the utilization of the potential 

of the outdoor and indoor environment, and thus the 

possibility of further reduction of the energy use in 

buildings. It is therefore recognized by the professionals 

as the key element for achieving the energy and climate 

goals set in the EU. In recent years, a lot of effort has been 

invested in the research and development of the 

multifunctional and adaptive building envelopes, which 

enables greater exploitation of energy potential of the 

outdoor environment and thus significantly improves 

buildings’ energy efficiency, while at the same time 

provides improved living comfort in buildings and in the 

urban environment. However, one of the greatest 

challenges is the selection of metrics, which would, in a 

simple, understandable and useful way, present their 

thermal response and energy performance. 

Thermal performance of traditional – static and opaque – 

building envelope element is characterized with thermal 

transmittance or U-value; a basic indicator, which is 

calculated at steady-state conditions. This metric is the 

basic parameter (for opaque building constructions), used 

in engineering tools for buildings’ energy performance 

calculations, using monthly (and even hourly) calculation 

methods (Verbeke and Audenaert, 2018). It is also often 

the only building construction parameter in regression 

models for prediction of energy use in buildings (Lam et 

al., 2010). It is therefore not surprizing that U-value is a 

basic performance metric, used when comparing or 

selecting different constructions. It is also a performance 

metric, which is easily recognized by building designers, 

stakeholders and experts (Arkar et al., 2018; Favino et al., 

2016). As demonstrated by several researches (Alterman 

et al., 2012; de Gracia et al., 2011), static U-value does 

not present a good indicator for actual energy need for 

building heating or cooling, as it does not encompass the 

dynamic thermal properties of building’s construction. 

Favino et al. (2016) also established that U-value is not as 

useful in presenting the benefit of adaptive and 

multifunctional building constructions. 

To characterize the thermal performance of 

multifunctional and adaptive building envelopes, 

researchers proposed several tailored, non-standardized 

performance metrics. To further emphasize the enhanced 

thermal performance of adaptive building envelope 

construction, ‘effective’ (also dynamic or equivalent) 

thermal transmittance is often determined using realistic 

or idealised dynamic boundary conditions, including solar 

irradiance on the building construction (Arkar et al., 

2018a; Bellamy, 2014; Bianco et al., 2017; Favino et al., 

2016; Reilly and Kinnane, 2017). Less indicative, but 

presenting the same characteristic, are for example 

reduction of heat losses (Arkar et al., 2018b) or dynamic 

benefit (Moody and Sailor, 2013). Alterman et al. (2012) 

proposed a dynamic thermal performance metric called T-

value, which is tailored for free-floating indoor 

conditions. T-value is determined from diurnal outer and 

inner surface temperature plot, which has a typical ellipse 

shape. T-value is defined as an angle of ellipse principle 

axes. As demonstrated, the T-value reflects construction’s 

insulation and thermal mass properties. The literature 

review further reveals that periodic thermal transmittance 

and decrement factor, determined according to standard 

EN ISO 13786 or using extended admittance method, are 

most often used to evaluate building construction’s 

dynamic thermal properties at periodic outdoor boundary 

conditions (Černe and Medved, 2005; de Gracia et al., 

2011; Gasparella et al., 2011; Thiele et al., 2017). 
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However, this analytical method is only appropriate for 

building constructions composed of materials with 

constant thermo-physical properties. Although there were 

some attempts to use thermal admittance method for 

adaptive building constructions (Thiele et al., 2017), it 

could be concluded that further development of dynamic 

performance metrics is required for building 

constructions, incorporating phase change material 

(PCM) and other adaptive and multifunctional envelopes. 

This study presents the attempt of development of a new 

and relatively simple dynamic thermal performance 

metric, suitable for adaptive, as well as standard, building 

envelopes. The metric was developed based on the critical 

evaluation of the T-value metric and considering the basis 

of thermal admittance method. To evaluate dynamic 

thermal performance of adaptive envelopes, numerical 

simulations, using validated finite element numerical 

model, was used. New metric, which was developed and 

evaluated, was marked as Ú and proposed for further 

consideration and development. The development of new 

metric and a case study analyses are presented for a 

building construction with a PCM layer. 

Methods 

Dynamic thermal performance metric development 

For the assessment of building construction dynamic 

thermal characteristics, metrics, specified within standard 

EN ISO 13786:2017, prevails. One of the most often used 

in analyses is periodic thermal transmittance (Ynm), here 

within marked as Up, which is defined as a ratio of 

complex inner surface heat flux q̂i and complex amplitude 

of ambient air temperature; considering constant indoor 

air temperature and sinusoidal outdoor air temperature 

variation. Several simple software tools exist, made 

according to analytical thermal admittance method, which 

enable building designers relatively fast and simple 

analyses of building constructions dynamic properties. 

Building construction’s periodic thermal transmittance Up 

can be also determined from numerical thermal response 

results as: 

 Up = (q̇i,max – q̇i,min)/(Te,max – Te,min) (1) 

where q̇i is the inner surface heat flux and Te is the ambient 

air temperature. The same result is obtained as if 

calculated with complex matrixes. Obtained results are 

the same for any amplitude of ambient air temperature 

(Ae) and any average ambient air temperature (Te,av). 

Practically, the same Up is also obtained if ‘Sol-air’ 

temperature is used as the outdoor boundary condition. 

This means that Up could not give any indication on 

energy, required to maintain specified indoor air 

temperature conditions. As it is evident from equation (1) 

and demonstrated later in Figure 1, the Up actually 

indicates to inner surface heat flux variation. It should 

also be noted that Up does not allow indoor air 

temperature variation. In case of temperature dependent 

material properties or other adaptive properties, Up can be 

precisely determined only from numerical results of the 

construction thermal response. 

Another metric, the dynamic temperature response – T-

value, introduced by Alterman et al. (2012), takes into 

account diurnal thermal response of building 

construction. So it does not encompass just daily max and 

min value, as in case of Up (equation (1)). T-value is 

derived from diurnal outer and inner surface temperature 

variation. The T-value metric has the unit of temperature, 

which is less indicative. It also requires normalisation, 

which additionally complicates the evaluation of building 

constructions. 

New dynamic performance metric Ú is determined from 

the diurnal inner surface heat flux (q̇i) and indoor and 

outdoor air temperature difference (Te-Ti) data. As 

demonstrated in Figure 1, in the case of sinusoidal 

outdoor boundary conditions, the inner surface heat flux 

forms an elliptical shape on the q̇i/dT chart. The shape 

depends on the construction’s specific heat capacity C. In 

the special case of a "no mass" construction  

(C = 0 kJ/m²K), the ellipse flattens to a line (red dots in 

Figure 1). Linear fit to these data (y = a + b·x), considering 

air temperature difference Te - Ti as independent variable 

and inner surface heat flux q̇i as dependent variable, gives 

intercept value of 0 and the slope which equals the 

construction’s U-value.  

Linear regression is one of the simplest statistics that 

presents relation between two variables. Linear regression 

can handle any boundary conditions and any shape of 

obtained q̇i – dT numerical data, which are not elliptical 

in case of adaptive building construction or at real 

(measured) boundary conditions. Therefore, for real 

building constructions, linear fit to numerical data was 

used (y = b·x), considering forced intercept trough the 

origin (a = 0). Slope of the line with zero intercept was 

selected as the new building construction dynamic 

performance metric. It has the unit of thermal 

transmittance and is marked in this paper as Ú. 

 

Figure 1: Diurnal inner surface heat flux variation of a 

building construction with U = 0.6 W/m²K and different 

specific heat capacity C; boundary conditions: Ti = 20 

°C, Ai = 0 K, Te,av = 0 °C, Ae = 10 K. 

As it is evident from Figure 1 and Table 1, the Ú value 

decreases with increasing building construction specific 

heat capacity C. It is close to the construction U-value (0.6 

W/m²K) in case of lightweight building construction and 
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reduces for slightly more than 10% in case of 

heavyweight building construction. The Up reduces much 

more (Table 1) and indicates more to thermal response 

dynamics and not to the energy related characteristics of 

building construction. 

Table 1: Ú and Up values for case-study construction 

presented in Figure 1. 

 Ú  (W/m²K) Up  (W/m²K) 

C = 0 kJ/m²K 0.60 0.60 

C = 35 kJ/m²K 0.576 0.524 

C = 350 kJ/m²K 0.529 0.059 

Building construction and boundary conditions 

To further evaluate new building constructions’ dynamic 

performance metric Ú, a case study building construction 

was selected. The building construction has a U-value of 

0.4 W/m²K, which represents a moderately thermally 

insulated outer wall. Thermal insulation layer is placed on 

the outer side of the wall. Specific heat cp of wall material 

varies in analysis according to set building construction 

overall specific heat capacity C. This is a case study 

construction with constant thermo-physical properties. A 

case study adaptive building construction has the same U-

value and additional 2 cm thick PCM layer on inner side 

of the construction. A PCM with a narrow 2 K melting 

temperature range and a latent heat of fusion of 100 kJ/kg 

is assumed for analyses. In the numerical model, phase 

change process is modelled considering apparent specific 

heat for the PCM. The apparent specific heat of the PCM 

was approximated using two polynomial equations and 

anticipating no hysteresis. 

In the analysis, dynamic boundary conditions were 

considered, as presented in Figure 2. On the outer side, a 

Sol-air temperature boundary conditions were used, 

considering different average daily ambient air 

temperature Te,av, amplitude of ambient air temperature 

variation of 5 K (Ae = 5 K) and an incident solar radiation 

profile with a daily solar irradiation H of 2.5 kWh/m²day. 

 

Figure 2: Indoor and outdoor temperature and solar 

radiation boundary conditions adopted for analysis; a 

case with Te,av = 10 °C; parameters that do not change: 

Ti = 20 °C, Ai = 0 K, Ae = 5 K, H = 2.5 kWh/m²day. 

 Tsol-air = Te + s·G/he (2) 

Tsol-air (2) was calculated considering solar absorption s 

of 0.7 and outer surface heat transfer coefficient he of 25 

W/m²K. Constant indoor air temperature of 20 °C was 

considered in all simulations, as shown in Figure 2. 

Results  

A validated transient one-dimensional heat transfer 

numerical model (Arkar et al., 2018a) with a time step of 

15 min was used for numerical analysis. Three days with 

the same boundary conditions were used in simulation; 

the first two days were required to obtain appropriate 

initial conditions, while the simulation results of the third 

day was used for dynamic metrics calculation. Beside Up 

and Ú metrics, daily heat losses qi (3), calculated from the 

daily inner surface heat flux values, was also determined:  

 qi = q̇i·dt) (3)

In the first analysis, thermal response of homogeneous 

wall (without PCM layer) with C = 100 kJ/m²K at 

different outdoor air boundary conditions (Te,av of 10 °C, 

5 °C and 0 °C) was determined. Results are presented in 

Figure 3. It can be seen that due to non-sinusoidal outdoor 

Tsol-air boundary conditions, the shape of inner surface heat 

flux is not elliptical as in Figure 1. Higher (negative) heat 

flux toward the ambient is observed at lower average 

ambient air temperatures (higher temperature 

differences). Linear regression trough the origin gives the 

Ú values of 0.199 W/m²K, 0.294 W/m²K and 0.339 

W/m²K at temperature differences Ti - Te,av of 10 K, 15 K 

and 20 K respectively. The periodic thermal transmittance 

Up value is 0.186 W/m²K at all three different boundary 

conditions. From Figure 3 and presented results it could 

also be concluded that with increasing temperature 

differences Ti - Te,av, the daily heat losses, as well as the Ú 

value, increase. 

 

Figure 3: Daily variation of inner surface heat flux q̇i 

and linear regression trough the origin lines for a 

homogeneous wall at three different Tsol-air boundary 

conditions (2); U = 0.4 W/m²K, constant thermo-

physical properties of wall layers. 

The Ú values, as well as Up values, were determined for 

homogeneous building construction of different specific 

heat capacities and for different outdoor Tsol-air boundary 

conditions by varying the average ambient air temperature 
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Te,av. Results are presented in Figure 4. The results showed 

that the Ú value depends on the building construction’s C 

value and on boundary conditions. Meanwhile, the Up 

value is not affected by boundary conditions. Correlation 

between the Ú values and the construction daily heat 

losses qi is presented in Figure 5. It can be seen that it 

would be possible to derive some regression model, 

however, the model would need to include information on 

building construction specific heat capacity C. From the 

presented results, it can be concluded that for 

homogeneous building constructions, composed of layers 

with constant thermo-physical properties, the Ú metric 

provides more relevant information on the building 

construction thermal performance than the Up metric. 

 

Figure 4: New dynamic thermal performance metric Ú 

and periodic thermal transmittance Up values at 

different outdoor Tsol-air boundary conditions; dT = Ti - 

Te,av; wall with U = 0.4 W/m²K. 

 

Figure 5: Correlation between Ú and daily heat losses qi 

determined at different boundary conditions; wall with U 

= 0.4 W/m²K. 

As the primary goal is to develop a dynamic thermal 

performance metric for adaptive and multifunctional 

building constructions, an analysis was also made for such 

construction. A construction with a PCM layer, which 

ensures an adaptive thermal response, was used for the 

analysis. Thermal response of such adaptive building 

construction, considering three different PCM peak 

melting temperatures, is presented in Figure 6. Red dots 

are presenting the inner surface heat flux in case when 

there is no phase change in the PCM layer, due to 

improper PCM phase change temperature range. In case 

of PCM with Tm = 20.5 °C, only a part of the latent heat 

can be exploited, as can be concluded from calculated q̇i 

values (Figure 6). The third PCM, with optimal peak 

melting temperature of 19 °C, enables latent heat 

accumulation and in this way considerably increases 

specific heat capacity of adaptive building construction, 

which can be seen from the calculated thermal response. 

Linear regression lines (Figure 6) or determined Ú values 

(Table 2) indicate on improved dynamic thermal response 

due to the phase change process within the building 

construction. 

Table 2: Ú and Up values for adaptive building 

construction (case-study presented in Figure 6). 

 Ú  (W/m²K) Up  (W/m²K) 

Tm >> Te 0.341 0.297 

Tm = 20.5 °C 0.326 0.254 

Tm = 19 °C 0.273 0.025 

 

Figure 6: Daily variation of inner surface heat flux q̇i 

and linear regression trough the origin lines for an 

adaptive building construction with a PCM layer with 

different peak melting temperature Tm; U = 0.4 W/m²K; 

Te,av = 6 °C. 

Further analysis was performed for different outdoor  

Tsol-air boundary conditions (different Te,av) and 

considering different peak melting temperatures of the 

PCM layer of adaptive building construction. Lightweight 

construction with specific heat capacity of 50 kJ/m²K was 

selected for the analysis. Calculated Ú and Up values are 

presented in Figure 7. Latent heat accumulation or phase 

change process can easily be noticed from Up results, as it 

was found that Up value does not depend on boundary 

conditions. Nevertheless, improved thermal response can 

also be recognized from presented Ú results, which also 

depends on used boundary conditions, if only results at 

selected boundary conditions are compared. The results 

indicate that improved dynamic thermal response is 

obtained if PCM with peak melting temperature of 19 °C 

or 20 °C is used. At some boundary conditions, a PCM 

with Tm = 21 °C, also performs well. 
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Figure 7: Ú and Up values of adaptive building 

construction with PCM layer with different peak melting 

temperatures Tm at different outdoor Tsol-air boundary 

conditions; U = 0.4 W/m²K, C = 50 kJ/m²K.  

The dynamic performance metric values and construction 

daily heat losses were compared next. The results are 

presented in Figure 8.  

 

 

Figure 8: Correlation between Ú or Up and daily heat 

losses qi determined at different boundary conditions; U 

= 0.4 W/m²K, C = 50 kJ/m²K.  

The dots with a dashed line present the case of static 

building construction (no phase change in PCM layer). 

The dots without the line present adaptive building 

construction with PCM with suitable Tm. From the 

presented Ú-qi results it could be estimated which PCM 

undergoes complete phase change process and for which 

PCMs boundary conditions enable only partial utilization 

of the latent heat of fusion. In analogy with Figure 5, the 

effective C could be determined for adaptive building 

construction. It would also be possible to compare static 

and adaptive construction or evaluate ‘adaptiveness’ of 

construction thermal response. From the Up-qi chart 

(Figure 8 bottom) no such comparison or correlation can 

be derived.  

Conclusion 

Thermal performance of a building depends on dynamics 

of internal and solar heat gains, as well as on the dynamic 

thermal response of building constructions. In the case of 

adaptive and multifunctional building constructions, the 

thermal response can be much different than by traditional 

building constructions. Nevertheless, current building 

design approach is still governed by construction’s U-

value, which is a static building construction’s parameter, 

widely recognized by building designers, stakeholders 

and experts. The starting point of this research was 

therefore the development of a new dynamic performance 

metric, which would be easily recognized among 

professional public and would include information on 

building construction’s dynamic thermal response and 

energy performance. 

Development of proposed Ú metric was based on the T-

value indicator, which considers daily thermal response of 

building construction at real boundary conditions. 

However, instead of a surface temperature, the inner 

surface heat flux was selected as parameter, which is also 

used for U-value and periodic thermal transmittance 

calculation. As adaptive building envelopes enable 

greater solar energy utilization, the sol-air temperature 

was selected as the outdoor boundary condition. The 

proposed Ú dynamic thermal performance metric has the 

unit of the U-value. Its value is obtained from the linear 

fit through the origin to daily thermal response data.  

Performed analysis demonstrated that developed Ú metric 

is associated with the building construction U-value. It 

equals the construction U-value in case of "no mass" 

construction. It decreases with the increased building 

construction specific heat capacity. By adaptive building 

constructions, it further decreases with the enhanced 

thermal response. It depends on boundary conditions and 

decreases with decreased daily heat transfer. As 

demonstrated in the analysis, the Ú metric can indicate on 

static or adaptive performance of building construction. 

In further development of the proposed dynamic 

performance metric Ú, there is a need to define the exact 

boundary conditions and explore the possibility of using 

real boundary conditions and measured thermal response 

of adaptive building envelopes. This would allow the 

evaluation of processes of adaptive building 

constructions, that are more difficult to model with the 
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numerical models (PCM hysteresis and subcooling, plants 

evapotranspiration of green envelopes, etc.). The metric 

needs further development also in terms of testing of 

statistical significance of obtained results, as well as on 

results interpretation and correlation to static U-value and 

construction or building energy performance. 
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Abstract 
Understanding the thermal interactions between 
buildings and environment is one key factor in urban 
modeling and simulation, as they can strongly influence 
buildings’ energy use, environmental impact and 
occupants’ thermal comfort. We added a new feature to 
EnergyPlus in version 8.8.0, modifying the heat balance 
of the building’s exterior surfaces to explicitly consider 
these effects. We conducted a case study with a district 
in the Chicago downtown area applying the feature, 
simulating and evaluating the heat exchange effects 
between the exterior surfaces of those high-rise 
buildings. Results show the radiant heat exchange 
between buildings have impacts on buildings’ energy 
demand and heat emissions to ambient, especially in the 
dense urban areas. 

Introduction 
Urbanized areas account for 67~76% of the global 
primary or final energy consumption (Guneralp et al. 
2017). By 2014, more than half of the world’s population 
lived in urban areas and by 2020, 66% of the world’s 
population is projected to be urban (UNDESA, 2014). 
As buildings consume up to 70% of the primary energy 
use in cities, cities are paying greater attention to 
building energy efficiency in urban planning, and in 
meeting city goals for reduction of GHG emissions (Li 
et al., 2017). In dense urban areas, the urban context, 
including the surrounding buildings and their direct 
individual effects on a building (e.g., urban heat island 
effect) can strongly influence the building’s energy use 
and demand.  

As much as the impact of thermal performance of 
buildings as an individual is well documented in general 
building energy simulation tools, the thermal 
interactions between buildings are generally less 
understood or considered (Cole, 1976). In the urban 
context, radiant heat exchange occurs between 
buildings’ exterior surfaces and (1) the sky, (2) the 
ground, and (3) other surfaces, including other buildings’ 
exteriors surfaces, wet land, vegetation cover, tree, etc. 
Among these, the thermal interconnections between 

buildings mainly occur via the longwave radiant (LWR) 
heat exchange between buildings’ exterior surfaces. 

Literature has introduced different methodologies to 
calculate and simulate the thermal interactions between 
buildings. Work by Evins et al. coupled EnergyPlus with 
the microclimate tool, ENVI-Met, to improve the 
longwave exchange process of building energy modeling 
considering other building surfaces (Evins, Dorer, & 
Carmeliet, 2014). The case study results indicated that 
the combined impact of street canyon and shading 
devices led to an increase in surface temperature of up to 
6◦C, a decrease in annual heating load of 18%, and an 
increase in cooling load of 19%. A similar study by 
Miller et al.  implemented the longwave radiation 
exchange as part of a co-simulation process of an urban 
scale simulation program, CitySim, and EnergyPlus 
(Miller & Baker, 2016). They used functional mockup 
units (FMU) to exchange various weather, load, and 
environmental information between the two simulation 
engines. In urban microclimate studies, Gros et 
al. computed the longwave irradiance exchanged 
between each urban surface through a linear model to 
demonstrate the impact of longwave irradiation on urban 
greenhouse effect (Gros, Bozonnet, Inard, & Musy, 
2016).  

Urban building energy modeling (UBRM) tools have 
been developed to simulate an urban district taking into 
account of urban microclimate and energy flow between 
buildings for planning purposes. Previous researches 
have presented several approaches of the treatment of 
external LWR exchange in urban energy modeling. They 
have developed algorithms and tools to address the need 
of modeling building energy in an urban context, taking 
the surrounding buildings into consideration. Jones and 
Greenberg  have introduced the method of pixel counting 
combined with B-spline surface interpolation for 
calculating direct solar gains on architectural CAD 
models (Jones & .Greenberg, 2011). Hoover and Dogan 
have also presented the pixel counting algorithm for 
external solar shading calculation, addressing its 
weakness of high comuptational costs in existing 
simulation tools (Hoover & Dogan, 2017). Similarly, 
Jones et al. have presented the ray casting method of 
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calculating view factors between two urban surfaces, 
which is faster than the commonly used geometric 
analogy way (Jones, McCrone, Walter, Pratt, & 
Greenberg, 2013). The simulation engines, such as 
EnergyPlus, can take advantage of these advanced and 
robust algorithms by integrating the external calculation 
results into their simulation.   

EnergyPlus (Crawley et al., 2001) is the U.S. Department 
of Energy’s flagship building energy software for 
simulating the dynamic energy and environmental 
performance of buildings. An EnergyPlus model 
calculates a building’s thermal loads, system response to 
those loads, and resulting energy use, along with related 
metrics like occupant comfort and energy costs. Applied 
to urban energy modeling, EnergyPlus calculates the 
overall thermal behavior of the urban buildings in terms 
urban boundary conditions (i.e. exterior surface 
temperatures) and the heat and airflow exchange with the 
urban environment (Hong & Luo, 2018). Yet in older 
versions, EnergyPlus models buildings as standalone 
entities and physical processes. Traditionally in 
EnergyPlus, calculations for LWR heat exchange 
between exterior surfaces and their surrounding surfaces 
were over-simplified, considering only the radiative heat 
exchange from and to the sky and the ground. However, 
in a dense urban setting with lots of high-rise building, 
these effects can be large and can have a significant 
impact on building performance. Thus, this 
simplification is causing potential under or over-estimate 
of exterior surface temperatures. Explicitly considering 
the thermal interconnections between buildings in an 
urban context requires simulation engines to evolve to 
incorporate this new information into calculations and to 
do in a scalable way that achieves feasible computing 
performance and accuracy for urban scale applications. 

This paper presents the features implemented in 
EnergyPlus version 8.8 that improve its accuracy in an 
urban context by considering thermal interactions 
between buildings and expand its applicability to urban 
scale building energy simulation. The feature is 
introduced along with simulation examples to 
demonstrate its use and impact. The study addresses the 
need of taking explicit consideration of the thermal 
interactions between urban surfaces in a dense urban 
setting with lots of high-rise buildings. Used in urban-
scale modeling applications, this new feature enables 
modeling the urban canyon effect, which also influences 
the building’s energy demand and indoor occupant 
thermal comfort. The study also shows much greater 
computing resource is required to apply this feature into 
a larger spatial scale of urban building energy simulation 
and coupled multiscale urban systems. 

Thermal Interactions between Buildings  
Modeling longwave radiant heat exchange between 
buildings in EnergyPlus 

Old versions of EnergyPlus assumed that the 
temperatures of exterior surfaces of different buildings 
are essentially uniform and that long-wave radiant 
exchange between them is negligible. With this 
assumption, the surface heat balance equation was 
simplified as: 

q  εσ F T T  F T T
 F T T                             1  

Where: 

ε long wave emittance of the surface, 

σ Stefan Boltzmann constant W ⋅ m ⋅ K , 

T Outside temperature of the surface °C , 

T Sky temperature °C , 

F View factor of the sky, 

T Ground temperature °C , 

F View factor of the ground, 

T
Outside temperature of surrounding surface i °C ,  

F View factor of surrounding surface i. 
In many urban contexts, specifically in the presence of 
urban canyons - relatively narrow streets with tall, 
continuous buildings on both sides of the roads - this 
assumption is flawed in two aspects. First, in a dense 
urban area, the view factors of a building façade to 
surrounding buildings’ façades are not neglectable, and 
the surface temperature of the surrounding façades can 
be much higher than the sky or ground temperature. 
Second, in different time of a day, a building’s surfaces 
temperature of different façade orientations can deviate 
each other to a couple of degree Celsius (Gros, 
Bozonnet, & Inard, 2014). As the north façade of a 
building often faces the south facade of its surrounding 
buildings, under different circumstance, some exterior 
zones may be absorbing heat from longwave radiation, 
while other zones are losing heat to the ambient. 

Considering this, we modified the EnergyPlus code to 
optionally considere the longwave radiant heat exchange 
to and from buildings’ nearby surfaces (i.e., surrounding 
buildings’ exterior surfaces, water bodies, green lands, 
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etc.) in addition to the radiation from sky and ground as 
currently considered (Figure 1).  

 
Figure 1: Long-wave radiation calculation considering 

surrounding surfaces. 

In the modified model implementation, the energy 
balance of an exterior building surface from the sky, air, 
ground, and surrounding surfaces is written as: 

q  εσ F T T
 F T T F T T
F T T ⋯
 F T T
 F T T                           2  

Where: 

T
Outside temperature of surrounding surface i °C ,  

F View factor of surrounding surface i. 

And the sum of all view factors equals one, i.e.,  F
 F ⋯  F  F 1. 

Heat-balance equations are solved iteratively within 
each time step, resulting in small updates to surface and 
air temperatures until convergence criteria are met. 
Because the number of surfaces from other buildings can 
be large, an iterative solution method can add significant 
runtime. To avoid this complexity, for surrounding 
surfaces, we use a fixed temperature Tsi, specifically the 
one calculated by the previous time step. Effectively, we 
assume one time step worth of “lag” for exterior surface 
temperatures. This simplification may sacrifice some 
accuracy but significantly improves computing 
performance.  

To each exterior surface, we assign a “surrounding 
surfaces” object. The object declares a list of 
surrounding surfaces, and each surface has a name, a 
constant view factor, and a reference to a temperature 
schedule. If EnergyPlus is used in “co-simulation” or 
“urban-scale” mode to simulate multiple buildings in 

parallel, the schedule can be overwritten at each time 
step via the co-simulation interface.  

Modeling urban buildings and their surrounding 
surfaces 

We use the CityBES platform to model the buildings in 
an urban context. CityBES is an open and free data and 
computing web platform which uses CityGML-based 3D 
city models to simulates building performance at urban 
scale, adopting EnergyPlus and Openstudio as its 
simulation cores (Hong, Chen, Lee, & Piette, 2016).  
CityBES models the neighborhood buildings as shading 
surfaces in EnergyPlus to consider the solar 
overshadowing effect between buildings (Chen, Hong, & 
Piette, 2017). We adopt the shading surfaces defined in 
CityBES as a building’s surrounding surfaces. For each 
exterior surface, we consider all shading surfaces with 
the opposite orientation as surrounding surfaces, and 
calculate their view factors to the exterior surface for 
radiant heat exchange calculation. Although surrounding 
surfaces from other orientations may also have long-
wave radiative effect, the impacts can be neglectable, as 
the view factors from those surfaces should be 
considerably small. 

Figure 2 shows the 3D visualization of a building model 
along with its surrounding buildings (grey surfaces). 

 
Figure 2: Building model and its surrounding surfaces. 

View factors of obstructive surrounding surfaces  

We adopted the View3D as the tool for evaluating 
radiation view factors between two 3D surfaces. View3d 
uses an adaptive integration method to calculate the view 
factors between faces where there is partial obstruction 
from in-between faces. Double Area Integration formula 
is used to calculate the view factors between two planar 
surfaces (i.e., surface 1 & 2), and the fundamental 
expression is written as: 

𝐴 𝐹  
𝑑𝐴 𝑐𝑜𝑠θ 𝑑𝐴 𝑐𝑜𝑠θ

𝜋𝑟

 

          3  

where A1 and A2 (m2) are the areas of surfaces 1 and 2; 
θ1 and θ2 (°) are the angles between the normals to 
surface differential elements dA1 and dA2 and the vector 
between those differential elements; r is the length of that 
vector (Walton, 1986). When a third surface is added 
between two planar surfaces, the programs calculates the 
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blockage factor by tracing the rays between each two 
differential elements dA1 and dA2.  

Simulation Examples 
Simulation settings 

We chose a city block in the Chicago downtown area 
with highly dense high-rise buildings to conduct a case 
study, as shown in Figure 3. The block contains 20 
buildings, of which 14 are office buildings and six are 
hotel buildings. The target building for LWR effect 
analysis, marked in the figure, is a fifty-seven-story large 
hotel, shaded by surrounding high-rise buildings in three 
facades. The geometry of the EnergyPlus building model 
and surrounding surfaces are visualized in Figure 2.  

 
Figure 3: A sample city block in Chicago Loop area 

with 20 buildings. 

To evaluate the energy impact of the radiant heat 
exchange, we first ran each EnergyPlus building model 
individually and independently without considering 
inputs from other buildings, and output their hourly 
exterior surfaces temperature for a whole year. We then 
collect the temperatures of the target building’s 
surrounding surfaces from the last-round results. Finally, 
we run each building model taking surrounding surfaces 
temperature schedules and their corresponding view 
factors to each exterior surface.  

Thermal behaviors of building exterior surfaces 

In different seasons of a year and different time of a day, 
the amount of solar radiation received by the four 
facades of buildings varies. We compared the average 
exterior surfaces temperature in different months as 
shown in Figure 4. Located in the northern hemisphere, 
throughout the year, the surface temperature of the south 
façade can be 2-5 °C higher than that of the north façade. 
Monthly average temperatures of the east and west 
facade are close during the winter season, while during 
summer, east façade temperature is around two degree 
Celsius higher. 

 
Figure 4: Monthly average exterior surfaces 

temperature of different facades. 

In Figure 5 we picked a typical summer day and 
compared the hourly exterior surface temperatures. Due 
to the daily variation of the sun position angle along with 
the shading effect from surrounding buildings, the 
average surface temperature of different facades peaks at 
different time of the day.  

 
Figure 5: Daily exterior surface temperature of 

different facades. 

This triggers the opposite directions of the surface 
temperature deviation from its surrounding surfaces in 
the studied urban area. As illustrated in Figure 6, in the 
morning, the surface temperature on the east façade 
reaches up to 20°C higher than the average temperature 
of its surrounding surfaces, while in the afternoon it can 
be 10°C lower. The west façade shows an opposite 
behavior.  
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Figure 6: Surface - surrounding surface temperature 

difference of the east and west façade. 

Figure 7 compares the behaviors of the north and south 
facades. With the temperature deviation, the north 
orientated surfaces absorb longwave radiant heat from 
surrounding buildings, while the south-orientated 
surfaces lose heat to the ambient. 

 
Figure 7: Surface - surrounding surface temperature 

difference of the north and south façade. 

Energy and environmental impact analysis 

For the targeted high-rise office building, considering 
the LWR between buildings leads to a decrease in annual 
heating load of 3.4%, and an increase in cooling load of 
2.9%. The overall site energy use differs less than 0.2% 
and the energy impact is minimal in this case. 

We further analyzed the environmental impact of the 
surrounding surfaces LWR effect in terms of exterior 
surface temperature and heat emissions to the ambient 
air through convection and LWR. As building exterior 
surfaces in EnergyPlus originally view their ambient as 
partial sky and partial ground, adding the LWR effects 
from surrounding surfaces with a much higher 
temperature than sky or ground, extra heat is added to 
surface heat balance calculation. Figure 8 demonstrates 
this effect of the sample simulation day, showing that the 
surface temperature of the north and south facades can 

be around 6°C and 3°C higher correspondingly 
considering the LWR than not. 

 
Figure 8: LWR impact to exterior surface temperature - 

north / south façade. 

Similarly, as in Figure 9, the LWR effects from 
surrounding surfaces facing the west façade lifts its 
temperature by up to 5°C during the day. The east-
oriented surfaces are not affected as the total view factor 
to surrounding buildings is near-zero. It is worth 
considering how this deviation influences the pedestrian 
level thermal comfort. Moreover, served as the boundary 
conditions of the urban microclimate, building facades’ 
thermal behaviors at different orientations should also be 
taken into consideration in detailed urban canopy models. 

 
Figure 9: LWR impact on exterior surface temperature 

- west / east façade. 

Due to the rise of the surface temperature, the heat 
transfer from exterior surfaces to the ambient air through 
convection and LWR also increases. As plotted in Figure 
10, and the difference is approximately 30% throughout 
the year for each month. 
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Figure 10: LWR impact on the surface heat emission to 

the ambient air. 

Conclusions 
This paper presents new features implemented in 
EnergyPlus version 8.8 and later to improve its use for 
urban context and urban scale building energy modeling 
by considering the longwave radiative effect between 
buildings’ exterior surfaces. A preliminary case study 
was conducted within a city block in the Chicago 
downtown area with 20 highly dense high-rise buildings. 
Results indicate the temperature difference between each 
building façade and its surrounding surfaces with 
opposite orientations leads to significant radiance heat 
exchange between building exterior surfaces. Results 
also show that this temperature gap between building 
surfaces and their surrounding building surfaces causes 
the net thermal heat gain of a building from its 
surrounding buildings, and the heat gain induces the 
variations in exterior surface temperature, building 
loads, and energy use. 

The study addresses the need of taking explicit 
consideration of the thermal interactions between urban 
surfaces in a dense urban setting with lots of high-rise 
buildings. More detailed simulation and quantification of 
the effects of building interactions at a larger scale is also 
needed in urban energy modeling. 
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Abstract 

It is well known that urban districts and neighbourhoods 

can form their own microclimate that can affect the 

energy balances of buildings significantly. In order to 

assess the effects of climatic parameters on a building’s 

performance, detailed knowledge about the energy 

balance of buildings is essential. In this study, the 

distribution of heat losses in a validated simulation model 

of a Zero Emission Building (ZEB) was analysed. The 

model was set to eight different cold climate locations and 

climate datasets to investigate the influence of wind and 

the building usage (residential and office building).  

The results show that in residential buildings envelope 

transmission, especially through windows and walls, 

dominate a typical ZEB’s energy losses. In office 

buildings, ventilation losses gain relevance due to more 

stringent requirements for ventilation rates. Wind 

sheltering can lower heat losses by 1.9 % to 8.3 %, 

depending on location and weather data. 

Introduction 

Climate and the environment where buildings are located 

determine their thermal behaviour and final energy use. 

Thus, it affects the selection of materials, technologies, 

concepts, or techniques in order to guarantee the 

buildings’ energy efficiency. Energy uses that are 

influenced by climate are primarily space heating and 

cooling. Space heating is responsible for around 70 % of 

final energy use (Building Performance Institute Europe, 

2011). 

It is widely accepted that urban microclimate and in 

particular the urban heat island (UHI), have a large 

influence on a building’s energy balance (Oke et al., 

2017). Mainly, the UHI effect is described as a 

phenomenon to be mitigated, as it is regarded to obstruct 

the effectiveness of natural ventilation and to cause 

outdoor discomfort, higher need for cooling, or even 

higher mortality rates during summertime (Moonen et al., 

2012). But the UHI is not necessarily detrimental but can 

be favourable especially in cold climate conditions, where 

heating energy use typically accounts for the largest 

fraction of a building’s energy demand over the year. 

Warmer night-time and winter temperatures can thus lead 

to lower heating demands and increased outdoor thermal 

comfort (Watkins et al., 2007). Most energy efficiency 

measures, such as the Energy Performance of Buildings 

Directive in the European Union (EU), focus on the 

building scale, demanding for example nearly zero energy 

buildings. The Research Centre on Zero Emission 

Neighbourhoods in Smart Cities (FME ZEN) however, 

pursues a different goal. Founded by the Norwegian 

University of Science and Technology (NTNU) and 

SINTEF, it aims to reach an overall zero emission balance 

over a neighbourhood’s life cycle (ZEN). Hence, ZENs 

and ZEBs are of particular importance for reaching the 

EU’s climate goals. 

 

Figure 1: Polar and cold climate regions according to the data from Peel et al. (2007). 
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Therefore, characterizing the distribution of heat losses in 

a ZEB and their dependency on climate data will indicate, 

which microclimatic parameters are the most critical to 

address in the ZEN context. It can furthermore help 

architects and planners in the design of ZEBs with respect 

to different climate parameters. 

Commonly, the heat losses of a building are categorized 

as follows: 

- Building envelope losses 

are defined as the heat flux from inside to outside 

over the floor, roof, external walls, doors, 

windows, and thermal bridges. The losses are 

caused by heat transfer via conduction through 

the building parts, and convection as well as 

longwave radiation exchange on their inner and 

outer surfaces. 

- Infiltration losses 

are unwanted flows of air through cracks and 

other passages in the building envelope. They 

cause additional energy use for heating the 

incoming outdoor air 

- Ventilation losses 

occur when outdoor air is supplied either via 

natural ventilation or a mechanical ventilation 

system (MVS) into the building. In order to keep 

losses as low as possible, often a heat recovery 

unit (HRU) is used. 

ZEB Living Laboratory 

The ZEB Living Living Laboratory (LL) is a 100 m² 

detached house test facility on the NTNU campus in 

Trondheim, Norway (see Figure 2 and Figure 3). As the 

name implies, zero emission buildings (ZEB) are not 

targeting energy use as a criterion, at least not primarily, 

but focus on the reduction of GHG-emissions, which are 

first and foremost responsible for climate change 

(Edenhofer, 2014). A ZEB aims to produce enough 

renewable energy to compensate for the building’s 

greenhouse gas emissions over its life span (Hestnes and 

Eik-Nes, 2017). This does not only demand the use of 

renewable energy on site but also promotes energy 

efficiency measures and the choice of building materials 

and products according to a life cycle assessment. 

 

Figure 2: Floor plan of the ZEB Living Laboratory. 

 

Figure 3: The ZEB LL from outside (photo by Katrine 

Peck Sze Lim). 

The LL was designed to host people for behavioural 

studies in interaction with zero emission technology. In 

several experiments, the building has been home for 

families, couples and single persons of different age and 

over different periods of time. The building is equipped 

with a heat pump, several smart home appliances, a PV 

system on the roof and several sensors to monitor the 

building’s energy consumption and production, and local 

weather conditions. The building envelope is well 

insulated and airtight. A double skin window with a 

ventilated gap is installed on the south façade (Goia et al., 

2015). Table 1 shows the building-physical properties of 

the LL’s envelope. 

Table 1: Building-physical properties of the ZEB LL. 

 Value Unit 

Wall U-value 0.16 [W/(m²K)] 

Floor U-value 0.11 [W/(m²K)] 

Roof U-value 0.11 [W/(m²K)] 

Windows (south) U-values 0.65/0.69 [W/(m²K)] 

Windows (north) U-values 0.97 [W/(m²K)] 

Windows (east/west) U-values 0.80 [W/(m²K)] 

g-value 0.5 [-] 

Infiltration n50 0.7 [ACH] 

Normalized thermal bridge 0.03 [W/m²K] 

Because in the following simulation results, heating 

demands will not be looked into, but only the heat balance 

of gains and losses, a detailed description of internal loads 

and occupancy is not necessary. To shorten the duration 

of the simulations, the existing heat pump model with its 

complex control strategies was replaced by a much faster 

simulating basic heating system, as this does not affect the 

distribution of the heat losses.  

With regard to the MVS, the operation times and 

ventilation rates are of particular importance, as those will 

influence the ventilation losses. As a basis for the model, 

the Norwegian Standard SN/TS 3031:2016 has been used 

(see Table 2). The standard is the basis for calculating a 

building’s energy demand in a transient simulation 

program. On the one hand, by not adjusting the simulation 

model to the country-specific requirements, the 

distribution of heat losses is not fully realistic for the 

locations (except for Norway in this case). On the other 

hand, by using the same input data for the building, it is 

possible to highlight the effects of the locations’ climatic 

differences, on which this paper is focusing on.  
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Table 2: Ventilation rates and times of operation 

according to SN/TS 3031:2016. 

 Residential Office* 

Operation  
Mon–Sun,  

0:00–24:00 

Mon–Fri,  

7:00–19:00 

Ventilation rate 

during operation 

Bedroom: 26 m³/h  

per sleeping place** 

Else: 1.2 m³/(hm²) 

7 m³/(hm²) 

Ventilation rate  

outside operation 
- 2 m³/(hm²) 

* For the office, a constant air volume (CAV) system was 

modelled with a time control 

** Requirement by the Norwegian Building Authority (2017) 

Method 

In this study, the energy losses of a ZEB, located in 

Trondheim, Norway, are analysed for selected cold 

climate conditions with the use of building energy 

performance simulation (BEPS). For that, a simulation 

model of the investigated building is set to eight different 

cold climate locations (Oslo, Bergen, Trondheim and 

Tromsø in Norway, Kiruna in Sweden, Fairbanks and 

Barrow in Alaska and Vorkuta in Russia; see Figure 1) in 

the BEPS program IDA Indoor Climate and Energy (IDA 

ICE) (Bring et al., 1999).  

Most commonly, simulation studies use generic building 

models. In this study, the simulation model of the LL has 

been mainly developed, updated and calibrated by 

doctoral and master students at the NTNU in Trondheim 

in their theses and is used for several research purposes. 

It is already validated for Trondheim weather conditions. 

Compared to using an invalidated, generic building 

model, this study is expected to deliver more reliable 

results on heat losses in a ZEB. However, using a model 

outside of its validated domain of application can still 

induce errors (Sargent, 2013). 

The output from IDA ICE v. 4.8 will be used to categorise 

heat losses, evaluate their magnitudes and dependencies 

on the locations’ climate and to investigate energy 

balances of building parts. It is furthermore used to 

investigate the influence of different wind conditions 

according to ASHRAE wind profiles (American Society 

of Heating, Refrigerating and Air-Conditioning 

Engineers, 2009) and wind-induced infiltration according 

to the AIVC database (Liddament, 1986). 

In this study, both heat gains and losses are considered.  

Particular attention has to be given to the windows as they 

are able to let solar radiation pass through the building 

envelope and thus to “generate” energy gains. With the 

definitions from above, heat losses occur all year round, 

even in summer, when they may be considered 

favourable. This can be the case for example during 

nighttime-ventilation when the cooler outdoor 

temperatures are used to cool the warmer indoor air to its 

set point temperature. In the same way, as those losses 

should not be considered detrimental, not all gains can be 

considered useful. In summer, when indoor temperatures 

are generally higher, heat gains from solar irradiation 

contribute to overheating and are thus classified as 

detrimental in this specific case. But especially in the 

transitional seasons, solar gains can reduce a building’s 

heating demand significantly. Therefore, a rule based on 

the zone’s indoor air temperature indicates when heat 

gains and losses are counted. There are two indoor 

temperature thresholds from where losses or gains are 

metered. The threshold temperature for heat losses was 

determined to be 21.5 °C and for gains 23.5 °C (see Figure 

4).  

 

Figure 4: Heat gain and loss threshold temperatures. 

With 21.5 °C, the heat loss threshold (HLT) temperature 

is 0.5 K higher than the heating setpoint temperature 

(HST) of 21.0 °C which is the HST according to SN/TS 

3031:2016. Heat losses above this value are not regarded 

to be generally detrimental, as they commonly do not 

induce the use of energy for heating. In analogy with the 

HLT, the solar gain threshold (SGT) temperature is 0.5 K 

below the cooling setpoint temperature (CST) of 24.0 °C 

(which is the CST according to SN/TS 3031:2016), as 

there is usually no need for cooling below this 

temperature, even though the building does not have a 

cooling unit. The offset of 0.5 K to HST and CST are 

necessary to avoid the heating system to be active during 

times, in which no losses are counted. Due to control 

behaviour, the HST will never be kept precisely at  

21.0 °C but sway around it within a certain range (ca.  

±0.1 K) and the heating system in the zones is active 

below 21.5 °C.  

To keep indoor conditions within the desired limits, 

energy in the same magnitude as the losses has to be 

supplied to the building. Generally, in ZEBs, a large 

fraction of this energy comes from electrical appliances, 

lighting, persons or solar gains. Therefore, the amount of 

heat losses is not to be equated with the heating energy 

demand. For the calculation of heating energy to be 

supplied in addition, e.g. over radiators or surface heating, 

SN/TS 3031:2016 gives internal loads as high as  

42 kWh/m²a for residential buildings and 72 kWh/m²a for 

office buildings. In the case of ZEBs, internal loads 

contribute significantly to covering the heating demand.  

For selecting the locations, available weather data of 

selected high latitude cities were analysed according to 

temperature variation, heating degree hours (HDH21/15, 

since hourly weather data are used), annual global 

horizontal radiation and mean wind speed (see Figure 5).  
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a) 

 
b) 

 
c) 

 
d) 

 

Figure 5: Comparison of locations with regard to a) 

temperature range and average; b) annual global 

horizontal radiation; c) HDH21/15; d) mean wind speed. 

HDH21/15 describe the sum of hourly temperature 

differences between inside and outside over the year when 

hourly mean outdoor temperatures drop below 15 °C at an 

indoor temperature of 21 °C.  

The study aims to evaluate heat losses in buildings for 

typical weather conditions in high latitude cold climate 

regions. Due to the distribution of landmass, these regions 

are mostly located on the northern hemisphere, except for 

Antarctica. The locations were selected according to the 

following two criteria:  

- Latitude of at least 60° N 

- Significant population or climate 

The city of Oslo, however, located at 59.9° N was also 

included, as parts of the urban agglomeration and the site 

of the weather station at Oslo airport are located over  

60° N. Apart from Barrow, which was included due to its 

harsh and severe climate conditions, all cities have rather 

large populations (from 1.7 × 104 in Kiruna to over  

1.0 × 106 for the agglomeration of Oslo). Other large cities 

over 60° N like for example Reykjavik in Iceland, 

Helsinki in Finland, Murmansk in Russia or the large 

cities in North America have not been included since their 

climate was too similar to the already selected locations.  

This study evaluates where heat losses in ZEBs in cold 

climate occur, how they are distributed, and which 

climatic parameters influence them the most. The results 

will then deliver valuable information, which measures in 

terms of a neighbourhood setting may be most effective 

concerning its energy use. This study’s outcome will then 

be used for further, more detailed investigations on the 

most important microclimatic parameters. 

Simulation cases 

As mentioned before, a central part of this study is the 

analysis of the influence of different wind conditions on 

the building’s energy balance. This will be done for the 

LL as a residential (R) and an office building (O). The 

basis for this investigation is the wind speed and direction 

from the weather file. The wind speed at the building site 

(roof height, 𝑉loc) is then calculated by the IDA ICE with 

the reference wind speed from the climate data set (𝑉ref) 

the coefficients 𝑎0 and 𝑎𝑒𝑥𝑝, and the quotient of building 

height ℎb to the reference height ℎref of the wind 

measurement, as in Eq. 1 (Bring et al., 1999). The 

coefficients 𝑎0 and 𝑎exp can be chosen from a database, 

as listed in Table 3, but can also be defined individually. 

Furthermore, pressure coefficients according to AIVC 

(sheltered, semi exposed, exposed) can be used. In the 

following simulations, three cases will be analysed:  

1. “Open country” wind profile with “exposed” 

pressure coefficients (OC/E), 

2. “Suburban” wind profile with “semi-exposed” 

pressure coefficients (SU/SE), and 

3. “City centre” wind profile with “sheltered” 

pressure coefficients (CC/S) 

𝑉loc = 𝑉ref  ∙ 𝑎0 ∙ (
ℎb

ℎref

)
𝑎exp

 (1) 
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Figure 6: Distribution of heat losses for the residential 

building (R) and office building (O) for different 

locations and wind conditions: suburban/semi-exposed 

(SU/SE), open country/exposed (OC/E) and city 

centre/sheltered (CC/S). 

Table 3: IDA ICE wind profile database according to 

ASHRAE 1993. 

Results 

Figure 6 displays the heat balance of the ZEB LL for the 

investigated cases in the eight selected locations. While in 

Bergen comparably little heat is lost, the extreme winter 

conditions in Barrow result in more than three times the 

energy losses in the residential (R) case and four times as 

much in the office (O) case. The results show that the 

different wind conditions (OC/E, SU/SE, CC/S) influence 

a ZEB’s energy balance in cold climate mostly relatively 

little (see Table 4).  

Table 4: Maximum reduction of heat losses through 

wind sheltering (OC/E compared to CC/S)  

Location Residential Office 

Oslo, NOR −3.6% −3.6% 

Bergen, NOR −6.8% −6.3% 

Trondheim, NOR −4.8% −4.6% 

Tromsø, NOR −7.2% −6.4% 

Kiruna, SWE −4.4% −4.1% 

Fairbanks, USA −2.3% −1.9% 

Barrow, USA −7.3% −6.0% 

Vorkuta, RUS −8.3% −7.0% 

Compared to the OC/E case, wind sheltering (CC/S) 

reduces energy losses only by 1.9 % (O) to 2.3 % (R) in 

Fairbanks, since its winter climate is characterized by low 

wind speeds. In contrast to that, even though mean wind 

speed in Barrow is even higher, savings of 7.0 % (O) to 

8.3 % (R) can be obtained from proper wind sheltering in 

Vorkuta, because high wind speeds predominantly 

coincide with low outdoor temperatures.  

Unsurprisingly infiltration losses are largely influenced 

by wind conditions. Compared to CC/S, wind-induced 

infiltration in OC/E-conditions doubled in Fairbanks and 

quadrupled in Bergen with an average increase of  

222.6 % (see Figure 7). There were no notable differences 

between the LL as a residential or an office building.  

 

Figure 7: Infiltration losses of the ZEB LL as a 

residential building for different wind conditions 
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Building envelope and ventilation losses remained 

relatively stable (changes below 2 %), even though wind 

speed is considered by the BEPS tool for the calculation 

of convective heat transfer coefficients. Figure 8 shows 

the envelope and infiltration heat losses as a function of 

the HDH21/15. The losses caused by the thermal bridges, 

floor, roof, walls and doors and windows show a strong 

dependency on HDH21/15 with R2 close to 1. Infiltration 

losses correlate with HDH21/15 with an R2 of 0.821 as they 

partly also correlate with wind speed. From the slope of 

the linear regression line in Figure 8, it is visible that the 

losses from windows and walls and doors are stronger 

influenced by outdoor temperature.  

 

Figure 8: Envelope and infiltration losses as a function 

of HDH21/15 of the ZEB LL as a residential building with 

SU/SE wind conditions 

When looking at the ventilation losses, the relationship to 

HDH21/15 is not linear but exponential (see Figure 9). 

Whereas in Barrow, losses through the roof and the wall 

are about three times higher than in Bergen, ventilation 

losses differ with the factor 5. 

 

Figure 9: Ventilation losses of the ZEB LL as a 

residential building as a function of HDH21/15 

It is visible as well in Figure 6 that ventilation losses in 

office buildings are approximately twice as high 

compared to residential buildings, resulting from more 

stringent requirements for ventilation rates in Norway. 

The differences between residential and office buildings 

are listed in Table 5. 

Table 5: Overview of total heat losses of the ZEB LL in 

different locations as residential and office buildings in 

SU/SE wind conditions. 

Location 
Residential  

[kWh/a] 

Office  

[kWh/a] 

Difference  

[-] 

Oslo, NOR −9 011 −9 756 −8.3 % 

Bergen, NOR −7 265 −7 837 −7.9 % 

Trondheim, NOR −8 025 −8 725 −8.7 % 

Tromsø, NOR −10 695 −11 607 −8.5 % 

Kiruna, SWE −14 091 −15 498 −10.0 % 

Fairbanks, USA −15 715 −17 757 −13.0 % 

Barrow, USA −26 865 −31 297 −16.5 % 

Vorkuta, RUS −20 271 −23 147 −14.2 % 

Windows take a special role in the energy balance of a 

building, as they can account for significant amounts of 

solar energy gains. Figure 10 illustrates the proportion of 

gains and losses in the respective locations. Especially in 

the Norwegian cities with around 40 % of the total heat 

losses, useful solar gains significantly enhance the 

windows’ overall energy balance. In Barrow, the highest 

amount of useful gains can be obtained, but losses 

overweigh the gains by the factor 5.5. 

 

Figure 10: Unwanted losses and useful solar gains of 

windows in the ZEB LL as a residential building with 

SU/SE wind conditions. 

Discussion 

The IDA ICE simulations show a considerable variation 

of the distribution of heat losses, depending on the 

location’s climate and the building’s usage. Extremely 

low outdoor air temperatures affect ventilation losses 

stronger than e.g. envelope losses. The MVS and the HRU 

in particular face the problem of building up ice at very 

low temperatures and/or high moisture loads (Justo 

Alonso et al., 2015). In case of the ZEB LL, the HRU can 

operate until ca. −15 °C at full efficiency without building 

up ice. Below this temperature, preheating the air clearly 

deteriorates the overall efficiency and leads to a nonlinear 

correlation. While in the oceanic dominated climates of 

coastal Scandinavia, those extreme conditions occur only 

at rare intervals, the continental climate of its inland, 

central Alaska, or Siberia results in longer periods of 

extreme frost with temperatures dropping to −30 or even  

−40°C. Because of higher requirements for ventilation 

rates in office spaces from the Norwegian building code 

(NBC), ventilation losses are considerably higher. In all 

locations, windows account for a large fraction of heat 
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losses, when only losses from conduction and longwave 

radiation are considered. The useful solar gains of west 

and east-oriented windows compensate for around 50 % 

of unwanted losses over the year in the Norwegian cities. 

South-oriented windows can even have a positive energy 

balance with over 20 % more useful energy gains than 

unwanted losses. These results support the findings by 

Grynning et al. (2013) that a window can outperform 

opaque building parts even in high-latitude locations 

when window properties, orientation etc. are chosen 

appropriately. Unwanted solar gains during summertime, 

on the other hand, increase the risk of overheating. This 

issue has not been considered in this study, though it 

generally should not be disregarded. In the non-

Norwegian locations, none of the ZEB LL’s windows 

came close to a positive annual energy balance. 

Floor and roof of the LL account for large fractions of 

total the total envelope area, as it only consists of one 

storey (building envelope area A to volume V ratio  

A/V = 1.1 m-1). Therefore, these building parts also 

account for a high share of the building’s total heat losses. 

In larger multi-storey residential or office buildings, the 

envelope losses will account for a lower fraction of total 

heat losses (with A/V as low as 0.2 m-1), which puts more 

importance on ventilation losses as they are a function of 

a building’s floor area. The distribution of heat losses for 

the ZEB LL in the different locations can be seen in 

Figure 11 and Figure 12.  

It is worth noting that floor losses in IDA ICE are 

calculated according to ISO 13370 (International 

Standard Organisation, 2017). The program determines 

the heat resistance of the ground layer based on the 

geometry of the building and the heat conductivity of the 

ground material (kept at its default values with thermal 

conductivity λ = 2.0 W/(mK), density ρ = 2000 kg/m³, and 

heat storage capacity c = 1000 kJ/kg). According to ISO 

13370, the ground temperature is calculated as a weighted 

average value of the annual and the monthly mean air 

temperatures, including a given time lag. 

However, the study is limited by the fact that the ZEB LL 

cannot be regarded as a typical office building. In 

addition, the results are not generalisable for single-

family homes in the selected locations either, apart from 

the Norwegian ones because input parameters for the 

simulations are based on the NBC. Country-specific 

regulations in the non-Norwegian locations would 

certainly lead to different results. However, because the 

focus in this study was put on the influence of climate, 

results are only comparable when using an identical input.  

Other limiting aspects are the weather data. Mostly, they 

have been recorded at the locations’ airports, often more 

than 20 km away. The wind situations there may be 

entirely different from what an average building in the 

cities might experience. The same limitation applies to 

solar irradiation, as no mutual shadowing was accounted 

for in this study. Beyond, especially when it comes to the 

influence of wind, BEPS programs are not very well 

suited for meaningful quantitative analyses. For that, 

computational fluid dynamics (CFD) programs should be 

used to evaluate reasonable boundary conditions. 

Moreover, this study is based on self-defined thresholds 

as there are no official definitions of useful gains and 

unwanted or detrimental losses. Different definitions 

may, therefore, lead to different results. 

Conclusion 

In this study, a validated model of the ZEB Living 

Laboratory, located on the campus of the Norwegian 

University of Science and Technology in Trondheim, 

Norway, was simulated at different locations in cold 

climate to analyse the distribution of heat losses. While 

envelope and infiltration losses were found to be linearly 

dependent on the number of heating degree hours, 

ventilation losses revealed to have an exponential 

relationship. When using the Norwegian building code for 

the input parameters, the main difference between 

residential (R) and office (O) building was found to be the 

ventilation losses due to more stringent requirements for 

ventilation rates in offices.  

Whereas the presented results might seem rather self-

evident, such quantitative analysis of heat losses in a ZEB 

in cold climate conditions can be regarded as the first step 

towards a comprehensive analysis of microclimatic 

effects on ZEBs and delivers useful information on how 

heat losses are distributed. The setting of a Zero Emission 

Neighbourhood not only impacts the wind sheltering 

situation which is able to reduce heat losses by 1.9 % (O) 

to 2.3 % (R) in Fairbanks and 7.0 % (O) to 8.3 % (R) in 

Vorkuta.

 

Figure 11: Distribution of heat losses for the ZEB LL as a residential building for SU/SE wind conditions. 
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Figure 12: Distribution of heat losses for the ZEB LL as an office building for SU/SE wind conditions. 

It also influences solar accessibility, which was found to 

account for significant amounts of solar gains. Windows 

can, in fact, outperform opaque building parts, even in 

high-latitude locations. 

Additional investigations of different kinds of buildings, 

regarding their shape, usage and material properties need 

to be carried out to further quantify the impact of 

microclimatic aspects on a ZEB’s energy balance. For 

that, measurements and simulations are currently carried 

out on FME ZEN’s pilot projects as case studies. 
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Abstract 

This paper describes a methodology for utilizing building 

energy modelling software to calibrate against measured 

ambient and interstitial temperatures and heat flux data 

for the heritage designated  Southwest Tower in Ottawa, 

Canada. The tower can be described as ‘semi-

conditioned’ with temperatures fluctuating severely over 

the year. EnergyPlus in combination with GenOpt 

optimization software was used to create calibrated 

models that could predict temperatures in the tower 

throughout the year. The calibrated energy model can be 

used to predict the effect that possible retrofits may have 

on moisture-related damage such as freeze-thaw cycling 

and elevated moisture contents. 

Introduction 

The case study for this project is the Southwest Tower of 

the East Block building in Ottawa. Located on Parliament 

Hill and built between 1859-1867, the building is a unique 

and beautiful piece of Gothic Revival architecture and has 

federal heritage designation.  

The buildings on Parliament Hill have been known to 

suffer from chronic moisture damage over their existence. 

This has resulted in problems such as staining, 

efflorescence, leaching of mortar and freeze-thaw action. 

With this knowledge, any proposed thermal retrofits are 

met with caution for concerns damage will be intensified. 

It is hypothesized that the interior climate can influence 

the hygrothermal performance of the tower. There is 

precedence in other tower of this building to install 

HVAC systems into unoccupied portions with the goal of 

reducing assisting drying and reducing deterioration of 

the masonry. This is not an energy efficient solution to 

problem of durability.  

Before initiating a thermal retrofit of the tower, it is 

important to understand the behaviour in its present state. 

This where calibrated models are useful. A calibrated 

energy model can be used in conjunction with 

hygrothermal models to establish baseline conditions of 

temperatures in the tower and hygrothermal performance 

of the masonry. Retrofit measures can be inserted into the 

calibrated models and the impacts on the interior ambient 

conditions and hygrothermal performance can be 

projected. 

The tower rises approximately 47m tall and consists of 

load bearing masonry walls ranging in thickness from 

860mm at the top – to 2100mm at the plinth. The typical 

wall cross-section consists of outer and inner sandstone 

wythes (200 – 225 mm) sandwiching a rubble core of 

varying thicknesses. 

 The two-storey lobby serves as the ground floor of the 

tower and is capped by a groin vault ceiling. The upper 

parts of the tower are unoccupied. The zones in the tower 

are characterized by large floor-to-ceiling heights 

(~12.0m, 7.9m and 7.9m for the lobby, fifth and sixth 

floor respectively). 

The upper zones of the tower do not have a dedicated 

HVAC system and receives heat and airflow from 

neighbouring pavilions. The fourth floor used to house 

electronic equipment, but this has recently been removed. 

This equipment was generating enough heat which was 

exhausted up the tower to control temperatures. Because 

of the semi-conditioned nature of the tower, the zone 

ambient temperatures fluctuate significantly over the 

course of the year and over the course of the day. This 

makes it difficult to accurately characterize the interior 

conditions by sine curves or fixed values for hygrothermal 

modelling.  

Methods 

This project has three stages, that will be presented in this 

paper: 

1. Sensor Installation and Data Collection 

2. Calibrated Energy Modelling 

3. Calibration of Wall to measured intermediate 

temperatures and heat flux 

The first stage is to install instrumentation at in the 

ground, fourth, fifth and sixth floors in the tower to record 

ambient temperature and relative humidity. This 

information was recorded at 15-minute intervals. 

Figure 1 shows the measured and ambient temperatures 

from the period between September 2017 to August 2018. 

Of particular concern, is that the temperatures in the fifth 

and sixth levels dip below freezing in December, meaning 

the entire cross-section of the walls is subjugated to 

freeze-thaw cycling. This was not always the case. Figure 

2 shows the measured ambient temperatures from 2012-

13 when the heat generating electronic equipment in 

Zone-4 was still active (Glazer, 2013). Never was there an 

average daily temperature below freezing, and the 

temperatures in Zone-4 and Zone-5 were within a 

reasonably comfortable range throughout the year, never 

falling below 18°C. The removal of the equipment has 

had a negative impact on the health of the masonry. 
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Of note, RH and wood moisture sensors were inserted into 

the masonry core to gauge wetting and drying patterns 

over the year. Briefly, we found two of the three walls 

monitored saw sustained RH at 100% and moisture 

content (MC) approaching saturation. This emphasizes 

the need to assess durability. 

EnergyPlus Model 

An EnergyPlus model of the Southwest Tower was 

created based off photogrammetric drawings and point 

clouds. Thermal zoning was done on a per floor basis. It 

is difficult to define clear-field geometry because of 

numerous decorative carved elements and changes in wall 

thicknesses. The exterior walls were sub-divided as best 

as possible considering model simplicity. The material 

composition of the wall was divided into an inner and 

outer wythe with rubble core (varying thickness). The 

material properties of sandstone and rubble core were 

assumed to be different. The Conduction Finite 

Difference algorithm was chosen for all exterior surfaces. 

The tower has a low window-to-wall ratio. All windows 

are single-pane and were simplified into equivalent 

rectangular shaped areas in EnergyPlus. 

The tower does not have a dedicated HVAC system and 

receives heating, cooling and ventilation from 

neighbouring zones. The ground floor zone receives air 

circulation from large open corridor doors from adjacent 

wings of the building. Airflow was modelled as a constant 

flow rate at near room temperature. For the fourth floor, a 

constant volume fan exhausts air up to the fifth floor and 

is always operating. This was modelled as a constant Zone 

Mixing object in EnergyPlus. Similarly Zone Mixing 

objects were used to model air flow rate for the stories 

 

Figure 1: Measured dry-bulb temperatures inside the Southwest Tower from September 2017 to August 2018. 

 

 

 

Figure 2: Measured dry-bulb temperatures inside the Southwest Tower from January 2012 to April 2013. 
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above. These zone mixing objects encapsulate air 

movement driven by the fan and from the stack effect. 

Replacement air for the fourth floor comes from 

infiltration from the neighbouring conditioned zones and 

attics of the South and West pavilions. The exact source 

and temperature of the air is uncertain. To simplify this in 

the model, the replacement air was modelled as a constant 

flow rate at a temperature which fluctuates throughout the 

year. 

Zone exfiltration was modelled using a unique baseline 

ACH for each floor. Temperature and air velocity 

coefficients based off the BLAST default model in 

EnergyPlus (EnergyPlus, 2017) were added to the 

baseline ACH. Lighting and occupancy loads are 

minimal. 

Actual weather data was compiled into epw format from 

data from the Urbandale Centre for Home Energy 

Research (Urbandale, 2017) project on the Carleton 

University Campus and supplemented with data from 

Environment and Climate Change Canada (Environment 

and Climate Change Canada, 2017). 

Calibrated Energy Model 

The calibration process was based on a procedure 

developed by Roberti et al  (Roberti, Oberegger, & 

Gasparella, 2015) adapted for use in this project. The first 

step was to perform a sensitivity analysis on 28 

EnergyPlus parameters followed by calibration using 

GenOpt optimization software (LBNL, 2016). 

The sensitivity analysis was performed over the time 

range of 1 September 2017 to 17 December 2017 by 

changing one variable at a time over a predetermined 

range while others remain fixed. This was done to 

determine which parameters have the most effect and 

reduce computational time in the calibration phase. The 

Root Mean Square Error (RMSE) of the zone 

temperatures between the varied model’s and the 

baseline’s model was the statistical basis of the sensitivity 

analysis. 

A summary of the sensitivity analysis results is shown in 

Figure 3. The largest RMSE’s were for parameters related 

to air transfer into a zone and mixing between zones, 

specifically for the zone to zone mixing parameters. 

Exfiltration and the coefficients used to modify it have a 

moderate effect. Envelope thermal parameters had a 

surprisingly low influence. Thermal conductivity had a 

measurable impact, but heat capacity did not. Optical 

properties of windows were negligible. The 14 most 

significant parameters from the sensitivity analysis were 

carried into the calibration process. These had an RMSE 

greater than 0.2 °C.  

The model was calibrated using GenOpt’s Particle Swarm 

Algorithm. The cost function that was minimized was the 

RMSE for all 4 zones (first, fourth, fifth, sixth) with 

respect to measured temperatures. The most sensitive 

parameters such as zone mixing, were defined with finer 

intervals between consecutive values, while the least 

sensitive were defined with coarser intervals between 

consecutive values. The calibration period was from 1 

September 2017 to 29 January 2018. This timeframe 

contains a broad spectrum of weather conditions 

including an unseasonably hot week in September and 

cold conditions in December and January. 

Results 

The results of the calibration model are shown in Figure 

4. Overall, an RSME = 1.162°C was achieved for all four 

measured stories. The fourth floor had the weakest 

correlation with an RMSE = 1.753°C. The fifth floor 

(RMSE = 1.078°C) and the sixth floor (RMSE = 0.957°C) 

both have much stronger correlations. On the fourth floor, 

the model lacks the diurnal temperature fluctuations of the 

measured data. This may be caused by the temperature of 

the inflowing air to the fourth-floor fluctuating, whereas 

the model uses steady-state values. The sixth floor has the 

 

Figure 3: Sensitivity Analysis Results. 
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opposite problem where the model predicts diurnal 

fluctuations whereas the measured data does not. 

Generally, the RMSE is higher during cold periods than 

warm. 

Discussion 

The results of the calibrated model were satisfactory and 

comparable to other studies performed on heritage 

buildings where interior ambient temperatures were the 

 

Figure 4: Calibrated v. Measured data for the first calibrated model 

 

Table 1: Final Calibration Parameters 

Parameter Min Range Max Range Interval Calibration 

Results 

Calibration First Second First Second First Second First Second 

Tower1 Inflow Air Temperature (°C) 18 20.375 24 20.875 0.25 0.125 20.75 20.75 

Tower 4 Temperature Amplitude (°C) -- 2 -- 5 -- 0.5 -- 3 

Tower4 Inflow Air Temperature Maximum 

(°C) 

-- 28 -- 31 -- 0.5 -- 29 

Tower4 Inflow Air Temperature Minimum 

(°C) 

-- 20 -- 22 -- 0.5 -- 21 

Tower1 Inflow Air Flow Rate (m3/s) 0 0.375 1.5 0.5 0.125 0.0312

5 

0.5 0.4375 

Tower4 Inflow Air Flow Rate (m3/s) 0 0.025 1.5 0.1 0.125 0.025 0.1 0.05 

Tower 4 to 5 Mixing (m3/s) 0 0.1875 2.5 0.3125 0.25 0.0312

5 

0.25 0.25 

Tower 5 to 6 Mixing (m3/s) 0 0.125 2.5 0.250 0.25 0.0312

5 

0.25 0.1875 

Tower1 Exfiltration (1/h) 0.1 0.25 0.9 0.5 0.1 0.05 0.4 0.3 

Tower4 Exfiltration (1/h) 0.1 0.025 0.9 0.1 0.1 0.025 0.1 0.05 

Tower5 Exfiltration (1/h) 0.1 0.025 0.9 0.15 0.1 0.025 0.15 0.05 

Tower6 Exfiltration (1/h) 0.1 0.025 0.9 0.1 0.1 0.05 0.15 0.05 

Design Flow Rate Temperature Coefficient 

(--) 

0 0 0.075 0.01 0.0187

5 

0.005 0 0 

Design Flow Rate Velocity Coefficient (--) 0 0 0.25 0.03 0.0625 0.01 0 0 

Conductivity Sandstone (W/m-K) 1.0 1.5 4 2.25 0.25 0.25 1.5 2 

Conductivity Core (W/m-K) 1.0 2.0 4 2.5 0.25 0.125 2.75 2.25 
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calibration target (Pernetti, Prada, & Baggio, 2013; 

Roberti et al., 2015). Despite this, there are several 

opportunities to improve the model; and the model’s 

ability to predict the future still needs to be verified. A 

second calibrated model was done to address both issues. 

Changes to the calibration model included an extension of 

6 months to 2 August, a function was created to vary the 

temperature of the incoming air into the fourth floor based 

on exterior climate and a tighter range of values and 

intervals for parameters was used. A summary of the 

calibration parameters, their ranges and final results are 

presented in Table 1.  

The results of the second calibrated model are presented 

in Figure 5 (fourth-floor only). The overall RMSE for this 

model was reduced to 1.040°C (-10.5%). The RMSEs for 

the second half of the calibration period were generally 

better than the first half. There are some periods that the 

model still cannot adequately explain. In late winter and 

early spring, there is a difference of around 3-5°C on the 

fourth floor. The calibrated added some of the diurnal 

effect to the fourth floor which was absent from the first 

model. 

The fourth floor during the heating season is still the weak 

point of the model. This discrepancy may be caused by 

changes in building operation, unidentified heat source or 

change in stack effect.  

The calibrated energy model is evolutionary. As more 

data comes in, it gives more opportunity to verify its 

accuracy, identify patterns where the model is weak and 

to update the model accordingly. 

Wall Calibration 

The theme of calibration was extended to analysis of 

individual walls by comparing measured heat flux, 

surface temperatures and interstitial temperatures. This 

will help to verify some of the wall’s thermal properties 

from the EnergyPlus calibration. 

Two wall sections were studied; the fourth-floor south 

façade and the sixth-floor south façade. Both walls had 

Type T thermocouples and Omega HSF-4 Thin Film Heat 

Flux Sensors (OMEGA Engineering, n.d.) affixed to the 

interior surface  (the sixth floor heat flux sensor debonded 

from the wall midway through the experiment and its 

results are not discussed further). Interstitial temperatures 

were recorded via Vaisala RH Sensors (Vaisala, 2011) on 

the sixth floor and by SMT Embedded Moisture Sensors 

(EMS) on the fourth floor (SMT Research, n.d.). These 

sensors were installed to monitor hygrothermal conditions 

over time and were staggered at different depths. The heat 

flux sensors have an uncertainty of ± 10% W/m2 and the 

Type T thermocouples have an uncertainty of ± 0.5 °C. 

Two types of calibration metrics were used. The first was 

to perform a calibration based on measured temperatures. 

The second was to calibrate against measured heat flux.  

DELPHIN 6.0 was chosen to for the calibration of the 

wall because of the flexibility it offers with regard to 

temperature and moisture-dependent conduction and has 

two-dimensional capabilities (Bauklimatik Dresden, 

2018). 

The model was a simple two-dimensional wall shown in 

Figure 6. The model was separated into two material types 

 

Figure 5: Time graph for the fourth-floor after the second calibration period with projected results of the first model. 

 

 

 

Figure 6: DELPHIN 6.0 model used for calibration of 

wall thermal properties. 
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(Sandstone and Mortar/Core). The two materials were 

thought to have different thermal properties, especially 

the sandstone having a much higher conductivity than the 

mortar/core.  

DELPHIN allows for exterior convection coefficients to 

vary linearly based on wind velocity. A correlation based 

on Nusselt and Jurges (1922) was used but with a variable 

constant term (x) to go with the fixed linear term 

(EnergyPlus, 2017). 

Equation 1 

ℎ𝑒 = 𝑥 + 3.94 𝑉𝑧 

Where he = exterior convection coefficient [W/m2-K], x is 

a variable constant, and Vz = local wind speed [m/s]. 

Interior convection was specified at a fixed value. 

DELPHIN does not have an adaptive algorithm for 

interior convection like EnergyPlus does. However, it is 

expected this value remains relatively stable.  

Because conductivity is a function of moisture-content in 

porous media the fraction of absorbing rain and initial RH 

was modified depending on which wall was being 

simulated. modified depending on which wall was being 

simulated. The 4th floor walls were giving higher values 

to represent its known moisture issued (and theoretically 

higher conductivity). The default moisture and 

temperature dependent formulas was used (Vogelsang, 

Fechner, & Nicolai, 2018). A list of the input parameters 

is shown in Table 2. 

The calibration was again performed with GenOpt using 

the Particle Swarm Algorithm. The timeframe began on 

15 September and lasted for 270 days (9 months) for the 

sixth floor. It began on 1 February and lasted for 180 days 

(6 months) on the fourth floor. 

Calibration against measured temperatures 

The results for the calibrated model of the 6th floor are 

summarized in Figure 7. In general, the RMSE for each 

sentinel are better toward the interior than the exterior. 

The RMSE for the surface temperature have a good 

correlation to measured values. 

The calibrated model of the 6th floor lead to some 

surprising and noteworthy results: The results of the 

calibration pointed toward the thermal conductivity of the 

sandstone being much lower than initially thought (<1.0 

W/m2-K). This could have been influenced by the 

presence of voids acting as insulating layers. This result 

needs to be inferred as an effective conductivity averaged 

throughout the layer and not as an inherent material 

property. 

The second surprising outcome was that the interior 

convection coefficient was at the high end of the 

anticipated range (>10 W/m2-K). This indicates one of 2 

things. First there is sufficient air movement in the tower 

either through buoyant or force convective loops); or that 

there is a small measurement bias in the surface mounted 

thermocouple that infers higher convection coefficients.  

The next noticeable result was that the calibrated model 

tended toward unusually high solar absorption 

coefficients (α > 0.9). Coefficients this high are typical of 

black coloured materials. The masonry has endured 

Table 2: Parameters for wall calibration 

Parameter Range Interval Calibration Results 

Min Max  Temperature (6th floor) Heat Flux (4th floor) 

Conductivity Sandstone (W/m-K) 1.0 2.5 0.25 1.0 2.0 

Conductivity Core (W/m-K) 0.7 1.1 0.10 0.7 1.1 

Capacity Sandstone (J/kg-K) 550 1150 100 550 550 

Capacity Core (J/kg-K) 550 1150 100 1050 1150 

Interior Convection Coefficient (W/m2-K)  6 10 1 10 6 

Exterior Convection Coefficient (W/m2-K) * 4 8 1 8 4 

Solar Absorption Coefficient (--) 0.5 0.9 0.1 0.9 0.9 

*Note that the values here are the variable x in Equation 1 

 

 

 

Figure 7: Calibrated v. Measured data for the wall 

temperature calibration along the interior surface, 

300mm and 600mm depths. 
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significant soiling which has turned the stone a much 

darker colour. 

The results were much better for the first 3 months than 

the rest of the calibration period. After this there are 

several anomalies which are not easily explained. In 

general, the temperatures are underestimated in the 

calibrated model. 

The calibration to the interior surface is good, but as we 

move toward the exterior, the RMSEs get progressively 

worse (Table 3).  Because the interior boundary condition 

was had a good correlation, the fact that the correlation of 

the model decays as we go toward the exterior indicates 

an uncertainty with the exterior boundary condition, 

either with the weather file, solar absorption coefficients 

or exterior convection coefficients.  

Calibration against measured heat flux 

The results for the calibrated model of the 6th floor are 

summarized in Figure 8. Positive heat flux is energy 

flowing out of the zone and negative is heat flowing 

toward the interior on warm days. An RMSE of 5.150 

W/m2 was achieved for the 6-month time period. There 

are some noticeable weak points in the model, where there 

is poor correlation. In February when heat transfer is near 

its peak, there is a consistent difference of approximately 

5 W/m2. This is echoed from the calibration of the tower 

where it was difficult to model in winter. There is a strong 

anomaly in April and in July there is a large discrepancy 

where the sensor is reading significant heat gain into the 

space, whereas the model never registers significant heat 

gain into the space. 

While the calibrated model was not always able to achieve 

comparable magnitudes throughout, the amplitude of the 

diurnal amplitude was well represented. For example, in 

early February and in July, where there were prominent 

oscillations in the measured heat flux and the model was 

able to replicate this. Similarly, in May where there are 

relatively stable diurnal effects, the model is able to 

replicate this. The results returned an effective U-value of 

1.38 W/m2-K. This comparable to previous in-situ studies 

of historic masonry by Lucchi (2017) and Baker (2011), 

with consideration that this wall is much thicker, has a 

very dense sandstone and is at a critical level of saturation. 

The heat flux calibration returned both similar and 

contradictory findings to the wall temperature calibration. 

This model shared a tendency toward very high solar 

absorptivity and lower heat capacities. This indicates the 

wall has much more thermal dynamism than expected. 

The two factors lead to the fact there may be less thermal 

mass in the wall and that the numerous voids in the wall 

may be a contributor. This can also explain why we do not 

see the measured minimum and maximum heat fluxes as 

shown in Figure 8. The high solar absorptance may be 

attributed to the knuckled texture of the stone which gives 

more surface area than a flat planar surface. 

The calibrated heat flux model does not share the 

calibrated wall temperature model’s trend toward low 

thermal conductivity. Part of the difference between the 

two may be attributed to the 4th floor wall being saturated 

and the 6th floor being dry. The thermal conductivity for 

 

Figure 8: Measured v. Calibrated surface heat flux for the fourth-floor South facade. 

 

Table 3: Wall Calibration results 

Model Sentinel RMSE 

Temperature (6th 

floor) 

Overall 1.928 °C 

 

Interior surface 0.678°C 

 

300 mm from 

interior 

1.656°C 

600 mm from 

interior 

2.818°C 

Heat Flux (4th floor) Interior surface 5.150 W/m2 
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sandstone is more representative of what was found in the 

EnergyPlus calibration of the whole tower. The heat flux 

calibration returned interior convection coefficients that 

were much lower. 

Between the two methods presented here for calibrating a 

wall, the heat flux method appears more trustworthy. It 

returns parameter values which are more plausible, 

especially for thermal conductivity. The fact that the wall 

studied is essentially symmetrical and the relatively 

similar conductivity between materials makes it difficult 

to ascertain conductivity. The interstitial temperature 

profile is essentially linear between the exterior and 

interior surface temperatures, no matter what value is 

selected for conductivity. This also gives too much weight 

to both the interior and exterior coefficients.   

Conclusion 

Calibrated energy models of the Southwest Tower of the 

East Block building were performed against ambient air 

temperatures and surface heat flux measurements 

beginning in September 2017. Two types of calibrated 

model were developed; an EnergyPlus model of the entire 

tower and two-dimensional finite element models of a 

corresponding masonry wall assembly. The goal of this 

process is to both characterize the building’s performance 

in its current state and to help define the thermal 

properties of the mass masonry walls in-situ. 

An EnergyPlus model of the tower was created and the 

model was calibrated using GenOpt. The calibrated model 

for the entire tower achieved an RMSE of 1.040°C for the 

period between 1 September to 2 August across all 4 

measured zones. Modelling parameters which had the 

greatest influence on the model were those regarding air 

transfer and mixing between zones. Air infiltration, and 

thermal properties of the masonry envelope had a 

moderate influence, while glazing and optical properties 

had negligible impact. 

Calibrated models of wall assemblies were developed 

using DELPHIN 6.0. Interstitial temperatures and interior 

surface heat flux were used as metrics for the calibration. 

An overall RMSE of 1.928 °C was achieved for the sixth-

floor wall using temperatures.  A good RMSE was 

achieved for interior surface temperatures, but the quality 

of the calibration as you progress towards the exterior. An 

RMSE of 5.150 W/m2 was achieved for the fourth-floor 

wall using measured heat flux to calibrate against. The 

parameters from these models trended toward higher solar 

absorption and lower heat capacities than default 

assumptions. This leads to assume that the wall has a more 

dynamic thermal response. Between the two methods of 

calibrating the wall, the heat flux sensor was deemed more 

reliable. 
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Predicting wind-driven rain catch ratios in building simulation

using machine learning techniques
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Abstract

Wind-driven rain catch-ratios are an important
boundary condition for the study of the hygrothermal
behaviour and durability of building envelopes. Mea-
surements are time-consuming, expensive and of lim-
ited applicability to other facades of other buildings
and sites. CFD simulations are accurate, but time
consuming and simplified calculation have large un-
certainty. This work focuses on improving the use of
WDR catch-ratios in building simulation using artifi-
cial neural networks (ANNs). Results obtained indi-
cate that an ANN can predict WDR catch-ratio with
an uncertainty of ±0.07 for a confidence interval of
95%. ANNs have the ability to combine results from
multiple experiments/simulations to provide catch-
ratios at any position at the façade and extrapolate
them to a range of façade’s aspect ratios.

Introduction

There is a strong integration between data driven
models and building performance simulation in
recent years (Amasyali and El-gohary (2018)).
Historically, this has been done with regression
analysis and the present work is part of a larger
project that evaluates opportunities to use more
comprehensive machine learning techniques to im-
prove the quality of data driven models in building
performance simulation. Previous instances of this
work were on wind pressure coefficient for isolated
and non-isolated low-rise buildings (Vrachimi et al.
(2017)). This one is expanding this work in direction
of other phenomena, in this case wind driven rain
(WDR), while other phenomena will be addressed by
the project at later stages (e.g. convective heat and
mass transfer coefficients, sky temperature models).
Indoor air quality and occupant’s perception of it
largely depends on indoor humidity. Thus, in the
building physics area, moisture-associated problems
have become an important subject. Numerical heat-
air-moisture (HAM) transfer models are increasingly
being used to study the hygrothermal performance
of building facades. Accurate HAM-transfer analyses
require adequate boundary conditions. Typically,

Figure 1: Rain intensity vector R and its components:
Wind-driven rain intensity Rwdr and horizontal rain-
fall intensity Rh (Blocken and Carmeliet (2004)).

the input of HAM models comprises of a standard
meteorological data record (containing air tempera-
ture, relative humidity, solar radiation, cloud factor,
reference wind speed, wind direction and horizontal
rainfall intensity) from which the specific boundary
conditions are calculated. Although most boundary
conditions can be quite adequately described for
HAM-transfer analysis, there is at least one that is
still considered to be problematic: wind driven rain
(Blocken and Carmeliet (2007)).
WDR is considered to be one of the most important

moisture sources affecting building envelopes and
during the last twenty years, research has been
conducted around this. The aim of those studies lies
in the evaluation of one parameter, the catch ratio,
which links the unobstructed horizontal rainfall
intensity to the WDR intensity on the building as
shown in Figure 1 (Blocken and Carmeliet (2004))
and defined in equation 1.

ηd(d, t) =
Rwdr(d, t)

Rh(d, t)
, η(t) =

Rwdr(t)

Rh
(1)

Rwdr(d, t) and Rh(d, t) are the specific WDR in-
tensity and specific unobstructed horizontal rainfall
intensity for raindrops with diameter d. Rwdr(t) and
Rh(t) respectively, refer to the same quantities but
integrated over all raindrop diameters. Specific catch
ratio is related to only one droplet size whereas catch
ratio is the whole spectrum of droplet sizes (Best
(1950)).
This WDR catch ratio can be evaluated with on-site
measurements, semi-empirical models and numerical
simulations. Measurements are expensive and they
considerably take more time than semi-empirical
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models. Secondary sources are largely used to
obtain WDR catch-ratio as they are inexpensive
and straightforward. The most widely used models
are the Straube and Burnett (S&B) model (Straube
and Burnett (2000)), ISO Standard (ISO (2009))
and the Computational Fluid Dynamics (CFD)
model by Choi (1993) further developed by Blocken
and Carmeliet (2002); Blocken et al. (2007). ISO
Standard and S&B model are defined by equations 2
and 3 respectively, below.

Rwdr =
2

9
CR CT O W U10 R

0.88
h cosθ (2)

Rwdr = DRF ×RAF × U(z) ×Rh × cosθ (3)

where CR is the roughness coefficient, CT is the
topography coefficient, O is the obstruction factor,
W is the wall factor, U10 is the reference wind
speed at 10m height in the upstream undisturbed
flow (m/s), R0.88

h is the horizontal rainfall intensity
(mm/h or L/m2) and θ is the angle between the
wind direction and the normal to the façade. For
equation 3, DRF is the driving rain function, RAF
is the rain admittance factor, U(z) is the mean wind
velocity vector (m/s), Rh is the horizontal rainfall
intensity (mm/horL/m2) and θ is the same as the
previous equation. Both models have been described
and compared in detail by Blocken and Carmeliet
(2010).
A comparison of the two semi-empirical models
shows that the S&B model provides information for
three building façade geometries whereas the ISO
Standard model provides for six. A relatively low
number for both models considering the number of
different façade geometries that can exist. The S&B
model though brings up the independence of building
and scale for RAF values. Regarding the two models
and the position on the façade they have two different
approaches. The ISO Standard model provides wall
factors (W) across different points on façade, but
no more than nine for a three-storey building. On
the other hand, the S&B model provides contour
graphs with maximum and minimum RAF values.
Although the two parameters define the same thing,
the ratio of the WDR intensity on the façade to
the free-field WDR intensity, they don’t share the
same values at some façade positions (Blocken and
Carmeliet (2010)). The use of considerably simplified
WDR intensity and therefore WDR catch-ratio has
major limitations and may incur in high error in the
hygrothermal behaviour of building facades (Abuku
et al. (2009)).
Artificial Neural Networks (ANNs) have shown
successful results in a variety of fields, such as
banking (Tavana et al. (2017)), ocean engineering
(Seyedashraf et al. (2017)), microelectronics (Khera
and Khan (2017)), human science (Aram et al.
(2017)), agriculture (Elnesr and Alazba (2017)),
thermal comfort (von Grabe (2016)) and particularly

on applications related to building performance and
physics (Deb et al. (2016); Kumar et al. (2013);
Magalhães et al. (2017); Melo et al. (2014)). The
same approach will be used for this work as well.
In terms of WDR catch ratio data, available data
at the Heat Air Moisture Finite Element Method
(HAMFEM) program (Janssen (2000)) and data
from a CFD simulation (Choi (1994)) will be used.
The user has to manually choose the façade in
the database with the closest aspect ratio to the
façade under analysis, as the linear interpolation
algorithm has no means to extrapolate results for
new façade aspect ratios from the existing datasets.
This was one of the first attempts to implement
CFD simulation results in heat-air-moisture (HAM)
software (Blocken et al. (2007)). Based on the
above, the present paper describes an investigation
on modelling WDR catch ratios using ANN and the
reference data from HAMFEM and CFD simulations.

Methodology

This section describes the reference data from CFD
simulations and HAMFEM program used in the anal-
ysis, the use of the data in the quantification of the
uncertainty in ISO Standard and S&B model and the
development of ANN to calculate WDR catch ratio
based on the reference data.

Reference data

This work relies on two datasets both originally devel-
oped using CFD simulations. The first dataset is pro-
vided by HAMFEM program (Janssen (2000)), origi-
nally developed by Blocken and Carmeliet (2007) and
the second one on data from Choi (1994).

Table 1: Catch ratios for various horizontal rainfall
intensities as obtained by (Choi (1994)).

Table 1 shows the catch ratios as obtained by (Choi
(1994)), referred as Choi data hereafter, for a building
with cross section 10 m by 10 m and height 40 m. As
shown in Figure 2(a) the building façade was divided
into 12 large areas with vertical side strips named S
and the centre strip name C. The wind flow pattern
was calculated for reference wind speed values of 10,
20 and 30 m/s, at 250 m height, and horizontal rain-
fall intensities of 10, 30 and 50 (mm/h). HAMFEM
dataset was originally developed using CFD simula-
tions and shows catch ratio data at the local position
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of analysis on the façade. The model available from
HAMFEM program as shown in Figure 2(b) shows
a building with 10m height with the same cross sec-
tion area as the previous model, i.e. 10m by 10m.
The reference data has been tested for 9 wind speeds
(from 0 m/s up to 10 m/s) and for 16 horizontal rain
fall intensities (from 0 mm/h to 30 mm/h) result-
ing in a total of 4861 entries from both data. Table
2 shows sample data available from HAMFEM and
Figure 3 shows the cubic sized model’s facade which
was divided into 40 areas. Assuming that both, the
building and the flow are symmetrical, 9 areas named
from A to I as shown in Figure 3, have been chosen
from one side of the cube as sample data to be pre-
sented in Table 2. Training and validation of ANN
has been done using the above data.

Table 2: Sample data of catch ratios from HAMFEM
dataset for various horizontal rainfall intensities as
obtained by (Blocken et al. (2007)).

Figure 2: Models’ geometric parameters.

Figure 3: Facade sections of HAMFEM.

ISO Standard and S&B model

As ISO Standard and S&B semi-empirical models
are the most common sources of WDR data. The
two calculation models are applied to the high-rise
and cubic reference buildings. In the ISO model, CR

is calculated based on equations 4 and 5 below, and
terrain category I, with KR = 0.17, z0 = 0.01 and
zmin = 2.

CR(z) = KR ln(
z

z0
) for z ≥ zmin (4)

CR(z) = CR (zmin) for z < zmin (5)

CT and O, based on this case, are both considered
to be 1 based on tables in Blocken and Carmeliet
(2010). The wall factor W is chosen based on
the information in the Standard depending on the
building size, shape and height of point of interest
with values of 0.2, 0.3, 0.4 and 0.5.
For the S&B model, the RAF data provided for
facades only includes aspect ratios of H � W , or
W � H. Strictly speaking, the S&B model cannot
be applied for the cubic model Figure 2(b) but
because this model is applied in practice for cubic
buildings, it will also be applied here. For this work,
W � H is used for the cubic model and RAF data
used for both models are 0, 0.5, 0.8 and 1.

Figure 4 shows the catch ratios on the windward fa-
cades of the two building models estimated by the
semi-empirical models and compares them to the ref-
erenced data produced by CFD for three Rh values.

ANNs for WDR catch ratio

The modelling of the neural networks for this work
has been done using the statistical package R and the
‘neuralnet’ package (Fritsch et al. (2016)). The neural
networks in this package are feed-forward trained and
focuses on multi-layer perceptrons (MLP) (Günther
and Fritsch (2010)). MLP is a neural network with
input and output layers and one or more hidden lay-
ers between them. The training and validation data
was randomly separated by R to 80% and 20% re-
spectively. Five input parameters were used for the
creation of the neural network: the x coordinate, the
y coordinate of the point on building’s façade, the as-
pect ratio of the façade, wind speed and horizontal
rain intensity.
Several configurations of ANN were investigated to
define the best number of hidden layers and neurons
in each layer with the chosen one shown in Figure 5.
The log sigmoid function as shown in equation 6, has
been used in all configurations of the ANN to ensure
that the output signal of each node is smooth and as
stated by Duch and Jankowski (1999) and Widrow
and Lehr (1990) is the most appropriate for this ap-
plication

s(x) = 1/(1 + e−x) (6)

Where x corresponds to the sum of the weighted
input of each previous node plus the bias of the node
itself.

The input and output data of the ANN were
normalised within the same boundaries as the
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Figure 4: Comparison of wind-driven rain catch ra-
tios for the two datasets, as obtained by three models
(reference data, ISO, S&B) for three different hori-
zontal rainfall intensities.

activation function which is the sigmoid function in
this case between 0 and 1 (Guoqiang Zhang et al.
(1998)). Validation is a critical aspect of any model
construction and therefore only the validation results
were included in the graphs of ANN predictions
compared to HAMFEM database values. The
comparison between the HAMFEM WDR catch
ratio values data and the ANN results was analysed
based on the RMSE, which was used to calculate
confidence intervals based on the same criterion
and assumptions listed in the previous section. The
frequency of errors between the HAMFEM database
and the neural network results was also analysed
using histograms.

Figure 5: Artificial Neural Network Layout.

Results and Discussion

Figures 6 and 7 show a comparison for each data
entry between the reference data and the two
existing data sources of WDR catch ratio used in
building simulations. These figures show symmetry
plots where reference data is on x-axis and the ISO
and S&B data on y-axis. In both cases, the state
of the art data fails to capture the complexity of
WDR catch ratio distribution in the models. This
can be better quantified through the histograms
in Figure 8 which show the frequency of errors.
Errors are comparable for both data sources and
vary from -0.37 to +1.87, which is on similar order
of magnitude of WDR catch ratio data (varies from
0 to +2.3 in this dataset). Assuming a normal
distribution of errors, the calculated confidence
intervals of ISO and S&B data are ±0.56 and ±1.03
respectively for a confidence level of 95%. Due
to the fact that S&B model provides maximum
and minimum RAF values, for comparison purposes
the average value between the two is used in this case.

Figure 6: Symmetry plot of reference data of reference
data compared to Straube and Burnett model.

Results in Figure ?? show the comparison between
the ANN predictions for the validation data and the
WDR data from the reference data. ANN results have
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good agreement, particularly in comparison to data
in Figures 6 and 7 (which represent the best practice
in terms of WDR data using semi-empirical sources).
The best setting for the ANN comprises two hidden
layers with 5 and 3 nodes respectively (Figure 5). The
frequency of errors (calculated based on the method
outlined earlier) is shown in Figure 10. Predictions
using this set of ANN have a confidence interval of
±0.07 (RMSE=0.036) for a confidence level of 95%.
Table ?? includes all the weights and biases extracted
from the trained ANN which shows the effect of wind
speed and horizontal rainfall intensity on the ANN
output. The closer to 0 the weights are the less or no
effect they have on the WDR catch-ratios.

Figure 7: Symmetry plot of reference data of reference
data compared to ISO Standard model.

Figure 8: Histogram of errors in WDR catch ratio
calculations for ISO Standard and S&B model.

Conclusions

This work described the development of artificial neu-
ral networks for the prediction of wind-driven rain
catch-ratios. As main objective of this work, is the
use of machine learning in building simulation which
in this case is wind-driven rain catch-ratios. The con-
clusions drawn based on the results presented are:

Figure 9: Symmetry plot of reference data of reference
data compared to ANN.

Figure 10: Histogram of errors in ANN calculations
of reference data from CFD and HAMFEM compared
to ANN.

• The trained and tested artificial neural networks
using the reference data from CFD simulations
and Heat Air Moisture Finite Element Method
program showed that wind-driven rain catch ra-
tios can be predicted with ±0.07 confidence in-
terval for a confidence level of 95%.

• One artificial neural network per wind speed
or horizontal rainfall intensity could possibly be
considered for further work as weights and biases
indicate their effect on the results.

• A neural network with 2 hidden layers with 5
and 3 nodes respectively showed the best results
when compared to other ANN configurations.
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Table 3: Weights and biases of the ANN.

Weights Bias 1 Bias 2
Weight
Output

Aspect ratio x-coordinate y-coordinate Wind speed Horizontal Intensity WDR
Neurons Layer 1 Layer 2 Layer 1 Layer 2 Layer 1 Layer 2 Layer 1 Layer 2 Layer 1 Layer 2

1 5.838 -4.402 -33.958 -4.260 -158.407 -5.731 82.245 -14.235 0.179 -40.920 -8.496 7.913 -0.768
2 -2.112 -2.38 4.858 2.892 1.682 1.678 2.492 9.704 -0.406 -3.670 -7.218 3.097 -1.388
3 0.159 -3.051 -0.012 3.472 -0.236 -0.864 -1.282 12.066 338.415 0.926 -1.443 -0.769 0.973
4 -3.232 -1.020 3.328 2.013 -0.299 -3.330
5 -0.406 0.035 0.712 1.988 0.140 -0.181

WDR 0.573
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Abstract

Data-driven approaches are playing an increased role
in building automation. This can, in part, be at-
tributed to building operation and energy manage-
ment system data becoming more readily accessible.
A particular application is models to allow predictive
control harnessing building energy flexibility, which
is of interest to different stakeholders including; en-
ergy utilities, aggregators and end-users. Given the
possibility of thousands of data features, feature selec-
tion becomes a critical part of the model development
process. This paper considers various filter, wrapper
and embedded methods applied in conjunction with
three predictors in addressing the problem of con-
structing a suitable data-driven model to facilitate
predictive control and provision of energy flexibility
in a large commercial building. The feature selec-
tion algorithms are generally shown to significantly
reduce model evaluation time and, in some cases, in-
crease model accuracy. A random forest model with
embedded feature selection was found to be the opti-
mal solution in terms of model accuracy.

Introduction

Renewable energy sources such as wind and solar are
intrinsically variable by nature and this creates a sta-
bility issue for the electrical grid with the fluctuating
supply needing to be balanced with the demand
(Lund et al. (2015)). With increasing penetration
of such sources in most grids, balancing of national
grids is becoming a more challenging problem. The
flexibility to manage any mismatch can come from
either the supply side (through the use of dedicated
conventional power plants or storage) or from the
demand side (Lund et al. (2015)). Hull (2012) cate-
gorises Demand Side Management (DSM) broadly as
actions that influence the quantity, patterns of use or
the primary source of energy consumed by end users.
Buildings represent about 40% of the total primary
energy consumption in Europe (Economidou et al.
(2011)). This fact combined with their potential for
thermal energy storage, makes buildings a very suit-
able candidate for the provision of energy flexibility.
Most buildings use Heating, Ventilation and Air

Conditioning (HVAC) systems for space conditioning
and this HVAC load can be shifted using the thermal
mass of the building without compromising occupant
comfort. The International Energy Agency (IEA)
Energy in Buildings and Communities Program
(EBC) Annex 67 (Jensen et al. (2017)) provides
the current working definition of building energy
flexibility as ”the ability to manage building demand
and generation according to local climate conditions,
user needs, and energy network requirements”.
To take advantage of thermal mass for demand
shifting, a model capturing the thermal dynamics
of the building and heating or cooling system is
required in conjunction with a predictive control
strategy. With buildings being complex, often non-
linear in behaviour and no one building constructed
or operated the same way, building control based on
physics based models has often been limited to being
rudimentary and non-predictive. Such approaches
are hence unable to fully harness the energy flexibility
buildings possess. Numerous studies have concluded
that the biggest challenge in the mass adoption of
intelligent building control is the cost and effort
required to capture accurate dynamic models of
buildings (Sturzenegger et al. (2016); Henze (2013)).
On this premise, data-driven approaches show great
potential for efficient and smart building control.
The ”Internet of Things” revolution has led to the
rapid rise and use of sensors in building control and
availability of building data including: HVAC system
data, thermal comfort and internal air quality data,
power consumption data, external weather data and
occupancy data. This provides a significant data
source to train data-driven models. Often there
may be hundreds if not thousands of features at
a modellers disposal. To develop an efficient and
accurate data-driven model of a building, feature
assessment is a critical element of the model de-
velopment framework to avoid unnecessary model
complexity or missing certain building dynamics.
This involves primarily feature selection together
with feature engineering. Feature selection is defined
as the problem of selecting a subset of (m) features
from a larger set (n) features or measurements
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to optimise the value of a certain criteria over all
subsets of size m (Narendra and Keinosuke (1977).
Feature engineering is domain specific by nature and
can be a manual, difficult and time-consuming task,
e.g., the addition of external weather data that may
not be included with building BEM data. Guyon
and Elisseeff (2003) give the primary aims of feature
assessment as improving the prediction performance
of the learning model, improving the efficiency and
cost-effectiveness of the learning model and providing
a better understanding of underlying phenomena
and processes driving the response variable. Other
benefits are aiding data visualisation and reducing
data measurement and storage requirements.
This present paper considers the issue of feature
assessment in data-driven models used for predictive
control and provision of energy flexibility. A case
study white-box model of a building is used to gener-
ate a significant database of features from which an
optimal subset of features can be selected through
the use of various feature selection algorithms. This
research and the findings helps a move away from
observational data to experimental data in the field
of data-driven building energy modelling.
The paper is structured as follows: the ’Background’
section introduces the different types of feature
selection algorithms that are in use and presents
a literature review of the seminal works in feature
selection. This is followed by a summary of the
application of feature selection methods in the
realm of building energy modelling and finally the
identified research gap and aim of this study are
presented. Next, the methods used in this case study
are presented along with descriptions of the data
and the case study building. Finally, in the results
section, the various feature selection algorithms are
compared with respect to their performance and
identified features for building energy flexibility anal-
ysis. Note that the terms ’features’ and ’variables’
are often used interchangeably

Background

The main approaches to feature selection can be
categorised as either filters, wrappers or embedded
methods (Guyon and Elisseeff (2003); Molina et al.
(2002)). Filter methods are independent of the cho-
sen machine learning model and are used as a pre-
processing step with features ranked on the basis
of correlation or mutual information criteria. The
wrapper method is specific to the machine learning
model chosen and uses the model to evaluate and
search through subsets of variables. A wide variety
of search techniques can be used, including forward
search, backward search, Recursive Feature Elimi-
nation (RFE), branch-and-bound and Genetic Algo-
rithms (GA), to list a few (Kohavi and John (2011)).
Although wrapper methods are generally more com-

putationally intensive than filter methods, embedded
methods incorporate feature selection as part of the
training process of the model itself and may promise
to be more efficient than wrapper methods (Guyon
and Elisseeff (2003)), i.e., decision/regression trees
and L1 (Lasso) Regularisation.
Current seminal works in feature selection such as
Guyon and Elisseeff (2003) present a key message
that a unifying theoretical framework to feature selec-
tion is lacking due to the diverse approaches available.
They highlight the importance of having baseline per-
formance values to compare any approach selected, to
understand and quantify the benefits of feature selec-
tion. Kohavi and John (2011) present a summary of
wrapper methods with the core components that are
required being a search space, operators, a search en-
gine and an evaluation function. They emphasis that
in general, one should look for optimal features with
respect to the specific learning algorithm or predic-
tor and training set at hand. On a similar thread,
Molina et al. (2002) showed that different feature se-
lection algorithms behave differently to different data
particularities.
The development of data-driven models for building
control and harnessing energy flexibility is a nascent
field. Even when considering data-driven models used
for energy consumption forecasting, few researchers
have developed a systematic approach to feature as-
sessment in the development stage of building a pre-
dictive model. Numerous studies have selected fea-
tures purely based on domain knowledge or the fea-
tures that were actually available. Given that no
one building is the same, individual building char-
acteristics can be missed. Zhao and Magoulès (2012)
claimed their study to be the first attempt to dis-
cuss how to select a subset of features for statistical
models applied to the prediction of building energy
consumption, through two filter approaches (correla-
tion coefficient and gradient guided feature selection).
Kapetanakis et al. (2017) considered the issue of in-
put feature selection looking at linear and monotonic
correlations between the features, but was restricted
to assessing only thermal loads of commercial build-
ings. A few studies have investigated wrapper meth-
ods in the problem of feature selection. Fan et al.
(2014) used RFE together with eight widely used pre-
dictive algorithms. Zhang and Wen (2019) developed
a methodology tested on both real and synthetic data
combining a filter and wrapper approach. The model
which was developed with systematic feature selec-
tion results showed better accuracy and generalisa-
tion in the application of short term building energy
forecasting. Finally, there have also have been some
studies in building energy consumption prediction
utilising embedded methods, e.g., Jain et al. (2014)
used a L1 Lasso in forecasting the energy consump-
tion of multi-family residential buildings with accu-
rate predictions possible without data from external
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sensors such as temperature and occupancy.
With data driven models being increasingly used for
building control and for the assessment and provision
of energy flexibility, and given very limited existing
research in data driven models used in this applica-
tion, this paper focuses on the performance of various
feature selection algorithms and analysis of the data
features that are most relevant to this application.
Given the potential benefits of feature selection such
as increased accuracy and simplicity, this work has
the potential to lead to faster and more cost-effective
data-driven models enabling greater energy flexibility
to be unlocked from a larger range of buildings.

Methods

For flexibility assessment, two response variables are
of interest: Zone air temperature (to ensure thermal
comfort limits are not violated and to model the ther-
mal dynamics of the building) and the power con-
sumption of the building (to estimate the change in
power consumption that can be achieved through de-
mand response measures).
This study considers three predictors: linear regres-
sion, Support Vector Regression (SVR) and random
forests. The first two models are chosen as they are
linear (although SVR can map non-linear functions
through the use of kernal functions as explained later)
and hence can easily be integrated with a predictive
control optimisation framework. Random forests are
chosen because they are effective at capturing non-
linear and complex behaviour and the work of Jain
et al. (2016) has shown that random forests are capa-
ble of being integrated with receding horizon control
using the technique of separation of control and dis-
turbance variables.
SVR is a form of Support Vector Machines (SVM)
that finds a decision function or model to represent
the relationship between the features and the target.
Where a linear function is not enough to map the re-
lationship, the problem can be mapped to a higher
dimensional feature space through the use of kernal
functions. See Smola and Scholkopf (2003) for further
details on the formulation.
One of the biggest drawbacks of a classical decision
tree is its tendency to overfit to training data and ran-
dom forests are an ensemble method that was devel-
oped to combat this. Many parallel learners exploit-
ing independence between the learners are averaged
to reduce the error of the ensemble predictor. Each
tree in the ensemble is built from a sample drawn
with replacement (i.e. a bootstrap sample) from the
training set. In addition, instead of using all the fea-
tures, a random subset of features is selected, further
randomizing the tree. See Breiman (2001) for the
seminal work and more detail on random forests.
The overall feature assessment procedure is described
graphically in Figure 1. Further details on each step
are provided below.

Step 1. Generate Synthetic Data

The US Department of Energy Large Office archetype
white-box model (using EnergyPlus) has been taken
and modified to be the testbed building providing
the synthetic data for training the data-driven model
initially (Deru et al. (2011)). This building is a 12
storey building with a floor space of 46,000 m2 (Fig-
ure 1). The building ’core mid’ zone is investigated
as one of the response variables as this zone repre-
sents the majority of the zonal temperatures, being
the largest zone per floor and representing 10 of the
12 floors through symmetry properties of the simula-
tion. The building has a gas boiler for heating, two
water-cooled chillers for cooling and a multizone vari-
able air volume (MZ VAV) system for air distribution.
A combined PV-battery system was added to the ex-
isting model. The building complies with the mini-
mum requirements of ASHRAE Standard 90.1-2004
and the version for climate zone 4C was selected, the
closest climate zone to that of Dublin, Ireland, for
which the weather data is used. Weather data, ex-
tracted from the weather file used in the simulation,
also forms a part of the synthetic data and features
studied. The model uses a simulation time-step of
15 minutes and was simulated for an entire year to
generate the training and test dataset. The data was
split with 75% of the dataset being used for training
(January to September) and 25% for testing (October
to December). The advantages of using a white-box
model to generate synthetic data is that a compre-
hensive database can be generated for training that
can be used to compare the various feature selection
methods without concern for data quality issues that
plague most real datasets from buildings. The ques-
tion of how the feature selection algorithms corre-
spondingly perform on this real data is the subject
of future research. However, note that approximately
13,000 features were available as outputs from the
white-box model of the ’Large Office’ Building with
many of these variables not being practically measur-
able or observable. An initial manual filtering was
done to remove such variables from the EnergyPlus
output to simulate only data that would realistically
be output from a Building Energy Management Sys-
tem (BEMS).

Steps 2-4. Feature Selection (Data Pre-
processing)

Although the synthetic data does not contain any
missing data, this step was added to the workflow
so that when it is used with real data, any feature
that has more than a certain threshold of missing
values is removed from the dataset. Features with a
single value contain no useful information for a pre-
dictive model and hence these are also removed from
the dataset. Redundant features are those that are
highly correlated with one another and hence one of
them is considered redundant as it does not add any
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Figure 1: Feature Assessment Procedure

extra useful information to the dataset. The Pearson
correlation coefficient is used with a threshold value
of 0.9, for feature pairs that are correlated with a
value greater than this threshold, one of the features
is removed from the dataset.

Steps 5 & 6. Feature Engineering

In these steps, features are generated from the raw
data that is output from EnergyPlus. An example of
this is proxy variables such as hour of the day and
day of week. EnergyPlus outputs a timestamp vari-
able that is not suitable for using as a feature in a
predictive model directly. This timestamp variable is
processed to extract variables such as the hour of the
day and day of the week which can have significant
predictive power given the periodic nature of building
occupancy and energy consumption. Lag terms are
also introduced here for the response variable. Nor-
malising or scaling the training data is generally con-
sidered to be good practice in machine learning prob-
lems, especially for linear models where features with
large ranges induce high variance and may become
unnecessarily important. The approach used here is
to scale the data to be in the range of [0,1].

Step 7. Apply & Evaluate Feature Selection
Algorithms

Four feature selection algorithms are compared in
this study, namely, one filter method based on the
Pearson correlation coefficient, two wrapper methods
(RFE and GA) and one embedded method (random
forest). The Pearson correlation coefficient is used
to rank all the features with respect to the response
variable and the features that have a value of greater
than 0.6 are selected. RFE is a backward selection
technique where the model is initially fitted using all
features and then at each iteration a specified number
of features that are the weakest are removed. To find
the optimal number of features, this method is used
with cross-validation to score different subsets, util-
ising the Python Sklearn package (Pedregosa et al.
(2011)). The GA is a heuristic optimisation method
inspired by evolution, where the genes of organisms
tend to evolve over successive generations to be more
successful to the given environment. It is a stochastic
method that can be used for feature selection on a
given predictor that works based on the mechanisms
of natural genetics and biological evolution found in
nature with the three major steps being selection,
crossover and mutation (Chtioui et al. (1998)). In the
case of feature selection, each individual of the popu-
lation represents a candidate subset of features with
each individual being assigned a fitness value based
on a fitness function (here being the prediction error
on the cross-validation sets). In selection, the individ-
uals with a high fitness value are given more chance to
be selected for reproduction. During crossover, por-
tions of the parent solutions are exchanged and finally
in mutation, one or more components of the child in-
dividual are randomly changed. The random forest
has an intrinsic feature importance variable (either
the mean decrease impurity or mean decrease accu-
racy) that is used in constructing the model making
this an embedded method.
All pre-processing of data, feature engineering and
implementation of the above feature selection algo-
rithms was carried out in Python on a server machine
with an Intel(R) Xeon(R) CPU E5-2697 v2 2.7 GHz
and 256 GB of RAM.
To evaluate the performance of the various feature
selection algorithms, two metrics were used: (i) the
root mean squared error (RMSE) of the prediction on
the test set and (ii) the evaluation time of the model
with the selected features on the test dataset. The
RMSE is defined in Equation (1) as:

RMSE =

√∑N
i=1(yi − ŷi)2

N
(1)

where ŷi is the predicted output value and yi is the
actual output variable for the ith sample in the testing
subset. N is the number of samples in the testing
subset.
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Results and Discussion

Comparison of Feature Selection Algorithms

The results of the various feature selection algorithms
are compared first with three different predictors: lin-
ear regression, SVR and random forests. The two re-
sponse variables considered in this feature selection
study are the core mid zone temperature and build-
ing total power consumption. For reference, a naive
prediction based purely on the lagged term from a
week prior results with a RMSE of 0.56◦C for the
core mid zone temperature and a RMSE of 6.0 kW
for the building total power consumption.
A comparison of the RMSE achieved by the SVR and
run time for the different FS algorithms for the re-
sponse variable of the core mid zone temperature is
given in Figure 2. As this figure shows, all feature
selection techniques result in significant reductions in
the model evaluation time (over 93% reduction for
the F-P-SVR model) with very minor gains in the
prediction RMSE.

A comparison of the RMSE achieved by the random
forest predictor and run time for the different fea-
ture selection algorithms is presented in Figure 3 for
the response variable of the building total power con-
sumption. This figure shows that all feature selection
techniques are able to reduce the evaluation time of
the random forests model significantly (between 50%
and 92% reductions) but given that the random for-
est predictor is inherently an embedded method of
feature selection, the addition of the other feature se-
lection algorithms does not significantly reduce the
RMSE and, in some cases, even has a detrimental ef-
fect (such as using the F-P-RF model). The results
presented for the embedded case (E-RF) is essentially
the same as the ”All Features” scenario (ALL-RF) ex-
cept that hyper-parameter tuning has been employed
to optimise the random forest structure. The ran-
dom forest predictor is a special case, as an embedded

Figure 2: Comparison of FS Algorithms by RMSE
and run time for the SVR Predictor with a response

variable of the core mid zone temperature

Figure 3: Comparison of FS Algorithms by RMSE
and run time for the random forest Predictor with a

response variable of the total building power
consumption

Figure 4: Comparison of FS Algorithms by RMSE
with a response variable of the core mid zone

temperature

method of feature selection is inherently built into the
algorithm which means that additional feature selec-
tion techniques are not necessary unless the model
run time is a critical concern, e.g., if the control time
step is in the order of seconds.
Figures 4 and 5 summarise the RMSE values achieved
by the selected features for all combinations given in
Figure 1 and generally show the superiority of the
random forest predictor with its embedded feature
selection. It should also be pointed out that whilst
not illustrated here, the wrapper methods of feature
selection can be computationally intensive with the
RFE and GA algorithms taking several hours to run.
Given that model training should be conducted of-
fline in applications utilising data-driven control, this
is considered to be acceptable.

Figure 6 illustrates the predicted and synthetic data
values of the core mid zone temperature for varying n-
steps ahead (from 15 minutes ahead to 1 day ahead)
for a week in November (which is part of the test
dataset) using the random forest with features se-
lected through the inbuilt feature importance method
(embedded method). Hyper-parameter tuning using
a randomised grid search approach is used to tune
the models. The figure shows that the predictive ac-
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Figure 5: Comparison of FS Algorithms by RMSE
with a response variable of the total building power

consumption

curacy declines with increasing prediction horizons as
expected (RMSE ranges from 0.24◦C for 1-step ahead
to 0.53◦C for 96-step ahead).

Features Selected

This section investigates the actual features selected
by the various feature selection algorithms. The fol-
lowing tables give a count of the top features selected
by the various combinations of feature selection al-
gorithms and predictors. As Table 1 and Table 2
show, the lag terms are significant for predicting both
the zonal temperature and the building power con-
sumption (1-step ahead). Specific to the core mid
zone temperature, the floor temperature of the zone is
the third most relevant feature signifying the physical
thermal connection between the two. A similar con-
nection exists between the basement and core bottom
zones and the core mid zone temperatures. Consid-
ering the features selected for predicting the building
total power consumption, aside from the lag terms
importance as mentioned above, the power consump-
tion of interior lights and equipment are the most sig-
nificant contributors to the total power demand and
this is highlighted in Kathirgamanathan et al. (2018)
where the same building is used as the virtual DR
testbed building. The influence of occupancy on the
power demand is seen through the high relevance of
the zone CO2 concentration which can be taken to
be a proxy measure for occupancy. Finally, the peri-
odicity of power consumption in this building is seen
through the importance of the ’hour’ proxy variable.
This is particularly applicable to commercial build-
ings where operation and hence occupancy and power
consumption tends to follow ’standard’ building op-
erating hours as opposed to residential buildings.

Interestingly, the control variables that were kept
for the feature selection analysis (fan air speed and
cooling setpoint schedule value) were not necessar-
ily selected through the feature selection algorithms
and found to be part of the most optimal subset.
This could indicate that the building was not excited
enough in the training data for the control features
to offer much to the predictive model. The exter-

nal weather features such as air dry bulb tempera-
ture, relative humidity and solar radiation did not
rank very highly for both 1-step ahead response vari-
ables, which is surprising given the amount of liter-
ature where external weather features are used (e.g.,
Fan et al. (2014); Kapetanakis et al. (2017); Drgona
et al. (2018)). However, there are studies that have

Table 1: Selected features from various FS
algorithms and predictors for response variable of

core mid zone temperature.
Features Selected Count
CORE MID:Zone Thermostat Air Temperature
[C]

9

CORE MID ZN 5 FLOOR:Surface Outside Face
Temperature [C]

8

CORE MID:Zone Thermostat Air Temperature
[C]-1

8

CORE MID:Zone Thermostat Air Temperature
[C]-5

7

CORE MID:Zone Thermostat Air Temperature
[C]-3

6

CORE MID:Zone Thermostat Air Temperature
[C]-4

6

VAV 2:Air System Outdoor Air Heat Recovery By-
pass Minimum Outdoor Air Mixed Air Tempera-
ture [C]

6

GROUNDFLOOR PLENUM WALL
NORTH:Surface Inside Face Temperature [C]

6

CORE BOTTOM: Zone Thermostat Air Temper-
ature [C]

6

CORE MID:Zone Thermostat Air Temperature
[C]-2

6

BATTERY: Electric Storage Simple Charge State
[J]

5

VAV 3 HEATC-VAV 3 FANNODE:System Node
Temperature [C]

5

PERIMETER BOT ZN 2 VAV BOX OUTLET
NODE NAME:System Node Current Density
[kg/m3]

5

BASEMENT:Zone Thermostat Air Temperature
[C]

5

Heating: Gas [J] 5
PERIMETER MID ZN 4 VAV BOX REHEAT
COILDEMAND OUTLET NODE:System Node
Current Density [kg/m3]

4

Table 2: Selected features from various FS
algorithms and predictors for response variable of

building total power consumption.
Features Selected Count
Electricity:Facility [J] 9
Electricity:Facility [J]-3 8
Electricity:Facility [J]-4 8
CORE BOTTOM:Zone Air CO2 Concentration
[ppm]

8

TOPFLOOR PLENUM:Zone Air CO2 Concentra-
tion [ppm]

8

Electricity:Facility [J]-2 8
Electricity:Facility [J]-1 7
InteriorLights:Electricity [J] 7
Fans:Electricity [J] 7
VAV 3 FAN: Fan Air Mass Flow Rate [kg/s] 6
InteriorEquipment:Electricity [J] 6
CORE BOTTOM VAV BOX OUTLET NODE
NAME:System Node Relative Humidity [%]

6

WaterSystems:Gas [J] 6
CORE TOP VAV BOX COMPONENT:Zone Air
Terminal VAV Damper Position [J]

6

Electricity:Facility [J]-5 6
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Figure 6: Comparison of predicted (for varying n-steps ahead) and synthetic data (ground truth) values from
model ’E-RF’ with a response variable of the core mid zone temperature for one week in test set

similarly found a lack of relevance of external weather
features (e.g., Zhang and Wen (2019); Nghiem and
Jones (2017)). For the core mid zone temperature,
this can be explained by the central location of this
zone in the building damping the effects of external
conditions and the significance of internal gains on the
cooling and heating loads of this zone. For the build-
ing total power consumption, as explained above, the
cooling and heating loads which are most sensitive
to external weather features are relatively small com-
pared to the lighting and equipment loads which dom-
inate the total power consumption. As a method of
validation of the feature selection method, the ran-
dom forest was used to predict the core mid zone
temperature for varying n-steps ahead (from 1-step
ahead to 96-step ahead) with hyperparameter tuning
(Figure 6). Analysing the features selected by this
method, whereas lag terms are quite dominant for 1
and 4 steps ahead, for greater prediction horizons,
this is not the case as expected and markers for pe-
riodicity and occupancy such as ’day’ and zone CO2

concentration are increasingly selected. Although not
included in this study, for longer prediction horizons,
it is expected that weather forecast variables will be
more relevant features.

Conclusion

Feature selection algorithms commonly used in liter-
ature have been applied to a specific case of a syn-
thetic dataset from a commercial building for use in
constructing a predictive model for energy flexibility
applications. The results show that the feature selec-
tion techniques generally offer significant reductions
in the model evaluation time (ranging from 50% to
94% reductions) and for the predictors selected, did
not make any significant difference in the predictor
accuracy. The choice of feature selection algorithm
should generally be made based on the predictor used,
for example if one has selected the random forest as

the predictor to be used, applying a wrapper feature
selection method may be considered to be unneces-
sary. The random forest model with embedded fea-
ture (E-RF) selection was found to give the best accu-
racy considering both the zone temperature and total
power consumption response variables.
For the virtual building considered in this study, fea-
ture selection showed that the lag terms of both re-
sponse variables were highly relevant and most fea-
ture selection algorithms ended up choosing up to
five lagged terms. For the core mid zone tempera-
ture, the feature selection picked up on thermal con-
nections to adjacent surfaces and zones with these
features being selected frequently. For the building
total power demand, the high portion of power con-
sumption dedicated to interior lights and equipment
was revealed and this also explains the importance of
a proxy variable such as hour of the day. The relative
unimportance of external weather features was found
to be the case for this particular building. This work
identifies the important features for development of
a data-driven model to harness the energy flexibility
available in this case study building. This methodol-
ogy can be repeated with any building and allows the
specification of what experimental data is required
from a building.
Given that receding horizon control problems require
sufficiently accurate predictions over the range of the
prediction horizon, future work should consider the
issue of balancing the differing optimal variables be-
tween short-term predictions and longer-term predic-
tions. Further work is also required to determine the
importance of weather predictions on longer predic-
tion horizons. The approach also needs to be applied
to real data from a building. Real data has stochas-
ticity that this synthetic data used in this study is
missing as well as data-quality issues that a feature
selection methodology needs to be robust against.
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Abstract 

Laminated glass combines glass layers, which provide 

strength and durability, with transparent polymeric 

interlayers, which provide coupling between glass layers 

and prevent glass shards from scattering in case of 

breakage. The main goal of this paper is to present, 

through COMSOL Multiphysics simulations, how the 

mechanical performance (bending stiffness and stress 

distribution) of laminated glass plates is affected by the 

shear stiffness of the interlayer material. The simulation 

results were validated with experimental tests. The 

laminated glass specimens presented a linear elastic 

behaviour until glass breakage, and its mechanical 

performance was affected by the interlayer material 

selection, as well as the load duration and the working 

temperature. 

Introduction 

Laminated glass is a composite laminate with glass layers 

bonded using a polymeric interlayer. It was originally 

used in car windshields to prevent glass shards from 

scattering in case of accidental breakage. In laminated 

glass, broken glass shards remain bonded to the polymeric 

interlayer. Polyvinyl butyral (PVB) was the first 

interlayer material for laminated glass used in car 

windshields, and it is still the most commonly used for 

that application. 

The use of laminated glass later expanded to architecture, 

aiming to design vertical and overhead glazing systems. 

However, there are still no European standards specifying 

the structural design of glass. There is, however, a draft of 

European standard (prEN 16612, 2013). 

Since glass is a brittle material, without capacity to 

deform plastically or redistribute stresses, with an abrupt 

breakage, and highly vulnerable to impacts (Bos, 2009), 

special measures are required to design transparent yet 

safe structural elements. For that reason, stronger and 

stiffer interlayers, such as SentryGlas, were developed in 

order to provide a higher pre-breakage stiffness and 

strength, and post-breakage safety. New types of PVB 

were also developed, with a lower level of plasticiser in 

order to increase its shear stiffness. 

The lamination process allows overlapping several glass 

layers, or even combining glass layers with layers of 

transparent polymers such as polycarbonate or 

poly(methyl methacrylate) (Biolzi et al., 2018). As a 

result, it is possible to obtain thicker elements, with a 

higher impact resistance and safer breakage than using 

monolithic glass. Safer means that it has a higher post-

breakage load-bearing capacity and a more ductile 

breakage. 

The two materials that constitute laminated glass have 

very different mechanical properties: glass is linear elastic 

until breakage (Callister, 1997), whereas the polymeric 

interlayer that connects glass layers is non-linear and 

viscoelastic (López-Aenlle et al., 2019), which means that 

its mechanical properties depend on the degree of strain, 

the load duration, and the working temperature (Figure 1).  

(a) 

(b) 

(c) 

 

Figure 1: Mechanical properties of PVB Clear, PVB ES, 

and SentryGlas: (a) stress-strain curves, and shear 

modulus (b) at different load durations and (c) at 

different temperatures, extracted from the manufacturer 

brochure (Kuraray Europe GmbH, 2018). 
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As a result, the mechanical properties of interlayer 

materials depend on the strain level, the load duration, and 

the working temperature. 

Andreozzi et al. (2014) and Pelayo et al. (2017) performed 

a dynamic mechanical analysis on specimens made of 

laminated glass (torsion test) and interlayer film without 

glass (tensile test) respectively. The study at different 

temperatures and strain rates allowed to obtain the 

viscoelastic properties of polymeric interlayers. The 

values obtained were implemented in numerical models, 

which were validated experimentally with a three-point 

bending test on laminated glass panels.  

The contribution of standard PVB for structural 

applications, both pre- and post-glass breakage, is 

negligible under certain loading conditions and working 

temperatures. Some national building codes, such as the 

German code DIN 18008 (2010), neglect by default the 

contribution of the interlayer. However, several studies 

demonstrate that the mechanical response of laminated 

glass, both before and after glass breakage, is influenced 

by the mechanical properties of the interlayer (Galuppi 

and Royer-Carfagni, 2012; Serafinavičius et al., 2013; 

Andreozzi et al., 2014; Pelayo et al., 2017). 

According to Hopper (1973), the degree of coupling 

between glass layers depends on the shear stiffness of the 

interlayer. The capacity of the interlayer material to 

provide shear connection between glass layers is time- 

and temperature-dependant, but simplified methods are 

commonly used in architecture by considering a constant 

interlayer shear stiffness, corresponding to the most 

unfavourable value. An assumption in this paper was that, 

in structural applications for architectural purposes, the 

interlayer material works in the linear elastic range, even 

though it is a non-linear material (Andreozzi et al., 2014). 

This paper aims to study the contribution of the interlayer 

in laminated glass panels under a combination of bending 

moments and shear forces. Laminated glass panels with 

three different commercial interlayer materials are 

subjected to a three-point bending test in order to compare 

them to each other and to the two theoretical extremes: 

monolithic limit, when there is total transfer of shear 

stresses between glass layers without shear displacement, 

and layered limit, when there is no transfer of shear 

stresses between glass layers (Figure 2). 

Two models (2D linear and 3D linear) were created using 

COMSOL Multiphysics. Compared to the non-linear 

viscoelastic models found in the literature (Andreozzi et 

al., 2014; Pelayo et al., 2017), these two models require 

less information to define the materials and have lower 

computational complexity. Linear models will only be 

valid if the experimental results validate the assumption 

of the interlayers working within the linear elastic range. 

The parameters considered relevant to study the structural 

behaviour of laminated glass panels are the bending 

stiffness and maximum load-bearing capacity. In terms of 

post-glass breakage safety, it is important to see whether 

the broken glass fragments remain bonded to the 

interlayer or not, and if the broken laminated glass panel 

falls from the supports or remains in place. 

 

(a) Monolithic 

 

(b) Laminated 

 

(c) Layered 

Figure 2: Laminated glass as a midterm between the 

layered and the monolithic limits. 

Methodology 

Experimental test 

The three-point bending test detailed in Figure 3 was 

carried out experimentally (Figure 4). The main goal was 

to compare the results obtained from experimental tests 

and simulation. 

In the three-point bending test set-up, a laminated glass 

panel with two layers of heat-strengthened glass of 6 mm 

thickness each was placed horizontally on a metallic 

bench, simply supported at both ends. A linear 

downwards load was applied at the midpoint between 

supports. A rubber film was placed between glass and 

steel, in order to prevent direct contact between these two 

materials, because it could cause stress peaks and 

premature failure of glass. The lower support moved 

upwards at a rate of 2 mm/min, whereas the upper support 

did not move. Breakage of both glass layers marked the 

end of the experimental test. The tests were carried out at 

a temperature of 23±1 ºC and a relative humidity of 

40±1%. 

 

Figure 3: Schematic overview of the three-point bending 

test setup. 

 

Figure 4: Experimental three-point bending test set-up. 

 

Width: 360 mm 
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The displacement of the mobile lower supports was 

constant, with a speed of 2 mm/min until breakage of both 

glass layers. This may allow seeing if the interlayer 

material performs within the linear elastic range, unlike 

steady-state experiments, which generally do not provide 

information about material breakage or plastic 

deformation. 

COMSOL models 

Two numerical models, created using the Structural 

Mechanics module of COMSOL Multiphysics, simulate 

the three-point bending test. First, a 2D linear model with 

a free triangular mesh, and second a 3D linear model with 

a free tetrahedral mesh (Figure 5). Both models are 

simplified by using symmetry at the midpoint and 

antisymmetry at the lateral support (Figure 6). A 

downwards load was applied at the midspan. 

 

Figure 5: 2D (a) and 3D (b) COMSOL model to 

simulate the three-point bending test. 

 

Figure 6: Symmetry at the middle axis and antisymmetry 

at one side to create a simplified simulation model. 

There is a perfect bond at the interface between glass and 

interlayer. In fact, there is continuity in the mesh between 

materials, and they share nodes at the contact surface. The 

material properties implemented were density, Young 

modulus, and Poisson ratio (Table 1). 

Table 1: Material properties implemented in the 

COMSOL Multiphysics simulation models. 

Material Density Young 

modulus 

Poisson 

ratio 

Glass 2400 kg/m3 70·109 Pa 0.2 

Interlayer 1000 kg/m3 Variable 0.48 

Results and discussion 

Contribution of the interlayer 

In order to determine the contribution of the interlayer, a 

load of 1 kN was applied in 2D linear models. Different 

values of interlayer stiffness were implemented, and the 

results obtained are the ones presented in Figure 7. 

 

Figure 7: Maximum stress and maximum displacement 

on a laminated glass panel depending on the stiffness of 

the interlayer. Applied load: 1 kN. 

Based on these results, the shear stiffness of the interlayer, 

which was proportional to the Young modulus, had a 

direct effect on the bending stiffness and maximum load 

of a laminated glass element when the two glass layers 

were unbroken: the higher the shear stiffness of the 

interlayer, the higher the bending stiffness and the lower 

the maximum stress of the laminated glass plate. The 

higher and lower values of stress and bending stiffness of 

laminated glass had an asymptotic tendency to the 

monolithic and the layered limits respectively. 

 

(a)  

 

(b)  
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The three-point bending test specimens are subjected to a 

combination of bending moments, which cause normal 

stresses, and shearing forces, which cause tangential 

stresses (Figure 8). The tensile stress (σx) caused by 

simple bending (Mz) is the one displayed in Eq. 1, and the 

shear stress (τ) caused by simple shear strain (T) is the one 

displayed in Eq. 2., where Wz is the section modulus, Q is 

the static moment, I is the moment of inertia, and b is the 

width of the section. 

 

Figure 8: Three-point bending test: shearing forces, 

bending moments and vertical deformation. 

 σx = Mz / Wz (1) 

 τ = T · Q / ( T · b ) (2) 

According to the experimental results and the COMSOL 

simulations, laminated glass specimens with SentryGlas 

and PVB ES were closer to the monolithic limit, and 

specimens with PVB Clear were closer to the layered 

limit. The model allowed to see how the normal and the 

tangential stresses in laminated glass panels were affected 

by the shear stiffness of the interlayer (Figure 9). 

The explanation to that influence of the interlayer on the 

cohesiveness of the laminated glass plate could be that, 

when the unbroken laminated glass panel was deformed, 

the interlayer material experienced angular distortion (γ) 

due to shear stresses (τ) between glass layers (Figure 10). 

The Hooke’s law (Eq. 3) states that, in the linear elastic 

region of a material, the angular distortion equals the 

shear stress multiplied by the shear modulus (G), which is 

proportional to the Young modulus (E) and the Poisson’s 

ratio (ν) (Eq. 4). 

 𝜏 = G · 𝛾 (3) 

 G = E / ( 2 · ( 1 + ν ) ) (4) 

 

 

Normal stress 

   

Monolithic Laminated Layered 

Tangential stress 

   

Monolithic Laminated Layered 

Figure 9: Stress distribution on layered, monolithic, and 

laminated glass. 

 

Figure 10: Shear stress at the interlayer of a laminated 

glass panel under bending load.  

Experimental validation of the simulation model 

Figure 11 shows the results of the experimental three-

point bending tests. The experimental results confirmed 

that, for unbroken specimens, the shear stiffness of the 

interlayer affected the bending stiffness and maximum 

stress of laminated glass plates. Specimens with PVB ES 

and SentryGlas, which were stiffer than PVB Clear, had a 

higher bending stiffness and reached a higher load before 

breakage. 

The fact that the specimens presented a linear behaviour 

until breakage, even though the interlayer materials were 

non-linear, confirm the initial assumption that the 

interlayer material worked within the linear elastic range. 

The experimental study lacks steady-state tests and tests 

at different temperature, which would be necessary in 

order to fully define the viscoelastic behaviour of the 

interlayer materials (Pelayo et al. 2017). However, with 

the obtained results at 23 ºC and the shear modulus of the 

interlayer from Figure 1, it is possible to use the 

simulation to obtain the expected results at different 

temperatures. 
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Figure 11: Experimental results of the three-point 

bending test on laminated glass panels. 

Breakage mode and post-breakage behaviour 

Information of the breakage mode and the post-breakage 

behaviour was obtained mainly from the experimental 

tests. Failure started in the middle region of the bottom 

glass layer due to excessive tensile stress at the lower 

surface (Figure 9).  

All specimens presented a linear behaviour until there was 

an abrupt drop of the load-bearing capacity when the 

bottom glass layer cracked due to excessive tensile stress. 

With only the top glass layer unbroken, the specimen 

presented a linear behaviour again, until the failure of the 

upper layer led to a second load drop and the total collapse 

of the structural element (Figure 12Error! Reference 

source not found.).  

 

Figure 12: Breakage stages of laminated glass elements 

under flexural load. 

Once the bottom glass layer broke, the interlayer held the 

broken glass shards in place, but no longer transferred 

shear loads between glass panels. As a consequence, the 

mechanical contribution of the interlayer became 

negligible. This can be seen in Figure 11, because the 

bending stiffness and maximum load of the second linear 

region has the same slope for all three interlayer materials. 

No adhesion loss was observed during the testing, and as 

a consequence, all broken glass shards remained bonded 

to the interlayer. The specimens with both glass layers 

broken and PVB Clear interlayer fell from the support, 

because the interlayer was unable to resist the weight of 

the broken glass layers, whereas specimens with 

SentryGlas and PVB ES remained in place, with a small 

but non-negligible load-bearing capacity. 

Comparison between the 2D and the 3D COMSOL 

models 

The computational complexity of the 3D simulations was 

higher, because the meshes of 3D solids have more nodes 

and tetrahedral elements instead of triangular. Despite 

that, both models were rather simple in terms of geometry 

and material properties. 

The values of bending stiffness provided by the 3D model 

were slightly higher than the ones provided by the 2D 

model, but the differences were always below 2% (Figure 

13). With respect to maximum stress, the differences were 

slightly higher (around 5%), being the values of the 3D 

model above the ones of the 2D model (Figure 14). These 

differences are however rather small, taken into account 

that in structural calculation there are always safety 

coefficients, such as the reduction factors for material 

strength and the magnification factor for applied actions. 

 

Figure 13: Bending stiffness values obtained from the 

2D model and the 3D model. 

 

Figure 14: Maximum stress values obtained from the 2D 

model and the 3D model. 
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Given the similarity in the results and the fact that the 3D 

model had a higher computational complexity, a 2D 

model may be the best option to simulate the scenario here 

considered. However, more complex models, in terms of 

load and boundary conditions, tend to be harder to 

simplify from 3D models to 2D models. 

Conclusions 

This paper studies the influence of the interlayer material, 

the load duration, and the working temperature on the 

mechanical behaviour of laminated glass plates under 

flexural loading in a tree-point bending test. To do so, 2D 

and 3D models are created using COMSOL Multiphysics, 

and the results are validated experimentally.  

In the experimental tests, three different interlayer 

materials were used: PVB Clear, PVB ES, and 

SentryGlas. These materials are non-linear and 

viscoelastic. SentryGlas had the highest shear stiffness, 

and PVB Clear the lowest. The shear stiffness of PVB ES 

was similar to SentryGlas at low temperatures and with 

short duration loadings, but approached PVB Clear when 

performing above room temperature or under long-term 

loading. 

An initial assumption was made that the interlayer 

material worked in the linear elastic range, and it was later 

verified experimentally. As a consequence, it was valid to 

define all materials as linear elastic in the COMSOL 

Multiphysics simulations. 

The shear stiffness of the interlayer material affected both 

the bending stiffness and the maximum stress of 

laminated glass plates. As a consequence, since the load 

duration and the working temperature affected the shear 

stiffness of the interlayer materials, it may affect the 

mechanical performance of laminated glass plates as well. 

Breakage of the specimens started at the bottom layer near 

the central region, where the load was applied and the 

bending moment was the highest. Glass breakage led to 

an instantaneous decrease of the load-bearing capacity. 

After breakage of the bottom layer, the polymeric 

interlayer held the broken shards in place, but its 

mechanical contribution became negligible. 

After breakage of both the top and the bottom layer, 

specimens with PVB ES and SentryGlas remained in 

place, whereas specimens with PVB Clear fell from the 

supports as the interlayer was unable to support the weight 

of the broken glass layers. There was no adhesion loss 

between glass and interlayer in the whole test.  

The abrupt brittle failure of glass and the small post-

breakage strength indicate that this design is not optimal 

for structural applications (e.g. roofs, staircases, and 

floors). That problem could be solved by adding a 

sacrificial layer or using a statically indeterminate design 

(e.g. midpoint support or rigid restraints at both ends). 

The influence of the interlayer was observed on the 

maximum deflection, stress distribution, and maximum 

tensile stress, which is the main cause of glass failure. 

After breakage of the lower glass layer, the interlayer held 

the broken shards in place, but its mechanical contribution 

became negligible. 

The results of 2D and 3D models were similar, but the 

computational complexity of 3D models was higher. 

However, the simplification from 3D to 2D models may 

not be possible to represent more complex geometries or 

boundary conditions. 

The experimental tests here presented, performed at 

constant temperature and constant deflection rate, do not 

fully define the viscoelastic behaviour of the interlayer 

material. However, there are manufacturer datasheets 

(Kuraray Europe GmbH, 2108) and research papers 

(Pelayo et al. 2017) providing information of the 

interlayer stiffness for different temperatures and load 

duration values. Such information can be implemented in 

the simulation model previously presented in order to 

predict the mechanical behaviour of laminated glass 

plates for said interlayer materials, temperatures, and load 

duration values. 
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Abstract 

The inherent geometric and material dependence of 

radiant heat transfer can be leveraged to improve system 

efficiency and thermal comfort. Unlike in air-based 

systems, non-uniform temperature distribution can be 

highly controlled and beneficial in radiant systems, 

where temperature perception can be manipulated 

locally. An experiment was devised with the aim of 

creating a significant temperature gradient in a single 

space by using radiant heat transfer to cool certain parts 

of a room while simultaneously heating other parts. This 

was achieved by inducing radiant fluxes from hot and 

cold emissive pipes and directing them at different areas 

of the room through the use of curved infrared reflective 

surfaces. A 3D simulation was created to analyze the 

consequences of such a configuration for the Mean 

Radiant Temperature (MRT). The simulation utilizes a 

ray-tracing technique to account for multiple reflection 

bounces. The results are compared to MRT 

measurements taken in the physical experiment using 

Black Globe Thermometers.  A simulation study of the 

heat transfer characteristics of a single pipe in a 

parabolic trough is also discussed. 

Introduction 

The human body is a complex thermal engine, with 

multiple sophisticated mechanisms for exchanging 

energy with its environment. Air temperature is just one 

of many factors that have significant physical impacts on 

perceived comfort, yet thermostats measuring only air 

temperature control how buildings deliver thermal 

amenities, ignoring many opportunities to affect human 

comfort through the design of a room. More 

comprehensive human comfort models, as discussed in 

Huizenga et al (2001), recognize a wide set of influences 

from convection, conduction and radiation between the 

body and the environment.  In the following experiment, 

the focus on control and manipulation of the radiant heat 

exchange in an indoor environment, using specific 

material and geometric properties of the surfaces in a 

room, contributes to a shift towards thermal comfort 

modelling based on an operative temperature that 

decouples air temperature and mean radiant temperature 

(MRT).  

MRT is an important factor in calculating the radiant 

heat exchange between the human body and the 

surrounding environment. It is defined as the mean 

temperature of all the surfaces surrounding a human 

body in space, weighted by the view factor of each 

surface in relation to the body. Therefore, using a 

specific geometric configuration to increase or decrease 

the view factor of a heat source in relation to the body of 

a human occupant, it is possible to magnify or reduce the 

radiant exchange between them.  

Simulation techniques of MRT have largely been 

developed for urban climate studies (Matzarakis et al, 

2007), where MRT is calculated based on view factor 

derived from urban fisheye photography. However, 

when considering diffuse longwave radiation in an 

enclosed room with complex geometry and varying 

emissivities causing significant reflections, the common 

assumptions in large urban settings of diffuse 

interactions necessitates a different simulation method to 

be employed. For such purpose, an indoor simulation 

tool which enables predicting the effects of solar 

radiation on human heat gain and comfort Schiavon et 

al, 2015). However, a high-resolution indoor longwave 

radiation simulation with multiple radiosity bounces can 

be found in radiosity simulations developed in the field 

of computer vision (Cohen and Greenberg, 1985).  

Thermal Radiation, being within the infrared spectrum 

of electromagnetic radiation, shares many of the 

characteristics of visible light but occupies a different 

spectrum of wavelengths. As such, it is also possible to 

manipulate the direction of a heat source using a curved 

reflective surface around it, similarly to the use of a 

parabolic extrusion for a light fixture around a 

cylindrical light bulb. There are examples of patents that 

used exactly this concept (Heck, 1941), where a device 

is constructed to concentrate radiant heat or shield 

objects from heat for use in medical procedures 

requiring heating and cooling. In this paper, the 

simulation of the thermal behaviour of a parabolic 

reflector, directing radiant flux from a hot or cold pipe 

will be discussed.  

Beyond the scale of a single heat reflector, the 

Thermoheliodome project (Meggers et al, 2017) 

provides an example of a constructed demonstrator of 

reflective expansion of radiant heat transfer. The project 

provided cooling to occupants through the reflection of 

thermal radiation emitted from chilled pipes using 

conical concentrators to provide cooling without 

conditioning the air. For outdoor thermal comfort, the 

provision of heating or cooling radiatively was 
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demonstrated to be more than 80% more efficient than 

an air-based system due to the separation of the radiant 

surface from the area available for radiant cooling, 

thereby reducing convection proportionally to this 

reduction. The reflective expansion in an outdoor 

environment has similar embodiments in the indoor built 

environment, allowing for thermal gradients to be 

established without relying on air to provide the thermal 

energy.  

With Thermoheliodome, the architectural scale 

prototype was successful in demonstrating the 

implications of radiant cooling resulting from several 

smaller modules, compared to the contributions from 

singular radiant panels or reflectors, which is the 

conventional design approach. However, comfort was 

directed at a point in space. With the experiment 

discussed in this paper, the goal shifted instead to 

providing a thermal gradient, or comfort gradient 

through a space and allowing users to direct themselves 

to their physiologically dictated comfortable point.  

Variable temperature distribution is considered a 

problem when an air-based mechanical system is 

employed in an indoor space. However, non-

homogeneous temperature distribution in a room with a 

radiant system can be beneficial (Roulet et al, 2005). 

Radiation-based systems allow for local heating or 

cooling. By directing heat fluxes towards a specific area 

of a room rather than trying to condition a large volume 

of air uniformly, greater efficiency can be achieved.   

Radiant cooling panels, especially ceiling panel systems 

are becoming more prevalent in buildings today.  

However, their design is usually limited to modular flat 

ceiling panels and rarely takes advantage of geometric 

manipulation of heat flux directionality. One such rare 

example is the vaulted radiant ceiling installed at the 

Richard J. Klarchek Information Commons at Loyola 

University (McLauchlan et al, 2008), where non-flat 

surfaces are used in a full-scale architectural installation 

to produce radiant heating and cooling effects. However, 

in this example, the parabolic ceiling is used for indirect 

lighting rather than for magnifying the radiant heat 

exchange.  

Methods 

The goal of the experiment was to control MRT 

gradients in a room using strategically surface geometry 

to expand or minimize the view factor of small heat 

source surfaces. By using reflective parabolic troughs, it 

was possible to create discrete thermal programming, 

where a person standing at different regions of the same 

space perceives significantly different comfort 

conditions. This has the potential of raising the efficacy 

of radiant heating and cooling in buildings: instead of 

creating uniform environments with volumetric airflow 

comfort control, manipulating surface radiation makes it 

possible to cool or heat specifically occupied regions of 

a room strategically. In order to achieve this, it was 

necessary to develop MRT simulation techniques that 

enabled predicting and optimizing the results of the 

reflective geometry. Thus, the following series of studies 

were aimed at developing a radiant reflection technique 

to create a controlled indoor thermal gradient: 

• Heat flux from a single pipe and a single 

parabola 

• Room-scale physical prototype 

• MRT simulation technique development 

Heat Flux from a Single Pipe and a Single Parabola 

A pipe is used as a heat source with a parabolic extrusion 

that manipulates the effect of the radiant flux from a pipe 

on a human body standing across from it. The parabolic 

surface reflects the heat flux from the pipe back towards 

the person (See Fig. 1). The pipe is placed at the focal 

point of the parabola and thus the reflected rays emitted 

normal to the pipe surface become parallel to each other.  

 
Figure 1: Reflection of heat flux from a parabolic trough 

with a pipe at the focal point onto a person. 

We first characterize the parabolic shape in relation to 

the pipe size and location: for a physical parabolic 

extrusion, we chose a 46cm width, a rough estimate of 

the width of a person’s torso. If a parabola with a vertex 

on the origin (0,0) point, is defined by: 

 y = ax2 (1) 

as  increases, the parabola is steeper, the focal point is 

closer to the origin. We look at the consequences for the 

resulting heat flux. If we assume the reflector surface to 

be fully specular, then the radiant flux leaving it is equal 

to the radiant flux from the portion of the surface of the 

pipe optically encased by the parabolic surface. We 

simulate the percentage of radiant flux from the pipe 

reflected back to the person standing in front of it by 

creating an array of vectors from the normal of the pipe 

subdivision and comparing the changed parabolic shape 

to the ratio of reflected rays.  

Next, we characterize the radiant heat flux from the pipe 

in relation to convective losses. To calculate the total 

heat flux from a single pipe we use 

 Qtot = Qrad+Qconv (2) 

Where Qrad is the radiative heat flow from the pipe 

Qconv is the convective heat loss (or gain) and Qtot is the 

total heat transfer from the surface of the pipe.  

For a given pipe temperature Tp which we can control by 

regulating the water temperature in the pipe: 

 Qrad = σ Tp
4A  (3) 

where  is the Stefan-Boltzmann constant, 5.67x10-8
 

(W/m2K4), Tp is the surface temperature of the pipe in 

Kelvin (K), and  is the surface area in m2 of the pipe: 
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2 rl, where r is the radius of the pipe and l is the length 

in meters.  

 Qconv=hA(Tp-Tair)  (4) 

Where h is the convection coefficient in W/ K), and 

will be driven largely by free convection from buoyant 

forces caused by the difference in the pipe and air 

temperature This creates a complex variation in 

convective flux, which will also have a secondary 

influence of any small forced convection due to 

dynamics of the building openings and systems. Looking 

at free convection values and small forced convection 

mixed regimes, the convection coefficient should range 

from 5 to 10 W/m2/K (Li and Tarasuk, 1992 and 

Boetcher, 2014). For the cold and hot pipes in this 

experiment, we calculated h values of 6.4 and 7.6 

W/m2/K, respectively, from the Nusselt number 

correlations listed in Boetcher (2014). Because of the 

convective losses, the surface temperature of the pipe 

will be reduced when hotter than the air and increased 

when colder. The combination of Qrad and Qconv will 

result in an equilibrium temperature of the pipe surface 

delivered by convection from the working fluid inside 

and the conduction through the pipe material.  

If we consider a person standing in front of the parabola 

with focal pipe, the radiant exchange with the pipe 

includes the view factor of the surface of the pipe, plus 

the radiant flux reflected from the parabolic surface (Fig. 

1). The use of this method therefore greatly increases 

radiation’s efficacy in comparison with a conventional 

radiant panel with the same energy input from an 

identical size water pipe (Fig. 2). This is because for the 

same effective panel length d, a conventional panel will 

produce losses in conduction over the flat panel and 

convection losses over the full length d  where a 

parabolic trough will only have convective losses around 

the much smaller surface of the pipe itself, and small 

amount of losses due to heat flux from the pipe which is 

not captured by the parabola (see Fig. 1).  

 

(a)                    (b) 

Figure 2: conventional radiant panel (a) with water pipe 

heat source conducting to the rest of a flat surface 

versus a parabolic trough (b) with the same size water 

pipe, with no conduction and reduced convective losses.  

 

Next let us examine the effect of the position of a person 

in space in relation to the parabola.  Because a person’s 

surfaces emit diffusely the rays simulated from a point 

emit in all directions, and therefore are not parallel like 

the rays reflected by the parabola from the pipe 

discussed above. We examine the ideal location for a 

person for maximum radiant exchange with the pipe. 

Because the pipe has a width, it spans across the focal 

point of the parabola, and it captures incoming rays that 

are not parallel. We define a “convergence point” based 

on the distance where the width of the pipe captures all 

angles of emission that are intercepted by the parabola 

(see Fig. 3 and 4c). Using similar triangles to show the 

relationship between the pipe diameter, the focal point, r, 

the focal length of the parabola, f, and the convergence 

distance, d, one can arrive at the following relationship 

for designing convergence shown in equation 4. This 

method is easily visualized for a latus rectum of the 

parabola, however it generalizes easily with the use of 

the sine law and similar triangle properties. 

      (5)  

 

Figure 3: Illustration of Equation 5 parameters – 

defining the distance to the point from where the width 

of the pipe captures all angles of emission that are 

intercepted by the parabola. 

 

If we look from the perspective of a point in space, the 

convergence point of the parabola becomes significant 

and moving from it either sideways or closer to the 

parabola reduces the radiation reflected from the pipe 

and hitting that point (see Fig. 4). The pipe size and 

parabolic shape were held constant. The result section 

will detail the rate at which the reflected heat flux 

changes based on the front and sideways distances from 

the point of convergence.  

We have also built a physical prototype of a single 

parabola and a pipe to verify the simulation results 

compared with infrared imaging of the physical 

prototype. 
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Figure 4: diagram illustrating the convergence point (c) 

and deviations to the front (a,b) and sideways (d,e). 

Room-Scale Physical Prototype  

In order to validate the simulation technique, which we 

will discuss in the next section, we constructed a room-

size physical experiment with interior dimensions of 

4mx2mx2.4m and walls and ceiling made of curved 

aluminium surfaces around closed loops of emissive hot 

and cold water pipes (Fig. 5 and 6). The water 

temperature in the pipes was regulated by a high-

efficiency heat pump (full description of the 

thermodynamic cycle and pump characterization to be 

discussed in a separate paper).  

We used the following measurement tools to evaluate 

radiant and convective effects: 

1. Black Globe Thermometers were placed at 

three points in the room: front end, rear end and 

the middle point of the room. They were all 

placed mid-height at 1.2m from both floor and 

ceiling. 

2. DHT22 sensors were used to determine the air-

temperature at the black globe locations. 

3. Infrared photography was used to determine the 

surface temperature of the pipe\s. 

 
Figure 55: view of physical experiment as built, with 

people inside the room. 

 

 

 
Figure 6: 3D diagram of water pipe circulation. 

 

The results measured in the physical experiment were 

used as the basis for surface temperature for the 3D 

simulation described in the next section.  

MRT Simulation Development 

As mentioned in the introduction, there are several 

existing MRT simulation techniques, but many of them 

were developed for assessment of urban outdoor comfort 

rather than for indoor environments, while some ignore 

reflections and others use generalized geometry. In order 

to simulate the conditions we have created in our 

experiment accurately, which are governed by multiple 

heat sources and a highly specific geometric 

configuration which results in multiple reflections, we 

developed a 3D ray-tracing simulation in Grasshopper 

algorithmic modeling tool, which accounts for accurate 

geometry, and in which the material 

reflectivity/emissivity/transmissivity ratios of each 

surface can be controlled. 

The first test was a 2-dimensional simulation based on 

the geometric layout shown in Figure 7. In this initial 

test we ignored the surroundings and only calculated the 

mean result based on the reflections from the parabolas 

in relation to a 2D point in space. A polar array of 

vectors from a point was created and values obtained 

from intersection with the hot or cold pipes or their 

reflections were calculated to obtain the mean 

temperature of all the vector intersections from the point. 

This 2D simulation technique was a first step in 

obtaining information for MRT distribution in the room, 

and its outcome was aimed to be gradient mesh 

illustrating this distribution. The arrangement of 

parabolas illustrated in Figure 7 was meant to optimize 

the view factor of cold surfaces towards one end of the 

room by directing all the cold parabolas towards it and 

hiding the view of the hot parabolas from that end as 

much as possible, while conversely optimizing the view 

factor of the hot surface towards the opposite end. In the 

middle of the room, neither view factor is optimized and 
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a person standing there would be expected to receive a 

similar amount of hot and cold fluxes. 

 

 

Figure 6: Diagram of heat flux reflected from cold and 

hot pipes onto a specific point in the room. 

The next step was to construct a more robust and 

accurate 3D simulation, which included the full 

parameters of the actual physical experiment as built: the 

front and back walls and the wooden black-painted 

structural frame were assumed to have surface 

temperature equal to room temperature and high 

emissivity values.  

The 3D-MRT simulation (Fig. 8) was produced in 

Grasshopper Algorithmic modeling software by using a 

3D model of the space described above and assigning 

surface characteristics of temperature and emissivity to 

each modeled surface, represented digitally by mesh 

colors. The controlled parameters for the simulation 

were the surface temperature of the hot and cold pipes as 

well as the rest of the passive surfaces (taken from the 

measured data from the physical experiment described in 

the Results section). At each test point in the space, an 

array of vectors was created emanating from the point in 

the direction of all face-normals of a geodesic sphere 

concentric around that point. A vector array of 1250 

vectors from each test point was then intersected with all 

the surfaces in the room (see Fig. 8). This method of 

using spherically arrayed vectoric representation is 

aimed to replace the view factor calculations that are 

based on solid angle projected in an analytical MRT 

solution (Hatefnia et al 2016).  Based on a reflectivity-

emissivity-transmissivity ratio of the surrounding 

surfaces and their temperature value, the simulation 

registered a certain weighted value for that first 

intersection of each vector with a surface. Next, a 

reflection vector was drawn based on the angle of 

reflection from the surface and continued to bounce to 

the next surface. When intersecting a second another 

emissivity-weighted temperature was registered for the 

vector and so forth for the next intersections. After five 

bounces have been calculated to make any further 

intersections statistically negligible, the MRT of the 

point was calculated as the mean of all the registered 

temperature values weighted by their assigned 

emissivities. In this manner, the view factor of each 

surface, was statistically determined by the number of 

vectors hitting it and eliminated the need to calculate the 

view factor via solid angle. 

The 3D simulation was constructed to either use a 

subdivided mesh surface with test points at the 

subdivision centroids to calculate its overall MRT of a 

complex surface such as the human body, or 

alternatively to look at the MRT value of a grid of test 

points in the entire room.  

The numerical simulation results were validated against 

the black globe measurements taken in the physical 

experiment, at the two ends of the room and its center 

point at the median height of 1.2m.   

 

 

Figure 7:3D ray-tracing simulation: vectors emanate 

from a point and intersect with the surfaces of the room, 

and then bounce to a second intersection, a third and so 

forth. 

 

Results 

Heat flux from a single pipe and a single parabola 

When maintaining a constant d distance, the deeper the 

parabola (a parameter increases), the higher percentage 

of rays from the surface of the pipe is captured by the 

parabolic surface and reflected in a parallel array (Fig. 

9). The percentage of rays reflected by the parabola 

increases linearly but becomes asymptotic as the 

parabola becomes very steep and the ratio approaches 1 

(full reflection). It was observed that because the heat 

flux leaving the pipe placed in the focal point became 

parallel as they are reflected by the parabolic surface 

(see Fig. 9), the parabolic reflection had the special 

characteristic that the radiance at a rectangular plane 

parallel to the parabola’s face, rather than diminishing 

proportionally to the distance from the source according 

to the inverse square law ( ) where R = radiance, 

measured at distance d from source, is instead constant 

at any distance from it. 
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Figure 8:diagram and plot of relation between parabolic 

shape and the ratio of heat flux reflected by the 

parabola. 

This phenomenon is important for the analysis of the 

MRT simulation that follows, because essentially it 

means that by using a specific geometry constructed 

around a heat source, it is possible to magnify its effect 

on the total heat exchange in a room. 

For the single parabola simulations of reflections from a 

point in the room, the illustrations in Figures 10 and 11 

correspond to the illustrations shown in Figure 4 in the 

methods section: the orange lines show rays from a point 

in front of the parabola that hit the pipe after being 

reflected by the parabola; the grey lines show rays that 

miss the pipe when reflected back from the parabola 

surface. Therefore, as the point moves closer to the 

parabola (Figure 10), away from the point of 

convergence, the heat flux from the pipe to that point 

diminishes. This is shown in the graph below (note that 

irregularities in the mostly linear trend in the graph can 

be explained by the resolution of the simulation as well 

as by the fact that the pipe is taken as a region rather 

than a point).  

Figure 11 illustrates the same procedure for a point 

moving sideways from the convergence point rather than 

closer to it. It is observed that moving sideways 

decreases the reflection at a much higher rate than 

moving closer.  

The physical prototype shown for a cold pipe inside of a 

reflective aluminum parabola demonstrates the effect of 

moving sideways from the center of the pipe but also the 

challenge of achieving a full geometric fidelity with real 

surfaces (Fig. 12). 

 

 

 

 

 

(a)                      (b)   (c) 

 

Figure 9: diagram and plot of relation between position 

of a point on the y-axis the ratio of heat flux reflected by 

the parabola. 

 

 

            (c)                           (d)     (e) 

 

Figure 10: diagram and plot of relation between 

position of a point on the x-axis the ratio of heat flux 

reflected by the parabola. 
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Figure 11: Infrared images of parabolic aluminium 

sheet with a cold pipe at the focal point. Camera moving 

sideways showing reflection effect diminishing. 

 

Room-Scale Physical Prototype 

The physical prototype was constructed as part of the 

2017 Seoul Biennale of Architecture and Urbanism in 

Korea (cite event publication/book). It was constructed 

and tested initially in August and September, and after 

the exhibition was closed more measurements with globe 

thermometers and more sensors were carried out in 

January 2018. 

The measurements in the room were as follows: 

1. System Surface temperatures were measured by FLIR 

thermal camera and were controlled to be 11.0 and 

39.0°C. 

2.  Flowrate in the system was measured by observing 

volume displacement over time with constant speed 

pumps at 0.9 L/s and 0.16 L/s for the heat pumps.  

3.  Tank temperatures were measured to be 9.5 °C and 

48 °C, and the supply and return temperatures at 10.2 

and 10.4 °C for the cold side and 39.1 and 39.7 °C on the 

hot side.  

4.  Temperature and humidity was measured in the room 

during the winter experiments to be 21°C and 32%RH. 

5.  Black globes at the front, middle and back of the 

setup measured, 18.8°C, 20.7°C, and 21.9 °C while the 

air temperature was measured to be 19.0, 22.2 and 

22.7°C across the space 

There was not enough time to run a controlled thermal 

comfort study, but occupants did note the change in 

temperature during the exhibition, though it was small. 

A change in MRT of 3 degrees in that environment 

would be equivalent to perceiving a change in 

temperature of about 1.5 deg C.  

MRT Simulation Results 

The 2D simulation result in Fig. 13 shows a 2D mesh 

with color gradient based on the view factor per point 

from hot and cold rays reflected to the point from the 

cold and hot pipes. As explained in the method section, 

this was an initial simulation which did not include all 

the surfaces in the room and only calculated the 

reflective parabolas in 2D. The results are thus 

completely symmetrical around the x-axis and 

symmetrically inverted around the y-axis. Note the 

distribution pattern, where the one end of the room is 

coldest and the other is hottest due to the direction at 

which the parabolas were pointing (see Fig. 7). Figure 14 

shows the results for the 3D MRT simulation, with 

gradient meshes of temperature distribution between 

18  to 24 . 

 
Figure 12: 2D mesh. 

It was observed that the most extreme temperature 

difference occurs at the upper portion of the room, close 

to the reflective parabolas and pipes at the ceiling and 

furthest from the floor, which is assumed to be room 

temperature in the simulation. Conversely, the gradient 

mesh with test points closest to the floor, produced the 

most uniform temperature distribution with only 3 

degrees difference between the hot side and the cold 

side. Points a,b,c shown in Figure 14 are comparable to 

the measurements taken with the black globe 

thermometers at the same locations. The simulation 

shows a Mean Radiant Temperature difference of 4 

degrees Celsius between point a and point c while point 

b is exactly midway between them. The black globe 

reading shows a difference of 3 degrees Celsius which is 

within the precision of the black globe thermometer.   

 
Figure 13:Gradient Mesh results based on MRT values 

at multiple points at three different heights in the room. 

 

The results show a limited range of mean radiant 

temperature in the room: 3  in the physical prototype 

according to the black globe measurements and 

maximum of 6  difference between the coldest and 

hottest spots in the room per the digital the simulation. 

This limited range is due to the confines of the 

experimental setup, specifically the bidirectional 

emission in the attempt to heat and cool different parts of 

the same space simultaneously. Because of this, the 

occupant’s body was always exposed to both hot and 

cold surfaces at the same time, and the MRT variations 

were dependent on a restricted range view factor ratios. 

For instance, the view factor of all hot surfaces 

combined even at the highest MRT point in the room 

was still less than half of the total sphere.  
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Another practical limitation of the setup was during 

construction, when small imperfections in the material 

surface and slight misalignments from the parabolic 

trough guides resulted in imperfect reflection. 

Additionally, highly reflective materials for thermal 

radiation (reflectivity > 0.9) are often expensive. 

However, ray tracing models illustrate a complementary 

finding, whereby deeper parabolas naturally reflect more 

radiation due to natural material properties, namely 

emissivity decreasing as the angle of incidence becomes 

shallower. The angle of incidence between radiation 

emitted from the focal pipe is often at shallow angles in 

relation to the parabolic reflector, which helps increase 

the spectral reflectivity, beyond the hemispherical 

emissivity calculated for orthogonal radiation. This 

benefit is for steep parabolas only. 

Conclusion 

It was successfully demonstrated that it is possible to 

intentionally create a non-uniform MRT distribution in 

an indoor environment by manipulating the geometry 

and material properties of surfaces in the room in 

relation to heat sources. Moreover, by characterizing the 

properties of diffuse radiation from a heat source, it is 

possible to design its surrounding in a form that 

maximizes its perceived radiant effect on a human 

occupant.The experimental setup with bidirectional 

emission in the attempt to heat and cool different parts of 

the same room at the same time reduced the optimal 

view factor that was achievable, and therefore produced 

limited MRT variations. In a real-world scenario 

however, one would probably wish to maximize either 

the cooling or the heating effect on a person and not both 

simultaneously. Thus, it would be feasible to make a 

significant impact on the thermal comfort of a person in 

one segment of a room using radiation heating or 

cooling, while allowing the rest of the room to remain in 

relatively unaffected ambient temperature. Providing 

more than one indoor climate within the same space 

poses significant energy savings in comparison to air-

based systems which must account for air diffusion 

throughout a room. Furthermore, since the methods we 

have demonstrated allow one to intentionally direct 

radiant fluxes towards a person’s location, if the 

surrounding surfaces and heat sources locations were 

designed in conjunction with the room’s functional uses 

and furniture layout, they could enhance the local 

thermal comfort of the occupants.  

Future advancements of this study will include a 3D 

MRT simulation which will sum the total heat gain by a 

human body in space using a discretized body mesh as 

the source for the diffuse radiation rather than a geodesic 

sphere. Additionally, characterization of the relationship 

between the heat pump efficiency and the produced 

MRT results is necessary.  
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Abstract 
Application of insulation to existing facades can 
improve buildings' energy performance and reduce 
condensation risk. However, in case of historical 
buildings, the preservation of the façade's appearance 
represents a constraint regarding the choice of 
insulation method. In such cases, aerogel-based plaster 
may provide a solution. In this context, the present 
study investigated the effect of aerogel plaster position 
and thickness on the hygro-thermal performance of 
residential buildings using a simulation model. The 
results suggest that, with regard to the surface 
condensation risk, the position of aerogel plaster 
(outside versus inside) – but not so much its thickness 
– significantly influences the risk of condensation. 

Introduction 
High-energy demand of existing buildings motivates 
retrofit campaigns and raises issues regarding building 
envelope performance (Gabriele et al., 2017). 
Application of insulation to external walls can 
represent an effective measure (Xin et al., 2018). 
However, a considerable fraction of existing building 
facades in Europe must be protected in view of 
historical significance. Moreover, the risk of interstitial 
condensation resulting from improper thermal retrofit 
can lead to undesirable consequences (Ibrahim et al., 
2014). In this regard, effective moisture control can 
reduce condensation risk and contribute to energy use 
reduction (Pacheco et al., 2016). Insulating plaster-
based materials involving silica aerogels could 
represent a potential solution for thermal retrofit of 
facades, whose original appearance must be preserved 
(Schuss et al. 2017). The silica aerogel is a low weight 
and generally translucent, Nano porous material with 
very high porosity (>90%) (Gabriele et al., 2017), Low 
density (about 3 kg.m3) and low thermal conductivity 
(0.014 W.m-1. K-1) (Pacheco et al., 2016). Respective 
solutions must address both energy use reduction and 
moisture control via consideration of the characteristics 
and configuration of the insulating system (e.g., 
locations of insulation layers, insulation thickness) 
(Ozel, 2014; Stahl et al., 2012). Such solutions can be 
assessed proactively using appropriate software 
(Mundt Petersen et al., 2013).  
For the purpose of the present contribution, a typical 
Austrian residential building was selected as a case 

study to investigate the effect of aerogel plaster 
position (specifically, inside versus outside) and 
thickness (from 3 to 10 cm) on the thermal and hygro-
thermal performance by using a hygro-thermal 
simulation model. 
One set of results pertains to the influence of insulation 
on energy use. We specifically considered variables 
pertaining to heating and cooling loads compared to 
the reference case (façade with conventional plaster).  
A second set of result suggests that the position of 
aerogel plaster noticeably influences the condensation 
and mould growth risk in the winter period. 
Specifically, exterior positioning leads to a preferable 
performance.  
In order to predict the hygro-thermal performance of 
buildings and the condensation damage potential, 
software solutions for the computation of moisture 
transfer in building components have been developed. 
For the purposes of the present contribution, a 
commercially available hygro-thermal simulation 
software was used. To increase the credibility of the 
simulation outcomes, the present effort benefited from 
a previous study that utilized monitored data from an 
actual implementation project to calibrate the hygro-
thermal simulation model (Schuss et al., 2017).  
Approach 
The case study building 
To examine annual energy demand (HWB) as 
performance indicator, a typical multi-unit apartment 
building in the city Vienna, Austria was selected as a 
base case. Figure 1 shows the typical plan of this 
building. The building has two blocks (A and B) in six 
floors, connected via staircase and corridors (Figure 2). 
The attic space of block B and basement of block A are 
unheated. The building entails residential units with a 
total net heated space area of 1737 m2. The assumed 
data on the building's construction (see Table 1) were 
assumed based on its construction date (TABULA, 
2018). The existing wall construction of the case study 
(with three layers including gypsum plaster, solid brick 
masonry and lime cement plaster), was assumed to be 
retrofitted by applying a solution encompassing the 
highly insulating Aerogel layer Fixit 222 (2018). Table 
2 presents the assumed hygro-thermal characteristics of 
the component layers.  
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Figure 1: Plan and thermal zoning of the case study 

building model 

 
Figure 2: Section and thermal zoning of the case study 

building model 

Table 1: Construction data on Austria building types  
Elements Roof Wall Floor Window 

Picture 
    

U-Value 
[W.m-2. k-1] 0.80 1.10 0.71 2.20 

Construction 
Wooden ceiling 
with filling, 
wooden planks 

Solid 
brick 
wall 

Brick 
vault 
ceiling 

Single 
glazing 
box 

Simulation Scenarios 
Multiple retrofit solutions for external wall were 
defined based on insulation thickness (3, 5, 7, and 10 
cm) and position (inside vs. outside). To evaluate the 
hygro-thermal performance of retrofitted building 
model, eight scenarios were designed based on 
alternative configurations of thickness and position of 
insulation layer. These configurations were labelled as 
Scenario A1 to Scenario D2, as listed in Table 3. It 
should be noted that, general simulation settings (Table 
4) and material properties (Table 2) were kept constant 
in the aforementioned configurations. 
 
 
 

Table 2: Hygro-thermal properties of material of the 
building's external wall  

Properties Unit Aerogel Cement 
Plaster Brick Interior 

plaster 
Layer thickness m 0.03-0.1 0.03 0.40 0.02 

Bulk density kg·m-3 220 1900 1560 1721 

Porosity  0.92 0.24 0.38 0.31 
Specific heat 
capacity 

J·kg-1·K-1 1000 850 850 850 

Thermal 
conductivity 
(dry material at 
10°C) 

W·m-1·K-1 0.029 0.80 0.6 0.2 

Water vapor 
diffusion 
resistance 
factor 

- 4 19 14.93 13 

Reference water 
content (RH 
80%) 

kg·m-3 6.6 45 11.80 1.77 

Free water 
saturation (RH 
100%) 

kg·m-3 213 210 368.9 264.2 

Water 
absorption 
coefficient (A-
value) 

kg·m-2·s-0.5 0.0004 0.0333 0.58 0.30 

Moisture-
dependent 
thermal 
conductivity 
supplement 

%·M-1% 0.5 8 8.51 3.23 

Table 3: Retrofit scenarios 
Scenarios Aerogel Thickness (m) Aerogel Position 

Base case - - 
A1 0.03 Outside 
A2 0.03 Inside 
B1 0.05 Outside 
B2 0.05 Inside 
C1 0.07 Outside 
C2 0.07 Inside 
D1 0.10 Outside 
D2 0.10 Inside 

Boundary conditions 
For the definition of outdoor conditions, the hourly 
weather data of outdoor climate was utilized for the 
city of Vienna, Austria. Indoor climate assumptions 
were derived in the program based on outdoor climate 
via standard EN15026 (2007). The initial condition at 
the start of the simulations were specified based on 
program's default values (temperature 20°C and 
relative humidity 80%). 

Simulation tool 
The base simulation model is created according to 
current construction details, materials, and systems in 
the case regions. The purpose of creating a base model 
is to estimate the annual energy consumption of 
conventional construction practice for the case study 
project without retrofit. The building was modelled in 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
390

 

 
  



 

 

Energy Plus v8.7.0 (2018). Equipment, occupancy and 
lighting schedule derived from the schedule’s library 
of the program. The air change rate was assumed to be 
0.5 [h-1]. As the second step to evaluate effect of 
insulation position in the layer of construction on 
moisture transfer, the external wall construction was 
modelled in WUFI Pro v5.3 (2018). This tool enabled 
the simultaneous calculation of heat and moisture 
transport in one (WUFI PRO) and two (WUFI 2D) 
dimensions. Material properties, boundary conditions, 
as well as initial conditions were assumed to be 
identical in both programs. The other inputs and 
settings were defined base on calibrated simulation 
model in previous study (Aien et al., 2018) as per 
Table 4. 

Table 4: General settings and input for the WUFI 
model 

Setting and inputs Value Unit 

Orientation 
Height  > 10and 

<20 m 

Inclination  90 [°] 

Building 
height-
driven rain 
coefficient 

Rain load 
(According to the 
ASHRAE Standard 
160) 

FD=1 
FE=1.2 

- 

Surface 
transfer 
coefficient 

Thermal resistance 
of exterior surface  0.0588 m2·K·W-1 

Sd-value of exterior 
surface  0. 2 m 

Short wave 
radiation 
absorptivity 

0.4 - 

Ground short wave 
reflectivity 0.2 - 

Adhering fraction 
of rain 

No 
absorption 

- 

Thermal resistance 
of interior surface  0.125 m2·K·W-1 

Sd-value of interior 
surface  0.1 m 

Performance criteria 
Two types of criteria were considered in the 
framework of this retrofitted project by applying 
aerogel plaster: 

(a) Building energy (heating and cooling) 
demand as a function of insulation thickness  

(b) Moisture transfer and condensation risk as a 
function of the position of the insulation layer 

It is well known that the heat transmission load 
declines with increasing insulation thickness, however, 
the reduction rate of heating loads as the thickness 
increases, will be a significant challenge to achieve the 
optimize thickness. From this aspect, the rate of 
changing heating and cooling loads, which derived 
from energy plus simulation tool, were investigated. 
To assess hygro- thermal behaviour of the wall 
structure, condensation risk and mould growth 
potential, aforementioned scenarios (Table 2) were 
evaluated using WUFI simulation program. In this 

purpose, the hourly total water content values of 
different construction configurations (Table 2) over a 
period of three years (offered by the software) were 
analysed. Their initial water content corresponds to 
software settings at 20 °C and 80% relative humidity. 
Moreover, condensation risk assessment in middle of 
the wall structure was conducted by comparing the 
brick layer temperature and respective dew point 
temperature over a period of three years for all 
scenarios. 
Summary of the previous calibration effort 
The hygro-thermal analysis of the aforementioned 
construction options (see Tables 2 and 3) were as such 
not accompanied by experimental measurements. 
However, respective simulation runs benefited from a 
previous study whereby the results from the deployed 
tool (WUFI) could be compared to long-term measured 
data, leading to insights concerning tool calibration 
potential. This calibration effort (summarized below), 
while not directly transportable to the present study, 
nonetheless provided us with a higher level of 
confidence as to the ranges and reliability of the 
present contribution's outcome. The previous 
contribution effort entailed the results of a case study 
on the predictive performance of hygro-thermal 
simulation of an existing wall construction. A set of 
sensors measured the temperature and relative 
humidity levels. The measured data was used to define 
the model's initial conditions to evaluate the validity of 
the simulation models and potential model calibrations. 
The simulation results of the hygro-thermal 
performance were compared with the corresponding 
measured values at each time step. The results of the 
simulation scenarios (see Table 5) suggested that the 
predictive potency of the simulation model can 
considerably improve by adjusting the input variables 
based on measurements (Aien e al., 2018). The initial 
model represents the case when the measurement is not 
available. The above-mentioned boundary conditions 
were considered as default values in this model. The 
Scenarios 01 – 04 were defined base on importing the 
measured initial conditions, measured indoor 
conditions, and measured outdoor climate and two-
dimensional modelling, respectively. Note that all 
setting of the previous scenarios were kept constant in 
all configurations.  
Figures 5 and 6 present the coefficient of 
determination (R2) value of relative humidity and 
temperature of all scenarios in each layer. The model 
in scenario 3 generated outputs with acceptable R2 
values, for both relative humidity (more than 0.8) and 
temperature (more than 0.94). There was a significant 
improvement after feeding in the actual indoor 
conditions (Scenario 2), in three layers of Aerogel, 
brick, and interior plaster. Moreover, feeding the local 
outdoor climate (Scenario 3) improved the result of 
relative humidity and temperature in the exterior 
plaster layer. Detailed geometry modelling of hollow 
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brick, namely two-dimensional modelling, improved 
the relative humidity predictions. 

 
Table 5: Calibration Scenarios 

Scenarios WUFI Initial 
condition 

Indoor 
condition 

Outdoor 
climate 

Initial 
model PRO Constant EN15026 Map file 

01 PRO Measured EN15026 Map file 
02 PRO Measured Measured Map file 
03 PRO Measured Measured Measured 
04 2D Measured Measured Measured 

 
Figure 5: R2 of relative humidity of all scenarios in 

each node 

 
Figure 6: R2 of temperature of all scenarios in each 

node. 

Result and discussion  
The simulated annual heating demand for the base case 
amounts to 115 kWh.m-2, which is similar to the 
TABULA project value (109 kWh.m-2) given for a 

building of this category (multifamily apartment) and 
age. Figure 7 illustrates the monthly heating loads 
(months without heating load are excluded) for the 
base case model and various insulation thickness 
values (scenarios A1, B1, C1, and D1). As it can be 
seen, in January and December (peak demand of 
heating load), scenario A1 (applying 3 cm thickness of 
insulation plaster) leads to a 21% reduction of heating 
load, while the rate of decrease drops down to 6, 4, and 
2% as the insulation thickness increases in scenario B1 
(5 cm), C1 (7 cm), and D1 (10 cm).   
Annual heating and cooling reduction for various 
insulation thickness values (scenarios A1, B1, C1, and 
D1) are compared to the base model in Table 6. 
Whereas the heating load reduction potential is 
noteworthy (23 - 36%), cooling loads are only slightly 
reduced with increased insulation thickness (scenario 
A1– D1).   
 

 
Figure 7: Comparison of the simulated scenarios (see 

Table 3) in terms of the resulting monthly heating 
loads (months without heating load are excluded) 

 

Table 6: Annual heating and cooling reduction (as 
compared to the base model) for various insulation 

thickness values (scenarios A1, B1, C1, and D1)  

Scenarios A1 B1 C1 D1 

Heating load 23% 29% 33% 36% 

Cooling load 3% 2% 1% -0.5% 

 
Figure 8 shows the total amount of water content for 
different construction configurations over a period of 
three years. Thereby, the influence of the assumed 
initial conditions on the early phase of the simulation 
period can be seen. The results suggest that the total 
water content values of the wall structures were 
significantly higher when the insulation layer is 
positioned inside (scenario A2-D2) rather than outside 
(scenario A1-D1), especially in the winter period.  
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Figure 8: Simulated whole construction water content over a period of three years for different configurations 

 
Figures 9 to 11 show the brick layer temperatures and 
corresponding dew point temperatures for the base 
model, scenario B2 (insulation positioned inside), and 
B1 (insulation positioned outside). As it can be seen 
from these figures, in case of B1, condensation is 
unlikely. However, it can occur in case of B2, and to a 
lesser extent, in the base case.  
  

 
Figure 9: Simulated brick layer temperature and 
respective dew point temperature over a period of 

three years for the base model 

 
Figure 10: Simulated brick layer temperature and 
respective dew point temperature over a period of 

three years for inside position of Aerogel 

 
Figure 11: Simulated brick layer temperature and 
respective dew point temperature over a period of 

three years for outside position of Aerogel 

Conclusion 
This contribution entailed the results of a case study on 
the predictive performance of hygro-thermal 
simulations of an existing wall retrofitted with an 
Aerogel-based plaster layer. The study benefited from 
a previous empirically based model calibration for 
improving simulation tool's predictive performance. 
The study documented an insulating rendering based 
on silica-aerogels to be added to the existing external 
walls without changing the overall appearance. 
Different insulated wall configurations were studied to 
compare their hygro-thermal performance. Results 
show that interior thermal insulation systems can lead 
to moisture problems and condensation risk. The base 
model, uninsulated wall, displayed higher heat loss 
rates as compared to the insulated ones. Adding 
aerogel-based rendering on the exterior surface of wall 
can considerably reduce heat losses (roughly 23% to 
36%, depending on the layer thickness) and involves 
little risk of moisture problems. 
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Abstract

Heat, air and moisture (HAM) transfer simulations
used in moisture accumulation risk assessment of
building envelopes require adequate weather files.
The common approach is to use weather data of ref-
erence years constructed from meteorological records.
The length of the records affects the capability of rep-
resenting the real weather of the resulting reference
years. In this paper the problem of the influence of
the length of the records on the representativeness of
the reference years is addressed and an evaluation of
the effect on the moisture accumulation risk analy-
sis with the Glaser Method and with Delphin is pre-
sented confirming that records shorter than 10 years
could lead to less representative reference years. An
alternative reference year (Moisture Reference Year)
for moisture related simulations is presented and, the
results for the considered weather stations show that
it is possible to use it as a representative year for the
moisture accumulation risk evaluation.

Introduction

Energy efficiency is a increasingly imposed require-
ment for new buildings and renovations. One of
the possibilities to achieve low energy consumptions
is to increase the thermal resistance of the external
walls. Adding layers of insulation to existing build-
ing envelopes leads to lower thermal dispersion. It
is common, when designing the renovation of histor-
ical buildings, to add internal insulation, and to be
forced to limit the layer thickness due to negative re-
sults of moisture accumulation or mould growth risk
assessment. The Italian legislation (Italian Republic
(2016)) requires the designer to assess the moisture
accumulation risk by means of the national edition
of standards ISO 13788 (2012) or EN 15026 (2007).
The former describes the application of the Glaser
method, while the latter, defines the requirements
and procedures for the advanced simulation of heat,
water vapour and liquid water transfer in building
materials described as porous media. In both cases,
the simulations require the use of a year of weather
data values as boundary conditions. For the advanced
heat and moisture migration model, the hourly val-

ues of dry-bulb air temperature, water vapour pres-
sure, global solar irradiance, wind speed, wind direc-
tion and rainfall of a reference year should be used.
The reference year could be designed with the pro-
cedure described in ISO 15927-4 (2005), while the
Glaser Method uses monthly mean values of the dry-
bulb air temperature and water vapour pressure, in
accordance with ISO 15927-1 (2003).

Meteorological record length

The boundary conditions are, along with the mate-
rial properties, one of the main sources of inaccuracy
of the risk assessments. The weather files could be
chosen with the aim of representing the common cli-
mate and an average or reference year could be used,
or it could be intended to describe extreme events,
and, in this case, a critical year should be used. Most
of the weather stations have produced relatively long
series of measurements of dry-bulb air temperature,
relative humidity, solar global irradiance and wind
speed, but have only recently begun measuring rain-
fall and wind direction. The latter values are rarely
used in building simulations, but are needed in ad-
vanced hygrothermal analysis.

The Typical Meteorological Year (TMY), defined
in ISO 15927-4 (2005) procedure, is designed with
the application of the Finkelstein-Schafer statisti-
cal method on a meteorological record or multi-year
(MY). The TMY is the result of the composition
of twelve calendar months selected from the MY by
the evaluation of their goodness-of-fit to the MY. To
achieve a representative TMY, ISO 15927-4 (2005)
suggests to use a multi-year of 10 years or longer.
This requirement could be very restrictive, for exam-
ple for recently installed weather stations. The aim
of this work is to investigate the influence of the MY
length on the moisture accumulation risk assessment
performed using reference years for four cities of the
Northern Italy. In addition, a reference year, alterna-
tive to the TMY for the moisture related risk analysis
is presented.

Moisture Reference Year

The TMY generation procedure is performed consid-
ering only the variables relevant to building energy
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simulations (rain is neglected). For this reason, an
alternative reference year is proposed, the Moisture
Reference Year (MRY), which is designed including
the rainfall intensity and duration. For its definition,
the resulting MRY has not to be considered as a crit-
ical year, but the most representative of the whole
MY. Using MRY for moisture related simulations in-
stead of critical years can lead to a valid risk indica-
tor for non-extreme weathers and for the simulation
of drying processes in which a critical reference year
could lead to overestimations of the risk.

The most recent extended set of reference weather
files for the Italian climate has been published by the
Italian Thermotechnical Committee (CTI) in 2016,
using the method reported in Riva et al. (2010), in
accordance with ISO 15927-4 (2005). Further re-
search has been carried out on the topic, extending
the TMY generation methodology using on weighting
coefficients, for example in Pernigotto et al. (2014),
which provided a study on the representativeness of
reference years obtained from sequentially reduced
MY. A more recent study on the use weighting co-
efficients is reported in Murano et al. (2018).

In literature several alternatives to the TMY have
been proposed for moisture related risk assessments,
designed as critical years to obtain the 10% of fail-
ure level. Two alternative approaches could be
used: the construction-dependent approach, based
on the building features and characteristics, and the
construction-independent approach, that does not de-
pend on building characteristics and generates a ref-
erence year from the only weather data informa-
tion. In Kalamees and Vinha (2004) the construction-
independent approach has been used, evaluating the
considered weather files with the saturation deficit,
an auxiliary parameter calculated from the climate
variables, used to identify critical weather files to be
used in the mould risk assessment and in the in-
terstitial condensation risk assessment. These ref-
erence climate files could be used for the assess-
ment of every building envelope. The construction-
dependent weather file selection presented in Zhou
et al. (2016), performs first a preliminary selection of
three weather reference years based on the Climate
Index, a construction-independent auxiliary variable,
then the reference year is chosen comparing the re-
sults of the simulations of the considered building
envelope. The procedure to obtain the risk assess-
ment is more reliable, but the weather file used for
the simulation could not be used for other building
structures and every different risk assessment would
require the computational cost of the weather selec-
tion simulations. In order to provide a typical year for
moisture transfer simulations, Libralato et al. (2018)
extended the ISO 15927-4 (2005) procedure to rain-
fall, studying the effect of the changing the set of
variables used in the MRY generation, comparing the
results with moisture transfer simulations on building

envelopes. The MRY generation procedure presented
in this work considers in addition to the rainfall inten-
sity also an auxiliary variable, the rainfall duration,
in the set of MRY primary generating variables.

Theory

The standardised methodology described by ISO
15927-4 (2005) applies the Finkelstein-Schafer statis-
tic (Finkelstein and Schafer, 1971) on a set of primary
parameters (p) which are selected as the most influen-
tial in the studied problem. The primary parameters
used in ISO 15927-4 (2005) for the generation of the
TMY for energy building simulations are the dry-bulb
air temperature (T ), the global solar irradiance (I),
the water vapour pressure (VP) (also the relative hu-
midity, the air absolute humidity and the dew point
temperature could be used). This set of primary vari-
ables is used to rank the MY months by representa-
tiveness using the Finkelstein-Schafer statistic. In ad-
dition, a secondary parameter is considered, the wind
speed, to perform a secondary selection on the repre-
sentativeness ranking and select the TMY month.

To build the MRY presented in this work the set of
primary parameters is extended including also rain-
fall intensity (RI) and rainfall duration (RD), two
of the most influential variables in heat and moisture
transfer simulations. Moreover, the secondary selec-
tion is not performed. The rainfall duration has been
calculated as the number of consecutive hours with
rainfall. This choice has been made to consider the
fact that low intensity rainfalls with along duration
could be more influential on the moisture content of
a wall than short high intensity rainfalls.

Methodology for the construction of the MRY

For the generation of the MRY form the MY, the
following procedure has been used:

(a) Calculation the daily means p̄ of the primary
variables p for the whole MY.

(b) Calculation of the cumulative distribution func-
tion Φ(p,m(i), i) of the daily means p̄ over the
whole MY for each day i of a selected calen-
dar month m, for each p. The variable i repre-
sents the ordered number of a day in the MY,
from 1 to N (number of days in the MY),and
it will be used as a time-stamp. The function
Φ is obtained from the ranking K(p̄,m, i) by
numbering the values of the distributions of the
considered p, separately for each m:

Φ(p,m(i), i) =
K(p̄,m(i), i)

N + 1
(1)

(c) Calculation of the cumulative distribution func-
tion of the daily means within each calendar
month m of each year y, F (p, y(i),m(i), i) from
the rank order J(p̄,m(i), i), obtained ordering
the daily means p̄ within the calendar month m
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and the year y:

F (p,m(i), i) =
J(p̄, y(i),m(i), i)

n + 1
(2)

where n is the number of days of the m calendar
month considered.

(d) The Finkelstein-Shafer statistic is calculated for
each p and each calendar month m in the MY
as:

FS(p, y,m) =
n∑

i=1

|F (p, y(i),m(i), i)

−Φ(p,m(i), i|
(3)

(e) For each p, the ranking R is assigned to each
calendar month m, obtained from the ordering
of the FS(p, y,m) of each y separately for each
calendar month m:

R(p, y,m) =
L(FS)

ny + 1
(4)

with ny the number of years of the MY.

(f) The ranking R of each calendar month is calcu-
lated for all the primary parameters and then
summed, to obtain the total ranking Rtot:

Rtot(y,m) = R(T, y,m) + R(V P, y,m)

+R(I, y,m) + R(RI, y,m) + R(RD, y,m)
(5)

(g) Each calendar month m of the MRY is chosen
among the months of the MY as the month m
of the year y with the lowest Rtot.

(h) The MRY is composed by the hourly series of
the weather variables of the selected months
and the continuity between every month is set
with a linear interpolation, in order to provide
a smooth transition between months from dif-
ferent years.

Comment on the Rainfall Duration

As seen at the step (a) of the MRY design procedure,
the weather variables are not considered as hourly
values, but as daily means, loosing some information
about the distribution in time of the variable. With
this calculation, a rain event of two consecutive hours
is not distinguishable from two separate rain events
of the same overall intensity, while the difference be-
tween the two effects on the analysed wall is different.
For this reason, the auxiliary variable RD, rainfall
duration, has been introduced in the set of primary
parameters.

Calculation

The MYs measured by four weather stations of North-
ern Italy have been considered, the cities and the
weather stations locations are listed in Table 1. The
MRY and TMY have been designed for every station,
considering, when possible, 5 different MY lengths:

1996-2017, 1996-2007, 2002-2017, 2007-2017, 2012-
2017. The obtained weather files are compared and
then evaluated by performing moisture accumulation
risk analysis on six walls.

Weather data set

The periods of missing and invalid values have been
replaced with different interpolation techniques, de-
pending on the duration of the missing data. The
missing data of the wind speed for the period from
the 1996 to 2011 for the station of Bergamo have been
substituted with the scaled wind speed measurements
of another weather station of Bergamo. To normal-
ize the wind speed values of the measurements of the
second weather station, they have been scaled of a
factor equal to the rate between the means of the
wind speed in the two locations. Due to an excessive
lack of data, the wind direction measurements for the
city of Bergamo have not been considered.

Table 1: Positions of the considered weather station
and length of the Multi-year record.
Station Lat. Long. Alt. MY years

(°) (°) (m a.s.l.)

Aosta 45.75 7.68 569 1996-2017

Bergamo 45.66 9.66 211 1996-2017

Torino 44.96 7.71 226 2002-2017

Udine 46.03 13.23 91 1996-2017

In the following plots the qualitative evolutions of the
rainfall intensity and rainfall duration are presented
and compared with that of the temperature. Fig-
ure 1 shows the rainfall intensity annual means of
the MY of the four stations and the rainfall duration
annual mean, calculated as the sum of the annual
hours of rain divided by the number of hours of the
year. The two plots, even if the two variables are
different, show a similar behaviour, with some excep-
tions. These are due to high intensity rainfalls with
a duration of less than an hour, that could be less
influential on the moisture content of building mate-
rials than long-lasting low intensity rains. In order
to give more relevance in the reference year construc-
tion proces the rainfall duration has been included as
a primary parameter.

In Figure 2 the annual mean rainfall intensity in
Udine is presented. The values are calculated as the
total rainfall of the year divided by the number of
hours of the year. The relatively large standard devi-
ation shows that the RI has a large variability com-
pared to the one of the other variables.

For example, the air dry-bulb temperature plot in
Figure 3 shows a relatively small standard deviation,
indicating less extreme values and a more regular
trend. Similar behaviours have been observed for the
other stations.

This behaviour is explained in Figure 4 and in Fig-
ure 5, where the single year are plotted separately in
order to appreciate the irregular distribution of the
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Figure 1: Annual mean rainfall intensity and annual
mean rainfall duration for the four stations consid-
ered.

Figure 2: Annual mean rainfall intensity in Udine,
linear trend and standard deviation calculated on the
hourly values.

Figure 3: Annual mean dry-bulb air temperature in
Udine, linear trend and standard deviation calculated
on the hourly values.

Figure 4: Monthly mean rainfall intensity in Udine
for each year considered in the MY compared to the
mean of every calendar month of the multi-year (MY
mean).

Figure 5: Monthly mean air dry bulb temperature in
Udine for each year considered in the MY compared
to the mean of every calendar month of the multi-year
(MY mean).

peaks among the months. They show the monthly
mean values of the whole MY respectively of air dry
bulb temperature and rainfall intensity. The air bulb
temperature curves of every year match closely the
MY mean, denoting an analogous behaviour, while
the rainfall intensity has relatively larger variations
from the MY mean.

Case studies

The reference years produced in this study have been
evaluated for the use in moisture accumulation risk
assessment. The evaluation of the moisture content
has been performed using a simplified method, the
Glaser Method, and an advanced model, using the
software Delphin 6 (Sontag et al., 2013). The first
method considers the air dry-bulb temperature and
the relative humidity, while the advanced model con-
siders also the rainfall intensity, solar global irradi-
ance, and, if required, the wind speed and direction
for the calculation of the driving rain. For the sake
of simplicity, in this evaluation, the wind speed and
direction have not been used, and the whole rainfall
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intensity has been considered as driving rain on the
wall. With this hypothesis the representativeness of
the reference years could be evaluated with higher
moisture contents variations. The evaluation of the
risk parameter has been performed with a simplified
method for both simulation procedures. The risk PG

y

for the Glaser method (G) over the period y has been
calculated evaluating the ratio between nm|ϕ=1, num-
ber of months with liquid water between the layers
(with the relative humidity equal to 1), and the total
number of months Nm of y as in Eq. 6.

PG
y =

nm|ϕ=1

Nm
(6)

The evaluation for the MY has been performed con-
sidering all the monthly mean variables for all the
months of the MY, while, the assessment for the ref-
erence years has been performed for a period of five
years. The assessment of the risk PD

y for the ad-
vanced simulation method has been performed using
the same number of years. Five years is the time re-
quired in the Delphin simulations for the total mois-
ture content of the wall at the first time-step of the
year to be equivalent to the moisture content of the
first time-step of the following year. The risk PD

y has
been calculated as the ratio between nh|ϕ=0.95, num-
ber of hours with values of relative humidity higher
than 0.95 on an internal layer of the wall, and Nh,
the total number of hours considered in the simula-
tion (Eq. 7).

PD
y =

nh|ϕ=0.95

Nh
(7)

The external layer has not been considered for this
evaluation. The indoor and outdoor surface bound-
ary conditions for the Delphin simulations are set in
accordance with EN 15026 (2007), the internal en-
vironment is set to the ”normal occupancy” condi-
tions described in the standard. The Glaser method
boundary conditions are set in accordance with the
ISO 13788 (2012), for a continental climate with ”nor-
mal occupancy”. The material properties are taken
from the Delphin material database. In both ap-
proaches the internal surface thermal resistance is set
to 0.25 m2·K/W and the external thermal resistance
to 0.04 m2·K/W. In the Delphin simulations the sur-
face vapour exchange equivalent air layer thickness is
set to 0.003 m on the outside and to 0.008 m on the
inside. For both simulation procedures, a risk of 0
indicates that the water condensation has never oc-
curred, while a risk equal to 1, denotes the presence of
liquid water in a layer of the wall in every time-step
of the simulation period. The risk assessment has
been performed for six walls, typical of the North-
ern Italy regions (Ballarini et al., 2014), redesigned
to have liquid water condensation and accumulation
between the material layers. The walls are described
in Figure 6. The wall properties are summarized in
Table 2.

Figure 6: Building envelopes considered in the study.
The exterior surface is on the right.

Table 2: Wall thickness d, Thermal transmittance U
and equivalent air layer thickness Sd of the walls con-
sidered for the risk assessment evaluations. The walls
are identified in Figure 6.

Id. d U Sd

(m) (W/m²K) (m)

SW 0.38 0.70 5
SWi 0.53 0.13 50
HB 0.49 0.39 7
HBi 0.58 0.15 41
TWa 0.53 0.13 56
TWb 0.53 0.13 56

Results and discussion

The MRY and TMY generated from the five different
MY tend to have rainfall intensities closer to the MY
mean values. The months with the extreme values
are excluded by the ranking procedure in both refer-
ence year generation methods. The same behaviour is
found considering the rainfall intensity annual mean
values in Figure 8 and for the rainfall duration. In
Figure 9 the rainfall intensity monthly mean value is
presented for the five MY considered, showing that
a common evolution is not found. This behaviour of
the variable could prevent the statistical framework
used in this work from identifying a main trend to be
represented by the reference years. The results of the
evaluation are presented in Figures 10 and 11. The
values presented in the plots are differences ∆P I (de-
fined in Eq. 8) between the risk P I

RY calculated with
the use of a reference year (specified on the x axis)
and the risk P I

MY , obtained using the MY from the
year as boundary conditions. In order to be represen-
tative, the reference years, should provide interstitial
condensation risk values close to the ones obtained
with the MY. Larger ∆P I values indicate less rep-
resentative reference years. The superscript I indi-
cates the calculation method used: G for the Glaser
method and D for the Delphin simulation.

∆P I = P I
RY − P I

MY (8)

The MY for the stations of Aosta, Bergamo and
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Udine is from the year 1996 to 2017, while the one
for Torino is form the 2002 to 2017. Positive values
of ∆P I indicate higher P I

RY values, meaning that the
reference year simulation is conservative. The Del-
phin simulations performed using the reference years
are generally in accordance with the MY simulations.
The exceptions are visible in the plot for the station
of Aosta in Figure 10, where the MRY obtained with
the records 1996-2017, 2002-2018, 2007-2017 of the
station of Aosta produce over-conservative results for
the HB, HBi, SWi walls (the wall identifiers are listed
in Figure 6). The reference years obtained from the
station of Bergamo are generally in accordance with
the MY simulations except for the not acceptable un-
derestimations given by the MRY from the records
1996-2007, 2002-2007 and 2012-2017 and the TMY
from the 2002-2017 and 2012-2017. For the station
of Torino the results of the reference years are gen-
erally in accordance with the MY risks with the ex-
ception of the MRY 2012-2017 that underestimates
the risk. The MRY 2002-2017 and 2007-2017 and the
TMY 2007-2017 are overestimating the risk in a rel-
evant manner for the SWi wall. The results of the
reference years for the station of Udine are generally
conservative respect to the MY. The most represen-
tative results are given by the MRY 1996-2017 and
by the TMY 1996-2007. The Glaser method results,
presented in Figure 11, denote a general good agree-
ment between the reference years and the MY, for
every station. The results for the station of Bergamo
are slightly underestimating the risk of moisture ac-
cumulation for each reference year, with peaks at the
reference years of the period 2012-2017.

Conclusions

The influence of the meteorological record length for
the generation of weather files of reference years has
been evaluated for the moisture accumulation risk as-
sessment for four weather stations in Northern Italy:
Aosta, Bergamo, Torino and Udine. Five sets of
years have been considered as MY for the reference
years generation: 1996-2017, 1996-2007, 2002-2017,
2007-2017, 2012-2017. Two reference years construc-
tion method have been considered, the TMY used for
building energy simulations, defined in ISO 15927-4
(2005), and the MRY, proposed in this work, to be
used in heat and moisture transport simulations. It
has been found that the TMY and the MRY gener-
ation procedures generate years representative of the
considered MY. Among the weather variables, it has
been observed that the generated rainfall intensity se-
ries are representative of the mean behaviour, thanks
to the exclusion of the critical months from the re-
sulting years. Afterwards, ten reference years pro-
duced for every station have been used for the mois-
ture accumulation risk assessment of six walls with
two methods: the Glaser method and with the soft-
ware Delphin 6. The risks calculated using the MRY
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Figure 10: Evaluation of the reference years in terms
of moisture accumulation risk calculated with Delphin
for the four considered stations.
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Figure 11: Evaluation of the reference years in terms
of moisture accumulation risk calculated with the
Glaser method for the considered stations.
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and TMY have been compared with the risk obtained
from the full MY. It has been observed that, as a gen-
eral trend, the MRY and TMY obtained from the full
MY produced the most representative results, while
the MRY and TMY from the shorter MY intervals
resulted to be less representative. In some cases, the
reference years obtained from periods shorter than 10
years could be less representative and lead to under-
estimations of the risks. When the risk is assessed
using the Glaser method the differences of risk are
less than 0.25, while for the walls with thicker lay-
ers of insulation, the risk differences calculated with
Delphin are from 0.5 to 0.75. As seen in Libralato
et al. (2019), when the moisture content is evaluated
with HAM models and the rain is considered as a
moisture source in the calculation, larger variations
of moisture contents could be expected, with larger
differences between the resulting risks evaluated. Fi-
nally, from these results it could be concluded that the
proposed MRY construction method leads to valid
reference years that could be used for moisture re-
lated calculations in addition to critical years, as rep-
resentations of the long term mean weather data, for
moisture accumulation risk analysis or simulations of
drying of building structures. Future work will con-
centrate on further evaluations of the presented MRY
generation procedure for different climate zones and
on the development of a design method for critical
years for heat and moisture transfer simulations.

Acknowledgements

The authors thank ARPA Piemonte, ARPA FVG
(OSMER), Centro Funzionale della Valle d’Aosta and
ARPA Lombardia for supplying the raw weather data
and Bauklimatik Dresden Software GmbH for pro-
viding the software Delphin 6. This research has
been made possible thanks to the PhD funding of
the Provincia di Udine.

References
Ballarini, I., S. P. Corgnati, and V. Corrado (2014).

Use of reference buildings to assess the energy sav-
ing potentials of the residential building stock: The
experience of tabula project. Energy Policy 68,
273–284.

European Committee for Standardisation (2007). Hy-
grothermal performance of building components
and building elements - Assessment of moisture
transfer by numerical simulation (EN 15026:2007).

Finkelstein, J. M. and R. E. Schafer (1971). Improved
goodness-of-fit tests. Biometrika 58 (3), 641.

International Organisation for Standardisation
(2012). Hygrothermal performance of building
components and building elements – Internal
surface temperature to avoid critical surface hu-
midity and interstitial condensation – Calculation
methods (ISO 13788:2012).

International Organisation for Standardisation
(2003). Hygrothermal performance of buildings -
Calculation and presentation of climatic data -
Part 1: Monthly means of single meteorological
elements (ISO 15927-1:2003).

International Organisation for Standardisation
(2005). Hygrothermal performance of buildings -
Calculation and presentation of climatic data- Part
4: Hourly data for assessing the annual energy use
for heating and cooling (ISO 15927-4:2005).

Italian Republic (2016). Applicazione delle metodolo-
gie di calcolo delle prestazioni energetiche e
definizione delle prescrizioni e dei requisiti minimi
degli edifici, Ministerial Decree 26 June (in Italian).

Kalamees, T. and J. Vinha (2004). Estonian Climate
Analysis for Selecting Moisture Reference Years for
Hygrothermal Calculations. Journal of Building
Physics.

Libralato, M., G. Murano, O. Saro, and A. D. Angelis
(2018). Hygrothermal modelling of building enclo-
sures: reference year design for moisture accumula-
tion and condensation risk assessment. In 7th Inter-
national Building Physics Conference, IBPC2018.

Libralato, M., O. Saro, A. D. Angelis, and S. Spinazzè
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Abstract 

Non-destructive measures regarding building dampness 

assessment plays a vital role within the constructions 

health evaluation. In this sense, this research investigates 

the relationship between impedance measurements and 

moisture content inside building porous materials. 1D 

simulations involving computational modelling of 

coupled heat and moisture transport in Delphin and WUFI 

software were carried out using data from a three-year test 

that investigated the electric current behaviour 

considering five types of sandstones under temperature- 

and humidity-controlled experimental conditions. The 

simulated results showed that impedance measurements 

have a direct and clear inverse response to the moisture 

content and, with further research, could be a reliable 

alternative for quantitative in-situ building dampness 

estimations. 

Introduction 

Moisture and temperature changes in buildings’ stones 

can negatively affect both construction thermal properties 

and structure. Especially when performing energy 

retrofits, moisture buffering from building fabric is an 

important topic (Webb 2017), since it affects energy 

storage and therefore energy gain/losses through building 

envelope. Macher et al. (2017) affirm that building 

dampness has various causes and is among the most 

pervasive indoor environmental apprehensions. Besides 

the influence on the envelope energy balance, they also 

point that capillary water penetration with dissolved salts 

causes corrosion, mould growth and other pathologies 

that can be associated to dampness-related health effects 

in buildings. Often, the water intake is only visually 

identified, which generally means that the damages are at 

an advanced state leading to a complex repair. 

Moisture content (MC) assessment plays a significant role 

in historical heritage constructions, where walls 

commonly have a high moisture and salt content. 

Therefore, it is important that investigations of buildings 

with suspected moisture problems are able to identify 

areas of excess moisture, as well as determining the 

urgency of any necessary mitigations, identifying path 

spreads to guide the intervention process. This requires 

both an understanding of the moisture behaviour inside 

the building structure, which also involves a material 

characterization, including its moisture storage function, 

and the development of intelligent moisture-monitoring 

systems (Zhao et al. 2012). Among the solutions to 

achieve this demand are advanced moisture monitoring 

and control technologies, which can assure effective and 

efficient maintenance and retrofit of architectural 

infrastructures and their functionalities. So far, a wide 

range of moisture-sensing devices and instruments has 

been developed for meeting various in-field moisture-

measuring requirements. Impedance measurement is one 

of them, and in contrast to separate analyses over time, the 

electrical impedance of a structure can be continuously 

monitored in combination with ambient conditions 

(Lehmann, Krüger 2014; Lehmann 2018). 

Moreover, building simulations that address 

hygrothermal properties are likewise a powerful and 

widespread tool. Investigations related to moisture 

content in pore materials and its influence in energy 

performance or moisture issues, such as mould growth or 

frost damage risks, have been the focus of current 

scientific research (Abuku et al. 2009); (Govaerts et al. 

2018); (Yu et al. 2012); (Zhao et al. 2017). 

In this sense, this research seeks to compare the 

impedance results of a long-term laboratorial test with the 

moisture content outputs from hygrothermal software. 

Relative humidity and temperature data are used to 

validate the numerical model and the work aims to show 

a correlation between impedance measurements and 

simulated moisture content values. The goal is not only to 

be able to compare building measurements and 

laboratorial test, but considering further researches, also 

to be able to estimate the water activity within the 

structures under investigation from the in situ impedance 

measurements.  

Moisture assessment in building porous materials 

Dampness-monitoring techniques and related 

investigations have been carried out over the past years in 

order to better understand the moisture behaviour inside 

building materials and its impacts on thermal conductivity 

(Kočí et al. 2017). Among the methods of MC 

measurements found in literature, one uses a hot wire to 

assess the material`s volumetric heat capacity. The 

moisture content is inferred from the change of 

volumetric heat capacity before and after moisture 

acquirement (Zhang et al. 2015). Dynamic thermal 

analysis, using thermal-circuit modelling approach and 

nodal solution method were also performed by 

(Kontoleon e Giarma 2016), where they showed the 

influence of relative humidity and layer thickness 

variation on the decrement factor and time lag, the indexes 

they have chosen. Hoła et al. (2012) applied a general 

algorithm of impedance to create impedance images, 
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exploiting the correlation between conductivity 

distribution and material moisture for an object with a 

known internal structure. When comparing different 

moisture measurements, using weight, relative humidity 

(RH), electrical resistance, capacitance and inductance– 

capacitance resonant sensors, (Zhao et al. 2012) affirm 

that RH sensors are not a good indicator of MC due to 

sensor saturation. The authors pointed capacitive sensing 

as a good method to accomplish MC measurement, 

remarking that it is easily constructed and cost effective 

for assessing moisture content inside building structures 

and materials. 

There are several international standards where one can 

find methods to measure moisture and water content in 

building materials, regarding its conservation and type. 

Recently, a most comprehensive standard addressing the 

cultural heritage establishes a priority of methods; first, 

the absolute methods and then, relative methods, with 

electric resistance and capacitance among the latter 

(Camuffo 2018). 

Since RH measures alone cannot indeed show the 

moisture behaviour inside the materials, and knowing that 

impedance is an indicator of humidity changes in porous 

materials, it is possible to use it to detect moisture content 

in buildings and buildings components in the dampness 

early stages. Therefore, impedance measurements present 

itself as a monitoring system to ensure the preservation 

and rehabilitation of valuable historic heritage buildings. 

As an example, one has Lehmann`s research (2018) that 

shows a practical application of impedance monitoring at 

the Danube Spring monument, located in the town of 

Donaueschingen in southern Germany. Over the years, 

the artwork had suffered severe deterioration leading to a 

first examination carried out in 2008, to determine the 

moisture content and salt load of the ornamented 

sandstone that revealed an extreme degree of moisture 

penetration up to saturation. With the electrical 

impedance measurement, sudden drops in the impedance 

frequency are an indicator for precipitation and sudden 

upward steps for frost, which can directly compromise 

structural integrity. Another practical example is the work 

from Reichling (2014), that studies the applicability of 

Archie`s law on concrete in order to correlate resistivity 

values with saturation degrees and pore structure 

parameters. 

Additionally, moisture transfer prediction has also been 

integrated to simulation tools. Some building models and 

applications for accurate assessment of moisture impact 

in building materials using different software are reported 

in (Woloszyn e Rode 2008), showing how numerical 

analysis are also essential tools at the building moisture 

estimation. However, the interaction between 

measurements and numerical simulations frequently 

present discrepancies (Berger et al. 2017), besides being 

restricted to MC values, and no electric resistance, 

capacitance is simulated.  

In this sense, creating numerical models in WUFI and 

DELPHIN software and using the experimental data to 

compare directly MC and impedance results, thus 

validating the models. In addition, component-level 

analysis also assist the understanding of the materials 

hygrothemal properties and their correlation with the 

electrical impedance measurement performance, the main 

objective of this work. 

Methods 

Chamber and sandstone specimens 

Impedance measurements validity in relation to the MC 

inside porous materials was first carried out in a long-term 

test using a desiccator cabinet placed in a temperature-

controlled laboratory (Kesseoglou 2016). Five types of 

sandstones cut into uniform cubes, each having a side 

length of 40 mm (Figure 1), and a wide properties range 

(Table 1) were place inside the chamber. The water 

adsorption was varied exclusively by changes in the 

humidity using saturated aqueous salt solutions. 

 

 
B: Burgpreppacher, M: Main sandstone white-grey 

T: Trebgaster new red, A: Abbacher green, S: Sander reed 

Figure 1: Analysed sandstones (Kesseoglou 2016) 

 

The considered sandstone varieties were selected from 

southern Germany. In detail Abbacher green sandstone, 

Burgpreppacher sandstone, Main sandstone white-grey, 

Sander reed sandstone and Trebgaster new red sandstone 

(Figure 1). Such material was chosen because it exhibits 

a largely interconnected porous network, thus allowing 

the study of impedance measurements for qualitative 

moisture monitoring of porous building materials. 

The data collection regarding the experiment was carried 

out with the help of the self-developed impedance 

measurement system (Lehmann; Krüger, 2014). For the 

placement of the sensors (electrical current, temperature 

and humidity), three holes were drilled on one side of each 

stone forming an isosceles triangle with 20 mm leg length. 
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Table 1: Properties of the analysed stones. 

 

The laboratory experiment lasted 3 years (22.03.2013-

20.01.2016). Long-term measurements were carried out 

to research the gradually adapting material moisture of 

different sandstones caused by a change in the ambient 

relative humidity between 54 and 100 %. Figure 2 shows 

the RH, temperature and impedance mean measurements 

of three samples of the respective five types of sandstone 

over time. 
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Figure 2: Data profile for the five analysed stones over 

the entire experimental period (Kesseoglou 2016) 

1D WUFI and DELPHIN numerical simulations 

The 1D numerical models created using the DELPHIN 

5.0 (B.C. Bauklimatik Dresden 2017) and WUFI 4.0 

(I.B.P. Fraunhofer 2015) were developed in order to 

verify the laboratorial test findings and correlate 

impedance measurements and moisture content outcomes 

from the simulations. 

Exterior boundary condition used as input, the hourly data 

of temperature and relative humidity measured inside the 

chamber (experimental data). As for the interior boundary 

condition, which corresponds to the laboratory´s stable 

environment, the values were assumed as the same as in 

the lab tests, set to a constant temperature and Relative 

Humidity, respectively 21°C and 55% RH. The 1D 

numerical models had the same dimensions as the sample 

stones used in the experimental test (40 mm) and 

considered the properties listed in Table 1. The 

computational grid size was composed by elements that 

varied from 2 mm (at the boundaries) to 7 mm thick (in 

the middle). 

As outcomes, both WUFI and DELPHIN gave 

temperature (°C), RH (%) and moisture content (Kg) 
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Stones 

Properties 

Dry thermal 

conductivity 

Dry 

bulk 

density 

Porosity 

𝜆 
W/mK 

𝜌 
Kg/m³ 

Φ 

m³/m³ 

A 2,87 2262,78 0,146 

B 2,94 2115,14 0,201 

M 1,71 2157,73 0,185 

S 2,46 2100 0,209 

T 2,3 2254,21 0,149 

 Properties 

Stones 

Water vapour 

resistance 

Specific 

heat 

capacity 

Water 

uptake 

coefficient 

𝜇 
- 

Cp 

J/kgK 

Aw 

Kg/(m² √s) 

A 63,73 874,501 0,0125554 

B 34,12 846,49 0,0237859 

M 148,41 814,544 0,00904087 

S 16 800 0,3685 

T 58,77 850 0,00639373 
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extracted at the same position were the sensors were 

located during the experimental test. 

Results and Discussion 

Laboratorial campaign 

The experimental results showed that temperature, 

relative humidity, pore structure and surface area 

influenced the impedance, which is particularly 

dependent on material MC. Therefore, impedance 

decreased with increasing relative humidity due to the 

greater water content in the sandstones, hence rising the 

conductivity. Similarly, low humidity values led to high 

impedances (Kesseoglou, 2016). 

However, since the sensors do not assess quantitative MC 

values, the simulation results are worthy to establish this 

direct relationship between impedance and the material 

hygrothermal behaviour. 

Numerical simulations 

WUFI and DELPHIN numerical models correlated the 

moisture content outcomes from the simulations with the 

impedance measurements and showed an association 

within the two features. Figure 3 shows MC outcomes 

(Kg) from Delphin and impedance values (Ω) for each of 

the five analysed stones between July 2013 and January 

2014, where RH was above 90% over the entire period. 

The graphics present the impedance readings of each 

three samples of the five analysed stones.  
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Figure 3: Simulated MC in Delphin x Measured 

impedance in each analysed stone 

Stone A, which had the lowest measured impedance 

(75000 – 225000 Ω) and presented the highest dry bulk 

density (𝜌= 2262 Kg/m³) and the lowest porosity (Φ=0,14 

m³/m³) properties, was the one that obtained the 

maximum MC simulated values, with almost 7E-4 Kg. 

However, the same relationship does not appear in all 

investigated stones. The stone with the greatest measured 

impedance (500000 – 1750000 Ω), Stone T (𝜌= 2254 

Kg/m³ and Φ= 0,149 m³/m³), presented the second lowest 

simulated water content, with the maximum value of 

4.83E-05 Kg. In this sense, more investigations between 

material properties and impedance measurements, like the 

ones performed by Reichling (2014) with concrete 

specimens are needed in order to establish a reliable 

correlation and allow quantitative in-situ building 

dampness estimations. Nevertheless, it is possible to see 

that impedance and moisture content lines have an inverse 

behaviour in all cases and that impedance readings show 

abrupt responses that corresponds to even small MC 

variations. 

When comparing the results of some of the tested stones 

(M, S and T) between the two-used software (Figure 4), 

one can observe that the MC lines present the same 

behaviour despite the difference in numerical proportion. 

At this figure, the impedance is inverted and the scales are 

adjusted in a way that the curves match.  

In addition, temperature and relative humidity outcomes 

from both computer solvers, DELPHIN and WUFI when 

compared to the experimental data, showed high 

coefficient of determination (R²), with 0.99 and 0.98 

values, respectively, when RH is around 80%. Higher or 

lower RH values increased the deviation, leading to poor 

R² numbers (0.92-0.96). The simulated and measured 

results demonstrate that impedance assessments are a 

suitable alternative for building dampness estimation, 

especially when considering cultural heritage, where 

more invasive test cannot be considered.  

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
406

 

 
  



Conclusion 

The work reported here describes a simple and 

straightforward study in the field of moisture content 

assessment inside porous buildings materials. By 

correlating impedance measurements and computational 

modelling of moisture transport outcomes from two 

software (WUFI and DELPHIN), the paper shows a direct 

relationship between the two analysed features. 

Impedance and moisture content results present an inverse 

behaviour in all cases and impedance readings show 

abrupt responses even to small MC variations. 

With the impedance measurements, the water content can 

be detected both in the hygroscopic and over hygroscopic 

humidity range. On the other hand, although it is possible 

to find a link between the properties of the materials 

analyzed and the results found, further studies in this area, 

such as being able to model the relationship between 

impedance and moisture content and thus both validate 

the measurements and gain additional information about 

the moisture dynamics, are still necessary to improve 

future in-situ quantitative analysis.  

 

a) Stone M 

 

b) Stone S 

 

c) Stone T 
Figure 4: Simulated MC in Delphin x Measured 

impedance in M, S and T Stones  
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Abstract 

Wind driven ventilation in buildings is an effective way 

of diluting the indoor air for maintaining thermal comfort 

and acceptable indoor air quality. Visualization of wind 

induced flow patterns in a building with a water table 

apparatus is a relatively easier method producing 

instantaneous results. This work focusses on quantifying 

the flow patterns obtained from the water table 

experiments in terms of ventilation metrics like 

percentage of dead spots, absolute ventilation efficiency, 

and air changes per hour. These metrics will aid in making 

design decisions in terms of appropriately orienting the 

building, sizing, and placing of openings in the building. 

Introduction 

As people in modern technological societies spend 90% 

of their time in artificial environment (Awbi, 1991), 

providing a healthy indoor environment is very important. 

Indoor air is contaminated by human activities and release 

of pollutants such as carbon dioxide, formaldehyde, 

odour, particulate matter from materials used in buildings 

(Sundell, 2004). Indoor building materials like paints, 

furnishings, adhesives, clothing, and varnishes emit 

volatile organic compounds (VOC’s) (Jones, 1999). 

Exposure to these VOC’s has a short and long-term 

impact on health. Inadequate ventilation also causes Sick 

Building Syndrome (SBS) (Jones, 1999). It is therefore of 

vital importance to provide the healthy indoor 

environment, as it has an impact on the productivity of 

people (Tham, 2016).  As per the ASHRAE 62.1 Standard 

(2016) Ventilation for Acceptable Indoor Air Quality, 

fresh air requirement in buildings needs to be calculated 

based on the number of occupants and per square metre 

of the floor area of the space. Providing fresh air with 

dedicated systems contributes to the energy use of the air-

conditioning systems. If designed carefully, achieving the 

fresh air requirement with natural ventilation is cheap and 

effective. Natural ventilation not only dilutes indoor 

pollutants (Chenari et al., 2016) but also removes heat 

from indoor sources depending on the climate. Airflow 

pattern in a room is considered to be an important 

parameter while determining thermal comfort (Fulpagare 

& Agrawal, 2013) and indoor air quality (Sekhar & 

Willem, 2004). In this context passive strategies like 

natural or hybrid ventilation decrease the dependence on 

air-conditioning, which in turn reduce energy use for 

cooling and ventilating (Jones, 1999). To study natural 

ventilation in a building, it is important to understand the 

impact of incoming air into the existing indoor air. 

Physical modelling with a smoke chamber or full-scale 

prototypes give flow patterns using markers and require 

additional instrumentation to measure quantities for 

calculating any metrics of effectiveness. The water table 

apparatus developed uses a displacement approach that 

gives quick results for flow patterns for different shapes 

and complicated geometries. It is an apparatus that is 

easily accessible, cheap and gives instantaneous two-

dimensional flow patterns results of inside and outside the 

building. It helps to analyze natural ventilation in 

buildings due to wind effect. The potassium 

permanganate dye solution as it passes through the 

apertures in the model, provides a scaled simulation of air 

movement in a building of the same geometry as shown 

in Figure 1. Study conducted by Edwina Royan G, 

Vaidya, & Damle (2017)  suggested that the flow patterns 

observed in the water table are in quite agreement with the 

patterns obtained from the smoke chamber test. This 

suggests that water table gives accurate results.  

Previous studies of the water table approach used 

qualitative analysis of flow patterns, and quantified the 

ventilation effectiveness using a simplified binning of 

pixel values of the photographic documentation. No 

standard ventilation metrics were calculated, and the 

relationship between pixel values and dye concentration 

was not investigated (Mundhe, Damle, Vaidya, & Apte, 

2018).   This study establishes a method to extract pixel 

values, calibrate them for concentration, use the data to 

calculate ventilation metrics and compare the results. This 

method aids in evaluating simple and complex building 

configuration for natural ventilation effectiveness, 

beyond airflow patterns established in previous studies. 

The photographic data and video recordings obtained 

from the experiment can be used for comparing the 

different design options. This will be useful for energy 

consultants, students, architects, engineers in taking 

design decisions at different stages of building 

development. 

 

Figure 1: View of the Water table apparatus with dye 

solution flowing towards the scaled building model 
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Methods 

To quantify the airflow pattern observed in the water table 

experiment, initially, a scaled physical building model is 

simulated in the water table apparatus. The photographic 

data recorded from the water table experiment are then 

converted to ventilation metrics. Finally, these metrics are 

verified for three single rooms having basic window 

configurations and a complex geometry 3-bedroom 

apartment by comparing the quantitative results with the 

visual airflow patterns.  

Simulating building model in water table apparatus 

For this study three single rooms having different window 

configurations and a 3-bedroom apartment building is 

selected. The room with single-sided window 

configuration would be referred as ‘SS’, room with 

windows on adjacent walls as ‘AS’ and a room with 

windows on opposite walls as ‘OS’. The scale of the 

model is 1:20 and the details are shown in Figure 2. The 

details of 3-bedroom apartment are shown in Figure 3 and 

the scale of the model is 1:50.    

 

Figure 2: Three single rooms with basic window 

configurations  

 

Figure 3: 3-bedroom apartment floor plan with dye 

movement resembling airflow patterns  

Photographic data to ventilation metrics 

The image obtained from the water table as seen in Figure 

3, consists of gradation of dye that represents air 

movement in a space. Therefore, to convert the 

photographic data to ventilation metrics following steps 

were carried out.  

Extracting images as per desired time frames 

Initially, the images from the experiment video were 

extracted as per the desired time frames. To extract an 

image from the video, it is important to crop the interior 

portion of each room excluding walls of the physical 

model. This was done to avoid the contribution of white 

(255-pixel value) PVC (Poly Vinyl Chloride) foam board 

walls in the metric calculation. Pixel values represent the 

brightness or darkness of an image, however in this study, 

it represents the optical density of dye. The value ranges 

from 0 to 255, where 0 is the darkest point and 255 is the 

brightest point. Further, VLC software (VideoLAN, 

2018), was used for taking snapshots from the video at 

any time frame. This helped in taking the snapshots of the 

cropped video and saving it in PNG (Portable Network 

Graphics) format.  The images obtained from the above 

process at every second were post-processed further for 

their pixel values. 

Extracting pixel values 

To easily obtain pixel values, visualize, and reduce the 

computing time, the RGB (Red, Green, Blue) image 

obtained from the water table experiment was converted 

into a grayscale using MATLAB (Matrix Laboratory) 

(MATLAB, 2017). The pixel values were then extracted 

from this grayscale image. By doing this, only one value 

was obtained for each pixel, i.e., a weighted sum of RGB 

values. 

Post processing pixel values 

This was an important step in deriving the ventilation 

metrics. Based on the equation of metric and the input 

values needed for evaluating it, the pixel values were post-

processed. Another important step was to identify right 

grid size of pixel values used for calculation of metric, for 

example, only a single pixel value or by averaging few 

pixel values as per grid size. This was based on the rows 

and columns size, and according to the point of interest in 

a room. It is also important to note that as the grid size 

increases the accuracy of the results decreases.  

Establishing the relation between pixel and 

concentration values 

In this work, the pixel values represent the dye 

concentration at different points and the metrics are 

derived based on the relative difference in concentration 

values. To identify the relation between pixel values and 

dye concentration a calibration curve was developed, as 

illustrated in Figure 4. This curve was developed by 

conducting experiments and capturing videos for each dye 

concentration and checking the pixel values when the dye 

is uniformly mixed throughout the room. This helps to 

calculate the dye concentration based on the pixel value 

and can be used for calculations using Equation (1). 

Finally, the ventilation metrics were calculated based on 

the concentration values. 

 
Figure 4: The relation between dye concentration and 

pixel values 
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Ventilation Metrics 

Ventilation metrics help to predict the performance of a 

ventilation system. The conditions in the water table 

experiment represent the conditions in a room. Before 

starting the experiment, there is only clear water inside the 

room model i.e., zero dye concentration (0 g/l). This value 

keeps on increasing as the dyed water enters the room. 

Thus, the initial clear water condition resembles to be a 

room filled with contaminated/ stale air and infiltration of 

dye is the fresh air coming inside the room. For a given 

room, pixel values were extracted and converted to 

concentration values using the calibration curve as shown 

in Figure 4. The relative spatial concentrations were used 

to evaluate three metrics as follows.  

Percentage of Dead Spots  

Dead spots mean the air is stagnant, and little/no mixing 

up of incoming fresh air. This will be seen as a zone or 

room with no movement of air and with low dye 

concentration. It is a metric that quantifies the  mixing of 

the incoming fresh air with the indoor air and determines 

the dead spots (%DS)/ zones in a room which is not 

adequately ventilated (Edwina Royan G, Vaidya, & 

Damle, 2017) and is calculated using Equation (2). In 

addition to this, it shows the amount of fresh air infiltrated 

in a room. Lesser the infiltration more are the DS and vice 

versa. 

                  % DS =
Cmax−C

Cmax
                            (2) 

Absolute Ventilation Efficiency              

Absolute ventilation efficiency (AVE) is a metric that 

helps to determine the ability of the system to decrease 

contaminant concentration in a room. This can be 

calculated based on Equation (3) (Awbi, 1991). The 

system is said to be most effective if the value is 1 and 

least effective when it is 0. 

                                 Ea =
(Co−C)

(Co−Cs)
                              (3) 

In this case, the supply air concentration is the maximum 

concentration of dye (g/l). The initial concentration at a 

point c is zero, i.e., clear water with no fresh air inside the 

room.  The duration of calculation is considered when dye 

starts to enter the room and stops at the steady state, which 

is considered to be at the end of the experiment in this 

work. Using Equation 3, the value of absolute efficiency 

is calculated at the point of interest (C) in a room. The 

point of interest could be a single point in a room, zone, 

or whole room. As the fresh air penetrates inside the room 

through the windows, the contaminant concentration 

decreases. 

Air Changes per Hour  

Air changes per hour (ACH) is the number of times the 

air within the room is renovated. This is calculated by 

using the mass balance Equation (4) (Dockery & 

Spengler, 1981). This equation considers the inside and 

outside concentration over the evaluation period.  

dC = P ∗ ACH ∗ Cs ∗ dt +
S

V
dt − (ACH + k)Ci ∗ dt   (4)  

 

For this study it is assumed, that all the particles enter the 

room without any loss at the window, so P is 1. The ratio 

of S/V is said to be zero as there is no source inside the 

room. In addition, there is no reaction taking place 

between the dye water and the walls of the model, so k i.e. 

the reactivity constant is zero. This metric is calculated 

when there are well-mixed conditions inside the room. To 

do this, the average concentration values at a given time 

frame are considered. The outside concentration (Cs) is 

averaged near the window and inside concentration (Ci) 

is the average room concentration as shown in Figure 5. 

Using the Equation (4) inside concentration values are 

predicted based on the outdoor concentration values. 

Further, a curve is fit to this experimental data according 

to the Equation (4) by minimizing the sum of the square 

of differences i.e., chi (χ2) between the experimental and 

predicted indoor concentration values. The value of ACH 

is such, that it minimizes the chi (χ2) values so that the 

experimental and predicted indoor concentration values 

come as close as possible, as shown in Figure 6. For this, 

Solver from Microsoft Excel (Microsoft Excel, 2016) is 

used. 

  

Figure 5: Visual representation of ACH parameters for 

Room 1 of a 3-bedroom apartment 

 

Figure 6: Curve fit for Room 1 till the steady state, 

having chi (χ2) value of 0.1145 

The ACH in case of the water table is dependent on the 

velocity, density, viscosity of water, characteristic length, 

area of the window and volume of the room i.e. ACH= f 

(v, ρ, µ, d, A, V). The characteristic length is the total 

length of the wall facing the incoming dye. The velocity 

in water is 0.003m/s and that in air 0.001m/s. Thus, to 

identify the relation of ACH in the air to that of ACH 

calculated from the water, a dimensional analysis is 

carried out which results in Equation (5). After doing 

dimensional analysis it is found that the dimensionless 

number ∏1 (
𝐴𝐶𝐻∗𝑑

𝑣
) is a function of Reynolds number 

 ∏2 (
𝜇

ρ𝑣𝑑
) and two other numbers ∏3 (

𝐴

𝑑2) and 

∏4 (
𝑉

𝑑3) which depend on the geometry of the model. This 

relationship is given by Equation (5). Therefore, to get the 

(ACH)air from (ACH)water, Π2, Π3 , and Π4 need to be 
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same for the model and the prototype so that Equation (5) 

is true. From the Equation (6), ACH in the air is evaluated. 

∏1 (
𝐴𝐶𝐻 ∗ 𝑑

𝑣
) = 𝑓 (∏2 (

𝜇

ρ𝑣𝑑
) , ∏3 (

𝐴

𝑑2
) , ∏4 (

𝑉

𝑑3
) ) (5) 

 

             (ACH )air =  ( 
 ACH∗ d

v
 )

water
∗  ( 

v

d
 )

air
             (6) 

Results and Discussion 

In this study, the dyed water that is entering the room 

represents air. Therefore, for ease of understanding flow 

development and explanation of metrics, the incoming 

dyed water is referred to as air. Each metric is evaluated 

for simple geometries, i.e., three single rooms with basic 

window configurations, and then for complex geometry, 

i.e., a 3-bedroom apartment. The flow patterns within 

each of the configuration and 3-bedroom apartment were 

documented, analysed and quantified using the three 

above metrics. The calculations were done considering 

the average outside and inside room concentration as 

shown in Figure 5. Moreover, understanding the airflow 

patterns for different rooms helped to relate the 

quantitative metric results. The results obtained in terms 

of flow patterns and different metrics for the three cases 

and 3BHK apartment are discussed below. 

Visual flow pattern analysis of three single rooms 

with different window configuration 

The flow patterns along with the line diagrams for rooms 

SS, AS and OS are shown in Figure 7, Figure 8, and 

Figure 9 respectively. The scale of the room model is at 

1:20. Each photograph it at an interval of 1 min. The first 

frame corresponds to the time when the air enters the 

room, which is after 1min. The steady state is considered 

at the end of the experiment, which is at 16:40 min. In 

case of ‘SS’, the air entering is distributed centrally and 

then flows into the different parts of the room. This air 

moves towards the two sides, and then it flows towards 

the opposite wall. Due to the incoming air touching the 

side walls, eddies are formed at the left top and left bottom 

corners as seen in Figures 6b and 6c. The air in these 

corners continuously recirculates and is mixed with the 

incoming air causing large eddies. As there is only one 

window opening on the windward side, the air that 

reached the opposite wall starts to flow back. 

   

Figure 7. Flow patterns observed in SS after every 2mins  

Fresh air entering the ‘AS’ room tries to spread centrally 

and leaves from the side window as seen in Figure 8a. 

Thus, the corners near the windward window are less 

ventilated and can be observed in Figure 8b. This air 

moving towards the side and opposite walls, cause eddies 

in the left top and bottom corners as shown in Figure 8c. 

The air flows back from the opposite wall, as it has no 

opening. Out of all the corners, only the top left corner as 

seen in Figure 8c is not properly ventilated. At that point, 

there is continuous recirculation, due to short-circuiting of 

the flow from a window on the windward side to the side 

window. 

   

Figure 8. Flow patterns observed in AS after every 

2mins  

In case of room ‘OS’, a tunnel effect occurs when the air 

enters the room due to the window on the leeward side, 

see Figure 9. As the air continuously short circuits (passes 

directly) from the windward window through the window 

on opposite side, it causes a clockwise recirculation in the 

lower portion and anti-clockwise recirculation in the 

upper portion as shown in Figure 9b, 9c. 

   

Figure 9. Flow patterns observed in OS after every 

2mins 

Percentage of Dead Spots 

The %DS were calculated for the whole room by 

considering the average room concentration. This was 

done to understand the impact between SS, AS, OS 

having same room area, but different number of windows 

and positions. It can be observed in Figure 10, that AS has 

least % DS for a maximum duration of time. This is due 

to uniform fresh air distribution throughout the room. This 

was followed by OS, and is maximum in SS, as the air is 

not distributed uniformly in the room. At steady state, the 

percentage is least for AS, as it achieves maximum fresh 

air concentration. Furthermore, if we consider that the 

outdoor air quality is good, then, AS has good IAQ, 

followed by OS. Whereas, it is poor in SS as the room was 

filled with contaminated air.  

 
Figure 10. Percentage of dead spots with time in the 

entire room for SS, AS, and OS 
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Absolute Ventilation Efficiency 

AVE was calculated for the whole room by considering 

the average room concentration. It can be observed in 

Figure 11 that SS has the least AVE, due to the 

nonuniform distribution of fresh air. Whereas, it is 

maximum in AS for longer duration. At steady state, AVE 

is maximum for OS (0.89), as the room fills uniformly 

with fresh air. This is followed by AS (0.87), and least in 

SS (0.85), due to non-uniform distribution of fresh air in 

the room. 

 

Figure 11. Absolute ventilation efficiency with time in 

the overall room for SS, AS, and OS 

Air Changes per Hour  

As ACH is the function of inside and outside supply 

concentration, ACH for three configurations varies as 

seen in Figure 12. It can be observed that the ACH in 

water and air is maximum for AS (24 h-1, 1.2 h-1), because 

of less recirculation and uniform distribution of fresh air 

inside the room. This is followed by OS (17 h-1, 0.8 h-1), 

and SS (13.7 h-1, 0.68 h-1), where the air is not uniformly 

mixed in the room. Further, maximum the ACH, 

maximum is the replacement of contaminated air by fresh 

air. Therefore, in case of AS maximum contaminated air 

is replaced which improves the IAQ.  Whereas, in case of 

SS, as there is only one window, the ACH is least. This is 

because the single window is not able to supply enough 

fresh air, at the same time remove contaminated air. 

Therefore, the IAQ will be poor in this room. 

 

Figure 12. ACH in water and air for SS, AS, and OS 

Visual flow pattern analysis for a 3-bedroom 

apartment 

The flow patterns along with the line diagrams observed 

for a 3-bedroom apartment are showcased in Figure 13. 

The first frame is after 1 minute, which is the time when 

the air enters the room. Initially, it can be observed in 

Figure 13 that the flow patterns are similar in R1 and R3 

as the number of windows, positions and sizes are same, 

except that R3 side window has a wing wall. However, 

after 1 minute due to this wing wall, the air does not enter 

from the side window as that of R1, where the air also 

enters from the side window. As the air in R1 and R3 

flows out from the side window and door, eddies are 

formed at the corners near the window on the windward 

side as seen in Figure 13b. As there are two windows on 

the windward side for the dining with no barrier on 

opposite side, the air flows straight towards the living 

room. Because of this straight flow, eddies are formed 

between the area near the windows on the windward side, 

and at the left top/bottom corners of this room, as seen in 

Figure 13b. In R2, the air enters from the door and the 

window, which is parallel to the flow direction so there is 

an eddy motion. Further, K gets ventilated due to the air 

coming from the P2 and P3, which leaves towards the 

windows in the utility room (U). For toilets (T1, T2, T3), 

windows are parallel to the direction of the flow and the 

doors are closed, so it takes longer time for air to reach 

these rooms. 

 

Figure 13: Flow patterns observed in a 3-bedroom 

apartment after every 1min 

Percentage of Dead Spots  

In all the rooms, the % DS goes on decreasing as the time 

proceeds. It can be observed in Figure 14a, that the %DS 

after 1min are maximum in R2, L, K, and U, as the fresh 

air has not reached these rooms. Whereas, the rooms 

which are in front get ventilated, diluting the 

contaminated air. The room D, despite having two 

windows has more % DS (91.7%) as compared to R1 

(88.7%) and R3 (90.3%), as there is no barrier on the 

opposite side which will stop the fresh air. Therefore, 

these straight flows creating eddies result in more % DS 

as shown in Figure 14. In case of R2, due to eddies as seen 

in Figure 14b, the % DS are higher (91%) than L (89.5%) 

which lacks cross ventilation.   

 

Figure 14: Percentage dead spots in all the rooms of a 

3-bedroom apartment after every 1min 
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Further, if we consider that the outdoor air quality is good, 

then the rooms that have good indoor air quality (IAQ) are 

R1, D, and R3. This is because fresh air replaces the 

maximum contaminated air in these rooms. Whereas, the 

IAQ is poor in U because the air accumulating the 

contaminated air from R3, P3, and K is passed into this 

room.  

Absolute Ventilation Efficiency       

AVE is maximum in the rooms which have window 

perpendicular to the direction of the airflow. It is 

maximum in the rooms which are on the windward side, 

i.e., R1, D, and R3, and same, i.e., 0.05 for R3, L, K and 

U after 1min, as seen in Figure 15a. As, these rooms are 

on the other side of the main source of fresh air supply, 

which can be seen in Figure 15a. In R2, due to 

recirculation, the efficiency is less (0.09) as compared to 

L (0.10) as seen in Figure 15b.  

 

Figure 15: Absolute ventilation efficiency in all the 

rooms of a 3-bedroom apartment after every 1min 

Furthermore, the efficiency is very less, i.e., 0.05% for U 

until the air enters this room. Once, it reaches this room, 

i.e., at the end of 2 minutes, due to maximum windows 

the efficiency increases by 40%, as seen in Figure 15b. 

Moreover, as the area is small as compared to other 

rooms, it achieves maximum efficiency in a shorter 

period. Thus, the efficiency increases and pollutant 

concentration decreases, as the infiltration of fresh 

increases. Finally, it can be observed that windows on the 

windward side are more efficient in reducing the pollutant 

concentration. This is because of effective delivery of 

fresh air throughout the room. 

Air Changes per Hour  

The ACH is calculated for various rooms in the apartment 

having windows perpendicular, (i.e., R1, R2, K), and 

parallel (i.e., T1, T2, T3) to the direction of the flow. ACH 

for R1, R3, and K are different, as the supply conditions 

vary as explained in Figure 13. Further, it can be observed 

in Table 1 that the ACH is nearly half for R1 than R3. The 

difference is more due to the varying outside supply 

concentration. For toilets, the ACH in water and air is 

maximum in T2 due to a maximum fresh air supply, 

whereas it is less in T1 and T3 as shown in Table 1. The 

difference between the ACH for T1 and T3 is less, this is 

because the supply air concentration near the window is 

affected by the air coming out from the side window of 

R1 and R2 respectively. 

Table 1: ACH in water and air for different rooms of a 

3- bedroom apartment at steady state 

Rooms ACH in water(h-1) ACH in air(h-1) 

R1 13.7 0.33 

R3 24 0.63 

K 54.1 0.4 

T1 65.8 0.52 

T2 113.2 0.5 

T3 17 0.85 

Comparative Analysis  

The results of the comparative analysis done between SS, 

AS and OS are presented in this section. Figure 16 shows 

AVE versus DS time for rooms SS, AS and OS. It is 

observed that as the AVE increases the % DS decreases 

and vice versa. This means that they are inversely 

proportional to each other. It can be further observed that, 

as the AVE is maximum in AS for longer duration, the % 

DS is least during that time. 

 

Figure 16. The relation between % DS and AVE for SS, 

AS, and OS 

Furthermore, the comparative results between the ACH 

and % DS at steady state can be seen in Figure 17. It can 

be observed that as ACH increases, the % DS decreases. 

For example, it can be observed in Figure 17, that as ACH 

is maximum for AS (24 h-1) the % DS is least (0.17%). 

Whereas the ACH for SS is least (13.7 h-1), the % DS is 

maximum (0.26%). 

 

Figure 17. Comparative results of %DS and ACH for SS, 

AS, and OS 

Conclusion  

In this work, a photographic method is developed to 

quantify the flow patterns in a water- table apparatus.  The 

quantification is made in terms of ventilation metrics like 

% dead spots, absolute ventilation efficiency, and air 

changes per hour. The metrics are evaluated for three 

single rooms with different window configurations and 
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for a 3-bedroom apartment.  The metric results for the 

three configurations are in good agreement when 

compared with the flow patterns observed in the water 

table. For example, % DS decrease as the fresh air enters 

a zone. At steady state, this percentage is least for room 

AS as it achieves maximum fresh air. As expected, room 

AS has maximum ventilation followed by room OS, with 

least for room SS. Further, the air changes per is minimum 

for room SS. For the 3-bedroom apartment, it is observed 

that the rooms with windward windows have least % DS 

and higher ACH as compared to the rooms on leeward 

side. In case of ACH, it is higher in 3BHK than SS, AS, 

OS as more openings and small size rooms for the same 

flow rate. So relative prediction of the ACH is realistic. It 

is also observed that an increase in absolute ventilation 

efficiency decreases the percentage of dead spots. 

Therefore, it is concluded that the derivation of ventilation 

metrics with the current methodology gives physically 

realistic results, which agree with visual observation of 

flow patterns generated in the water table apparatus. This 

method can serve as a useful tool to compare different 

geometrical configurations at the design stage. In 

addition, it is a practical way to understand the flow of air 

in naturally ventilated buildings. 

Nomenclature 

% Percentage 

µ Dynamic Viscosity 

ACH Air Changes per Hour (h-1) 

AS Room with windows on adjacent walls 

configuration 

AVE Absolute Ventilation Efficiency 

C dye concentration at a point after t, s 

(g/l)  

Ci average inside concentration (g/l) 

Cmax maximum dye concentration at a point 

(g/l) 

Co initial concentration at a point (g/l) 

Cs concentration in the outdoor supply air 

(g/l) 

d characteristic length (mm or m) 

D Dining 

dC change in concentration (g/l) 

DS Dead Spots 

Ea Absolute Ventilation Efficiency 

g Gram 

h time step (s) 

h Hour 

IAQ Indoor Air Quality 

k reactivity rate (h-1) 

K Kitchen 

L Living Room 

l Litre 

m Meter 

MATLAB Matrix Laboratory 

min Minute 

mm Millimeter 

OS Room with windows on opposite walls 

configuration 

P penetration factor (unit less) 

P1 Passage 1 

P2 Passage 2 

P3 Passage 3 

PNG Portable Network Graphics 

PVC Poly Vinyl Chloride 

Px Pixel value 

R1 Room 1 

R2 Room 2 

R3 Room 3 

RGB Red, Green, Blue 

S indoor source emission rate(ml/h); 

s Seconds 

SBS Sick Building Syndrome 

SS Room with single-sided window 

configuration 

t time frame (h or s) 

T1 Toilet 1 

T2 Toilet 2 

T3 Toilet 3 

U Utility Room 

V indoor volume (m3) 

v velocity (m/s) 

VLC VideoLAN Client  

VOC Volatile Organic Compound 

χ 2 Chi-square 

ρ Density 

Π Dimensionless number 
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Abstract 
A simplified method of calculating annual climate-based 
daylighting metrics, Daylight Autonomy (DA), can help 
architects quickly understand annual daylighting 
performance during the design stage. However, 
generating building models and calculating annual 
simulations are both laborious and time-consuming. In 
order to offer architects a quick method of predicting DA 
within an atrium and adjacent spaces in interior shopping 
streets, this paper presents a quantitative model between 
spatial parameters and DA300 values. First, spatial 
parameters and daylighting performance within 28 
interior shopping streets were examined. Then, three 
typical atrium spaces and the thresholds of associated 
spatial parameters were extracted from descriptive 
statistical analysis. Orthogonal test was used to test 
variables in daylight simulations using DIVA-for-Rhino. 
Other statistical analysis methods include the differential 
analysis, the correlation analysis, and the regression 
analysis. The formulas of using important spatial 
parameters for each atrium type to predict DA300 values at 
representative points are concluded. An excel sheet is 
programmed for architects to quickly obtain DA300 values 
by modifying these spatial parameters.  
Introduction 
Many researchers have explored the impacts of spatial 
parameters upon daylighting performance. Hopkinson 
and Petherbridge (1996) found that in a single-side room, 
Daylight Factor (DF) near the window usually reaches 10% 
and drops to 2-3% when the distance is two meters away 
from the window. When the depth reaches six meters, DF 
reaches the minimum value. Zhang Xin and Han Tianci 
(2012) made a table based on 162 simulation results so 
that designers could predict an average DF based on 
specific spatial height and spatial depth, along with 
window width and window height. Baker et al (2013) 
explored the effects of plan ratio on daylighting 
performance within five meters from the side window in 
a four-story building.  
In addition to single-side window space, researchers are 
also interested in more complex spaces like atriums. 
Baker et al (1993) studied the variation of the DF with 
varying gallery depths in an atrium. Samant (2010) 
reviewed the effects of spatial parameters and surface 
reflectance on daylighting in an atrium and its adjacent 
spaces. Yunus et al (2011) evaluated the daylighting 

performance within glazed atrium spaces by measuring 
lighting data within physical scale models under tropical 
skies. Reinhart (2014) indicated that the maximum height 
should be less than 2.5 times the width in an atrium 
primarily relying on daylight. Calcagni and Paroncini 
(2004) mentioned that the effective daylighting depth of 
adjacent spaces of an atrium is less than 4m. 
In addition to explorations of static daylighting index, 
limited studies explored relationships between spatial 
parameters and annual climate-based daylighting 
performance. Kim and Song (2013) simulated Daylight 
Autonomy (DA) of 112 four-side atrium models with 
varying geometric forms and four orientations. The 
results show that the effect of Plan Aspect Ratio (PAR) 
on DA is negligible. The Aspect Ratio (AR) has little 
effect on DA750 and DA1000, and the range of DA750 and 
DA1000 are about 15% and 20%, respectively. However, 
AR has greater influence on DA2000 with the range as high 
as 48%. 
Although many studies have explored relationships 
between the daylighting index and spatial parameters, 
most of them focused on the static daylighting index or 
only considered limited spaces and receiver positions. 
This paper is an extensive investigation of a previous one 
(Jin, Li, Kang, & Kong, 2017), which explores the 
relationship between daylighting qualities and subjective 
evaluation within public shopping spaces. Jin et al. 
studied eight shopping centers with the areas varying 
between 67,000 and 210,100 m2 from four cities in China. 
Subjective evaluations of natural and artificial lighting 
environments including satisfaction levels and brightness 
perception were collected using surveys. Physical lighting 
data were measured by illuminance meters and HDR 
image techniques. From the correlations between 
illuminance- and luminance-based metrics and subjective 
assessments, the authors proposed mean luminance of a 
scene of 1,000 cd/m2 for mixed natural-and-artificial-
lighting shopping centers and 75 cd/m2 for artificial 
lighting shopping centers. In order to extend the research 
scope from instantaneous to long-term lighting 
environments, this study explores the relationship 
between spatial morphological parameters and the annual 
climate-based lighting metrics. This study first proposes 
three commonly utilized daylighting atriums and the 
associated spatial parameters thresholds, then propounds 
simplified methods of calculating DA300 at representative 
points by spatial parameters for three types of atriums. 
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Methodology 
Typical model determination 
Within the investigation of 28 interior shopping streets in 
five Chinese cities (Harbin, Shanghai, Beijing, Xi’an, 
Shenyang, and Xiamen) (Jin, Li, Kang, & Kong, 2017), 
21 of these interior shopping streets utilize toplighting, 
nine use sidelighting, and four utilize a mix of toplighting 
and sidelighting. Therefore, these three types of 
daylighting designed atriums of conceptualized rectangles 
were studied: toplighting atriums, sidelighting atriums, 
and mixed toplighting and sidelighting atriums. For 
toplighting atriums, three spatial parameters were 
proposed: width, height, and the ratio of spatial length to 
width. Figure 1 illustrates the parameters. Table 1 show 
six values for each parameter, which were derived from 
the 30 interior shopping streets. Based on the Orthogonal 
test designed in SPSS, 48 simulation models were 
generated and run for DA300 results.  

Table 1: Orthogonal analysis variables for toplighting 
atriums. 

Level 
Parameter   1 2 3 4 5 6 

WT (m) 5 9 14 18 23 27 
HT (m) 5 10 15 20 25 30 
LT/WT 1.0 1.2 1.4 1.6 1.8 2.0 

 

 
Figure 1: The spatial parameters in the toplighting 

atrium. 
Given that studied sidelighting atriums and mixed-
toplighting-and-sidelighting atriums have similar spatial 
dimensions, four spatial parameters were proposed: width 
length, height, and window orientation. Figure 2 
illustrates the spatial parameters. Table 2 shows four 
values for each parameter, which were derived from 10 
studied sidelighting atriums and mixed atriums. Based on 
the Orthogonal test designed in SPSS, 32 simulation 
models were generated and run for DA300 results for 
sidelighting atriums and mixed atriums, respectively.  
Table 2: Orthogonal analysis variables for sidelighting 

atriums. 
Level 

Parameter  1 2 3 4 

WS or Wm (m) 9 18 27 - 
LS or Lm (m) 27 36 45 54 
HS or Hm (m) 5 10 20 30 
Orientation South East North West 

   
a) the sidlighting atrium.      b) the mixed atrium. 

Figure 2: The spatial parameters in the sidelighting and 
minxed-toplighting-and-sidelighting atrium. 

Simulations 
DA values were simulated by DIVA-for-Rhino. DIVA 
integrates Radiance and Daysim, which are widely used 
in dynamic daylighting simulations, glare evaluations, 
and shading analysis (Jakubiec & Reinhart, 2011; Yun, 
Yoon & Kim, 2014). According to the Appendix D of 
Standard for lighting design of buildings (GB 50034-
2013), the reflection coefficient of interior walls, ceilings, 
floors, and exterior ground were 0.7, 0.8, 0.4 and 0.2, 
respectively. Given that this study focused on the 
influence of spatial parameters on DA values, the 
correction factor for different glazing transmittances will 
be investigated in future studies. Hence, the glazing 
transmittance for three types of atriums was set as 1 to 
obtain the upper thresholds of DA values. Interior 
furniture or partition walls were excluded for the 
reference of dynamic daylighting performance during the 
design stage.  
This study used Beijing in the third daylight climate zone 
as the representative weather. BEIJING.545110_CSWD 
downloaded from EnergyPlus was used in 112 runs of 
simulation. The daytime schedule was from 8 a.m. to 6 
p.m. with 3,650 accumulated hours throughout an entire 
year. The simulated plane was 0.75 meters away from the 
floor with a 0.5m of the point spacing, and the target 
illuminance of DA was 300 lux.  
Simulated positions settings 
In order to speed up the 112 simulations, representative 
points for three types of atriums were first determined 
according to DA300 distributions across atriums. Table 3 
summarizes all the selected points. For each DA300 value, 
the subscript represents its atrium type, and the 
superscript represents its position. For example, 𝐷𝐴#$  uses 
T to represent toplighting atriums and C to represent the 
point at the centre of the atrium. For toplighting atriums, 
the point at the centre of a rectangular atrium (𝐷𝐴#$ ) 
0.75m above the floor presented high DA300 values in low 
variation. Based on simulated results, DA300 values at the 
centre of four peripheries were similar, so one point, 𝐷𝐴#% , 
represents the four points. Additionally, for galleries 
facing four orientations, points were selected at two-meter 
intervals along the central lines. For example, as shown in 
Table 3, 𝐷𝐴#&  represents the DA300 value at the point in 
the southern gallery with varying distance from the 
closest atrium periphery. All the selected points for 
toplighting atriums are illustrated in Figure 3.  
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Table 3: Representative DA300 points and definitions for 
three types of atriums. 

Toplighting atriums 
𝐷𝐴#$  The point at the centre of an atrium 
𝐷𝐴#%  The point at the centre of the atrium periphery 

𝐷𝐴#'  
The points along the central line of the eastern gallery 
with 2m, 4m, 6m, 8m, and 10m away from the closest 

periphery 

𝐷𝐴#&  
The points along the central line of the southern 

gallery with 2m, 4m, 6m, 8m, and 10m away from the 
closest periphery 

𝐷𝐴#( 
The points along the central line of the western 

gallery with 2m, 4m, 6m, 8m, and 10m away from the 
closest periphery 

𝐷𝐴#) 
The points along the central line of the northern 

gallery with 2m, 4m, 6m, 8m, and 10m away from the 
closest periphery 

Sidelighting atriums 

𝐷𝐴&* The points along the central line of an atrium with 
varying distance from the window 

𝐷𝐴&+ The points along one lateral with varying distance 
from the window 

𝐷𝐴&, The points along window-parallel line with 5m away 
from the south-facing or north-facing window 

𝐷𝐴&,) 
The points along window-parallel line with 5m away 
from the east-facing or west-facing window towards 

north 

𝐷𝐴&,& 
The points along window-parallel line with 5m away 
from the east-facing or west-facing window towards 

south 

𝐷𝐴&- The point at the end of the gallery opposite the 
window 

𝐷𝐴&. The point on the midpoint of the gallery sideline 
opposite the window 

Mixed toplighting and sidelighting atriums 

𝐷𝐴.*  The points along the central line of an atrium with 
varying distance from the window 

𝐷𝐴.,  The points along window-parallel line with 5m away 
from the south-facing or north-facing window 

𝐷𝐴.,) 
The points along window-parallel line with 5m away 
from the east-facing or west-facing window towards 

north 

𝐷𝐴.,& 
The points along window-parallel line with 5m away 
from the east-facing or west-facing window towards 

south 

𝐷𝐴.-  The point at the end of the gallery opposite the 
window 

 
Figure 3: The points for toplighting atriums. 

For sidelighting spaces, DA300 values decrease with the 
increasing distance between the calculated point and the 
window increasing. The points along the central line 
perpendicular to the window with varying distance away 
from the window were selected (𝐷𝐴&*). Considering that 
DA300 values along both atrium laterals with varying 
distances from the window were similar, the points along 
one side were simulated (𝐷𝐴&+ ). Figure 5 shows the 
percent of peak DA300 values along one lateral from all 32 
simulations for sidelighting spaces. The point 5m away 
from the window demonstrated the highest frequency. 
Given that sidelighting atriums were enclosed along three 
sides, DA300 at the points along the line parallel with the 
window and 5m away were calculated. For sidelighting 
atriums facing south and north, DA300 values along the 
5m-parallel-window line towards east or west were 
symmetrical so points along one side ( 𝐷𝐴&, ). were 
calculated. For sidelighting atriums facing east or west, 
DA300 values along the 5m-parallel-window line towards 
south or north were asymmetrical. Hence, 𝐷𝐴&,) 
represents the points towards north and 𝐷𝐴&,& represents 
the points towards south. All the selected points for 
sidelighting atriums are illustrated in Figure 4. For mixed 
toplighting and sidelighting atriums, all the selected 
points were the same except for the exclusion of points 
along both lateral. Based on the 32 simulations for mixed 
atriums, DA300 values along either lateral had slight 
variations so that these points were excluded. Table 3 All 
the selected points for mixed atriums are illustrated in 
Figure 5.  

 
Figure 4: The points for sidelighting atriums. 

 
Figure 5: The points for mixed atriums. 

For each type of atrium space, Well Index (WI), a 
commonly utilized index for atrium space (CITE related 
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articles), was calculated first. Then, formulas of DA300 

results at selected points were generated based on varying 
WI values for designers to obtain quick annual 
daylighting performance within an atrium.  
Results 
The result section presents the calculation procedures and 
proposes the formulars of calculating DA300 by spatial 
parameters for toplighting atriums, sidelighting atriums, 
and mixed toplighting and sidelighting atriums, 
respectively.  
Relationships between DA300 and spatial parameters 
in the toplighting atrium 
The sensitivity analysis based on the DA300 and the spatial 
parameters was conducted by one-way ANOVA, and the 
results are shown in Table 4. There is no significant 
correlation between the aspect ratio of plane and DA300 
(p>0.05). However, significant correlation is found 
between other spatial parameters and DA300 (p<0.05). 
According to the F value, the spatial parameters that have 
the greatest influence on the DA300 are the Well Index. 

Table 4: The results of sensitivity analysis based on 
spatial parameters and DA300. 

Spatial parameters F Sig 
Length（North-South） 13.106 0.000** 

Length（East-west） 2.025 0.004** 
Height 11.082 0.000** 

Well Index 1852.679 0.000** 
Aspect ratio of plane 1.049 0.391 

Aspect ratio of section 66.778 0.000** 
Window area 1.799 0.011* 

Spatial volume 2.297 0.001** 
**p<0.01, * p<0.05. 

The variation of 𝐷𝐴#$  with WI was explored by the 
regression analysis based on the data of center point in the 
toplighting atrium, and the correlation coefficient R2 is 
0.99, Standard Deviation is 16.7, where the 𝐷𝐴#$  is 
calculated using:  

𝐷𝐴#$  =- 4.4 × (𝑊𝐼#)2+2.9×𝑊𝐼#+96.3               (1) 
where 𝐷𝐴#$  is the DA300 at the centre point of toplighting 
atriums, 𝑊𝐼#  is the Well Index for toplighting atriums. 
𝑊𝐼#  varies between 0.14 and 5.14, and the responding 
DATC  varies between 3% and 97%. When 𝑊𝐼#  equals to 
1.5, daylighting effect reaches the maximum, and 𝐷𝐴#$  is 
greater 90% with little change. When 𝑊𝐼# varies from 1.5 
to 3.5, 𝐷𝐴#$  is greater than 50%.  
The 608 data of 𝐷𝐴#%  at the centre of the atrium periphery 
were divided into four groups according to the North, the 
South, the West and the East for non-parametric test. This 
study shows there is no significant difference among 
various orientation groups (p=0.435).  
Therefore, regression analysis was carried out on the 
average 𝐷𝐴#%  of each orientation and WI, and the R2 is 
0.98, Standard Deviation is 15.9, where the 𝐷𝐴#%  is 
calculated using: 

𝐷𝐴#%  =-3.4×(𝑊𝐼#)2-0.5×𝑊𝐼#+96.6      								  (2) 

where 𝐷𝐴#%  is the DA300 on the center point of the atrium 
periphery in the toplighting atrium, 𝑊𝐼# is the Well Index 
in the toplighting atrium. 
Table 5: The matrix of DA300 formula on the center line 

of the gallery in the toplighting atrium. 
 Formulas 

2m 

𝐷𝐴#)=1.8(𝑊𝐼#)3-21.3(𝑊𝐼#)2+19.2𝑊𝐼#+92 
R²=0.97; 0.12≤𝑊𝐼#<3.1; STDEV=24 

𝐷𝐴#&=0.8(𝑊𝐼#)3-17.3(𝑊𝐼#)2+14.5𝑊𝐼#+92.8 
R²=0.98; 0.12≤𝑊𝐼# <3.0; STDEV=23 

𝐷𝐴#'=(𝑊𝐼#)3-15.6(𝑊𝐼#)2+12.4WI+93.2 
R²=0.98; 0.12≤𝑊𝐼#<3.3; STDEV=22 

𝐷𝐴#(=1.3(𝑊𝐼#) 3-17.2(𝑊𝐼#)2+13.6𝑊𝐼#+93 
R²=0.98; 0.12≤𝑊𝐼#<3.2; STDEV=22 

4m 

𝐷𝐴#)=-10.1(𝑊𝐼#)4+77.9(𝑊𝐼#)3 

-189.8(𝑊𝐼#)2+115𝑊𝐼#+77.4 
R²=0.95; 0.12≤𝑊𝐼#<2.5; STDEV=34 

𝐷𝐴#&=6.6(𝑊𝐼#)4-5.5(𝑊𝐼#)3-
56.8(𝑊𝐼#)2+40.8𝑊𝐼#+87.9 

R²=0.97; 0.12≤𝑊𝐼#<2.1; STDEV=30 
𝐷𝐴#'=-0.02(𝑊𝐼#)4+16.9(𝑊𝐼#)3-

76.4(𝑊𝐼#)2+50.9𝑊𝐼#+86 
R²=0.96; 0.12≤𝑊𝐼#<2.4; STDEV=30 
𝐷𝐴#(=-0.4(𝑊𝐼#)4+18.7(𝑊𝐼#)3-

77.8(𝑊𝐼#)2+48.7𝑊𝐼#+86.9 
R²=0.97; 0.12≤𝑊𝐼# <2.4; STDEV=30 

6m 

𝐷𝐴#)=-13.7(𝑊𝐼#)4+93.2(𝑊𝐼#)3-
194.5(𝑊𝐼#)2+85.5𝑊𝐼#+84 

R²=0.93; 0.12≤𝑊𝐼#<2.1; STDEV=34 
𝐷𝐴#&=16.5(𝑊𝐼#)4-5.6(𝑊𝐼#)3-
90.6(𝑊𝐼#)2+38.8𝑊𝐼#+88.7 

R²=0.87; 0.12≤𝑊𝐼#<1.6; STDEV=28 
𝐷𝐴#'=-17.1(𝑊𝐼#)4+114.2(𝑊𝐼#)3-

238(𝑊𝐼#)2+118𝑊𝐼#+76.7 
R²=0.94; 0.12≤𝑊𝐼#<2.3; STDEV=33 
𝐷𝐴#(=-16.2(𝑊𝐼#)4+107.7(𝑊𝐼#)3-

220.6(𝑊𝐼#)2+100.2𝑊𝐼#+80.5 
R²=0.95; 0.12≤𝑊𝐼#<2.1; STDEV=33 

8m 

𝐷𝐴#)=-11.9(𝑊𝐼#)4+75.5(𝑊𝐼#)3-
137.1(𝑊𝐼#)2+21𝑊𝐼#+94.4 

R²=0.92; 0.12≤𝑊𝐼#<2.0; STDEV=33 
𝐷𝐴#&=-76(𝑊𝐼#)4+333.2(𝑊𝐼#)3-
460.1(𝑊𝐼#)2+148.3𝑊𝐼#+76.8 

R²=0.86; 0.12≤𝑊𝐼#<1.4; STDEV=30 
𝐷𝐴#'=-40.8(𝑊𝐼#)4+209(𝑊𝐼#)3-
332.3(𝑊𝐼#)2+117.9𝑊𝐼#+78.6 

R²=0.92; 0.12≤𝑊𝐼#<1.6; STDEV=32 
𝐷𝐴#(=-37.7(𝑊𝐼#)4+189.3(𝑊𝐼#)3-

288.5(𝑊𝐼#)2+81.1𝑊𝐼#+84.9 
R²=0.93; 0.12≤𝑊𝐼#<1.6; STDEV=32 

10m 

𝐷𝐴#)=-12.6(𝑊𝐼#)4+68(𝑊𝐼#)3-92.8(𝑊𝐼#)2-
34𝑊𝐼#+101.3 

R²=0.92; 0.12≤𝑊𝐼#<1.7; STDEV=31 
𝐷𝐴#&=-246.5(𝑊𝐼#)4+791.3(𝑊𝐼#)3-

787.1(𝑊𝐼#)2+170.1𝑊𝐼#+78.5 
R²=0.89; 0.12≤𝑊𝐼#<1.3; STDEV=33 
𝐷𝐴#'=-73.7(𝑊𝐼#)4+291.4(𝑊𝐼#)3-

344.5(𝑊𝐼#)2+55.8𝑊𝐼#+88.3 
R²=0.94; 0.12≤𝑊𝐼#<1.5; STDEV=31 
𝐷𝐴#(=-92.9(𝑊𝐼#)4+337.3(𝑊𝐼#)3-

358.1(𝑊𝐼#)2+34.9𝑊𝐼#+92.2 
R²=0.95; 0.12≤𝑊𝐼#<1.6; STDEV=31 
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The DA300 within the gallery is affected by the orientation 
according to the result of differential analysis and depth 
of the position by the distribution of DA300. Therefore, the 
data is classified by depth and orientation, and 
quantitative relationship between DA300 and 𝑊𝐼#  is 
shown in Table 5. The left column of Table 5 lists the 
depth of select points at two-meter intervals and the right 
column lists the formular at each point accordingly. 
STDEV represents the standard deviation for each 
formular. DA300 of smaller unit depths can be estimated 
by Linear interpolation.  
According to the data of the gallery width, the minimum 
value is recommended not smaller than four meters. In 
order to ensure that daylighting within the galleries is 
effective, the DA300 needs to reach 50%. Based on the 
results of table 6, it is calculated that when 𝑊𝐼#<1.27, the 
requirements can be met. 
Relationships between DA300 and spatial parameters 
in the singe-side daylighting atrium 
According to the location of a window and the formula of 
the WI, a 𝑊𝐼&*  in the single-side daylighting atrium is 
calculated by Equation (3): 

𝑊𝐼&*=𝐷& ×(𝑊&+𝐻&) 2×𝑊&×𝐻&⁄ 																		(3) 
where 𝑊𝐼&*  is the Well Index in the single-side 
daylighting atrium, 𝑊& is the width of window (m), 𝐻& is 
the height of window (m), 𝐷& is the depth of the test point 
(m). There is statistically significant difference among 
various orientation groups (p=0.000). Therefore, the data 
is grouped by the orientation variable. The regression 
relationships between 𝐷𝐴&*  and four orientations are 
shown in Table 6. 

Table 6: The formulas of 𝐷𝐴&*.  
 𝑾𝑰𝑺𝑫 range Formulas 

South 0.02~4.5 

𝐷𝐴&*=-0.68(𝑊𝐼&*)>+7.97(𝑊𝐼&*), 
-33.07(𝑊𝐼&*)?+59.75(𝑊𝐼&*)@ 

-54.8(𝑊𝐼&*)A+18.06𝑊𝐼&*+94.53 
R²=0.97; STDEV=27 

East 0.02~3.5 

𝐷𝐴&*=-2.47(𝑊𝐼&*)>+24.45(𝑊𝐼&*), 
-86.04(𝑊𝐼&*)?+130.06(𝑊𝐼&*)@ 

-92.95(𝑊𝐼&*)A+24.27𝑊𝐼&*+94.44 
R²=0.97; STDEV=30 

North 0.02~2.8 

𝐷𝐴&*=-3.34(𝑊𝐼&*)>+32.04(𝑊𝐼&*), 
-108.1(𝑊𝐼&*)?+156.49(𝑊𝐼&*)@ 

-110.21(𝑊𝐼&*)A+27.887𝑊𝐼&*+94.27 
R²=0.96; STDEV=28 

West 0.02~3.5 

𝐷𝐴&*=-0.03(𝑊𝐼&*)>-0.84(𝑊𝐼&*), 
+11.72(𝑊𝐼&*)?-45.32(𝑊𝐼&*)@ 

+55.45(𝑊𝐼&*)A-27.73𝑊𝐼&*+99.08 
R²=0.99; STDEV=33 

When the 𝑊𝐼&* is less than the lower limit, 0.02 in this Table,  
𝐷𝐴&*  is calculated by assigning 𝑊𝐼&*  the lower limit. When 
𝑊𝐼&* is greater than upper limit, the 𝐷𝐴&* is 0. 
 

Table 7: The 𝑊𝐼&* results when 𝐷𝐴&* is 50%. 
 South East North West 

𝑾𝑰𝑺𝑫 2.52 2.15 1.9 2.23 

When 𝐷𝐴&*  is 50%, 𝑊𝐼&*  results based on four 
orientations are shown in Table 7. The authors 
recommended these values as the upper limits for 𝑊𝐼&*. 
According to the correlation analysis, 𝑊𝐼&- that affects the 
distribution of 𝐷𝐴&-  within the gallery relative to side-
window is used the formula: 

𝑊𝐼&-=𝑑&-×(𝑊&+𝐻&) 2×(𝑊&×𝐻&)⁄               (4) 
where 𝑊𝐼&-  is Well Index in the gallery relative to side-
window, 𝑊&  is the width of the window (m), 𝐻&  is the 
height of the window (m), 𝑑&+ is the depth of the gallery 
relative to side-window (m). 
In addition, the total 𝐷𝐴&- within the gallery opposite the 
window is effect by the 𝐷𝐴&. that is on the midpoint of the 
gallery sideline. 𝐷𝐴&. can been calculated by the formulas 
of 𝐷𝐴&* in Table 7. Multivariate regression analysis was 
performed for DAHI, 𝐷𝐴&. and 𝑊𝐼&- , and the formulas of 
𝐷𝐴&- for each orientation are shown in Table 8. 
According to the regression curve, the fastest decrease of 
𝐷𝐴&-  is the space facing north, the space facing east is 
second, and the space facing west is the slowest. Although 
the overall decrease in the space facing south is faster than 
that of facing west, the former has a higher rate than the 
latter according to the standard that the DA300 should be 
greater than or equal to 50%. Therefore, the DA300 effect 
in the space facing south is better than that of facing west. 

Table 8: The formulas of 𝐷𝐴&-. 
 𝑾𝑰𝑺𝑮 range Formulas 

South 0.02~1.21 𝐷𝐴&-=𝐷𝐴&. K
-1.8(𝑊𝐼&-)?+4.58(𝑊𝐼&-)@

-3.16(𝑊𝐼&-)A-0.54𝑊𝐼&-+1
L 

R²=0.95; STDEV=20 

East 0.02~1.08 𝐷𝐴&
-=𝐷𝐴&. M

-2.38N𝑊𝐼&-O
?+6.61N𝑊𝐼&-O

@

-4.98N𝑊𝐼&-O
A-0.22𝑊𝐼&-+0.98

P 

R²=0.88; STDEV=29 

North 0.02~0.51 𝐷𝐴&
-=𝐷𝐴&. K

-4.67(𝑊𝐼&-)?+10.49(𝑊𝐼&-)@

-5.87(𝑊𝐼&-)A-0.93𝑊𝐼&-+1.01
L 

R²=0.86; STDEV=26 

West 0.02~1.40 𝐷𝐴&
-=𝐷𝐴&. K

-1.56(𝑊𝐼&-)?+4.58(𝑊𝐼&-)@

-3.75(𝑊𝐼&-)A+0.04𝑊𝐼&-+0.98
L 

R²=0.88; STDEV=32 
When the 𝑊𝐼&- is less than the lower limit, 0.02 in this Table, 
the 𝐷𝐴&-  is calculated by assigning equal to the lower limit. 
When the 𝑊𝐼&- is greater than the upper limit, the 𝐷𝐴&- is 0. 
On the edge lines of two side-galleries near the window 
in the sidelighting atrium, no significant difference was 
found between left and right side in 𝐷𝐴&+  (p=0.453). 
However, differences were found among different 
orientation groups according to the differential analysis 
(p=0.000). The formulas of 𝐷𝐴&+  and 𝐷𝐴&*  for different 
orientation groups by regression analysis are shown in 
Table 9. From the coefficient of the formula, it can be seen 
that reduction from the center to the edge is very small.  

Table 9: The relationships between 𝐷𝐴&+ and 𝐷𝐴&*. 
 Formulas 

South 𝐷𝐴&+=0.99𝐷𝐴&*-2.57; R²=0.99; STDEV=38 
East 𝐷𝐴&+=0.97𝐷𝐴&*-2.38; R²=0.99; STDEV=41 

North 𝐷𝐴&+=0.96𝐷𝐴&*-2.20; R²=0.98; STDEV=41 
West 𝐷𝐴&+=0.98𝐷𝐴&*-2.83; R²=0.99; STDEV=39 
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𝑊𝐼&, is determined according to the correlation analysis 
between DA300 and spatial parameters (R2=0.719; 
p=0.000). The formula of 𝑊𝐼&, is as follows: 

𝑊𝐼&,= 0.5×(𝑑&,)A×(𝑊&+𝐻&) (𝑊&×𝐻&)⁄  	        (5) 
where 𝑊𝐼&, is the Well Index within window-parallel line 
with 5m away from the window in the sidelighting atrium, 
𝑊& is the width of the window (m), 𝐻& is the height of the 
window (m), 𝑑&, is the depth of the test point position(m). 
On the window-parallel line with 5m away from the 
window in the sidelighting atrium, no significant 
difference was found between left and right sides gallery 
when the window faces South and North (p>0.05). 
However, differences were found on both sides when the 
window faces East and West (p<0.05). Therefore, data 
simulated is divided into six groups based on the results 
of differential analysis. Additonally, regression analysis 
results for each group of data are shown in Table 10. 

Table 10: The formulas of 𝐷𝐴&,, 𝐷𝐴&,) and 𝐷𝐴&,&. 
 𝑾𝑰𝑺𝟓 range Formulas 

South 0.01~25.5 𝐷𝐴&,=0.145(𝑊𝐼&,)A-7.358𝑊𝐼&,+95.644 
R²=0.97; STDEV=31 

North 0.01~9.6 

DAH,=-5×10-6(𝑊𝐼&,)>+6×10-4(𝑊𝐼&,), 
-0.021(𝑊𝐼&,)?+0.335(𝑊𝐼&,)@	

-1.57(𝑊𝐼&,)A-11.285𝑊𝐼&,+93.524 
R²=0.99; STDEV=37 

East 

0.01~9.3 

DAH,H=-5×10-5(𝑊𝐼&,),-0.004(𝑊𝐼&,)? 
+0.088(𝑊𝐼&,)@-0.275(𝑊𝐼&,)A	

-11.9𝑊𝐼&,+95.518 
R²=0.98; STDEV=37 

0.01~10 
DAH,S=-0.007(𝑊𝐼&,)@+0.472(𝑊𝐼&,)A 

-11.268𝑊𝐼&,+96.027 
R²=0.98; STDEV=32 

West 
0.01~16.8 𝐷𝐴&,)=0.156(𝑊𝐼&,)A-7.449𝑊𝐼&,+91.518 

R²=0.96; STDEV=30 

0.01~13.7 𝐷𝐴&,&=0.358(𝑊𝐼&,)A-11.766𝑊𝐼&,+94.153 
R²=0.93; STDEV=36 

When 𝐷𝐴&,, 𝐷𝐴&,) and 𝐷𝐴&,& values are 50%, 𝑊𝐼&, results 
based on different positions are shown in Table 11. The 
authors recommend these values as the upper limits for 
𝑊𝐼&,. 

Table 11: The 𝑊𝐼&, results when 𝐷𝐴&,, 𝐷𝐴&,) and 
𝐷𝐴&,&are 50%. 

 South North 
East West 

𝐷𝐴&,) 𝐷𝐴&,& 𝐷𝐴&,& 𝐷𝐴&,) 

𝑾𝑰𝑺𝟓 7.2 3.2 3.8 5 5.7 4.3 

Relationships between DA300 and spatial parameters 
in the mixed toplighting and sidelighting atrium 
On the central line of the side-window in the mixed 
toplighting and sidelighting atrium, 𝑊𝐼.*  is determined 
according to the correlation analysis between DA300 and 
spatial parameters (p=0.000), and the correlation 
coefficient R2 values are higher than 0.8 in different 
orientation. The formula of 𝑊𝐼.*  is as follows: 

𝑊𝐼.*=(𝑊.+𝐻.)(𝑊.+𝐿.)2𝐻.𝐷. 8(𝑊.)@𝐿.⁄  (6) 
Where 𝑊𝐼.*  is the Well Index in the mixed toplighting 
and sidelighting atrium, 𝑊.  is the width of the side-
window (m), 𝐻. is the height of the side-window (m), 𝐿. 

is the length of the atrium (m), 𝐷. is the distance from 
testing point to side-window (m). 
The regression analysis results for 𝑊𝐼.*  and 𝐷𝐴.*  are 
shown in Table 12. 

Table 12: The formulas of 𝐷𝐴.* . 
 Formulas 

North 𝐷𝐴.* =-0.037(𝑊𝐼.Z)A-0.373𝑊𝐼.*+96.54 
R²=0.92; STDEV=4.3 

East 𝐷𝐴.* =-0.017(𝑊𝐼.Z)A+0.319𝑊𝐼.*+96.66 
R²=0.88; STDEV=3.9 

South 𝐷𝐴.* =-0.038(𝑊𝐼.Z)A-0.114𝑊𝐼.*+96.15 
R²=0.86; STDEV=1.5 

West 𝐷𝐴.* =-0.116(𝑊𝐼.Z)A+0.182𝑊𝐼.*+95.97 
R²=0.92; STDEV=1.0 

When 𝐷𝐴.*  is 50%, 𝑊𝐼.*   results based on four 
orientations are shown in Table 13. The authors 
recommend these values as the upper limits for 𝑊𝐼.* . 

Table 13: The 𝑊𝐼.*  results when 𝐷𝐴.*  is 50%. 
 South East North West 

𝑾𝑰𝑴𝑫  33.5 30.5 32.5 20.5 

In the gallery opposite the window, the influence of the 
height of window (𝐻.) and the depth of space (𝐿.) on 
𝐷𝐴.-  is studied by the differential analysis. From the 
results of Table 14, it can be seen that in the small depth 
space, the window height has a significant influence on 
the 𝐷𝐴.-  (p<0.05), while the large depth space has no 
significant difference. Therefore, the latter can be 
calculated according to the formula of the matrix of DA300 
formula in Table 6. 

Table 14: Difference of 𝐷𝐴.-  with different height of 
side-window and depth of space. 

 South North East West 
 𝐿.<3×𝐻. 𝐿.<4.5×𝐻. 

Sig. 0.002** 0.017* 0.000** 0.000** 
 𝐿.≥3×𝐻. 𝐿.≥4.5×𝐻. 

Sig. 0.104 0.334 0.757 0.884 
**p<0.01，*p<0.05. 

The formulas of 𝐷𝐴.-  is determined by regression 
analysis, as shown in Table 15. According to the results, 
the 𝐷𝐴.-  within the space facing west is most sensitive to 
the height of the window, followed by the space facing 
east, and that of facing south or north has the weakest 
influence. 

Table 15: The formulas of 𝐷𝐴.- . 
 Formulas 

South 𝐷𝐴.
- =-0.009（𝐷𝐴#&+𝐻.）2+2.05（𝐷𝐴#&+𝐻.）-29.53 

R²=0.95; STDEV=28 

East 
𝐷𝐴.- =-0.009（𝐷𝐴#'+1.2𝐻.）2+2.01（𝐷𝐴#'+1.2𝐻.） 

-25.49 
R²=0.91; STDEV=32 

North 
𝐷𝐴.- =10-4（𝐷𝐴#&+𝐻.）3-0.034（𝐷𝐴#&+𝐻.）2 

+3.723（𝐷𝐴#&+𝐻.）-56.8 
R²=0.9; STDEV=36 

West 
𝐷𝐴.- =3×10-5（𝐷𝐴#&+2𝐻.）3-0.018（𝐷𝐴#&+2𝐻.）2 

+2.98（𝐷𝐴#&+2𝐻.）-67.97 
R²=0.91; STDEV=28 
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On the window-parallel line with 5m away from the 
window, the difference of 𝐷𝐴., ,	𝐷𝐴.,)  and 𝐷𝐴.,&  in the 
mixed toplighting and sidelighting atrium is the same as 
𝐷𝐴&,, , 𝐷𝐴&,)and 𝐷𝐴&,& in the single-side daylighting space. 
𝐷𝐴., ,	𝐷𝐴.,) and 𝐷𝐴.,& are analyzed by the DA300 value in 
the same position in the toplighting atrium and 
sidelighting atrium with the same size. The formulas are 
found by regression analysis, as shown in table 16. 

Table 16: The formulas of 𝐷𝐴., ,	𝐷𝐴.,) and 𝐷𝐴.,&. 
 Formulas 

South 
𝐷𝐴., =-0.013(0.55𝐷𝐴#&+0.45𝐷𝐴&,)2 

+2.05(0.55𝐷𝐴#&+0.45𝐷𝐴&,)+10.05 
R²=0.93; STDEV=23 

North 
𝐷𝐴., =-0.015(0.55𝐷𝐴#)+0.45𝐷𝐴&,)2 

+2.24(0.55𝐷𝐴#)+0.45𝐷𝐴&,)+13.51 
R²=0.94; STDEV=27 

East 

𝐷𝐴.,&=-0.015(0.55𝐷𝐴#&+0.45𝐷𝐴&,H)2 

+2.3(0.55𝐷𝐴#&+0.45𝐷𝐴&,H)+10.38 
R²=0.94; STDEV=31 

𝐷𝐴.,)=-0.013(0.55𝐷𝐴#)+0.45𝐷𝐴&,S)2 

+2.12(0.55𝐷𝐴#)+0.45𝐷𝐴&,S)+7.97 
R²=0.94; STDEV=22 

West 

𝐷𝐴.,)=-0.013(0.55𝐷𝐴#)+0.45𝐷𝐴&,S)2 

+2.06(0.55𝐷𝐴#)+0.45𝐷𝐴&,S)+10.31 
R²=0.95; STDEV=20 

𝐷𝐴.,&=-0.015(0.55𝐷𝐴#&+0.45𝐷𝐴&,H)2 

+2.26(0.55𝐷𝐴#&+0.45𝐷𝐴&,H)+9.76 
R²=0.95; STDEV=31 

 
Conclusion 
Substantial studies have shown the applicability and high-
efficiency of calculating annual climate-based daylighting 
metrics within a space. Compared with instantaneous 
daylighting metrics, annual climate-based ones, like DA 
and Useful Daylight Illuminance (UDI) (Rea, 2000), can 
accurately and comprehensively provide daylighting 

performance within a space from the long-term 
perspective. In other words, the duration that occupants 
stay within a space is a significant factor for daylighting 
designs. This paper explores the relationships between 
spatial parameters and DA300 values in atriums of interior 
shopping streets. The results are mainly used in the design 
stage to help architects master the daylight effect. The 
innovations are threefold.  
First, typical daylighting spatial models of interior 
shopping streets, as well as the ranges of their spatial 
parameters, are proposed based on the survey within 28 
interior shopping streets. The length and width of 
toplighting atriums vary between 8m and 80m, 5.4m and 
37.6m, respectively. The length and width of sidelighting 
and mixed atriums vary between 14m and 54m, 9m and 
27m, respectively. The range of side gallery width varies 
between 3.4m and 19m, and the floor of daylighting 
spaces is between one and eight. 
Second, important spatial parameters that greatly 
influence DA300 values are proposed. The representative 
points within three types of atrium spaces are determined 
according to DA distributions. The representative points 
of toplighting atriums include the centre point and the 
central line of side galleries. The representative points 
within sidelighting atrium spaces are the central line 
perpendicular to the window, the atrium peripheries, and 
the five-meters window-parallel line. The representative 
points within mixed toplighting and sidelighting atriums 
are along the central line perpendicular to the window and 
the five-meters window-parallel line.  
Third, quantitative models between the spatial parameters 
and DA300 values are summarized. The relationships 
between DA300 distributions and the spatial parameters of 
representative points are summarized. According to 50% 
DA300, recommended values of WI and associated spatial 
parameters are proposed. 

 
Figure 6: The automatic computing interface. 
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To assist architects to quickly obtain DA values within 
one type of atrium and adjacent spaces, the authors wrote 
an automatic computing interface in Excel, as shown in 
Figure 6, based on the proposed simplified calculation 
formulas. Three types of daylighting ariums were on three 
separate sheets. By entering spatial design parameters, 
architects can quick obtain and adjust DA results.  
Currently, only the spatial parameters are entered by user
s. Take the toplighting atrium as an example. A user can 
enter an atrium’s dimension of 18m of length, 9m of wid
th, 16m of height and 10m of gallery width in the Spatial
 Parameter Section. Consequently, DA values are display
ed in the right graphic in the Output Section. If the floor 
height is 4 m, a user can change the height to 12 m to cal
culate the DA values on the second floor. The method of 
calculating DA values on the third and fourth floors is th
e same. The excel file can be download through this link:
 https://www.dropbox.com/sh/pjnx1uu9lpk9mlv/AADnp
D4itisJ3lhFMnulGqSwa?dl=0. 
Furture work 
This paper presents the start of a project exploring 
daylighting atriums in shopping centers. The authors plan 
to continue this research in the following two aspects. 
First, the authors will conduct field studies to modify the 
proposed fomulars with representative glazing 
transmittance in the reality. Simulation models calibrated 
by field measurements will be used to generate accurate 
lighting data (Kong, Utzinger, Humann, 2018). Second, 
the authors will add more functions and parameters to the 
excel sheets, including weather data from other cities in 
China, various interior and exterior material properties, 
and shading coefficients. Additionally, the authors will 
explore more variables so that users can have more 
controls over the excel sheet.  
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Abstract 
Hempcrete is increasingly used as a construction material, 
as it provides stable temperature and relative humidity 
conditions in buildings. In addition to low energy 
operations, buildings built from hempcrete possess 
negative embodied CO2, absorbed into the hemp plant 
material. Hempcrete is hard to represent in design 
simulations because standard dynamic simulation tools 
do not have a built-in capability to simulate its effect 
accurately, due to the specific material structure and 
combined heat and moisture transfer, causing a 
considerable performance gap. This paper investigates 
appropriate specification of key parameters to be used in 
simulation of hempcrete, to reduce simulation 
performance gap from hempcrete buildings, using multi 
objective optimisation, to facilitate hempcrete simulation.  
Introduction 
Hempcrete as a construction material contributes to the 
resilience of buildings and mitigates the effects of 
climate change in the built environment as it possesses 
negative embodied CO2, absorbed into the hemp plant 
material while improving the thermal performance of 
buildings and increasing the quality of living for the 
inhabitants of the buildings, by providing a clean 
breathable environment, with stable internal 
environmental conditions. It provides stable internal 
temperatures and relative humidity, characterised with 
low diffusivity and high thermal inertia in buildings. It 
warms up easily in a short time and once heated, it slowly 
releases the heat to its surrounding when the temperature 
drops (Evrard, 2008). Hempcrete is an example of a 
vapour permeable and “breathable” building material 
that utilizes a combination of thermal and hygroscopic 
attributes to enable good thermal performance. However, 
it performs more efficiently in real life operation of the 
building than when it is simulated for design and 
construction, making it hard to represent in design 
simulations due to its specific material structure with 
combined heat and moisture transfer, causing a 
‘performance gap’. The performance gap is a 
discrepancy between the performance of the simulation 
model and the actual building, a degree of inaccuracy 
which is contained in a simulation model when it is first 
built (Monfet et al., 2009). Advanced application and 
simulation of hempcrete is hindered by the absence of 
accurate design tools, because standard dynamic 
simulation software, such as Design Builder, IES Virtual 

Environment, EnergyPlus and other tools do not have a 
built-in capability to accurately simulate the effect of this 
material due to its specific structure, causing a 
performance gap.  
This paper is aimed at investigating how to reduce 
simulation performance gap in a hempcrete building, 
using multi objective optimization. Multi-objective 
optimization is a method which focuses on design 
objective functions to provide design parameters that 
achieve certain performance criteria (Sariyildiz, 
Bittermann and Ciftcioglu, 2015). These will involve 
modelling both heat and moisture transfer and comparing 
simulation outputs with monitoring data to minimise error 
between them. Through variation of significant 
parameters, parametric simulations, and multi-objective 
optimisation are used to investigate and identify 
appropriate specification of materials in the simulation 
tools. Integrating thermal simulations with optimization 
aims to identify the most favourable variants of the 
parameters on the basis of potentially contrasting needs. 
Methodology 
Experimental Research 
Several simulation experiments will be carried out, and 
the best simulation output from the experiments will be 
investigated through multi objective optimization in 
jEPlus+EA, towards reducing simulation performance 
gap. Kicinger and Wiegand (2009) stated that an 
experimental research follows a specific plan or 
procedure and also requires collection and interpretation 
of data. This paper involves data collection, simulation 
experiments, interpretation of experiment results, multi 
objective optimization and presenting of final results with 
a clear articulation of experimental steps. The 
experimental simulations will be carried out using IES 
Virtual environment, and the simulations for heat and 
moisture transfer will be carried out in EnergyPlus, to be 
coupled in jEPlus+EA for optimization. IES Virtual 
Environment is an excellent standard dynamic simulation 
software, which has the capacity to run thermal 
simulations and also create a complete 3D model of the 
building geometry for simulation. But it doesn’t have the 
capability to run combined heat and moisture transfer 
simulations of a whole building through walls and 
building envelope. Whereas, EnergyPlus possess 
capabilities for advanced building simulations such as, 
combined heat and moisture transfer, conduction transfer 
functions, advanced fenestration models, and many other 
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notable features (Energyplus.net). However, it does not 
have the capability to create model of a building geometry 
on its own. In 2008 EnergyPlus was reformed with 
features to enable its integration with other software’s 
such as Open Studio and Design Builder as a plug-in for 
3D software’s as applicable, to help transport modelled 
building geometry into EnergyPlus, as an IDF file for 
energy simulation purposes. EnergyPlus is a console-
based program that reads input and writes output to text 
files. It enables a number of utilities including input data 
file (IDF) editor. An input data file (IDF) is a format for 
text files containing the data, describing the building and 
/ or HVAC system to be simulated, for creating input files 
using a spreadsheet-like interface (Energyplus.net). Given 
the objectives of this study, there is a need to create a 
model of the 3D geometry of the test cell to enable a visual 
and straightforward method of assigning the specific 
building material to the appropriate building element of 
the test cell model, for simulations. Hence, both 
software’s will be used at various stages to run 
simulations as required, for analysing the data. This is 
why, the building geometry of the test cell was created 
first in IES Virtual Environment and simulations were run 
in passive unregulated free – floating mode for 
experiments, and the model was transported into 
EnergyPlus in IDF for combined heat and moisture 
transfer simulation.  
Multi objective optimization using jEPlus+EA carried out 
in this paper, focuses on design objectives function to 
provide results, as a constructive means to appropriate 
design parameters for hempcrete building design. 
jEPlus+EA optimization, uses the non-dominated sorting 
genetic algorithm (NSGA II) in the background as an 
evolutionary process (Deb et al. 2002), and proposes the 
posteriori preference method to identify and investigate 
the most energy efficient and favourable design parameter 
from the simulation experiments, which will create a 
hempcrete construction system to reduce simulation 
performance gap. In the posteriori preference method, no 
preferences of the designer are considered. After the 
Pareto set has been generated, the designer chooses a 
favourable solution from the set of solution alternatives as 
the optimum solution (Augusto, Fouad and Caro, 2012).  
Data Collection 

 
Figure 1: Hempod.    

The obtained data is of a hempcrete test cell building 
called ‘Hempod’, which was located in Bath, UK. The 
dimensions of Hempod are 5.2m by 4.0m and its 2.7m 
high headroom, with a mono-pitched roof. It contains a 
north-facing window 1.1m wide and 1.3m high, a south-

facing door 0.9m wide and two south facing windows 
0.6m wide and 2.25m high as seen from the image in 
Figure 1 above. The collected data was obtained from 
monitoring internal air temperature, relative humidity and 
other variables on hourly intervals for a period of three 
weeks. 
Modelling of Hempod 
The collected dimensions of hempod’s monitored data 
was inputted into IES Virtual Environment to be 
modelled for simulation. And the first simulation was 
carried out while the model was in passive unregulated 
free-floating mode, so that no heating or cooling was 
specified in the model. Figure 2 below, shows the 3D 
geometry model of hempod in IES Virtual Environment 
(Iesve.com, 2011).  

     
   Figure 2: Hempod 3D Geometry. 

The collected monitoring data was entered into Microsoft 
excel to analyse performance gap by confirming the 
actual value of temperature and relative humidity, before 
simulation experiments were performed. Figures 3 and 4 
below, show the actual/monitored temperature and 
relative humidity values for hempod respectively. 

   

Figure 3: Monitored Hempod temperature data. 
   

 
Figure 4: Monitored Hempod relative humidity data. 

0

5

10

15

20

25

1 25 49 73 97 12
1

14
5

16
9

19
3

21
7

24
1

26
5

28
9

31
3

33
7

36
1

38
5

40
9

43
3

45
7

48
1

50
5

52
9

55
3

57
7

Te
m

pe
ra

tu
re

 (C
)

Time (hr)

Monitored

1 25 49 73 97 12
1

14
5

16
9

19
3

21
7

24
1

26
5

28
9

31
3

33
7

36
1

38
5

40
9

43
3

45
7

48
1

50
5

52
9

55
3

57
7

0

10

20

30

40

50

60

Time (hr)

R
el

at
iv

e 
hu

m
id

ity
 (%

)

Monitored Hempod

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
426

 

 
  



 

 

The wall construction detail of Hempod is as shown in 
Table 1 below. 

Table 1: Hempod wall construction. 
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External 
Rendering 

9.0 0.5000 1300.0 1000.0 0.0180 

Hempcrete 200.0 0.0500 275.0 1750.0 4.0000 

Gypsum 
Plastering 

12.5 0.4200 1200.0 837.0 0.0214 

Simulated results were obtained and transferred into 
Microsoft Excel spreadsheet, to calculate the root mean 
square error (RMSE).  
Experimental Simulation in IES Virtual Environment 
For the experimental simulations, different construction 
components were applied to the hempod model for 
experimentation in IES Virtual Environment software. 
The construction component of hempod walls was 
adjusted severally and simulation was run consecutively 
to observe the variations in simulation outputs, and how 
the construction changes in the wall could affect the 
performance gap positively by reducing it. Below are the 
details of the simulation experiments. 
‘Hem’ is the name given to the first experimental model 
of hempod. All the changes applied in Hempod for 
creating Hem were in the wall construction, where 
hempcrete was used as the construction material. The 
wall was cut in slices of 50mm thickness; as seen from 
figure 5 below, there were a total of five layers of 
hempcrete making the overall wall thickness 268mm 
including 9mm external rendering and 9mm internal 
gypsum plastering. The five layers of hempcrete used in 
this experiment is different from the solid 250mm thick 
hempcrete because unlike in conventional brick and 
block construction, the co-heating test in a hempcrete 
house exhibited unexpected behaviour. Instead of 
heating on to a considerable period, it was stopped by a 
thermostat in half an hour and coincidentally, half an 
hour later, it started again. This suggests that hempcrete 
may have a configuration equivalent to a series of slices 
of high-density material and insulation material. This 
was the reason for experimenting with slices in this 
research. Simulation was run in passive unregulated free-
floating mode, and the resultant temperature and relative 
humidity were collected and post-processed in a 
spreadsheet. 

 
Figure 5: Hem Wall Construction. 

‘Hem C’ is the second experimental model of Hempod. 
The wall construction was changed to layers of hempcrete 
and cast concrete with 75mm thickness. As seen from 
Figure 6 below, hempcrete was placed in layers 
alternating with cast concrete, and hempcrete was the last 
layer before the external rendering and cast concrete the 
last layer before the internal gypsum plastering. The total 
wall thickness was 318mm, including two layers of 75mm 
thick hempcrete, two layers of 75mm thick cast concrete, 
9mm thick external rendering and 9mm thick internal 
gypsum plastering. Simulation was run in passive 
unregulated free-floating mode; the resultant temperature 
and relative humidity were collected for post processing 
in a spreadsheet. 

 
Figure 6: Hem C Wall Construction 

 ‘Hemm’ is the third experimental model of Hempod. The 
wall was cut in slices of 75mm hempcrete; as seen from 
Figure 7 below, there were a total of four layers of 
hempcrete making the overall wall thickness 318mm 
including 9mm thick external render and 9mm thick 
internal gypsum plastering. Simulation was run in passive 
unregulated free-floating mode and the resultant 
temperature and relative humidity were collected for post-
processing in a spreadsheet. 

 
Figure 7: Hemm Wall Construction. 

‘Hemp C’ is the fourth experimental model of Hempod. 
The layers of hempcrete and cast concrete were still 
75mm thick but the alternating placement was changed 
with cast concrete being the outside layer before external 
rendering. As seen from Figure 8 below, there was a total 
wall thickness of 318mm, two layers of 75mm thick 
hempcrete, two layers of 75mm cast concrete, 9mm 
external rendering and 9mm internal gypsum plastering. 
Simulation was run in passive unregulated free-floating 
mode and the resultant temperature and relative humidity 
were collected and transferred into spreadsheet for post-
processing. 

 
Figure 8:Hemp C Wall Construction. 

‘Hpod’ is the fifth experimental model of Hempod. In the 
Hpod wall construction, the layers of hempcrete and cast 
concrete was 50mm thick and the wall construction 
layers were placed in such a way that cast concrete is the 
outer layer before external rendering, and also cast 
concrete was the last inner layer before the internal 
gypsum plaster board. As seen from Figure 9 below, 

Gypsum Plaster board 
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External Rendering 

Gypsum Plaster board 
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there was a total of two 50mm thick hempcrete wall 
layers and three cast concrete layers, making the overall 
wall thickness 268mm including 9mm external rendering 
and 9mm internal gypsum plastering. Simulation was run 
in passive unregulated free-floating mode. The resultant 
temperature and relative humidity were collected for post 
processing in a spreadsheet. 

 
Figure 9: Hpod wall construction. 

Figures 10 and 11 below, show the collated resultant 
temperature and relative humidity of hempod 
experimental models (Hem, Hem C, Hemm, Hemp C and 
Hpod) after the simulation.  

 

Figure 10:Experimental simulation of hempod 
temperature values.  

 
Figure 11:Experimental simulation of hempod relative 

humidity values. 
Root Mean Square Error calculation (RMSE) 
Root Mean Square Error (RMSE) measures how much 
error there is between two data sets, a lower value 
generally indicates a better performance of the simulation 
model (Cooke, 2018). Specifically, in this paper, it will be 
used for post processing the outputs from experimental 
simulation, to compare an actual or monitored value with 
a predicted or simulated value. Calculating the error 
between monitoring and simulation results is paramount, 
as it is the initial crucial step towards reducing simulation 
performance gap. The outputs of experimental simulation 
(Hem, Hem C, Hemm, Hemp C and Hpod) of hempod 

were transferred into Microsoft excel spreadsheet with the 
monitored measured values of Hempod to calculate the 
root mean square error. 

        Table 2:Root mean square error (Temperature). 

Hempod Hem HemC Hemm HempC Hpod 

RMSE 
(ºC) 

5.6 4.7 5.0 5.7 6.0 

 
Table 3:Root mean square error (Relative humidity). 

Hempod Hem HemC Hemm HempC Hpod 

RMSE 
(%) 

18.0 16.3 15.4 18.1 18.5 

As seen above from Tables 2 and 3, Hemm construction 
considerably has the lowest RMSE value, with 
temperature 5.0ºC and Relative humidity 15.4% meaning 
that it is the construction detail to be focused on and 
further investigated through heat and moisture transfer 
simulations and multi objective optimization, for reducing 
simulation performance gap.  
EnergyPlus Heat and Moisture Transfer Simulation 
The combined heat and moisture transfer (HAMT) in 
EnergyPlus, are a solution algorithm which is a finite 
element. And the model simulates the movement and 
storage of heat and moisture in surfaces simultaneously 
from and to both the internal and external environments 
(Energyplus.net, 2016). The HAMT model descriptions 
are dependent on some factors of the material such as the 
moisture content, porosity, moisture dependent thermal 
conductivity, moisture transfer, and convective vapour 
transfer. For the purpose of this study, temperature and 
relative humidity values are the only parameters that will 
be considered for HAMT model in EnergyPlus. Given 
that Hempod (Hemm) is the wall construction with the 
lowest RMSE from the simulation experiments carried 
out, its construction compositions were entered into 
EnergyPlus for combined heat and moisture transfer 
simulations. This is to demonstrate the movement of heat 
and moisture through the Hempod (Hemm) wall 
construction. EnergyPlus has the capacity to provide 
temperature and moisture profiles through any composite 
walls to demonstrate heat and moisture transfer, as well 
as identify surfaces with high surface humidity. In this 
study, due to hempcrete’s specific material structure and 
combined heat and moisture transfer, causing a 
considerable performance gap, the HAMT simulation 
performed, is to develop the model in idf file as a 
significant parameter for multi-objective optimisation.  
The idf file is coupled into jEPlus to form the parameters 
for the optimization, used to investigate and identify 
appropriate specification of materials in the simulation 
tools.  
In EnergyPlus, surfaces are made up of layers of 
materials. And each surface is split into its constituent 
materials, which is further split up into cells through 
depth. The heat and moisture transfer model will generate 
at most ten (10) cells per material, and its where most 
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changes are expected, and necessary detail is needed. The 
heat and moisture transfer simulation performed, 
generated five (5) cells per surface of material through the 
depth of the Hemm wall, making a total of 30 cells 
through Hempod (Hemm) wall. The simulation outputs of 
temperature and relative humidity movement through the 
walls from the heat and moisture transfer simulation 
conducted are as seen below. Figure 12 and figure 13 
below, show the temperature profile as movement of heat 
and relative humidity profile as movement of moisture 
respectively. The profiles were selected from the set of 
outputs generated from the simulations. And the figure 12 
and 13, is the heat and moisture transfer for one hour out 
of the 24hours of/by 3weeks the simulation was run for.  

     
                       Figure 12: HAMT Temperature. 
                     

 

                  Figure 13: HAMT Relative humidity.                  
After the HAMT simulations of Hempod (Hemm) was 
conducted, Figure 14 and 15 below, show the room air 
temperature and relative humidity of the Hempod 
respectively. 

 

Figure 14:Temperature values of Hemm HAMT 
simulation. 

 

Figure 15: Relative humidity values of Hemm HAMT 
simulation. 

 
Table 4: Hemm wall construction properties. 
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As seen from figure 14 and 15 above, there was an 
average room air temperature of 20.85ºC, with maximum 
temperature value as 21.7ºC and minimum temperature 
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value of 20ºC. For relative humidity, there was an 
average relative humidity of 58.75%, and maximum 
value was 79.8% with the minimum relative humidity 
value as 37.7%. A table containing the material 
properties of Hempod (Hemm) wall construction is as 
seen in Table 4 below. 

Table 5: Hemm roof construction properties. 
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Table 6: Hemm floor construction properties. 
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Optimization using jEPlus + EA 
Multi objective Optimization was carried out to identify 
the optimum solution from the hempod (Hemm) 
simulations. The optimization objectives were to 
minimize RMSE from temperature (v1) and relative 
humidity (v2). The input data file (idf) of EnergyPlus 
heat and moisture transfer simulation was coupled into 
jEPlus (.jep) to perform optimization. A jep project 
contains the optimization variables which includes a 
weather file, idf file, and a rvi file. The input data file 
(idf), is where establishing a wide range of parameters 
for parametric simulations is created. In this optimization 
problem, there was a total of twelve effective search 

space. In the rvi file, EnergyPlus output variables were 
extracted from EnergyPlus output details document 
(eplusout.rdd) and output meter variables (eplusout.mdd) 
files, to input as part of optimization variables in the idf 
file and objectives defined for simulation in jEPlus. 
Subsequently, the jEPlus project was launched for 
optimization in jEPlus+EA (Zhang, 2015). The 
optimization was performed, and results were collected 
for post processing to investigate the optimum 
specification of parameters for hempcrete simulation. 
jEPlus+EA was used to simulate the whole solution 
space. The optimization completed with twelve jobs, in 
respect of the twelve-search space created in the 
parameter tree.  

 
Figure 16:Optimisation of Hemm RMSE values. 

Figure 16 above, show the scatter plot with optimization 
results, the point close to the origin is the optimum 
solution. With resultant temperature RMSE as 5.49ºC and 
resultant relative humidity RMSE as 13.96%.  

 
Figure 17:Monitored and Optimised temperature values 

of Hemm. 

 
Figure 18:Monitored and optimised Relative humidity 

values of Hemm. 
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From the optimization outputs, the optimum construction 
for parametric simulation of hempcrete was realised as it 
seems to maintain a considerable temperature, ranging 
between 20ºC to 22ºC as shown in figure 13 above. And 
the relative humidity ranging between 32% to 78%.  
Results 
The metric of root mean square error was used to calculate 
the difference between measured and simulated values of 
hempod. As seen from the experimental simulation 
performed in this paper towards reducing simulation 
performance gap from hempcrete buildings, it is evident 
that root mean square error was not entirely reduced after 
multi objective optimization was performed because the 
original hempod RMSE before experimentation was 
5.5ºC and it was reduced to 5ºC for Hemm from the 
simulation experiments, and the optimisation resultant 
RMSE value for temperature was 5.49ºC respectively.  
The original hempod value for Relative humidity RMSE 
was 18.0%, reduced to 15.4% for Hemm from the 
simulation experiments; and the resultant optimisation 
value was further reduced to 13.96%. However,  as seen 
in the optimization performed to minimize root mean 
square error (RMSE) of temperature and relative humidity 
from hempod, the potential optimum construction 
component for hempcrete simulation to achieve stable 
internal temperature and relative humidity as its actual 
real-life performance has been realised.  
The overall wall construction thickness is 318mm, 
containing 12 layers of hempcrete with thickness of 
25mm, 9mm external rendering and internal gypsum 
plastering. This hempcrete wall construction was inputted 
back into EnergyPlus, for parametric simulation after the 
optimization. This was meant to be a form of validation, 
and simulations were performed again and figure 19 and 
20 below shows the resultant internal temperature as 20ºC 
and relative humidity values as 53.4%. 

 
Figure 19:Monitored and simulated temperature values 

of Hempod. 

 
Figure 20:Monitored and simulated Relative humidity 

values of Hempod. 
Discussion 
Some researchers have challenged the ability of 
designers to estimate building energy performance of a 
building using simulation and thermal modelling due to 
uncertainty with the current tools and methods used for 
building simulation (Ahmad and Culp, 2006; Uusitalo, 
2015; Raslan and Davies, 2010). However, building 
design simulation and building energy simulation 
technique has immensely aided architects, designers and 
engineers to achieve energy efficient design of buildings 
by enabling the users to accurately and rapidly calculate 
the construction, structural loads and the actual energy 
consumption of buildings. 
Burman et. al. (2012) conducted an experimental study 
which resulted in demonstrating that, if correct and up to 
date information is used, dynamic simulation method is 
very capable of producing realistic results to relate and 
reflect the actual energy performance of buildings, with a 
reasonable accuracy. They further highlighted that 
improving simulation methods is one of the important 
factors that could help reduce performance gap between 
simulations and actual performance of a building. This 
paper extensively investigated how to improve simulation 
models and simulation method of hempcrete to reduce 
simulation performance gap. Simulation software’s such 
as IES virtual environment, EnergyPlus program and 
other software was used to model a hempcrete building 
and carry out simulations seeking to reduce the simulation 
performance gap from hempcrete buildings. The results 
highlight that simulation performance gap was reduced to 
an extent and that further work is required to eliminate it 
completely in buildings made from hempcrete.  
Unlike the work by Jankovic (2016), who uses post 
processing of simulation results by Fourier filtering 
outside of the simulation tools in order to reduce the 
performance gap, this research aims to create appropriate 
representation of hempcrete and reduce the performance 
gap within the simulation tools. 
Conclusion 
This paper provides a baseline method towards reducing 
simulation performance gap from hempcrete buildings, 
using multi objective optimization. The results were not 
as expected, which further highlights energy efficiency 
and high thermal performance of hempcrete in real life 
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construction projects. However, the experiments carried 
out was only in the wall construction and no construction 
changes were performed on any other part of the 
hempcrete building for experiments. It is paramount to 
have different expectations of natural building materials. 
As seen from the simulations and experiments carried out 
in this paper, natural materials cannot easily be substituted 
for conventional materials, this suggests that many of the 
building techniques currently applied to hempcrete 
construction methods might not be appropriate to natural 
buildings such as hempcrete and its simulations. In this 
paper, the experiments carried out, using layers of 
hempcrete to form a whole wall is different from the solid 
thick hempcrete wall of the same thickness, because 
unlike in conventional brick and block construction, the 
co-heating test in a hempcrete house exhibited unexpected 
behaviour; Instead of heating on to a considerable period, 
it was stopped by a thermostat in half an hour and 
coincidentally, half an hour later, it started again. This 
suggests that hempcrete may have a configuration 
equivalent to a series of slices of high-density material 
and insulation material. This was the reason for 
experimenting with slices of hempcrete and a 
conventional building material as cast concrete. More so, 
understanding the physics of this hempcrete material is 
key to further demonstrate that natural materials perform 
better than conventional materials, in terms of 
environmental impact, buildability, and thermal 
performance. At a pragmatic level, a step towards the 
viability of hempcrete simulation has been proven in this 
study.  And it establishes an opportunity for further 
research and experiments with hempcrete for totally 
eliminating the simulation performance gap and increase 
confidence in designing and simulating with hempcrete. 
To a reasonable extent, hempcrete provides a solution to 
the need for more energy efficient forms of construction 
that are also low carbon, healthy, and breathable. 
Therefore, reducing or totally eliminating the existing 
simulation performance gap from hempcrete buildings is 
essential to the operations of the built environment 
towards developing resilience to climate change. Also, the 
results from the experiments conducted in this paper, 
informs architects, designers and engineers about the 
material structure and performance gap arising from using 
this material, and will increase the awareness when 
designing and building with hempcrete. It highlights 
opportunities for further improvements in simulations 
using hempcrete which will be the focus of future work.  
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Abstract 

Hemp concrete is a bio-composite material known by its 

ability to regulate external temperature and relative 

humidity variations making it an interesting insulator. 

Several researches conducted on wall scale show that 

including hysteresis phenomenon could improve hemp 

concrete hygrothermal behavior prediction in the 

modelling. On the contrary, others prove that reliable 

results could be obtained using average sorption curve 

instead. Moreover, the study of this impact on room scale 

is very scarce. 

This work aims to evaluate the impact of including the 

hysteresis occurring between hemp concrete sorption 

curves in the modelling at two different scales. At wall 

scale, the hygrothermal behavior of hemp concrete walls 

subjected to real weather conditions is studied. At room 

scale, the study focuses on the room indoor conditions and 

energy consumption with or without using hysteresis. 

Preliminary results show a high impact of hysteresis on 

temperature and relative humidity evolutions within the 

wall. Although, this impact is less perceived at room 

scale.  

Introduction 

Relative humidity is an important factor regarding 

building performance evaluation. Energy consumption, 

occupants health and comfort (Wolkoff, 2018), air quality 

(Simonson et al., 2002) and envelopes durability 

(Viitanen et al., 2010) are affected by indoor relative 

humidity levels. Therefore, seeking accurate building 

performance assessment requires a reliable determination 

of relative humidity variational behaviour.  For this 

purpose, considerable efforts have been developed to 

predict hygrothermal behavior of building materials 

through involving HAM predictive models (Rode and 

Woloszyn, 2007).   

In parallel, vegetal fiber materials have undergone notable 

evolution in construction field thanks to their interesting 

thermal and hydric properties and ability to absorb air 

carbon dioxide (D’Alessandro et al., 2014), namely hemp 

concrete  (Moussa et al., 2018). Plentiful researches, 

devoted on hemp concrete material, have been conducted 

on wall scale (Amziane and Arnaud, 2013), (Colinart et 

al., 2013),(Maalouf et al., 2014). They succeeded to 

validate its hygrothermal behavior when subjected to 

different climatic conditions.  

However, controversial suggestions are found in this area 

regarding hemp concrete hysteresis in numerical 

modelling. In fact, while Fabbri and McGregor (2017) 

show that promising numerical results are obtained 

without hysteresis implementation, Van Belleghem et al 

(2010), Y. Ait Ouméziane (2013), and Lelievre et al., 

(2014) prove high hysteresis impact on hygrothermal 

behavior prediction  improvements. Moreover, these 

phenomena are rarely studied in literature at room and 

building scales (Costantine et al., 2018) (Moujalled et al., 

2018). 

In light of these findings, this work aims to apprehend 

hemp concrete hygrothermal behavior at wall scale by 

developing a numerical model studying hemp concrete 

hysteresis. The results are compared to experimental data 

provided by Lelievre et al. (2014) and to ones delivered 

by a basic heat and transfer model based on average 

sorption curve. After that, hemp concrete hygrothermal 

behavior on room scale is studied. The impact of 

hysteresis on indoor virtual office conditions are 

evaluated, in addition to energy consumption required for 

heating and cooling.  

Hysteresis modelling 

Modeling of hemp concrete sorption isotherms is based 

on Carsten Rode empirical approach (Rode Pedersen, 

2005) that figured in  Hansen (1986) work. The model 

proposed is very suitable for hygroscopic materials like 

wood.  Sorption curve general equation is given by: 

u

us

= (1 −
lnφ

A
)

−
1
n

 

 

(1) 

 

Where u is the water content (kg.kg–1) for a fixed 

temperature, us the maximum water content at saturation 

(kg.kg–1), and A, n two calibrations constants.  Mass water 

content u and volumetric water content θ (m3.m–3) are 

linked together by:  

 

 θ = u ×
ρ0

ρl

 
(2) 

 

ρ0 and ρl representing dry material and water density 

respectively. Consequently, sorption curves can be 

represented through: 

  

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
433

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.210920 
 



θ

θs

= (1 −
lnφ

A
)

−
1
n

 

 

(3) 

 

Hysteresis is observed between sorption curves of 

hygroscopic building materials, such as hemp concrete. 

Water is not ejected from materials pores at the same 

manner it fulfils them. Effectively, contact angles 

between water and pores are higher in adsorption than in 

desorption (Leon and Uantachrome, 1998). Other studies 

provide a general interpretation of hysteresis based on 

interactions occurring in interconnected spaces between 

pores (Naono and Hakuman, 1993). 

Several models describing hysteresis phenomenon are 

presented in literature (Mualem, 1974) (Kool and Parker, 

1987). Pedersen (1990) empirical is chosen in this study. 

It is based on material hydric capacity weighted values, or 

slopes of adsorption and desorption curves defined as 

follows (Carmeliet et al., 2005): 

  

ξa =
∂ua

∂φ
 

 

(4) 

 

ξd =
∂ud

∂φ
 

 

(5) 

 

Where a and d represent respectively adsorption and 

desorption, φ relative humidity in %. With this approach 

and taking into account equation (6), scanning curves 

slopes between adsorption and desorption are calculated 

from the main sorption isotherms as described below, γa 

and γd being two calibration constants: 

 

ξhys,a =
γa(θ − θa)2ξd + (θ − θd)2ξa

(θd − θa)2
 

 

(6) 

 

ξhys,d =
(θ − θa)2ξd + γd(θ − θd)2ξa

(θd − θa)2
 

 

(7) 

 

Hysteresis modeling is not limited to implement atomic 

classes related to adsorption, desorption and intermediate 

sorption curves equations, but to take into account 

material hydric history and to identify transitions from 

adsorption cycles to desorption ones. Consequently, an 

appropriate algorithm is applied at each time step 

comparing water content with previous time steps.  

Mathematical approach 

Sorption curves fitting 

Adsorption, desorption and mean sorption curves are 

fitted based on experimental measurements of (Lelievre 

et al., 2014). Hemp concrete properties are listed in Table 

1 below (Lelievre et al., 2014). Considering Rode 

approach, θs, A, and n coefficients are calculated by least 

squares method on adsorption, desorption and mean 

sorption curves. Figure 1 shows sorption isotherms fitting 

according to the Rode approach. 

 

Table 1: Hemp concrete properties 

Properties Hemp concrete 

Density 

(kg.m–3) 
450 

Heat capacity  

(J.kg–1K–1) 
1000 

Thermal 

conductivity 

(W.m–1K–1) 

𝜆 = 0.00818 + 

2.76 × 10–4 T + 

0.0024 w  

Emissivity 

(-) 
0.8 

Coefficient of 

vapor resistance 

(-) 

5 

 

Figure 1: Sorption curves fitting using Rode’s approach. 

Hysteresis model calibration 

As appeared in equations (6) and (7), hysteresis model 

requires a calibration through calculation of two constants 

γa and γd. For this purpose, and using NordTest protocol 

(Lelievre, 2015) and same properties of Table 1, mass 

variations of hemp concrete specimens are investigated. 

Comparison between experimental mass measurements 

provided by (Lelievre, 2015) and numerical mass 

calculation given by hysteresis model permits to deduce 

that γa = 0.85 and γd = 0.97 are suitable for hysteresis 

calibration (Figure 2). 

 

Figure 2: Hysteresis model calibration. 
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Application at wall scale  

Quick review of experimental set-up  
 

A 36 cm hemp concrete wall (2.7 × 2.1 m2) is studied. It 

is subjected for 87 days to temperature and relative 

humidity conditions on both inner and outer sides using a 

bi-climatic chamber (Lelievre et al, 2014). Specific 

probes record temperatures and relative humidities at 

three locations within the wall: x = 5 cm, x = 18 cm and x 

= 29 cm as seen in Figure 2. Sensors uncertainties on 

temperature and relative humidity are given by the 

supplier and evaluated at 0.5 °C and 2 %, respectively. 

Indoor conditions are set to 23 °C and 50 % relative 

humidity during the experiment. Outdoor conditions are 

presented in Table 2. Initial temperature and relative 

humidity (at day 0) are supposed to be 23°C and 50% 

respectively from inner and outer sides.  

 

Figure 3: wall and sensors scheme.  

 

Table 2: Experimental outdoor conditions 

Sequence Temperature 

(°C) 

Relative 

humidity (%) 

1: ]0 – 20] days 32 50 

2: [20 – 55] days 32 30 

3: [55 – 70] days 17 85 

4: [70 – 87] days 23 50 

 

Models description 

In order to evaluate hysteresis impact at both wall and 

room scales, two models are established. The first one is 

a standard heat and moisture transfer model based on 

Philip and De Vries (1957) transport theory and using 

mean hemp concrete sorption curve. The second one 

involves hysteresis modelling and therefore material’s 

hydric behaviour is represented by its scanning curves and 

not by average sorption isotherm. Models are 

implemented in SPARK simulation tool allowing to solve 

differential equations using finite difference method 

(Sowell and Haves, 2001). Table 3 summarizes models 

characteristics.   

 

 

 

 

 

 

Table 3: Models description. 

Models Description 

Mod_1 

- Standard HAM model 

- Average sorption curve 

- Initialisation at 23°C and 50% R.H 

Mod_2 

- Hysteresis taking into account 

- Primary and scanning curves 

implementation 

- Initialization at 23°C and 50% R.H 

from adsorption curve 

 

Results and discussion 

Figures below show a comparison between experimental 

measurements of temperature and relative humidity and 

numerical predictions delivered by SPARK at three 

specified locations. 

 

Figure 4: Relative humidity comparison at x=29 cm.  

 

Figure 5: Relative humidity comparison at x=18 cm. 
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 Figure 6: Relative humidity comparison at x=5 cm. 

Figure 7: Temperature comparison at x=29 cm.  

Figure 8: Temperature comparison at x=18 cm. 

Figure 9: Temperature comparison at x=5 cm. 

 

At x = 29 cm, temperature profiles (Figure 7) are 

acceptable for the 2 models up to the 55th day with an 

underestimation (between 0,5 and 2 °C) for Mod_1 and 

an overestimation (from 1,5 to 2 °C) for Mod_2. Beyond 

that, temperature prediction is advantageous for Mod_2 

and deteriorated for Mod_1 with differences reaching 4 

°C with experimental data. Figure 7 shows that when 

temperature is overestimated over the first 55 days, 

relative humidity is underestimated and vice versa (Figure 

4). After that, Mod_2 represents well relative humidity 

dynamic variations while Mod_1 show reduced arising 

slopes and delayed relative humidity peaks. 

In the middle of the wall (Figure 5), prediction of relative 

humidity dynamic evolution is acceptable until day 55 

especially for Mod_1. Beyond this, profile obtained does 

not fit well with experimental measurements for the é 

models. Same results are obtained by Lelievre et al. 

(2014) using COMSOL simulation tool. Regarding 

temperature profiles (Figure 8), they present good 

agreement with experimental values for Mod_1 during the 

first 55 days, while they are overestimated by 2 °C for 

Mod_2. In the last twenty days, results remain 

advantageous for Mod_1 (maximum deviations is about 

1.5 °C). 

Figure 9 shows that the 2 models are reliable for 

temperature variations prediction from the wall inner side 

since deviations from experimental data do not exceed 1 

°C at x = 5 cm. Figure 6 gives advantage to Mod_1 with 

maximum differences of about 2% with experimental 

values. However, Mod_2 succeeds in predicting evolution 

dynamics. 

In summary, and considering sensors uncertainties (0.5 °C 

and 2 °C), Mod_1 not taking hysteresis into account, gives 

good results during the first 55 days when wall history is 

not well controlled. Later on, when adsorption and 

desorption cycles are applied, taking hysteresis into 

consideration (Mod_2) improves relative humidity 

variations within the wall. Concerning temperature 

variations, it seems that hysteresis (Mod_2) brings 

improvements to thermal behaviour prediction when the 

wall is subjected to variable conditions (beyond 55 days).  

Application at room scale  

Room presentation 

 

Figure 10 : Office studied scheme (Moussa et al., 2018). 
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In this section, the room studied is an office of 6 × 4 × 3 

m3 (Figure 10). Its south façade consists of a single hemp 

concrete layer of 36 cm and contains a double glazed 

window (Moussa et al., 2018). Same hemp concrete 

properties of previous section are used. Remaining 

vertical walls are internal partitions considered adiabatic 

with a gypsum coating on both sides. Heat sources in the 

room are due to two 130 W computers and a 90 W light 

source. The office is supposed to be occupied by two 

persons for 6 days per week (Monday to Saturday from 

8h to 13h and 14h to 18h).  Heating and cooling demands 

are calculated using a proportional integrator PI 

controller. Modelling nodal approach is considered and 

variable air flowrate ventilation is applied according to 

internal relative humidity (Figure 11). Climate outdoor 

conditions used as models entries represent the weather of 

Nancy city located in Grand-Est region, north of France.   

Figure 11: Variable ventilation flowrate. 

Room indoor temperature and relative humidity as well as 

energy consumption for heating and cooling are 

investigated for two cases: with and without considering 

hemp concrete hysteresis in the modelling.  

Results and discussion 

Two periods of 10 days each are selected and compared 

during summer and winter periods in figures below. In 

addition, Table 4 presents global energy demands for each 

model. 

 

Figure 12: Temperature comparison in winter season. 

 

 

 

Figure 13: Relative humidity comparison in winter 

season. 

Figure 14: Temperature comparison in summer season. 

 

Figure 15: Relative humidity comparison in summer 

season 

Table 4: Comparison of annual energy demands. 

Models Heating 

(Kwh) 

Cooling 

(Kwh) 

Total 

(Kwh) 

Mod_1 600.9 150.9 751.8 

Mod_2 598.5 154.1 752.6 

 

Indoor air temperature profiles are almost identical for the 

two models, whether in winter (Figure 12) or in summer 

(Figure 14), due to imposed regulation effect. Relative 

humidities are also very close with maximum differences 

of around 3% in winter (Figure 13) and 1% in summer 

(Figure 15). Similarly, regarding energy consumption for 
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heating and cooling (Table 4), it must be stated that 

negligible differences are observed between Mod_1 and 

Mod_2. As a result, it can be noticed that hysteresis has 

low impact on indoor conditions prediction at room scale. 

Hysteresis limited impact on indoor conditions is in 

agreement with the results given by Carmeliet et al. 

(2005) who worked on a wooden room: according to 

them, main reason lies in minor differences in hydric 

capacities (or in other words sorption curves slopes) 

between adsorption, desorption and intermediate 

scanning curves. 

Conclusion 

In this work, a numerical study of hemp concrete at wall 

and room scales is conducted. Hysteresis impact on 

hygrothermal behavior prediction is studied. To this end, 

two numerical models are created, implemented and 

tested under various conditions. Results show that 

considering hysteresis at wall scale permits to take into 

account material age and to improve the prediction of its 

dynamic evolution hygrothermal behavior. Meanwhile, it 

should be pointed out that standard model with average 

sorption curve provides acceptable performance 

especially from wall inner side. 

 Moreover, a hemp concrete office is studied with a 

particular interest to internal conditions of temperature 

and relative humidity and to energy consumption for 

heating and cooling. Results show that considering 

hysteresis and in hemp concrete slightly affects indoor 

relative temperatures and humidities, as well as heating 

and cooling demands. Standard model, which is easy to 

implement and fast in computation, could be consider 

reliable in this field.  

Conclusion 

This work was carried out in the scope of a PhD thesis 

project funded by the European Regional 

Development Fund (ERDF). 
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Abstract

This article deals with estimating material proper-
ties of existing building walls. Parameter estimation
problem generally has a high computational cost due
to a large number of direct model evaluations. In
this context, a methodology based on derivative based
sensitivity analysis is investigated to reduce the num-
ber of parameters by identifying the most influential
on the wall energy efficiency. The method is applied
to estimate parameters impact on the annual ther-
mal loads. It also has a reduced computational cost
compared to standard sensitivity analysis approaches.
Results demonstrate that the presented method can
be extended to more complex model equations.

Introduction

The building sector is one of the main contributors
to total worldwide energy (EIA (2015)). The energy
consumption of buildings in the EU is about 40% of
the total demand. Nevertheless, efficient insulation
of the building envelope contributes to energy sav-
ings. While choosing the optimal retrofitting actions
engineers mostly rely on building energy simulation
programs. However, existing buildings have several
uncertainties which imply the lack of reliability of
the simulations. The knowledge of the thermophys-
ical properties of the wall materials is one of them.
In order to minimise these uncertainties, the current
wall material properties should be identified through
the solution of an inverse problem.

A parameter estimation problem has often a high
computational cost since it is proportional to the
number of model parameters. Therefore, it is essen-
tial to find out, which parameters have more effect
on the model output and eliminate non–significant
ones. Using the sensitivity coefficients, which cal-
culation is required in the context of the parameter
estimation problem, it allows us to highlight the pa-
rameters which most influence the outputs. Thus,
in the framework of the parameter estimation prob-
lem, a preliminary step is proposed and denoted as
Primary Identifiability. This procedure implies rank-
ing all the model parameters regarding their impact

on the model output and removing the insignificant
and correlated model parameters. Under model out-
put, we mean any characteristic of building energy be-
haviour, for example, the wall temperature, the wall
heat flux or the thermal loads. The methodology is
schematically synthesized in Figure 1. The Primary
Identifiability approach relies on the sensitivity co-
efficients, so the purpose is now to determine their
calculation.

Figure 1: Methodology of Primary Identifiability.

There have been many research papers, which study
various sensitivity analysis techniques, including lo-
cal and global approaches. The screening methods
are generally used to determine the scope of the most
valuable parameters of building energy model (Men-
berg et al. (2016)) due to its comparatively small com-
putational cost. However, these methods are qualita-
tive and cannot quantify the variation of the model
output relative to the change of the input parameter.
Several methods for local and global sensitivity analy-
sis can provide the sensitivity coefficients values. The
local approach estimates the parameter impact only
at one point of the parameter domain without provid-
ing the detailed information. It was used to explore
the parameter influence (Barrio and Guyon (2003)).
Global methods consider the whole spectrum of the
parameter space and some of them reveal the inter-
action between parameters. However, examples of
regression–based (Sun et al. (2014); Wilde and Tian
(2010)) and variance–based techniques (Ruiz Flores
et al. (2012); Mechri et al. (2010)) show that these
methods require an extensive number of model eval-
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uations, and therefore can not be used as a prior step
for a parameter estimation problem.

On the other hand, the direct differentiation of the
model governing equation enables to retrieve values of
sensitivity coefficients without countless model simu-
lations. To our knowledge, this approach has never
been explored for building energy simulations. By
taking into account second order derivatives, the com-
binatorial influences can also be captured in this ap-
proach. The effort of solving the additional sensitivity
equations prevents this method from widespread im-
plementation. Our idea is to use Dufort–Frankel
numerical scheme to numerically solve these equa-
tions. This innovative numerical model has benefits of
being unconditionally stable, second–order accurate
in time and having an explicit formulation (Gasparin
et al., 2018a). This approach allows us retrieving val-
ues of sensitivity coefficients with higher accuracy at a
low computational cost. Additionally, obtained sensi-
tivity coefficients are defined continuously over space
and time domains.

Thus, the objective of this paper is to validate our
methodology. For this, a base case scenario of heat
conduction transfer through a wall is considered.
Then, the subset of parameters which have more in-
fluence on the heat flux and thermal loads are iden-
tified. The efficiency of the method is evaluated.

The article is organized in the following way. At first,
the physical model is defined together with its sensi-
tivity equations. Then, the model output extrapola-
tion through the Taylor series expansion is detailed.
The numerical solution of the sensitivity coefficients
using the Dufort–Frankel numerical scheme is in-
troduced. Next, the case study of a building wall is
described. Finally, the results of parameter influence
on the heat flux and the thermal loads, its compari-
son with the linear regression techniques are demon-
strated.

Methods

Physical model

Let us consider the one–dimensional heat conduction
transfer operating in a building wall. The wall is
composed of N layers with different thicknesses and
thermal properties. Figure 2 illustrates the problem.
The governing transient heat conduction equation is
as follows:

c
∂T

∂t
=

∂

∂x

(
k
∂T

∂x

)
(1)

where T [K ] is the temperature defined on the do-
mains Ω x : x ∈ [ 0 , L ] and Ω t : t ∈ [ 0 , τmax ], L [m ]
is the length of the wall. Both the volumetric heat
capacity c [ J/(m3 · K) ] and the thermal conductivity
k [W/(m · K) ] depend on space according to the fol-

Figure 2: Illustration of the heat transfer through the
wall.

lowing equations:

c =
N∑
i=1

c i · ϕ i (x ) , k =
N∑
i=1

k i · ϕ i (x ) ,

where functions ϕ i (x ) are defined as:

ϕ i (x ) =

{
1 , x i−1 6 x 6 x i

0 , otherwise
.

So our equation (1) becomes:

N∑
i=1

c i · ϕ i (x ) · ∂T
∂t

=
∂

∂x

(
N∑
i=1

k i · ϕ i (x ) · ∂T
∂x

)
(2)

The outside part is exposed to weather conditions and
solar radiation. The inside wall surface is in contact
with the room air temperature. Therefore, let us as-
sume Robin boundary conditions as:

k
∂T

∂x

∣∣∣
x = 0

=hL

(
T ( 0 , t ) − T L

∞ ( t )
)
− α q L

∞ ( t )

k
∂T

∂x

∣∣∣
x = L

= − hR

(
T (L , t ) − T R

∞ ( t )
)
,

(3)

where T L
∞ ( t ) [K ] and T R

∞ ( t ) [K ] are temperature
of the inside and outside air respectively, which vary
over the time, h L [W/(m2 · K) ] and h R [W/(m2 · K) ]
are inside and outside surface convective heat trans-
fer coefficients, and q L

∞ ( t ) [W/m2 ] is the total solar
radiation, which includes the direct, diffuse and re-
flexive radiations, and α is the surface absorptivity.

At the initial state the temperature is given as:

T (x , t = 0 ) = T 0 (x ) (4)

As mentioned before, model outputs are the heat flux,
induced on the wall, and the thermal loads.

The heat flux j (x ◦ , t ) [W/m2 ] is described by
Fourier’s law:

j (x ◦ , t ) = − k (x ◦)
∂T

∂x

∣∣∣∣∣
x=x ◦

, x ◦ ∈ { 0 , L } (5)
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The thermal loads E (x ◦ , t ) [W · h/m2 ] for a time pe-
riod between t 1 and t 2 are calculated by the following
expression:

E (x ◦ , t ) = −
∫ t2

t1

k (x ◦)
∂T

∂x

(
x ◦ , τ

)
dτ , x ◦ ∈ { 0 , L }

(6)

Dimensionless formulation

In order to minimize the round–off numerical errors
and to analyze the model behaviour regardless the
used units for variables, it is essential to obtain a di-
mensionless formulation of the problem (Berger et al.
(2017); Trabelsi et al. (2018)). To convert equa-
tion (1) let us introduce the following dimensionless
variables:

x ? =
x

L
, u =

T

T ref
, t ? =

t

t ref
,

as well as dimensionless thermal properties functions
by:

k ? def
:=

k

k ref
, or k ? =

N∑
i=1

k i

k ref
· ϕ i (x ? ) ,

c ?
def
:=

c

c ref
, or c ? =

N∑
i=1

c i
c ref

· ϕ i (x ? ) .

where subscripts ref relate for a characteristic refer-
ence value, and superscript ? for dimensionless pa-
rameters.

Thus, equation (1) transforms to:

c ?
∂u

∂t ?
= Fo

∂

∂x

(
k ? ∂u

∂x ?

)
, (7)

where Fo =
t ref k ref

L2 c ref
is Fourier number.

The Robin–type boundary conditions are converted
to:

k ? ∂u

∂x ?
= Bi L

(
u− uL

∞
)
− α g L

∞ , x ? = 0 (8)

k ? ∂u

∂x ?
= − Bi R

(
u− uR

∞
)
, x ? = 1 , (9)

with dimensionless quantities

Bi L =
h L L

k ref
, Bi R =

h R L

k ref
,

uL
∞

def
:=

T L
∞

T ref
, uR

∞
def
:=

T R
∞

T ref
, g L

∞
def
:=

q L
∞ L

T ref k ref
.

The uniform initial condition transforms to

u = u 0 , where u 0
def
:=

T 0

T ref

The dimensionless heat flux j ? is expressed as:

j ? (x ?
s , t

? ) =

(
− k ? ∂u

∂x ?

)∣∣∣∣∣
x ?=x ?

s

, x ?
s ∈ { 0 , 1 }

The dimensionless thermal loads E ? are calculated
as:

E ? ( t ? ) =

∫ t ?
2

t ?
1

j ? (x ?
s , τ

? ) dτ ? .

Further in the article, for the sake of the clarity the
superscript ? is omitted, and all results are presented
in dimensionless form unless stated otherwise.

Sensitivity equations

Let us consider solution u of Eq. (7) as a model out-
put. The solution u may be declared as a function of
(x , t ,P ), where P is a set of model parameters. In
our case one may formulate is as follows:

u : (x , t ,P ) 7−→ u (x , t ,P ) ,

where P = { k i , c i } ,∀ i = 1 . . . N

Let us introduce new variables X P i
or sensitivity co-

efficients, which quantify the model output sensitivity
to the parameter P i. A parameter is called sensitive
if small changes in its value cause large changes in the
model output.

X P i

def
:=

∂u

∂P i
.

The sensitivity coefficients are obtained as a solu-
tion of a differential equation or sensitivity equation,
which is a result of partial differentiation of the model
equation. Therefore, differential sensitivity analy-
sis has the advantage to retrieve sensitivity coeffi-
cients accurately and continuously defined on space
and time domains.

For the sake of simplicity, let us find sensitivity equa-
tions for the first layer. The following new variables
are presented:

X k 1

def
:=

∂u

∂k 1
, X c 1

def
:=

∂u

∂c 1
.

Let us differentiate Eq. (7) with respect to parameter
k 1. We obtain the differential equation for X k 1 :

∂X k 1

∂t
=

Fo

c

∂

∂x

(
∂k

∂k 1

∂u

∂x
+ k

∂X k 1

∂x

)
(10)

Similarly, sensitivity equation is obtained for X c 1
:

∂X c 1

∂t
=− Fo

c 2

∂c

∂c 1

∂

∂x

(
k
∂u

∂x

)
+

Fo

c

∂

∂x

(
k
∂X c 1

∂x

) (11)

The second order differentiation of Eq. (7) gives us
expressions for following variables:

X k 1 k 1

def
:=

∂2u

∂k 1
2 , X c 1 c 1

def
:=

∂2u

∂c 1
2
, X k 1 c 1

def
:=

∂2u

∂k 1 ∂c 1
.
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The variable X k 1 c 1
describes the change in model

output with respect to two varying parameters. It is
computed as a solution to the following equation:

∂X k 1 c 1

∂t
=− Fo

c 2

∂c

∂c 1

∂

∂x

(
∂k

∂k 1

∂u

∂x
+ k

∂X k 1

∂x

)
+

Fo

c

∂

∂x

(
∂k

∂k 1

∂X c 1

∂x
+ k

∂X k 1 c 1

∂x

)
.

(12)

The defined above sensitivity coefficients are used to
calculate how the variation of the model parameters
will impact other model outputs such as heat flux and
thermal loads. Let us demonstrate expressions for
sensitivity coefficients of the heat flux on the outside
surface.

∂j

∂k 1
( 0 , t ) = − ∂u

∂x
− k 1

∂X k 1

∂x
,

∂j

∂c 1
( 0 , t ) = − k 1

∂X c 1

∂x
,

∂2j

∂k 1
2 ( 0 , t ) = − 2

∂X k 1

∂x
− k 1

∂X k 1 k 1

∂x
,

∂2j

∂c 1
2

( 0 , t ) = − k 1
∂X c 1 c 1

∂x
,

∂2j

∂k 1 ∂c 1
( 0 , t ) = − ∂X c 1

∂x
− k 1

∂X k 1 c 1

∂x
.

Metrics for the sensitivity coefficients

Let us introduce an estimator of the individual pa-
rameter importance, which is defined below:

ηP i =

∫
Ω x

(∫
Ω t

XP i
(χ , τ ) dτ

) 2

dχ

N∑
r = 1

∫
Ω x

(∫
Ω t

XP r
(χ , τ ) dτ

) 2

dχ

, (13)

where XP i
is sensitivity coefficient of the parame-

ter P i on the chosen model output obtained through
the solution of the corresponding sensitivity equation,
and N is the total number of the input parameters
which influence on the output.

A large value of this metric means high influence on
the output, while small one indicates nonsensitive pa-
rameters.

Taylor series expansion

Knowledge of the partial derivatives facilitates the ap-
proximation of the model output by using the Tay-
lor series. Indeed, since we are in the context of
parameter estimation problem, the model output can
be represented in the neighbourhood of the a priori
values of parameters. The following expression de-
scribes the estimation of the function u (x , t , k 1 , c 1 )
at every point of the parameters { k 1 , c 1 } around the

a priori parameters values { k ◦1 , c ◦1 }.

u (x , t , k 1 , c 1 ) = u (x , t , k ◦1 , c
◦
1 )+

∂u

∂k 1

∣∣∣∣∣
k 1=k ◦

1

(
k 1 − k ◦1

)
+

∂u

∂c 1

∣∣∣∣∣
c 1=c ◦

1

(
c 1 − c ◦1

)
+

1

2

∂2u

∂k 1
2

∣∣∣∣∣
k 1=k ◦

1

(
k 1−k ◦1

)2
+

1

2

∂2u

∂c 1
2

∣∣∣∣∣
c 1=c ◦

1

(
c 1−c ◦1

)2
+

∂2u

∂k 1 ∂c 1

∣∣∣∣∣ k 1=k ◦
1

c 1=c ◦
1

(
k 1 − k ◦1

) (
c 1 − c ◦1

)
+

O
(

max{( k 1 − k ◦1)3 , ( c 1 − c ◦1)3}
)
.

Similarly, second order Taylor approximation is de-
fined for the thermal loads on the exterior surface as
a model output.

E ( 0 , t , k 1 , c 1 ) = E ( 0 , t , k ◦1 , c
◦
1 ) +

∂E

∂k 1

∣∣∣∣∣
k 1=k ◦

1

(
k 1 − k ◦1

)
+

∂E

∂c 1

∣∣∣∣∣
c 1=c ◦

1

(
c 1 − c ◦1

)
+

1

2

∂2E

∂k 1
2

∣∣∣∣∣
k 1=k ◦

1

(
k 1−k ◦1

)2
+

1

2

∂2E

∂c 1
2

∣∣∣∣∣
c 1=c ◦

1

(
c 1−c ◦1

)2
+

∂2E

∂k 1 ∂c 1

∣∣∣∣∣ k 1=k ◦
1

c 1=c ◦
1

(
k 1 − k ◦1

) (
c 1 − c ◦1

)
+

O
(

max{( k 1 − k ◦1)3 , ( c 1 − c ◦1)3}
)
.

The expressions above are a powerful tool to explore
how the model output value changes while varying
the parameters of the model.

Numerical solution

Let us discretize uniformly the space Ωx and time
Ω t intervals, with the parameters ∆x and ∆t, respec-
tively. The discrete values of function u(x, t) are de-

fined as unj
def
:= u (xj , tn ) , where j ∈ { 1, . . . , Nx }

and n ∈ { 1, . . . , N t }.
Numerical solution of the Eq. (7) is obtained using
Dufort–Frankel scheme (Gasparin et al. (2018b)).
As previously mentioned, this numerical scheme al-
lows to compute explicitly the solution at each time
step, and it has the unconditionally stable property.
The numerical scheme can be expressed as the follow-
ing explicit formulation:

un+1
j = ν 1 u

n
j+1 + ν 2 u

n
j−1 + ν 3 u

n−1
j , (14)

where

ν 1 =
λ 1

λ 0 + λ 3
, ν 2 =

λ 2

λ 0 + λ 3
,

ν 3 =
λ 0 − λ 3

λ 0 + λ 3
,
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and

λ 0 = 1 , λ 3 =
∆t

∆x 2

Fo

c j

(
kj + 1

2
+ kj − 1

2

)
,

λ 1 =
2 ∆t

∆x 2

Fo

c j
kj + 1

2
, λ 2 =

2 ∆t

∆x 2

Fo

c j
kj − 1

2
,

kj± 1
2

= k
( x j + x j± 1

2

)
.

In order to calculate the sensitivity coefficients ef-
ficiently, the direct differentiation of the numerical
scheme Eq. (14) with respect to the required param-
eter is used.

One may obtain the numerical scheme for comput-
ing sensitivity coefficient X k 1 of the model output
u (x , t ) with a respect to a parameter k 1, by par-
tially differentiation of each term of Eq. (14), which
is presented below:

X n+1
k 1 j

= ν 1X
n
k 1 j+1

+ ν 2X
n
k 1 j−1

+ ν 3X
n−1
k 1 j

+

∂ν 1

∂k 1
un

j+1 +
∂ν 2

∂k 1
un

j−1 +
∂ν 3

∂k 1
un−1

j .

(15)

Similarly, expression for sensitivity coefficient X c 1
is

as follows:

X n+1
c 1 j

= ν 1X
n
c 1 j+1

+ ν 2X
n
c 1 j−1

+ ν 3X
n−1
c 1 j

+

∂ν 1

∂c 1
un

j+1 +
∂ν 2

∂c 1
un

j−1 +
∂ν 3

∂c 1
un−1

j .

(16)

Second order partial differentiation of Eq. (14) with
respect to parameter k 1 results as numerical scheme
for X k 1 k 1

:

X n+1
k 1 k 1 j

= ν 1X
n
k 1 k 1 j+1

+ ν 2X
n
k 1 k 1 j−1

+ ν 3X
n−1
k 1 k 1 j

+

2
∂ν 1

∂k 1
X n

k 1 j+1
+ 2

∂ν 2

∂k 1
X n

k 1 j−1
+ 2

∂ν 3

∂k 1
X n−1

k 1 j
+

∂2ν 1

∂k2
1

un
j+1 +

∂2ν 2

∂k2
1

un
j−1 +

∂2ν 3

∂k2
1

un−1
j .

(17)

The variation of model output over both parameters
k 1 and c 1 is given through the numerical scheme for
X k 1 c 1

and given below:

X n+1
k 1 c 1 j

= ν 1X
n
k 1 c 1 j+1

+ ν 2X
n
k 1 c 1 j−1

+ ν 3X
n−1
k 1 c 1 j

+

∂ν 1

∂c 1
X n

k 1 j+1
+
∂ν 2

∂c 1
X n

k 1 j−1
+

∂ν 3

∂k 1
X n−1

k 1 j
+

∂ν 1

∂k 1
X n

c 1 j+1
+
∂ν 2

∂k 1
X n

c 1 j−1
+

∂ν 3

∂k 1
X n−1

c 1 j
+

∂2ν 1

∂k 1 ∂c 1
un

j+1 +
∂2ν 2

∂k 1 ∂c 1
un

j−1 +
∂2ν 3

∂k 1 ∂c 1
un−1

j .

(18)

Case study

In this section, the proposed approach is investigated
to determine the parameters which most influence the

energy performance of a building wall. The latter
is located in Omsk city in the north region of Rus-
sia. The wall is composed of four materials: gypsum
board, clay brick, an insulation layer (mineral wool)
and the cement sandy solution. This structure, il-
lustrated in Figure 3, is commonly used in Russia.
The thermal properties of materials are given below
according to (Franchuk (1969),Kononovich (1986)).

Figure 3: Illustration of wall composition.

δ [m ] k [W/m · K ] c [ J/m3 · K ]

δ1 = 0.03 , k1 = 1.4 , c1 = 1.84× 106 ,

δ2 = 0.19 , k2 = 0.043 , c2 = 0.08× 106 ,

δ3 = 0.38 , k3 = 0.52 , c3 = 1.23× 106 ,

δ4 = 0.02 , k4 = 0.17 , c4 = 0.87× 106 .

Outside temperature T out ( t ) is obtained through
historical weather data. Inside temperature T ins ( t )
is set as periodic function, which changes from 18◦C
to 25◦C. Annual time profiles of exterior and inte-
rior air temperatures are presented in Figure 4. The
outside and inside surface convective heat transfer
coefficients are to set as h out = 15 [W/m2 · K ] and
h ins = 8 [W/m2 · K ] respectively. Daily solar radia-
tion is interpolated hourly in Figure 5. In order to
avoid influence of the initial condition the tempera-
ture T 0 (x ) is calculated as a solution of the steady
state problem.

Considering all this setup, the temperature inside the
wall is computed over one year together with the sen-
sitivity coefficients for each thermal parameter of each
layer. Their influence on each model output is then
calculated. Next section presents these results.

Results and Discussions

Table 1 gives the parameter impact estimator on the
temperature T within each layer. As one may con-
clude, the influence of the thermal conductivity is
higher than the volumetric thermal capacity. Indeed,
the thermal capacity influence is almost negligible.
Therefore, this parameter can be eliminated in the
perspective of a parameter estimation procedure.
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Figure 4: Temperature profiles on the boundaries.

t [h ]
2000 4000 6000 8000

g
[k
W
/
m

−
2
]

0

0.2

0.4

0.6

0.8

1

Figure 5: Solar radiation on the wall.

Table 2 presents the importance factor of each param-
eter on the thermal loads E computed on the inside
surface. As previously we can observe that the ther-
mal conductivity is the most influential parameter.

Comparison with Standardized Regression
Coefficients

A brief comparison with standard approach from lit-
erature, namely the Standard Regression Coefficient
(SRC), is now performed. For this, it is assumed that
the model output is linearly dependent on the pa-
rameter set. The thermal loads are chosen as model
output. Thus, the thermal loads are expressed as:

E = β i p i + β 0 , i = {1 , . . . ,M} ,

where β i is a regression coefficient, β 0 – constant,
and p i – parameters of the model, M – total number
of parameters. The Standard Regression Coefficient
(SRC) S i is defined as follows:

S i = β i

√
Var ( p i)

Var (E)
, , i = {1 , . . . ,M}

which under some assumptions can be used as sensi-
tivity coefficients (Saltelli et al. (2004)).

The SRC coefficients for the thermal conductivity and
the heat capacity for the brick layer are now com-
puted. A Latin Hypercube sampling is carried out to

Table 1: Parameter impact estimator ηPi
on the tem-

perature T .

Gypsum Brick Insulation Cement
k ?
i 1 0.99 1 0.9978
c ?i 4.7 e-11 2.8 e-04 1.9 e-06 2.2 e-03

Table 2: Parameter impact estimator ηPi on the ther-
mal loads E.

Gypsum Brick Insulation Cement
k ?
i 1 0.9532 1 0.99
c ?i 1.98 e-12 0.0468 4.6 e-07 4.22 e-04

generate Ns samples between 20% ratio of the a pri-
ori values of parameters k 3 and c 3 . For each sample,
the model output is computed. Then, a Lasso re-
gression method is used to determine the regression
coefficients β i. Finally, the SRC coefficients values
are obtained and the importance factor are computed
according to:

ν p i
=

S2
i

M∑
m=1

S2
m

Results are reported in Table 3. As one may note, a
minimal number of model evaluations is required to
compute the SRC coefficients. The importance factor
values do not vary with the increases for Ns > 10 ,
validating the convergence of the approach.

Table 3: Parameter importance factor within the
brick layer, using SRC coefficients.

Ns 5 10 20 50
νk 3 – 0.9207 0.9266 0.9221
νc 3

– 0.0793 0.0734 0.0779

Results obtained with the SRC approach are similar
to the ones obtained with the direct differentiation
method. It validates the robustness of the differen-
tial sensitivity approach. The performance of both
methods can be analyzed. The determination of the
SRC coefficients depends on the parameter sampling.
In this case, at least N s = 10 model evaluations are
required. The direct differentiation only requires 5
model evaluation for two input parameters. Indeed,
this interpretation comes directly from Eq. (15), (16).
Each first–order partial derivative requires twice as
many operations than the model output.

In terms of computational time, the computation
of the sensitivity coefficients through the differential
sensitivity analysis requires approximately 30 min-
utes. For the SRC coefficients, the computation takes
1 hour for Ns = 10 samples.

Application of Taylor series expansion

One of the main advantages of the direct differentia-
tion approach is to explore the model output on the
neighborhood of the a priori parameter values. Us-
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ing sensitivity coefficients and Taylor series expan-
sion one may evaluate the influence of the thermal
parameters on the model output. Since the volumet-
ric heat capacity has almost no impact on the heat
flux, the analysis is carried out with respect to the
thermal thermal conductivity of the insulation layer.
The value of parameter k 2 is varied by ± 50% of its
a priori value. Then, the heat flux is interpolated
for 0.5 · k ◦2 and for 1.5 · k ◦2 using the Taylor series
approximation. Since the direct differentiation ap-
proach enables to work with output model depending
on time or space, it is possible to evaluate the time
variation of the heat flux during the whole year for
the boundary values of k 2 as shown in Figure 6.
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2
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2

1.5 · k ◦

2

Figure 6: Extrapolation of the heat flux j regarding
the k 2 parameter.

One may also assess the variation of the annual ther-
mal loads according to variation of both thermal pa-
rameters of the brick layer. The thermal conductiv-
ity and the volumetric heat capacity are varied by
± 20% of their a priori values. Thus, their domains
of variation are denoted as k 3 ∈ [ 0.8 · k ◦3 , 1.2 · k ◦3 ]
and c 3 ∈ [ 0.8 · c ◦3 , 1.2 · c ◦3 ] , respectively. The
annual thermal loads on the interior surface are ap-
proximated using both the Taylor series expansion
and the SRC linear expansion. Results are shown in
Figure 7. Both approach gives similar results high-
lighting again the efficiency of the proposed method.
One may also conclude that the variation the thermal
loads is wider in the direction of the thermal conduc-
tivity rather than the volumetric heat capacity. It is
consistent with previous results.

If both SRC and Taylor series expansion gives sim-
ilar results for the annual thermal loads, it is not the
case for the daily thermal loads of the insulation layer.
Figure 8 gives the daily thermal loads during a sum-
mer day. It can be remarked that the variation of the
thermal loads is strongly nonlinear with both input
parameters. Thus, the SRC approach can not be ap-

Linear Regression
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·
h
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−
2
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k ◦

3

Taylor Expansion
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E
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h
/
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−
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Figure 7: Extrapolation of the annual thermal loads
E according to k 3 , c 3 .

plied in such a case where the linearity hypothesis is
not valid.

The monthly thermal loads on the inside surface are
now studied. Their variations according to changes
in the thermal conductivity parameter of the insu-
lation layer are computed. The values of parameter
k 2 are varied by ± 20% of the a priori value. The
Taylor series approximation is used to calculate the
expansion of the solution for the boundary values of
k 2 = k ◦2 ± 0.2k ◦2 . Figure 9 shows the expansion of
the monthly thermal loads. They are negative almost
all year since the heat flux is directed from the inside
to the outside parts. Using this innovative approach,
one may predict the evolution of the thermal loads
with variation in the insulation material.

Conclusion

Implementation of the differential sensitivity analy-
sis on the heat diffusion problem enables to retrieve
continuous sensitivity coefficients. It allows explor-
ing model outputs’ variation according to changes in
input parameters. In other words, it permits to iden-
tify the most influential parameters on any chosen
model output. The derivative based approach has a
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Figure 8: Extrapolation of the daily thermal loads E
according to k 2 , c 2 .
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Figure 9: Monthly thermal loads and its variation ac-
cording to changes in the parameter k 2.

comparatively smaller number of model evaluations.
The innovative numerical model ensures accuracy and
reliability of results with a low computational cost.
Therefore, it can be used as a preliminary step for
the parameter estimation problem. The proposed
method can be extended to two or three–dimensional
case study. It will require the solution of additional
governing and sensitivity equations.
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Abstract 
The objective of this work is to represent in a compact and 
synthetic way surface temperatures at different points of 
interest throughout an urban scene, by building 4π 
Thermograms. 
From a geometrical approach, combining thermography 
and photographic techniques, a panoramic thermogram is 
assembled, which enables all directions to be seen from 
one position. This spherical representation of the data 
permits to observe the radiative phenomena in a 
spatialized way allowing its quantification and better 
understanding. Spatialized distribution of radiation could 
be expressed as an average temperature weighted by the 
area of all objects surrounding the measuring point. This 
emerges as an interesting alternative for measuring the 
mean radiant temperature in a complex urban scene where 
multiple heterogeneous surfaces must be considered. 
Introduction 
Pedestrian thermal comfort depends on the energy 
exchanges between him and his environment. Thermal 
transfer by conduction is, in most of the cases, negligible. 
The convection exchange – which depends on air 
temperature, wind speed and relative humidity –, is 
important. Radiation, however, is of prime importance, 
especially in the presence of direct solar radiation. But, 
radiative fluxes are difficult to quantify since each surface 
acts as an individual source of radiation. This limitation is 
particularly significant regarding longwave radiation or 
the "invisible thermometric spectrum", as Herschel 
(1800) called it. Infrared rays are subject to reflection, 
transmission and absorption as well as visible light rays. 
However, a scene observed within the spectral range of 
7.5μm to 13μm is not easy to interpret. 
To quantify the radiative net exchange, it is necessary to 
measure and then integrate every surface temperature 
visible from the measuring point at a particular time. 
Despite its accuracy, this technique is time consuming and 
resource expensive (Höppe, 1992). An alternative 
approach would be to measure the temperature radiation 
intensity independently of the air velocity by placing 
radiometers at the measuring point (Richards, 1951; 
Koch, 1961; Gagge, 1967). These “active radiometers” 
(Berglund, 1977), however, need electrical components to 
be kept at ambient temperature. Another option is to use 
a globe thermometer. This device, presented by Vernon in 
1930 and considered the first and simplest “passive 

radiometer”, allows to measure globe temperature and 
calculate the mean radiant temperature (Tmrt) (Bedford, 
1934) by taking into account the air temperature and wind 
velocity. Tmrt is defined as the "uniform surface 
temperature of an enclosure in which an occupant would 
exchange the same amount of radiant that as in the actual 
non-uniform enclosure" (ASHRAE, 2001).  
Nevertheless, the scene surrounding the user does not act 
upon him homogeneously. Some researches include 
weighting coefficients in order to consider the human 
shape (Underwood, 1966), but spatialization remains an 
issue. This aspect, overlooked by the aforementioned 
methods, may be assessed by means of thermography as 
shown by Asano (1996) and later improved by Tamura 
(2001). 
Therefore, an interest exists in obtaining spatial 
information within a scene, either to show the average 
surface temperature of each element in the scene as the 
result of a simulation (Nytsch-Geusen, 2017), or to map 
user's comfort with a high level of detail within an 
occupied space (Teitelbaum, 2017).  
Recent technological advances have allowed to 
manufacture high resolution thermal cameras with 
additional features at affordable prices, facilitating the 
entry of this technology into the world of measurement 
and the built environment. Thermography, often used for 
building diagnostics, permits other approaches seeking to 
collect a greater amount of information in a single image, 
either from aerial or a pedestrian point of view (Beckers, 
2019), enabling to calibrate thermal simulations (Aguerre, 
2019). 
In this paper, a set of individual thermograms are 
assembled giving way to a 4π thermogram, which 
provides precise information on the influence of each 
visible surface of the scene at the measurement point. This 
explores the advantages of thermography in complex 
urban scenes. 
This method is tested on several locations along a short 
walk to illustrate the microclimatic diversity from the 
user’s point of view on a compact urban historical district. 
This work quantifies the longwave radiative component. 
In order to help designers, urban planners and decision 
makers get a better grasp of its influence on the scene, 
results representation has been carefully chosen. 
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Methods 
Five 4π thermographs in a compact urban environment 
illustrate the spatial influence of the scene on the radiative 
balance at the pedestrian level. 
In a time span of 75 minutes and a distance of 240m, the 
longwave mean radiant flux was measured in 5 different 
urban configurations. At each of them, relative humidity 
(HR), air temperature (Tair) and wind velocity were 
measured. 4π thermograms and 4π photographs were 
captured under different weather conditions and at 
different moments of the day. A single complete 
measurement session was selected for the results. The 
globe temperature (Tg) was compared with the longwave 
mean radiant temperature (TLWmrt) obtained using the 
methodology presented in this study. 
Longwave radiant temperature was calculated according 
to Stefan-Boltzmann’s law, by integrating the flux density 
emitted from every direction to the center of a fictive 
sphere that envelops the point of measurement. 
Longwave measurement set up 
A FLIR T460 thermal camera with a spectral sensitivity 
of 7.5 µm – 13µm and a wide-angle lens (FOV 73° x 90°) 
was placed at a height of 1.1m above the ground, 
corresponding to the center of gravity of an average adult 
(Mayer, 1987). From this position, the thermal scene (4π 
sr) around this point was captured. The thermal camera 
was installed on a panoramic mount programmed to place 
the camera in the 14 positions used to capture the images 
that were then assembled into a single 4π thermogram 
(Figure 1). The total capture time is about 150 seconds per 
location considering that this time is sufficiently short to 
ignore its effect on the radiant temperature of the scene. 
For this study, the emissivity of all objects in the scene 
was considered as if they were black bodies (ε=1) and the 
distance from the camera to objects in the scene was 
considered null. Thus, the automatic correction of the 
camera for atmospheric transmission was discarded. 
Under these conditions, temperatures were deduced 
directly from the radiant flux received by the camera 
(Kruczek, 2015). 
Calibration and preparation 
This section describes the distortions that have been 
identified in this study and the procedures used to avoid 
them. The inconsistencies that appear in some images 
have been explained. 
When using a thermal camera as well as a photographic 
camera, it is necessary to know the characteristics of its 
optics in order to obtain the right images. In this study the 
purpose is to assemble several images in a spherical 
panoramic, therefore, the preparation of the procedure and 
the camera is imperative to avoid distortion and get an 
accurate reading of the information of the scene.  
Non-parallax 
Parallax is the angular deviation of the apparent position 
of an object relative to the observation point. In other 
words, it is the effect of the change of position of the 
observer on what he observes.  

   
Figure 1: 4π Thermography device setup:  FLIR T460 

placed on automatic panoramic-mount. 
 
To build a 4π thermogram, it is necessary to pivot the 
camera with each shot in order to capture the whole scene. 
There is a point on which the camera must rotate to 
achieve a perfect alignment in each capture. For the 
sphere, this point is the origin (x=0; y=0; z=0). For the 
camera, this non-parallax point is the entry pupil.  
To locate the non-parallax point, the camera was placed 
on a panoramic mount fixed on a tripod. The panoramic 
mount allows the camera to be rotated without having to 
move the tripod. This allows to adjust the camera position 
to achieve the desired pivot point. To check the correct 
alignment of the axes, the camera was placed focusing on 
a scene where two objects, at different distances from the 
camera, overlap. From this position and looking through 
the viewfinder, the camera was rotated in the horizontal 
plane so that the objects in focus were located at the 
extremes of the image. When the observed objects remain 
aligned despite the change in position, the scene is being 
observed from the non-parallax point. (Littlefield, 2006)  
Lens Distortion 
In order to determine the distortion produced by the lens, 
a sequence of images was captured under sunlight using 
an alternating pattern of black and white squares, of 
known dimensions, so that it is visible for the thermal 
camera. The sequence frames the scene placing the 
pattern in different regions of the image and with different 
orientations relative to the camera, since the distortion 
increases radially from the center of the image. 
Using a MATLAB routine (Bouguet, 2015), the 
coordinates of the vertices of the squares are placed in the 
image and compared to the estimated position where they 
should be, if distortion did not affect the image. The 
algorithm makes it possible to relate 3D world points and 
their corresponding 2D image points. From this relation, 
it is possible to determine the rotation and translation of 
the camera, the extrinsic values and, the focal distance, 
the input pupil and the skew coefficient, the intrinsic 
values. This enables to establish the area that is the least 
affected by radial distortion – barrel distortion – which is 
used on the further projection. 
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Vignetting effect 
An image captured either by a thermal or visible camera 
usually presents a radial falloff of intensity from the 
center of the image. This is the vignetting effect. 
When making thermograms, the vignetting effect affects 
the image, causing the corners to look warmer than they 
actually are. This is due to the location of the pixel and a 
significant temperature difference in the scene, its 
correction may require sophisticated correction models 
[Goldman 2010]. 
Taking into account this information, the capture time and 
the aperture angle of the lens, it was decided to 
superimpose each image by about 18% (Figure 3) to 
decrease the distortion caused by the lens and the 
vignetting effect, thereby avoiding to correct the images, 
with the purpose of avoiding any alteration that could 
tamper the information measured with the camera.  
Partition of the sphere 
To build a 4𝜋 thermogram, it is necessary to use a 
spherical canvas. The hemisphere partition proposed by 
Beckers (2014a) was used in this study. It allows the user 
to select the number of cells while ensuring that each one 
retains the same solid angle and aspect ratio. This 
partition provides an easy way of identifying each cell and 
its position, since its mesh is defined by parallels and 
meridians. Being an equivalent projection, (or equal-area) 
facilitates the calculation of view factors. 
Mainly used as a celestial vault to calculate daylight 
availability and shortwave energy budget on an urban 
scale, in this paper, this partition is duplicated to construct 
a sphere (Figure 2), which serves to evaluate the entire 
radiative environment at one point. 
The possibility of choosing the number of cells gives the 
opportunity to try different resolutions. The partition of 
the sphere into 40000 cells is a good compromise between 
calculation time and image quality, taking about 1 minute 
to generate each.  

 
Figure 2: Partition of a sphere in 2000 equal-area cells.  

 
Projection on the sphere 
After calibration and capture of the thermograms, they are 
assembled into a single thermogram 4𝜋. 7 images build a 
hemisphere, of which one covers the Zenith (Figure 3), 
the same process is repeated to complete the sphere.  

 
Figure 3: Construction of the hemisphere using 7 

thermograms. 
 

The position of each thermogram within the sphere was 
calculated taking into account the field of view (73° x 90°) 
and the camera positions with an angular resolution of 
0.015°. The position of each thermogram is known, so 
vectors were traced from the origin of the sphere to the 
center of each thermogram. Thermograms are treated as 
matrices of values and they are segmented into zones in 
order to lighten the calculation. Within each zone, the 
value whose location vector coincides with the center of 
the corresponding cell was searched and this was 
projected on the sphere giving as a result a sphere of 
radiometric values.  
Projection of the sphere 
To be able to observe the radiative scene surrounding a 
point, it becomes necessary to use a central projection. It 
can synthesize the scene into a sphere on which the 
radiative environment is projected. However, the sphere 
is impossible to unfold. It is therefore necessary to use a 
cartographic projection to obtain a flat image (Figure 4).  
No cartographic projection of the sphere can be both 
conformal (preserving angles) and equivalent (preserving 
areas). Moreover, no azimuthal projection can project the 
entire sphere. Other studies have represented spherical by 
means of cylindrical projections (Asano, 1996; Tamura, 
2001). However, in order to observe spherical 
thermograms and precisely quantify the impact of each 
surface of the scene, the Mollweide projection is ideal 
(Beckers, 2014b). 

 
Figure 4: Mollweide projection of Cinq Cantons’ square 

spherical photograph. 
 

The Mollweide projection is a pseudo-cylindrical 
projection that represents the complete sphere in an 
ellipse with a ratio of 2:1 between the axes.  The meridians 
are distributed equidistantly, and the latitudes are kept as 
horizontal lines. Since the Mollweide projection is 
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equivalent, it is possible to directly measure the solid 
angle of an object from the measurement point (Lapaine, 
2011). 
Longwave mean radiant temperature 
In order to quantify the mean radiant temperature, it is 
necessary to determine the area of each radiative surface 
around the measurement point. The sky is also one of 
them. For each surface, it is necessary to determine its 
emissivity and its reflection coefficient. These depend on 
the direction. 
The mean radiant temperature describes the effect of a 
complex radiant environment considering diffuse, direct 
shortwave irradiance (Di , I) [W m-2] and longwave 
irradiance (Ei) [W m-2]. 
The flux received by the pedestrian (Qtr) [W m-2] is 
affected by its position and orientation (Fi , fp) with 
respect to each of the surfaces (i=1, …, n). In addition, it 
is absorbed in a different manner according to its 
wavelength (αLW, αSW) (Höppe, 1992). 
 

𝑄#$ = 𝛼'( ∑ 𝐹+	𝐸+	 +	𝛼/( ∑ 𝐹+	𝐷+	1
234 	5

+34 + 𝛼/(	𝑓7	𝐼	 (2) 
  
In this study, only the longwave component was 
measured. The longwave radiant mean temperature was 
calculated by Stefan-Boltzmann’s law where σ is the 
Stefan-Boltzmann’s constant (σ = 5.67x10-8 [W m-2 K-4]) 
 
 𝑄#$ = 𝜀	𝜎	𝑇'(<$#=  (3) 
 
To determine the total flux received at the measuring 
point, it is necessary to integrate the fluxes emitted by the 
area of each cell (ΩR2 [sr m2]) on a sphere of radius R 
[m2]. 

 𝑄#$ =
∑>?	@AΩ	CD

=ECD
  (4) 

 
According to Tmrt’s definition, the radiant energy that 
affects the pedestrian in a complex environment is equal 
to that of a black body (ε = 1) isotherm at Tmrt [K].  
By using an equivalent partition for the sphere, the solid 
angle of each of its cells is determined by the total number 
of cells (Npatch). 

 Ω = FGHIJK
=E

 (5) 

 
Therefore, the longwave mean radiant temperature 
(TLWmrt)[°C] is calculated as the mean flux (on the 
sphere) measured with the thermal camera. 
 

 𝑇'(<$# = L
∑@A

FGHIJK

A − 273.15  (6) 

 
Different approaches make it possible to quantify the 
mean radiant temperature. The use of a globe 
thermometer is the simplest, however, its spherical shape 

is a good approximation only for a seated human, its 
response time is prolonged and considers a single 
absorption coefficient for the whole spectrum. On the 
other hand, the integral radiation measurement (Lindberg 
2008) uses 3 net radiometers to measure hemispheric 
fluxes in 6 orientations (the 4 cardinal points, the upper 
and lower hemisphere) rotating 90° in each case and with 
a resolution of 3 minutes. This method allows to consider 
different absorption coefficients for long-waves and for 
short-waves. In addition, it allows to multiply the fluxes 
by weighting values to approximate a standing person. 
The 4𝜋 thermography makes it possible to identify and 
quantify the radiation sources in each scene. Starting from 
a geometric approach, the weighting of each cell on the 
sphere by different angular factors is presented as a simple 
solution to approximate the orientation and position of the 
pedestrian. 
Study case  
The study was carried at the historical district of Bayonne, 
at the south of France, during winter.  
Selection of points of interest 
This study concerns the pedestrian, therefore the points of 
interest have been selected to observe how the urban 
configuration and design affects the thermal environment 
of the user (Figure 5). The 5 configurations meet the 
following conditions: 
 
1. Interior - solid - "opaque" 
2. Semiexterior – with different materials  
3. Exterior - intersection of several streets  
4. Exterior - narrow street 
5. Exterior - open air 
 
The measurements were made on December 29th, 2018, 
taking into account the weather conditions. The hour of 
the mesurement between 14:00 and 15:15, was chosen 
taking into account that this is the period of the day where 
the presence of the pedestrian in the street is most 
significant. Therefore, it is also the period where the study 
of the influence of the radiative environment on the 
pedestrian is of greatest interest. 

Figure 5: Chosen points of interest in the center of 
Bayonne. 
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Results and observations 

 
Figure 6: Mollweide projection of 4π photograph inside 

the Cathedral of Bayonne. 
 
The first measurement is inside the Cathedral of St. Mary 
of Bayonne, (Figure 6) a 13th century Gothic cathedral.  
The image was taken at 14h00 (Figure 7), at this moment, 
lighting conditions inside the Cathedral are unfavorable 
for the photograph, but this has no impact on the 
thermogram. The spatialization of thermal information 
allows distinguishing the contributions coming from 
people who occupied the scene during the measurement, 
from those coming from the built environment. This scene 
presents homogeneous apparent temperatures, where the 
difference is less than 5° C. This thermal behavior is due 
to the low short-wave radiation and significant thermal 
inertia of the massive stone walls and structure of the 
building. The air temperature associated with a weak 
convection coefficient, caused by its low velocity, slowly 
heats the surfaces. As a result, the globe temperature 
approaches the air temperature followed by the longwave 
mean radiant temperature. 
Despite being a homogeneous scene, it is possible to 
distinguish the slight temperature difference between the 
left and right side of the image. The left side shows a 
somewhat higher temperature, because it corresponds to 
the southern facade of the cathedral which has been 
exposed to the sun throughout the day.  
The second scene is under the Cathedral entrance, at 
Pasteur Square (Figure 8). The sky was cloudy, and the 
wind speed was low at the instant of measurement. Due 
to the presence of solar radiation (diffuse), the globe 
temperature rises above the air temperature leaving the 
longwave mean radiant temperature at the bottom. It is 
possible to observe, in the center of the image, the stone 
structure at a uniform temperature. This contrasts with the 
heterogeneous temperatures of the neighboring buildings. 
This includes walls of different thicknesses and glazed 
surfaces. The thickness and density of the material affect 
the thermal mass of the objects in the scene, whereas its 
surface characteristics, color and roughness affect the 
proportion of the transmitted, reflected and absorbed 
radiant flux with respect to the incident one (Figures 7 - 
11). This can be observed by means of thermography.  
For shortwave radiation, the color of the surface has a 
direct relation with its reflection coefficient. The impact 
of reflection on sun gains in a compact urban district has 
shown that rehabilitation at an urban scale is possible 
through architectural decisions (Beckers, 2018). 
 

 

 
Figure 7: Scene 1 - Inside the Cathedral of Bayonne. 

 
Figure 8: Scene 2 - Pasteur Square. 

 
Figure 9: Scene 3 - Cinq Cantons’ Square. 

 
Figure 10: Scene 4 - Port de Castets’ Street. 

 
Figure 11: Scene 5 - Marengo Bridge. 
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The colors and composition of the façade is of great 
importance, especially in the base of narrow urban 
canyons due to restricted access to natural lighting and 
solar inputs. 
For longwave, reflection its related to surface roughness. 
A polished metal surface produces specular reflection 
within both the visible and infrared spectrum. However, a 
rough surface can produce a diffuse reflection for the 
visible part of the spectrum and a specular reflection for 
the infrared spectrum (Figure 4, Figure 9) (Vollmer, 
2010). This behavior is due to the relationship between 
surface roughness and the wavelength of the incident 
radiation.  
The third scene shows the intersection of 5 streets in Cinq 
Cantons Square (Figure 9), where each street has a 
different orientation. In this image it is possible to observe 
that facades exposed to direct solar radiation have higher 
temperatures. The same surfaces show a decrease in 
temperature relative to the height of the façade. This is 
explained by the increase in the sky view factor. As the 
façade rises, the sky cools it.  
The fourth scene depicts a narrow street, where the sky 
view factor clearly affects the temperature of the facades 
(Figure 10). Air temperature and globe temperature in this 
scene have a difference of 1.20°C. In this image, it can be 
seen that apartments with a deficient insulation could act 
as thermal inputs towards the outdoor. In this case, the hot 
spots below the windows of the first floor of the building 
of the North façade (on the right side) can be observed. 
These correspond to the radiators mounted on the inside 
of the façade. 
The fifth scene was captured over the Marengo Bridge 
under a fairly clear sky (Figure 11). Through 
spatialization of the thermal information, it can be 
observed why the globe temperature overestimates the 
values at the poles since it can be seen that for a sphere, 
the ground has great importance since it represents almost 
90% of the lower hemisphere. Likewise, in the open air, 
the sky occupies almost the entire higher hemisphere. In 
this image, the presence of the sky has great importance. 
On the one side, it is the source of heat due to solar 
radiation in short waves. On the other side, it is a great 
source of losses by the terrestrial radiation in long waves 
(towards the sky). The spectral sensitivity (7.5-13 μm) of 
the camera causes the measured radiant temperature of the 
sky to be lower than the real temperature of the sky 
(Takagi, 1967). 
 

Table 1: Summary of measured data at each scene.  

 
 
 

Discussion and perspectives 
As discussed in this study, the radiative environment is of 
great importance to the pedestrian and the behavior of its 
infrared component is not intuitive.  
In the urban scene, the measurement of radiative flux is 
an enormous challenge due to the complex morphology 
of the environment. Here, all surfaces act as radiators 
bringing to the scene different amounts of radiant energy 
depending on their temperature, emissivity and position 
regarding the pedestrian. For this reason, Tmrt is one of the 
most important factors for thermal comfort in urban 
environments and yet one of the most problematic 
(Kantor, 2011). The radiative environment has great 
influence on microclimates. These can vary considerably 
within the same weather conditions and in certain cases 
can explain the perception by the pedestrian. 
Figure 12 shows the 3 temperature measurements 
performed in each of the 5 configurations presented in this 
study. In the first one, indoor, the temperature of globe is 
below the temperature of the air and above the longwave 
mean radiant temperature. This is explained by the low 
radiation in short waves. At this scene, the longwave 
radiant temperature controls the environment. The inertia 
of the materials in the scene causes a delay regarding air 
temperature. The next three measurements were taken 
outdoor where the portion of visible sky results in a short-
wave contribution, even with overcast skies. This brings 
the globe temperature above the air temperature while the 
radiant temperature remains below. In the last one, in the 
open air and over the Nive river, the radiant temperature 
is the lowest and the gap between it and the globe 
temperature is the largest. This is mainly explained by the 
important presence of the sky.  
When comparing air, globe and longwave mean radiant 
temperature, it is possible to observe patterns that relate 
to these different radiative environments. However, the 
globe temperature of the scene over the bridge and the 
first scene -an interior- are very similar, which hinders 
result interpretation and limits any subsequent evaluation 
if no spatial information is provided. 
The visualization of these radiative microclimates offers 
the possibility to understand them and their influence on 
the pedestrian’s perception over the thermal scene. 
 

 
Figure 12: Air, globe and longwave mean radiant 

temperatures. 
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Conclusion 
Despite the differences in wavelength, thermal and visible 
radiation are driven by the same physical laws. However, 
the behavior of the objects seen on the infrared waveband 
is less intuitive. Therefore, it appears as a new world for 
the observer, who needs appropriate methods to 
understand the phenomena. 
The human being perceives infrared radiation as heat 
coming from each surface on the scene. To describe this 
radiative environment as a whole, a strategy to study the 
scene around one point by 4π thermography has been 
developed. This approach allows to visualize the radiative 
phenomena while preserving the details of the scene. 
Other methods used to study the surroundings of a chosen 
point may fail to provide precise spatial information, 4π 
thermograms are then an efficient alternative in these 
cases since accurate information is obtained by passive 
data recollection.  
The Mollweide projection has proved to be an effective 
way to represent the whole environment, accordingly to 
the geometric laws governing thermal exchanges. 
Results show that environments where the air, globe and 
longwave mean radiant temperatures are almost 
equivalent, are be most probably found indoor. 
If shortwave radiation is significant, it becomes the 
driving factor on the balance - such as in exteriors, under 
sunny conditions-. In this case, globe and longwave mean 
radiant temperature show major differences, being globe 
temperature the highest one. 
In turn, when longwave radiation governs the scene, the 
presence of shortwave radiation is null and low wind 
speeds are registered. In this case, longwave mean radiant 
temperature depends mainly on two factors: The 
temperature difference between the interior and the 
exterior, and the thermal inertia of the bounding material. 
Using a spatialized distribution of radiation has revealed 
to be an interesting alternative to understand the radiative 
phenomena’s influence on the urban thermal balance. 
It has been shown that some scenes with differentiated 
environments may exhibit nearly the same globe 
temperature, which hinders results interpretation 
impeding any subsequent assessment. Through the 
method here proposed it is possible to recognize each 
source of radiation in the scene and its influence over the 
point of measure, permitting to go beyond bare 
quantification. This method may be therefore a useful tool 
for decision makers and urban planners. 
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Abstract 

Usually, in dynamic building energy simulation software 

the spatial distribution of air temperature within a zone, 

useful for the analysis of local comfort conditions, is not 

available. Co-simulation with CFD codes can overcome 

this problem but computational costs increase 

exponentially. In this paper, a new simplified zonal 

model, able to model in a simple way the air convective 

flows due to buoyancy forces, is proposed and 

implemented in the dynamic simulation software 

ALMABuild. The reduced CPU time required by the 

model to simulate the mass and energy exchanges among 

nodes allows an accurate analysis of multi-zone buildings 

avoiding heavy co-simulations. 

Introduction 

After the adoption of the Energy Performance of 

Buildings Directive (EU, 2010), designers are asked to 

develop buildings which are able to guarantee high 

comfort conditions but, at the same time, with lower 

consumptions of primary energy. This ambitious 

challenge can be achieved only if the designers are 

assisted by numerical tools able to fully simulate complex 

energy systems optimized for the reduction of the energy 

demand and the exploitation of renewable energies. 

Building Energy Simulation (BES) software represent the 

best tools for studying the dynamic behaviour of each 

building and HVAC component. In the most diffuse BES 

software (i.e. TRNSYS (Klein et al., 2010) and 

EnergyPlus (Crawley et al., 2000)) each thermal zone is 

characterized by a single value of the indoor air 

temperature because, typically, a one-node model is 

adopted for the evaluation of the convective heat transfer. 

This unique value of the air temperature coupled to a 

thermal zone represents the uniform value of air 

temperature obtained in presence of a perfect air mix; in 

this way, the spatial distribution of the air temperature 

within the zone is lost. As a consequence, it becomes 

impossible to use this software in order to obtain detailed 

information about the local indoor comfort conditions in 

a room.  

In order to overcome this problem, Computational Fluid 

Dynamics (CFD) analysis can be coupled to BES 

software. CFD methods enable to obtain the distribution 

of the air temperature (and velocity) in the zone by solving 

the continuum, momentum and energy balance equations 

in a number of cells (sub-volumes) in which the zone is 

subdivided. CFD results give important information about 

the air flow distribution in a room (i.e. local velocity, 

turbulence level, temperature and so on). By means of 

these detailed data one can reconstruct the local comfort 

conditions in each sub-volume. However, accurate CFD 

simulations can be time consuming and, in general, can 

require high computational costs which become 

incompatible with complete seasonal dynamic 

simulations of complex buildings and plants. 

For this reason, in the last time zonal models have been 

proposed for the local solution of the mass, momentum 

and energy balance equations in a zone. By means of these 

models, the zone is divided in a limited number of air cells 

(Wurtz et al., 1999). For each air cell, the governing 

balance equations, written in a simplified way, are solved 

with a reduced computational effort by enabling the local 

calculation of the main air parameters. In literature many 

zonal models can be found. As an example, Inard et al. 

(1996) used a zonal model with the aim to show the 

impact of 6 different heater configurations on the 

temperature field in a room. Nowadays, zonal models are 

implemented in various software, like SIM_ZONAL 

(Wurtz et al., 2003) a tool used for the evaluation of the 

thermal comfort and air flow distribution in buildings. As 

an example, Wurtz et al. (2006) used this software for the 

estimation of the impact on comfort conditions of an 

electric heater and a fan-coil. Again, Megri and Yu (2015) 

proposed a zonal model based on an upgraded pressurized 

model (POMA+) by means of which the effect of three 

different heater configurations (active surfaces) on the air 

flow pattern in a room was analysed.  

It has to be remarked that in all these works, only the 

effect of the emitter configuration on the thermal 

conditions of the room was analysed; the focus was put 

on the building model and the HVAC system was not 

taken into account (or modelled in a very simple way). Up 

to day, BES software able to carry out annual evaluations 

of the local temperature distribution in a thermal zone and, 

at the same time, to simulate the dynamic behaviour of a 

complete HVAC system is rare. In many cases, this can 

be done only by adopting co-simulation (i.e. coupling 

different software (Daoud et al., 2008)). 

For these reasons, in this paper a “simplified” zonal model 

is described and implemented in a SIMULINK library 

called ALMABuild (Campana et al., 2017). ALMABuild 

is a SIMULINK open toolbox which contains the 

dynamic model of each building element. This library can 
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be easily coupled to ALMAHVAC (Magni et al.,2017), 

CARNOT (Wemhöner et al., 2000) and other SIMULINK 

open toolbox used for the simulation of HVAC systems 

with the aim to obtain a complete model of a building-

HVAC system. 

In this way, a complete analysis of the mutual interactions 

among emitters, envelope elements and HVAC control 

system devices can be performed, enabling the evaluation 

of local comfort conditions and of energy demand for 

space heating with the adoption of a single software. 

In this paper, the adopted zonal model will be used in 

order to evaluate the impact on the air temperature 

distribution of the position of the temperature sensor in an 

office. It is demonstrated that the position of the 

temperature sensor which control the heat emission in the 

office can influence both indoor thermal comfort 

conditions and yearly energy consumptions. 

Method 

Zonal models 

Zonal models are based on a coarse spatial discretization 

of a thermal zone based on a limited number of sub-

volumes (or air cells). The air temperature of each air cell 

is assumed to be perfectly mixed and it is evaluated by 

solving a simplified energy balance in which the heat 

transfer with adjacent cells or building elements through 

the appropriate contact area is accounted for.  

Each cell can exchange with the adjacent cells mass and 

heat by means of convection. The mass conservation 

applies both considering the total air mass or the diffusion 

of the single components (like VOC, humidity, CO and so 

on).  By solving a set of coupled balance equations, the 

air temperature distribution in a room and the air flow can 

be estimated. The most critical point of a zonal model 

consists in the evaluation of the air mass flow rate 

between the cells. A widely used approach (adopted, 

among others, by Daoud et al. (2008), Haghighat et al. 

(2001), Boukhris et al. (2009) and Wurtz et al. (1999)) for 

the estimation of the air flow rate between adjacent cells,

m , is the adoption of the power law equations, whose 

general formulation is: 

 
n

dm C A P=    (1) 

where A represents the contact area of two adjacent cells 

(m2), ρ is the air density (kg/m3), ΔP is the pressure 

difference between the two cells (Pa), n is the flow 

exponent that depends on the air flow regime, and Cd is 

the discharge coefficient, that Wurtz et al. (1999) suggest 

to be a constant equal to 0.83 m s-1Pa-n. However, in more 

recent research, Teshome and Haghighat (2006) propose 

the use of variable discharge coefficient, obtained by 

means of detailed measurements or CFD analysis.  

This pressure-based zonal model is not valid in presence 

of driving flows due to jets or plume, since a net non-zero 

air velocity in a cell is not considered. Inard et al. (1996) 

for solving this problem propose the use of pressure-based 

zonal model for the so called “current zones”, whilst for 

the “driving zones”, i.e. air cells characterised by the 

presence of driving flows, specific flow laws are 

suggested. In particular, correlations for the evaluation of 

the air flow due to jet, plume and thermal boundary layer 

are proposed. Musy et al. (2002) improved this method, 

defining a threshold for the air velocity: under the 

threshold in a driving zone the same equations of a current 

zone are adopted. Nevertheless, both the methods have 

important limitations, since the most suitable correlation 

has to be selected, for each cell, before performing a 

simulation, requiring an “a priori” knowledge of the air 

flow pattern in the zone. Moreover, correlations cannot be 

changed during the simulations, which represents a 

drawback when simulating intermittent operations of 

heating systems. In fact, a correlation that is adequate for 

the plume of a heater when this is switched on may not be 

suitable when the heater is off. 

Even if the computational effort of a zonal model is much 

lower of that of a CFD simulation, up to day, there is a 

lack of a software that is able to evaluate the temperature 

distribution of a thermal zone and to simulate the 

behaviour of a HVAC system; these kind of analysis can 

be done only by using co-simulation by coupling different 

models implemented in different software, as described 

by Daoud et al. (2008). 

For these reasons, with the aim to couple directly BES 

with zonal models, in ALMABuild a simplified zonal 

model has been directly implemented. 

Description of the simplified zonal model 

The zonal model adopted in this study and implemented 

in the ALMABuild library is based on a series of air cells 

(sub-volumes) in which air temperature is obtained by 

solving a simplified energy balance.  

In order to evaluate the heat transfer among adjacent cells, 

heat transfer coefficients are associated to each contact 

area (layer). These heat transfer coefficients are 

calculated starting from a rough estimation of the mass 

flow among the cells. For each layer k the following 

energy balance is written: 

 ( ) ( )k k i j k k i jq m cp h A   = − = −   (2) 

where qk is the thermal power (W) exchanged between 

cell i and cell j (divided by the layer k), mk is the air flow 

(kg/s) through the layer k, cp is the specific heat of air 

(J/kg K), ϑ is the cell temperature (°C), h is the heat 

transfer coefficient (W/m2 K) linked to the layer k and Ak 

is the contact area between the two cells (m2). From 

equation (2) the heat transfer coefficient can be linked in 

a simplified way to the air mass flow rate across the layer 

k as follows: 

 k

k

k

m cp
h

A
=   (3) 

By knowing cp and the contact area Ak, the heat transfer 

coefficient is known if the air mass flow rate between the 

cells is defined. A simplified momentum balance is 

written for each layer in order to obtain the air mass flow 

rate under the hypothesis that air flow is assumed to be 

driven only by buoyancy forces (no forced convection) 

and considering the atmospheric pressure as reference 
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pressure. The expression of the momentum balance varies 

for horizontal or vertical layers (see Figure 1).  

 

 

(a) (b) 

Figure 1: Vertical (a) and horizontal (b) layers between 

cells 

The air mass flow rate across a vertical layer (see Figure 

1a) is estimated evaluating the position of the neutral 

point, which is the point where there is no pressure 

difference between the adjacent cells. Since only 

buoyancy forces are here considered, the neutral point is 

located at the middle height of the layer. In this way, 

following (Wurtz et al., 1999), the air mass flow rate 

across a vertical layer k can be estimated as follows: 

  
( ) ( )

1

2

1

nn

i j d

k

zC l g
m

n

  
+

+ 
=

+
  (4) 

In equation (4) Cd is the discharge factor, set to 0.83 m s-

1Pa-n as suggested in (Wurtz et al., 1999), l is the width of 

the layer (m), z is the height of the layer (m), g is the 

gravitational acceleration (m/s2) and n is the flow 

exponent, equals to 0.5 or 1 for laminar or turbulent flow 

regime respectively (Wurtz et al., 1999).  

For horizontal layers (Figure 1b) the pressure power law 

is used for estimating the air flow and the pressure 

difference between the adjacent cells is calculated by 

using the Bernoulli’s equation:  

 
2

n

i i j j

k d ij k

z z
m C A g

 


−
=   (5) 

where ρij is the mean air density (kg/m3) in cells i and j. 

The air density in each cell is evaluated according to the 

perfect gas law; since the reference pressure is assumed to 

be constant for each cell, the air density depends only on 

the temperature of the cell. 

The air flow regime (i.e. laminar or turbulent) is estimated 

evaluating the local value assumed by the Rayleigh 

number (Ra). If the Rayleigh number is lower than 109, 

the flow is considered laminar, otherwise is turbulent, in 

agreement with (Rajput, 1999). 

The heat transfer between air cells and building elements 

(e.g. walls, windows, floors, ceilings…) is evaluated by 

means of the convective heat transfer coefficients 

reported in the European Standard EN ISO 6946 (CEN, 

2007). The overall convective heat transfer coefficients 

between the air cells and a building element is estimated 

considering the surface temperature of the building 

element and the mean air temperature (Tav,air) obtained as 

average value of the air temperature values coupled to all 

the cells of the zone. 

Case Study 

An application of the zonal model described in the 

previous Section, coupled to the detailed radiative model 

implemented in ALMABuild and described in (Magni et 

al, 2019), is shown by means of a case study. The goal of 

this study is to investigate the effect of the room 

temperature sensor position on the local indoor comfort 

conditions and on the energy consumptions of the heating 

system.  

A multi-zone building located in Bologna (Italy), 

composed by three identical adjacent offices of 25 m2 (5 

x 5 m), is considered. Each office is 2.7 m height and has 

a double pane window of 1.35 m2 in the South wall, as 

shown in Figure 2. 

       

Figure 2 - Plant view of the offices. Comfort zone is 

evidenced in blue, whilst A, B and C refer to the position 

of the temperature sensor. 

The roof is horizontal with a thermal insulation layer 

(thermal conductivity equal to 0.039 W/(m K)) of 6 cm. 

External walls have an insulation layer of 8 cm. No 

insulation is provided for the internal walls which 

separate the offices; on the contrary, the slab-on-grade 

floor contains 6 cm of insulation. The U-values of the 

office envelope elements are listed in Table 1. 

Table 1: Thermal transmittance (U-value) of building 

elements [W/(m2 K)] 

Elements U-value 

External wall 0.31 

Internal wall 0.99 

Floor 0.27 

Roof 0.42 

Window 1.1 

The analysis of energy consumptions and comfort 

conditions is restricted to Office 2. In Figure 2, the blue 

central zone of Office 2 represents the area in which 

comfort conditions have to be optimized. A, B and C 

represent three different positions in which the 

temperature sensor will be placed. The coarse 

discretization of room, adopted for the definition of the air 

cells used in the model, is shown in Figure 3. Air cells of 

1 x 1 m in x-y plane (Fig. 3a), and with different heights 

(Fig.3b) are adopted.  

The room temperature sensor is 1 m from the floor and it 

is contained in the central air cell corresponding to 

position A, B, C. Position A and C are typical positions 

used for indoor sensors (i.e. close to the emitter (C) or 

close to the opposite wall with respect the emitter (A)), 

whereas position B represents the position of an “ideal” 

sensor placed in the middle of the comfort zone.  

  

  
  

C 

Office 1 Office 2 Office 3 

N 
B 

A 
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(a) (b) 

Figure 3 - Room discretization in air cells, plant view (a) 

and height discretization (b). 

 

Each room is heated by means of a radiator, located under 

the window, which releases a thermal power equal to: 

 
,

50

r

mr av air

rad el nom

T T
Q n q

− 
=  

 
  (6)                        

where qnom is the nominal power per element (103 

W/element), r is the exponent equal to 1.32 and Tmr is the 

mean temperature of the surface of the radiator. The water 

content is 1.44 l/element. The emitters are sized imposing 

a temperature difference of 10 K between inlet and outlet. 

The nominal inlet water temperature is set to 80 °C. 

According to these settings, the radiator is composed by  

12 elements. 

The heating is activated from 6:00 to 20:00 each day; 

during the night the heating system is off. The heating 

system is switched on one hour before people starts to 

work. For sake of simplicity, in this model when heating 

is switched on, radiator receives a constant inlet water 

flow, set to the nominal value. In any case, a winter set 

point of 20 °C (indoor comfort temperature), with a dead 

band of 1 K, is used in order to control the heat emission 

of the radiators. Two different control strategies are 

analysed: (i) weather compensation is adopted in order to 

vary the inlet water temperature to the radiator as a 

function of the external temperature; (ii) no weather 

compensation control but the inlet water temperature is 

considered as independent by the outdoor temperature 

(80°C).  

Results 

Numerical simulations have been performed by using 

ALMABuild for the whole heating season starting from 

October 15 to April 15 by considering the TRY data of 

Bologna.  

The indoor thermal comfort conditions in Office 2 (see 

Figure 2) during the winter season are analysed by means 

of the estimation of:  

(i) the comfort time (c), i.e. the percentage of the winter 

working time in which the operative temperature in 

the blue region of Figure 2 is between 19.5 and 

20.5°C; 

(ii) the overheating time (oh), i.e. the percentage of the 

working time during which overheating conditions 

(operative temperature greater than 20.5 °C) are 

observed in the blue region of Figure 2. 

The effects on the heating system behaviour are analysed 

by recording during simulations the following 

parameters: 

(i) the mean heating time (ton), i.e. the average heating 

time between two consecutive shutdown of the 

radiator; 

(ii) the mean shutdown time (toff), i.e. the average 

shutdown time between two consecutives on-cycles; 

(iii) the seasonal operating time (ton,y), i.e. the total amount 

of hours in which the radiator is on during the winter;  

(iv) the total energy demand (E), i.e. the energy released 

by radiators to the room. 

 
Cases without weather compensation control 

In Figure 4, the cumulative distribution of the mean 

operative temperature in Office 2 during the whole winter 

by considering only the working time (7:00-20:00 each 

day) is shown. From this Figure different cumulative 

distributions are observed for various temperature sensor 

positions. Dashed black lines are used in Figure 5 to 

represent the target band of the operative temperature 

(19.5-20.5 °C). 

  

Figure 4: Cumulative distribution of the mean operative 

temperature of the comfort zone, for cases with constant 

water inlet temperature. 

The cumulative distribution of the operative temperature 

(ϑop), when the sensor is located in A (red line) close to 

the North external wall and far from the radiator, is 

contained for a short period within the target band. The 

prevalent portion of the red line lies above the upper 

threshold value of the target band, revealing the presence 

of frequent overheating conditions.  

On the contrary, if the sensor is moved in B (blue line), 

i.e. in the middle of the comfort zone, the cumulative 

distribution of the operative temperature is contained in 

the target band for a bigger fraction of the winter working 

time. However, overheating conditions still appear with a 

significant frequency, around the 30% of the winter 

working time. 

Moving the sensor near to the South external wall close to 

the radiator (position C, magenta line), a portion of the 

cumulative distribution, similar to that observed for case 

B, is still contained into the target band, but in this case 

undercooling conditions (i.e. operative temperature lower 

than 19.5 °C) appear. Therefore, overheating conditions 

are less frequent. It should be noted that the shape of the 
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trend of the cumulative distribution of the operative 

temperature in case C and B is very similar.  

The observations deduced from Figure 4 are confirmed by 

the results collected in Table 2. In fact, it can be observed 

that the yearly comfort time is around 20% if the sensor is 

placed on the external wall (A), otherwise the comfort 

time becomes higher than 60%. Moreover, when the 

sensor is located close to the emitter (position C) 

undercooling conditions appears (20%). 

Table 2: Comfort and heating system parameters for 

cases with constant water inlet temperature. 

 c 

[%] 

oh  

[%] 

ton 

[min] 

toff 

[min] 

ton,y 

[hr] 

E 

[kWh] 

A 20.7 73.9 235 780 1061 1631 

B 69.2 27.1 27 161 461 1422 

C 62.0 18.0 22 151 401 1370 

 

Considering the heating system behaviour parameters, 

important differences between case A and B-C can be 

noted. The highest values of all the heating system 

parameters are obtained in case A: the mean heating time 

(ton) in case A is 235 minutes, that means that emitters are 

on for around 4 hours for each cycle; the emitters are then 

re-switched on after 13 hours, as revealed by the mean 

shutdown time (toff). On the contrary, cases B and C shows 

a more intermittent behaviour: ton and toff are 

approximately ten times lower than in case A. This 

different behaviour of the heating system is confirmed by 

the cumulative distribution of the number of daily on-off 

cycles of the heating system represented in Figure 5. If the 

temperature sensor is in A, no more than two on-off cycles 

are performed, whilst for half of the heating season six 

daily on-off cycles are performed if the sensor is B or C. 

  

Figure 5: Cumulative distribution of the number of daily 

on-off cycles. 

Moreover, also the seasonal operating time (ton,y) is 

affected by the temperature sensor position: locating the 

sensor in B or C the heating system is on the 40% of ton,y 

if the sensor is located in A.  

Finally, the high overheating and seasonal operating time 

observed locating the sensor close to the external wall, 

determine the highest value of the yearly energy demand.  

When the sensor is in B and C, the reduction of 

overheating conditions leads to a lower energy demand (-

13% and -16% with respect to case A). These results 

highlight that it is not recommended to place the indoor 

sensor close to cold walls (i.e. North external wall) far 

from the emitter. On the contrary, sensors close to the 

emitter on the external wall (like in the case of 

thermostatic valves coupled to radiators) are able to 

guarantee a sensible reduction of the values of the 

overheating time. 

The reason of the very different results obtained locating 

the temperature sensor in A could be explained analysing 

Figure 6, which shows the operative temperature 

distribution within Office 2 at 1 m height from the floor 

when the sensor (identified by the red dot) reaches the 

upper value of the control band (20.5 °C). 

 

(a) 

  

(b) 

 

(c) 

Figure 6: Operative temperature distribution at 1 m 

height from the floor when the sensor reaches 20.5°C: 

(a) sensor in A; (b) sensor in B; (c) sensor in C. Red 

rectangle evidences the comfort zone. 
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By comparing the distribution of the operative 

temperature shown in Figure 6, it can be noted that the 

operative temperature in correspondence of position B 

and C is very similar to the average temperature of the 

comfort zone (highlighted by the red rectangle in Figure 

6). On the contrary, the operative temperature in position 

A is always close to the lowest local value of the room. 

This means that, as it can be seen in Figure 6, when the 

sensor in position A measures an operative temperature 

equal to 20.5 °C, the rest of the room is at higher values 

of the operative temperature; this fact explains the large 

values of the overheating time observed in the comfort 

zone in case A.  

Cases with weather compensation control 

The adoption of the simplest control strategy, based on a 

constant radiator inlet water flow at a constant 

temperature, is responsible of important overheating that 

have been highlighted for each position of the temperature 

sensor.  In fact, adopting this control strategy radiators 

always release to the room the same amount of power. On 

the contrary, heat losses of the offices are variable, 

depending on the variable external conditions. Therefore, 

overheating are mainly caused by the extra power 

provided by radiators, in case of warm external 

conditions.  

For these reasons, in order to improve comfort conditions 

and to reduce the yearly energy demand, the weather 

compensation control strategy is usually adopted. By 

means of this strategy, the radiator inlet water temperature 

varies according to the weather compensation curve, 

which relates the inlet water temperature to external 

conditions, as shown in Figure 7.  

 

Figure 7: Weather compensation curve Tw,in is the 

radiator inlet water temperature and Te is the outdoor 

air temperature. 

The cumulative distributions of the mean operative 

temperature of Office 2, represented in Figure 8, for the 

different temperature sensor positions show a more 

similar shape among them, with respect to cases where 

weather compensation is not adopted (Figure 4). 

However, if the sensor is located in A, the cumulative 

distribution mainly lies over the comfort band, revealing 

again the presence of important overheating. On the 

contrary, a great reduction of overheating is observed if 

the sensor is located in B or C; the cumulative distribution 

is almost all contained within the target band. 

 

  

Figure 8: Cumulative distribution of the mean operative 

temperature of the comfort zone, adopting the weather 

compensation. 

These qualitative assessments are confirmed by the results 

reported in Table 3: when the temperature sensor is in B 

or C, the adoption of the weather compensation strongly 

reduces (about four times) the overheating time (τoh). On 

the contrary, if the sensor is placed far from the emitter 

and near the external wall (case A), the overheating time 

increases of around 7%. As a consequence, if the sensor 

is in A the comfort time (τc) is reduced (lower than 20%), 

whilst in the other cases increments of more than 10% are 

observed. 

Table 3: Comfort and heating system parameters for 

cases adopting the weather compensation. 

 c 

[%] 

oh  

[%] 

ton 

[min] 

toff 

[min] 

ton,y 

[hr] 

E 

[kWh] 

A 18.8 80.5 725 800 2369 1635 

B 85.1 7.3 132 263 1456 1378 

C 72.7 4.1 94 215 1256 1318 

 

The effect due to the sensor position on comfort 

conditions in presence of weather compensation is due to 

the heating system behaviour. Significant increase of the 

mean heating time (ton) can be noted for all sensor 

positions: +200% for case A, +390% for case B and 

+320% for case C, whereas the mean shutdown time is 

increased of +64% and +42% for cases B and C 

respectively, and only of 2% for case A. 

The increment of toff is closely related to the increment of 

ton. In fact, since radiator releases energy for long time, 

massive building elements (like walls) are able to store 

more energy, that is released to the room when radiator is 

turned off, until a thermal equilibrium with the zone is 

achieved . If the temperature sensor is in A, the mean 

shutdown time rises of only 2% because, due to the high 

response time of the heating system, even without the use 

of the weather compensation the building massive 

elements stored a great amount of energy.  

If the sensor is in A, the modulation of the power released 

by radiator leads to a higher time response of the heating 

system, causing a worsening of the comfort conditions 

even if the control system is improved. On the contrary, 

since in position B and C the heating system reacts 

quickly, the use of an improved control system leas to 
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better comfort conditions. The weather compensation 

affects also the number of daily on-off cycles, that 

becomes less frequent, as can be deduced by the 

cumulative distribution reported in Figure 9. 

  

Figure 9: Cumulative distribution of the number of daily 

on-off cycles, adopting the weather compensation. 

Related to the increment of the mean heating time, also 

the seasonal operating time (ton,y) of the heating system 

strongly increases: increment of +123%, +215% and 

216% can be observed for cases A, B and C. Finally, the 

use of the weather compensation and the consequent 

modulation of the power released by the radiator, leads to 

a reduction of the energy demand of 3% and 4% for cases 

B and C respectively. On the contrary, if the sensor is in 

A, since the overheating time is increased with respect the 

case without the adoption of weather compensation, the 

energy demand has growth of the 0.3%. 

In this study the effects of the heating system dynamic 

response on the generation system (i.e. modulating 

condensing gas boilers) is not taken into account but it is 

evident that a longer heating time means lower thermal 

losses linked to the switch-off periods of the boiler. In 

addition, the thermal power modulation (activated by the 

weather compensation) increases the condensation index 

and the heat recovery linked to the vapor condensation. 

By considering these aspects the energy saving values 

becomes more and more significant than the values shown 

in this study.    

As general conclusion, the room temperature sensor must 

be placed close to the emitters and far from the cold 

external walls, if possible. In fact, in this case the adoption 

of the weather compensation leads to higher heating 

system performance: thermal comfort conditions are 

improved and energy savings are obtained.     

 

Conclusion 

The spatial distribution of the air temperature in a thermal 

zone has important implications on both thermal comfort 

assessment and on the heating system dynamic response. 

The evaluation of the air temperature distribution by 

means of simple model that enables a complete analysis 

of comfort conditions and HVAC system behaviour is a 

challenging task. In this paper a new simplified zonal 

model is proposed. The new model enables the evaluation 

of the spatial distribution of the air temperature, by means 

of a rough estimation of the air flow, driven only by 

buoyance forces. The new zonal model, implemented in 

the ALMABuild library, has been used, as a 

demonstration of its capabilities, for the evaluation of the 

effects of the temperature sensor position on comfort 

conditions and on the heating system behaviour. The 

analysis is carried out considering three different 

positions of the temperature sensor (far from the emitter, 

in the middle of the room and near the emitter), and two 

different control strategies (constant radiator inlet water 

flow at nominal water temperature and weather 

compensation). The results of this study demonstrate that 

enhanced control strategy does not automatically 

improves performances of the control system. In fact, it 

has been proved that indoor comfort condition are 

influenced by the temperature sensor position in the room. 

In fact, if the sensor is far from the emitter, best comfort 

conditions (even if for short time) and lowest energy 

demand are obtained without weather compensation. On 

the contrary, if the temperature sensor is in the middle of 

the room or neat to the emitter, best performances (high 

comfort and low energy demand) are obtained adopting 

weather compensation.  

Future works are planned for the investigation of the 

influence of the sensor positioning by varying the emitter 

typology and configuration, control strategies and 

modelling in an accurate way the total HVAC system, 

considering also the hydraulic and the heat generation 

system, that in this case study have not been considered. 
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Abstract 
The performances and the optimal configuration of new 
semi-transparent modules for Double-Skin Façade are 
investigated through the dynamic simulation software 
TRNSYS and Radiance. A sensitivity analysis is 
conducted upon varying the: (i) material typology, (ii) 
cavity depth and (iii) transparency of the materials used 
for the modules. The analysis highlights that, in 
comparison with the base case without Double-Skin 
Façade, the new modules can improve energy efficiency 
of buildings and indoor environmental quality. The 
analysis underlines also that the performances and the 
optimal configuration are strongly dependent on the 
boundary conditions as well as the material thermal and 
visual characteristics.  

Introduction 
Taking control over the external conditions while 
bringing effective benefits in the indoor environment is a 
crucial problem in the architectural design process, 
especially today as the trends go to a widespread use of 
glazing façades and the market presents every day more 
and more solutions able to replace traditional materials 
and techniques.  

In this panorama, the building envelope becomes the first 
point to be investigated, along with the assessment of the 
new solutions behaviour.  

The envelope embodies the building appearance itself, 
while also providing important functions (Atzeri et al., 
2016; Kuhn, 2017), such as visual continuity with the 
exteriors, daylight and solar gain control and glare 
protection, which contribute to achieve a comfortable and 
healthy indoor environment as well as a good building 
energy efficiency. 

The commonly used high-glass ratio façade often suffers 
from inhomogeneities in the internal light distributions, as 
well as glare and overheating, with the last one especially 
due to the like-hood of greenhouse effect in the building 
itself. These problems of course are reflected in an 
increased energy consumption to reach and maintain an 
acceptable indoor comfort level. 

To overcome these inefficiencies, the contemporary 
architecture trend is leaning more and more towards a 
wide use of Double-Skin Façades (DSFs), thanks to their 
clean and modern look and energy-saving ability (Hoseini 
et al., 2016). However, the wide-range of possible 
solutions, coming from different ventilation strategies, 

different glazing’s characteristics, different shadings and 
cavity’s configurations (Barbosa and Ip, 2014), worsen 
the problem to effectively predict the behaviour of this 
technology, especially if the use of innovative materials is 
added to the equation. In spite of these possible variations, 
the DSFs still result as a viable option, as confirmed by 
studies such the one from Pomponi et al. (2016), which 
reviewed fifty DSF systems in temperate climates, 
showing a potential reduction of 90% for the heating loads 
and 30% for the cooling loads. Moreover, the 
interposition of an appropriate shading device or material 
could further reduce the cooling load (Baldinelli, 2009; 
Gratia and De Herde, 2007). 

In addition to DSF systems, new solutions comprehend 
the utilization of materials as plastic to improve the 
characteristics of new or existent façades. Plastic 
materials offer a lightweight and low-cost alternative to 
all-glass systems. While initially these materials where 
prone to discoloration and bad weather resistance, the 
growth in the variety produced a market scenario where is 
possible to find plastics with good/very good life-span, 
quality and resistance. Among these, there are some 
already quite used and studied solutions, as the ETFE 
(ethylene tetrafluoroethylene) which offers modulable 
light transmission and design flexibility (Mainini et al., 
2014; Mainini et al., 2016; Ahadi et al., 2016; Peach, 
2016) also in comparison with glass (Cremers, 2014; 
Monticelli et al., 2009). Moreover, the literature review 
underlines that ETFE is mostly used as air-filled cushions 
for claddings and roofs of buildings. Other materials 
instead, such as plastic fabrics and ETFE white, being 
more recent or less adopted, still have to be truly 
approached, lacking models’ representative of their 
physical behaviours. Therefore, to aid and improve the 
future architectural design, there is a need to develop 
simulation models able to represent the behaviour of these 
complex systems. 

The main objectives of this research are: i) the modelling 
of these new materials (especially for ETFE white and 
plastic fabric) and ii) the on-site assessment of the 
proposed solutions as second skin of a ventilated façade. 
Indeed, this work is a starting point in the development of 
comprehensive simulation models which integrate the 
aforementioned materials, ETFE and plastic fabric, into a 
DSF system.  

The aim is to start to investigate how a combined system 
behaves from a daylighting and energy points of view. 
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So, a sensitivity analysis is conducted by means of the 
dynamic simulation software TRNSYS 17, coupled with 
the software Radiance to assess the daylighting 
contribution, upon varying the: (i) material typology 
(Plastic Fabric, ETFE, ETFE white), (ii) cavity depth 
(0.05 m and 0.10 m) and (iii) transparency (90.4%, 33% 
and 25.8%) of the materials used for these modules. Then, 
the simulation results are compared in terms of heating 
and cooling energy demand reduction, Primary Energy 
Saving (PES), CO2 equivalent emission avoided, Useful 
Daylight Illuminance (UDI) and Spatial Daylight 
Autonomy (sDA), in order to define the optimal 
configuration and identify the system able to ensure the 
best performance. 

Simulation models 
The analysis is carried out by considering a sample room 
(test facility), 2.20 m width for 2.80 m deep and 2.40 m 
tall, with a window 1.50 m wide for 1.80 m tall centred in 
the South wall. The models are realized on the SketchUp 
3D drawing software and then exported by means of two 
different plugins, Trnsys3D and Su2rad, for thermal and 
visual simulations. Figure 1 shows the test facility 
simulation model without (used as reference) and 
equipped with the DSF. 

 

a) b) 

 

Figure 1: Test facility SketchUp 3D model a) without 
and b) equipped with the DSF. 

 

The test facility is modelled with reference to a twin test 
facilities (GEMINI) that are being built at the Department 
of Architecture and Industrial Design of the University of 
Campania “Luigi Vanvitelli”; the facility will be used for 
an on-site assessment of different solutions for DSF as 
well as for calibrating and validating the simulation model 
developed.  

The test facility has been firstly modelled (as reference 
scenario) from the thermal and visual points of view 
considering the following characteristics (as defined by 
manufacturers): i) opaque surfaces are defined by a 
thermal transmittance value (U) of 0.22 W/m2K, ii) 
window is considered with a double glazing and an high 
reflective external coating (Uwindow = 1.02 W/m2K); the 
window is modelled in WINDOW 7.5 and then imported 
in TRNSYS for thermal and visual analysis. TRNSYS is 
a simulation software widely used in current literature to 
evaluate the energy performances of buildings upon 

varying the operating scenarios (Ciampi et al., 2014; 
Ciampi et al., 2015). 

After that, a test facility equipped with a double-skin 
façade on the South wall simulation model has been 
realised. A total of six simulation cases (scenarios), 
characterised by different configurations of the DSF, have 
been taken into account, one for each of the three 
proposed materials (Plastic Fabric, ETFE, ETFE white) 
and the two cavity depth (0.05 and 0.10 m).  

Figure 2 reports the three new semi-transparent materials 
used to develop the modules for the second skin layer in 
DSFs.  

The ETFE materials are both modelled to reflect the 
characteristics provided by the manufacturers. The ETFE, 
which appears transparent clear, is declared with a visible 
solar transmittance (sol) equal to 90.4%, while the ETFE 
white, which appears opaque white (milky), is declared 
with a transmission percentage of 25.8%. As first 
approach, from the visual point of view both ETFE are 
modelled through the RADIANCE “trans” material. 

 

 
a) b) c) 

 

Figure 2: Semi-transparent materials used to develop 
the new modules for DSFs: a) Plastic Fabric, b) ETFE 

and c) ETFE white. 

 

The “trans” material model considers the glazing as a 
perfect Lambertian diffuser and assumes the solar visible 
transmittance constant for different light incident angles. 
The two plastic materials are simulated setting the amount 
of light transmitted as totally direct for ETFE and totally 
diffuse for ETFE white. From the thermal point of view, 
they are modelled using the software WINDOWS 7.5. 
The ETFE layer is modelled in WINDOWS 7.5 as a single 
glass considering the manufacturer data. In particular, two 
different models of ETFE are developed, one for the clear 
(sol = 90.4%) and another for the milky (sol = 25.8%). 
Both clear and milky ETFE models have a thermal 
conductivity equal to 0.238 W/mK and a thickness of 250 
m. The report of the software calculation is then 
exported in DOE-2 style, enlisted inside the W4-
LIB.DAT and the PRGWIN.DAT files, which contain the 
database of all the fenestration systems used in TRNSYS. 

In this work, component modules (called “Types” in 
TRNSYS terminology) are selected from the TRNSYS 
libraries and enhanced by manufactures performance data 
or information available in current scientific literature 
according to the common characteristics of the 
components used in practice prior to performing the 
simulations. 
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From the thermal point of view, the approach followed for 
modelling the DSF, realised with semi-transparent 
materials, consists of considering the cavity as an 
additional thermal zone adjacent to the thermal zone 
modelling the test cell. Both the thermal zones are 
modelled by means the “Type 56”. This “Type” uses the 
temperature of the surfaces bordering the thermal zones 
to determine the temperature of the air inside each zone. 
Then the air flow within the additional thermal zone is 
computed through TRNBuild. 

In particular, as reported in Figure 3, this additional 
thermal zone is characterised by having: i) the South wall 
as well as both the bottom and top walls fully glazed and 
ii) the East and West walls with the same thermal 
characteristics of the test cell opaque walls. The windows 
on the bottom and top walls are modelled as constantly 
open, while the window on the South wall is modelled to 
reproduce the same thermal behaviour of the materials 
used as second-skin. 

 

 
Figure 3: Schematic view of the two thermal zones used 

to model both the test cell and DSF. 

 

The plastic fabric, because of its complex behaviour, 
proved to be best represented by a geometrical model 
instead, so it was 3D modelled back in the drawing 
software, on the basis of the declared porosity percentage 
of 33%, and then simulated as a shading object from the 
thermal and the visual points of view. 

Finally, TRNSYS and Radiance where coupled by means 
of “Type DLT” (De Michele et al., 2014), in order to carry 
out thermal and daylight simulation in unison. So as to 
evaluate the effect of different boundary conditions on the 
performances and the optimal configuration of the new 
modules, two months are considered for simulations, 
January for the winter and July for the summer. The 
simulations are carried out with a timestep of 1 hour 
across the whole months. 

Table 1 shows the summary of all simulation cases 
examined in this paper, with information about the 
module material, the cavity depth and the simulation 
month. 

 

Table 1: Simulation cases. 

Simulation 
case 

Material of 
the DSF 

shading layer 

Cavity 
Depth 

(m) 

Simulation 
month 

Case 0 without DSF - 

January 
and 

July 

Case 1 Plastic Fabric 0.05 

Case 2 Plastic Fabric 0.10 

Case 3 ETFE 0.05 

Case 4 ETFE 0.10 

Case 5 ETFE white 0.05 

Case 6 ETFE white 0.10 

 

In all the cases, the sensors are set up as follow: for the 
temperatures’ trend, the data are calculated in the middle 
of the room and the cavity, while for the daylight 
illuminance values, the sensors layout is shown in Figure 
4, providing three horizontal sensors, H1, H2 and H3, 
placed 0.85 m from the floor and spaced apart 0.70 m. 
Figure 4 exhibits the layout of the simulated test facility 
with the relative position of the window and the second 
skin made with the new modules. 

 

  
Figure 4: Layout of the simulated test facility as well as 

the daylight illuminances sensors. 

Methods 
The simulations are carried out considering the facility 
located in Naples (latitude = 40°51′46″80 N; longitude = 
14°16′36″12 E). The specific EnergyPlus weather data 
file is considered to simulate the weather conditions of 
Naples. In order to guarantee a comfortable indoor air 
temperature at 20°C (in January) and 26°C (in July) an 
Electric Heat Pump (EHP), with Coefficient of 
Performance equal to 3.2, is used to supply the heating 
and the cooling energy required by the facility. The 
simulations are performed considering operational both 
cooling and heating systems during the office time, from 
9:00 to 18:00 in weekdays. 
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Energy analysis 

The energy comparison between the Base Case without 
the DSF (Case 0) and the other Proposed Cases including 
the DSF was performed in terms of primary energy 
consumption, using the index named Primary Energy 
Saving (PES): 

  BC PC BC
p p p = PES E - E E 100    

 (1) 

where PC
pE  is the primary energy associated to the 

proposed cases and BC
pE  is the primary energy associated 

to the base case, both calculated as reported below:  

 

  PC PC PC
p cooling heating PP =E E COP+E COP η  (2) 

  BC BC BC
p cooling heating PP =E E COP + E COP η  (3) 

where: 

Ecooling and Eheating are the cooling and the heating energy 
supplied to the facility, respctively; 
COP is the coefficient of performance of the electric 
chiller serving the office and assumed equal to 3.2; 
PP is the power plant average efficiency in Italy, 
including transmission losses (assumed equal to 0.42) 
(Ciampi et al., 2018). 
Environmental analysis 

The assessment of the environmental impact was 
performed in this study through an energy output-based 
emission factor approach (Chicco and Mancarella, 2008) 
in terms of global carbon dioxide equivalent emissions by 
means of the following indicator: 

 

 BC PC
CO CO CO2 2 2

 = Δm m - m  (4) 

where PC
CO2

m  is the mass of carbon dioxide equivalent 

emissions associated to the cases using the DSF and 
BC
CO2

m  is the mass of carbon dioxide equivalent emissions 

associated to the cases without the DSF.  

The values of PC
CO2

m  and BC
CO2

m  used in Eq. 4 are 

computed as reported below: 

 

  PC PC PC
cooling heatingCO2

 =m E COP + E COP   (5) 

  BC PC PC
cooling heatingCO2

 = m E COP + E COP   (6) 

where is the CO2 equivalent emission factor for 
electricity production. According to the values suggested 
Ciampi et al. (2018), referred to the Italian scenario, in 
this study,  is assumed equal to 573 gCO2/kWhel. 

Visual analysis 

The evaluation of the visual performances of the proposed 
Cases in comparison with a conventional façade without 
the DSF is made through two indices for assessing visual 

comfort: the Useful Daylight Illuminance (UDI) (Nabil 
and Mardaljevic, 2006) and the Spatial Daylight 
Autonomy (sDA) (IES, 2012). Both indices were 
calculated considering the test facility as an office 
occupied from 9:00 to 18:00 in weekdays.  

The UDI represent the fraction of the time for a specified 
period when the horizontal daylight illuminance values at 
a given point fall into a given range. Three ranges were 
defined by an upper and lower illuminance limit values, 
with the aim to identify three daylight level: (i) overlit, 
when the daylighting illuminance values are too high and 
they can cause visual discomfort; (ii) useful, when the 
daylight is able to supply a useful level of illuminance and 
(iii) underlit, when there is too little daylight. In the 
present paper, the daylight illuminance was considered 
useful when its values range from 100 lux to 2000 lux 
(Nabil and Mardaljevic, 2006). 

The UDI index is calculated according to the equation (7); 
where tj is each occupied time in the specified period, wfj 
is a weighting factor, EDaylight are the horizontal 
illuminance values on a point and Elimit are the daylight 
illuminance limit values. 

The Spatial Daylight Autonomy (sDA) is “the percent of 
an analysis area […] that meets a minimum daylight 
illuminance level for a specified fraction of the operating 
hours per year” (IES, 2012). The sDA is evaluated 
according the following equation: 

 

  limit
/ %

limit

1 if DA DA
0,1   with 

0 if DA DA

jj
z y j

jj

wf DA
sDA wf

p

  
     




 (8) 

where z is the reference illuminance level, y% is the time 
fraction, pj are the points of the calculation grid and DA 
is the Daylight Autonomy. The Daylight Autonomy (DA) 
is calculated as: 

 

  Daylight limit

Daylight limit

1 if E E
0,1   with 

0 if E E

         




j jj
j

jj

wf t
DA wf

t
 (9) 

According to the recommendation of the Illuminating 
Engineering Society (IES), in this paper the sDA300/50% is 
taken into account for daylight analyses. The sDA300/50% 
expresses the percentage of analyzed points on which the 
horizontal daylight illuminance values exceed 300 lux for 
at least 50 % of the occupied time. 

Results and discussion 
This section reports the simulation results associated to 
the cases described in Table 1 in comparison with those 
associated to the reference Case without the DSF, in terms 
of heating and cooling energy demand, Primary Energy 
Saving, CO2 equivalent emission avoided, Useful 
Daylight Illuminance and Spatial Daylight Autonomy in 
order to (i) establish their optimal configurations and (ii) 
identify the solution able to ensure the best performances. 
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Underlit jUDI wf

  (7) 

 

Figure 5 shows the cooling and the heating energy 
demand associated to the modelled facility for both 
January and July, upon varying the simulation cases.  

 

 
Figure 5: Cooling and Heating energy demand upon 

varying the simulation Case. 

 

This figure highlights that:  

 during January, in order to guarantee a comfortable 
indoor air temperature, it is necessary to provide 
cooling energy to the facility (in case of the indoor air 
temperature exceeding 26°C) when the DSF in not 
installed (Case 0) and when the second skin is 
installed with a cavity depth equal to 10 cm for both 
ETFE (Case 4) and ETFE white (Case 6);  

 during January, the heating energy needs are generally 
higher adding the DSF, with except for Cases 4 and 6 
(with a reduction of about 9.4%). However in the same 
simulation cases the cooling energy increases of about 
10.4% in comparison with the Case 0;  

 during July, whatever the material of the DSF and the 
cavity depth are, a reduction of the cooling energy is 
achieved in comparison to Case 0 (without the second 
skin), in particular this reduction ranges between 
34.9% (Cases 4 and 6) and 45.1% (Cases 1, 2, 3 and 
5). 

Figure 6 reports the values of Primary Energy Saving 
(PES) and the mass of CO2 equivalent emission avoided 
(mCO2), upon varying the simulation cases and 
simulation months. 

 
Figure 6: Values of PES and mCO2 upon varying the 

simulation Case. 

 

This figure indicates that:  

 whatever the material of the DSF and the cavity depth 
are, the values of PES and mCO2 associated to the 
month of January are always negative; this means that 
the addition of the DSF does not allow to reduce 
neither the primary energy consumption nor the 
carbon dioxide equivalent emissions, with respect to 
the Case 0 (without the DSF);  

 the worst performances (PES = -20.86% and mCO2 = 
-0.83 kgCO2) are achieved in the Cases 1, 2, 3 and 5;  

 whatever the simulation case is, the values of PES and 
mCO2 associated to the month of July are always 
positive; this means that using the DSF both the 
primary energy consumption as well as the carbon 
dioxide equivalent emissions are reduced, in 
comparison to the Case 0 (without the DSF);  

 the best performances (PES = 45.10% and mCO2 = 
5.84 kgCO2) are obtained in the Cases 1, 2, 3 and 5. 

Figures 7 and 8 exhibit the UDI values, evaluated 
respectively for January and July, on the sensors H1, H2 
and H3, upon varying the simulation Cases. The UDI 
values were calculated during office hours, considering a 
comfort range between 100 lux and 2000 lux (Nabil and 
Mardaljevic, 2006). 

From the Figure 7, it is possible to notice that:  

 the presence of a second skin allows to reduce the 
percentage of UDIOverlit, from 69.6% (Case 0) to 7.7% 
(Cases 5 and 6); 

 the percentage of UDIUseful increase at the decreasing 
of the visual transmission values of the material used 
for second skin, ranging from 29.5% (Case 0) to 
74.4% (Cases 5 and 6); 
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 the cavity depth does not influence the UDI values and 
in terms of UDIOverlit reduction, the Case 5 and Case 6 
are the best arrangement for January (UDIOverlit equal 
to 7.7%). 

 
Figure 7: UDI values evaluated for January upon 

varying the simulation Case. 

 
Figure 8 highlights that:  

 the presence of a second skin allows to reduce the 
percentage of UDIOverlit, ranging from 100% (Case 0) 
to 0% (Cases 1, 2, 5 and 6);  

 the percentage of UDIUseful increases at the decreasing 
of the visual transmission values of the material used 
for second skin, ranging from 0% (Case 0) to 100% 
(Cases 1, 2, 5 and 6);  

 the cavity depth does not influence the UDI values,  
 the Cases 1, 2, 5 and 6 allow to avoid the exceeding of 

the upper illuminance comfort threshold (2000 lux) on 
the sensors H2 and H3 and in terms of UDIOverlit 
reduction, the Case 5 and Case 6 are the best 
arrangement for July. 

The differences observed in the UDI values distributions 
calculated for January and July illuminances can be 
explained considering the position of sun in the two 
months. Indeed, in January the maximum sun elevation 
angle of about 28° allows a greater direct sunlight 
penetration inside the facility and then higher daylight 
illuminance values on the sensors than those calculated in 
July. 

In the Table 2, the sDA300/50% values calculated for all the 
simulation Cases, for both January and July, are listed. In 
this paper, the daylight is considered fulfilled if the 
illuminance values meet or exceed 300 lx for at least 50% 
of the office hours (sDA300/50%).  

The values in the table states that: (i) the presence of a 
second skin in general implies a reduction of sDA300/50% 
values while (ii) the cavity depth does not influence the 
visual index. The sDA300/50% values reduction is emphasized 
during January, during which the sDA300/50% values decrease 
from 90% (for the Case 0) to 68.1% (for the Cases 5 and 6). 
For July, only in the Cases 5 and 6, the sDA300/50% values 
decrease to 99.7%. From the table, it is possible to deduce 
that, in terms of sDA300/50% optimization and excluding the 

Case 0, the Case 3 and Case 4 are the best arrangement 
for both January and July. 

 

 
Figure 8: UDI values evaluated for July upon varying 

the simulation Case. 

 

Considering the results reported in Figures 7 and 8 as well 
as in Table 2, from the visual point of view, the optimal 
configurations among the UDIOverlit reduction, the 
UDIUseful increasing and the sDA300/50% optimization are: 

 in January, Case 1 and Case 2; 
 in July, Case 5 and Case 6. 
 

Table 2: sDA values upon varying the simulation Case. 

Simulation case sDA300/50% for 
January (%) 

sDA300/50% for 
July (%) 

Case 0 90.0 100.0 

Case 1 80.5 100.0 

Case 2 80.5 100.0 

Case 3 88.4 100.0 

Case 4 88.4 100.0 

Case 5 68.1 99.7 

Case 6 68.1 99.7 

 

Table 3 summarizes the Double-Skin Façade optimal 
configurations from the energy and visual points of view. 
The table highlights that: (i) in general the optimal 
configurations are achieved using ETFE or ETFE white 
and (ii) only for July it is possible to identify the Case 5 
ables to optimize both energy and visual performances. 

 

Table 3: DSF optimal configurations. 

Simulation month Visual analysis Energy analysis 
January Cases 1 and 2 Cases 4 and 6 

July Cases 5 and 6 Cases 1, 2, 3 and 5 

Conclusions 
In this paper the performances of new semi-transparent 
modules for the external layer of a DSF are investigated 
by means dynamic simulation software TRNSYS 17, 
coupled with the software Radiance. A sensitivity 
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analysis is conducted upon varying the: (i) materials 
typology (Plastic Fabric, ETFE, ETFE white), (ii) cavity 
depth (0.05 m and 0.10 m) and (iii) transparency (90.4%, 
33% and 25.8%) of the materials used for these modules. 

In particular, the analysis is carried out modelling a test 
facility on the base of a pair of future test facilities that are 
being built at the University of Campania “Luigi 
Vanvitelli” (Naples, Italy). On the South wall of the test 
facility virtual models, the simulation models of the new 
semi-transparent modules are added and arranged to 
realize a DSF. In order to evaluate the effect of different 
boundary conditions on the performances of the new 
modules, two months are considered, January and July for 
the winter and the summer, respectively. 

The simulation results associated to the cases with the 
semi-transparent materials for the external layer of a DSF 
are compared with those associated to the conventional 
façade without the second skin assumed as reference. In 
particular, the following four indices are calculated: PES, 
mCO2, UDI and sDA. The performed analysis highlighted 
that: 

 whatever the material of the DSF and the cavity 
depth are, the values of PES and mCO2 associated to 
the month of January are always negative (worst 
values of PES = -20.86% and mCO2 = -0.83 kgCO2); 

 whatever the simulation case is, the values of PES 
and mCO2 associated to the month of July are 
always positive (best values of PES = 45.10% and 
mCO2 = 5.84 kgCO2);  

 using the DSF the percentage of UDIOverlit reduces 
from 69.6% up to 7.7% in winter and from 100% up 
to 0% in summer; 

 the percentage of UDIUseful increases at the 
decreasing of the visual transmission values; 

 using a second skin in general imply a reduction of 
sDA300/50% values, while the cavity depth does not 
influence the visual index; 

 the optimal configurations are usually achieved 
using ETFE or ETFE white; 

 in July, the Case 5 can be identified as the best case 
able to optimize both energy and visual 
performances. 

In future works, the modelled semi-transparent materials 
for the external layer of a DSF will be calibrated and 
validated based on experimental data and, then, they will 
be used to evaluate the impact of retrofit actions on 
existing buildings from energy, environmental and visual 
points of view. 
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Abstract 

Literature review suggests that building energy 

consumption is dependent on climatic conditions and 

hygrothermal characteristics of building materials.  This 

paper summarises the impact of hygrothermal 

characteristics of building materials on energy 

consumption in context of five climate zones of India.     

Numerical simulations of a test building were conducted 

with and without consideration of moisture transfer 

through/at walls. EnergyPlus (2016) software was 

employed for hygrothermal analysis. Moisture absorption 

at the inner wall surfaces reduces indoor relative 

humidity. This reduces the heating energy requirement by 

around 20% for temperate, composite and cold climates. 

The cooling energy requirement increases in all climate 

zones but the relative increase is less than 2%.  

Introduction 

Moisture transfer through the building envelope causes 

structural damage and changes its thermal characteristics. 

The coupled heat and mass transfer phenomena across the 

envelope is highly dependent on the hygrothermal 

characteristics of building material. Material properties 

such as porosity and permeance of water in vapour and 

liquid forms dominates moisture migration 

through/around the building envelope. Hygrothermal 

simulations play an important role in predicting the 

moisture movement through the building envelope and 

therefore the energy transfer associated with it. Numerous 

authors have reported the effect of heat and moisture 

transport on energy consumption of buildings. 

Consideration of the hygroscopic interaction of spruce 

walls by Gaur and Bansal (2002) showed that the room 

temperature could be altered by 2 to 3 °C. Cooling of 

indoor air due to moisture transfer was observed by Liu et 

al. (2013). This would, in turn, affect the air-conditioning 

energy requirement. Osanyintola and Simonson (2006) 

estimated the effect of hygroscopic materials on energy 

consumption in buildings. They observed that the heating 

and cooling energy consumption can be reduced by 5% 

and 30 % respectively by employing a controlled HVAC 

system. Qin et al. (2011) predicted overestimation of 

energy costs for hot and humid climates when 

hygrothermal effects were not modelled. This would 

result in oversizing of air-conditioning plant and therefore 

its inefficient operation. Hygrothermal simulations with a 

calibrated model were carried out by Moon et al. (2014). 

Reduction in the amplitude of fluctuations in relative 

humidity was observed. The study suggested that the 

heating and cooling energy can be underestimated without 

the consideration of moisture transfer in buildings. A 

method based on simple measurements for assessing the 

moisture buffering ability of indoor surfaces and interior 

objects was presented by Janssen and Roels (2009). Tran 

Le et al. (2016) observed that moisture buffering capacity 

of building envelope and indoor objects can reduce the 

energy required for heating. Thus, previous studies 

suggest that moisture buffering has a direct relation with 

energy required for air-conditioning.  

Several materials have been explored by researchers to 

exploit moisture buffering property of different materials. 

The behaviour of bio-based material like hemp concrete 

was studied by Tran Le et al. (2010). Huang et al. (2018) 

assessed the hygrothermal performance of natural 

bamboo fibre. Liu et al. (2017) studied the buffering 

capabilities of diatomite and gypsum boards and Kang et 

al. (2018) evaluated the hygrothermal behaviour of 

gypsum boards by adding porous materials. Woloszyn et 

al. (2009a) studied the effect of combining relative 

humidity sensitive ventilation and moisture buffering 

capacity of materials on the energy efficiency in 

buildings. Maalouf et al (2015) assessed the hygrothermal 

behaviour of hemp-starch composites and studied its 

impact on energy consumption and indoor comfort. They 

found that relative humidity sensitive ventilation reduces 

the energy consumption by 11.8 %. Labat and Woloszyn 

(2016) carried out experimental and numerical studies on 

a wooden frame building vapour tight and vapour open 

walls. They found that yearly heating energy was not 

affected by relative humidity sensitive ventilation but 

smoothed the energy demand. Moisture transfer affecting 

the U-value of walls has been studied by many authors. 

Fengolio et al. (2018) assessed hygrothermal performance 

of perlite based thermal insulating plaster for energy 

retrofitting of buildings. They observed reduced U-value 

of walls due to moisture transfer. Recently, Khoukhi 

(2018) showed that the conductivity of polystyrene 

insulation material varied significantly and resulted in 8 

% increase in the cooling load with respect to the base 

case. Finally, the climate of a region determines the 

moisture response of building materials. Liu et al. (2015) 

investigated hygrothermal performance of residential 

buildings hot and cold zones China. For a test building 

with hygroscopic materials like gypsum and wood fibre, 

Zhang et al. (2017) observed a potential energy saving of 

25-30 % for temperate and semi-arid climates. It is clear 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
472

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.211000 
 



from the literature that moisture interaction in and around 

the building envelope plays an important role in 

predicting building energy consumption. The magnitude 

of this interaction is dependent on building materials, air 

change rate and climatic conditions.  

India experiences a variety of climatic conditions across 

its territories. Also, there is a high humidity period during 

the monsoon season. Studies on hygrothermal simulations 

for air-conditioned buildings with typical materials and 

different climatic zones of India have not been reported in 

the literature. In India, buildings account for more than 

20% of total energy use. The HVAC systems contribute 

to 31% of the energy used by commercial buildings in 

India. The total constructed area is expected to reach 

10,400 million square meters in 2030 (Tanmay Tathagat 

et al. (2014)). Also, the energy consumption of residential 

sector in India is estimated to increase by eight times by 

2050 (Rawal and Shukla (2014)). In this context, this 

work focusses on hygrothermal performance of an air-

conditioned building across five climate zones of India.  

Different models are available for predicting the heat and 

moisture transport of buildings. Künzel (1995) presented 

a comprehensive study of the combined heat and moisture 

transfer mechanisms. Different modelling approaches/ 

programs for analyzing moisture transport in building 

envelope were reviewed by Woloszyn et al. (2009b). 

Tariku et al. (2010a) reported a one-dimensional coupled 

heat and moisture model for multi-layered porous media. 

Apart from the component specific moisture modelling 

techniques several whole building models have been 

reported in the literature. Kunzel et al. (2005) presented a 

combined heat and moisture transfer model which 

coupled the building envelope with interior space for 

predicting indoor temperature and relative humidity. The 

effect of hygrothermal simulations on whole building 

performance has been reported in studies by Qin et al. 

(2009) and Tariku et al. (2010b). EnergyPlus (2016) is a 

widely used whole building simulation software which is 

freely available. It has different models for simulating 

heat and moisture transfer in buildings. Models like 

conduction transfer function (CTF) and conduction finite-

difference (HT) yield quick results. However, these 

models don’t consider heat and moisture transfer inside 

the building envelope. They also ignore the moisture 

absorption and desorption at wall surfaces. Nevertheless, 

these models estimate indoor relative humidity by 

conducting a moisture balance over the indoor volume. 

Moisture brought in from outdoor air 

(infiltration/ventilation) and indoor sources is considered 

in these models. As compared to the above models, 

combined heat and moisture (HAMT) model considers 

detailed moisture interaction through the building 

envelope. It also accounts for moisture transfer between 

the building walls and the surrounding environment. 

Finally, EMPD (effective moisture penetration depth) 

method is an intermediate level model which considers 

moisture penetration in the envelope but with some 

inaccuracies. Mahattanatawe and Charuchaimontri 

(2015) conducted thermal-only and hygrothermal 

simulations for a city hall in Thailand. They observed that 

the cooling energy consumption predicted by the 

hygrothermal model was 4-7% lower than the thermal-

only model. Yang et al. (2015) evaluated different models 

in EnergyPlus (2016) for evaluating moisture effect on 

building energy consumption for three different climates. 

They concluded that HAMT model is an appropriate 

choice for simulating heat and moisture transport in and 

around the building envelope. In this work, hygrothermal 

simulations are carried out with both the HT and HAMT 

models. An attempt is made to quantify the differences in 

heating and cooling energy requirement between these 

models for cities in different climate zones of India. Effect 

of different wall constructions with typical building 

materials and air change rates is also studied in this paper. 

HAMT model verification 

The HAMT and HT models of EnergyPlus (2016) have 

been previously verified in the literature (Wood et al. 

(2013), Qin and Yang (2016)). However, basic 

verification of the HAMT model is carried out in this 

study to have confidence in the results obtained 

subsequently. The verification is carried out by simulating 

the analytical cases presented by Bednar and Hagentoft 

(2005). For these cases, the BESTEST building geometry 

(Judkoff and Neymark (1995)) is simulated. The building 

is a single zone rectangular shoe-box configuration with 

dimensions of 8m x 6m x 2.7m. The walls are made up of 

a monolithic layer (150 mm) of aerated concrete. There is 

a constant air change rate of 0.5 h-1with internal moisture 

generation of 500g/h from 09:00 h to 17:00 h. The outdoor 

air temperature and relative humidity are fixed to 20 0C 

and 30% respectively. Two different scenarios are 

considered: a) completely vapour tight interior and 

exterior surfaces; b) exterior surface completely vapour 

tight with moisture absorption/desorption at interior 

surfaces. The moisture transfer coefficient for interior 

surfaces is 2x10-8 s/m. The properties of aerated concrete 

and other details of these cases can be found in the work 

aforementioned. Figures 1 and 2 show the comparison  

 
Figure 1: Room relative humidity without moisture buffering at 

walls. 

between the analytical solution of the above cases and 

their result obtained with HAMT model. The agreement 

between the result predicted by HAMT model and 

analytical solution is reasonable good. It is observed that 

the HAMT model is able to capture the moisture 

absorption and desorption at the interior wall surfaces of 

the room and therefore the indoor relative humidity 

evolution with time. 
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Figure 2: Room relative humidity with moisture buffering at 

walls. 

Test case details for parametric analysis 

In this work, the aforementioned BESTEST geometry has 

been selected for carrying out hygrothermal simulations. 

This is a basic geometry which is chosen to avoid complex 

constructional details and represent a base case for the 

physical phenomena to be studied. Several authors have 

taken this geometry for performing hygrothermal analysis 

(Qin et al. (2011), Tran Le et al.(2016), Zhang et 

al.(2017), Barclay et al. (2014)).  

The test building is conditioned from 09:00 h to 17:00 h 

with a moisture generation rate of  500 g/h. Internal gains 

of 15 W/m2 during the occupied period are assumed as per 

Zhang et al. (2017) . A constant air change rate (ACH) is 

maintained in the building throughout the day. The air 

change is varied from 0.5 to 2.5 h-1 for parametric study. 

An air-conditioning system maintains the indoor space 

temperature between 20 0C and 26 0C while the relative 

humidity is maintained between 40-60 %. To observe the 

effect of outdoor conditions, five cities in different 

climate zones of India were considered. The cities 

selected are: Ahmedabad (hot-dry), Mumbai (warm-

humid), Bangalore (temperate), Dehradun (cold) and 

Delhi (composite). Respectively, these cities/climates are 

abbreviated in this article with HD, WH, TM, CD, CM.  

Detailed hygrothermal properties of building materials 

such as porosity, initial water content, sorption isotherm, 

vapour diffusion resistance, and liquid transport 

coefficients, are required to conduct hygrothermal 

simulations. In the open literature, there is a lack of 

information about detailed hygrothermal properties of 

common building materials in India like brick and cement 

plaster. Therefore, research on hygrothermal 

characterization of typical building materials in India is 

necessary. For the current work, hygrothermal properties 

for materials such as concrete, plasterboard and spruce 

wood have been taken from the EnergyPlus (2016) 

database. The three different building wall types 

considered in this work are shown in Table 1. 

  Table 1: Wall construction. 

Wall layer materials 

(outside to inside) 

Thickness 

(mm) 

Concrete 150 

Concrete + Plasterboard 150+12 

Concrete+ Spruce 150+12 

Results and discussion 

Free-floating mode 

To identify the basic differences in HT and HAMT 

models simulations are firstly carried out in the free-

floating mode. In this mode, the building is simulated 

without any set point for indoor temperature and relative 

humidity. The cases considered are: a) concrete wall 

simulated with thermal-only model (C-HT); b) concrete 

wall with hygrothermal model (C-HAMT); c) concrete 

wall and inner spruce layer with hygrothermal model 

(C+S-HAMT). The weather conditions for these cases 

correspond to the hot and dry region of India. Figure 3 

shows the indoor relative humidity in three different 

cases.   

 
Figure 3: Indoor relative humidity for different cases. 

It is observed from Figure 3 that the indoor relative 

humidity reaches highest value of  99 % for case a. When 

HAMT model is used (i.e., case b), the maximum relative 

humidity is about 88 %. This amounts to a reduction of 10 

% when compared to case a. With the use of inner spruce 

layer, i.e., case c, the maximum humidity is limited to 82 

%. This is a difference of 16.5 % when compared to case 

a.  The difference in 3rd and 1st quartile values of indoor 

humidity reduces from 20 in case a to 15 in case c. When 

compared to case a, the reduction in difference of 

maximum and minimum values of indoor relative 

humidity for case b is 18 %. The same for case c with 

respect to case a is around 27 %. Thus, the relative 

humidity values are lower during moisture increase and 

higher during moisture reduction in the room.  

To notice the effect of moisture absorption/desorption at 

wall surfaces, difference in indoor relative humidity 

between case b and case a is calculated. This difference, 

separated in bins of different sizes is plotted against the 

corresponding hours in Figure 4. The difference in indoor 

relative humidity between case c and case a is also 

calculated and separated into bins to explore the moisture 

buffering effect of inner spruce layer. With spruce layer 

the number of hours in bin size of 2.5 to 5 reduce by 30 % 

and those in the bin size from 5 to 7.5 reduce by 12 %. 

However, in the bin size greater than 7.5 the number of 

hours increase from 503 to 1433 (i.e., by 185 %). The 

above observations can be explained by the moisture 

buffering effect of the building walls accounted in the 

HAMT model. Furthermore, this moisture buffering 

effect increases with hygroscopic nature of spruce wood. 
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This would directly reduce the heating required to reduce 

humidity if a humidity control is employed. 

 
Figure 4: Indoor relative humidity (RH) difference with HT 

and HAMT models. 

HVAC mode 

In the HVAC mode, simulations are carried out with a 

HVAC system maintaining the aforementioned set points 

for temperature and relative humidity. Firstly, the results 

for the building with 150 mm concrete walls having no 

interior surface finish are presented. Figure 5 shows the 

absolute values of increase in cooling energy and decrease 

in heating energy due to HAMT model. Cooling energy 

increases in all cases. The absolute value of this increase 

is the lowest (176 kWh) for cold climate and varies 

between 250 to 290 kWh for other climate zones. The 

total cooling energy requirement in all climates ranges 

from 15600-23000 kWh. In all cases, the relative 

percentage of increase in cooling energy due to the 

HAMT model is less than 2%.  

 
Figure 5: Difference in energy requirement between HT and 

HAMT models (concrete). 

Heating energy due to HAMT model reduces in call 

climate. Unlike the cooling energy increase, reductions in 

heating energy are substantial and vary between 18 to 42 

%. This reduction is between 68-78 kWh for hot-dry and 

warm-humid climates. For temperate and composite 

climates the heating energy reduces by around 160 kWh. 

Highest reduction, of 300 kWh, is obtained in cold 

climate.  

To investigate the effect of envelope surface area and 

volume on moisture transfer interactions, cases with 

different building sizes were simulated. With respect to 

the test case (8mx6mx2.7m), all the three dimensions are 

halved in one case and doubled in another. Both sensible 

and latent loads were added proportional to the floor area. 

Figure 6 shows the increase in cooling energy and 

decrease in heating energy with HT and HAMT models 

for hot-dry region. Irrespective of the floor area, the 

percentage increase in cooling energy due to HAMT 

model is less than 2.0 %.  The decrease in heating energy 

for smallest floor area (12 m2) is 37 % and that for the 

largest floor area (192 m2) is around 30 %. 

Figure 6: Effect of floor area on heating and cooling energy 

with and without envelope moisture transfer. 

The heating energy requirement with HT and HAMT 

models in different climate types is shown in Figure 7. 

The relative percentage decrease due to HAMT model is 

also indicated in this figure. For temperate (TM), 

composite (CM) and cold (CD) climates the relative 

differences are around 20 %. The absolute difference of 

around 300 kWh is obtained in cold climate. Although the 

relative percentages are higher for warm-humid (33 %) 

and hot-dry (42%), the absolute differences are less than 

100 kWh. Figure 8 shows the season wise heating energy 

demand for hot-dry climate with HT and HAMT models.  

 

Figure 7: Heating energy demand with and without moisture 

transfer through building envelope. 

This reduction in heating energy is higher in the relatively 

colder and drier months (November to February) when 

HAMT model is used. Similar trend is observed for other 

climate zones. To find out the reason of this observation 

simulations are carried out with both HT and HAMT 

models with temperature control only. The set points, for 

maintaining relative humidity between 40% to 60% were 

switched off. The difference in indoor relative humidity 

evaluated with HT and HAMT models is calculated and 

separated in different bin sizes. The percentage of hours 
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Figure 8: Seasonal heating energy for hot-dry climate. 

for which the above difference falls in a given bin is 

shown in Figure 9. The year is divided into three parts i.e., 

November to February, March to June, and July to 

October. The number of hours in a particular bin and 

period are also indicated. 

Figure 9: Indoor relative humidity difference with HT and 

HAMT models. 

During the relatively cold period, i.e., from November to 

February, the total number of hours in bin size between 

2.5 to 5 are 26% higher than the rest of the months 

considered together. This represents 50 % of the hours 

during these months in this bin. Also, the number of hours 

in the colder period for bin sizes greater than 5 are 198. 

This is more than twice the number of hours in rest of the 

year and amounts to around 65 % of the hours in this bin. 

Figure 10 the indoor relative humidity variation in the 

month of January. With the HAMT model, the indoor 

relative humidity values are lower than those predicted by 

the HT model. It is seen that the relative humidity without 

moisture buffering at walls, i.e., with HT model is higher 

than the HAMT model by up to 10 % and this occurs 

during the moisture generation period from 09:00 h to 

17:00 h.  

The foregoing observations show that absorption of 

moisture at walls considered in the HAMT model helps in 

regulating the indoor humidity levels. This in turn affect 

reduces the heating requirement in all climate types. The 

heating reduces in colder months when HAMT model is 

employed.  This indicates that the savings are mainly due 

to the reduction of reheating to maintain the set points of 

relative humidity. The differences in heating energy are 

lesser in months of July and August when the ambient air 

is very humid and moisture buffering is not effective due 

 
Figure 10: Indoor relative humidity without humidity control 

for first days of January. 

to saturation of the inner wall material and little scope for 

regeneration (drying) with ambient air. However, in 

relatively cooler months the effect of moisture absorption 

at walls is higher. Also, in hot and humid period, cooling 

and dehumidification reduces the reheat to be provided. 

Similar trends are observed for cities in other climate 

zones, i.e., moisture buffering is more effective in the 

relatively cooler and drier parts of the year. 

As far as the cooling energy is concerned, its increase with 

HAMT model is due to higher envelope gains. Higher 

envelope gains result from higher thermal conductivity 

due to moisture transfer in the building material. From the 

energy point of view, the HAMT model predicts 

insignificant differences in cooling energy. Similar trends 

are obtained for spaces with higher building floor/surface 

areas. One of the reasons for this could be the modelling 

of rain in EnergyPlus (2016). The energy plus weather 

(epw) files have the rain indicators which note the 

occurrence of rain and its magnitude range. By activating 

the rain indicator option, in case of surface wetting by 

rain, the liquid transport coefficients should change from 

redistribution to suction. Suction liquid transport 

coefficient, usually higher than redistribution would 

further increase the U-value of the building material. 

However, it was observed that the results of simulations 

did not change by activation of the rain indicator option. 

Effect of different interior wall finish 

The differences between thermal-only (HT) and 

hygrothermal models (HAMT) for interior finishes of 

12mm thick plasterboard and spruce over concrete are 

shown in Figures 11 and 12 respectively. With 

plasterboard finish, the reduction in heating requirement 

is maximum (283 kWh) in cold climate and minimum (3 

kWh) for temperate climate. For spruce wood interior 

finish, the reduction in heating requirement is maximum 

(241 kWh) in cold climate and minimum (44 kWh) for 

warm and humid climate. Thus, the overall trends, i.e., 

reduction in heating energy and increase in cooling 

energy, are observed for all three wall constructions. 

Direct comparison of heating and cooling energy 

requirement cannot be made between the three wall types 

because the U-value for these cases is different. However, 

differences in cooling and heating energy with climate 

type can be noticed. The energy requirements reduce with 

the use of interior finish layer.  
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Figure 11: Difference in energy requirement between HT and 

HAMT models (concrete + plasterboard layer) 

Figure 12: Difference in energy requirements between HT and 

HAMT models (concrete + spruce layer) 

Reduction in overall cooling energy requirement is shown 

in Figure 13. With plasterboard the reduction is around 10 

% and with spruce finish it is around 20 % for all climate 

types. This is due to the lower thermal conductivity of 

spruce (0.09 W/m-K) than plasterboard (0.2 W/m-K).  

The reduction in heating energy for all climates with 

plasterboard and spruce is shown in Figure 14. Unlike 

cooling energy, in this case the savings are different for 

different climates. This is because heating energy is 

related to the moisture buffering effect of the finish 

material in the respective climate. Reduction due to 

plasterboard is less than 3.5 % for temperate and warm-

humid climates. For hot-dry climate the reduction is 

around 30 % while the same for composite climate and 

cold climate are 15% and 20 % respectively. On the other 

hand, 12 mm of spruce layer with higher moisture 

buffering capacity reduces the heating load substantially 

in all the climate zones. This reduction in temperate and 

warm-humid climates is around 25 %. For hot-dry region 

the reduction is about 42 %. For the cooler composite and 

cold climates, the reduction is of the order of 31 %. 

Effect of air changes per hour (ACH) 

The effect of varying air change rate (ACH) on the 

cooling and heating energy requirements for different 

climate zones is shown in Figures 15 and 16 respectively. 

In all cases, cooling energy requirement increases with 

increase in air change rate. As expected, cooling energy is 

highest for hot-dry climate. It increases from 22800 kWh 

at 0.5 h-1to 26000 kWh at 2.5 h-1. This corresponds to an 

 
Figure 13: Reduction in cooling energy with interior finish 

material. 

 
Figure 14: Reduction in heating energy with interior finish 

material for different climate zones. 

 
Figure 15: Cooling energy with air change rate. 

increase of around 14 %. The lowest values occur in cold 

climate. In this case, when the ACH is varied from 0.5 to 

2.5 h-1, the cooling requirement increases from 15600 to 

17400 kWh.  The relative increase is about 12 %. Cooling 

energy with HAMT model is higher than that for HT 

model in all cases. However, the absolute differences vary 

between 200-400 kWh. When compared to the overall 

cooling requirement the relative differences are below 2 

%.  
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Figure 16: Heating energy with air change rate. 

The heating energy requirement also increases with 

increasing air change rate. When the air change rate is 

varied from 0.5 h-1 to 2.5 h-1, the heating energy for 

temperate, composite and cold climates increases by 

123%, 53 % and 58 % respectively. As compared to the 

HT model, the heating energy reduces when HAMT 

model is employed. For hot-dry and warm-humid 

climates, the reduction in heating energy due to HAMT 

model increases up to air change rate of 1.5. Thereafter, 

for higher air change rates the reduction in heating energy 

achieves a constant value of around 150 kWh. Similarly, 

in case of temperate climate reduction in heating energy 

is not substantial for values of air change rates more than 

1.0 achieving values of around 220 kWh. For composite 

climate (CM), the reduction in heating energy is around 

150 kWh for all air change rates. For cold climate, the 

reduction in heating energy starts reducing from 300 kWh 

at 0.5 h-1 to 200 kWh at 2.5 h-1.  

The reduction in heating energy due to moisture buffering 

is counterbalanced by need of heating due to higher air 

flow rates at lower temperatures in the cold climate. In 

other climates moisture buffering achieves its maximum 

limit and ceases to increase for higher air flow rates. As 

far as heating energy is concerned, the reduction in 

heating requirement always exits with HAMT model. One 

of the reasons of such a behaviour is the well mixed zone 

assumption and therefore a single temperature and 

relative humidity for the entire zone. Moisture buffering 

will be always calculated due to the difference in relative 

humidity of walls and indoor.  However, in reality not all 

the air volume will come in contact with the room walls 

to be able to exchange moisture. So, the differences 

between the two models could be on the higher side for 

higher air change rate.  

Conclusion 

In this work, hygrothermal (HAMT) and thermal-only 

(HT) models of EnergyPlus (2016) have been employed 

for simulating a building in five different climates of 

India. The study considers the effect of different wall 

constructions and air change rates on the heating and 

cooling requirement predicted by the above models.With 

the HAMT model, there is a reduction in heating 

requirement for all climates due to the consideration of 

moisture transfer between indoor air and wall surfaces. 

The reduction in heating energy for cold, temperate and 

composite climate could be up to 20%. The increase in 

cooling energy due to HAMT model, i.e., by considering 

moisture transfer through the envelope is less than 2% in 

all climatic conditions and wall constructions. The major 

contributors of cooling load i.e., like solar gains, internal 

gains and gains due to air change rate remain the same in 

both HT and HAMT models. Thus, from cooling energy 

point of view, the moisture transfer due to air changes 

completely outweighs the moisture transfer through the 

building envelope. As compared to plasterboard, an 

interior layer of spruce on concrete is effective in reducing 

both heating and cooling requirements for all climate 

zones. With spruce, cooling energy requirement can be 

reduced by 20 % and heating energy requirement is 

reduces in the range of 25-40 %.  
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Abstract 

The ICF (Insulated Concrete Forms) constructions, 

consisting of insulating permanent formworks filled with 

cast-in-place reinforced concrete, are widely used in 

Continental climates. The present work addresses the 

adaptation of ICF systems to the Mediterranean climate, 

by evaluating through dynamic simulation the effect of 

certain adjustments in wall layering aimed at making 

more exploitable the internal thermal mass.  The results 

show that the replacement of the internal insulating form 

with alternative materials, characterized by a higher 

thermal conductivity, allows to lower internal air 

temperature peaks up to 1.4 °C compared to standard 

ICFs, and reduce cooling energy consumption by 20%. 

The alternative solutions are also effective in terms of 

costs and construction time. Modified ICF solutions can 

be profitably used for zero energy buildings even in warm 

climates. 

  
Introduction 

Latest Standards introduced nearly Zero Energy 

Buildings (nZEBs) that require a minimum amount of 

fossil energy for their operation (Directive 2010/31/EU). 

The high efficiency is based primarily on the 

minimisation of energy requirements for air conditioning. 

Generally, the reduction of the heating demand is easily 

achievable, through an adequate envelope insulation and 

a profitable exploitation of solar gains. On the contrary, in 

climatic conditions in which the cooling demand prevails, 

the containment of energy consumption becomes more 

challenging. However, experiences of low-energy 

buildings in different climatic contexts can be found in the 

literature. For example, (Schnieders et al., 2015) analysed 

the possibility of realising Passive Houses in all the 

world’s relevant climate zones by adjusting building’s 

shape and orientation, insulation level, window quality 

and mechanical services in each individual case, 

maintaining architectural quality and internal comfort. 

(Harkouss et al., 2018) proposed best practices to reduce 

building energy demand for cooling and heating by 

improving the passive design. Twenty-five different 

climates were simulated in the study showing that an 

optimal passive solution can produce a potential saving up 

to 54% for cooling demand and up to 87% for heating 

demand, with respect to the initial configuration. Basic 

principles for the design of nZEBs in Mediterranean 

climate are provided by  (Ascione et al., 2016a).  (Ascione 

et al., 2016b) sought to identify integrated design 

procedures able to minimise both winter and summer 

energy demand of a residential case study in four 

Mediterranean cities (Madrid, Nice, Naples, Athens) and 

evidenced the difficulty of assuring high thermal comfort 

when looking for the nZEB objective. A parametric 

analysis aimed at the optimisation of the envelope of a 

passive building in South Italy is shown in (Bruno et al., 

2015) proving that a proper layering of the external 

elements can decrease cooling requirements. The design 

and monitoring of a high-performance home in 

Mediterranean climate are reported in (Causone et al., 

2017) by highlighting the key role played by the control 

of heat gains and the correct use of the thermal mass. The 

role of thermal storage capacity as a passive strategy to 

maintain internal comfort is also emphasised by 

(Rodriguez-Ubinas et al., 2014). As discussed in (Lizana 

et al., 2017) thermal energy storage is essential to 

accomplish the low-carbon energy goal in the building 

sector, allowing to reduce energy consumption and 

promote the use of renewable energy sources.   

(Fadejev et al., 2017) demonstrated how interior thermal 

mass of enough thick concrete layers can enable 

utilisation of solar and internal gains resulting in a 

significant reduction of peak loads both for heating and 

cooling and in a reduction of total energy need. (Al-Sanea 

et al., 2012) investigated the effect of amount and location 

of thermal mass in insulated building walls with the same 

nominal resistance, on total and peak transmission loads, 

time lag, decrement factor, and dynamic resistance. They 

found out that, a maximum saving in yearly transmission 

loads of about 17% for cooling and 35% for heating is 

achievable with the optimisation of the thermal mass and 

that, for a given thermal mass, external insulation gives 

better overall thermal performance than internal 

insulation. (Siddiqui et al., 2017) found that the use of 

thermal mass in Net-Zero Energy houses contributes for 

10 – 15 % to energy savings and considerably contributes 

to the comfort of the occupants. The influence of the 

thermal storage mass on summer thermal stability of a 

passive house in the Czech Republic is described by 

(Němeček and Kalousek, 2015), by analysing different 

construction variants including wooden and brick-built 

envelopes. The sensible heat stored in the building 

materials was considered and a curve illustrating the 

effectiveness of thermal mass in preventing overheating 

was drawn. Experimental and theoretical analysis of the 
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energy performance of lightweight and massive wall 

systems is presented by (Kosny et al., 2001.). Dynamic 

thermal performance of 16 alternatives for the wall 

stratigraphy was investigated for residential buildings and 

the potential energy savings were presented for ten U.S. 

climates proving that thermal mass can help in the 

reduction of building annual energy use. Therefore, 

massive building envelopes can be utilised as one of the 

simplest ways of reducing building heating and cooling 

loads. As widely known, constructions made in masonry 

or earth are able to provide the structure with a high 

thermal inertia. Furthermore, concrete has also been 

demonstrated to have suitable thermal storage capacity 

(Shafigh et al., 2018) and solutions based on Insulated 

Concrete Forms (ICFs) can represent a valid alternative to 

traditional construction methods. ICFs structures consist 

of cast-in-place concrete walls that are sandwiched 

between two layers of insulation material. This building 

system offers numerous advantages. It provides 

continuous insulation without thermal bridging, acoustic 

insulation, air sealing, waterproofing, high structural 

strength and seismic safety. Moreover, it allows fast and 

easy construction and high flexibility. Several studies 

focused on mechanical and structural properties of ICFs 

(E.Arunraj; Arun Solomon; G Hemalatha, 2014) (Arun 

Solomon and Hemalatha, 2017) (Bhatti, 2016) (Amer-

Yahia and Majidzadeh, 2012) while few works 

investigated its thermal characteristics and energy 

behaviour. The thermal response of ICF assembly 

subjected to different Canadian climate conditions was 

analysed by Maref et al., 2012. Ekrami et al., 2015a 

investigated thermal behaviour of the concrete in ICF 

walls embedding PVC pipes in order to store thermal 

energy and make it available when there is a demand, in 

particular reusing it as an input of other mechanical 

systems such as heat pumps. (Ekrami et al., 2015b) used 

a test facility to evaluate the application of Insulated 

Concrete Forms walls combined with Ventilated concrete 

Slabs in order to experimentally verify the effect of 

thermal energy storage systems on the overall 

performance of a coupled photovoltaic/thermal and air 

source heat pump. ICF technique has been widely used in 

cold climates thanks to its ability to control heat losses 

and meet higher energy code mandates with less 

complicated construction. However, its application in 

warm/hot climates is still relatively unexplored. An 

example in this direction is given by the study carried out 

by (Selvapandian A., 2014), which examined the 

feasibility of using ICFs in a hot and humid climate. 

Hygro-thermal performances of ICF walls and traditional 

concrete walls for a building in Oman were studied with 

reference to the peak summer months and the results 

indicated the ICFs are comparatively better than normal 

concrete block walls. 

The present paper deals with the use of ICF structures in 

Mediterranean climate for obtaining nearly zero energy 

buildings. Steady and dynamic thermal properties are 

determined by considering different wall layering and the 

overall energy performance of a building is evaluated. In 

particular, solutions based on the replacement of the 

internal insulation layer of the formwork with material 

characterized by higher thermal conductivity are 

examined, in order to make the activation of the thermal 

mass involved in the wall more effective. Finally, an 

economic analysis is performed in order to identify the 

most cost-effective solution, being able to reduce 

construction time and operating costs.   

 

Data and methodology 

The methodology can be divided into the following 

phases: 

 Presentation of the case study and simulation 

hypotheses 

 Detailed description of the analysed stratigraphies for 

external walls and calculation of the steady and 

dynamic thermal characteristics 

 Analysis of the results in terms of trend in indoor air 

temperature and energy requirements for cooling 

 Economic projections for the identification of the 

most cost-effective solution. 

 
Case study and simulation assumptions 

A single-family house was considered for the analysis. 

The layout of the designed building is shown in figure 1. 

The net surface is of 118.7 m2. The window to wall ratio 

is equal to 27% for the South exposure, and equal to 16% 

and 30% for the North and East exposures, respectively. 

A horizontal overhang of 1.5 m is provided on the 

windows facing South. The windows are double-paned 

(4-12-4 mm with air) with wooden frames  

(Uw=1.9 W/m2K).   

 

Figure 1. Layout of the single-family house assumed for 

energy performance assessment. 

Internal gains are calculated according to the Standard 

(UNI/TS 11300–1, 2014) and are equal to 3.80 W/m2. A 

natural ventilation rate of 0,3 ach is assumed according to 

the standard (UNI/TS 11300–1, 2014). Regarding 

climatic conditions, a weather file generated with 

Meteonorm (Meteonorm, 2017) for a city located in 

southern Italy (Cosenza) is used in the analysis. The 

maximum external air temperature is 36.4 °C, the  

maximum value of the direct normal solar radiation is 

0.997 kW/m² while the maximum value of the diffuse 

solar radiation on a horizontal surface is 0.489 kW/m².   
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Cooling Degree Day are equal to 148, referring to a 

temperature of 26 °C (UNI 10349–3, 2016). The building 

is equipped with a chilled ceiling connected to an air-

water heat pump (EER 5.5) supplied by electricity from 

the grid. 

The study focused on the evaluation of the building 

energy performance during the cooling season. For this 

purpose, energy simulations were conducted for six 

months, from 1st May to 31st October, using the 

DesignBuilder software (DesignBuilder Software Ltd,  

2016) based on the EnergyPlus engine (EnergyPlus, 

2015).  

The cooling set-point temperature was set to 26°C with 

activation of the cooling system for ten hours a day, from 

12:00 to 22:00. This operation schedule allows 

highlighting the effect of the thermal inertia of the 

building envelope. Simulation results are reported in 

terms of internal air temperature trends and electric 

energy for cooling.  

 

Description of the types of layering analysed for 

external walls 

The building is in load-bearing walls. Several types of 

external walls were analysed in the present study. All the 

considered solutions include thermal insulation in order to 

verify the limit values of thermal transmittance suggested 

by the current Italian regulations (D. M. 26 June, 2015) in 

function of the climatic zone. In particular, the location 

selected for the design of the building is within the 

climatic zone C (D.P.R. 412, 1993) and a value of  

U = 0.34 W/m2K is prescribed for the refurbishment of 

existing building envelopes. Three construction solutions 

were considered, as illustrated in figure 2, generating a set 

of seven technical alternatives in total. The thermo-

physical properties of all the materials used in the 

analysed types of wall are listed in Table 1. Table 2 shows 

the detailed stratigraphy of all the seven technical 

alternatives, while Table 3 display the steady and dynamic 

thermal characteristics of the various component 

examined.  The first wall type, named as Brick, is 

traditional brick masonry with ETICS (External Thermal 

Insulation Composite System). The second wall type, 

identified as Reference ICF (Ref ICF) consists of a 

standard ICF system. This type of construction, 

corresponding to the ICF system currently available on 

the market, uses permanent formworks consisting of 

insulation material, containing the concrete cast. The 

thickness of the insulating formworks can vary according 

to the specific needs. For the examined location, two EPS 

formworks with a thickness of 5 cm are satisfactory. 

However, this technology presents a limit due to the 

insulation layer located on the inner side that prevents full 

exploitation of the thermal mass included in the wall. For 

this reason, the third type of wall was introduced, 

assuming the replacement of the internal formwork, 

usually made of EPS or other insulating material, with 

alternative materials characterized by a higher thermal 

transmittance, in order to take greater advantage of the 

thermal mass inside the wall.   

In particular, five substitute materials were examined, 

selected among those commercially available: cellular 

concrete panel, wood-cement board, gypsum fibre panel, 

plasterboard, and glass fibre reinforced lightweight 

concrete board. These are indicated with the codes 

ranging from ICF mod_1 to ICF mod_5. All the 

considered materials can fulfil the formwork function, as 

an alternative to the EPS layer provided in the reference 

ICF wall and all these materials have a higher thermal 

conductivity than the EPS panel. 

Since the analysis was conducted assuming a constant 

thermal transmittance U, in the alternative ICF walls in 

which the internal formwork is replaced with a more 

conductive material, the thickness of the outer insulating 

layer is increased in order to reach the same thermal 

transmittance value for all the studied cases. 

 

 

 

Figure 2. Technical solutions analysed for external walls. 
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Table 1. Thermo-physical properties of the materials 

used in the wall layering. λ: Thermal conductivity 

[W/mK], ρ: density [kg/m3], cp: specific heat [J/kgK]. 

 λ  [W/mK] ρ [kg/m3] cp [J/kgK] 

Plaster 0.400 1000 1000 

Brick masonry 0.313 796 837 

Cast concrete 2.300 2300 1000 

EPS (Expanded Polystyrene) 0.034 25 1255 

Cellular concrete  panel 0.152 550 1050 

Wood-cement board 0.101 550 1506 

Gypsum fibre panel 0.320 1150 1100 

Plasterboard 0.210 900 837 

Glass fibre reinforced light 

weight concrete board 
0.173 1000 1000 

Results and discussion 

Energy performance 

The exploitation of the thermal inertia of the envelope 

allows for the reduction of the internal air temperature 

peaks and, consequently, the required maximum cooling 

power. Figure 3 shows the results obtained for free-

floating simulations. The indoor air temperature trends 

are reported together with the outdoor air temperature and 

the direct normal solar radiation. 

As can be seen from the graph, all the five alternative ICF 

wall solutions have a very similar temperature trend. This 

shows that, once the thermal insulation layer on the inner 

side (EPS, λ= 0.034 W/mK) has been removed, the use of 

one of the substitute materials considered for the internal 

formwork (0.101 W/mK < λ < 0.210 W/mK) leads to 

analogous results. 

Table 2. Detailed stratigraphy of the seven technical solutions investigated for external walls. 

Traditional brick masonry  wall with ETICS 

Code Plaster [m] EPS [m] Brick masonry [m] Plaster [m] Thickness [m] 

Brick 0.010 0.075 0.250 0.010 0.3450 

Reference ICF wall 

Code Plaster [m] 
Outer formwork 

(EPS)    [m]           

Cast concrete 

[m] 

Inner formwork (EPS) 

[m] 
Plaster [m] Thickness [m] 

Ref ICF 0.010 0.05 0.150 0.050 0.010 0.2700 

Alternative ICF walls 

Code Plaster [m] 
Outer formwork 

(EPS)    [m]           

Cast concrete 

[m] 

Inner formwork (alternative 

materials) [m] 
Plaster [m] Thickness [m] 

ICF mod_1 0.010 0.0888 0.150 Cellular concrete  panel             0.050 0.010 0.3088 

ICF mod_2 0.010 0.0882 0.150 Wood-cement board                  0.035 0.010 0.2932 

ICF mod_3 0.010 0.0981 0.150 Gypsum fibre panel  0.018 0.010 0.2861 

ICF mod_4 0.010 0.0971 0.150 Plasterboard                                0.018 0.010 0.2851 

ICF mod_5 0.010 0.0975 0.150 
Glass fibre reinforced light 

weight concrete board 
0.0125 0.010 0.2800 

Table 3. Steady and dynamic characteristics of the 

different walls. U: thermal transmittance [W/m2K],     

Yie: periodic thermal transmittance [W/m2K],                 

κi: internal areal heat capacity [kJ/m2K],                      

fa: attenuation factor [-], Φ: time shift [h]. 

Wall type 
U  

[W/m2K] 

Yie 

[W/m2K] 

κi 

[kJ/m2K] 
fa [-] ϕ [h] 

Brick 0.310 0.058 41.46 0.188 10h 1' 

Ref ICF 0.310 0.015 13.07 0.048 7h 40' 

ICF mod_1 0.310 0.027 32.72 0.087 8h 19' 

ICF mod_2 0.310 0.026 31.93 0.084 8h 21' 

ICF mod_3 0.310 0.053 62.57 0.171 7h 22' 

ICF mod_4 0.310 0.048 55.38 0.156 7h 23' 

ICF mod_5 0.310 0.051 58.09 0.164 7h 19' 

 

Table 4 details the temperature reductions that can be 

achieved by using the alternative materials for the internal 

formwork with respect to the Ref ICF wall.  

 

The most suitable solution seems to be represented by the 

gypsum fibre panel. The use of this material on the inner 

side of the wall in place of EPS, in fact, allows a reduction 

of the temperature peaks of nearly 1 ° C. Therefore, in the 

following graphs only this solution will be reported, 

defined as ICF mod_3, in order to avoid overlapping of 

temperature trends and to have clearer and more readable 

graphs. Moreover, since alternative materials offer 

comparable energy performances, the choice will then be 

oriented by economic effectiveness, addressed later in the 

paper.  

 

Table 4. Decrement of internal air temperature peaks   

[°C] achievable using the modified ICF solutions 

compared to the Ref ICF solution (free-floating 

simulation). 

ICF 

mod_1 

ICF 

mod_2 

ICF 

mod_3 

ICF 

mod_4 

ICF 

mod_5 

0.70 °C 0.67 °C 0.95 °C 0.88 °C 0.89 °C 
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Temperature profiles for the three construction typologies 

(Brick, Ref ICF, and ICF mod_3), when the cooling 

system is operating, are compared in figure 4. 

In the time interval in which the cooling system is active, 

the air temperature reaches the fixed set-point value. 

Focusing on the hours in which the cooling plant is 

switched off, a higher and faster increase of indoor air 

temperature is registered for the Ref ICF wall compared 

to the traditional brick wall and modified ICF wall, 

proving that the internal thermal mass of the Ref ICF wall 

is not adequately exploited. On the contrary, the modified 

ICF wall exhibits a higher thermal inertia with respect to 

the other two solutions and it makes possible a reduction 

of the maximum temperature peak up to 0.5 °C compared 

to the Brick wall and up to 1.4 °C with respect to the Ref 

ICF wall. Table 5 indicates the decrease in air temperature 

that can be attained using the modified ICF solutions in 

place of the Ref ICF wall. 

Table 5. Decrement of internal air temperature peaks   

[° C] achievable using the modified ICF solutions 

compared to the Ref ICF solution (simulation with 

HVAC). 

ICF 

mod_1 

ICF 

mod_2 

ICF 

mod_3 

ICF 

mod_4 

ICF 

mod_5 

0.80 °C 0.78 °C 1.39 °C 1.26 °C 1.31 °C 

 

 

 

 

Figure 3. Comparison between the internal air temperature obtained using the Reference ICF wall and the five ICF 

alternative walls for two days, 21st and 22nd July - (Free-floating simulation). 

 

 

 

Figure 4. Comparison between the internal air temperature obtained using Reference ICF, Brick, and ICF mod_3 

walls, for two days, 21st and 22nd July – (Simulation with HVAC).  
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Figure 5 displays the cooling primary energy for the entire 

simulated period and for the seven constructive 

alternatives analysed.  

As expected, the standard ICF solution involves a greater 

amount of energy for cooling compared to the traditional 

brick wall. Instead, the alternative ICF solutions allow to 

guarantee similar performances of the traditional masonry 

wall and in some case even better. This is a very 

interesting outcome because, in addition to the advantages 

obtained in terms of energy, it possible to benefit from all 

the advantages of ICF technology compared to traditional 

masonry (executive speed, ease of installation, flexibility, 

seismic safety, etc.). The percentage reductions in cooling 

primary energy for alternative ICF solutions with respect 

to the Ref ICF wall are summarized in table 6. 

 

Figure 5. Cooling primary energy for the complete 

simulated period (from 1st May to 31st October) for all 

external wall types. 

 

Table 6. Percentage reduction in cooling primary energy 

for alternative ICF solutions compared to the reference 

ICF wall. 

ICF 

mod_1 

ICF 

mod_2 

ICF 

mod_3 

ICF 

mod_4 

ICF 

mod_5 

12.9 % 11.7 % 20.2 % 19.5 % 19.4 % 

 

Regarding ventilation strategies, separate simulations 

were performed in order to explore the effect of 

introducing a nightly free cooling from 23:00 to 7:00, 

when the outdoor temperature decreases allowing to 

remove thermal energy stored in the building structure 

during the day. From this analysis, it turned out that 

nighttime ventilation decreases the difference in 

temperature between the various solutions and tends to 

equalize the energy needs. Furthermore, the current 

analysis focused only on the calculation of sensible loads, 

therefore relative humidity and latent loads were not 

considered in the present study. 

 

Economic analysis and construction times 

An economic analysis was conducted with the aim of 

assessing the cost effectiveness of the various analysed 

solutions. Firstly, the cost of construction of the walls for 

the different alternatives was estimated by referring to 

regional price lists and market survey (Regional Price 

List, 2018).  Table 7 displays the cost of construction, 

distinguishing between material costs and labour costs.  

 

Table 7. Construction cost and impact of materials and 

labour for each technical alternative. 

Wall Type 

Total 

cost 

[€/m2] 

Materials 

cost 

[€/m2] 

Labour 

cost 

[€/m2] 

Materials 

incidence 

[%] 

Labour 

incidence 

[%] 

Brick 156.54 69.60 86.94 44 56 

Ref ICF 136.74 75.23 61.51 55 45 

ICF mod_1 116.77 55.06 61.71 47 53 

ICF mod_2 119.33 57.16 62.17 48 52 

ICF mod_3 125.47 62.20 63.28 50 50 

ICF mod_4 112.42 51.50 60.93 46 54 

ICF mod_5 130.45 66.28 64.17 51 49 

 

The standard ICF system saves about 13% of the total 

construction cost compared to the traditional brick wall. 

This saving is attributable to the lower labour cost of ICF 

system as it permits a faster construction than masonry. In 

fact, in spite of the increase in material costs of 7.5%, the 

Ref ICF wall allows a saving on labour of almost 30% 

compared to the Brick wall. The construction time 

estimated based on the percentage of labour costs is, in 

fact, of 3.00 h/m2 for the brick wall while an execution 

time of 2.12 h/m2 is required for the ICF wall. Therefore, 

the reference ICF wall has a lower initial cost than the 

brick masonry wall. However, with regard to energy 

consumption, the Ref ICF wall determines a slightly 

higher annual cooling energy than the traditional masonry 

wall. In order to assess the cost-effectiveness of these first 

two solutions, discounted cash flows were calculated, 

considering a discount rate (d) of 4%, an average 

electricity cost of 0.25 €/kWh, and an inflation rate (e) of 

3%. Starting from the initial extra-cost generated by the 

brick construction, the discounted annual savings have 

been subtracted. The net present value over a period of 30 

years is negative. This means that the higher initial cost 

incurred to realize the brick construction, that consumes 

less annual cooling electricity than the Ref ICF wall, is not 

repaid by the lower running costs of the building in 30 

years. The annual saving achievable is, in fact, very low 

and does not allow to payback the investment in the time 

considered. Therefore, the Ref ICF wall is more cost-

effective than Brick wall. A very high inflation rate of 

energy costs (i.e. 10%) would lead to repay the extra-cost 

in 26 years. The two scenarios are illustrated in figure 6. 

Concerning the modified ICF solutions, these imply an 

initial expense lower than both the Brick wall and Ref ICF 

wall. The saving is, in this case, mainly due to the lower 

cost of the used materials, which are cheaper than the 

insulating material used in the Ref ICF wall. Furthermore, 

all the modified ICF walls, expect the ICF mod_2 

alternative, involve an annual energy consumption lower 

than both the Brick and the Ref ICF walls. At this starting 

benefit, the annual savings due to the lower energy cost 

spent to cool the building can be added. In order to 

identify the most economically viable solution among the 

five proposed ICF alternatives, the initial savings and the 

discounted annual saving are outlined in figures 7 and 8, 

reporting the savings of the modified ICF walls, with 

respect to the brick wall and to the reference ICF wall, 

respectively.  
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Figure 6. NPV trend of the difference in costs between 

the Brick wall and the Ref ICF wall over a 30-year 

period and upon variation of the inflation rate.  

 

Figure 7. NPV trend of the difference in costs between 

the modified ICF walls and the Brick wall over a 30-

year period (d=0.04, e=0.03) 

 

Figure 8. NPV trend of the difference in costs between 

the modified ICF walls and the Reference ICF  wall over 

a 30-year period (d=0.04, e=0.03) 

As shown in figure 7, the modified ICF walls guarantee a 

saving on the initial cost that varies from 3038 € (ICF 

mod_5) and 5037 € (ICF mod_4). The ICF mod_2 

solution presents an initial gain of 4333 €, but this 

beginning advantage is partly depleted by the increased 

annual energy consumption with respect to the brick 

masonry building. The ICF mod_1 solution has an initial 

gain of 4631 €, but the annual consumption is 

approximately equal to the Brick wall, so no significant 

additional annual earnings during the 30 years are 

registered. Among the remaining four modified ICF 

alternatives, the most cost-effective one is the ICF mod_4 

which allows for a total saving of 5658 € over 30 years. 

Regarding the comparison between the modified ICF 

solutions with respect to the Ref ICF wall (Figure 8), all 

the proposed alternatives offer savings compared to the 

Ref ICF wall, both on the initial construction cost and on 

operating cost. In particular, savings on initial cost range 

between 732 € (ICF mod_5) and 2832 € (ICF mod_4). 

Considering a 30-year period, the most advantageous 

solution is the ICF mod_4 which saves 4367 € over the 

analysed period.  

Conclusions 

The study analysed the performance of upgraded ICF 

constructions modified in order to be adapted to a warm 

climate, such as the Mediterranean. A potential 

improvement consisting in the replacement of the 

insulating internal formwork with a layer made of 

material with a higher thermal conductivity has proved to 

be successful. This solution, in fact, allows to keep all the 

advantages offered by the ICF technique (flexibility, 

seismic safety, rapid construction, waterproofing, thermal 

and acoustic insulation, limitation of thermal bridges, ease 

of technical system integration). And, in addition, it 

increases the thermal inertia of the envelope, allowing to 

better exploit the thermal storage capacity of the concrete 

mass inside the wall, which otherwise remains unused as 

it is shielded by the thermal insulation layer. Various 

alternative materials were considered in order to replace 

the internal formwork, resulting in an improved behaviour 

with respect both to a traditional brick wall and to a 

standard ICF wall. The best energy performance is 

provided by the material with the highest thermal 

conductivity (gypsum fibre panel). However, the most 

cost-effective solution is represented by the plasterboard, 

which allows considerable savings on the initial 

construction cost and a reduction of 19.5% of the annual 

cooling energy. 
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Abstract 

There are about 35 heat and mass transfer green roof 

models up to date. However, there are only four living 

wall models. Furthermore, there are very few studies on 

the impact of living walls on the building energy 

performance of buildings. Moreover, none of the living 

wall models has been validated under semiarid climate 

conditions and there is a lack of studies about the cooling 

potential of living walls in retail buildings such as 

supermarkets. This paper aims to adapt two well-known 

green roof models to be able to model the heat and mass 

transfer through living walls, validate both models under 

semiarid climate conditions, and couple both adapted and 

validated models to EnergyPlus. Therefore, the impact of 

living walls on the energy performance of an ASHRAE 

prototype supermarket located in Santiago of Chile is 

evaluated. The results show that living walls can reduce 

up to 24% the cooling loads of a supermarket, and the wall 

thermal insulation significantly diminishes the impact of 

the living wall. 

Symbol Variable name Used by 

Cp,a Air specific heat capacity Sailor 

Cf 
Bulk heat transfer 

coefficient (-) 
Sailor 

Chs 
Sensible heat bulk transfer 

coefficient at substrate layer 
Sailor 

F View factor (-) 
He et al. and 

adapted models 

H Sensible heat flux (W/m2) He et al.  

hsub , 
hconv 

Convection coefficients 

between substrate and 

foliage, respectively 

Tabares-Velasco 

& Srebric 

I Longwave radiation (W/m2) 
Sailor and He et 

al. 

k 
Thermal conductivity 

(W/mK) 
Tabares-Velasco 

& Srebric  

Kh Turbulent diffusivity (m2/s) He et al.  

KV Von Karmen constant (-) Sailor 

LAI 
Leaf Area Index of the plant 

(-) 

Tabares-Velasco 

& Srebric, Sailor 

and He et. al 

n Attenuation coefficient (-) He et al. 

q Mixing ratio Sailor 

ra, ras 
Aerodynamic resistance 

above and below the foliage 

(s/m) 

He et al.  

Rir 
Net long wave radiation 

from ground and sky (W/m2) 
Adapted models 

T Temperature (K) 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

W Wind speed (m/s) Sailor 

Waf 
Wind speed within the 

canopy (m/s) 
Sailor 

Z𝑑 Displacement height (m) 
Sailor and He et 

al. 

Z𝑜 Foliage roughness length 

scale (m) 
Sailor and He et 

al. 

Z𝑟 Reference height (m) 
Sailor and He et 

al. 

Subscripts 

af Air close the foliage Sailor 

f Foliage layer 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

g Ground Adapted Models 

s Substrate layer 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

sky Sky 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

Greek symbols 

𝜀 Emissivity (-) 
Tabares-Velasco 

& Srebric, Sailor 

and He 

ρ Density (kg/m3) 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

σ 
Stefan-Boltzman constant 

(5.67e-8) [W/m2K4] 

Sailor and He et 

al. 

σ𝑓 
Fractional Vegetation 

Coverage (-) 
Sailor 

𝜏 Long-wave transmittance 
Tabares-Velasco 

& Srebric 

µ Extinction coefficient(-) He et al.  
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Introduction 

The development of building construction in large cities 

brings problems of energy supply according to their 

needs. Buildings account for 21% of the total energy 

consumption in Chile, while HVAC represents between 

40 to 65% of the total buildings energy consumption 

according to the Asociación Chilena de Eficiencia 

Energética (2016). On the other hand, retail buildings, like 

supermarkets and warehouse stores need to reduce 

operational costs due to increasing competition. Jamieson 

(2014) shows that big-box retail stores in USA can reduce 

the energy consumption up to 30%. Accordingly, green 

envelopes are a passive design strategy that can mitigate 

the excessive use of energy from buildings. This 

technology includes roof and wall vegetated systems. In 

the case of vertical green envelopes, this consist in two 

main categories: (1) Green façades, which typically use 

climbing plants to grow vertically either directly on the 

building’s surface or by a secondary support system 

(Riley, 2017). (2) Living walls, on the other hand, are an 

infrastructure technology that consist in pre-vegetated 

vertical panels or modules. These panels are fixed to a 

frame and include an irrigated substrate that can provide 

support for a great variety of plants species (Flores et al., 

2015) However, none building simulation tool 

incorporates a heat transfer and mass model of living 

walls (herein called LWHMT models) to evaluate their 

impact on the building energy consumption. While more 

than 35 numerical heat and mass transfer models of 

vegetative roofs have been developed in the last three 

decades (Vera et al., 2018), only one model (Sailor, 

2008), has been incorporated to a building performance 

simulation tool. On the other hand, only four living wall 

models have been developed: He et al. ( 2017),  Djedjig 

et al. (2016), Malys et al. (2014) and Scarpa et al (2014). 

None of these LWHMT models has been incorporated in 

a building energy simulation tool, yet.  

Therefore, the main objective of this paper is to evaluate 

the impact of living walls on the energy performance of a 

supermarket. To do this, two numerical LWHMT models 

were developed in Matlab® based on adaptations of the 

green roof models of Tabares and Srebric (2012) and 

Sailor (2008). Both LWHMT models were validated 

against experimental data for the foliage and surface 

substrate temperatures of a living wall located at the 

Laboratory of Vegetative Infrastructure of Buildings of 

the Pontificia Universidad Católica de Chile (Santiago of 

Chile). Then, one of these models was coupled to 

EnergyPlus to evaluate the impact of this technology on 

the energy performance of a supermarket located in 

Santiago of Chile.  

Comparison of green roof and living wall 

models  

According to Tabares-Velasco & Srebric (2012) a 

complete model should cover all the main phenomena of 

heat and mass transfer. In addition, they mention that the 

main differences between the developed models of green 

roofs correspond to the factors that affect the thermal 

conductivity of the substrate, plants stomatal resistance 

(transpiration) and the convective heat transfer 

coefficients. The same aspects are relevant in modeling 

the heat and mass transfer in living walls, but in 

comparison with green roof models, the longwave 

radiation absorbed by plants as well as the convective heat 

transfer are identified as key processes that need to be 

analyzed for living walls. This section focuses on 

comparing both phenomena between green roof models 

of Tabares-Velasco & Srebric (2012) and Sailor (2008) 

with the living wall model of He et al. (2017).  

View Factor 

The view factor is an important parameter that vary 

among GRHMT and LWHMT models, which influences 

the longwave radiation absorbed by the canopy. The most 

important difference found corresponds to the 

incorporation of one more component in the equation of 

longwave radiation absorbed by plants, which 

corresponds to the effect of longwave radiation from the 

ground, represented through the view factor Fg, as shown 

in Table 1 (He et al. 2017). This factor depends of the 

living wall position with respect to the ground, which is 

usually perpendicular.  On the other hand, GRHMT 

models only consider the sky incidence.  

Table 1: Equations for longwave radiation absorbed by 

plants 

 

Convection  

Table 2 shows the equations for calculating convection in 

the studied green roof and wall models. The main 

differences between the roof and wall models is the 

factors that multiply the temperature differences between 

the substrate and air close de canopy for the substrate 

sensible heat flux, and the factor multiplying the 

temperature difference between the canopy and the air 

close the canopy for the foliage sensible heat flux. 

Table 2: Equations for calculating convective heat 

transfer 

Tabares-Velasco & Srebric used a robust model to 

represent the convective heat transfer based in an 

experimental study developed by Wang (1982), which 

Model Equations 

Tabares-Velasco & 

Srebric 
(1 − τf)ε𝑓σ(Tsky

4 − Tf
4) 

Sailor σ𝑓ε𝑓(Isky − σTf
4) 

He et al. 
Fgε𝑔ε𝑓σ(Tg

4 − Tf
4) + Fskyε𝑓(Isky

− σTf
4) 

 

Model 
Equations 

𝐇𝐟 𝐇𝐬 

Tabares-

Velasco 

& 

Srebric 

1,5LAI hconv(Taf − Tf) hsub(Taf − Ts) 

Sailor 
1.1LAIρafCpaCfWaf(Taf

− Tf) 

ρasCpaChg Waf (Taf
− Ts) 

He et al. LAIi(ρCp)a
(Taf − Tf)

ra
 (ρCp)a

(Taf − Ts)

ras
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determined equations to represent the Nusselt number for 

natural, mixed and forced convection for a horizontal flat 

plate (see Table 3). On the other hand, Sailor and He et al. 

used an approach to model convection by calculating the 

aerodynamic resistance.  

Adapted LWHMT model 

This section includes the main modifications made to the 

green roofs heat and mass transfer models (herein called 

GRHMT models) to represent properly the heat and mass 

transfer phenomena through living walls.  

Longwave Radiation Absorbed by Plants 

Equation 1 represents the longwave radiations absorbed 

by plants in the case of a vertical surface. As He et al. 

(2017) indicate, this type of radiation depends of the sky 

and the ground view factors.  

Rir = σϵfFground(Tf
4 − Tground

4) + σϵfFsky(Tf
4 −

Tsky
4)      (1) 

where, Fground and Fsky represent the view factors. 

According to Walton (1993), the value of both factors is 

0.5 for a vertical surface. Also, the ground surface 

temperature (Tground) is assumed the same as the air 

temperature (Taf). 

Table 3: Equations for calculating aerodynamic 

resistance 

Convective Heat Transfer Coefficient 

To model heat transfer convection in green roofs, 

Tabares-Velasco & Srebric (2012) based their study in an 

approach of convective heat transfer between the air and 

a horizontal flat plate. This is an approximation, because 

this approach neglect the roughness of the vegetation. To 

model living walls is necessary to adapt the equations of 

green roof models for a vertical flat plate. Churchill 

(1977) studied the interaction of air and vertical flat plates 

and determined the dimensionless number of Nusselt for 

the three different cases: natural, forced and mixed 

convection (see Eq. 2, 3 and 4).  

 NuxF =
0,339Re1/2Pr1/3

(1+2(
0,0468

Pr
)

2
3)

1/4      forced convection  (2) 

 NuxN =
0,503Ra1/4 

(1+(
0,0492

Pr
)

9
16)

4/9       natural convection  (3) 

 Nun = NuF
n + NuN

n    mixed convection   (4) 

Re, Pr and Ra correspond to Reynolds, Prandtl and 

Rayleigh dimensionless numbers, respectively. The “n” 

factor of Equation 4 depends on the surface 

characteristics. According to Churchill (1977), n = 3 is 

the most accepted value for vertical flat plates. Then, to 

calculate the mixed convection, it is necessary to obtain 

forced and natural values of Nusselt previously. However, 

it is also necessary to define ranges for each convection 

phenomenon. Chen et al. (1986) established the limits for 

mixed convection in vertical flat plates, which 

corresponds to 0,07 < Grx/Rex
2 < 7,5. Therefore, 

forced convection occurs when Grx < 0,07Rex
2 and 

natural convection when 7,5Rex
2 < Grx. This approach is 

considered for the LWHMT model. 

Based on these changes, two LWHMT models were 

obtained adapting the GRHMT models of Tabares-

Velasco & Srebric (2012) and Sailor (2008). 

It is important to note that these adapted models do not 

consider the incidence of plants roughness. There are 

some studies about convective heat transfer on vegetative 

surfaces (Massman, 1987; Otterman et al., 1993; Blümel, 

2002) which can be considered in the future. 

Validation under Semiarid Climate 

Conditions 

Both LWHMT models were validated against 

experimental data for the foliage and surface substrate 

temperatures of a living wall located in Santiago at the 

Laboratory of Vegetative Infrastructure of Buildings of 

the Pontificia Universidad Catolica de Chile. Santiago is 

characterized by a semiarid climate (Bsk) according to 

Köppen-Geiger climate classification, which establishes 

different climate categories around the world (Kottek et 

al. 2006). The experimental data used for validation 

correspond to the foliage and substrate surface 

temperatures during March (summer months) and July 

(winter month). 

Three metrics are used to validate the two LWHMT 

models. First, scatter plots represent the relation between 

the simulated and measured values of the substrate and 

foliage temperatures. Second, Root-Mean Square 

Deviation, RMSD (Eq. 5), is a measure of the difference 

between values simulated versus measured. In this case, 

this value represent a temperature in Celsius degrees. 

Finally, the Normalized Mean Bias (NMB), given by Eq. 

6, indicates if the model overestimate or underrate the 

predicted values of the substrate and foliage temperatures, 

where N is the number of time-steps.  

 RMSD = √∑ (T°simulated−T°measured)
2N

i=1

N
     (5) 

 NMB =
∑ (T°simulated−T°measured)
N
i=1

∑ Xmeasured
N
i=1

x100   (6) 

Results of validation 

Figures 1 and 2 plot the experimental and simulated 

foliage temperature using the adapted LWHMT models of 

Tabares-Velasco & Srebric (T-V & S) and Sailor during 

a summer month (March) and a winter month (July) in 

Santiago of Chile, respectively. 

Model Equations 

Tabares

-

Velasco 

& 

Srebric 

Nu

=

{
 
 

 
 3 + 1,25 ∙ 0,025Re0,8                Gr < 0,068Re2.2 

2,7 (
Gr

Re2.2
)

1
3

(3 ∙
15

4
+
15

16
∙ 0,0253Re0,8)    0,068Re2,2 < Gr < 55,3Re5/3

0,15Ra1/3                                 55,3Re5/3 < Gr

 

hconv = 1,5Nu ∙ ka/L1 

Sailor 

Waf =0,83σfW√Kv
2 (ln(

Zr−Zd

Z0
))

−2

+ (1 − σf)W 

ra = 
1

cfWaf

 

He et al. 
ra =

1

µ2W
(ln(

Zr − Zp
Z0

)) 2 

ras =
Hexp(n)

nKh
(exp (

−nZ0
s

H
) − exp (

−n(Z0+Zd)

H
))  
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Table 4: Summary of RMSD and NMB values. 

Month Media Model 

RMSD 

(°C) 

NMB 

(%) 

March 

Foliage 
Sailor 1.16 1.75 

T-V & S  0.7 10.68 

Substrate 
Sailor 0.42 3.08 

T-V & S 1.36 19.18 

July 

Foliage 
Sailor 2.96 -10 

T-V & S 2.86 -8.6 

Substrate 
Sailor 0.65 0.55 

T-V & S 0.66 5.57 

It is possible to notice that exist a better agreement 

between the simulated and experimental data for March 

in comparison with July. This is clearer after analyzing 

the RMSD values for both months in Table 4. 

Furthermore, Tabares-Velasco & Srebric adapted model 

presents a NMB of 10.68% in March and -8.6% in July, 

while Sailor adapted model results present a NMB of 

1.75% in March and -10% in July. These results mean that 

both models overestimate the foliage temperature in 

summer and underestimate it in winter. 

 

Figure 1: Simulated vs. measured foliage temperatures, 

March 2017. 

 

Figure 2: Simulated vs. measured foliage temperatures, 

July 2017. 

Figures 3 and 4 show the results of the substrate 

temperature obtained from both LWHMT models and 

experimental data. These results agree better than that for 

the foliage temperature. The adapted Sailor LWHMT 

model outperforms the adapted Tabares-Velasco & 

Srebric model in March, whereas, both LWHMT models 

predict substrate surface temperatures close to the 

experimental data in July. 

Furthermore, each Figure shows the correlation value R 

and the determination coefficient R2, whose values of 

every single case are greater than 0.9 and 0.82, 

respectively. Results present R-values close to 1, which 

implies a very high positive correlation between the 

simulated and measured data. On the other hand, a high 

value of R2 indicates a good quality of the model to 

estimate foliage and substrate temperatures respect to the 

measured data. The best correlation for the foliage 

temperature occurs on March (Figure 1), and for the 

substrate temperature occurs on July (Figure 4). 

 

Figure 3: Simulated vs. measured substrate 

temperatures, March 2017. 

 

Figure 4: Simulated vs. measured substrate 

temperatures, July 2017. 

LWHTM models coupled with EnergyPlus 

The two adapted LWHMT models are able to predict the 

thermal performance of living walls. Nevertheless, it is 

needed to couple these models developed in Matlab with 

EnergyPlus to evaluate the impact of living walls on a 

supermarket energy performance, which is located in 

Santiago of Chile. Coupling of the LWHMT models and 
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EnergyPlus was done via MLE+. This tool corresponds to 

a package of functions whose objective is to exchange 

variables previously defined between Matlab and 

EnergyPlus. In this study, the defined variable was the 

external wall temperature of the supermarket building, 

which was replaced by the substrate temperature in 

contact with the wall, as a boundary condition for 

EnergyPlus. Then, the energy simulation program 

calculates the heating and cooling loads considering the 

new boundary condition in each time step of simulation. 

The evaluated supermarket was an ASHRAE stand –alone 

retail prototype building of Albuquerque (USA) due to 

Santiago of Chile shows the same Köppen climate 

classification (Bsk). Therefore, weather data corresponds 

to Santiago city. The .idf file of the prototype building was 

updated in 2016 and none of its construction features was 

modified in this study. Three different cases were studied: 

(1) the base-case prototype building; (2) living walls on 

the north, east and west façades of the base-case building, 

thus thermal insulation layer of the walls remains; and (3) 

the same as (2) but thermal insulation layer of the north, 

east and west walls is not included. These cases are called 

(1) base-case, (2) living walls + insulated walls, and (3) 

living walls + uninsulated walls, respectively.  

Table 5: Walls thermal resistance of the base case. 

Layer Material 
Thermal Resistance 

(m2K/W) 

Inner Concrete Wall 0.088 

Intermediate Wall Insulation 5.310 

Outer Gypsum 0.079 

Table 5 indicates the thermal resistance of each layer of 

the base case. The material of the inner layer corresponds 

to concrete, which presents a low thermal resistance such 

as the outer one (gypsum). The intermediate layer is de 

insulation, which has a high thermal resistance equal to 

5.31 m2K/W. For the uninsulated walls case, 

intermediated layer is not considered.  

Finally, the main plants and substrate parameters used in 

this study are indicated in Table 6. These properties and 

characteristics correspond to inputs for the LWHMT 

models. 

Table 6: Plants and substrate parameters. 

Parameter Value Units 

Plants 

LAI 4 (-) 

Fractional vegetation 

coverage 
100 (%) 

Minimum stomatal 

resistance 
500 s/m 

Substrate 

Thickness 0.2 M 

Wilting point 0.03 m3/m3 

Field capacity 0.1 m3/m3 

Dry thermal conductivity 0.1 W/mK 

Dry density 446 kg/m3 

Dry specific heat 1190 J/kg 

Results and discussion of cooling and heating loads 

The LWHMT model adapted from Tabares-Velasco & 

Srebric GRHMT model was used to perform all the co-

simulations. Figure 5 shows the heating and cooling loads 

(kWh/m2year) of the prototype supermarket located in 

Santiago of Chile for the three cases indicated previously. 

The results show that the supermarket cooling and heating 

loads are reduced by 3.3% and 23.7% for the insulated 

and uninsulated supermarket walls in comparison with the 

base case, respectively. 

 

Figure 5: Demanded loads for heating and cooling. 

Moreover, these results evidences the insulation of the 

supermarket walls significantly reduce the effect of the 

living walls, which is a similar results to those obtained 

by Vera et al. (2017) for insulated green roofs in a 

supermarket. 

Conclusion 

The main objective of this paper was to evaluate the 

impact of living walls on a supermarket energy 

performance under semiarid climate conditions. To do 

this, two heat and mass transfer living walls (LWHMT) 

models were developed based on adaptations of the green 

roofs models of Tabares-Velasco & Srebric (2012) and 

Sailor (2008). Both LWHMT models were programmed 

in Matlab environment, validated against extensive 

experimental data, and coupled with EnergyPlus.  

The main conclusions of this research are that: 

 Significant reductions of the cooling loads can 

be obtained by implementing living walls, 

which are around 24% lower than that for the 

basecase building. 

 Wall insulation strongly reduce the impact of 

living walls on the supermarket energy 

performance. Then, living walls have a higher 

cooling potential than wall insulation for the 

studied prototype supermarket under semiarid 

climate conditions. 
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Abstract

In this paper, the impact of variable air flow rate on
the performance of the solar collector function of the
Climate Curtain is evaluated. Climate Curtain is a
new type of window curtain developed by the com-
pany Climate Curtains AB in Sweden. This curtain
consists of several layers of stagnant air, and the solar
collector function of this curtain captures some part
of solar radiation striking the window; warmer air is
forced into the room by fans mounted inside the cur-
tain. The paper presents general and handy formulas
which can be used to determine the impact of the
curtain and its solar collector function, on the total
net heat gain in the room. The solution presented
is applicable on similar vertical air gaps to evaluate
energy performance.

Introduction

According to the international Energy Agency, build-
ings account for approximately 40 % of the global de-
mand for energy (Zhao and Magoulès, 2012). In most
of the cases windows are the weak spots of the build-
ing envelope concerning the energy performance, and
for heated buildings, windows stand for a tremendous
amount of energy losses. At the moment, several new
and innovative types of energy efficient windows are
developed and available on market. However, there
are still a large number of old buildings all around the
world, where windows with high U-values are used.
Additionally, many buildings such as schools, offices
and recreational homes are, on average, used actively
for only a fraction of a year. By covering windows
with the Climate Curtains, when buildings are empty,
the U-values of windows can be improved without re-
placing the windows by new and expensive ones.
In this paper the energy efficiency, and in particular
the positive impact of the solar collector function of
the Climate Curtain is in focus.

Design of the Climate Curtains

In the design of the Climate Curtains, a curtain rod
with 8 layers of textile, creating 7 layers of stagnant
air with an approximate width of 10-15 mm, are used.

Two different designs of the Climate Curtains have
been presented by the developer company. In the
default design, the air gaps of the curtain are used
as additional thermal insulation for the window and
the upper and lower ledges are completely air tight
(Karim, 2018). In the second conceptional design of
the curtain, one additional feature is included. Fig-
ure 1 shows the details of the design of the Climate
Curtain studied in this paper. As seen, the external
black surface is utilized to capture a fraction of so-
lar radiation striking the window and curtain. The
heated air is circulated back into the room via air
ducts in the lower ledge of the curtain. The circula-
tion of heated air is accelerated by small fans posi-
tioned in the upper ledge, controlled by a differential
temperature control module, one temperature sensor
inside the outermost air layer of the curtain and one
sensor inside the room. The curtain can be designed
in various dimensions. For the curtain of default de-
sign, a surface to surface resistance of 0.65 m2K/W,
and for the curtain with a solar collector function,
a resistance of 0.38 m2K/W has been estimated ex-
perimentally (Karim, 2018). A more comprehensive
description of the Climate Curtains is presented in
(Karim, 2018) and (Karim and Hagentoft, 2019).

Methodology

The methodology used in this paper, to analyse the
effect of air flow rate on the performance of the solar
collector function of the curtain, is a quantitative
approach consisting of a set of analytical formulas.
The approach used in this paper is utilizing the su-
perposition technique to divide the complex problem
into two separate processes. Once these two process
are solved separately, the final solution includes the
merged solution of the two processes.

Analyzed system- Model description

To analyze the impact of the air flow rate created
by fans, in the outermost air gap of the curtain, on
the total net heat gain in a room, a 2D model of a
window construction, as shown in Figure 2 is studied.
The model is studied for two separate cases of con-
vection, natural convection when warmer air is trans-
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Figure 1: Schematic, not in scale, showing the design
of Climate Curtain with solar collector function.

ferred into the room due to temperate differences, and
forced convection due to the fans.
The studied system, consists of a Climate Curtain
and the corresponding black screen for solar collec-
tion, a window and the air gap created between the
window and the curtain. Rf [m2K/W] corresponds
to the thermal resistance between the black screen to
external temperature. Rg [m2K/W] represents the
thermal resistance between the air gap to internal
temperature. H [m] is the height of the window and
thus the length of the air path. The air flow rate in-
side the air gap is denoted by qa [m3/ms], while the
absorbed solar radiation at the screen is denoted by
qsol [W/m2]. Te [◦C] and Ti [◦C] are the external
and internal air temperatures respectively.

Forced convection

For the case of forced convection, created by fans, the
system is handled by solving two separate processes,
using superposition technique. The air flow in the
gap is the same and constant in both two processes.
In the first process no absorption of solar radiation
is assumed. Beside the indoor and outdoor tempera-
tures, Ti and Te, a new balance temperature, Tb, is
defined for the air temperature in the whole air gap.
Tb is obtained at no air flow and is also assumed
as inlet air temperature of the air gap. The balance
temperature is defined as (1)(Hagentoft, 2001):

Tb =
Rf · Ti + Rg · Te

Rf + Rg
=

Ti
Rg

+ Te
Rf

1
Rf

+ 1
Rg

(1)

In the second process, the air inlet temperature to
the gap is (Ti − Tb), while the indoor and outdoor
temperatures equal to zero. In this process it is as-
sumed that the absorbed solar radiation is instantly

Figure 2: Model to be analyzed, including a curtain,
a window and the air gap in between.

and totally transferred to air by a convection process.
The following energy balance equation (2) along the
air gap is to be handled:

dT(s)

ds
·qa ·ρa ·cpa = qsol−(T(s)−0) ·( 1

Rf
+

1

Rg
) (2)

Where ρa and cpa are air density [kg/m3] and specific
heat capacity [J/kgK] respectively.
The energy balance equation can be rewritten as (3):

dT(s)

ds
=

qsol
lc · ( 1

Rf
+ 1

Rg
)
− (T(s)− 0)

lc
(3)

lc is the characteristic length parameter of the air gap
and is defined as (4):

lc =
qa · ρa · cpa

1
Rf

+ 1
Rg

(4)

Adding the solutions for the two processes by super-
positioning, the solution for the total system (3) be-
comes (5):

T(s) =Tb + Tbs · (1− e−s/lc) + (Ti − Tb) · e−H/lc

Tbs =
qs

1
Rf

+ 1
Rg

(5)

Where Tbs is an additional balance temperature due
to solar radiation.
The second term in (5) represents the increase in
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temperature in the air gap due to solar radiation and
the first and third terms are the declination due to
regular adoption to the balance temperature in the
case without solar radiation.

Heat gain in the room

The net heat gain is a result of the heat that flows
out through the window and heat that is convectively
recovered to the room. Qin [W/m] is the heat gain per
meter window in horizontal direction and is defined
as (6):

Qin = Qconv −Qcond (6)

Where

Qconv = qa · ρa · cpa · (T(H)− Ti) (7)

Qcond =
1

Rg

∫ H

0
(Ti − T(s))ds (8)

With the solution for the air gap temperature (5) in-
serted in (8) and after some algebra, it can be rewrit-
ten as follow:

Qcond =
1

Rg
·(Ti−Tbs−Tb)·(H−lc ·(1−e−s/lc)) (9)

Similarly the equation for Qconv becomes:

Qconv

qa · ρa
=Tbs · (1− e−H/lc) + Tb · (1− e−H/lc)

+ Ti · e−H/lc − Ti

(10)

For the case of very low air flow rate (lc ≈ 0 ) in the
air gap:

Qin.low =Qconv −Qcond ≈ −Qcond

=
H

Rg
· (Tbs + Tb − Ti)

(11)

For the case of very high air flow rate (lc>> 0 ) in
the air gap:

Qcond.high ≈
1

Rg
· (Ti − Tbs − Tb) · [H− lc · (1− (1− H

lc
))]

=
1

Rg
· (Ti − Tbs − Tb) · [H− lc · (

H

lc
)] = 0

(12)

And

Qconv.high = (
1

Rg
+

1

Rf
) ·H · (Tbs + Tb − Ti) (13)

Now, by using the expressions for Qconv.high and
Qcond.high and inserting the expressions for balance

temperatures, (1) and (5), Qin.high for the case of very
high air flow rate becomes:

Qin.high =Qconv.high −Qcond.high ≈ Qconv.high

=H · (qsol −
Ti − Te

Rf
)

(14)

As seen in (14), the heat flow represents the total ab-
sorbed solar energy minus the reduction due to heat
conduction outwards and through the window con-
struction. The temperature in the air gap is always
equal to Ti.
Using the results obtained in (9) and (10), the general
expression for Qin in (6) can be reformulated to:

Qin = (Tbs +Tb−Ti) · [
lc
Rf
· (1− e−H/lc)+

H

Rg
] (15)

The general expression for Qin can be further simpli-
fied after some algebra to:

Qin =[qsol −
Ti − Te

Rf
] ·H · Rf

Rg + Rf

·[
Rg

Rf
· lc

H
· (1− e−H/lc) + 1]

(16)

The final formula for Qin (16) is in consistent with
(11) and (14), i.e the two extreme cases of very high
and low (zero) flow rates.

Natural convection

For the case of natural convection, i.e when fans are
excluded from the curtain system and the additional
heat from the solar collector function is transferred
due to stack effect, the analysis is based on one mean
temperature in the air gap. The estimation of the
mean temperature in the air gap is initially based
on a guessed airflow rate. The calculated mean tem-
perature represents a pressure difference due to the
differences in temperatures. By multiple iterations a
consistent air flow rate can be finally obtained. The
pressure difference due to stack effect is given by (17)
(Straube, 2002):

∆P =H · 3456 · ( 1

Ti
− 1

T̄airgap
)

T̄airgap =
1

H
·
∫ H

0
T(s)ds

(17)

Where temperatures in (17) are in Kelvin. Dicks for-
mula gives the air flow rate, Ra [m3/ms], and for one
meter of window in horizontal direction and for a hole
area of A1 [m2/m], the air flow rate qa [m3/ms] be-
comes (Hagentoft, 2001):

qa = A1 · 0.84 ·
√

∆P (18)

By using the previous formula presented in (5), and
with an air inlet temperature equal to Ti, the expres-
sion for T̄airgap can be further developed as follow:
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T̄airgap = Tb+Tbs−
lc
H
· (Tbs+Tb−Ti) · (1−e−H/lc)

(19)

Comparison of the net heat gain with and
without a curtain and its solar collector func-
tion

In order to evaluate the performance of the solar col-
lector function of the Climate Curtain, a comparison
of the net heat gain between two cases, one case of
only a window without a curtain, and one case of a
window, a curtain and its solar collector function is
made.
For the first case of only a window, the heat gain for
one meter in the horizontal direction of the window,
Qin.window [W], is calculated by (20)

Qin.window = qsol · 1 ·H−
1 ·H
Rf
· (Ti − Te) (20)

The heat gain for the second case of both a window
and a curtain, Qin.curtain [W], is estimated by (16).
η [−] is the relation between the heat gains from the
two cases explained above, and is a measure of effi-
ciency for the solar collector function of the Climate
Curtain.

η =
Qin.curtain

Qin.window
=

Rf

Rf + Rg
· [

Rg

Rf
· lc
H
· (1−e−H/lc)+1]

(21)
For the case of very low air flow rate (lc ≈ 0 ) in the
air gap:

η =
Rf

Rf + Rg
· [

Rg

Rf
· lc

H
+ 1] (22)

For the case of no air flow rate in the air gap:

η =
Rf

Rf + Rg
(23)

The expression in (23) shows that there is always a
fix relation between the two cases. As an example,
in case of having no solar radiation, the relation be-
tween the transmission losses is constant.
For the case of very high air flow rate (lc>> 0 ) in
the air gap:

η =
Rf

Rf + Rg
· [

Rg

Rf
+ 1] = 1 (24)

This means that for very high air flow rates, the en-
ergy performance for the two cases, i.e a window with
and without a curtain is the same, as at it was ex-
pected.
The total net heat gain (16) in an arbitrary room
and for different air flow rates are studied and the
result is illustrated in Figure 3. In this study, the
solar intensity striking the window is assumed to be
800 W/m2, dimensions of the curtain and window are
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Figure 3: Graph showing the relation between the net
heat gains in the room and the corresponding air flow
rates in the air gap.

set to [1.0m · 1.0m], width of the air gaps are 10 mm
each, absorptivity of the curtain is 0.9 and indoor and
outdoor temperatures are set to be 20 ◦C and 0 ◦C
respectively. The air flow rate varies in an interval
between 0 m3/s and 1.0 m3/s.
The study shows that for air flow rates higher than
0.1 m3/s, the efficiency of the solar collector function
and thus the total heat gain in the room is very much
independent of the air flows created by fans. For air
flows lower than 0.1 m3/s, the magnitude of Qin in-
creases with increased air flow rate, up to 0.04-0.05
m3/s. In other words, for the specific case studied
here, increasing the air flow rate of the fans above
0.05 m3/s is considered to be unnecessary and should
preferably be avoided. Worth to be mentioned is that
in reality, and for an air gap of 10 mm in width, air
flow rates higher than 0.1 m3/s are considered as un-
realistically high flow rates.
Regarding the comparison between the two cases pre-
sented previously (21), i.e a window construction with
and without a curtain and its solar collector function,
the relation tends to always be less than or equal to
1. As it can be seen in Figure 4, the efficiency of the
system with the Climate Curtain is never higher than
the efficiency of only a window. In other words, the
Climate Curtain and its solar collector can never uti-
lize the surplus heat from solar radiation as good as
a window without any curtain, where solar radiation
can reach the indoor environment directly. The result
shows also that having the Climate Curtain and its
solar collector function, is more efficient for windows
with lower height. The comparison is made for the
same arbitrary room presented earlier but with a so-
lar absorptivity of 1 for the curtain, i.e the absolutely
best case scenario for the curtain.

Case study- Forced convection

To evaluate the energy performance of the Climate
Curtain and its solar collector function, a steady state
analysis for a case study of an arbitrary room, con-
sidered as a hot box is performed. In this room there
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Figure 4: Graph showing the relation between the
height of window and the efficiency of the solar col-
lector function, for variable air flow rates.

is only one window, [1m · 1m]. The g-value of the
window is assumed to be 0.65 and the U-value is 1.5
W/m2K. All other parts of the building envelope are
considered as adiabatic, i.e no other heat losses than
the ones through the window are considered. The ef-
fect of thermal inertia of the building material, used
in the room, is not considered, i.e steady state condi-
tions. The absorptivity of the curtain is set to 0.9 and
solar intensity is assumed to be 800 W/m2. Indoor
and outdoor temperatures are set to 20 ◦C and 0 ◦C
respectively.
In Table 1 the result of the analysis, for air flow rates
between 0.001 m3/s and 0.05 m3/s, are presented. As
it can be seen, the difference between the heat gain
for an air flow rate of 0.01 m3/s and the highest air
flow rate of 0.05 m3/s is less than 5 %. It is worth
mentioning that the power used to drive the fans in
the curtain is of a magnitude of few Watts while the
total net heat gain is about few hundreds of Watts.

Table 1: Results from the analysis performed for the
case of forced convection and for variable air flow
rate.
Ra[m

3/s] lc [m] Qin.curtain [W] Qin.window [W] η [−]

0.001 0.37 323 441 0.73

0.005 1.87 400 441 0.90

0.007 2.62 410 441 0.93

0.01 3.74 419 441 0.95

0.02 7.48 430 441 0.97

0.03 11.22 434 441 0.98

0.05 18.70 437 441 0.99

Case study- Natural convection

Same model as for the case of forced convection is de-
signed in MATLAB and solved by multiple iterations
together with an initial guess value on the air flow
rate. The only difference is that the air flow in the
air gap is created by the pressure difference due to
different temperatures in the curtain and indoor. Air
flow rates and mean temperature in the air gap are
calculated by (17), (18) and (19). The result of the
analysis is presented in Table 2.

Table 2: Results from the analysis performed for the
case of natural convection.
Ra[m

3/s] lc [m] Qin.curtain [W] Qin.window [W] η [−]

0.0075 2.80 412 441 0.93

As it can be seen, the net heat gain for a case of nat-
ural convection, i.e without any fans, has almost the
same magnitude as for the case of forced convection.

Conclusion

The analytical analysis performed in this paper and
the handy formulas presented show the impact of
variable air flow rate on the energy performance of
the Climate Curtain and its solar collector function.
The advantage of the work is development of a rela-
tively simple mathematical model allowing for energy
analysis of this solution. The presented formulas can
be used in energy analysis of similar vertical air gaps
in building partitions and they are not necessarily
limited to this specific type of curtain. Another ad-
vantage of the handy formulas presented are increased
possibilities for combining analytical and numerical
simulations and reduced computational time.
The analysis covers both forced convection, i.e when
fans are installed in the curtain, but also natural con-
vection. It should be noticed that the solutions pre-
sented in this paper overestimate the impact of the
solar collector function of the curtain, when compar-
ing the two cases of with and without curtain. It is
assumed that all solar radiation striking the window
and curtain is absorbed by the curtain, i.e the most
optimal case for the curtain and its solar collector
function. However, this will never be the case in a
real case scenario. Beside that, also the fraction of
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solar radiation that is reflected and not absorbed by
the curtain is not included in the analyses either.
It is shown that for the Climate Curtain and its so-
lar collector function, the relation between the total
net heat gain in the room and the air flow rate in
the outermost layer of the curtain, i.e where air is
heated by solar radiation and transferred to the in-
terior, is rather weak. Increasing the air flow rate in
the air gap seems to have a small positive effect up
to a certain, quite low, value before starting to have
no positive effect whatsoever. The optimal air flow
rate is a case dependent parameter, but for most of
windows, a small flow rate can be sufficient to opti-
mize the performance of the solar collector function.
In fact, for the case studied in this paper, the low air
flow rate created by natural convection can be con-
sidered as sufficient for maximum utilization of the
solar collector function. The comparison between the
two cases of with and without a curtain and its solar
collector function shows that a window system with
a curtain will never be capable of utilizing the solar
radiation as good as for a window system without
a curtain. Concerning the energy performance of the
Climate Curtain, the optimal case is to pull down the
curtain and cover the window during nigh time and
when the room is standing empty, and pull up the
curtain during sunny hours of the day.
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Abstract

Moisture buffering can be defined as the effect on the
atmosphere of the exchanges of water vapour between
the surface layers of hygroscopic materials and the in-
door environment. Since latent heat exchanges take
place, the moisture buffering has a direct thermal ef-
fect on summer indoor temperatures. We propose
here to investigate this thermal effect according to
the French thermal regulation conventions. We ran
simulations at the whole building scale for residen-
tial buildings without any cooling system. Two mod-
els are used to simulate moisture buffering effect: a
fully coupled hygrothermal model (WUFI Plus) and
the Effective Moisture Penetration Depth model. We
study the impact of walls assemblies, finishing, cli-
mate, ventilation rate and moisture load. Eventu-
ally, the main interest is more about relative humidity
than temperature.

Introduction

During the last decades, the technical improvements
in building envelope regarding winter comfort gave
rise to a new problem: summer comfort.
Recent years have also seen a surge of interest for
bio-based and other unconventional materials. Most
of these materials are hygroscopic, which means
that they are able to adsorb and desorb moisture
and exchange it with the surroundings. This mass
exchange goes along with heat exchange. In addition
to the thermal effect, there is an attenuation of
internal relative humidity variations, as observed by
Hameury (2005). This phenomenon can be called
either ”Moisture Buffering” or ”hygroscopic inertia”.
Moisture buffering is of real interest for summer
comfort because it allows to reduce the peaks of
indoor humidity and therefore of enthalpy during
the day. This means that less energy is needed for
cooling, as explained by Zhang et al. (2017). Thus,
in presence of a properly regulated HVAC system,
Osanyintola and Simonson (2006) have stated that
the use of hygroscopic materials makes it possible to
reduce cooling consumption by 30%. However, very
few studies investigate the thermal effect of moisture

buffering in summer for residential buildings without
any air conditioning. Therefore, we propose to do
so at the whole building scale in summer according
to the French thermal regulation (a whole building
transient simulation). As the computational time
of the French thermal regulation engine has to be
short, we studied the Effective Moisture Penetration
Depth (EMPD) model which is known for its fast
solution time and reasonable accuracy. The fully
coupled mass and heat transfer model implemented
in the software WUFI Plus will serve as a reference
to carry out a parametric study.
In this article, the fully coupled model and the
EMPD model are described. Then, we propose first
a study on real buildings following the French ther-
mal regulation. Finally, we undertook a parametric
study to assess the moisture buffering efficiency of a
wall.

Hygrothermal Phenomena in Buildings

Hygroscopic materials are used in residential build-
ings for construction materials, furniture, books or
carpets for example. For this work, we took only
into account the construction materials. A porous
medium contains a skeletal portion, called the frame,
and some pores filled with one or more fluids (liquid
or gas). They are mainly made up of micropores and
mesopores. The surface layers of such materials are
able to uptake and release moisture to the surround-
ing atmosphere under cyclic moisture loads.
Usually, in the summer daytime, the outdoor tem-
perature increases and the absolute humidity remains
approximately constant, so the relative humidity de-
creases. Thus the moisture-laden walls desorb. Hu-
midity and latent heat of sorption are extracted
from materials (commonly, latent heat of sorption
is confused with latent heat of water evaporation,
LV = 2500kJ/kg). The surface temperature of ma-
terials decreases during the desorption process and
directly impacts the operative temperature and the
thermal perception. In the night-time, the opposite
phenomenon can take place: walls adsorb moisture,
latent heat is released from materials resulting in an
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increase of surface temperature. Thus, daily humidity
cycles occur. At certain times, operative temperature
decreases, at others, it rises. But this operating mode
is purely theoretical. It is much more complicated in
reality as it depends greatly on weather, materials,
occupation schedule or ventilation rates, for instance.
Hygroscopic inertia is influenced by two hygric pa-
rameters:

- water vapour permeability which represents the
material resistance to vapour diffusion,

- moisture sorption isotherm which presents the
relationship between water content and equilib-
rium humidity of a material, at a given constant
temperature.

In the following, we use common building physics as-
sumptions:

- the relative humidity is lower than 80% so there
is no liquid water, only water vapour,

- the air is an ideal gas composed of dry air and
water vapour.

For our purpose, we use additional simplifying as-
sumptions:

- the hysteretic behavior of the sorption curve is
neglected,

- the vapour diffusion is the only mass transfer
phenomenon taken into account.

Numerical models

In a porous medium, heat and moisture transfers in-
teract. They are described by the following partial
differential equations, with the relative humidity ϕ
and the temperature T as driving potentials respec-
tively:
Mass conservation

dw

dϕ
· ∂ϕ
∂t

= ∇ ·
(
Dw

dw

dϕ
∇ϕ+ δ∇ (ϕPsat)

)
(1)

Energy conservation

∂H

∂T
· ∂T
∂t

= ∇ · (λ∇T ) + LV∇ · (δ∇ (ϕPsat)) (2)

On the left-hand side of the two previous equations
are the storage terms. The fluxes on the right-hand
side are transport terms.

At room scale, the heat balance depends on ex-
changes through the envelope, internal gains (from
sun and occupation), moisture buffering, infiltrations
and HVAC gains or losses:

ρcV
dTint
dt

=
∑
surf

Asurfαsurf (Tsurf − Tint)

+Qint + nV ρc (Tout − Tint) +QHVAC +Qbuffer

(3)

Likewise, we can define the mass balance of a room
which depends on moisture fluxes exchanged with the
interior surfaces, infiltrations, internal moisture pro-
duction and HVAC gains or losses:

V
dcint
dt

=
∑
surf

Asurfgbuffer + nV (cout − cint)

+Wint +WHVAC (4)

gbuffer is the moisture flux which is exchanged be-
tween indoor air and walls. This part is of interest
when we study moisture buffering. It can be defined
as:

gbuffer =
∑
surf

βsurf (PV int − PV surf ) (5)

The associated latent flux presented in Equation 3 is:

Qbuffer = LV × gbuffer (6)

A numerical method is necessary to solve such
coupled equations.

Coupled heat and mass transfer model
The equations presented previously are implemented
in several existing software, such as WUFI Plus de-
veloped by Künzel et al. (2005). It is a heat and
moisture simulation tool which has been validated by
Antretter et al. (2011) and is widely used.
The software allows two hygrothermal running
modes. Heat and moisture fluxes are taken into ac-
count and the thermal effect of the moisture buffering
can either be considered or not, depending on:

I latent heat effects switched off: heat of fusion
and heat of evaporation are disregarded

I latent heat effects switched on: heat of fusion
and heat of evaporation are regarded

Both options are particularly of interest for our work
and will be compared later.

French thermal calculation engine and EMPD
model
In the case of the French thermal calculation engine,
the heat balance of a room is the same as the one
in WUFI Plus (see Equation 3) except that moisture
buffering is neglected (Qbuffer = 0). Likewise, con-
cerning the mass balance presented in Equation 4, the
term

∑
surf Asurfgbuffer, and thus the Equations 5

and 6, are not taken into account. For the purpose of
our work, as the calculation time has to be short, we
modified the calculation engine of the French thermal
regulation by adding the Effective Moisture Penetra-
tion Depth (EMPD) model. It is a simplified ap-
proach detailed by Kerestecioglu et al. (1990) to sim-
ulate surface moisture adsorption and desorption. It
is known for its low computational cost and its rea-
sonable accuracy.
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When exposed to cyclic relative humidity variations,
a thin layer of materials responds dynamically and
exchanges moisture with the indoor environment. In
order to account for daily and seasonal loads, there
are two fictitious layers of materials: a surface layer
(indexed b) and a deep layer (indexed d). The EMPD
model assumes an unvarying moisture content and
temperature for each layer. Their respective thickness
is equal to the effective moisture penetration depth.
It depends on materials water vapour permeability δ,
their hygric capacity (slope of the sorption curve) ε
and time periods for humidity fluctuations tp.

db =

√
δb ×

Psat(T )× tpb
εb × π

(7)

dd =

√
δd ×

Psat(T )× tpd
εd × π

(8)

Then, the model calculates the moisture transfer
between both layers, and the exchanges between the
surface layer and the indoor air. This model is suit-
able for one-dimensional transfers in homogeneous
porous media, with one side loads. In the case of
loads on both sides (for partition wall for example),
the wall assembly is divided in two parts with no
flux in the middle.

Methods

In this work, we want to assess the impact of
moisture buffering on summer comfort for uncon-
ditioned residential buildings, according to the
French thermal regulation. In the French thermal
regulation, summer comfort is characterized by an
operative temperature, called Conventional Indoor
Temperature (Tic). This required indicator is the
maximum operative temperature reached on a day
during an artificial hot four weeks sequence, as
defined by the CSTB (2011). This indicator Tic has
to be lower than a reference indicator called Ticref .
Currently, the calculation engine of the French
thermal regulation takes into account some moisture
sources like occupants or ventilation, but neglects
the moisture buffering. In order to assess the impact
of moisture buffering on the heat balance and thus
on the indicator Tic, the authors implemented the
EMPD model into the calculation engine of the
French thermal regulation. The first part of our
work focused on real buildings following the French
thermal regulation. In the second part of this work,
we undertook a parametric study with WUFI Plus
on a standard building to compare the orders of
magnitude calculated with the EMPD model on
Tic to those given by WUFI Plus on the operative
temperature Top.
For both parts, the weather file and the occupation
schedule used are those defined by the French

thermal regulation rules for residential buildings. No
mechanical cooling unit is installed. The mechanical
ventilation is a simple extraction system, which
means that the incoming air has the same char-
acteristics as the outdoor air. The materials used
for the simulations are part of the WUFI database.
The weather files are those given by climate zone
according to the French thermal regulation.
The effect of moisture buffering on heat balance
during summer period will be assessed regarding
different parameters: climate, wall assembly, coating,
ventilation rate and moisture sources.

Part 1: Existing buildings re-simulated with
the embedded EMPD model
The main goal of this part is to study real buildings.
We downloaded a large amount of anonymous files
from the French OPE (Energy Performance Observa-
tory) database. This database belongs to the French
Government. Each file corresponds to a real building
which has been simulated by an engineering office ac-
cording to the French thermal regulation. Then, we
used a database language in order to select and sort
the files on the following factors:

- residential buildings

- climate (Nice or Nancy)

- thermal inertia (low, moderate or high)

We collected 1309 files according to our criteria from
the OPE database. However, we have been able to
get only 296 results, primarily due to encoding errors
in the original files.
For each file, we run four simulations with the em-
bedded EMPD model in the calculation engine of the
French thermal regulation:

À with no hygroscopic material (reference)

Á by adding lowly hygroscopic materials

Â by adding moderately hygroscopic materials

Ã by adding highly hygroscopic materials

The hygroscopicity of walls depends on the insulation
material and internal cladding (see Table 1). Floors
and ceilings are made with oriented strand boards.
For the while, the walls are uncoated.

Table 1: Construction materials for the first part.

Hygroscopicity Low Moderate High
Insulation Mineral Wood Mineral
material wool fiber wool
Internal cladding
(13mm thick)

Gypsum
board

Spruce Earth
mortar
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Part 2: Parametric study with WUFI Plus
We could not compare directly both software since
WUFI Plus cannot fully reproduce the complicated
French thermal regulation conventions regarding the
ventilation rates and the solar blinds operation. So
we implemented a detached standard timber-framed
house, as shown in Figure 1, with simpler scenarios
in order to carry out a parametric study.

Figure 1: A standard timber building.

The parametric study is based on the following pa-
rameters:

- 2 climates: Nice or Nancy

- 2 insulation materials: mineral wool or wood
fiber

- 3 internal claddings: gypsum board, spruce or
earth mortar

- 3 finishings: oak floor and raw walls, oak floor
and acrylic paint on the walls or PVC floor and
vinyl wallpaper

- 2 ventilation schedules: with or without night
ventilation

- 2 amounts of moisture load: 1.8 or 4 people

All combinations have been tested. Each simulation
was run over three years.

Results and discussion

Part 1: Existing buildings re-simulated with
the embedded EMPD model
The indicator Tic are calculated for each file. The
results of the first simulation (À) are references and
will be noted Tic0 and Ticref0. The results of the
other simulations (Á, Â, Ã) take into account the ef-
fect of moisture buffering. They will be noted Ticmb

and Ticrefmb. Then, we assess the reduction of the
indicator Tic with the moisture buffering by calcu-
lating the difference ∆Tic = (Ticmb − Tic0) for the
three hygroscopicity levels. A negative result means
a decrease of Tic by taking into account the moisture
buffering effect.
The results are quite similar for Tic and for Ticref ,
consequently only Tic results are represented in this
article.
No significant differences were observed between cli-
mates of Nice and Nancy. Thus, in this paper, we

present only the results for Nice (Mediterranean cli-
mate). Figure 2a presents the results for a moderate
thermal inertia (176 files). Figure 2b presents the re-
sults for a high thermal inertia (37 files). For sake of
clarity, the values ∆Tic have been sorted in ascend-
ing order. The blue, the orange and the purple curves
represent respectively a low, a moderate and a high
hygroscopicity level (see Table 1).

(a) Moderate thermal inertia

(b) High thermal inertia

Figure 2: Temperature deviations ∆Tic in Nice.

The temperature deviation ∆Tic is in the range of
-0,7◦C to 0◦C. It means that moisture buffering has
only a slight effect on the thermal balance.
If we compare the blue, orange and purple curves,
we can state that the more hygroscopic materials,
the greater the thermal effect.
Concerning the thermal inertia, since the relative
humidity variations (and thus the temperature
variations) are the main driving potential of the
hygroscopic inertia, the higher the thermal inertia,
the lower the moisture buffering.
These results should be interpreted with caution
since the weather data used for the Tic calculation
are repetitive. Large cycles in temperature and
relative humidity occur which enhances moisture
buffering.

Part 2: Parametric study with WUFI Plus
We focused on the operative temperature for the
months of June, July and August (months without
heating). This period includes 92 days, being 2208
hours. To ensure reliable results, independent of
the initial conditions, the following analyses are con-
ducted during the third summer.
The analysis of the collected data is delicate since the
moisture buffering leads sometimes to an increase of
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the operative temperature (adsorption period) and
sometimes to a decrease of operative temperature
(desorption period). We wanted to analyse the results
as objectively as possible, therefore we used several
methods:

- by plotting and sorting in descending order the
operative temperature for the three months in
order to see the general trend on the warmest
hours of summer,

- by calculating an average with the values ob-
tained during the 12 warmest hours of a day be-
ing between 8am and 8pm (we choose a 12 hours
calculation because if we consider 24 hours, the
average is close to 0 ; we assumed the sorption
occurs half of the time on an equal basis with the
desorption time),

- by calculating an average taking into account
only the values when the walls desorb.

For each method, we compared the operative tem-
perature with moisture buffering (Topmb) to the
one without moisture buffering (Top0) as follows:
∆Top = Topmb − Top0. A negative value of ∆Top
means a decrease of the operative temperature by
taking into account the moisture buffering effect.

Effect of walls components:
The operative temperature of June, July and August
sorted in descending order are presented in Figure 3.

(a) Mineral wool and plaster

(b) Wood fiber and earth mortar

Figure 3: Operative temperatures sorted in descend-
ing order (Nice).

We aim to compare both options of the hygrothermal
mode of WUFI Plus (see ”I” in the part Numerical
models). The blue curve neglects the latent heat
effect whereas the orange one considers it. The
Figure 3a presents the results with mineral wool
and plaster (low hygroscopicity). The Figure 3b
presents the results with wood fiber and earth mortar
(high hygroscopicity). The internal claddings are
uncoated and the ventilation rate (mechanical and
infiltrations) is equal to 0.5vol/h.
Figure 3 points out the general trend. The orange
curve is slightly below the blue one on both graphs
for the warmest hours. That means the latent heat
effect decreases slightly the operative temperature
values for the warmest hours. Moreover, the dif-
ference seems to be greater for highly hygroscopic
materials than lowly hygroscopic materials. As
stated before, the more hygroscopic materials, the
greater the thermal effect.

Then, we compare the deviations of operative
temperature by calculating both averages defined
previously, in Nice (see Table 2) and in Nancy (see
Table 3). The internal claddings are still uncoated
and the ventilation rate sets to 0.5vol/h.

Table 2: Influence of the walls components on ∆Top
in Nice.

NICE
∆Top (◦C)

from 8am
to 8pm

when walls
release
moisture

Mineral Wool + Plaster -0.01 -0.30
Mineral Wool + Spruce -0.02 -0.37
Mineral Wool + Mortar -0.08 -0.73
Wood Fiber + Plaster -0.10 -0.37
Wood Fiber + Spruce -0.11 -0.36
Wood Fiber + Mortar -0.17 -0.72

Table 3: Influence of the walls components on ∆Top
in Nancy.

NANCY
∆Top (◦C)

from 8am
to 8pm

when walls
release
moisture

Mineral Wool + Plaster 0.11 -0.29
Mineral Wool + Spruce 0.14 -0.34
Mineral Wool + Mortar 0.21 -0.61
Wood Fiber + Plaster 0.03 -0.38
Wood Fiber + Spruce 0.05 -0.33
Wood Fiber + Mortar 0.12 -0.54

Focusing on the values from 8am to 8pm, moisture
buffering does not seem to have a significant thermal
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effect, whatever the climate or walls components.
It can be explained by unpronounced cycles in
temperature and relative humidity. Sometimes, the
materials desorb or adsorb during few days instead
of few hours, resulting in an average close to zero on
the studied time slot. Nevertheless, focusing on the
values when materials desorb, the deviations are in
the range of -0,29 ◦C to -0,73◦C. Consequently, we
will focus on values when walls desorb for the next
analyses.

Plaster board has a high vapour permeability and
a low moisture capacity (unable to store humidity).
Thus, ∆T depends on the insulation materials: the
moisture front seems to cross the internal cladding
and reach the insulation materials.
Spruce has a low vapour permeability and a high
moisture capacity (able to store humidity). The
same deviations can be observed whatever mineral
wool or wood fiber. The internal cladding slows the
moisture front down and the latter does not reach the
insulation materials. Moisture is entirely stored by
the spruce. Finally, earth mortar has a high vapour
permeability and a high moisture capacity. The
moisture front enters and is stored in the internal
cladding.
These observations agree with Yang et al. (2012).
The effective moisture penetration depth of uncoated
gypsum board is much higher than for wood panel-
ing. However, the variation of moisture content in
the gypsum board is much smaller due to its low
moisture capacity. By contrast, moisture buffering
in the wood paneling occurs in a thin layer but its
high moisture capacity allows a much higher amount
of moisture retention in this small volume of material.

Effect of climate:
According to the Table 2 and the Table 3, the
summer climate of Nice is slightly more in favor of
moisture buffering. Nancy is a wet climate and the
relative humidity variations are less regular than in
Nice.
Consequently, we will focus on Nice results for the
next analyses.

Effect of night ventilation:
Two cases are considered regarding airflow (including
ventilation and infiltrations):

- Constant rate (0.5 vol/h)

- Night ventilation: 4 vol/h from 10pm to 6am and
0.5 vol/h otherwise

The Table 4 presents the results.

The night ventilation effect is not clear. We ex-
pected an increase in the deviations. Nevertheless,
it seems to have the opposite effect. Several reasons

can be given. It is possible that moisture escapes by
night ventilation instead of being adsorbed by walls.
Moreover, as the indoor temperature is lower when
night ventilation occurs, moisture buffering is less
pronounced.

Table 4: Influence of the night ventilation on ∆Top.

NICE
∆Top (◦C)

when walls desorb
no night with night
ventilation ventilation

Mineral Wool + Plaster -0.30 -0.33
Mineral Wool + Spruce -0.37 -0.35
Mineral Wool + Mortar -0.73 -0.72
Wood Fiber + Plaster -0.37 -0.38
Wood Fiber + Spruce -0.36 -0.33
Wood Fiber + Mortar -0.72 -0.65

Effect of coating:
The ventilation rate is equal to 0.5vol/h. There is no
night ventilation. The Table 5 compares the results
with a oak floor and raw walls (high vapour perme-
ability) to those with a PVC floor and vinyl wallpaper
(low vapour permeability).

Table 5: Influence of the coating on ∆Top.

NICE
∆Top (◦C)

when walls desorb
raw PVC floor
materials +wallpaper

Mineral Wool + Plaster -0.30 -0.15
Mineral Wool + Spruce -0.37 -0.18
Mineral Wool + Mortar -0.73 -0.35
Wood Fiber + Plaster -0.37 -0.21
Wood Fiber + Spruce -0.36 -0.21
Wood Fiber + Mortar -0.72 -0.35

The deviations are divided by approximately two.
The PVC floor and vinyl wallpaper reduce the su-
perficial moisture exchanges. This effect has already
been noticed by Ramos et al. (2010).

Effect of moisture load:
According to the French thermal regulation con-
ventions, an active person produces 55g/h of water
vapour and an asleep person produces 38.5g/h of wa-
ter vapour. Still according to the French thermal
regulation, a 70m2 detached house is occupied by
1.8 people. Then, following the occupancy schedule
given by the French thermal regulation (CSTB, 2011)
the average moisture production equals 1.8kg/day of
water vapour. This is a very low value so we also
ran additional simulations with 4 inhabitants. The
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claddings are still uncoated and the ventilation rates
fixed to 0.5vol/h. The Table 6 presents the results.

Table 6: Influence of the moisture load on ∆Top.

NICE
∆Top (◦C)

when walls desorb
1.8 inhab. 4 inhab.

Mineral Wool + Plaster -0.30 -0.30
Mineral Wool + Spruce -0.37 -0.38
Mineral Wool + Mortar -0.73 -0.71
Wood Fiber + Plaster -0.37 -0.38
Wood Fiber + Spruce -0.36 -0.37
Wood Fiber + Mortar -0.72 -0.71

There is no effect, even for 4 inhabitants. Nev-
ertheless, the assigned values are low and do not
take into account other transient moisture sources
as cooking or showers for instance. Further works
could be able to state if it has a greater impact or not.

Eventually, the main interest is more about the re-
duction of indoor relative humidity variations than
the thermal effect. The Figure 4 presents indoor rel-
ative humidity and air temperature variations over
20 days (from June 18th to July 8th) for four cases in
Nice:

- in light blue: thermal mode, without any ex-
change of moisture between walls and environ-
ment,

- in orange: hygrothermal mode, with moisture
exchanges for walls made of mineral wool and
gypsum board (low hygroscopicity),

- in green: hygrothermal mode, with moisture ex-
changes for walls made of wood fiber and spruce
(moderate hygroscopicity),

- in dark blue: hygrothermal mode, with moisture
exchanges for walls made of wood fiber and earth
mortar (high hygroscopicity)

The high values of air temperature can be explained
by the good insulation and the airtightness of
the building, the steady ventilation rate equals to
0.5vol/h and the absence of night ventilation.

Hygroscopic materials are able to damp the daily
fluctuations in relative humidity. The more hygro-
scopic materials, the higher the attenuation. The
temperature variations are similar for all cases. It
means the difference in relative humidity variations
between the three cases studied is mainly due to
moisture buffering ability of materials and thus their
properties.

Conclusion

In this article, we investigated the impact of moisture
buffering on thermal indicator for summer comfort.
In a first part, we focused on real buildings using
the EMPD model. Then, we undertook a parametric
study with WUFI Plus.
For both cases, the order of magnitude observed are
quite similar. The results show a slight decrease in
Tic and Top (up to 0.7◦C).
In this work, we did not see a significant difference
between the two climates studied.
The more hygroscopic and vapour open materials,
the grater the moisture buffering, provided an
uncoated internal cladding. Given the minor thermal
effect of moisture buffering, hygroscopic materials
cannot be a solution to ensure summer comfort. It
is not a substitute for shadings or thermal inertia for
instance. Moreover, we may wonder if human body
is able to feel such a small difference.

Figure 4: Indoor relative humidity and air temperature variations.
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Eventually, the main interest is more about relative
humidity than temperature. Indeed, the wide vari-
ations in relative humidity which cause discomfort,
are damped by hygroscopic materials. It is of real
interest as it could reduce ventilation rates or cooling
loads for instance. Further works could review these
issues.

Acknowledgments

We would like to thank France Bois Forêt, CODIFAB
and DHUP for funding the works related to this
study as part of the project ”Thermique d’été bois”.
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Nomenclature

A Surface area [m2]
c Specific heat [J/kgK]
cint Absolute moisture ratio of the indoor

air [kg/m3]
cout Absolute moisture ratio of the outdoor

air [kg/m3]
d Effective moisture penetration depth

[m]
Dw Liquid diffusivity [m2/s]
gbuffer Moisture flux from the interior surface

into the room [kg/m2s]
H Total enthalpy [J/m3]
LV Latent heat of phase change [J/kg]
n Air change per hour [h−1]
PV Vapour pressure [Pa]
Q Heat flux [W ]
RH Relative Humidity [%]
t Time [s]
tp Cycle time for humidity fluctuations [s]
T Temperature [K]
Tic Conventional Indoor Temperature [◦C]
Ticref Reference Conventional Indoor Tem-

perature [◦C]
Top Operative temperature [K]
V Volume [m3]
w Moisture content [kg/m3]
W Moisture flux [kg/h]
α Heat transfer coefficient [W/m2K]
βsurf Convective moisture transfer

coefficient[s/m]
δ Water vapour permeability [kg/msPa]
ε Hygric capacity [kg/m3]
λ Thermal conductivity [W/mK]
ϕ Relative humidity [−]
ρ Density of the air [kg/m3]
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Abstract  

Materials thermal properties are generally assumed equal 

to nominal values in building simulation codes, even if 

they depend on both temperature and moisture content. 

For some materials, such as timber, this hypothesis can 

bring inaccuracies affecting the predicted building energy 

performance. In this research, a MATLAB® 1D heat and 

mass transfer model was developed according to the finite 

difference approach, with material thermal conductivity 

function of water vapour partial pressure and temperature. 

After calibration against laboratory experiments on 

spruce XLAM specimens, annual simulations were run for 

110 Italian climates and specific hourly heat fluxes 

compared to those determined with nominal properties.  

Introduction 

Building simulation codes such as EnergyPlus and 

TRNSYS can be adopted to calculate the building energy 

consumption. Some of these codes implement also 

simplified heat and mass transfer HMT models, which can 

be used to predict the hygrothermal performance of 

envelope opaque components by knowing materials’ 

properties and their dependence on temperature and 

humidity (Straube and Burnett, 1999). Simple and 

complex HMT models can be distinguished: the former 

ones typically adopt constant thermal properties while the 

latter ones consider also the effect of material temperature 

and moisture content. A popular simple model is the 

Glaser method, a steady-state method based on decoupled 

vapour diffusion and Fourier heat transfer. An example of 

software implementing a complex HMT model is WUFI, 

a transient thermal and hygric simulation code adopting 

moisture retention functions, sorption isotherm and 

suction curves. 

Even if assuming constant properties is an acceptable 

hypothesis for most building materials, timber thermal 

conductivity is strongly affected by moisture content and 

temperature. Porous materials such as wood, indeed, are 

characterised by a discontinuous solid matrix and voids 

with both liquid water and a mixture of gaseous phases 

(air and water vapour). In a simple dry material, heat 

transfer is a superimposition of heat conduction through 

solid and gas, radiation inside the pores and convection 

associated to air flow. When a material is moistened, 

besides the latent heat flux, there is an additional 

contribution to heat conduction through the non-moving 

liquid film. All these complex heat exchanges can be 

modelled through the apparent thermal conductivity 

(Baggio et al., 2001; Bomberg and Shirtliffe, 1978), 

which depends on material density, porosity, average 

temperature, moisture content and flux direction 

(Troppová et al., 2015). 

The different heat transfer mechanisms are combined also 

with moisture transfer, which is due to liquid flow, 

capillary suction, air movement and vapour diffusion. 

Indeed, there is a direct relationship between heat and 

mass transfer in porous materials since an enthalpy 

transfer occurs alongside with mass motion (Chaker and 

Sotehi, 2014), which can depend also on temperature 

gradient (Luikov, 1975). Consequently, a moisture 

redistribution phenomenon occurs often inside porous 

materials after the application of a thermal gradient 

(Rudtsch, 2000), affecting both heat transfer and 

representativeness of the apparent thermal conductivity. 

Despite this, tabulated thermal conductivity-values given 

by manufacturers are generally evaluated in laboratories 

under standard conditions of temperature and humidity. 

However, as explained above, operative conditions may 

result in a deviation with respect of the nominal value of 

thermal conductivity and subsequently in a different 

energy performance of the whole building (Budaiwi and 

Abdou, 2013). For instance, considering the incidence of 

temperature on thermal conductivity, large deviations 

from nominal values were observed by Abdou and 

Budaiwi (2004) for general insulators and by Suleiman et 

al. (1999) for timber. Similarly, changes of moisture 

content can alter the thermal conductivity as seen by 

Jerman and Černý (2012) for some general insulators and 

by Budaiwi and Abdou (2013) for fibrous insulators, and 

by Karamanos et al. (2008) for stone wool. 

Because of the aspects discussed above, a characterisation 

of thermal conductivity as a function of temperature and 

moisture content can improve the accuracy of building 

performance simulation. In this framework, this research 

investigated to what extent the variability of the thermal 

conductivity influences the heat transfer through a spruce 

XLAM wall in the Italian climates. The impact of 

temperature and humidity on thermal conductivity was 

first investigated experimentally and then a 1D HMT 

model was developed. Annual simulations were run for 

110 climates and specific hourly heat fluxes compared to 

those calculated with nominal thermal conductivity. 
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Methods 

Experimental investigation 

The first activities performed in this research were 

addressed to develop a correlation between thermal 

conductivity and material’s temperature and water vapour 

partial pressure. As specified in the introduction, the focus 

was on timber materials and, in particular, spruce was 

considered. 4 spruce specimens of about 0.2 m x 0.2 m x 

0.05 m (Figure 1) were selected and their thermal 

conductivity characterised at different temperatures and 

humidity contents. 

 

Figure 1: The four analysed wooden specimens. 

Measurements were performed with a Netzsch HFM 

436/3 LambdaTM in compliance with ISO 8301 and EN 

12664 and EN 12667. During measurements, the 

specimens’ temperatures were varied between 10 °C and 

50 °C. An ATT Angelantoni DM340 climatic chamber 

was used for the conditioning process and reference 

conditions were set according to EN ISO 10456 (CEN, 

2007). Besides the “as-is” conditions, with specimens in 

equilibrium with the laboratory environment (i.e., air 

temperature between 20 °C and 26 °C and relative 

humidity between 30 and 40 %), two conditioning 

setpoints were applied: 

1. Humidified condition, at 23 °C and 80 % RH. 

2. Dehumidified condition, at 23 °C and 10 % RH. 

All specimens were exposed to the two aforementioned 

conditioning setpoints in the climatic chamber until 

reaching steady state condition. Weight variation was 

checked every 24 h with an electronic scale with a 

precision of 0.1 g. Steady state was considered achieved 

when the weight variation was found less than 0.1 %. 

After that, each specimen was placed in the HFM and 

thermal conductivity measured. 

Numerical modelling approach 

To evaluate to what extent temperature and moisture 

affect the specific heat flux through a wall, a 1D heat and 

mass transfer dynamic model was developed, considering 

as heat transfer mechanisms, internal conduction and 

surface convection according to Fourier and Newton 

laws, respectively. The mass transfer was based on the 

study by Ferroukhi et al. (2017), considering only Fickian 

diffusion and the water vapor partial pressure as driving 

potential. The linear storage moisture capacity Cm used in 

the mass transfer model was obtained from the 

experiments conducted on spruce specimens by 

Fitzpatrick et al. (2013). The governing equations for both 

heat and mass transfer adopted in the model are reported 

in Equation 1 and 2, respectively, and they were 

implemented in MATLAB® environment. 

     ρ c 
∂T

∂t
 - ∇ ⋅ (λ ∇T)=0     (1) 

     𝐶𝑚 ρ 
∂𝑝𝑣

∂t
 - ∇ ⋅ (δ𝑝 ∇𝑝𝑣)=0   (2) 

 

Simulations  

A reference spruce XLAM wall, with thickness of 30 cm 

and a U-value of 0.336 W m-2 K-1, and the properties 

summarised in Table 1, was modelled with a spatial 

discretisation of 2.5 cm (13 nodes) and 1 h timestep m. A 

single vertical wall was simulated, without the rest of the 

building, with constant internal boundary conditions (a 

temperature of 20 °C and a relative humidity of 50 %) and 

variable external conditions (hourly air temperature and 

humidity profiles taken from CTI typical reference years, 

https://try.cti2000.it/). Surface convective heat transfer 

coefficients for horizontal heat flux, i.e., 20 W m-2 K-1 for 

the external side and 2.5 W m-2 K-1 for the internal one, 

were adopted. Considering that this was a preliminary 

development of the numerical model, the effects of 

incident solar irradiance and precipitations were 

neglected. Annual simulations were run for 110 different 

Italian climates with two different assumptions regarding 

the thermal conductivity: 

1. nominal thermal conductivity λnom, which considers 

the thermal conductivity at 23 °C, obtained from the 

experimental activity with specimens in equilibrium 

with the laboratory environment before conditioning 

(Table 1). 

2. variable thermal conductivity λ(T,pv), which considers 

a thermal conductivity as a linear function of 

temperature and water vapour partial pressure at each 

node of the finite difference scheme of the model 

(Equation 3). Partial tests with thermal conductivity 

function of either material temperature λ(T) or 

moisture content λ(pv) were performed as well. 

Figure 2 shows steps for the coupling of the heat and mass 

transfer models. Through all the year, for each node i and 

hourly timestep m: 

1. The temperatures of the internal and external air are 

imposed as boundary conditions, and the heat flux 

solved considering λnom to obtain the temperature 

profiles through the wall. 

2. Water vapor partial pressures at the wall surfaces are 

imposed as boundary conditions, and the diffusive 

problem across the wall solved to obtain the partial 

pressure profile through the wall. 

3. Using partial pressure profile and temperature profiles 

of each time, the variable thermal conductivity λ(T,pv) 

(or either λ(T) or λ(pv) for partial tests) is computed at 

each node and time according to Equation 3. 
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4. By considering the same initial and boundary 

conditions, the conductive problem with λ(T,pv) (or 

either λ(T) or λ(pv) for partial tests) is solved. 

As initial conditions, the steady state temperature and 

partial pressure profiles through the wall found with the 

boundary conditions of the first timestep are assumed.  

 

Figure 2: Flow diagram of the resolution of the 

MATLAB® model. 

To characterize the impact of adopting nominal or 

variable thermal conductivity, the following quantities 

were elaborated: 

1. Linear percentage trend deviation between the hourly 

values of specific heat fluxes calculated at the internal 

surface node with variable and those with nominal 

thermal conductivity λnom. 

2. Annual specific energy difference (expressed as watt-

hour per square meter): the cumulated deviations of 

the positive thermal losses (i.e., heat flux from the 

internal to the external side) and the negative thermal 

losses (i.e., heat flux from the external to the internal 

side), depending on the heat flux direction. 

 

Table 1: Material properties. 

λnom ρ c µ 

W m-1 K-1 kg m-3 J kg-1 K-1 - 

0.107 363 1380 32 

 

Results and discussions 

Experimental activity 

Figure 3 shows both values and trends of thermal 

conductivity as a function of the specimen’s temperature 

in three different moisture conditions: “as-is”, humidified 

and dehumidified for one of the tested specimens. Similar 

values were obtained for the other ones. Thermal 

conductivity increases with temperature and the 

maximum difference obtained in the “as-is” condition is 

about 11.3 %. After a humidification process lasted 43 

days and a mass increase of 6 %, thermal conductivity 

increased as well. The maximum difference obtained 

between humidified and “as-is” at a reference temperature 

of 23 °C was 13.2 %. About dehumidification, after 9 days 

and a mass loss of 5 %, thermal conductivity reached 

values similar to those found in the “as-is” condition 

(differences < 3 %). This means that thermal conductivity 

has a strong non-linear behaviour and hysteresis 

phenomena can be observed associated to humidification 

and dehumidification cycles. 

 

Figure 3: Thermal conductivity λ vs. mean temperature 

of a specimen in three different moisture conditions: 

“as-is” (blue), humidified (grey) and dehumidified 

(orange). Vertical lines represent the measurement 

uncertainty. 

Starting from the experimental data, a linear correlation 

between thermal conductivity, temperature and water 

vapour partial pressure was found, as shown in Equation 3 

and in Figure 4. 

λ(T,pv)=0.1 + 2.1⋅ 10-4⋅ T + 7.4 ⋅ 10-6⋅ pv   (3) 

 

 

Figure 4: Plane describing the thermal conductivity vs. 

temperature and water vapour partial pressure. 

Even if the EN ISO 10456 (CEN, 2007) suggests 

exponential functions for correction factors to thermal 

conductivity based on temperature and moisture content, 
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in this work a simpler linear approximation was preferred 

for both. Indeed, in the analysed temperature range 

thermal conductivity tests showed a very linear trend 

against temperature, while, concerning the moisture 

content dependence, since only two conditioning states 

were considered in the experimental activity in controlled 

environment, the linear correlation was assumed as 

preferable. Planned future developments will include 

more experimental conditions and, thus, will allow for 

testing approximations with more complex functions. 

Table 1, showed before, summarizes the general inputs of 

the model, i.e., the nominal values obtained from the 

experimental activity before conditioning tests. Nominal 

thermal conductivity was obtained in the “as-is” 

conditions at 23 °C, while density was calculated after 

weighing specimens with an electronic scale. Specific 

heat capacity c was taken from the literature. The vapor 

resistance factor resulted from calibration of the mass 

transfer model against experimental data. In details, the 

vapor resistance factor was adjusted, by comparison with 

the dehumidification test, by verifying that: 

1. The simulated mass loss after 9 days of 

dehumidification is the same of the experimental one 

(i.e., 34 g); 

2. simulated and calculated mean flux are corresponding. 

A µ-value of 32 was first obtained in the calibration stage 

against the experimental dehumidification data and then 

checked as validation against the experimental 

humidification ones (i.e., a mass increase of 46.5 g in 43 

days). The obtained value is consistent with the literature 

and the EN ISO 10456 (CEN, 2007), where suggested 

values range from 20 to 50 according to the moisture 

content. 

Overview of climates 

The annual averages of the air temperature and relative 

humidity are reported in Figures 5 and 6. As it can be seen, 

colder localities are distributed in the northern and 

mountain regions of the country while warmer climates 

can be found in the southern regions. Higher relative 

humidity can be registered more often in the Po Valley 

and in different coastal climates. Focusing on the Po 

Valley, an exception can be found in Emilia-Romagna, 

which is characterized by average humidity remarkably 

lower than the neighbour climates and not representative 

of the long-term trend for this territory. This anomaly 

could depend either on a poor representativeness of the 

typical reference years or on the position of the weather 

stations used to collect the raw weather data. Indeed, the 

weather stations used in Emilia-Romagna to determine 

the typical reference years are installed in urban zones 

and, thus, can be affected by the urban heat island 

phenomenon. Typically, relative humidity in urban areas 

tends to be lower than in the rural ones because of the 

higher temperature.

 

 

 

Figure 5: Annual average external temperature [°C] for each location. 
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Figure 6: Annual average external relative humidity for each location [-]. 

 

Analysis of trends in simulation results 

Comparing the heat fluxes calculated with variable 

thermal conductivity λ(T,pv) to those with the nominal one 

λnom, it can be observed that the former ones are generally 

larger than the latter. Figure 7 represents the percentage 

increase registered with variable thermal conductivity 

with respect the nominal one for each Italian climate. As 

it can be noticed, the phenomenon has a small incidence, 

namely between 1 % and 3 %, but differences are not 

particularly marked across the country. On average the 

trend deviation is about 1.8 %. The first quartile of the 

trend deviations is 1.3 %, while the third quartile is 2.1 %. 

Comparing Figure 7 to Figure 5, we can observe that 

locations with a low average external temperature have 

smaller trend deviations while higher percentages are 

detected mainly in the southern part of Italy and near the 

sea. Indeed, the maximum deviation (3.1 %) is observed 

in Catania, Sicily, while the minimum (0.6 %) is obtained 

in Livorno, Tuscany. Nevertheless, temperature 

differences are larger in the coldest regions and, 

consequently, so are the heat fluxes: while in the coldest 

cities the deviations are characterized by lower relative 

differences compared to the warmer cities, the absolute 

differences are larger. 

Comparing Figure 7 to Figure 6, geographical 

correlations between trend deviation and the average 

relative humidity are less clear. As found in the 

experimental activity, higher moisture contents increase 

the timber thermal conductivity. Thus, the specific heat 

flux calculated with variable thermal conductivity is 

larger than that with nominal one. However, the annual 

average is not sufficient to describe the variability of the 

results. Indeed, calculated specific heat fluxes are 

influenced also by the variability of the ambient humidity: 

given the same annual average water vapour partial 

pressure, locations with more stable weather conditions 

can be characterized by higher percentage deviations than 

others. 

If only the dependence of thermal conductivity on 

material temperature λ(T) is considered, different results 

are registered. In this case, heat fluxes calculated with 

nominal thermal conductivity are slightly larger than 

those with variable conductivity. This occurs since 

nominal conductivity is determined at 23 °C while in 

simulations a constant internal condition of 20 °C is 

assumed, meaning that the internal surface node, where 

heat flux is estimated, is generally at temperature lower 

than the nominal one and so is the thermal conductivity. 

If thermal conductivity is expressed only as a function of 

water vapour partial pressure λ(pv), trends are similar to 

those discussed in case of λ(T,pv). However, percentage 

deviations are slightly larger, i.e., up to 4 %. 

Considering the findings of all analyses with variable 

thermal conductivity, it can be seen that temperature and 

water vapor partial pressure have opposite effects on the 

simulated heat fluxes for the considered timber wall. 

Nevertheless, humidity affects more than temperature the 

thermal behaviour. 

Analysis of absolute deviations in simulation results 

After evaluating the trend deviations, absolute differences 

were analysed. Figures 8 and 9 show the differences of 

annual specific thermal energy transferred through the 

wall, comparing λ(T,pv) simulations to λnom ones. 

Specifically, Figure 8 represents the annual specific 

positive thermal losses while Figure 9 shows the annual 

specific negative thermal losses. In both cases, by using a 

variable thermal conductivity λ(T,pv) an increase in the 

annual specific transmitted energy is noticed for each 

location. Considering the specific energy flowing towards 

the external (i.e., positive thermal losses), the average 

increase of losses is 290 Wh m-2 and the median value is 

277 Wh m-2. First and third quartiles are, respectively, 
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239 Wh m-2 and 340 Wh m-2. The largest deviations are 

detected in the north and in mountain locations and the 

maximum increase happens in Rovigo, Veneto, with 

451 Wh m-2. Lower deviations are detected in the 

southern regions, in agreement with the annual average 

temperatures of Figure 5. Confirming what said before, 

the use of a variable thermal conductivity affects more the 

colder locations in terms of absolute deviations. However, 

some exceptions are present: for instance, the lowest 

increase is not in the south but in Livorno, Tuscany, and 

the cities in Emilia-Romagna behave differently from the 

rest of the Po Valley. 

About the specific negative thermal losses, the average is 

113 Wh m-2 and the median value is 105 Wh m-2; the first 

quartile is 72 Wh m-2 and the third quartile 141 Wh m-2. 

The highest specific energy difference is found mainly in 

the warmer regions of the south of Italy. Indeed, the 

maximum increase of negative thermal losses was 

observed in Taranto, Puglia, with 244 Wh m-2. In the 

colder northern locations, the difference tends to be low 

and the minimum value is found in Emilia-Romagna 

(29 Wh m-2). Deviations are lower than for specific 

positive thermal losses because the negative ones, 

occurring mostly in the summer, are driven by smaller 

temperature differences.

 

 

Figure 7: Trend deviation [%] of the heat fluxes calculated with variable thermal conductivity with respect to the 

nominal one. 

 

 

Figure 8: Increase of annual specific positive thermal losses calculated with variable thermal transmittance with 

respect to the nominal one [Wh/m2]. 
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Figure 9: Increase of annual specific negative thermal losses calculated with variable thermal transmittance with 

respect to the nominal one [Wh/m2]. 

 

 

Conclusion 

The aim of this work was to evaluate the uncertainty 

introduced in building energy simulation codes by 

adopting nominal material thermal properties without 

considering the dependence on material temperature and 

moisture content. In particular, the research focused on 

thermal conductivity and on timber, which is generally 

more sensitive to moisture content than other building 

materials. Specifically, spruce and XLAM walls were 

studied. 

In order to achieve the goals, first, an experimental 

campaign was carried out in laboratory, collecting all the 

information necessary to develop a correlation between 

thermal conductivity, material temperature and moisture 

content. In this stage, spruce specimens were tested 

considering average temperatures ranging from 10 to 

50 °C and moisture contents resulting from an 

equilibrium condition with the laboratory environment, a 

humidification conditioning in a climate chamber kept at 

23 °C and 80 % RH and a dehumidification conditioning 

at 23 °C and 10 % RH. The experimental results were 

employed to determine the variable thermal conductivity 

as a function of material temperature and water vapour 

partial pressure. A 1D finite difference HMT model was 

then developed in MATLAB® environment and its 

unknown parameters calibrated against experimental 

dehumidification data and validated against the 

humidification ones. With such a model, the thermal 

behaviour of a 30 cm XLAM wall was simulated 

considering the typical reference years of 110 Italian 

locations. 

Comparing the hourly specific heat fluxes and the annual 

specific transmitted energy, distinguishing positive and 

negative losses, obtained with variable and nominal 

thermal conductivities, we observed that: 

• The adoption of nominal thermal conductivity instead 

of the variable one brings to a slight underestimation 

of the hourly heat fluxes for the tested spruce XLAM 

wall. 

• The use of nominal thermal conductivity, however, 

has limited impacts on the simulated heat fluxes, 

which is generally between 1 and 3 % of trend 

deviations. 

• Considering separately the impact of temperature and 

humidity on thermal conductivity, it can be seen that, 

for the tested wall, the former one brings to larger heat 

fluxes if calculated with nominal values while the 

latter one leads to an underestimation. Nevertheless, 

moisture content has a larger incidence than 

temperature. 

• The Italian climates show different trends, with the 

northern colder climates generally presenting smaller 

values of percentage trend deviations with respect to 

the southern warmer ones. However, analysing the 

differences in annual transmitted energy, the largest 

absolute differences are found in the coldest regions 

while the lowest in the warmest ones. 

Future developments of the current research will be 

addressed to overcome the limitations of the developed 

numerical model. Indeed, the phase changes, the non-

linear behaviours due to timber humidification and 

dehumidification cycles, and the effects of some 

boundary conditions, such as the incident solar irradiance 

and precipitations, were not accounted. Moreover, with a 

more advanced model, new types of timber materials and 

walls will be tested. 
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Nomenclature 

c = Specific heat (J kg-1 K-1) 

Cm = Storage moisture capacity (kg kg-1 Pa-1) 

δp = Water vapor permeability (kg m-1 s-1 Pa-1) 

HFM = Heat flow meter 

HMT = Heat and mass transfer model  

i = Spatial node  

λ = Thermal conductivity (W m-1 K-1) 

m = Timestep 

µ = Water vapour resistance factor (-) 

nom = Nominal 

pv = Water vapour partial pressure (Pa) 

ρ = Density (kg m-3) 

RH  = Relative humidity (%) 

T = Temperature (°C) 

t = Time (s) 

U = Thermal transmittance (W m-2 K-1) 

XLAM  = Cross-laminated 
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Abstract 

The study investigates the effectiveness of an energy 

retrofit strategy based on the adoption of an aerogel-

based coating aimed at mitigating thermal bridges and 

reducing energy losses. The material was developed and 

characterised in the framework of the Horizon-2020 

project ‘Wall-ACE’. The analyses were aimed to 

validate coupled heat and moisture transfer simulation 

models at the component level through the comparison 

with in-field experiments. Furthermore, the results 

achieved by the heat and moisture simulations were 

compared with those obtained by means of standardised 

simplified methods to verify if the adoption of more 

accurate calculation procedures gives different results. 

Introduction 

The high energy losses and huge energy demand related 

to buildings are aspects widely known. Weak elements 

of the opaque envelope are thermal bridges, and it was 

estimated that their impact on the heating energy needs 

in different EU countries is generally up to 30% (Citterio 

et al. 2008). 

Reduction of the buildings energy demand and the 

improvement of their energy efficiency is necessary and 

required (i.e. an improvement of 27% by 2030 is 

required in the EU). In addition, poorly insulated 

envelopes can be affected by several issues like surface 

condensation risk, that can contribute to the development 

of biological growth with a relevant impact on Indoor 

Environmental Quality. To face these problems and to 

comply with the heat demand reduction requirements in 

existing buildings, thermal insulation is the primary 

solution. In a consistent number of case, insulating from 

the interior side is the only viable solution, and super 

insulating materials have to be developed to guarantee 

proper space saving (Fantucci, Garbaccio et al. 2019).  

In the framework of an H2020-project (Wall-ACE), an 

aerogel-based insulating thermal-coating finishing was 

developed aimed at reducing energy losses and 

mitigating thermal bridges. The study here presented 

aims at analysing the thermal performances of an 

existing 1920’s envelope retrofitted with this newly 

developed product and verify through coupled heat and 

moisture transfer simulations the effectiveness of this 

energy retrofit strategy.  

Designers usually verify the suitability of the retrofit 

choice (i.e. prevention of critical surface humidity and 

interstitial condensation) through simplified methods 

based on EN ISO 13788:2012 Standard (Glaser method). 

Nevertheless, this methodology may be not fully 

adequate to represent the complexity of the physical 

phenomena occurring in the building components due to 

a series of assumptions: 

 the boundary conditions are assumed to be constant;  

 the initial moisture in the construction is  assumed to 

be completely evaporated; 

 heat and moisture flow are considered mono-

dimensional; 

 the latent heat exchange phenomena are neglected; 

 the material properties variation as a function of 

moisture content is neglected; 

 the moisture uptake and liquid water transport in 

materials are neglected; 

 2D heat and moisture transfer phenomena are 

neglected. 

As highlighted by Cascione et al. 2017 and by Mumovic 

et al. 2007, the adoption of more accurate Heat and 

Moisture Transfer (HMT) simulation instead of Glaser 

based methods may lead to different results. Most of the 

studies confirmed that the application of the simplified 

steady-state method often determines an overestimation 

of the condensation risk and at the same time that some 

critical aspects result underestimated. So the results of 

simplified analyses can affect the designers retrofit 

choice by discharging solutions that can be potentially 

suitable if verified with dynamic coupled heat and 

moisture simulations and, vice versa, to promote not 

working solutions.       

The aim of the paper is thus to investigate the robustness 

of using 2D dynamic coupled heat and moisture transfer 

simulations (EN 15026 Standard) by the comparison 

with a monitored case study. Moreover, the simulation 

results were compared with the ones obtained by using 

simplified steady-state methods (ISO 13788). The model 

was finally adopted to simulate the retrofitted wall in 

different scenarios with different aerogel-based coating 

finishing thickness in order to: 

 assess the reduction of the linear thermal 

transmittance of the thermal bridges determined in 

both steady-state thermal and in dynamic 

hygrothermal simulations; 

 analyse the surface temperature in critical points 

highlighting the frequency of condensation risk 

phenomena. 
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The case study 

The case study selected for the application of the aerogel 

coating is an existing 1920s building (Figure 1a) located 

in Turin (Italy, Lat. 45°N, Long. 7.65°E). Two external 

walls with the same orientation (south-east) were chosen 

as reference wall (RW) and coated wall (CW) 

respectively. On the latter, a ~12 mm thick internal 

aerogel-based coating layer was internally applied 

(Figure 1b).  

 

  

Figure 1: a) the demonstration building; b) the two 

monitored wall configurations; 

Methods 

Experimental monitoring campaign  

To have a detailed overview of the wall thermal 

behaviour and to validate the simulation model, a 

monitoring campaign was carried out on both the walls 

(RW and CW) for the period 21 December 2017 - 7 

March 2018.  

A series of control points were selected on both the 

walls; 16 T-type thermocouples and 2 heat flux meter 

sensors Hukseflux HFP01 (measurement uncertainty 

±5%) were placed on the two walls as shown in Figure 

2c. In addition, a Hukseflux LP02 (second-class 

pyranometer sensor) was adopted to measure the 

incident solar radiation), while the indoor and outdoor 

relative humidity were monitored by means of Testo 

175-H2 datalogger (measurement uncertainty ±3%). The 

T-type thermocouples adopted were preliminarily 

calibrated by means of thermostatic bath and a calibrated 

PT100; in this way, the uncertainty of the sensors and of 

the data-logging system results lower than ±0.25°C. The 

sensors (thermocouples, heat flux meters and 

pyranometers) were connected to a data-logger 

(dataTaker DT85) to record the data that were collected 

with a time step of 15 minutes. 

To reduce the measurement uncertainty, the room was 

heated at 23±0.5 °C by a radiator located in the opposite 

side of the monitored wall, in this way, a high 

temperature difference between the indoor and outdoor 

side (>10°C) was guaranteed for most of the monitoring 

period. 

It is worth to be mentioned that an initial survey  was 

carried out to be sure that the two analysed components 

(CW and RW) were identical. A difference  <1% in the 

CW and RW thermal transmittance were measured  

before the application of the aerogel-based coating.  

Considering that in the scope of this paper, the in-field 

monitoring results are functional to the validation of the 

simulations, the experimental results are not extensively 

reported. However, a more deepen analysis of the 

monitoring campaign can be found in previous studies of 

the Authors (Fantucci et al. 2018, Fantucci, Fenoglio  et 

al. 2019). 

 

Figure 2: a-b) detail of the sensors applied on the centre 

of walls and thermal bridges; c) a schematic view of the 

coated wall reporting the monitoring sensors.   
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Simulations analysis  

The dynamic simulations were performed by means of 

Delphin 5.9 that allows simulating the coupled heat and 

moisture transport in porous materials; the software can 

be used for various applications including the thermal 

bridges simulations, the condensation risk and the 

moisture storage in the building structures. 

The simulations were performed on different wall 

configurations (Figure 3) that are: 

 A0: the wall without any thermal insulating coating, 

adopted as a reference (monitored wall); 

 A1_3: the wall with a 3 mm thick aerogel-based 

coating application; 

 A1_12: the wall with a 12 mm thick aerogel-based 

coating application (monitored wall). 

 

 

Figure 3: The walls configurations simulated  

Model creation and validation 

A preliminary validation was performed to verify the 

agreement between the simulated results and the 

monitored ones, like the process described and pursued 

by Galliano et al. 2016. To create the model for the wall 

simulations, the different elements that composed the 

node between the wall and window were measured and 

subsequently modelled in Delphin 5.9. Nevertheless, to 

minimize the computational cost, some simplifications 

and assumptions were needed: 

 all the geometries have been modelled as orthogonal; 

 the window frame, as well as the glazing unit, were 

modelled as homogeneous elements considering an 

equivalent thermal conductivity;  

 the thickness of the coating was considered constant 

along the entire wall (~12 mm); 

 no mortar joints were modelled between the bricks. 

The materials properties (Table 1) were taken from the 

Delphin database (IBK TU Dresden), selecting the 

materials in accordance with those found during the 

survey phase. An equivalent thermal conductivity was 

assumed for the aluminium frame of the window as well 

as the thermal resistance of the air gap was determined 

according to the ISO 6946:2017 Standard. 

A different approach was used for the aerogel-based 

thermal insulating coating layer. The material 

hygrothermal properties were the one assessed through 

laboratory test (dry bulk density ρ, water vapour 

diffusion resistance factor μ, specific heat cp, thermal 

conductivity λ as a function of water content and 

moisture retention curve). 

Table 1:Summary of the material properties adopted for 

the walls simulations 

Layer s ρ λdry cp μ 

 [mm] [kg/m3] [W/mK] [J/kgK] [-] 

Existing 

Plaster 
10 1800 0.820 800 12.0 

Lime 

Sand 

Brick 

125 1705 1.188 890 18.7 

Air Gap 250 1 1.380 1050 0.2 

Lime 

Sand 

Brick 

125 1705 1.188 890 18.7 

Existing 

Plaster 
10 1800 0.820 800 12.0 

Aerogel-

based 

Coating 

12 336 0.051 1091 7.5 

 

Finally, the time discretisation was settled to 15 min 

(monitoring frequency), while the space discretisation of 

the model was defined through the automatically 

subdivision option and subsequently the grid was refined 

near to the point on which the sensors were applied 

during the monitoring phase. 

After the definition of the geometry and the material 

properties definition, the validation was performed 
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through the comparison between data collected during 

the monitoring campaign and the results of the numerical 

model. The simulations to be used for validation 

purposes were performed by using the same boundary 

conditions collected during the measurement campaign 

(internal and external temperature, internal and external 

relative humidity, incident solar radiation) and the same 

time step used for the data acquisition (15 minutes). The 

results were taken in each control point according to 

Figure 2 and compared with the monitored data of the 

coldest week (26 February 2018 – 3 March 2018).  

The results (simulated vs measured) were plotted as 

dispersion surrounding the line y=x highlighting the 

values that fall within the 95% of the data (Figure 4 -

dotted line). Moreover, the Root Mean Square Error 

(eq.1) was calculated for each control point Table 2 

(Table 2).  

𝑅𝑀𝑆𝐸 = √𝑛−1 ∙ ∑ (𝑠𝑗 − 𝑚𝑗
𝑛
𝑗=1 )2  (1) 

where sj and mj are the simulated values and the 

measured values for times j, and n is the number of 

values of the series, respectively.  

 

It can be observed that the RMSE of the temperatures 

were less than 0.5 °C except for the external surface 

temperature; this can be due to the number of 

simultaneous physical phenomena affecting the external 

surface temperatures (i.e. the shortwave solar radiation, 

the effect of wind, the long-wave counter-radiation). The 

higher RMSE value was observed for the heat flux 

density (HF_1), but with a percentage error below 5%, 

which is the expected accuracy of the sensor. 

The slight discrepancy between monitored and simulated 

values are due to different sources of inaccuracies that 

can be divided in: 

 modelling assumptions and simplifications; 

 measurements uncertainty, in both, the monitoring 

sensors and in the determination of the material 

properties (e.g. thermal conductivity, density, 

specific heat). 

 

Table 2: RMSE value for each control point 

Control point RMSE Unit 

Ts_ras_w 0.28 [°C] 

Tse_1 0.70 [°C] 

Ts_coat_1_a  0.27 [°C] 

Ts_coat_1_b 0.56 [°C] 

Ts_coat_1_c 0.59 [°C] 

Ts_tb_1_a 0.47 [°C] 

Ts_tb_1_b 0.28 [°C] 

Ts_tb_1_c 0.25 [°C] 

Tsi_1 0.27 [°C] 

HF_1 0.79 [W/m2] 

 

a) 

b) 

Figure 4: Data simulated vs measured of a) heat flux 

and b) internal surface temperature; 

 

Determination of the ψ-value 

As known a high percentage of heat losses can be related 

to thermal bridges [Mao et al. 1997, Citterio et al. 2008, 

and Theodosiou et al. 2008], thus an accurate 

determination of their value is necessary to correctly  

assess the heating energy demands of buildings. 

Since Delphin allows to perform 2D simulation, in the 

analysis, it was possible to assess both the 1D centre of 

wall heat flux density φ1d/A and the 2D total heat flux 

φ2d including thermal bridges. The linear thermal 

transmittance (ψ) of the thermal bridge between wall and 

window frame was calculated, and in order to verify how 

the thermal coating could reduce the ψ-value, the 

simulations were performed with the three-different wall 

configurations described in Figure 3.  

In order to establish if a variation on the boundary 

conditions could affect the ψ-value, different simulations 

were performed: 

 steady-state 2D heat transfer simulation (ψ) 

𝜓 =
𝜑2D−𝜑1D

𝑙∙∆𝑇
  [W

mK⁄ ]  (2) 

y = x 
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where: 

- l is the length of the component (set as 1 m), and  

- ΔT is the temperature difference between the internal 

and external side [°C]; 

 dynamic hygrothermal simulations (ψ*); 

The ψ* was calculated according to eq. (3) 

𝜓∗ =
𝐸2D−𝐸1D

𝑛∙𝑙∙∆𝑇
[W

mK⁄ ]    (3) 

where:  

- n: number of hours in which heat losses occur during 

the heating season [-]; 

- E2D: total energy loss including the thermal bridge 

[Wh]; 

- E1D: energy loss by one-dimensional heat flux [Wh]; 

- E represents the integer of the heat losses in the 

heating season, as shown in eq. (4)  

𝐸 = ∫ 𝜑𝑖
𝑛

𝑖=1
[𝑊ℎ]   (4) 

where: φi is the heat flux through the opaque envelope [W]; 

Condensation risk 

The ISO 13788 standard allows calculating the surface 

and the interstitial condensation risk. In this study, the 

results obtained through the simplified calculation 

methods and those obtained performing the dynamic 

hygrothermal simulation were compared. 

Concerning the surface condensation risk, it can be 

determined by comparing the fRsi (temperature factor on 

the internal surface) with the fRsi,min (design temperature 

factor on the internal surface) which represents the 

minimum factor to avoid the surface condensation and 

mould growth risk. 

The surface condensation risk can be calculated for each 

configuration starting from: 

 the monthly average data of internal temperature and 

relative humidity that, in this case, were derived from 

ASHRAE 160 (maximum relative humidity of 70%); 

 the monthly average external temperature and 

relative humidity.  

The internal saturation pressure was calculated from eq.  

(5): 

p
sat

(θ̅)=610.5e
17.269 ∙T

237.3+T       if T≥0°C;  (5) 

From these values calculated for each month, the internal 

pressure was determined, and then the minimum 

saturation pressure was calculated; the results allowed to 

calculate the minimum surface temperature acceptable to 

avoid condensation and mould growth risk. The fRsi,min 

(6) was thus determined for each month:  

𝑓Rsi,min =
𝑇𝑠𝑖,𝑚𝑖𝑛−𝑇𝑒

𝑇𝑖−𝑇𝑒
 (6) 

𝑓Rsi =
𝑇𝑠𝑖−𝑇𝑒

𝑇𝑖−𝑇𝑒
   (7) 

 

The maximum value was selected as the reference one 

(fRsi,max) and compared with the monthly fRsi value 

calculated for every wall configuration analysed in order 

to verify if: 

𝑓Rsi ≥  𝑓Rsi,max (8) 

when this condition is satisfied the condensation and 

mould growth risk on the surface can be considered 

avoided. 

For the different walls configurations, the calculation 

was performed using: 

 the internal and external mean temperature and 

relative humidity for each month derived from 

climatic data used in the dynamic simulation; 

 the internal surface temperature obtained from the 

last heating period of simulations (4 years were 

simulated to reach the equilibrium moisture content 

in the wall layers). 

Results and discussions 

Ψ-value  

In Figure 5 the ψ (linear thermal transmittance calculated 

by means of steady-state 2D simulations) and ψ* (linear 

thermal transmittance calculated by means of dynamic 

hygrothermal simulations) values for the reference (A0) 

and the retrofitted wall respectively with 3 and 12 mm of 

the insulating coat (A1_3, A1_12) are reported. 

  

Figure 5: ψ and ψ* values calculated through 

simulations and the percentage difference between 

dynamic hygrothermal and steady state. 

As expected, it is possible to observe a reduction of the 

ψ value when the coating is applied, and the higher the 

coating thickness, the lower the linear thermal 

transmittance. The maximum reduction of ψ (21.5-23%) 

is obtained with 12 mm of aerogel-based coating 

finishing. While for the A1_3 configuration, a slight 

reduction between 5.5% and 7.7% can be highlighted. 

Furthermore, no significant difference between the ψ and 

ψ* was observed, so it can be asserted that for the 

analysed case study both steady state or dynamic 

hygrothermal analyses can be performed to assess the 

linear thermal transmittance. 
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Surface condensation risk 

To evaluate the condensation risk and the effect of the 

coating application, an analysis of the surface 

temperature for the different wall configurations was 

performed. Two points were analysed (Figure 6): 

 (a) a point near the thermal bridge (critical point);  

 (b) a point in the centre of the wall.  

 

 

Figure 6: Point for surface condensation risk analysis 

The fRsi value reached in point b by each wall 

configuration is reported in Table 3 and compared with 

the limit value to avoid condensation. Adopting the 

simplified EN 13788 method for any configurations, also 

for the retrofitted ones, the fRsi, ISO13788 value is always 

lower than fRsi,max which means that the designed 

solutions do not comply with the requirements of the 

standard. Performing the dynamic hygrothermal 

simulation (according to EN15026 method) a completely 

different result was obtained, fRsi, HMT sim. is always higher 

than fRsi,max meaning that no condensation and mould 

growth risk occurs. 

Table 3: fRsi,max and fRsi values for each wall 

configurations (the worst value is reported). 

 fRsi,max fRsi, ISO 13788 fRsi, HMT sim. 

A0 

0.83 

0.65 0.84 

A1_3 0.67 0.85 

A1_12 0.73 0.88 

 

In  Figure 7, the cumulative frequency distribution of the 

winter surface temperature obtained from the 2D 

dynamic hygrothermal simulations is presented.  

Considering the centre of the wall, temperatures are 

always higher than the dew-point temperature (indoor air 

temperature 20°C and relative humidity 60%). 

Nevertheless, if considering the critical point of the 

thermal bridge, different results can be highlighted: 

 for the A0 configuration the surface condensation 

risk occurs for ~12% of the time; 

 for the A1_3 configuration the surface condensation 

risk can occur for less than 3% of the time; 

 for the A1_12 configuration, the surface 

condensation risk can be considered completely 

avoided. 

Summarising, all the retrofit configurations allow to 

significantly mitigate or avoid the condensation risk in 

both the centre of the wall and in the thermal bridge 

area. Similar results were also highlighted in a previous 

work of the Authors (Fantucci et al. 2017); the 

comparison between the surface temperatures of an 

existing wall and a retrofitted one with a mineral-based 

thermal coating layer (6 mm) showed an increment of 

the surface temperature over the dew point, reducing the 

condensation risk. 

 

Figure 7:Cumulative frequency of surface temperatures 

on point a and b compared with the condensation 

temperature at different RH level (indoor air 

temperature 20°C and relative humidity 60%) 

Interstitial condensation 

The interstitial condensation risk can be evaluated 

through the Glaser method, according to EN 13788, or 

with more accurate dynamic hygrothermal simulations.  

Adopting the Glaser method results are presented 

(Figure 8) showing the vapour saturation pressure at the 

different interfaces compared with the vapour pressure 

for January (worst month) and for each wall 

configuration. 

From the results, it seems evident that for the proposed 

retrofit solution interstitial condensation phenomena 

occur. As reported by the standard, the suitability of the 

intervention has to be deeply investigated by means of 

more accurate numerical simulations (i.e. EN 15026). 

The results of the moisture content in each layer 

determined through dynamic hygrothermal simulation 

are reported in Table 4 and compared with the critical 

moisture content of each material type summarised in 

EN ISO 13788. It is evident that in each layer, the 

moisture content is under the critical value. The higher 

level was reached by the coating layer (~60 kg/m
3
) due 

to the higher relative humidity reached along that side; 

anyway, the value was below the limit assumed similar 

to the value reported for the cement-based mortar (180 

kg/m
3
). 
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Figure 8: Vapour saturation and vapour pressure for the 

three different wall configurations A0 (a), A1_3 (b), 

A1_12 (c) for January. 

 

 

 

Table 4:Maximum (max) and median (med) moisture 

content for each material, compared with critical 

moisture content (EN 13788). Values are in [kg/m
3
] 

Layer A0 A1_3 A1_12 

C
ri

ti
ca

l 
v

al
u

e 

 

M
ax

im
u

m
 

M
ed

ia
n
 

M
ax

im
u

m
 

M
ed

ia
n
 

M
ax

im
u

m
 

M
ed

ia
n
 

Coating l1 - - 23.9 12.8 18.9 12.5 180 

Coating l2 - - 82.5 14.6 24.3 13.2 180 

Existent 

plaster l1 
15.3 10.2 14.5 10.2 12.9 10.2 180 

Existent 

plaster l2 
25.0 8.6 15.9 8.3 11.4 8.0 180 

Masonry 10.9 9.5 9.9 9.3 9.6 9.2 130 

External 

plaster 
16.9 6.9 16.9 7.0 17.4 7.2 180 

 

Conclusions 

The hygrothermal behaviour of a retrofit intervention 

based on an aerogel added coating was analysed, and a 

comparison of the results obtained adopting different 

methodologies was performed. The retrofit intervention 

allows improving the behaviour of the wall and the 

thermal bridge, as demonstrated by the 2D dynamic 

hygrothermal analysis. As the main results, it is possible 

to highlight that: 

 as far as the thermal bridge calculation methods are 

concerned no differences between the 2D 

hygrothermal dynamic and the 2D steady state results 

can be observed; 

 with reference to the surface condensation risk, the 

adoption of the simplified method gives results that 

are significantly worse than those obtained through 

the HMT simulations, in which the surface 

condensation does not occur in any retrofitted wall 

configuration;  

 according to the results of the Glaser method, the risk 

of interstitial condensation is high. On the contrary, 

the dynamic HMT simulations show that in each 

layer, the moisture content was lower than the critical 

value proposed by the EN ISO 13788 standard. 

From the different analysis emerged that, to avoid 

misleading results and demonstrate the feasibility of the 

internal retrofit intervention (especially with advanced 

materials), it is crucial to evaluate the performance by 

means of 2D dynamic HMT simulations.  
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Abstract 

An renewable method to mitigate the slippery condition 

on road surfaces is to use a Hydronic Heating Pavement 

(HHP). The performance of the HHP system strongly 

depends on its design parameters. The aim of this study is 

to investigate the effects of different design parameters of 

the HHP system on the anti-icing operation of the road 

surface. A hybrid 3D numerical simulation model of HHP 

system is used to make simulation. The numerical model 

is validated by an analytical solution. The validation result 

shows that the maximum relative error associated with the 

temperature decline along the pipe is less than 3% 

between the obtained results from the numerical 

simulation model and the analytical solution. The results 

show that the order of parameters, investigated in this 

study, associated with shortening the number of hours of 

the slippery condition is: (i) the distance between the 

pipes, (ii) the fluid flow rate, (iii) the inlet temperature of 

fluid, (iv) the embedded depth of the pipe and (v) the pipe 

diameter.  

Introduction 

Winter road maintenance is an essential service to 

enhance the traffic safety and increase the accessibility of 

roads during winter time. Distributing sand and salt on the 

road surface is the most common method to mitigate the 

slippery condition on the road surface. However, sanding 

and salting results in pollution of environment and 

corrosion of road infrastructures (Johnsson, 2017).  

A renewable alternative method to increase the level of 

road safety during winter is to use Hydronic Heating 

Pavement (HHP). An overall view of the HHP system is 

shown in Figure 1. For more details the reader is referred 

to (Mirzanamadi et al., 2018).  

Figure 1. A Overall view of an HHP system 

Different numerical models are already developed to 

simulate the HHP systems. Pahud (2008) made a one-

dimensional (1D) numerical model to simulate the 

hydronic heating system of a bridge. This heating system 

aimed at keeping the surface temperature above 0°C to 

prevent ice formation and freezing the compacted snow 

on the bridge (Pahud, 2008). Moreover, Abbasi (2013) 

developed a 1D numerical model of the hydronic heating 

system in order to examine two different control systems 

for heating the road surfaces. The first control system was 

to keep the road surface temperature above 0°C and the 

second control system was to keep the road surface 

temperature above the dew-point temperature when the 

surface temperature is below 0°C. Their results showed 

that the annual required energy for heating the road using 

the second control system is about 10 times less than that 

using the first control system (Abbasi, 2013). 

Although previous studies numerically simulated the 

HHP system, their main focus were melting the snow on 

the road surface (Pan et al., 2015). However, the anti-

icing operation of the HHP system were rarely 

investigated, especially using a 3D numerical simulation 

model. It should be noted that anti-icing, in this study, 

only refers to the prevention of ice-formation due to 

deposition of water vapor from the air to the road surface 

which better known as hoar frost formation (Ou et al., 

2018). 

The aim of this study is to investigate the effects of 

different design parameters of the HHP system on the 

anti-icing operation of the road surface. Five different 

design parameters are investigated, including (i) the fluid 

flow rate, (ii) the inlet temperature of fluid, (iii) the pipe 

diameter, (iv) the distance between the pipes and (v) the 

embedded depth of the pipe. The anti-icing operation is 

analysed using a hybrid 3D numerical simulation model 

of the HHP system. The numerical model is simulated in 

COMSOL Multiphysics 5.2. and used to calculate: (i) the 

annual required energy for anti-icing the road surface, (ii) 

the outlet temperature of the fluid and (iii) the remaining 

number of hours of the slippery conditions on the road 

surface. 

Hybrid 3D numerical simulation model 

The details related to development of the hybrid 3D 

numerical simulation model is presented in authors’ 

previous studies (Mirzanamadi, Hagentoft and Johansson, 

2018). In this study, the hybrid 3D model is briefly 

explained and then validated using an analytical solution. 

The sketch of a hybrid 3D model of the HHP system is 

shown in Figure 2. In Figure 2 (a), the HHP system is 

________________________________________________________________________________________________

________________________________________________________________________________________________
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

 
524

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

https://doi.org/10.26868/25222708.2019.211126 



divided to a number of sub-sections. In Figure 2 (b), the 

3D model of the HHP system is represented by 2D vertical 

cross sections.  

 

Figure 2. A scheme of the hybrid 3D numerical 

simulation model (a) the 3D model of a HHP system (b) 

the hybrid 3D model of the HHP system. 

The 2D cross sections are perpendicular to the pipe 

directions and successively linked to each other by the 

convective heat transfer in the fluid, circulating inside the 

pipe. The numerical model simultaneously calculates the 

transient heat flowing out from the pipes based on the 

finite element model and the fluid temperature decline 

along the pipe based on a quasi-steady state assumption.  

In each 2D cross section, the total thermal resistance 

between the fluid and embedding materials is represented 

by 𝑅𝑒𝑞_𝑝𝑖𝑝𝑒  (m ∙ K/W) . 𝑅𝑒𝑞 consists of three serially 

coupled thermal resistance, namely: (i) the surface heat 

transfer resistance at inner pipe surface, 𝑅𝑃𝑊𝑆 (m ∙ K/W), 

(ii) the pipe resistance, 𝑅𝑝 (m ∙ K/W), and (iii) the 

thermal resistance between the outer pipe wall and an 

additional annulus surrounding the pipe, 𝑅𝑖.𝑗 (m ∙ K/W).  

 𝑅𝑒𝑞_𝑝𝑖𝑝𝑒 = 𝑅𝑝𝑖𝑝𝑒 + 𝑅𝑖,𝑗 + 𝑅𝑃𝑊𝑆 (1) 

 𝑅𝑝𝑖𝑝𝑒 =
ln (

𝑟𝑜𝑢𝑡𝑒𝑟
𝑟𝑖𝑛𝑛𝑒𝑟

)

2∙𝜋∙𝜆𝑝𝑖𝑝𝑒
 (2) 

 𝑅𝑖,𝑗 =
ln (

𝑟𝑖,𝑗
𝑟𝑜𝑢𝑡𝑒𝑟

)

2∙𝜋∙𝜆𝑖,𝑗
 (3) 

 𝑅𝑃𝑊𝑆 =
1

𝜋∙𝜆𝑓∙Nu
 (4) 

 (Re =
2∙𝜌𝑓∙𝑣𝑓∙𝑟𝑖𝑛𝑛𝑒𝑟

𝜇𝑓
 and Pr =

𝜇𝑓∙𝑐𝑝,𝑓

𝜆𝑓
) 

where Re (-) is the Reynolds number, Pr (-) is the Prandtl 

number, Nu (-) is the Nusselt number, 𝜌𝑓 (kg/m3) is the 

density of fluid, 𝑣𝑓  (m/s) is the average velocity of fluid 

through a cross section of pipe, 𝑟𝑖𝑛𝑛𝑒𝑟  (m) and 𝑟𝑜𝑢𝑡𝑒𝑟  (m) 

are respectively the inner and outer radii of the pipe, 

𝑟𝑖,𝑗  (m) is the radius of the additional annulus surrounding 

the pipe, 𝑢𝑓 (kg/(m ∙ s)) is the dynamic viscosity of fluid, 

𝑐𝑝,𝑓 (J/(kg ∙ K)) is the specific heat capacity of fluid, 

𝜆𝑓 (W/(m ∙ K)) is the thermal conductivity of fluid, 

𝜆𝑝𝑖𝑝𝑒  (W/(m ∙ K)) is the thermal conductivity of the pipe 

material and 𝜆𝑖,𝑗 (W/(m ∙ K)) is the thermal conductivity 

of the surrounding materials.  

If 𝑇𝑓 (K) is the temperature of fluid, circulating inside 

the pipes and 𝑞𝑖,𝑗  (W/m2) is the heat flow between the 

fluid and the surrounding road materials, the 
equivalent temperature of the road materials close to 
the pipe segment, 𝑇𝑒𝑞_𝑝𝑖𝑝𝑒 (K), is calculated as: 

𝑇𝑒𝑞_𝑝𝑖𝑝𝑒 = 𝑇𝑓 − 𝑞𝑖,𝑗 ∙ 𝑅𝑒𝑞_𝑝𝑖𝑝𝑒 (5) 

Considering the steady state solution for the longitudinal 

fluid temperature distribution and the transversal heat 

transfer process along the pipe, the relation between the 

inlet and outlet temperatures of the fluid, circulating along 

the sections n and n+1, at each time step is obtained as: 

𝑇𝑓,𝑛+1
𝑡 = 𝑇𝑒𝑞_𝑝𝑖𝑝𝑒,𝑛

𝑡 + (𝑇𝑓,𝑛
𝑡 − 𝑇𝑒𝑞_𝑝𝑖𝑝𝑒,𝑛

𝑡 ) ∙ 𝑒−(𝐿𝑛/𝑙𝑛) (6) 

where 𝑇𝑓,𝑛+1
𝑡  (K) is the outlet temperature at time t, 

𝑇𝑓,𝑛
𝑡  (K) is the inlet temperature at time t, 𝐿𝑛  (m) is the 

distance between sections n and n+1 as well as 𝑙𝑛 (m) is 

the characteristic length related to the interaction between 

the convective heat transfer along the pipe and the 

transversal heat flow. The value of 𝑙𝑛 is calculated as: 

 𝑙𝑛 = 𝑅𝑒𝑞_𝑝𝑖𝑝𝑒 ∙ 𝑣𝑓 ∙ 𝜋 ∙ 𝑟𝑖𝑛𝑛𝑒𝑟
2 ∙ 𝜌𝑓 ∙ 𝑐𝑝,𝑓 (7) 

In this study, the inlet temperature of fluid, 𝑇𝑓,1
𝑡  (K), is a 

known parameter. By applying Equations 6 and 7, it is 

possible to calculate 𝑇𝑓,2
𝑡  (K). The value of 𝑇𝑓,2

𝑡  will be 

used as the inlet temperature for the second pipe section. 

By considering the outlet temperature from one section as 

the inlet temperature for the next section, the outlet 

temperature for whole length of the pipe will be equal to 

the outlet temperature at the last pipe section.  

In order to validate the hybrid 3D model, the fluid 

temperature variation along the pipe length for a simple 

configuration of the HHP system is obtained by an 

analytical solution and the numerical simulation model. 

The analytical solution is based on a steady- state study. 

The HHP system consists of a one-layer road and a single 

embedded pipe. The pipe is assumed to be located in the 

middle of an infinite array of pipes (Hagentoft and Roots, 

2016). The ambient temperature is set to be 0 °C and the 

surface thermal resistance varies from 0 (m2 · K)/W to 

0.1 (m2 · K)/W. Other boundaries are set to be adiabatic. 

It is assumed that the road and pipe materials are 

homogenous. The analytical solution accounts for the 

distance between the pipes, the embedded depth of the 

pipes, the pipe diameter, the thermal conductivity of road 

and pipe materials, the surface thermal resistance, the 

length of the pipes, the fluid flow rate and the fluid 

properties (density and specific heat capacity). The length 

of pipe is set to be L (m). The inlet temperature of fluid is 

𝑇𝑖𝑛 (K) and the outlet temperature is 𝑇𝑜𝑢𝑡  (K). Equations 

8-13 are used in the analytical solution (Hagentoft and 

Roots, 2016). 

 𝑅0 =
1

2𝜋𝜆
(ln (

2𝐷

𝑟𝑝𝑖𝑝𝑒
) + ln (

𝑐

2𝜋𝐷
· sinh (

2𝜋𝐷

𝑐
)) + 4 ∙ ∑ 𝑒𝑣 ·∞

𝑛=1

𝐸1(𝑣) + 2 · 𝑒
2𝐷

𝑑 ∙ 𝐸1 (
2𝐷

𝑑
))  (8) 

 𝑑 = 𝑅𝑠 · 𝜆 (9) 

 𝐸1(𝑣) = ∫
𝑒−𝑥

𝑥

∞

𝑣
𝑑𝑥 (10) 

 𝑣 =
2𝐷+𝑖∙𝑛𝑐

𝑑
 (11) 

 𝑇𝑜𝑢𝑡 = 𝑇𝑠 + (𝑇𝑖𝑛 − 𝑇𝑠) ∙ 𝑒− 
𝐿

𝑙  (12) 
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 𝑙 = 𝑅0 ∙ 𝑣𝑓 ∙ 𝜋 ∙ 𝑟𝑖𝑛𝑛𝑒𝑟
2 ∙ 𝜌𝑓 ∙ 𝑐𝑝,𝑓 (13) 

where 𝑅0 (m·K/W) is the thermal resistance between the 

pipes and the surface, 𝜆 (W/(m · K)) is the thermal 

conductivity of road materials, 𝐷 (m) is the depth of 

embedded pipe from centre to surface, 𝑐 (m) is the 

distance between pipes, 𝑟𝑝𝑖𝑝𝑒 (m) is the radius of the pipe 

and 𝑅𝑠 (m2 · K/W) is the surface thermal resistance.  

The analytical solution is based on a semi-infinite 

geometry. The depth of the numerical simulation model 

was truncated to 10 times the embedded depth of the pipe, 

from the pipe centre to the surface. Furthermore, the 

numerical simulation model consists of four cross-

sections. The geometrical information and the thermal 

properties of the road section are presented in Table 1.  

The results associated with the fluid temperature variation 

along the pipe length are shown in Figure 3. As can be 

seen, the results related to the analytical solution and the 

numerical simulation are matching well with each other, 

so the maximum relative error is 2.3% which is related to 

the case that 𝑅𝑠 = 0 (m2 · K)/W. The maximum relative 

error is defined as the difference between the results of 

analytical solutions and numerical model divided to the 

results of the analytical solution. By increasing the surface 

thermal resistance, the maximum relative error will 

decrease; e.g., for 𝑅𝑠 = 0.1 (m2 · K)/W the maximum 

relative error is 2%. It should be noted that an increase in 

the number of cross-sections will lead to a decrease in the 

maximum relative error. For example, for the numerical 

model with eight cross-sections the maximum relative 

error is 1.4% and for the numerical model with 11 cross-

sections the maximum relative error is 0.06%.  

 

Figure 3. Fluid temperature variation along the pipe 

length considering different surface thermal resistances. 

Heat balance 

In this study, the aim of anti-icing is to prevent the hoar 

frost formation. The heating system is not used for snow 

melting and ice-formation due to rain. Hence, the mass 

balance of the water on the road surface is assumed to be 

only based on condensation and evaporation. To simply 

the numerical model, it is assumed that all snowfalls are 

immediately ploughed away from the road surfaces and 

the rainfall is drained well. the heat flux associated with 

the latent heat of the snow melting is not taken into 

account due to snow removal. However, falling snow, 

before the snow removal is started, affects the heat 

balance of the road surface. Hence, the sensible heat flux 

of snow, 𝑞𝑠𝑛𝑜𝑤 (W/m2), related to the heat capacity of 

snow and temperature change is considered in the heat 

balance. the heat balance on the road surface consists of 

seven heat fluxes as Equations 15-21. The equations are 

extracted from (Hagentoft, 2001). For more details about 

the heat balance, the reader is referred to (Mirzanamadi et 

al., 2018). 

The heat balance is calculated as: 

 𝑞𝑐𝑜𝑛𝑑 + 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑟𝑎𝑖𝑛 + 𝑞𝑠𝑛𝑜𝑤 + 𝑞𝑙𝑤 + 𝑞𝑠𝑤 +
𝑞𝑒𝑣𝑝/𝑐𝑜𝑛 = 0  (14) 

 conductive heat from ground and pipes:  

 𝑞𝑐𝑜𝑛𝑑 = −𝜆 ∙ ∇𝑇 (15) 

 convective heat flow from the ambient air  

 𝑞𝑐𝑜𝑛𝑣 = ℎ𝑐 · (𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒) (16) 

 sensible heat from rain 

 𝑞𝑟𝑎𝑖𝑛 = �̇�𝑟𝑎𝑖𝑛 · 𝑐𝑝−𝑤𝑎𝑡𝑒𝑟 · (𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒)(17)  

 sensible heat from snow 

 𝑞𝑠𝑛𝑜𝑤 = �̇�𝑠𝑛𝑜𝑤 · 𝑐𝑝−𝑠𝑛𝑜𝑤 ∙ (𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒)(18) 

 long-wave radiation 

 𝑞𝑙𝑤 = 𝜀 · 𝜎 · (𝑇𝑠𝑘𝑦
4 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒

4 ) (19) 

 short-wave radiation 

 𝑞𝑠𝑤 = 𝛼 · 𝐼 (20) 

 latent heat of evaporation and condensation 

 𝑞𝑒𝑣𝑝/𝑐𝑜𝑛 = ℎ𝑒 · 𝛽. (𝑣𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑣𝑠) (21) 

where 𝜆 (W/(m·K)) is the thermal conductivity of the road 

materials, 𝑇 (K) is the temperature, 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 (K) is the 

ambient air temperature, 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒  (K) is the road surface 

temperature, ℎ𝑐  (W/(m2 ∙ K)) is the convective heat 

transfer coefficient, 𝜀 (-) is the emissivity of the surface, 

𝜎 ( W/(m2 ∙ K4)) is the Stefan-Boltzmann constant, 

𝑇𝑠𝑘𝑦  (K) is the sky temperature, 𝛼 (-) is the solar 

absorptivity of the surface, 𝐼 (W/m2) is the solar 

irradiation, ℎ𝑒  (J/kg) is the latent heat of evaporation of 

water, 𝛽 (m/s) is the moisture transfer coefficient, 

𝑣𝑎𝑚𝑏𝑖𝑒𝑛𝑡  (kg/m3) is the humidity by the volume of the 

ambient air, 𝑣𝑠 (kg/m3) is the humidity by the volume of 

the saturated air at the surface temperature and �̇� (kg/
(m2 · s)) is the mass rate of snow/rain per square meter 

of the surface. 

Table 1. Input data of the initial simulated HHP for validation (Fluid is 25% ethylene glycol-water mixture).  
Parameter Value Unit Parameter Value Unit 
Surface thermal resistance 0 - 0.05- 0.1 (m2·K)/W Diameter of additional annulus (2 ∙ ri,j) 160 mm 

Ambient temperature  0 °C Fluid inlet temperature  10 °C 

Distance between two pipes  400 mm Pipe length 160 m 

Thermal conductivity of road material 1.5 W/(m·K) Fluid flow rate  5.65 l/min 

Density of road material 2400 kg/m3 Thermal conductivity of fluid 0.488 W/(m·K) 

Specific heat capacity of road material 850 J/(kg·K) Specific heat capacity of fluid 3852 J/(kg·K) 

Embedded depth 100 mm Density of fluid 1025 kg/m3 

Pipe diameter 20 mm Number of section 4 - 
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Boundary condition 

The climate data were obtained from Östersund, a city in 

middle of Sweden. The city has long and cold winter 

period which is interesting to simulate the anti-icing 

operation. The climate data were generated at a 1 hour 

interval (Meteotest, 2010) and included: dry-bulb/air 

temperature (°C), relative humidity (%), wind speed 

(m/s), dew-point temperature (°C), incoming long-wave 

radiation (W/m2), short-wave radiation (W/m2) and 

precipitation (mm/h).  

In the numerical simulation model, the temperature of 

ground at the depth of 5 m is set to be 2.53°C, equal to the 

annual mean temperature of ambient air. The road 

structure consists of six different layers. The details of the 

layers are presented in Table 2. 

Table 2. Materials properties of the road layers. 

Road 
layer 

Thick- 
ness 

(mm) 

Thermal 
Conductivity 

(W/(m·K)) 

Density 
(kg/m3) 

Specific Heat 
Capacity 
(J/(kg·K)) 

Wearing  40 2.24 2415 848 

Binder 60 1.44 2577 822 

Base 100 1.51 2582 894 

Subbase  80 0.7 1700 900 

Subgrade 1000 0.8 1400 900 

Ground 3720 0.6 1300 600 

The geometrical and thermal properties of the road and 

pipe materials as well as the thermal properties of the fluid 

are presented in Table 3. The data associated with the pipe 

material, made from polyethylene (PEX), are obtained 

from (Modin, 2015) and the data associated with the 

thermal properties of fluid, 25% ethylene glycol-water 

mixture, are obtained from (Bohne, Fischer and 

Obermeier, 1984). 

Let’s assume 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (K) is the surface temperature, 

𝑇𝑑𝑒𝑤 (K) is the dew-point temperature and 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 (K) 

is the freezing temperature of water. When 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 <

𝑇𝑑𝑒𝑤, the water will be formed on the road surface due to 

the condensation. When 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔, the water 

on the road surface will turn to ice. Therefore, in order to 

avoid the occurrence of the condensation on the road 

surface, the heating system should turn on when:  

 {
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑑𝑒𝑤               

𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔      
      (22) 

The heat conduction from the pipes to the surface does not 

distribute uniformly on the road surface. The points on the 

surface directly above the heating pipe will have the 

maximum temperature and the shortest number of hours 

of the slippery conditions. Furthermore, considering the 

fluid temperature decline along the pipe, the points on the 

road surface which are located in the middle between two 

pipes at the outlet section will have the minimum surface 

temperature and the longest number of hours of the 

slippery conditions (See “Control Point” in Figure 2).  

Whenever the heating system is turned on, the 

temperature of fluid is set to be 12 °C. Whenever the 

heating system is turned off, the boundary condition at the 

inner surface of the pipe wall is set to be adiabatic. The 

annual required energy for anti-icing the road surface 

using the temperature difference between the inlet and 

outlet fluids, 𝐸𝑟  (kWh/(m2·year)), is calculated as: 

𝐸𝑟 =
1

𝑐∙𝐿
· ∫ (𝑇𝑓,𝑜𝑢𝑡

𝑡 − 𝑇𝑓,𝑖𝑛
𝑡 ) · 𝑣𝑓 ∙ 𝜋 ∙ 𝑟𝑖𝑛𝑛𝑒𝑟

2 ∙ 𝜌𝑓 ∙ 𝑐𝑝,𝑓 · 𝑑𝑡
1 𝑦𝑒𝑎𝑟

𝑡=0

  (23) 

where c (m) is the distance between pipes and L (m) is the 

pipe length.  

Furthermore, the number of hours of the slippery 

condition on the road surface, 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦 (h), are the 

number of hours when the temperature of the road surface 

is lower than both freezing and dew-point temperatures. 

The value of 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  is calculated as: 

𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦 = ∫ 𝑓 ∙ 𝑑𝑡
1 𝑦𝑒𝑎𝑟

0
 (𝑓 = 1  if (

𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑑𝑒𝑤

𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔
) else 𝑓 = 0)

  (24) 

It should be noted that in the above equation, 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒  is 

the surface temperature at “Control Point”, see Figure 2.  

Results and discussion 

This section presents the effects of (i) the number of 

vertical sections and (ii) the parametric study of the HHP 

system on the anti-icing operation of the HHP system. 

Number of vertical cross-sections 

Table 4 presents the results related to the anti-icing 

operation by varying the number of cross-sections from 2 

to 6. As can be seen, where the number of cross sections 

is equal to or more than 3, 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  is approximately 137 

h and the outlet temperature is 5.6 °C. For the numerical 

model with four and more cross-sections, the annual 

required energy for anti-icing is about 91 kWh/(m2·year). 

Selecting the number of cross sections is influenced by 

the characteristic length, 𝑙𝑛 (m). As the value of 𝑙𝑛 is 

higher, the accuracy of the results gets better. 

Furthermore, the value of 𝑙𝑛 is influenced by the total 

thermal resistance between the fluid and the embedded 

materials, 𝑅𝑒𝑞 (m·K/W). By increasing the value of 𝑅𝑒𝑞, 

the value of 𝑙𝑛 and consequently the accuracy of results 

will increase. 

Table 3. Input data of the initial simulated HHP system in this study (Fluid is 25% ethylene glycol-water mixture).  
Parameter Value Unit Parameter Value Unit 

Thermal conductivity of pipe materials  0.4 W/(m·K) Absorptivity of the road surface 0.78 - 

Density of pipe materials 925 kg/m3 Fluid inlet temperature 12 °C 

Specific heat capacity of pipe materials 2300 J/(kg·K) Pipe length 50 m 

Outer diameter of the embedded pipes 25 mm Fluid flow rate 8 l/min 

Inner diameter of the embedded pipes 20.4 mm Thermal conductivity of fluid 0.488 W/(m·K) 

Diameter of additional annulus (2 ∙ ri,j) 30.4 mm Specific heat capacity of fluid 3852 J/(kg·K) 

Distance between the pipes (center to center) 100 mm Density of fluid 1025 kg/m3 

Embedded depth from center of pipe to surface 87.5 mm Dynamic viscosity 2.9 mPa·s 

Emissivity of the road surface 0.89 -       
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Table 4. Effects of numbers of cross sections. 
Number 
of cross-
sections 

Remaining 
slippery hours, 

𝒕𝒔𝒍𝒊𝒑𝒑𝒆𝒓𝒚 (h) 

Annual required 
energy along the pipe, 
𝑬𝒓 (𝐤𝐖𝐡/(𝐦𝟐 · 𝐲𝐞𝐚𝐫)) 

Average 
out-let 

Temp. (°C) 

2 134.7 86.8 5.8 
3 136.8 89.9 

5.6 
4 136.5 90.5 
5 137.1 90.8 
6 136.9 90.7 

It should be noted that having fewer number of cross-

sections causes the computational time to decrease, e.g. in 

this study, the computational time for solving the 

numerical simulation model using four cross-sections was 

54.3 min, while this time was 112.9 min for the model 

with five cross-sections. The numerical simulation model 

was run in a computer with 16 GB RAM and a processor 

of Intel (R) Core (TM) i7-4600K CPU @ 2.1 GHz. 

Parametric study 

The relative difference between the results related to the 

numerical simulation model with four and more cross-

sections in Table 4 is less than 1%. To reduce the 

computational time, the hybrid 3D numerical simulation 

model with four cross sections is selected to accomplish 

the parametric study. Five different parameters including 

(i) fluid flow rate, (ii) fluid temperature, (iii) pipe 

diameter, (iv) distance between the pipes and (v) 

embedded depth of the pipes are examined to find out 

their influence on the anti-icing operation. It is assumed 

that by varying one parameter, the values of other 

parameters will remain the same as Table 3. 

Fluid flow rate 

From the literature (Dehdezi, 2012), the fluid flow rate is 

varied from 1 l/min to 180 l/min. However, to avoid noise 

pollution and pipe damaging the fluid flow velocity 

should not exceed 2.5 m/s (The Engineering ToolBox, 

2001). Considering the inner pipe diameter of 20.4 mm, 

see Table 3, the maximum fluid flow rate will be 50 l/min. 

The annual required energy, the average outlet 

temperatures of fluid, the thermal resistance of fluid and 

pipe and the remaining number of hours of the slippery 

conditions are shown in Figure 4. 

As shown in Figure 4 (a), the variation of annual required 

energy for anti-icing, 𝐸𝑟  (kWh/(m2·year)), versus the 

fluid flow rate, �̇�𝑓 (l/min) consists of three segments: (i) 

an initial steep decrease in 𝐸𝑟  where �̇�𝑓 <  8 l/min, (ii) an 

abrupt spike in 𝐸𝑟,1 where �̇�𝑓 is around 8 l/min and (ii) and 

a gradual decrease in 𝐸𝑟  where �̇�𝑓 ≥  8 l/min. However, 

Figure 4 (b) exhibits a reverse trend for the variation of 

outlet temperature of fluid, 𝑇𝑜𝑢𝑡  (℃) versus �̇�𝑓. The 

variation of 𝐸𝑟  and 𝑇𝑜𝑢𝑡  is influenced by the variation of 

Reynolds number, Re. From Equations 4, for �̇�𝑓 =

6 l/min, Re (-) is 2206 and for �̇�𝑓 = 8 l/min, Re is 2941. 

The value of Re affects the surface heat transfer resistance 

at inner pipe surface, 𝑅𝑃𝑊𝑆 (m·K/W). As can be seen in 

Figure 4 (c), where �̇�𝑓 is around 8 l/min, the value of 𝑅𝑃𝑊𝑆 

promptly decreases from 0.16 m·K/W to 0.016 m·K/W. 

The thermal resistances of the pipe, 𝑅𝑝 (m·K/W) and the 

additional annulus, 𝑅𝑖,𝑗 (m·K/W) are constant for whole 

range of �̇�𝑓; i.e. 𝑅𝑝 + 𝑅𝑖,𝑗 = 0.1 m ∙ K/W. Consequently, 

the total thermal resistance, 𝑅𝑒𝑞 (m·K/W) promptly 

decreases from 0.27 m·K/W to 0.12 m·K/W where �̇�𝑓 is 

around 8 l/min. Furthermore, Figure 4 (d) shows that the 

remaining number of hours of the slippery conditions on 

the road surface, 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  (h), reduces significantly from 

633 h to 135 h where �̇�𝑓 ranges from 1 l/min to 8 l/min. 

For �̇�𝑓 ≥  8 l/min, the value of 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  reaches to a 

gradual depression trend, so reduces down from 135 h to 

87 h where the �̇�𝑓 varies between 8 l/min to 50 l/min. 

Fluid temperature 

From the literature (Bobes-Jesus et al., 2013; Pan et al., 

2015), the fluid temperature varied at a range between 

25°C and 50°C. This range of temperature was used to 

snow melting, however, is high for anti-icing the road 

surface. The aim of anti-icing is to keep the 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒  

higher than (but close to) 𝑇𝑑𝑒𝑤  when 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔, 

see Section 4. In order to examine if this aim is satisfied 

using a lower fluid temperature than 25°C, seven fluid 

temperatures of 4 °C, 6 °C, 8 °C, 10 °C, 12 °C, 16 °C and 

20 °C are arbitrary taken into account.  

The results related to the annual required energy, the 

average outlet temperature and the remaining number of 

hours of the slippery conditions are shown in Figure 5.  

As shown in Figure 5 (a), by increasing the inlet 

temperature of fluid, 𝑇𝑖𝑛 (℃), from 4 °C to 20 °C, the 

value of 𝐸𝑟  increases from 81.2 kWh/(m2·year) to 96.9 

kWh/(m2·year). Higher 𝑇𝑖𝑛 causes higher surface 

temperature and consequently results in more energy 

consumption. Figure 5 (b) illustrates the variation of 

average outlet temperature, 𝑇𝑜𝑢𝑡 , versus 𝑇𝑖𝑛. As can be 

seen, by increasing 𝑇𝑖𝑛, the difference between 𝑇𝑖𝑛 and 

𝑇𝑜𝑢𝑡  will increase. Furthermore, an increase in 𝑇𝑖𝑛 results 

in an increase in 𝑇𝑜𝑢𝑡 . Circulating a higher fluid 

temperature along the pipe will lead to a decrease in the 

number of hours of the slippery conditions on the road 

surface, 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦 . 

 
Figure 4. The effects of fluid flow rate on anti-icing operation (a) the annual required energy, (b) the average outlet 

temperature of fluid, (c) the thermal resistances (d) the remaining number of hours of the slippery conditions. 
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From Figure 5 (c), by increasing 𝑇𝑖𝑛 from 4 °C to 20 °C, 

the value of 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  reduces from 284 h to 93 h. The 

decrease of 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  follows a convex curve; i.e. as the 

value of 𝑇𝑖𝑛 increases the number of slippery hours 

approximates to the preceding value of 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦 .  

 

Figure 5. The effects of fluid temperature on anti-icing 

operation (a) the annual required energy, (b) the 

average outlet temperature of fluid and (c) the 

remaining number of hours of the slippery conditions 

Outer diameter of pipe 

From the literature (Bobes-Jesus et al., 2013; Pan et al., 

2015), the diameter of pipes, installed in the HHP system, 

varies from 6 mm to 50 mm. In this study, five different 

outer diameters are taken into account, including: 13 mm, 

20 mm, 25 mm, 30 mm and 40 mm. In addition, it is 

assumed that: (i) the thickness of all pipe is 2.3 mm, (ii) 

the diameter of the additional annulus is 10 mm larger 

than the outer diameter of pipe, (iii), the embedded depth 

from the centre of pipe to the surface is 87.5 mm and (iv) 

the fluid flow rate for all different pipe diameters is 8 

l/min. It is worth mentioning that for the smaller 

diameters than 13 mm, the flow velocity of fluid exceeds 

2.5 m/s, which is not recommended (The Engineering 

ToolBox, 2001). The annual required energy, the average 

outlet temperatures of fluid, the thermal resistance of fluid 

and pipe and the remaining number of hours of the 

slippery conditions are shown in Figure 6. 

In Figure 6 (a), the value of 𝐸𝑟  initially increases from 

81.1 kWh/(m2·year) to 92.6 kWh/(m2·year) where the 

outer diameter of pipe, 𝐷𝐼𝐴𝑜𝑢𝑡  (mm), varies from 13 mm 

to 30 mm. However, the value of 𝐸𝑟  shows a depression 

trend from 92.6 kWh/(m2·year) to 84.8 kWh/(m2·year) 

where 𝐷𝐼𝐴𝑜𝑢𝑡 varies from 30 mm to 40 mm. A reverse 

trend is illustrated for the variation of 𝑇𝑜𝑢𝑡versus 𝐷𝐼𝐴𝑜𝑢𝑡  

in Figure 6 (b). The value of 𝑇𝑜𝑢𝑡  decreases from 7.9°C to 

4.9°C where 𝐷𝐼𝐴𝑜𝑢𝑡 ranges between 13 mm and 30 mm, 

then increases to 7.25°C where 𝐷𝐼𝐴𝑜𝑢𝑡  is 40 mm. The 

variation of 𝐸𝑟  and 𝑇𝑜𝑢𝑡  is related to the variation of Re 

versus 𝐷𝐼𝐴𝑜𝑢𝑡 . For 𝐷𝐼𝐴𝑜𝑢𝑡 = 30 mm, the value of Re is 

2362 and for 𝐷𝐼𝐴𝑜𝑢𝑡 = 40 mm, the value of Re is 1695.  

As shown in Figure 6 (c), for 𝐷𝐼𝐴𝑜𝑢𝑡 ≤ 30 mm, 𝑅𝑃𝑊𝑆 

ranges between 0.008 m·K/W and 0.02 m·K/W, while for 

𝐷𝐼𝐴𝑜𝑢𝑡 > 30 mm, the value of 𝑅𝑃𝑊𝑆 jumps to 0.16 

m·K/W. This jump causes an increase in the value of 𝑅𝑒𝑞 

which in turn results in a decline in the conductive heat 

transfer between the pipe and road surface, 𝑞𝑐𝑜𝑛𝑑  (W/m2). 

As the value of 𝑞𝑐𝑜𝑛𝑑  decreases, the remaining risk for the 

slippery condition on the road surface will increase, see 

Figure 6 (d) when 𝐷𝐼𝐴𝑜𝑢𝑡 > 30 mm. 

Distance between pipes 

This section presents the effects of the distance between 

the pipes on the anti-icing operation of the HHP system. 

The minimum distance is considered to be 50 mm (center 

to center). This value is twice the outer diameter of the 

pipe. The closer distance might result in segregation of 

aggregate of asphalt concrete. Moreover, the maximum 

distance is considered to be 400 mm (Bobes-Jesus et al., 

2013; Pan et al., 2015). Six difference distances between 

these two ranges are arbitrary selected. The distances are: 

50 mm, 100 mm, 150 mm, 200 mm, 300 mm and 400 mm. 

The annual required energy, the average outlet 

temperature and the remaining number of hours of the 

slippery conditions on the surface are shown in Figure 7. 

As can be seen in Figure 7 (a), by increasing the distance 

between pipes, c (mm), the value of 𝐸𝑟  initially declines 

from 97.8 kWh/(m2·year) to 87.8 kWh/(m2·year) where 

50 mm ≤ c ≤ 200 mm. However, for 200 mm ≤ c ≤ 400 

mm, the value of 𝐸𝑟  shows an increase from 87.8 

kWh/(m2·year) to 92.9 kWh/(m2·year). It should be noted 

that, multiplying 𝐸𝑟  by c will result in the annual required 

energy related to a single pipe, 𝐸𝑟 ∙ 𝑐 (kWh/(m·year)). The 

value of 𝐸𝑟 ∙ 𝑐 follows a rising trend by increasing the 

value of c. The same trend is illustrated for 𝑇𝑜𝑢𝑡  in Figure 

7 (b). As shown, where the value of c is at the range of 50 

mm to 400 mm, the value of 𝑇𝑜𝑢𝑡  increases from 5.6 °C to 

7.6 °C, resulting in the reduction of temperature 

difference between 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡  (𝑇𝑖𝑛 = 12 ℃). As the 

value of c increases, the surface temperature decreases 

and consequently the risk of the slippery conditions on the 

road surface will increase. Figure 7 (c) shows that the 

value of 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  significantly increases from 71 h to 795 

h by varying the value of c from 50 mm to 400 mm. The 

curve associated with 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  versus c follows a convex 

function; i.e. the increase in the value of 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  gets 

greater as the value of c increases.  

 

Figure 6. The effects of pipe diameter on anti-icing operation (a) the annual required energy, (b) the average outlet 

temperature of fluid, (c) the thermal resistances (d) the remaining number of hours of the slippery conditions. 
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Figure 7. The effects of distances between pipes on anti-

icing operation (a) the annual required energy, (b) the 

average outlet temperature of fluid, (c) the remaining 

number of hours of the slippery conditions. 

Embedded depth of pipe 

As the embedded depth increases, the risk of reflective 

cracking in the asphalt pavement decreases (Dehdezi, 

2012). Furthermore, installing pipes at further depth can 

reduce the risk of damage to the pipe networking during 

the rehabilitation of the road. In this study, in order to 

reduce the risk of structural failure in the pipes and the 

asphalt pavement, the pipes are located in the second and 

third layers. Five different embedded depth (from the 

centre of the pipe to the road surface) are investigated. 

The depths are: 60 mm, 80 mm, 100 mm, 120 mm and 

150 mm. The annual required energy, the average outlet 

temperature and the remaining number of hours of the 

slippery conditions are shown in Figure 8. 

As illustrated in Figure 8 (a), by increasing the depth of 

the embedded pipes, D (mm) from 60 mm to 150 mm, the 

value of 𝐸𝑟 increases from 86.8 kWh/(m2·year) to 103.9 

kWh/(m2·year). The same trend is obtained for both 

𝑇𝑜𝑢𝑡  and 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  versus D, see Figures 8 (b) and (c). By 

changing the value of D from 60 mm to 150 mm, the value 

of 𝑇𝑜𝑢𝑡  increases from 4.5 °C to 7.4 °C. This change leads 

to 106 hours more slippery conditions. Installing the pipes 

at a deeper depth results in an increase in the thermal 

resistance between the pipe and road surface, see 

Equation 8. The increase in the thermal resistance will 

result in a colder surface and accordingly a higher risk for 

the slippery conditions on the road surface.  

 

Figure 8. The effects of embedded depth of pipes on anti-

icing operation (a) the annual required energy, (b) the 

average outlet temperature of fluid, (c) the remaining 

number of hours of the slippery conditions. 

Discussion and Conclusion 

It was found from this study that: 

 When Reynolds number, Re (-), is equal to or below 

2300, the fluid flow rate showed an significant effect 

on the anti-icing operation of the HHP system. 

Increasing the fluid flow rate from 1 l/min, where Re 

= 368, to 8 l/min, where Re = 2941, resulted in 

approximately an 80% decrease in the number of 

hours of the slippery conditions on the road surface. 

For the fluid flow rate above 8 l/min, where the value 

of Re > 2300, the number of hours of the slippery 

conditions reduced down, e.g. increasing the fluid 

flow rate from 8 l/min to 50 l/min led to 

approximately a 35% decrease in the number of hours 

of the slippery conditions on the road surface.  

 An increase in the inlet fluid temperature resulted in 

a decrease in the number of hour of the slippery 

conditions. Increasing the inlet fluid temperature 

from 4 °C to 20 °C led to approximately a 65% 

decrease in the number of hours of the slippery 

conditions on the road surface.  

 Considering a constant fluid flow rate of 8 l/min and 

increasing the outer diameter of pipe (the thickness 

of the embedded pipe was 2.3 mm constant) led to a 

decrease in the value of Re, affecting the remaining 

slippery condition. For the outer diameter equal to or 

smaller than 30 mm, the value of Re was above 2300. 

However, the value changed to 1695 where the outer 

diameter was 40 mm, resulting in approximately 10 

times increase in the surface heat transfer resistance 

at the inner pipe surface, 𝑅𝑃𝑊𝑆 (m·K/W). An increase 

in the value of 𝑅𝑃𝑊𝑆 led to an increase in the total 

resistance between the pipe and the road surface 

which in turn caused the number of hours of the 

slippery conditions, 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  (h) to increase. By 

increasing the outer diameter of the pipe from 13 mm 

to 30 mm, the value of 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦  decreased about 35%. 

However, changing the outer diameter from 30 mm 

to 40 mm led to approximately a 30% increase in the 

number of hours of the slippery conditions on the 

road surface. 

 The distance between the pipes played a significant 

role in mitigation of the slippery condition. 

Decreasing the distance between the pipe led to a 

decrease in the number of hours of the slippery 

condition. Changing the distance from 400 mm to 50 

mm resulted in a 90% decrease in the number of 

hours of the slippery conditions on the road surface. 

 Embedding the pipe in a shallower depth results in an 

increase in the conductive heat flux, transferring from 

the embedded pipes to the road surface. Reducing the 

embedded depth from 60 mm to 150 mm resulted in 

approximately a 50% decrease in the number of hours 

of the slippery conditions on the road surface.  

 Among all parameters, investigated in this study, the 

distance between the pipes had the most significant 

effect on the reduction of the slippery conditions on 

the road surface. The next most important parameters 

were: the fluid flow rate, the inlet temperature of 

fluid, the embedded depth of the pipe and the pipe 

diameter.  

 Comparing the results obtained from the 3D 

numerical model in this study and 2D models done 

by authors (Mirzanamadi et al., 2018) showed that 

increasing the pipe diameter led to a 45% decrease in 

the number of hours of the slippery condition using 
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the 2D model and a 35% decrease in that using the 

3D model. The difference between the 2D and 3D 

models can be explained by the variation of fluid flow 

rate and velocity of fluid through the pipe. In the 2D 

model, it was assumed that the velocity of fluid 

remains constant for all pipe with different diameters, 

i.e. by changing the pipe diameter, the fluid flow rate 

changes directly proportional to the square of the pipe 

diameters. However, in the 3D model, the variation 

of pipe diameter and the fluid flow rate were 

examined separately from each other i.e. it was 

assumed that only one of these two parameters were 

varied.  

In this study, the effects of different parameters related to 

the HHP system were examined. However, the 

investigation was done individually for each parameter. In 

future work, it is necessary to find out the combined effect 

of the parameters on the efficiency of the HHP system, 

e.g. the influence of enhancing the thermal conductivity 

of road layers and reducing the fluid temperature on the 

efficiency of the HHP system. Monto Carlo method can 

be used in future to examine the combined parametric 

study of the HHP system on the anti-icing operation.  

Furthermore, in this study, a hybrid 3D numerical 

simulation model of the HHP system is made in 

COMSOL Multiphysics 5.2. In future, there is a potential 

to simulate the HHP system coupled to the seasonal 

thermal energy storages and heat pumps using the 

available building energy simulation platforms such as 

“BRIDGESIM” build on TRNSYS (Pahud, 2008) and 

“Geothermal smart bridge” build on HVACSIM+ (Liu, 

2005). 
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Abstract 

Building material manufacturers have already started to 

develop new products to prepare for the nearly zero 

energy performance requirements, which will have 

serious effects on the masonry industry. In recent years, 

masonry manufacturers started to produce blocks filled 

with thermal insulation material to increase the thermal 

resistance of bricks, and to sell insulation together with 

the masonry blocks. These blocks are used in new 

constructions across Central-Europe with different 

geometry and fillers; however, many of their properties, 

such as hygrothermal behaviour is not yet researched in 

details neither the blocks, nor in building constructions. 

In this paper, I present a new approach to evaluate the 

moisture performance of building constructions. I defined 

moisture transmittance and moisture bridges of building 

constructions to evaluate their hygrothermal performance. 

By using monthly based hygrothermal simulations and 

analysing thermal and moisture transmittance, linear 

thermal and moisture transmittance and effective water 

vapour diffusion resistance factors, I showed how the 

hygrothermal performance of the thermal insulation filled 

masonry blocks varies on monthly basis and showed that 

even when the thermal insulation filler does not have any 

significant effect on the thermal performance of the 

blocks, it could have serious effects on the moisture 

performance of the blocks.   

Introduction 

Compared to thermal performance studies dealing with 

thermal insulation filled masonry blocks, the number of 

scientific papers dealing with hygrothermal approach on 

hollow and filled masonry blocks is very limited. A study 

of the hygrothermal behaviour of textile based insulation 

filled masonry blocks by Zach et al. (2013). They 

evaluated the temperature and relative humidity 

distributions in the filled blocks by using WUFI 2D 

software. Pavlík et al. (2015) performed an experiment 

with their semi-scale device (Pavlik et al., 2002) on 

mineral wool filled masonry blocks. The studied brick 

block was exposed to different hygrothermal climatic 

conditions. On the exterior side winter conditions 

corresponding to the reference climatic year of Prague, 

Czech Republic were applied, while on the interior side 

the conditions of a residential house were simulated. 

Based on the temperature and relative humidity profiles 

monitored across the studied brick sample having the real 

thickness of a single-layer building envelope, they 

concluded that the hygrothermal performance of the 

blocks filled with mineral wool is satisfactory. Hou et al. 

(2017) presented a coupled heat and moisture transfer 

analysis of hollow concrete blocks filled with compressed 

straw bricks. They built a controllable heat and moisture 

testing device, which was similar to Pavlík’s one. After 

they performed measurements on the filled blocks and 

analysed the collected temperature and relative humidity 

data measured by sensors across a section, they developed 

a one-dimensional hygrothermal software that was 

capable of coupled heat and moisture transfer simulation, 

and implemented the tested cross section into it. The 

simulations showed good agreement with the 

experiments. Maděra et al. (2017) published their 

hygrothermal approach on the studied insulation filled 

masonry block by using Künzel’s model (Künzel, 1995) 

with a small modification of introducing the global 

moisture transport function, which incorporates both 

vapour and liquid transports. They handled the 

hygrothermal simulations with decomposed geometry, 

which resulted shorter simulation time. Krejčí et al. 

(2017) also published research about numerical analysis 

of coupled heat and moisture transport in masonry. Their 

work, among others, contained a 2D hygrothermal 

analysis of thermal insulation filled masonry blocks, 

which had the same geometry as researched by Madera et 

al. in their studies. Krejčí et al. (2017) compared three 

simulation approaches, a classical finite element solution, 

a domain decomposition method with 20 subdomains, and 

the processor farm method also with 20 subdomains. They 

performed 1800 time steps on the models, and compared 

the simulation times by a high end simulation 

workstation. The FEM based approach needed the longest 

time to solve the problem, 4 days. The two subdomain 

using methods ended the task after “only” 10 hours and 

15 hours, respectively. This study showed that 

parallelization of calculation processes is very important. 

In recent years, thermal insulation filled masonry blocks 

have been studied on the basis of laboratory 

measurements (Nagy and Orosz, 2015), steady-state 

(Nagy and Stocker, 2019) and time dependent (Nagy and 

Tóth, 2016) numerical simulations, respectively. Based 

on previous research on hygrothermal performance of 

masonry blocks, I thought we need a method, that provide 

easily comparable results to evaluate the moisture 

transport behaviour of complex building elements and 

construction joints, besides analysing their simulated 

moisture content or relative humidity, which is now the 
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standard methodology in these evaluations. These 

analyses are only available when we perform time 

dependent, hourly based simulations, which can be 

demanding to handle due to the increased need of 

computational efforts and necessary material properties. 

The method I came up with to analyse the moisture 

performance is somewhat similar to the method we use to 

deal with thermal problems and works by using steady-

state approach, however it is conducted on monthly basis, 

which makes it suitable to evaluate how these blocks 

perform over changing boundary conditions. I introduced 

moisture transmittance and linear moisture transmittance 

of building constructions. 

Methods 

Numerical model 

In this paper, monthly based steady-state conjugated heat 

and moisture transfer (HAM) simulations were carried 

out. Steady-state equations are time-independent, and 

cannot take the heat and moisture capacity of the materials 

into account; however, they have the advantage that their 

runtime is significantly shorter and it needs significantly 

less material data, which is also missing from the 

technical datasheets of these products. In my approach, 

thermal conductivity of the materials is temperature and 

volumetric moisture content dependent, which means that 

moisture transfer will affect heat transfer, therefore 

moisture storage curves of the materials are needed to 

perform the simulations. Partial differential equation 

(PDE) of steady-state heat transfer is shown by Eq. (6), in 

which the first member represents heat fluxes from heat 

conduction and the second part shows heat fluxes from 

evaporation flux. If only heat transfer is considered in the 

numerical model, then only the first member was used for 

the simulation. In Eq. (6), ∇= (
𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
,

𝜕

𝜕𝑧
) is nabla 

vectorial differential operator, 𝐪 is heat flux [W/m2], 

𝜆𝑒𝑓𝑓 = 𝜆10,𝑑𝑟𝑦 ∙ 𝑒𝑓𝑇(𝑇2−10°𝐶) ∙ 𝑒𝑓𝜓(𝑢2) is temperature and 

volumetric moisture content dependent effective thermal 

conductivity [W/mK], based on MSZ EN ISO 10456. 𝑇 is 

temperature [K], 𝐿𝑣 is latent heat of evaporation of water 

[J/kg], 𝛿𝑝 =  𝛿𝑎/𝜇 is vapor permeability [kg/msPa], in 

which 𝛿𝑎 is the vapor permeability of still air depending 

on air temperature and 𝜇 is the vapor resistance factor [1], 

𝜑 is relative humidity [1] and 𝑝𝑠𝑎𝑡 is the saturation 

pressure of water vapor [Pa], depending on temperature: 

∇𝐪 = ∇[𝜆𝑒𝑓𝑓∇𝑇 + 𝐿𝑣𝛿𝑝∇(𝜑𝑝𝑠𝑎𝑡(𝑇))] = 0.     (1) 

The PDE of steady-state moisture transfer is defined by 

Eq. (7), in which the first member of the equation 

represents the liquid transport of moisture fluxes, while 

the second part is responsible for moisture fluxes from 

vapour transport: 

∇𝐠 = ∇[ξ𝐷𝑤∇𝜑 + 𝛿𝑝∇(𝜑𝑝𝑠𝑎𝑡(𝑇))] = 0.  (2) 

In Eq. (2), 𝐠 is moisture flux [kg/m2s], ξ =  
∂w

∂φ
 is 

differential moisture capacity [kg/m3], which can be 

represented as the slope of the moisture storage function 

between different relative humidity values, where w is the 

moisture content [kg/m3] according to the moisture 

storage function of the materials. 𝐷𝑤 is the liquid transport 

coefficient [m2/s]. Steady-state simulation was chosen in 

some cases instead of performing time-dependent hourly 

based simulations because of the main goal of the research 

was to compare thermal and moisture transmittances and 

linear thermal- and moisture transmittances of the 

building constructions considering monthly design 

conditions, and also to evaluate the effect of neglecting 

moisture transfer. For evaluating linear thermal 

transmittances of building construction, usually thermal 

only approach is considered nowadays (Bakonyi and 

Dobszay, 2014); however, considering conjugated 

moisture transport would increase the heat losses of 

components.  The partial differential equations shown by 

Eq. (1) and Eq. (2) were implemented into COMSOL 

Multiphysics.  

Geometry 

In this study, wall constructions are handled with their 

complex geometries, which contain their inner structures 

as well. This detailed modelling makes it possible to 

analyse the building constructions in their depths and get 

deeper understanding about their hygrothermal 

behaviour. Detailed 2D geometry models of the evaluated 

horizontal wall corner section made of 44 cm thick 

insulation filled masonry blocks is shown in Fig. 1. 

 

Figure 1: Model of masonry wall corner joint. 

Material properties 

Material properties of the tested thermal insulations, 

aerogel blanket (AG), polyurethane foam (PUR), mineral 

wool (MW), expanded polystyrene (EPS) and expanded 

perlite (EXP), as well as fired clay (FC), the 15 mm thick 

internal plaster (IP) and the 20 mm thick external plaster 

(EP) are listed in Table 1, and were measured in 

laboratory (Nagy and Stocker, 2019) and summarized in 

Table 1, while sorption isotherms are shown by Fig. 2-3. 

Table 1: Material properties (Nagy and Stocker, 2019). 

Material 
λ10,dry 

[W/mK] 
fT  

[1/K] 

fψ 

[m3/m3] 

μdry/wet 

[-] 

AG 0.012 0.0015 3 4.5 

PUR 0.024 0.0055 6 80/70 

MW 0.031 0.0045 4 1.3 

EPS 0.037 0.0035 4 70/30 

EXP 0.050 0.0035 3 2 

FC 0.35 0.001 10 15/10 

IP 0.40 0.001 3 8.1 

EP 0.09 0.001 8 8.3 
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Figure 2: Sorption isotherms of thermal insulations 

 

Figure 3: Sorption isotherms of FC, IP and EP. 

Boundary conditions 

I used monthly averaged temperature and relative 

humidity values for the basis of the boundary conditions 

from weather files. The hourly based multi-year (1991-

2010) averaged weather file of Budapest were obtained 

from Meteonorm 7. Although Meteonorm can take some 

corrections on the weather data into account depending on 

its situation, and I used city situated weather files, 

microclimate or the effect of vegetation, such as wind-

field around the buildings (Szkordilisz and Zöld, 2016), 

or the local environment (Gao et al., 2017) haven’t 

studied in the presented paper. From the created hourly-

based weather files, monthly averages were calculated 

and used for the basis of external boundary conditions. As 

shown later, there is no 80% or higher external relative 

humidity in the average monthly values, therefore liquid 

transport does not play significant role within the masonry 

blocks besides vapour diffusion. Internal conditions of air, 

and equivalent vapour diffusion thicknesses of the 

boundary layers were set according to the MSZ EN 

15026, which uses the external temperature to define both 

internal temperature and internal relative humidity. In 

simulations, normal occupancy was considered. Surface 

heat transfer coefficients were set based on MSZ EN ISO 

6946. The heat transfer coefficients were set to hsi = 7.69 

W/m2K for internal and hse = 25 W/m2K for external 

surfaces, and the equivalent vapour diffusion thickness of 

boundary layer was set to sd,si = 0.008 m on the internal 

and sd,se = 0.0023 m on the external surface according to 

MSZ EN 15026.  

Moisture transmittance 

Besides calculating thermal and linear thermal 

transmittance according to MSZ EN ISO 10211, to 

characterize the moisture behaviour of a building element, 

I introduced and defined M [kg/m2sPa] moisture 

transmittance value. M value can be calculated according 

to the formula presented by Eq. (3), as the ratio of 𝐺 

internal surface moisture flow through 1 m2 of internal 

surface of the building element and Δp water vapour 

pressure difference, or by the ratio of 𝑔 moisture flux and 

the water vapour pressure difference: 

M = 𝐺/(𝐴 ∙ ∆𝑝)  = 𝑔 /∆𝑝.                              (3) 

If a building element can be simplified to one layer and 

considered homogeneous, and if it does not consist of any 

capillary active material, then moisture transmittance, 

presented by Eq. (3), equals to the vapour permeability 

multiplied by 1 m length. From this, effective water 

vapour diffusion resistance factor can be easily defined, 

as dividing vapour permeability of air by the building 

element specific value. Calculation of the moisture 

transmittance of complex, inhomogeneous building 

elements could only have carried out effectively by using 

conjugated heat and moisture transport numerical 

simulation. For characterization of moisture bridges, 

introduction of the linear moisture transmittance is 

necessary, which is designated as Greek letter ν, and can 

be determined in a similar way to the linear thermal 

transmittance, see Eq (4). This factor shows how many 

kilograms of additional moisture can flow through one 

running meter of a construction joint within a second 

comparing to the moisture transmittance of the connecting 

building elements measured at the internal length:  

ν = 𝐺/(𝑙 ∙ ∆𝑝)  − ∑ 𝑀𝑗 ∙ 𝑙𝑗𝑗  .                   (4) 

Based on Eq. (3) and Eq. (4), it can be seen that for the 

calculation of the moisture transmittances, G moisture 

flow on the internal surface of the building structure, 

caused by the Δp water vapour pressure difference, has to 

be determined. The water vapour pressure difference can 

be calculated by using Eq. (5) from θ air temperature [°C] 

and φ relative humidity of the separated spaces (e.g. 

internal and external space):  

∆𝑝 = φ𝑖 ∙ 𝑝𝑠𝑎𝑡(𝜃𝑖) − φ𝑒 ∙ 𝑝𝑠𝑎𝑡(𝜃𝑒).                (5) 

Water vapour pressure of saturated air can be obtained by 

MSZ EN ISO 13788 illustrated by Fig. 4. 

 

Figure 4: Saturation vapour pressure as a function of 

temperature according to MSZ EN ISO 13788. 

Results and discussion 

Due to limitations of the presented paper, I summarize my 

approach by comparing thermal and moisture 

transmittances and water vapour diffusion resistance 

factors of walls and wall corner joints. The monthly based 

simulations are illustrated by Fig. 5-8, which figures show 

a wall corner joint made of PUR and MW filled masonry 

blocks in Budapest, in January month. Temperature, heat 

flux, relative humidity and moisture flux was retrieved 

monthly and analysed across the sections. 
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Figure 5: Temperature [°C] distribution of a wall corner 

in January, Budapest, made of PUR (a) and MW (b) 

thermal insulation filled masonry blocks. 

 

Figure 6: Heat flux magnitude [W/m2] distribution of a 

wall corner in January, Budapest, made of PUR (a) and 

MW (b) thermal insulation filled masonry blocks.  

 

Figure 7: Relative humidity [1] distribution of a wall 

corner in January, Budapest, made of PUR (a) and MW 

(b) thermal insulation filled masonry blocks. 

 

Figure 8: Moisture flux magnitude [kg/m2s] distribution 

of a wall corner in January, Budapest, made of PUR (a) 

and MW (b) thermal insulation filled masonry blocks. 
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It is visible on Fig. 5, that although there is significant 

difference between the thermal conductivity of the filler 

materials, there is no observable difference between the 

temperature distribution within the masonry blocks and 

even the surface temperatures in the corner are differs 

only within only 0.5 °C considering all fillers. This also 

means that evaluating the temperature factor according to 

MSZ EN ISO 13788 in the corners gives very similar 

results, therefore it is not suitable to compare 

hygrothermal performance and behaviour of the different 

fillers. There is also negligible difference, when we 

compare heat flux magnitudes in the simulated cross 

sections of the wall corner joints shown by Fig. 6. Heat 

flux magnitudes show good agreement, only their values 

vary slightly. Comparing relative humidities of the PUR 

and MW filled blocks show differences shown by Fig. 7., 

which is observable mostly in the outermost insulation 

layers of thermal insulation. While PUR show continuous 

transition between the colours representing the relative 

humidity field between 0.5-0.9, MW filler show lower 

relative humidities in the innermost insulation layer and 

moisture accumulation in the outermost layer next to the 

fired clay walls closer to the external surface. This means 

that while PUR blocks the way of the moisture flow 

because of its low vapour permeability, MW allow the 

moisture flow through easily. Last but not least, Fig. 8 

shows the moisture flux magnitudes across the sections. 

This figure shows clearly how PUR and MW filled 

masonry blocks behave differently against moisture 

flows. While PUR filled blocks show low moisture flux 

magnitudes across the sections due to the low 

permeability of PUR, masonry blocks containing MW 

performs very differently. It is also visible that in the inner 

corner and in the MW outermost insulation layer, 

moisture flux magnitude rises. 

In Table 2, thermal and moisture transmittances of the 

adjoining walls (without the geometrical thermal 

bridging) and linear thermal and moisture transmittances 

of the wall corner joint as well as the effective water 

vapour diffusion resistance factor of the wall and wall 

corner is shown by their heating season (November-

March) averaged values. It is clearly visible, that while 

there are only slight differences between U and ψ values, 

differences are greater by magnitudes between PUR and 

MW filled masonry blocks in the case of M and ν values. 

       Table 2: Results of the comparative analysis of 
thermal and moisture transmittances of wall corner 

joints made of PUR and MW filled masonry blocks in 
heating season, Budapest. 

Case PUR filler MW filler 

Uwall [W/m2K] 0.179 0.195 

ψcorner [W/mK] 0.088 0.091 

Mwall ·10-12 

[kg/m2·s·Pa] 
3.74 24.06 

μeff,wall [1] 53.18 8.16 

νcorner ·10-12 

[kg/m·s·Pa] 
1.05 6.29 

μeff,corner [1] 46.75 7.22 

According to results presented in Table 2, 8.94% 

difference occurred between the thermal transmittance of 

PUR and MW filled walls. The linear thermal 

transmittance for the wall corner joints shows even 

smaller, only 3.4% differences. From only these results, 

we could hardly compare the moisture transfer 

performance of the constructions, because the results of 

the compared two walls and corners made of differently 

filled masonry blocks do not show great differences. In 

the case of the adjoining straight walls, the moisture 

transmittances were show significant differences. These 

values obviously cannot be produced solely by thermal 

analysis. It can be seen that the masonry wall built from 

mineral wool filled blocks can pass about 6.43 times more 

moisture under unit time and pressure than PUR foam 

filled walls. From these results, we can further calculate 

the effective water vapour diffusion resistance factor of 

the walls, by dividing the water vapour permeability of air 

with the moisture transmittance of a one metre section of 

the wall. In this study, I used the formula of temperature 

dependent water vapour permeability of air, depending on 

the absolute average ambient temperature of the blocks, 

which gave δa = 1.95·10-10 kg/msPa. On the basis of the 

results shown in Table 2, we can see that in case of MW 

filler, the water vapour diffusion resistance is between 

10/5, which is the standardized value for masonry blocks 

according to MSZ EN 1745. Therefore, it seems that it can 

be used in simplified calculations (i.e. Glaser method). 

However, in the case of PUR filled blocks, the effective 

water vapour diffusion resistance factor is more than 5 

times the dry cup value. Therefore, in the case of PUR 

filler, using 10/5 as an assumed value leads to calculation 

errors. We can conclude this, that the practice, when 

product manufacturers takes μ value of fired clay from the 

standard as the water vapour diffusion resistance factor of 

masonry blocks may differ significantly from the value 

obtained by a proper hygrothermal simulation, and it 

definitely depends on the moisture behaviour of the filler 

material. Evaluating the linear moisture transmittances, 

the results show more than 6 times difference compared 

to each other. This means that in corner joints made of 

MW filled masonry blocks, 6 times more moisture can 

pass through because of moisture bridging in the corner.  

Calculating the effective water vapour diffusion 

resistance factor based on the moisture transmittance of 

the wall corner, the values decreased by around 12%, 

respectively. This means that the moisture bridging effect 

in the wall corner reduced the effective water vapour 

diffusion resistance factor of the adjoining walls. 

Fig. 9 shows the moisture transmittance values month by 

month. It is clearly visible that walls made of masonry 

blocks filled with thermal insulations with high vapour 

permeability (AG, MW and EXP) have significantly 

higher moisture transmittances, especially in during 

summer, than thermal insulations with low vapour 

permeability (PUR, EPS). This effect also visible on the 

effective water vapour diffusion resistance factor of the 

walls with different thermal insulations (Fig. 10), and this 

form of evaluation shows the differences between the 

PUR and EPS filled masonry blocks than M values. 
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Figure 9: Monthly moisture transmittance of walls. 

 

Figure 10: Monthly effective water vapour diffusion 

resistance factor of walls. 

 

Figure 11: Monthly linear moisture transmittance of 

wall corners.  

 

Figure 12: Monthly effective water vapour diffusion 

resistance factor of wall corners. 

 

Monthly based linear moisture transmittances of wall 

corners are illustrated by Fig. 11. The ν values follow the 

same trends as M values, there is significant differences 

visible between the thermal insulation materials based on 

their hygrothermal behaviour.  

This presented methodology can be used to evaluate any 

kind of building construction joint, e.g. to compare 

different moisture sealing solutions. Additional moisture 

in building constructions increase the thermal 

conductivity of the materials, therefore moisture bridges 

can increase the effect of thermal bridges as well. Using 

M and ν values can be an effective way to evaluate the 

hygrothermal performance of building constructions. 

Conclusion 

In the presented paper, I introduced a new approach to 

evaluate the moisture performance of building 

constructions by using monthly based hygrothermal 

simulations and demonstrated it by calculating moisture 

transmittance and linear moisture transmittance and the 

effective water vapour diffusion resistance factor of walls 

and wall corner joints made of thermal insulation filled 

masonry blocks in Budapest climate.  

 I showed that, while the thermal transmittance in the 

heating season showed only 8.9% difference between 

walls made of polyurehtane foam and mineral wool 

filed masonry blocks, and the linear thermal 

transmittance showed even smaller, only 3.4% 

difference, the moisture transmittance was 6.4 times 

and the linear moisture transmittance was 6 times 

higher in case of mineral wool filler compared to 

polyurethane foam. 

 I showed that moisture transmittance, linear moisture 

transmittance and the effective water vapour diffuison 

resistance factor of the wall and wall corner joints 

varies significantly on monthly basis. Highest 

moisture transport can be found in summer months, 

therefore the highest effective water vapour diffusion 

resistance factors are observable in the heating season. 

Filler materials with low vapour permeability (PUR, 

EPS) decrease their resistance factors by greater 

amount than insulations with high vapour 

permeability (AG, MW, EXP). 

 I showed that the effective water vapour diffusion 

resistance factor of wall corners are lower because of 

moisture bridging effect, and also demonstrated that if 

the vapour permeability of the filler material is higher 

than the fired clay shell, then using the values of fired 

clay could be acceptable, how the current standard 

allows it. However, if the permeability of the filler is 

lower, using the values of fired clay as substitution 

leads to calculation errors in the heating season. 

 By calculating and analysing linear moisture 

transmittances and effective water vapour diffusion 

resistance factors of building construction joints, the 

excess moisture permeability of the joints due to 

moisture bridging effect can be examined and it can 

help to reduce design failures in the constructions. 
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Abstract 

The objective of this study was to evaluate inverse 

techniques for estimating the resistance and the capacity 

of walls in real weather conditions. The inverse 

techniques were applied on temperatures measured by 

sensors located in the wall. The performance of four 

different models were compared. 

We demonstrated a high correlation with some 

parameters. A solution was proposed to limit the number 

of parameters identified, while allowing the identification 

of the thermal resistance and thermal capacity of the 

walls. The high uncertainty applied to some experimental 

data led to the exclusion of these data from the inverse 

method to improve its convergence. 

Most of the models were highly accurate in estimating 

thermal resistance and capacity of a lightweight wall 

using a set of experimental data.  

Nomenclature 

a Thermal diffusivity, m².s-1 

c Specific heat capacity, J.kg-1K-1 

C Total thermal mass, J.m-2.K-1 

e Thickness, m 

P Response factor of solar radiation excitation 

p Laplace variable 

Q Heatflux, W.m-2 

R Thermal resistance, m².K.W-1 

t Time, s 

T Temperature, °C 

X Response factor of indoor temperature excitation 

Z Response factor of outdoor temperature excitation 

Greek symbols: 

α Absorptivity 

λ Thermal conductivity, W.m-1.K-1 

θ Temperature in Laplace domain, °C 

φ Heatflux in Laplace domain, W.m-2 

ρ Density, kg.m-3 

Index and exponent: 

in Indoor s Surface 

out Outdoor SW Shortwave radiation 

Introduction 

Of all the factors that influence the energy consumption 

of buildings, one of the most important is the overall 

energy performance of the building envelope, mainly 

because of the heat loss by conduction through opaque 

walls and windows, air leakages (Meiss and Feijo-Munoz, 

2015), and also, because of the degradation of its 

performance through time (Eleftheriadis and Hamdy, 

2017).  

The heat loss by conduction can be characterized by the 

physical properties of each material constituting the wall, 

such as λ, c and ρ. From these physical and geometrical 

properties, it is possible to determine the R-value and C-

value of the wall components (Asan and Sancaktar 1998). 

The material properties are usually evaluated in a 

laboratory using standard tests as described in (NF EN 

12939, 2000) and (EN 12667, 2001). The main drawback 

of this method is that it cannot be applied on whole 

implemented building walls. 

In order to measure the thermal characteristics of the 

whole envelope already built or under test, new methods 

have been developed such as the heat flux meter method 

(ISO 9869-1, 2014), which consists in calculating the 

thermal transmittance of walls using three sensors: two 

temperature sensors (inside and outside) and a heat flux 

meter. The main drawbacks are that the method takes days 

or even weeks and the thermal capacity cannot be 

estimated. Quicker methods such as the dynamic method 

(ISO 9869-1, 2014) and ARX-modelling are described in 

(Deconinck and Roels, 2016) and (Gaspar et al., 2016).  

The aim of this paper is to compare different models, such 

as Resistance-Capacitance models, response factor 

models and quadrupole models in order to determine 

which one is the most appropriate to identify the thermal 

characteristics of walls for different types of envelope 

(lightweight and heavyweight walls). A way to obtain this 

information is to apply inverse techniques (Beck and 

Arnold, 1977; Beck et al., 1985) considering a model, 

boundary conditions and temperature sensors data using a 

minimization algorithm. Identifying λ and ρ.c of the 

materials of the wall allows the calculation of R-value and 

C-value, which describe the thermal behaviour of an 

opaque wall. 

In this article, the models (Resistance-Capacitance 

models, quadrupole models and response factor models) 

are described and the lightweight and heavyweight walls 
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are briefly presented. Then, the models are validated 

numerically using real boundary conditions. Next, 

identification techniques are applied on simulated 

experimental data, thus allowing an estimation of 

uncertainties. Finally, identification techniques are 

applied on experimental data in order to assess the 

resistance and the thermal mass of the walls.  

Modelling 

Heat transfer through multi-layer walls are modelled on 

the heat equation:  

 
𝜕𝑇

𝜕𝑡
− 𝑎𝛻2𝑇 = 0     (1) 

The boundary conditions are outdoor and indoor 

temperatures (Tout and Tin) and shortwave solar radiation 

(QSW) normal to the surface. Theses boundary conditions 

are characterized by the internal and external convective 

and radiative heat transfer coefficients (Rin = 0.125 

m².K.W-1 and Rout = 0.04 m².K.W-1) and the exterior solar 

surface absorptivity for short wave radiations (α = 0.24).  

The case studies illustrated in Figure 1 are composed of 

three different materials, with constant properties. 

Temperature sensors are located outside of the boundary 

layer, at the surface and within the wall. They are used to 

identify the thermal properties. 

 

Figure 1: Sensor locations in the walls. 

Quadrupole model 

The thermal quadrupole model (the QR model) was 

developed in the 1980s. As mentioned in (Maillet et al., 

2000) the « quadrupole method was developed as a tool 

for developing new techniques of thermal property 

measurements […]. The quadrupole method allows the 

construction in a very simple way, of an exact and reliable 

direct model that can be used in the optimal design of the 

experiment as well as in the ‘best fit’ inversion process ». 

In this work, the second possible use of this method is 

considered. 

In Figure 2, a quadrupole model of a three-layer model is 

presented.  

 

Figure 2: Quadrupole model structure. 

Each layer i is symbolized by a matrix.  

  𝑀𝑖 = [
𝐴𝑖 𝐵𝑖
𝐶𝑖 𝐷𝑖

]   (2) 

where 

{
 
 

 
 𝐴𝑖 = 𝐷𝑖 = cosh(𝑒𝑖√𝑝/𝑎𝑖)

𝐵𝑗 =
sinh(𝑒𝑖√𝑝/𝑎𝑖)

𝜆𝑗√𝑝/𝑎𝑖

𝐶𝑗 = 𝜆𝑖√𝑝/𝑎𝑖 sinh(𝑒𝑖√𝑝/𝑎𝑖)

 

The boundary conditions are taken into consideration as 

shown in (Maillet et al., 2000).  

Resistance-Capacitance model 

The Resistance-Capacitance model (the RC model) 

considers walls as resistances and capacitances. Here, the 

nodes located at the interface between layers i and j (TLi-

Lj) or at the surface (Ts,out and Ts,in) have no capacity. 

Capacities and resistances are equally distributed in each 

layer. 

 

Figure 3: RC model structure for the model 6R3C. 

If a simple RC model is considered (Figure 3), with one 

capacity in each layer, the following equations are 

obtained: 

(

 
 
 
 

0
𝐶𝐿1
0
𝐶𝐿2
0
𝐶𝐿3
0 )

 
 
 
 

.
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 (3) 

 𝐶�̇� = 𝐵𝑈 + 𝐴𝑇 (4) 

where C is the matrix of capacities, A is the matrix of 

resistances; B and U are matrices and vectors of boundary 

conditions; T is the vector of temperatures.  

In this paper, the method is applied on two RC models: 

the first one is called the 6R3C model (one capacity in 

each layer) and the second one is called the 18R15C model 

(five capacities in each layer). 

Response factor model 

Response factor models (the RF model) are described in 

(Mitalas and Stephenson, 1967). 

The objective is to precisely calculate the response given 

by the simple excitation (triangular pulse) of each 

boundary condition using a well-described model (here, 

we used a RC model with a number of capacities higher 

than 10 per layer). In this case, the temperature response 

is called factor response for indoor temperature, outdoor 

temperature or solar radiation. An example is illustrated 
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in Figure 4. Response factors are calculated for each 

boundary condition regarding sensor between the first and 

the second layer (TL1-L2) i.e, X L1-L2, ZL1-L2, and PL1-L2.  

 

Figure 4: Response factor model description. 

Once these response factors obtained and the real 

boundary conditions broken down into a series of 

triangular functions using a time step ∆, it is possible to 

express each temperature as follows: 

𝑇𝑖(𝑡) =  ∑ 𝑍𝑖,𝑗 ∗ 𝑇𝑜𝑢𝑡(𝑡 − 𝑗∆) +
𝑛
𝑗=0 ∑ 𝑋𝑖,𝑗 ∗ 𝑇𝑖𝑛(𝑡 −

𝑛
𝑗=0

𝑗∆) + ∑ 𝑃𝑖,𝑗 ∗ 𝑄𝑆𝑊(𝑡 − 𝑗∆)
𝑛
𝑗=0      (5) 

where ∗ is the convolution function. 

This method is applied to sensors located within the wall 

and at the surface. 

Description of the walls and sensors 

The four models described before were applied on two 

case studies. The first one is related to a lightweight wall 

installed on a test cell located in TIPEE in La Rochelle, 

France. The second one is an insulated heavyweight wall 

located in BESTLab, EDF Lab, near Paris, France.  

The lightweight wall 

The lightweight wall under test is a wall made up of three 

homogeneous layers. Its layers and their material’s 

properties are described in Table 1. Only one-dimensional 

heat transfer is considered. 

Table 1: Description of the lightweight wall.

Layers Properties 

Material Code λ ρ c e 

Outside 

Plywood pl 0.13 650 1700 0.021 

Polyurethane PUR 0.023 35 1000 0.12 

Plywood pl 0.13 650 1700 0.021 

Inside 

From these data, it is possible to calculate the theoretical 

R-value and C-value of this wall: 

     
𝑅 = ∑

𝑒𝑖

𝜆𝑖
𝑖

𝐶 = ∑ 𝑒𝑖𝜌𝑖𝑐𝑖𝑖

             (6) 

For the lightweight wall, 𝑅𝐿𝑖𝑔ℎ𝑡 = 5.5 m².K.W-1 and 

𝐶𝐿𝑖𝑔ℎ𝑡 = 51 kJ.m-2.K-1. 

The heavyweight wall 

The heavyweight wall under test is a wall made up of 

three homogeneous layers. Its layers and their materials’ 

properties are described in Table 2. Only one-dimensional 

heat conduction is considered.  

Table 2: Description of the heavyweight wall. 

Layers Properties 

Material Code λ ρ c e 

Outside 

Coating+Concrete   conc 1.0 639 920 0.21 

EPS EPS 0.04 14 1400 0.1 

Gypsum gyps 0.31 832 800 0.01 

Inside 

Using equation 6: 𝑅𝐻𝑒𝑎𝑣𝑦 = 2.7 m².K.W-1 and 𝐶𝐻𝑒𝑎𝑣𝑦 =

131 kJ.m-2.K-1. 

Temperature sensors 

As shown in Figure 1, temperature sensors (4-wire 

resistance thermometers) were installed inside the 

components and on the internal and external surfaces.  

Figure 5: Sensitivity analysis of model 18R15C during a 

sunny winter’s day – parameters Rout, Rin and α. 

There were five sensors: 

• Sensor S1, on the external surface, 

• Sensor S2, between the external layer and the 

insulation, 

• Sensor S3, in the middle of the insulation, 

• Sensor S4, between the internal layer and the 

insulation, 

• Sensor S5, on the internal surface. 

Among these sensor locations, some of them were highly 

dependent on the modelling hypothesis since the 
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uncertainty on several parameters was high, such as Rin, 

Rout and α. 

Rin and Rout are standard values defined in (NF EN ISO 

6946, 2017). According to Annex A of this standard, Rin 

varies between 0.11 and 0.13 m².K/W between 20 and 

50°C and Rout varies between 0.04 and 0.06 m².K/W when 

the wind speed varies between 2 and 6 m/s. α is a property 

derived from a measure performed on a 

spectrophotometer with an integrating sphere. α varies 

between 0.18 and 0.35 depending on the cleanliness of the 

material and the solar spectral distribution. 

Figure 5 shows a sensitivity analysis that takes into 

account these possible variations during a sunny winter’s 

day. It seems clear that sensor S1 and S2 are highly 

sensitive to α and Rout variations for both walls. However, 

in the case of the heavyweight wall, the impact is reduced. 

It was preferable to reject the results from sensors S1 and 

S2 as Rout and α were not known with great accuracy. The 

uncertainty could have had a negative impact on the  

identification. Sensor S5 were also excluded since 

measurement of the surface temperatures is more 

challenging and bear a higher experimental uncertainty. 

In fact, the temperature difference between the air and the 

wall surface is so small that it is lower than the 

temperature measurement uncertainty (±0.15°C) most of 

the time. Only sensors S3 and S4 are selected for 

identification. 

Model validation 

The models were validated for cases encountered in 

experimental tests. These cases were classified into two 

categories for the winter season: cloudy days and sunny 

days. A model was validated if it succeeded in accurately 

reproducing the thermal behaviour of the wall during 

these two typical days. 

 

Figure 6: Boundary conditions for ROLBS case. 

 

Boundary conditions 

The typical sunny and cloudy winter’s days came from a 

larger case, called the ROLBS case, as shown in the Figure 

6. Real boundary conditions were measured by a weather 

station located near La Rochelle, France. The ROLBS 

case lasted 9 days during the winter season with a 

measurement time step of 120s.  

This case was used to identify the R- and C-values 

numerically and experimentally as described below. 

As illustrated in Figure 7, during the cloudy winter’s day, 

indoor temperature was almost constant. Outdoor 

temperature and solar radiation were those of a cloudy 

winter’s day. During the sunny winter’s day, indoor 

temperature was almost constant. Outdoor temperature 

and solar radiation were those of a sunny winter’s day. 

Both cases lasted 24h with a measurement time step of 

120s. 

 

Figure 7: Boundary conditions for the cloudy and the 

sunny winter’s day. 

The initial conditions were the temperature values 

obtained assuming that the steady state was reached at the 

first time step. 

Validation of the direct models for the lightweight 

wall 

The results obtained by simulation of the 6R3C model, the 

18R15C model, the QR model and the RF model, i.e. the 

reduced models were compared to the results obtained 

with finite element calculation using Comsol© software 

(COMSOL, 2019), namely the simulated experimental 

data.  

The comparison of models was based on the study of their 

residuals, i.e. the absolute value of the difference between 

the simulated experimental data and each reduced model. 

The means of residuals of each model for a cloudy day 

and for a sunny day for the lightweight wall are presented 

in Figure 8. 

Regarding the results for the RC models, it seems obvious 

that the more capacities there are, the lower the residuals 

are.  

Almost all the residuals are under 0.1°C for both sensors. 

The residuals for sensor S3 are higher for the 6R3C model. 

Best models are the 18R15C model, the RF model and the 

QR model since their residuals are the lowest, mostly for 

sensor S3. 
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Figure 8: Mean of residuals of each model for sensors S3 

and S4. 

Validation of the direct models for the heavyweight 

wall 

The same method was applied to the heavyweight wall. 

The results are presented in Figure 9. 

 

Figure 9: Mean of residuals of each model for sensors S3 

and S4. 

Residuals of the 6R3C model are extremely high. This can 

be explained by the fact that this model is not able to 

simulate high capacities and that sensor S3 is the sensor 

that is the most affected by the solar radiations since it is 

located closer to the external surface. Regarding the three 

other models, residuals are close to the residuals 

calculated for the lightweight wall. 

As a conclusion of this validation part, the forecasts of the 

6R3C model are far from expected values. Consequently, 

the 6R3C model is not validated. 

Identification 

Identification technique 

On the one hand, measured values were available 

(simulated experimental data or experimental data) and on 

the other hand, outputs from the reduced models defined 

above were generated. The aim was to find the values of 

the physical parameters entered in the models so that the 

outputs from the reduced models were as close as possible 

to the experimental values. 

The inverse method consists in minimizing the objective 

function defined as: 

          𝑓𝑜𝑏𝑗 =
1

𝑛∗𝑚
∑ ∑ (𝑇𝑖,𝑗

𝑠𝑒𝑛𝑠𝑜𝑟 − 𝑇𝑖,𝑗
𝑚𝑜𝑑𝑒𝑙)2𝑛

𝑖=1
𝑚
𝑗=1          (7) 

Where 𝑚 is the number of time steps, 𝑛 the number of 

sensor, 𝑇𝑖,𝑗
𝑠𝑒𝑛𝑠𝑜𝑟  is simulated experimental data or 

experimental data and 𝑇𝑖,𝑗
𝑚𝑜𝑑𝑒𝑙  is data obtained from the 

chosen model among the 18R15C modes, the RF model 

and the QR model. 

The Nelder-Mead algorithm was used to minimize this 

function (Nelder and Mead, 1965). The function 

optimize.minimize in Scipy Python’s library was used. 

The physical parameters (λ and ρ.c) of each layer were 

estimated. Then, it was possible to calculate the R- and C-

values of the studied wall with equation 6. 

In order to avoid local minima, different initial values 

were used. 

Sensitivity analysis 

As shown by (Remy and Degiovanni, 2005), minimizing 

𝑓𝑜𝑏𝑗 is equivalent to calculate its derivatives and find 

when it is equal to zero. The derivatives are called the 

sensitivity coefficients. A sensitivity analysis was carried 

out to study the variation of the response of sensors 

regarding the variation of unknown physical parameters 

(λ and ρ.c). 

 

Figure 10:  Sensitivity analysis of the 18R15C model for 

the lightweight wall during the cloudy day. 

In the case of the lightweight wall, variations of λpl, λPUR, 

(ρ.c)pl and (ρ.c)PUR were studied. The reduced sensitivities 

against time are plotted in Figure 10 and Figure 11 for the 

18R15C model during the cloudy and the sunny day 

described above. The results obtained for other models are 

similar since all models are based on Equation 1. 

It seems clear that the reduced sensitivity is high for the 

four thermal properties, mainly for sensor S3. The dataset 

for identification should therefore contain sunny days to 

identify both R- and C-values.  
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Figure 11:  Sensitivity analysis of the 18R15C model for 

the lightweight wall during the sunny day. 

 

Figure 12:  Sensitivity analysis of the 18R15C model for 

the heavyweight wall during the sunny day. 

Regarding the sensitivity analysis for the heavyweight 

weight wall in Figure 12, λconc and (ρ.c)conc show high 

sensitivities but they seem correlated. The sensitivity of 

λconc is not negligible.  

Correlation matrices 

The analysis of correlation matrices gives useful 

information for identification: if the parameters are 

strongly correlated, it will be impossible to identify all of 

them at the same time.  

Table 3 shows the correlation matrices of the 18R15C 

model for the lightweight wall during the sunny day. The 

results for the QR model and the RF model are close to 

those shown in Table 3. The results of correlation 

matrices show that parameters are strongly correlated 

since values are close to ±1, mainly for sensor S4 (cells 

are coloured in light grey when absolute value is above 

0.8). Since correlation was strong between parameters, it 

was impossible to estimate all the parameters at the same 

time. That is the reason why at least two sensors need to 

be used to possibly decorrelate the parameters. Moreover, 

it was intended to carry out a partial identification of the 

R- and C-values. 

Table 3: Correlation matrix for the sunny day     

(18R15C model) – Lightweight wall. 

Sensor S3 

 λPUR λpl (ρ.c)PUR (ρ.c)pl 

λPUR 1 0.15 0.02 0.47 

λpl 0.15 1 0.96 0.87 

(ρ.c)PUR 0.02 0.96 1 0.73 

(ρ.c)pl 0.47 0.87 0.73 1 

 
Sensor S4 

λPUR 1 1 1 1 

λpl 1 1 1 1 

(ρ.c)PUR 1 1 1 1 

(ρ.c)pl 1 1 1 1 

In the case of the lightweight wall, we assumed that R-

value is mostly impacted by λPUR (about 94% of total) and 

C-value is largely impacted by (ρ.c)pl (about 91% of total). 

In the case of the heavyweight wall, we assumed that R-

value is mostly impacted by λEPS (about 93% of total) and 

C-value is largely impacted by (ρ.c)conc (about 93% of 

total). 

Estimation of uncertainties 

Different sources of uncertainties were analysed: 

• the uncertainty due to the inverse technique, 

• the uncertainty due to the measurement noise of 

temperature sensors and the measurement of boundary 

conditions. 

In order to evaluate these uncertainties, a white noise and 

an offset were applied to all boundary conditions and 

temperature measurements. The standard deviation of the 

white noise for temperature measurements is ±0.15°C 

(two times the standard deviation evaluated during 

calibration). The standard deviation of the white noise for 

the solar radiation measurement is ±5 W.m-2. As an initial 

approach, the offset of both types of measurements are 

included in a range smaller than the one of standard 

deviations, i.e., ±0.1°C for temperature measurements 

and ±1 W.m-2 for the solar radiation measurement. More 

than 100 tests were performed for which offsets were 

randomly selected. 

The difference between the theoretical R- and C-values 

and the estimated R- and C-values were considered as the 

uncertainty due to the inverse technique, the model and 

the measurement noise. 

Application to simulated data of a lightweight wall 

In this part, values of T sensor in equation 7 were simulated 

experimental data with or without noise. Boundary 

conditions during this test are shown in Figure 6. 

Identification was applied on sensors S3 and S4. The R- 

and C-values were estimated at the same time by 

identifying λPUR and (ρ.c)pl. 

The accuracy of the identification technique using a given 

model was assessed by comparing differences between 

the identified values and RLight and CLight. Results are 

plotted in Figure 13. 
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Regarding identification applied to simulated 

experimental data without noise, the QR model is the most 

accurate in estimating both R- and C-values. When 

applying the measurement noise, the difference between 

the identified values and the theoretical values is in ±0.4 

m².K.W-1 for the R-value and in ±5 kJ.m-2.K-1 for the C-

value for all the models. In this case, the standard 

deviation of the difference is lower the QR model. 

To conclude on the uncertainty due to the inverse 

technique, the noise related to model choices and 

measurement is defined as the mean of the difference 

between the theoretical values and the identified values in 

the case of noised measurements plus two times its 

standard deviation so that 95% of future estimations are 

included. This uncertainty equals 0.29 m².K.W-1 for the 

R-value and 8 kJ.m-2.K-1 for the C-value for the 18R15C 

model, 0.30 m².K.W-1 for the R-value and 6 kJ.m-2.K-1 for 

the C-value for the RF model and 0.33 m².K.W-1 for the 

R-value and 3 kJ.m-2.K-1 for the C-value for the QR model. 

 

Figure 13: Estimation of R- and C-values for the 

lightweight wall – data with and without noise. 

Application to simulated data of a heavyweight wall 

In this part, values of T sensor in equation 7 were simulated 

experimental data with or without noise. Boundary 

conditions during this test are shown in Figure 6. 

Identification was applied on sensors S3 and S4. The R- 

and C-values were estimated at the same time by 

identifying λEPS and (ρ.c)conc. 

The accuracy of the identification technique using a given 

model was assessed by comparing differences between 

the identified values and RHeavy and CHeavy Results are 

plotted in Figure 14. Accuracy of the R- and C-values 

assessment is high for the QR model regarding simulated 

experimental data without noise. As in the lightweight 

wall case, the 18R15C model is better in identifying the 

R-value than the C-value.  

In the case of the heavyweight wall, the uncertainty due 

to the inverse technique, the model and the measurement 

noise equals ±0.19 m².K.W-1 for the R-value and ±15 

kJ.m-2.K-1 for the C-value for the 18R15C model, ±0.21 

m².K.W-1 for the R-value and ±10 kJ.m-2.K-1 for the C-

value for the RF model and ±0.30 m².K.W-1 for the R-

value and ±10 kJ.m-2.K-1 for the C-value for the QR 

model. 

 

Figure 14: Estimation of R and C-values for the 

heavyweight wall – data with and without noise. 

Comparing the lightweight wall and the heavyweight wall 

studies, the estimation of the R-value is better in the 

heavyweight wall case whereas the estimation the C-value 

is better in the lightweight wall case. 

Application to experimental data from the first 

component 

 

Figure 15: Estimation of R and C-values of the 

lightweight component from experimental data. 

In this part, values of T sensor in equation 7 and boundary 

conditions were experimental data measured during the 

ROLBS case by temperature sensors and the weather 

station located in La Rochelle, France. Boundary 

conditions during this test are shown in Figure 6. The first 
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38 hours were used as initialization period. Identification 

techniques were applied on data of the next 184 hours.  

Figure 15 shows the estimation of R- and C-values of the 

lightweight wall. The R-value is estimated at around 5.2 

m².K.W-1 by all models and the C-value is estimated 

between 63 and 67 kJ.m-2.K-1. If the uncertainty defined 

above is taken into consideration, the R-value is estimated 

between 4.9 and 5.5 m².K.W-1 and the C-value is 

estimated between 55 and 72 kJ.m-2.K-1.  

Conclusion 

In this article, the one-dimensional heat transfer in a 

multilayer wall instrumented with temperature sensors 

under real weather conditions was studied. A comparison 

of the performance in identifying thermal characteristics 

of walls of different models were proposed.  

First, the 6R3C model was rejected since its accuracy was 

not satisfying. Concerning the temperature sensors, a 

sensitivity analysis was completed with the aim of 

rejecting the sensors that were too sensitive to parameters 

defined with a low accuracy, such as the internal and 

external convective and radiative heat transfer 

coefficients and the exterior solar surface absorptivity. 

Only 2 sensors out of 5 were finally useful. Then, inverse 

techniques were applied on two walls. Their objective was 

to precisely assess the thermal characteristics of walls on 

site and on experimental data. A first approach was 

presented to take into consideration the noise of 

measurements. This point is fundamental to determine the 

quality of the estimation. Regarding results on the 

lightweight wall, all the models could estimate the R-

value with an uncertainty lower than ±0.33 m².K.W-1 and 

the C-value with an accuracy lower than ±8 kJ.m-2.K-1. 

For the heavyweight wall, all the models could estimate 

the R-value with an uncertainty lower than ±0.3    

m².K.W-1 and the C-value with an accuracy lower than 

±15 kJ.m-2.K-1.  

This method was applied on experimental data. The 

estimated R-value is 20% lower than the theoretical value. 

The estimated C-value is 30% higher than the theoretical 

value. This can be explained by the risk that the wall built 

does not fully correspond to the design choices. This 

method could also be applied on heavyweight walls since 

a satisfying accuracy was obtained on the estimation of 

the R- and C-values. 
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Abstract 
Despite guidelines encouraging climate responsive 
designs, post-disaster/conflict temporary shelters are 
frequently deployed across substantially different 
climates, resulting in anecdotes of unbearable interior 
temperatures. Therefore, in order to test their climate-
appropriateness, we performed thermal simulations of 
fourteen of the most common shelter types, testing these 
designs in thirteen different climate zones. Evaluating 
these shelters based on adaptive thermal comfort 
threshold temperatures proved inadequate as interior 
operative temperatures frequently far exceeded this 
threshold. Therefore, we proposed using 35°C [95°F] and 
12°C [54°F] for the upper and lower health-risk 
temperature thresholds to evaluate thermal safety. In 
several cases, the simulations identified interior 
conditions outside these limits, which could pose health 
risks to occupants, especially to vulnerable populations, 
e.g. the elderly, sick and children. We then used thermal 
simulation to test improvements to temporary shelter 
design and synthesize new designs, and to suggest 
quantitative guidelines to improve thermal safety. 

Introduction 
A temporary shelter is meant as an early recovery shelter 
until a more permanent shelter solution is found. It is 
actually the second phase of a three-phase process for 
resettlement commonly used (IFRC, 2011). The first 
phase is an emergency shelter (e.g. a tent or tarp), which 
is a life-preserving intervention meant to last 1-2 weeks. 
Permanent re-construction marks the final phase. Falling 
between these phases, temporary shelters are intended to 
last 2 years. Alternatively, transitional shelters can be 
built by incrementally combining the three phases. 
Internationally recognized shelter guidelines (Sphere, 
2011 and IOM, 2012) aim to set a universal building code 
for temporary shelters. They set occupancy limits and 
prohibit indoor combustion-based cooking. When it 
comes to climate, they advocate for locally sourced, 
climate-specific shelter design solutions, but they are 
vague and devoid of prescriptive quantitative metrics for 
designers and builders. No thermal comfort or thermal 
safety standards are set. 
Despite being designed for a particular climate, similar 
temporary shelters are commonly deployed around the 
world. Annual case study reports on shelter designs 
(IFRC, 2011 and IFRC, 2013) deployed/supported by 

International Red cross shows multiple cases of 
replication of similar shelter design in various climate 
zones and locations. This trend has seen continuity with 
UN (United Nations) organizations partnering with the 
IKEA foundation to develop the Better Shelter (Better 
Shelter, 2015) - a flat packed pre-fabricated shelter 
solution to be deployed globally. According to interviews 
with organizations involved in this sector, current 
temporary shelter responses are built under time and cost 
constraints without comfortable thermal conditions as a 
high priority. One interviewee witnessed expensive pre-
fabricated shelters that were helicoptered into a remote, 
high-altitude site and later abandoned in the winter due to 
unbearable interior temperatures. 
In this research, we used thermal simulation to test the 
thermal comfort and safety of fourteen of the most 
common temporary shelter designs in use today. We 
tested each one in its originally intended climate and in 
thirteen other global climate zones (ASHRAE 1-5) 
(ASHRAE, 2013). Currently there is no agreed-upon 
standard for upper limit in indoor temperature for thermal 
safety (Nicols, 1995; Holmes et al, 2016). We propose 
using 35°C [95°F] and 12°C [54°F] for the upper and 
lower "health risk" temperature threshold to evaluate 
thermal safety of the temporary shelters. The upper limit 
was based on ceiling fans being  less effective at this 
temperature (World Health Organization Europe, 2009) 
and statistical data on mortality rate during heat waves 
(World Health Organization Europe, 2009). The lower 
limit is based on data suggesting that vulnerable 
population, i.e. the elderly, sick and small children, are 
susceptible to cardiovascular problems and strokes in 
sustained conditions below this temperature (Collins, 
1996).  
Our results showed not only that the interior temperatures 
exceeded the threshold for ASHRAE-55 adaptive thermal 
comfort (ASHRAE, 2010) for more than half the year but 
also that they cross the above-mentioned health risk limits 
frequently. The internal temperatures exceeded the 
adaptive thermal comfort threshold by a huge margin 
indicating a real need for a new metric and threshold 
limits in order to compare performance and evaluate 
thermal safety. We synthesized the results data to produce 
a set of design guidelines to improve interior thermal 
conditions in existing temporary shelters as well as 
redesign the shelters.  
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Methodology 
Fourteen temporary shelters were selected from the 
International Federation of Red Cross and Red Crescent 
post-occupancy reports on post-disaster shelters (IFRC, 
2011 and IFRC, 2013). The shelters, described in Table 1, 
each have single layer assemblies. In particular, most of 
the roofs consist of a single layer of CGI (corrugated 
galvanized iron) - corrugated sheet metal roof with the 
metal exposed to the interior. The walls consist of a single 
layer of plastic/tarp, plywood, or woven bamboo panels, 
or masonry in limited cases. There is little thermal mass 
(except for shelters with masonry walls) and no 
insulation. There were small window openings, which 
were non-glazed. The costs range from $500 to $5000.  

Table 1: Temporary Shelter description. 
Shelter 
name 

ASHRAE 
climate 

zone 
(original) 

Köppen 
climate 

zone 

Construction 

Afghani-
stan plastic 

shelter 

5B Dfb Tarp/plastic wall & 
roof 

Ethiopia 
Better 
shelter 

1B Bwh plastic wall & roof 

Haiti Steel 
frame 

1A Aw Tarp/plastic wall & 
roof 

Haiti 
Plywood 

1A Aw Plywood - wall 
CGI - roof 

Indonesia 
timber 

1A Af Matted palm - wall 
Palm fiber - roof 

Bangladesh 
roof attic 

1A Af Bamboo - wall 
CGI -roof 

Peru timber 1B Bwh Timber - wall 
CGI - roof 

Philipines 
raised floor 

1A Af Bamboo - wall 
CGI -roof 

Philipines 
masonry 

1A Af brick & plywood 
wall 

CGI -roof 
Pakistan 
masonry 

2A Cfa Brick - wall 
Clay tile - roof 

India A-
frame 

1B Bwh Brick - wall 
CGI - roof 

Sri Lanka 
masonry 

1A Af Brick - wall 
CGI - roof 

Nepal vault 3A Cfa CGI - wall & roof 
Nepal 

masonry 
3A Cfa Brick - wall 

CGI - roof 
 
Because shelters are often deployed in a variety of 
climates (IFRC, 2011 and 2013; Better Shelter, 2015), we 
evaluated the performance of each shelter in different 
climate zones to determine its suitability or lack thereof. 
We simulated each shelter for one year, using a typical 
meteorological weather file for a representative site, both 
representing the originally designed-for climate zone and 
each ASHRAE climate zone from 1A to 5C (ASHRAE, 
2010). Colder climate zones (Climate zone 5 and up) were 
not selected, since for these conditions prefabricated 
permanent shelters perform better (Manfield, 2000). 

Thermal simulations were performed using the US 
Department of Energy’s EnergyPlus (DOE, 2015) 
simulation engine, via the Honeybee interface (Rousdari 
M.S and Mackey C., 2017), a plug-in for Grasshopper 
(McNeel, 2017), a visual scripting plugin for the 
Rhinocerous 3D modeling software (McNeel, 2017). The 
shelters were modelled as a single zone as the shelters 
typically had a single one small room, 3-4m in width and 
not more than 6m in length. There were no active HVAC 
systems or fans used in any of the shelters, which also did 
not have indoor kitchens, as per shelter standards.  
The occupancy of the shelter was modeled to meet the 
minimum shelter standard of 3.5m2 [37.67ft2]) of floor 
area per person (0.25 persons/m2 [0.0232ft2]) (Sphere, 
2011). No lighting, equipment and plug loads were added 
because the shelters have no access to the electric grid. 
Because of the high occupant loads and low thermal mass 
(heat capacity) in most of the shelters, as well as small 
openings it was assumed that the occupants would leave 
the windows open when  indoor air temperatures were 
above 18°C [64°F].  Analytical evaluation of natural 
ventilation was done using equations for buoyancy-driven 
ventilation which showed that the openings did not 
provide sufficient natural cooling in humid climates, 
resulting in overheating by 10°C [18°F] just by occupancy 
loads. Impact of insect screen on natural ventilation was 
also studied.  
We performed a sensitivity analysis on infiltration rates. 
EnergyPlus calculates infiltration in a zone based on the 
air leakage rate of the envelope, as well as the difference 
betweenindoor and outdoor temperature and wind (Ng 
and Emmerich, 2014).Using the ASHRAE recommended 
air leakage rate for an average (0.0003m3/s[0.63cfm] per 
m2 exposed area) and leaky building (0.006m3/s[1.27cfm] 
per m2 exposed area) produced a difference of ~1°C 
indoors on a cold week and 0.5°C  [<1°F] on a hot week 
in a shelter in climate zone 3A. For the remaining 
simulations, the infiltration rate was set at 
0.006m3/s[1.27cfm] per m2 of exposed area, as 
recommended for leaky buildings (ASHRAE, 2001).   
Although the initial goal of the research was to evaluate 
adaptive thermal comfort, the resulting extreme hot and 
cold interior temperatures required a modified objective. 
Based on the results, the goal of the research was modified 
to include analyzing thermal-safety, using the temperature 
thresholds listed above, then improving thermal comfort 
as far as possible. 
Based on the analysis of the shelters’ performance, 
redesign strategies were formulated and simulated. Based 
on sourcing of building materials they were essentially 
divided into i) an on-site shelter using locally sourced 
materials, which included retrofit/modification of the 
previously studied shelter design, as well as a new design, 
and, ii) an off-site, prefabricated shelter for scenarios 
needing quick deployment or for locations lacking locally 
sourced materials. Criteria for our material selections 
were affordability and ease of construction. Since, in post-
disaster and conflict scenarios there may be a scarcity of 
building materials. 
For Retrofit/Modification 
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The A-frame shelter was chosen as a test case for design 
improvement and modification, because of its benefits, 
such as low material cost, ease of construction, and its 
earthquake/high-wind resistant structure. ASHRAE 
climate zone 3A using Kathmandu, Nepal was our 
weather file. Various passive strategies were explored in 
order to achieve thermal safety such as the addition of 
thermal mass (heat capacity), a passive solar roof pond, 
sod, a shaded roof, or insulation using natural materials. 
In some cases, different parameters for the strategy (e.g. 
thicknesses of insulation) were explored. For natural 
insulation, rice hulls, an agricultural by-product of rice 
production, was chosen for its thermal resistance, vermin 
and fireproof properties. Its thermal properties (e.g. 
thermal conductivity =0.5 W/m-°K) used for simulation 
were taken from existing literature (Gradillas,2015). 
A passive solar technique for storing daytime solar gain 
was simulated with a glazed opening on the roof, which 
at night, was covered with a movable straw mat insulation 
to prevent heat loss. This was modeled for the simulation 
via dynamic shading. Water barrels exposed to the sun 
through the roof glazing were added on the far wall to 
increase the thermal mass of the shelter. Figure 1 shows 
the strategy of rice hull insulation, passive solar with 
added thermal mass, and movable insulation for roof 
glazing.  
Roof strategies simulated were the roof pond, sod roof 
and a shaded roof. The roof pond strategy involves bags 
of water stored on the roof, which use the high heat 
capacity of water coupled with radiative heat loss to the 
night sky for cooling or storing daytime solar heat for 
warming. During cold days, the bags are exposed to the 
sun then covered with a movable insulation (e.g. straw 
mat rolls) at night.  

 
Figure 1: Retrofitted/modified A-frame shelter.  

The heat stored in the water bags transfers through the 
CGI metal roof to the interior. The daytime 

exposed/nighttime insulated process can be reversed to 
provide cooling in summer where water loses heat to the 
nighttime sky. The movable straw insulation was modeled 
as an external dynamic shading device scheduled to be 
deployed at night.  
To simulate a shaded roof, a plastic sheeting or canvas 
was used to shade the CGI roof. For the sod roof, i.e. soil 
on top of the CGI roof, thermal properties of typical soil 
(IES, 2012) were used and the assembly was modeled as 
an additional layer of material in addition to the CGI metal 
roof. It should be noted that the simulation did not take 
into account the additional evapo-transpirational cooling 
effect the moisture content of soil could provide. 
Off-site prefabricated shelter solution 
Prefabricated shelters help support places where local 
material sourcing is not possible or sustainable. 
Evaluation of the existing shelters (see results) showed 
that insulation would be necessary as the outdoor 
temperature frequently exceeded the set thermal safety 
limits and the shelters lacked active heating/cooling. We 
proposed a lightweight multi-layered radiant hollow-core 
insulation with strategically spaced air gaps between 
Mylar layers based on previous research (Craig, 2013). 
This air gap prevents the air from transferring heat 
through conduction. 
Also solar heat gain was a major factor in indoor 
overheating thus, solar shading was crucial to the 
solution. A prefabricated shelter, Better Shelter (Better 
Shelter, 2015) was used for baseline comparison. 
Here, we propose a three-phase incremental construction 
approach, as described in the Introduction, and designed 
a shelter meant to avoid overheating due to solar gain. It 
also adds shaded semi-outdoor spaces, increasing the 
habitable area of the shelter. Phase 1 involves assembling 
the main shelter. In Phase 2, a roof shade is added with 
sufficient overhang to create portico spaces and shade the 
walls. In Phase 3, screen walls are added on the east and 
west side to create additional semi-interior space. 
Opening sizes were chosen using hand calculations to 
provide more natural ventilation than the baseline. 
On-site locally sourced material redesign 
We designed a shelter using locally sourced materials and 
labor for hot and humid climates, shown in Figure 2. 
Based on the superior performance of the existing shelter 
with an attic (see results), we included an attic space. 
It acts as a buffer space between the CGI metal roof and 
the occupied space. It also allows for the storage of goods. 
The walls can be made out of low lightweight thermal 
mass materials. To improve natural ventilation from 
existing shelters suitable for a hot humid climate, four 
windows and a large vent at the top on the north facade 
were included.This shelter is also uses the three phase 
incremental approach.  
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Figure 2: Rendering of On-site solution. 

Physical hot-box tests for conductivity were performed on 
alternative insulations without established standard 
values. Tests were done on shredded denim and hollow 
core, multi-layered radiant Mylar insulation. The resultant 
conductivity values were used during simulations. 

Results 
The results showed that the interior temperatures far-
exceeded the ASHRAE-55 adaptive thermal comfort 
threshold temperature for more than half the year in most 
cases. Figure 3 summarizes the percentage of the year in 
which adaptive thermal comfort conditions were 
met/unmet. However, this common simulation metric 
proved misleading, because while some shelter designs 
had similar unmet hours, the extent to which the interior 
operative temperature exceeded the adaptive comfort 
threshold varied greatly.  
Therefore, we proposed a metric to better evaluate the 
performance of the shelters, specifically Hot and Cold 
Degree-Hours, the °K above or below the adaptive 
comfort threshold calculated for each hour and then 
summed over the year. The simulation results, shown in 
Figure 4, showed that interior thermal conditions were far 
from adaptive comfort conditions. In fact, they reached 
health-risk temperatures. 
When we ran simulations to improve natural ventilation, 
opening (windows or doors) of at least 5% of facade area 
and 1m height difference between its center  resulted in 
reduction of indoor air temperature 3°C  in hot humid 
climates. This also resulted in hourly air change rate 
(ACH) of over at least 20 calculated using analytical 
equations.   

 
Figure 3: 14 shelter thermal comfort summary. 

 

 
Figure 4: Degree hours above/below thermal comfort. 

The internal operative temperatures mirrored outdoor 
temperatures except at mid-day. This can be explained by 
the shelters having minimal thermal mass and insulation. 
During mid-day, the temperatures soared extremely high 
due to heat gain from the midday sun. The sun-baked 
metal roof, exposed to the interior, explains the extremely 
hot interior operative temperatures. This meant that the 
indoor conditions were worse than outdoors, as shown in 
Figure 3 for the hottest week.  

Figure 5: Temperature differential on hottest week. 
Figure 6 shows the simulated performance of the shelters 
during the hottest week. One can see that the shelters 
suffered from overheating, reaching the "health risk" 
range of 35°C [95° F], which was due, in part, to solar 
gains. In some cases operative temperatures reached 11 
°C [20° F] hotter than the outdoor air temperature as 
illustrated in Figure 5. 

 
 Figure 6: Operative temp. of shelters, hottest week. 

Figure 7 illustrates the performance of the shelters in their 
original and reference climate zones in a matrix format. 
Indoor temperatures fell outside the adaptive thermal 
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comfort zone for the majority of hours, in all but one case. 
In the masonry shelters, the high thermal mass proved to 
be effective in colder climates.

 
Figure 7: Annual adaptive comfort shelter matrix.

Figure 8 shows the simulated performance in the coldest 
week with the shelters in the cooler climates dipping 
below the "health risk" zone of 12°C [54° F]. The internal 
operative temperatures of the shelters reached the "health 
risk" zone during the hottest and coldest weeks of a 
typical year. Internal temperatures mirrored outdoor 
temperatures except at mid-day. The interior condition 
was much better in the shelter with ceramic tile roofing. 
Excessive heat gain was also eliminated in the shelter 
design that had a metal roof but with an attic storage 
space, intended for storage. This attic space acted as a 
buffer space and the presence of a ceiling meant that the 
occupants were not directly exposed to the metal roof. 

 
Figure 8: Operative temp. of shelters, Coldest week. 

The lessons learned from the analysis were as follows. 1) 
The metal roof, if used, should not be directly exposed to 
the occupants and ideally be insulated and/or separated by 
an attic buffer zone. 2) Most of the heat gain was from 
solar hence an effective shading strategy would greatly 
cut down heat gain. 3) Walls also need to be insulated. 4) 
The addition of thermal mass proved to be effective. 5) 
Finally, the shelters’ small openings did not provide 
adequate natural cooling. Providing additional ventilation 
with  would flush away-overheated interior air. Openings 
sized at least 5% of facade area with 1m[3.3ft] center 
height difference is a reasonable airflow preventing 
excessive heat buildup.  Based on the lessons learned 
from the previous simulation exercise three design 
response strategies were explored  

Retrofit strategy 
Using Passive solar techniques with the addition of water 
barrels for thermal mass along with roof insulation, the 
indoor conditions almost reached comfort conditions of 
18°C. The simulations showed diminishing returns for 
addition of  more water as thermal mass equivalent to 3” 
[75mm]  thick water wall. We also tested multiple roof 
redesign strategies, as described further. Results for 
insulation thickness are summarized in Figure 8. Figures 
9 and 10 show results of different roof strategies with 
various thicknesses. 
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Roof insulation 
We simulated the addition of different thicknesses of rice 
hull insulation in the roof, and the results are shown in 
Figure 9. One can see that the insulation helps the indoor 
condition avoid the "health risk" threshold of 12°C, and 
there are diminishing returns for roof insulation 
thicknesses greater than 6”. 

 
Figure 9: effectiveness of rice hull insulation thickness. 

Roof pond  
The roof pond performs significantly better than the 
baseline of a CGI metal roof. Increase in depth does 
improve indoor temperatures with diminishing returns 
above 6” [150mm]. The simulation results showed that 
the roof pond 6” thick lifts the temperature of the shelter 
above the cold "health risk" threshold of 12°C [54°F] 
during cold conditions but could not always achieve the 
adaptive comfort threshold of around 18°C [65°F].  
Sod roof 
The result of the simulations showed that the sod roof is 
effective at reducing the overheating at mid-day 
compared to the baseline of just a CGI metal roof. 
Thickness of 6” [150mm] appears to be the most 
effective; greater thicknesses provide diminishing returns.  
Shaded roof 
Shading the roof also proved to be a very effective 
solution. In the simulated scenario, a plastic sheeting or 
canvas was used to shade the CGI roof. Figure11 shows it 
is more effective than the sod roof of 225mm [9”] 
thickness. 

 
Figure 10: Comparison between passive solutions.  

 
Figure 11: Comparison between roof strategies. 

 
Off-site prefabricated shelter solution  
The conductivity value for the prototype multi-layered 
radiant hollow-core insulation was determined to be 
0.025W/m-K via physical test. As shown in Figure 13, the 
simulated performance of this shelter with the prototype 
insulation and improved ventilation was satisfactory, with 
operative temperatures falling below the "health risk" 
temperatures and closely mirroring the outdoor air 
temperatures. 

 
Figure 12:  multilayer hollow core Mylar insulation. 

 

 
Figure 13: Temperature curve for off-site solution. 

 
On-site locally sourced material redesign 
The “Haiti Plywood” shelter was used for baseline 
comparison in a hot, humid climate. Figure 14 shows that 
the simulated performance of this shelter was satisfactory 
with operative temperatures falling below the "health 
risk" temperatures and closely mirroring the outdoor air 
temperatures. 
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Figure 14: Temperature curve for On-site solution. 

Discussion 
According to the simulation results, current post-
disaster/conflict temporary shelter designs can fail to 
ensure thermal comfort, and even safety, especially when 
deployed to inappropriate climate regions, which is a real-
world practice. Furthermore, the investigations performed 
here used typical, rather than extreme, weather inputs, 
meaning that real-world conditions could be much worse. 
Thermal safety and comfort must be prioritized when 
designing and deploying temporary shelters. Currently, 
cost followed by ease of construction take priority. Yet, 
thoughtful design that considers thermal conditions can 
meet all of these objectives. 
This study demonstrated that simulation can be an 
effective tool to improve thermal safety and comfort in 
shelter design. Moreover, simulation can be a strategic 
policy tool to aid decisions to match shelter types to 
appropriate climates, improving both safety and the 
effective use of resources. 
In the simulations, passive strategies proved to be 
effective, however they are not very commonly used in 
existing temporary shelters as compared to permanent 
shelters of both vernacular and contemporary in nature. 
Use of simulations could prove to be effective in 
convincing stakeholders.  
In the field of building simulation and building simulation 
research, we tend to focus on large, complicated, high-
performance buildings. Yet, several compelling reasons 
exist for expanding this focus to include shelter design. 
First, when dealing with such vulnerable populations and 
conditions, the stakes are very high. Moreover, it would 
be an understatement to say that design standards for 
shelters are “less stringent” then those rules governing 
most permanent buildings in the developed world.  
Also, simulation could possibly be a more effective tool 
for shelters, because of their simpler nature, e.g. lack of 
mechanical systems and complicated operation schedules. 
Finally, temporary shelters may be ideal candidates for 
using building simulation to test alternative material and 
design strategies. The shelter’s short life span would 
allow for quick feedback, and lessons learned could be 
adopted to affordable permanent shelters. 
Physical testing of the redesign strategy must be done as 
a next step to validate the results of this research and 
further improve it. The result of this simulation study with 

physical validation can be used as shelter guidelines to 
ensure thermal safety.  
Conclusion 
Commonly used temporary shelters for post-disaster and 
displaced peoples fail to ensure thermal safety, particular 
for vulnerable populations. Building simulation can be an 
effective design and policy tool for shelter solutions that 
improve thermal safety and comfort. The results shown 
here can help shed light on matching appropriate shelter 
designs to different climates. 
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Abstract 

The water content is discontinuous at the interface 

between two materials, which is an obstacle when 

modelling a multi-layer wall. We have developed a 

coupled heat and moisture (CHM) transfer model in the 

porous and hygroscopic wall materials, it has continuous 

driving potentials of capillary pressure and temperature 

that allow hygrothermal simulation within multi-layer 

walls. The results calculated with the proposed model 

implemented on COMSOL are in good agreement with 

the results of HAMSTAD project. Then, hourly dynamic 

simulation of the hygrothermal performance for external 

insulation wall is carried out during cooling season in 

Guangzhou. The results show that moisture 

accumulation risk is great at the interface between 

insulation and mortar. Cooling load transmitted through 

the wall calculated with CHM model is about 10.7% 

larger than that done with transient heat conduction (TH) 

model. The sum of latent load accounts for 9.7% of the 

total cooling load. A thermal gradient, in addition to the 

heat transfer, can also generate a mass flow. Both water 

vapor diffusion with phase change and thermo-migration 

of the liquid phase all contribute to heat transport. 

Introduction 

Continuous exposure to hot and humid environment may 

greatly affect the thermal performance of building 

materials, particularly thermal insulation, and has a 

negative impact on building energy consumption. The 

materials used in constructions are mainly characterized 

by porous and hygroscopic properties that make them 

sensitive to the water vapor contained in the surrounding 

air. A "dry" porous medium can provide good insulation 

due to its low thermal conductivity, but the presence of 

water vapor may pose a strong degradation of thermal 

performance and have a negative impact on its durability. 

In China, energy-saving policies and thermal regulations 

have led to the introduction of thermal insulation to 

reduce the heating or cooling transmission load (China 

Architecture and Building Press, Ministry of Housing  

and Urban-Rural Development of  the People's  Republic  

of  China, 2016). However, the installation of insulation 

in new buildings or renovation of existing buildings can 

create confined living spaces with very tight walls, fine 

airtightness and little renewal of indoor air. These 

changes to the envelope can cause phenomena that 

related to moisture: mould growth, degradation of air 

quality, condensation in the walls, which can lead to 

decrease in the durability of the materials and their 

thermal performance. 

The theoretical bases for modeling the coupled 

phenomena of heat and mass transport in a porous 

medium have been developed since 1957 by Philip and 

de Vries (Philip, J.  and  De  Vries,  D., 1957) and later 

by Luikov (Luikov, A.V., 1975), Whitaker (Whitaker, S., 

1977) and Künzel (Künzel, H.M., 1995)0, the Künzel 

model is used in the WUFI software which represents 

one of the most used commercial tools in the 1D and 2D 

modeling of heat and moisture transfer. However, the 

physical parameters or coefficients in the governing 

equations proposed by Philip and de Vries, Luikov and 

Whitaker are difficult to obtain, and the solution is very 

complicated. The Philip and de Vries's model 

underestimates the flow of moisture by approximately 

five orders of magnitude (Bouddour, A., Auriault, J., 

Mhamdialaoui, M., et al., 1998). The disadvantage of 

Luikov's model is the presence of phase change factor in 

energy balance equation which is not derived from a 

physical law and the empirical determination of this 

factor is difficult. Furthermore, thermo-migration of the 

liquid phase is neglected in Künzel model. Künzel 

simplifies the moisture transfer to a pure diffusive model: 

vapor transport and surface liquid diffusion are described 

with Fick’s diffusion law, with water vapor partial 

pressure as driving potential for vapor flow and relative 

humidity for the surface diffusion (Guizzardi, M., 2014). 

In recent years, many studies have been launched in 

many countries to better understand the phenomena 

associated with hygrothermal transfer and to adapt or 

correlate models of hygrothermal coupling calculations. 

Odgaard et al. (2018) evaluated the influence of 

hygrothermal phenomena on their characteristics and 

durability. Tariku et al. (2010) conducted a study aimed 

at characterizing and modeling the thermo-hydric 

behavior of porous materials, showing their particular 

behavior having an influence on the indoor hygrothermal 

comfort and the energy performance of the building.  

However, in spite of these numerous developments, 

several scientific obstacles remain to be raised to better 

apprehend the phenomena. On the one hand, 

discrepancies between physical measurements and 

numerical simulations have been observed in many 

projects. On the other hand, there are trade-offs and 

uncertainties, as insulation renovation can be detrimental 
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in other areas, such as moisture accumulation and 

degradation of thermal performance depending on the 

location of the building and the climate. This work is 

devoted to the study of hygrothermal performance and 

moisture risk for multi-layer walls renovated with 

external insulation. Our work aims at a better 

understanding of the coupled heat and moisture transfer 

within porous and hygroscopic building materials.  

Climatic characterization of the study area 
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Figure 1:  Relative humidity, temperature and solar 

radiation for the studied cooling season. 

Guangzhou, the largest city located in hot summer and 

warm winter region of China is chosen for analysis. 

Located at 23°17 North longitude and 113°33 East 

longitude, it is bordered to the north by the South China 

Sea. Figure 1 shows the values of the ambient 

temperature, ambient relative humidity and the total solar 

radiation on the horizontal plane, respectively. The 

climate of Guangzhou is quite hot and humid in summer, 

warm in winter, characterized by an average annual 

temperature of 22.2℃with 28.8℃in July and 13.9℃ in 

January. Moisture is high in both winter and summer, the 

monthly average relative humidity exceeds 76% with a 

maximum average of 84.5 % in June and a minimum 

average of 60.8 % in October. The highest monthly mean 

value of the total solar radiation on the horizontal plane 

reaches 431.5 W/m2 in July, and the average monthly 

solar radiation intensity is 340.6 W/m2 (China 

Meteorological Bureau, Climate Information Center,  

Climate Data Office and Tsinghua University,  

Department  of  Building  Science  and Technology  , 

2005). 

Methodology for hygrothermal performance 

Model assumptions 

The solid phase is composed of dry material, considered 

as homogeneous and non-deformable. The chemical 

reactions in the material are neglected. The effects of 

gravity are neglected. Materials is never more than 

capillary moisture saturated. No hysteresis. An 

immediate thermodynamic equilibrium is established 

between the liquid phase and the gas phase. The gas 

phase is composed of water vapor and air, both 

considered as ideal gases. In porous capillary media, 

convective heat transfer is neglected due to low value of 

Reynolds number. The liquid phase is composed of 

water, considered as incompressible. The temperature of 

the material remains above the freezing temperature of 

the water. At the interfaces between two materials, the 

contact is perfect, no contact resistance is taken into 

consideration. 

Mathematical models: energy and mass balance 

In building materials, moisture can exist in the pores as 

two thermodynamic states: liquid or water vapor. 

Depending on the driving force that governs the model 

of transfer in a porous material, moisture can pass in 

different forms and in different ways. 

Diffusion of water vapor:  

,+ -v
v l vg G

t


 



                             (1)

 

where, ωv is the moisture content in vapor phase, kg/m3；
t represents time, s; gv is the moisture flow rate in vapor 

phase, kg/(m2·s); Gl,v is the source term for the amount 

moisture exchange between gaseous water and liquid 

water, kg/(m3·s).  

Diffusion of liquid water: 

,+l
l l vg G

t


 


                           (2)

 

where, ωl is the moisture content in liquid phase, kg/m3; 

gl is the moisture flow rate in liquid phase, kg/(m2·s). 

The above two equations are combined to obtain the total 

moisture transfer equilibrium equation of the gas-liquid 

interface in the porous medium material: 

+ + 0v l
v lg g

t t

  
   

 
                         (3) 

The above Eq.(3) can be simplified as: 

+ + 0v lg g
t


  


                           (4) 

where, moisture content ω is the total amount of 

moisture per unit volume of porous material, in 

kg/m3;  

v l   
                                  (5)

 

The moisture content of the wall material is 

characterized by the water retention curve, the moisture 

content can be expressed as a function of capillary 

pressure. 

( )cf p                                       (6) 

where, pc is capillary pressure, Pa; The moisture balance 

equation for a porous media can be given as: 

c c

c

p p

t p t t

 


  
 

   

                              (7) 

where, ζ is defined as the slope of the water retention 

curve. Within the porous material, without air flow, the 

moisture can be transported in the form of vapor by 
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diffusion and in liquid form by capillarity. The diffusion 

of water vapor is generated by a vapor partial pressure 

gradient. The diffusive vapor flow is described by Fick's 

law.  

gv v vp  
                             (8)

 

At the pore scale, the equilibrium between the liquid and 

vapor phases is described by the Kelvin law, which 

restricts the suction pressure to temperature and relative 

humidity. The capillary pressure is related to the relative 

humidity via the Kelvin law given by the expression: 

ln( )c l Dp R T  
                          (9) 

where, ρl is the density of liquid water, kg/m3. RD 

represents the water vapor gas constant, J/(kg·K); φ is 

the relative humidity. The derivative of relative humidity 

with respect to capillary pressure gives: 

1
exp c

c l D l D

p

p R T R T



 

 
  

  
                      (10) 

Substituting Eq. (8) into Eq. (9) yields: 

ln( )1
exp l D

c l D l D l D

R T

p R T R T R T

  

  

  
   

                      (11)
 

Liquid water in a porous medium can migrate under the 

effect of a capillary pressure gradient. The flow of liquid 

water can be expressed by Darcy's law. 

l l cg K p 
                                (12) 

In fact, to guarantee the applicability of Eq. (4), only one 

pressure variable is used as a driving potential for 

moisture transfer, thus the equivalence between ▽pv and 

▽pc need to be established.  
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The saturation vapor pressure can be calculated as a 

function of the temperature according to the following 

empirical expression ( Lin,  M.W. et  al., 2006): 

17.269
610.5exp

237.3
sat

T
p

T

 
  

 
                     (14)

 

Generally, the thermohydric properties differ greatly 

from one material to the other. The choice of the variable 

capillary pressure guarantees the continuity of this 

potential at the wall inter-layers.  

Substituting Eq. (12) and Eq. (13) into Eq. (4) , this leads 

to the following transfer equation for moisture: 

c sat
v l v sat c

l D

p p
T K p p

t T R T


   



   
       

    

  (15) 

Energy transfer equilibrium equation 

The energy and mass balances are based on the same 

principle: The sum of the temporal variation of the 

quantity of energy or of mass and the divergences of 

energy (mass) flow is equal to zero. We assume that 

there is no change in the total pressure and therefore air 

transfers in the porous materials are not taken into 

account. The internal energy of the control volume is 

composed of the internal energy of the solid matrix of 

the material and the internal energy of the liquid phase 

contained in the pores: The derivative of the internal 

energy with respect to time gives: 

   ,m p m v v l l v v l lc T h h Q h g h g
t
  


     



 (16)
 

where, ρm is the dry density of the material, kg/m3; cp,m 

refers to the specific heat capacity of material in dry state, 

J/(kg·K);  hl represents the specific enthalpy of liquid 

water, J/kg; hv represents the specific enthalpy of water 

vapor, J/kg; Q is heat flux density transmitted through 

heat conduction, W/m2. 

The flow of heat conduction follows the law of Fourier: 

Q T                              (17) 

where, λ is the thermal conductivity of the material, 

W/(m·K). The flow of vapor entering the representative 

volume is not necessarily equal to the outgoing flow, but 

the difference of the two mass flows corresponds to the 

quantity of water stored in adsorbed form. In practical 

applications, since the density of liquid water 

(ρl=1000kg/m3) is about 1666 times greater than that of 

water vapor (ρv = 0.6 kg/m3), the variation in total 

amount of moisture can be considered as liquid water. 

Taking the expression of the moisture flow given by Eqs. 

(8)、(12) and (13), the heat conservation equation is 

finally written as: 

 , ,
sat

m p m p l v v

l l v v sat c

l D

pT
c c h T

t T

h K h p p
R T

    






   
      

  

 
    
  

   (18) 

The modeling of the heat and mass transfers of the case 

study was carried out in the COMSOL software. 

COMSOL is a simulation environment based on the 

finite element method that allows to study a wide range 

of physical phenomena. The mathematical interface PDE 

module makes it possible to adapt the model described 

previously in the form of coefficients and to ensure the 

coupling between the studied heat and mass transfer. 

Transient heat flow through composite wall without 

considering moisture transfer 

At present, the most commonly used transient heat 

conduction (TH) model is the unsteady state heat 

conduction equation, the one-dimensional equation 

governing transient heat flow through a composite wall 

is expressed as (Ozel,  M., 2014) : 
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                          (19) 

Conditions at the interfaces in the building 

This study focuses on the numerical modeling of the 

hygrothermal behavior of a multi-layer wall in one 

dimension. As shown in Figure 2, from the interior to the 

exterior, the composite wall consists of 20 mm mortar, 

240 mm brick, 20 mm mortar and 80 mm external 

insulation material (node 5 is directly subjected to the 

outdoor environment, node 1 is in contact with the 

indoor environment) 

 

Figure 2:  Schematic diagram of the studied multi-

layer wall. 

Convective heat and mass exchanges are considered at 

the level of wall faces in contact with the indoor and 

outdoor environments. The heat flux density on the 

outdoor side surface is equal to the heat transmitted to 

the atmosphere by convection accompanied by latent 

heat transfer. In the same way, moisture transported to 

the wall surface is conducted through convective mass 

exchange with the atmosphere. The outdoor side 

boundary conditions for heat (qh,e) and mass (gm,e) 

transfers are then written as follows: 

 , ,h e e e surfe v m e solarq h T T h g q     
     (20)

 

 m, , , ,e p e e sat e surfe sat surfeg p p   
            (21) 

where, βp,e is convective mass exchange coefficient, 

kg/(m2·s·Pa); he is convective heat exchange coefficient, 

W/(m2·K); α is the solar radiation absorption rate; qsolar is 

heat flux density of solar radiation received on the 

outside surface of the wall, W/m2. At the level of 

transfers between the surface of the inner facing and the 

indoor air, the wall exchanges heat and water vapor by 

convection. The indoor air set-point temperature and 

relative humidity are assumed equal to 26℃and 60%, 

respectively. The boundary conditions of heat and 

moisture transfer for the inside of the wall are similar to 

that of the outdoor side, but there is no solar radiation to 

the indoor side. The boundary conditions on the indoor 

side are not listed here. 

Numerical validation 

The model of heat and mass transfer in the multilayer 

porous wall developed under COMSOL is then validated 

by results from the HAMSTAD benchmark (Hagentoft,  

C., 2002). The benchmark 5 is related to the 

hygrothermal behavior of a multilayer wall composed of 

materials with different properties, the hygrothermal 

properties differ greatly from one material to the other. 

The duration of the simulation is 60 days. The initial 

temperature is 25℃ and the initial relative humidity is 60% 

throughout the whole construction. At t> 0, the internal 

thermal boundary condition is fixed at 20℃, the 

temperature outside at 0℃. Also, 60% and 80% relative 

humidity are applied to the two surfaces of the wall 

respectively and the evolution of the moisture content 

over time is monitored. Heat and mass transfer 

coefficients at interior and exterior sides have the values 

of 8W/(m2K) and 25W/(m2K); 5.8823×10-8s/m and 

1.8382×10-7s/m, respectively.  
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Figure 3:  Relative humidity (RH) and moisture content 

profile through the wall on day 60.  

Figure 3 illustrates the results of the relative humidity 

and the moisture content of the wall calculated with the 

adopted model, also the results in Figure 3 are presented 

on part of the thickness of the wall after 60 days. The 

results of the proposed model are first compared to the 

results obtained by (Liu, et al., 2015), they took relative 

humidity and temperature as driving potentials to 

establish the coupled heat and moisture transfer model, 

then compared to the average results of the HAMSTAD 

project. The results calculated with the proposed model 

in this study are more close to the average results of the 

HAMSTAD project than those of (Liu, et al., 2015), thus 

validating our model. 

Results and discussion 

Evolution of relative humidity 
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Figure 4:  Relative humidity(RH) of the inter-layer 

nodes. 
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Figure 4 shows a comparison of the relative humidity of 

the multi-layer wall obtained during the whole cooling 

period. The shape of the humidity curve for exterior 

insulation wall does not follow the same evolution, inter-

layer nodes have diverse surface relative humidity 

present. The relative humidity at the wall outside surface 

fluctuations frequent in a day, this clear variation could 

be the product of the large moisture exchanges with the 

outside environment since outside surface is directly 

exposed to hot and humid outdoor environment. The 

exterior insulation wall outside surface (node 5 in Figure 

2) has a larger relative humidity than the others. The 

humidity at node 4 continues to increase with monthly 

average relative humidity exceeds 80% and a maximum 

relative humidity reaches 86.8 %, which means that there 

is a large risk of moisture accumulation. Indeed most 

materials used in the building are porous, containing 

water in vapor or liquid form. As the porous and 

hygroscopic wall materials could have the capacity to 

absorb more or less moisture depending on hygroscopic 

properties, thus damping the variations of relative 

humidity at the wall inter-layer. It is found that relative 

humidity shows a remarkable downward trend between 

node 3 and node 2 in the direction from the outside to the 

inside. Relative humidity hardly changes for the inner 

surface (node 1) of the wall, it is almost constant around 

60%.  

Cooling load transmitted through the wall 
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Figure 5: Cooling loads transmitted through the 

wall use CHM and TH models. 

Figure 5 demonstrates cooling load transmitted through 

the south-facing wall using the two studied CHM and 

TH heat transfer methods throughout the cooling season. 

Cooling load transmitted through the wall calculated 

with CHM model is about 10.7% larger than that of 

transient heat conduction (TH) model in Figure 5(a). The 

difference between the two studied total cooling load 

curves is obvious, which proves that water vapor 

exchange acting on the porous media is able to affect the 

wall transmitted heat flux. In order to be able to compare 

our results, we choose to study the response of the wall 

after a series of two relatively identical summer days, 

with a stable external mean temperature and similar 

humidity variation. This is the cooling period from 7/18 

to 7/20 for the insulation renovation study in Figure 5(b). 

The impact of taking into account or not the heat of 

water vapor phase change is studied by two calculations: 

CHM model with latent heat, the TH model without 

latent heat. The sum of latent load accounts for 9.7% 

of the total cooling load. The phase change latent heat 

caused by absorption and desorption moisture of porous 

media which contributes to total heat transfer quantity 

can't be neglected. In porous and hygroscopic building 

materials, heat and moisture are two transport 

phenomenon that may significantly degrade the 

insulation properties of a multilayer wall. It is worth 

noting that the mechanisms of moisture transport in the 

material are not taken into account in the TH model. This 

can lead to an under-evaluation of air-conditioning 

demand in the building's energy simulation. 

For moist porous media, the dominant heat transfer is 

that by conduction which is often coupled to a state of 

phase change due to the amount of continuous water in 

the medium. Thus the transfer of heat flow is reflected in 

a variation of enthalpy of the material under 

consideration. This variation is governed mainly by the 

Fourier law and the gradient of the heat flux carried by 

the moisture flux. In practice, these transport processes 

usually operate in a coupled fashion. A thermal gradient, 

in addition to the heat transfer, can also generate a mass 

flow. Furthermore, mass transfer in porous media result 

in energy transfer. On one hand, water vapor diffusion 

with phase change contributes to heat transport. On the 

other hand, the thermo-migration of the liquid phase is 

also involved in the overall heat transfer as the third term 

described in Eq. (18). 

Conclusions 

A model of coupled heat and mass transfer equations is 

established and validated. The model is then applied to 

the case of external insulation wall in order to analyze 

and quantify more precisely the influence of moisture 

transfer on the thermal behavior of the wall. Moisture 

accumulation risk is great at the interface between 

insulation and mortar. Cooling load transmitted through 

the wall calculated with CHM model is about 10.7% 

larger than that of transient heat conduction (TH) model. 

The sum of latent load accounts for 9.7% of the total 

cooling load. A thermal gradient, in addition to the heat 

transfer, can also generate a mass flow. Both water vapor 

diffusion with phase change and thermo-migration of the 

liquid phase all contribute to heat transport. The impact 

of mass transfer on heat transfer is highlighted for the 

porous and hygroscopic wall material. 
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Abstract 
Silica aerogel window systems were investigated as a 
strategy to improve thermal comfort and energy 
performance in a multifunctional building. Experimental 
data were used for compiling a new meteorological file 
for Perugia and Perez model was applied in order to 
process the beam and diffuse solar radiation. The new 
weather file was implemented in a simply model 
simulated by means of TRNSYS and EnergyPlus 
software and results were compared. The validated 
simulation model was applied in a three floor 
multifunctional building in different Italian and Chinese 
cities comparing conventional and innovative (aerogel) 
glazing systems. Results show that aerogel solution 
decreases the heating energy demand in all the simulated 
climatic conditions, especially in the cool climate 
(energy saving in the 17 - 45% range), while it is slightly 
significant in cooling period. 

Introduction 
Building envelope has an important role in energy 
performance and thermal comfort. Especially transparent 
surfaces represent the weakest part of the building, due 
to their low thermal insulation. Large windows are a 
problem especially in south façades and in hot climates, 
due to the high heat gains. In order to reduce energy 
consumptions and related environment issues, a lot of 
advanced materials for building envelope were 
investigated in the specific Literature and many of them 
are available on the market.  

International Energy Agency (2015) found that building 
construction combined energy consumption is 
responsible for 36% of the total energy consumption and 
is growing by 1% per year. Data are confirmed also by 
Pérez-Lombard et al. (2008), who found that buildings 
are responsible for approximately 40% of energy 
consumption and 36% of CO2 emissions. In 2018, 
almost 60% of final energy consumption for heating and 
cooling (80% of which is used for buildings) was 
estimated by European Environment Agency (2018).  

The improvement of efficiency through new materials 
was studied by many Authors, such as materials with 
high thermal resistance and good moisture management, 
advantageous for building envelope.  

New materials like PCMs (Phase Change Materials) and 
TIMs (Transparent Insulting Materials) were widely 
applied in building sector. They were investigated not 

only by means of laboratory experiments, but also by 
dynamic simulation models, in order to evaluate their 
effectiveness.  
PCMs can effectively absorb and release massive latent 
heat during phase transition, in a narrow temperature 
range, and then reduce building cooling loads in tropical 
climates (Feustel and Stetiu, 2011). Delaney (2012) 
simulated a commercial building with PCM ceiling in 10 
climatic zones. Results showed a peak cooling reduction 
of about 25% and, in general, monthly and annual 
heating and cooling requirements reduced in all climatic 
zones. Sun et al. (2018) investigated the annual energy 
performance and indoor comfort level of a typical office 
served by window integrated Semi-Transparent 
Photovoltaic (STPV), through EnergyPlus simulation; 
the study was carried out considering different window 
systems in five China typical climate conditions. STPV 
absorb part of the solar radiation incident on the window 
surface, to generate electrical power. The optimal design 
scenario of applying window integrated PV can result in 
a reduction in energy consumption up to 73%.  
Comparing the base case, an annual energy saving in the 
17% - 56% range was obtained from the simulated 
application of intelligent or adaptive glazing 
technologies (AGTs) in a typical hospital waiting area 
located in Cairo (Egypt) (Sadek and Mahrous, 2018).  
Thermal transmittance (U-value), solar reflectance, and 
solar heat gain coefficient (SHGC) of glazing have 
significant effect on building energy consumption (Ihara 
et al., 2015; Ghoshal and Neogi, 2014). Vacuum glazing 
windows performance was studied by Cho (2017) trough 
simulation and experimental studies in office buildings 
in Korea. The simulation revealed a U-value of 0.682-
1.466 W/m²·K and 0.607-1.154 W/m²·K both for 
vacuum glazing and double vacuum glazing. Based on 
the results of the energy simulation, when using U-value 
of vacuum glazing, the heating and cooling energy 
consumption in buildings decreased by about 3%, with 
respect to low-e glass and argon gas filled windows. 
Furthermore, in double vacuum glazings, the heating and 
cooling energy consumption in buildings decreased by 
about 4%. Mujeebu et al. (2016) focused on the energy 
performance and economic feasibility of nano-aerogel 
glazing and nano-vacuum insulation panels (VIPs), when 
applied to a multi-story office building located in the 
Dhahran region of Saudi Arabia: an energy saving of 
14% in the annual energy consumption was obtained 
replacing the double glazing windows with nanogel 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
561

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.211419 
 



 

 

glazing achieves, while polystyrene foam and nano VIP 
in walls and roof yield savings of 0.5% and 0.8% 
respectively. 

Recently, a lot of attention was devoted to silica 
aerogels, a nanomaterial characterized by a low density 
and a thermal conductivity lower than the air. Aerogel 
was wildly used for many applications in commercial 
and high-tech fields, such as waste management (gas 
absorption, radioactive waste confinement), thermal 
insulation (cryogenic to high temperatures), laser 
experiments, sensors (ultrasonic and gas), nuclear 
particle detection (Cherenkov), optics and light-guides, 
electronic devices, capacitors, high explosive research 
and catalysts (Riffat and Qiu, 2012). Meanwhile, thanks 
to its ultra-low thermal conductivity and high visible 
transmittance, aerogel is interesting for glazing buildings 
applications. Aerogel has a solar transmittance of 84–
92% and a U-value below 0.5 W/(m2K) (thickness in the 
7–12 mm range) and aerogel superinsulation glazings 
have a tendency to scatter the transmitted light and an 
excellent thermal performance (Ye et al., 2013; Jelle et 
al., 2012; Koebel et al., 2012; Baetens et al. 2011; Riffat 
et al., 2012; Buratti et al. 2012a, 2012b and 2017; 
Moretti et al., 2014, 2017 and 2018). 

 The influence of innovative aerogel solutions on the 
energy demand of different buildings was also 
investigated by means of simulation models. Moretti et 
al. (2018) studied the application of aerogel in buildings’ 
envelope: three types of advanced multiwall PC panels 
(thickness 16, 25, and 40 mm) with translucent granular 
aerogel were compared basing on numerical 
characterization. The simulations show that the reduction 
in energy demand is in the 7–12% range, depending on 
the building site, and on the aerogel thickness, when 
compared to the conventional double glazing, Gao et al. 
(2016) investigated the application  of aerogel glazings 
in energy efficient buildings: the aerogel solution, 
compared to the double glazing, can contribute to about 
21% reduction in energy consumptions related to 
heating, cooling, and lighting. By employing the 
validated model, the applicability of aerogel glazing 
system in various climates was also evaluated by Chen et 
al. (2018). Aerogel glazing system is suitable to apply in 
cold regions and in the south and north orientations of 
the regions characterized by hot-summer and cold-
winter. 

The present study aims at developing a numerical 
analysis of innovative gazing systems with aerogel in 
interspace, taking into account annual energy demand 
and indoor thermal comfort issues. A numerical simple 
model was implemented and validated by means of data 
collected in an experimental field, composed of two 
boxes with a large window in south façade and a weather 
station for the outdoor measurements. A new weather 
file for Perugia was created by means of experimental 
data; this file was optimized with Perez model, in order 
to process the beam solar radiation and diffuse solar 
radiation. The new weather file was implemented in both 
EnergyPlus and TRNSYS software and the results were 
compared.  

New weather file was used in the case study, an ideal 
multifunction building with large windows; it was 
modelled in order to compare heating and cooling loads 
with different climatic conditions and two different 
transparent systems: a conventional double glazing 
window with 90% argon between two float glass and an 
innovative glazing system with granular aerogel in 
interspace.  

Methodology 
Climate conditions influence with TRNSYS and E+ 
The experimental field at pilot scale is composed of two 
boxes of about 1.60 m x 2 m x 2 m height and of an 
external weather station installed on the roof of the 
Department of Engineering of the University of Perugia 
(Figure 1). For the aim of the present paper, data from 
only one of the boxes were used. It has south-oriented 
traditional window.  

 
Figure 1: Experimental field: boxes and weather station. 

The external climatic conditions data are monitored by a 
weather station, equipped with specific probes (E-
logger): outdoor temperature, relative humidity, global 
solar radiation, wind velocity and direction (Figure 2). 
The station, installed externally, on the roof and close to 
the test rooms, is able to monitor and store the data 
collected by the probes: their characteristics are shown 
in detail in Table 1. 	 	

 
Figure 2: Weather station with the installed sensors. 
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Table 1: Weather station: features of the probes. 

Air Temperature  
Measuring range -50÷70°C 
Accuracy 0.1°C 
Resolution 0.01°C 
Relative Humidity  
Principle of operation Capacitive 
Measuring range 0÷100% 
Accuracy ±1.5% RH 
Wind velocity  
Principle of operation 32-sector optoelectronic disc 
Accuracy 0÷3 m/s=1.5%; >3 m/s= 1% 
Resolution 0.07 m/s 
Wind direction 
Principle of operation Hall effect or 2 kΩ potentiometer 
Measuring range 0÷360°  
Accuracy 1% 
Resolution 0.3° 
Solar radiation  
Daily uncertainty 10 % 
Spectral range 285÷3000 nm 
Irradiance 
measuring range 

0÷4000 W/m2 

The measurements from the weather station were used to 
create a weather file in .epw format, by using the 
weather converter program within the EnergyPlus 
software package. For optimizing the experimental 
meteorological data, a specific applicative function was 
developed in TRNSYS, in order to process the beam 
solar radiation and diffuse solar radiation. The global 
horizontal radiation, the air temperatures, and the 
relative humidity were needed for implementing the 
Perez model (Perez et al., 1986). This application 
showed the peak of global radiation and beam radiation 
reduced, while tendency of diffuse radiation varied with 
the time. 

In order to validate the new weather file, the simulation 
results of a simply model implemented in TRNSYS and 
EnergyPlus software, were compared with measured 
data.  

The main input data are the geometry, material features 
of the building, the meteorological data, and the air 
change rates. The first part of the model implementation 
was the creation of the geometry: for TRNSYS, detailed 
information was described in TRNbuild while for 
EnergyPlus a model with Euclid extension for SketchUp 
was created. The geometry was simple and a 
considerable part of the south front façade was occupied 
by the window. The location was Perugia. No shadows 
around the experimental site were present.  

In the room a lot of probes were installed but indoor air 
temperature and surface temperature of the glass are now 
analysed. The start time has an impact on simulation 
results (Buratti et al., 2013); it was chosen from 1st of 
January to 31st of December, for having reliable results. 
Time step used for simulation was equal to 1 hour. For 
these preliminary simulations, it was not considered the 
heating and cooling system, internal loads of people, 
lighting, and equipment because they were not present in 

the experimental field. Data obtained by the weather 
station in the experimental field were compared with 
TMY climatic file (Typical Meteorological Year), in 
order to make them more reliable. The experimental 
values, both the air temperature and the solar radiation, 
were very different from data based on TMY (average 
difference of the air temperature is about 9%).  

The differences between simulated and measured values 
were significantly reduced after the solar radiation 
balance with solar processor: the difference in indoor 
temperature is reduced by 17.6% (from 5.1 °C to 4.2 °C) 
and the average difference is minimized to 1.7 °C for 
EnergyPlus. For TRNSYS, the maximum difference is 
reduced by 42.6% (from 12.7 °C to 7.29 °C) and the 
average difference is minimized to 2.2 °C.  

The new weather file used in the simulations given by 
EnergyPlus and TRNSYS showed a good reliable trend 
with measured indoor air and glazing surface 
temperatures. The setting data were modified several 
times and the best calibration was obtained, as shown in 
the following. The results in the period 12th - 18th June 
2018 are reported as for example. The measured indoor 
temperature (Figure 3) was in agreement with the ones 
simulated by EnergyPlus. However, it generally 
overestimated the peak value of daytime, due to the 
difficulty in evaluating the direct and diffuse solar 
radiation. In these days the maximum difference 
between simulated and real values was about 4 °C, but in 
some days the peak were coinciding. The values 
simulated with TRNSYS always evaluated a lower 
temperature in the afternoon with respect to the 
measured one. However, both EnergyPlus and TRNSYS 
simulation results can better evaluate the temperatures in 
the night, with maximum differences of 2.3 °C and 1.8 
°C respectively.  

 
Figure 3: Indoor air temperatures: comparison between 

simulation and measured data. 

The trends of the surface temperature of the double 
glazing system are shown in figure 4. Both EnergyPlus 
and TRNSYS models underestimated the peak values of 
daytime. During the first days, the temperatures of the 
glazing surface simulated by EnergyPlus were in 
accordance with the measured ones; in the next days 
they were always better than the ones simulated by 
TRNSYS. The maximum difference between 
EnergyPlus and real values was about 7 °C during the 
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hottest hours of the days and it was about 1.5 °C during 
the night. 

 
Figure 4: Surface glass temperatures: comparison 

between simulation and measured data. 

Despite both the software are able to simulate the 
thermal behaviour of the box with a sufficient reliability, 
for modelling the case study EnergyPlus software was 
chosen because easier to be implemented, especially for 
data of innovative glazing system with aerogel in 
interspace. 

The case study 
To further evaluate annual energy demand savings, a 
three floor ideal multifunctional building was 
investigated and a comparison of heating and cooling 
demand was performed. 

The 3D model is shown in Figure 5. It consists of three 
floors, for a total height of about 9 m. Each floor zone 
has a total area of 1600 m2. The east and west façades 
are bigger than the others and they receive more solar 
radiation, with wider glass windows. The height of the 
strip windows is 1.5 m.  

A thermal transmittance of the building opaque envelope 
of about 0.57 W/m2K is established and 0.05 m of 
insulation board are provided in perimeter walls. The 
first and the ground floors are clay/cement mix, with 
plasterboard and polystyrene; their thermal 
transmittances are 0.52 W/m2K and 0.48 W/m2K 
respectively. The distance between floors is 3 m. The 
partition between zones and external wall is a gypsum 
plasterboard wall, with a 0.06 m thickness layer of air 
gap; its thermal transmittance is 3.41 W/m2K. The roof 
has a thermal transmittance of 0.32 W/m2K. Annual 
simulations were carried out for the building. The time 
step used in the simulations is 1 hour. The convection 
coefficients of the surface for the external side and 
internal one are automatically calculated by Simple 
Combined Algorithm. All the external walls are 
considered as heat exchanged surfaces, exposed to 
outside temperature conditions.  

The occupancy of people is assumed 0.05 persons per m2 
for all the three zones. The presence of occupants is 
considered from 8.00 am to 6.00 pm for the offices every 
workday. Internal gains from lighting and equipment are 
imposed equal to 7 W/m2. The schedule assumed for the 
use of the lights and equipment is from 8.00 am to 6.00 

pm, for a typical workday. The considered infiltration 
rate is 0.6 ACH (air changes per hour) for the three floor 
zones. Moreover, in order to evaluate the annual energy 
demand, the ventilation rate is not considered when the 
HVAC system is turned on. 

Room air set-point temperature was also based on 
occupancy schedules (8.00 am - 6.00 pm), with a 
daytime set-point of 26°C in cooling period and 20°C 
during the heating period.  

 
Figure 5: 3D Model of the multifunctional building. 

Simulations were carried out considering the building 
and the other hypotheses, as described above, but 
varying the glazing system and the city. 

Two kinds of windows were considered: 

 a conventional double glazing system: total 
thickness 0.020 m, composed of a float glazing pane 
4 mm thick, 90% argon (12 mm thickness), and a 
second float glazing pane (4 mm); the total 
transmittance is 2.7 W/m2K, g-value is 0.8 and 
visible transmittance is 0.82; 

 silica aerogel glazing system: total thickness 0.028 
m; composed of a float glazing pane 4 mm thick, 
granular aerogel (20 mm thickness), and a second 
float glazing pane (4 mm); the total transmittance is 
0.8 W/m2K, g-value is 0.7 and visible transmittance 
is 0.67. 

Three typical cities with different climate conditions 
were chosen both in Italy and China. Palermo, Rome and 
Perugia were chosen for the Italian climate zones and 
Harbin, Beijing and Hong Kong for the China areas. 
Palermo and Rome are characterized by hot climate; 
Perugia is an inland city in the centre of Italy, with 
intermediate tempered climate. Hong Kong, in Southern 
China is characterized by hot summer and warm winter; 
Beijing has cold winters and Harbin has severe cold 
winter (North of China). Harbin has about the same 
latitude of Perugia and the latitude of Beijing is similar 
to Palermo, despite the very different climate conditions. 
The yearly temperature variations in the Italian cities are 
always lower than those of Chinese ones. As shown in 
Figure 6, the external temperatures of Chinese cities are 
very different, especially during the winter (in January, 
for example, the temperature in Hong Kong is 16.4 °C 
while in Harbin is about -16.7 °C).  

The global solar radiations of the selected cities are 
shown in Figure 7: during the winter period, the global 
radiation of the Chinese cities is higher than the Italian 
ones but during the summer it is lower. The peak value 
of Hong Kong (July) is a little bit lower. 
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Figure 6: Monthly temperatures of the selected cities. 

 
Figure 7: Monthly global radiation of the selected cities. 

The yearly minimum value of global solar radiation is 
the one of Perugia (1256.41 kWh/m2 per year), while 
Beijing has the maximum one (1513.26 kWh/m2 per 
year). 

The simulation hypothesis for heating and cooling 
system operating periods vary with the climatic zone. 
For Italian cities they were chosen according to the 
Norms (Decree Law of 26/06/2015), for Chinese cities 
the winter period could be the same (December – 
February), while the summer period is June to 
September for Beijing and Hong Kong, and May to 
August for Harbin. 

The main hypotheses of the simulation model are 
reported in Table 2. 

Table 2: Envelope features and model simulation 
hypotheses. 

Envelope 
Opaque wall U = 0.57 W/m2K 

Roof U = 0.32 W/m2K 
Ceiling U = 0.52 W/m2K 
Floor U = 0.48 W/m2K 

Double 
Glazing 

float clear glass (4 mm) - argon 90% (12 
mm) - float clear glass (4 mm) 

Aerogel 
Glazing 

float clear glass (4 mm) – granular aerogel 
(20 mm) - float clear glass (4 mm) 

Internal Loads (Working days from 8:00 a.m. to 6:00 p.m.) 
Lighting 7 W/m2 
People 0.05/ m2 

Infiltration rate 
All cities 0.6 vol/h 

Heating and cooling system: operating periods  
(working days from 8:00 a.m. to 6:00 p.m.) 

Temperature 
set-point 

Heating (20 °C) Cooling (26 °C) 

Palermo 12/01 – 03/31 04/15 – 10/14 
Rome 11/01 – 04/15 04/15 – 10/14 

Perugia 10/15 – 04/15 04/15 – 10/14 
Bolzano 10/01 – 04/30 04/15 – 10/14 

Hong Kong 12/01 – 03/01 06/01 – 09/30 
Wuhan 12/01 – 03/01 06/01 – 09/30 
Beijing 12/01 – 03/01 06/01 – 09/30 
Harbin 12/01 – 03/01 05/01 – 08/30 

Results and discussion 
The impact of the innovative solution on building energy 
performance is evaluated in terms of heating and cooling 
energy demand: ideal energy loads are calculated as the 
heating and cooling heat transfer rates needed to be 
removed or added to the zone to maintain the indoor 
temperature conditions, without considering any 
equipment for heating, cooling, and ventilation. The 
results of Italian and Chinese cities are shown in Table 3 
and Table 4. 

With respect to heating demand with the standard 
glazing system (Table 3 and 4), the lowest value is 
related to the hottest cities, Palermo and Hong Kong, 
with 0.49 MWh/year and 0.001 MWh/year respectively. 
The highest value is reached by Harbin for the Chinese 
cities (91 MWh/year) while the peak value for the Italian 
climate is about 15.38 MWh/year for Perugia. Cooling 
demand with the standard glazing system is highest for 
Palermo among the Italian cities and Hong Kong among 
the Chinese ones. During cooling period, cities have 
different energy demand varying with months. In May 
and September, Hong Kong needs the biggest cooling 
energy. From June to August, the maximum value is 
related to Palermo because of the highest solar radiation 
(monthly value ranges from 6000 to 6500 Wh/m2). 
Rome also has cooling energy demand from June to 
August higher than Hong Kong, the warmest Chinese 
city.  

Table 3: Comparison of energy demand per year and 
difference between double glazing window and aerogel 

window (Italian cities). 

 

Double 
Glazing 
[MWh 

per year] 

Aerogel 
Glazing 
[MWh 

per year] 

Difference  
[MWh per 

year] 

Difference 
[%] 

Palermo  
Heating 0.49 0.05 0.43 -* 
Cooling 108.33 106.84 1.49 1.4 

Rome 
Heating 7.08 2.99 4.10 -* 
Cooling 90.03 89.42 0.61 0.7 

Perugia 
Heating 15.38 8.47 6.91 45.0 
Cooling 72.26 73.24 -0.98 -1.4 

* the percentage value is not significant because the 
heating/cooling energy demand are very low. 
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Table 4: Comparison of energy demand per year and 
difference between double glazing window and aerogel 

window (Chinese cities). 

 

Double 
Glazing 
[MWh 

per year] 

Aerogel 
Glazing 
[MWh 

per year] 

Difference  
[MWh per 

year] 

Difference 
[%] 

Hong Kong 
Heating 0.001 0 - -* 
Cooling 81.33 76.73 4.60 5.6 

Beijing 
Heating 36.45 26.82 9.63 -* 
Cooling 60.64 59.40 1.24 2.0 

Harbin 
Heating 91.00 75.65 15.35 17.0 
Cooling 55.92 57.52 -1.60 -3.0 

* the percentage values are not significant because the 
heating/cooling energy demand are very low. 
 

When considering aerogel glazing system, it has a 
significant influence in heating period, as expected, 
while its impact is slightly significant in summer. In 
Harbin, for example, the annual energy demand for 
heating is decreased of about 15% with innovative 
glazing solution as a consequence of a U-value reduction 
of 70% with respect to the standard double glazing 
system. The effect of innovative glazing system is 
showed in Figures 8-11 respectively for Perugia, Harbin, 
Palermo, and Hong Kong. In Figure 8, a comparison 
between monthly energy demand with the two glazing 
solutions is evaluated for Perugia: the monthly energy 
saving is in the 41-45% range in heating period 
(December-February). However, aerogel window 
increases the cooling loads in middle seasons, while 
during the cooling period an energy saving is observed, 
but it is low (values of about 3%). In fact, silica aerogel 
in the glazing system involves a significant reduction of 
the thermal transmittance, while g-value is almost equal 
(0.8 and 0.7 for conventional and innovative glazing 
systems, respectively). This trend also appears in other 
cities like Rome and Beijing, not reported for the save of 
brevity. 

 
Figure 8: Perugia-Effect of glazing system on monthly 

energy demand. 

The trend of the energy demand in Harbin is shown in 
Figure 9: during the heating period a significant energy 

saving is found with the innovative glazing system 
(about 30 % in March). On the other hand, during the 
hottest months of the year, the effect of the aerogel 
glazing is negligible.  

In Palermo the effect of the innovative glazing solution 
is not very remarkable (Figure 10). From June to August, 
the monthly energy saving varies from 1 % to 4%. In 
April, May and October the effect is disadvantageous.  

In Hong Kong the trend is similar to Palermo (Figure 
11): the effect of the innovative glazing solution is not 
very remarkable from May to October and during April 
the two glazing systems are equivalent.  

 
Figure 9: Harbin-Effect of glazing system on monthly 

energy demand. 

 
Figure 10: Palermo-Effect of glazing system on monthly 

energy demand. 

 
Figure 11: Hong Kong-Effect of glazing system on 

monthly energy demand. 
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Conclusion 
Aerogel in the interspace of the glazing systems could be 
a good strategy to reduce heating consumptions in 
multifunctional buildings with large windows; their 
performance is often evaluated by numerical analysis, 
without any comparison with experimental data. In the 
present work a new weather file was created and 
optimized for Perugia by data of an experimental field 
with a weather station. This file was validated by means 
of a simply simulation model of a box at the pilot scale 
and implemented in EnergyPlus and TRNSYS. The 
EnergyPlus validated model was used then to simulate 
the effect of an innovative glazing system with aerogel 
in interspace in terms of energy demand in a three floor 
multifunctional building in different climate conditions 
of Italy and China.  

Preliminary simulations show that the yearly energy 
demand decreases thanks to the use of the aerogel in the 
cities with the lowest temperatures: in particular the 
reduction ranges from 17% in Harbin to 45% in Perugia. 
Nevertheless, the impact of aerogel window is different 
depending on the climatic zone in cooling period: a 
negligible difference on energy demand occurs in 
Perugia and Harbin (1.5% - 3%), and a slightly 
significant cooling decrease in cities with mild 
temperatures (Rome and Palermo). The application of 
the aerogel glazing is recommended, especially for cities 
with cold winter. In fact, the increasing of the costs is 
not so significant; it was estimated that in Italy the price 
of 1 m2 window with 20 mm of aerogel in interspace is 
about 60 Euros higher than the standard system with air.  

Future studies will focus on the evaluation of the lighting 
performance of the innovative solutions. The use of 
glazing surfaces with innovative transparent materials is 
advantageous because they ensure good light entry, 
without problems of glare or heat discomfort conditions. 
Nevertheless, it is equally important to employ the latest 
generation lighting technology solutions; it can provide 
visual comfort for users and low energy consumptions, 
also when solar radiation is no longer effective. 
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