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ABSTRACT 

The present work is on the implementation of a 
multi-functional ventilated façade model within an 
existing parallel and object-oriented platform for the 
prediction of the thermal performance of the 
buildings. Owing to its modular design, and its 
versatility, different configurations of new or 
retrofitted buildings can be numerically analysed 
using the present methodology, which is intended as 
a powerful design and optimization tool. The 
potential of this tool is tested for the numerical study 
of three retrofitted public buildings located in 
different climate conditions in Europe, proving to be 
a useful tool in predicting the channel width that 
maximizes the evacuated heat, thus helping to 
achieve the selection of the best possible retrofitting 
solution, customized to the needs of each particular 
building. 

INTRODUCTION 
Improved building performance is a key issue in 
energy savings and reducing carbon emissions, given 
that approximately 40 % of the total energy 
consumption of the industrialized countries takes 
place within the buildings. This fact, together with 
the increasing demand for building services due to 
higher levels of comfort standards, indicates a large 
potential for energy efficient buildings in the coming 
years, where the retrofitting of the existing buildings 
appears as an attractive strategy (Nik et al., 2015). 
The present work focuses on the multi-functional 
ventilated façades, which can be an interesting 
architectonic solution for both new and retrofitted 
buildings due to aspects like improved thermal and 
acoustic behavior, possibility of integrating 
innovative elements like photovoltaic modules or 
electrochromic devices, among others (Faggembauu 
et al., 2003). The upward trend in the implementation 
of these innovative elements in the new and existing 
buildings stimulates the development of accurate 
tools and methodologies in order to properly analyze 
their performance (Clarke et al., 2015). Thus, the 
present work reports on the implementation of a 
multi-functional ventilated façade model within an 
existing parallel and object-oriented platform for the 
prediction of the thermal performance of the 
buildings. By using the numerical platform NEST 

(Damle et al., 2011), which is continuously under 
progress to address different phenomena and 
applications like compressors, heat exchangers, 
storage tanks, and HVAC since its first publication, 
the system can be defined as a collection of elements, 
which can individually be solved for given boundary 
conditions that are obtained from the neighboring 
elements. The object-oriented modular platform is 
intended to permit efficient coupling between these 
elements, which can employ different levels of 
modelling, like one-dimensional or two-dimensional 
models, simplified energy balances or CFD models 
based on large eddy or direct numerical simulations.  

The preliminary outcomes of the present 
implementation have been recently disseminated by 
the authors, providing promising results and showing 
the potential of the present methodology (Kizildag et 
al., 2014). In the present work, this methodology will 
be employed to study the influence of the ventilation 
channel width on the thermal behaviour of the 
façades of three existing public buildings located in 
Mediterranean, central, and northern Europe within 
the framework of a European Project on the 
retrofitting solutions for the enhancement of energy 
efficiency of public buildings. To that end, different 
configurations formed by a photovoltaic (PV) panel, 
a natural convection ventilation channel, and 
different possible insulation solutions like aerogel-
based superinsulating mortar or vacuum insulation 
panels will be submitted to numerical investigation 
under different weather conditions during prolonged 
periods of time. The results will be analyzed in detail 
for each location proposing the adequate retrofitting 
solutions, in accordance with other design 
parameters, adapted to the demands of the particular 
studied building.  

NUMERICAL METHODOLOGY 
In the NEST numerical platform, the system is a 
collection of some basic elements that can 
individually be solved for given boundary conditions, 
which are obtained from neighboring elements. By 
means of efficient coupling strategies, different levels 
of modelling can be put together in problems of 
complex heat transfer and fluid flow phenomena, for 
which multi-functional façades represent a good 
example. For instance, the critical elements of the 
façade or the building can be simulated by means of 
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CFD models based on large-eddy or direct numerical 
simulations (Lehmkuhl et al., 2007), providing high 
precision results where necessary. The coupling of 
these results with lower order of modelling is 
powerful in allowing simulations for extended 
domains in space and time. The NEST numerical 
platform also allows parallel computation. The 
computational resources can be redistributed 
according to the demands of the employed elements, 
in order to handle huge systems with ease. 

 
Figure 1 Scheme of the system as a collection of 

elements 
The implemented module of the numerical tool aims 
at modelling an existing building envelope retrofitted 
by means of PV panel that is installed in the façade to 
form a vertical channel. The scheme of the resulting 
multi-functional ventilated façade module is shown 
in Figure 1.  This module, formed by linking a PV 
Panel element and an Opaque Wall element on both 
sides to the Vertical Chanel element, is designed to 
operate under  open or closed channel modes and 
natural or forced convection regimes, allowing multi-
storey channels by means of linking different channel 
elements vertically. Using the modularity of the 
numerical platform, the vertical natural convection 
channel element can be linked with other elements 
like transparent wall or electrochromic glass, thus 
can potentially submit to investigation numerous 
façade configurations using different innovative 
elements, and their influence on the room conditions.  

The present investigation considers configurations 
composed of PV Panel and Vertical Channel, where 
the influence of different insulation elements, 
indicated as Opaque Wall in Figure 1, on the system 
and particularly on the Vertical Channel element will 
be studied.  

PV Panel element is modelled as an opaque one-
dimensional conduction element with inner heat 
generation. The present work only focuses on the 
thermal behavior of the PV Panel. The inner heat 
generation of the element is defined as the total solar 
energy which is not used in the electricity generation, 
i.e: 

𝑄𝑃𝑉 = (1 − 𝜂𝑃𝑉)𝑄𝑠
𝐴𝑠
𝑉𝑃𝑉

   (1) 

where 𝜂𝑃𝑉 is the electrical efficiency, 𝑄𝑠 is the 
incident solar radiation, 𝐴𝑠is the lateral area and 

𝑉𝑃𝑉is the volume of the PV Panel. This term is then  
taken into account as a source term in the transient 
one-dimensional conduction equation. 

The Vertical Channel element is vertically divided 
into a number of control volumes (CV), where the 
nodes are located in the center of the CVs. The 
temperature and pressure maps are evaluated in the 
nodes of the centered mesh, while the velocity field 
is evaluated at the faces of the centered CVs, which 
correspond to the staggered grid as shown in Figure 
2.  

 
Figure 2 Discretization of the Vertical Channel 

element. Centered (left) and staggered (right) grids 
are used for the energy and momentum equations, 

respectively. 
For the hydrodynamic boundary conditions in the 
Vertical Channel element, considering natural 
convection working mode, the Bernoulli equation is 
applied in the inlet of the channel, assuming 
acceleration from an unperturbed point at the bottom 
of the channel, and thus the inlet pressure is 

calculated as 𝑃𝑖𝑛 = 𝑃∞ − 1
2

 𝜌0𝑣𝑖𝑛2 . In the outlet the 

pressure is established as 𝑃𝑜𝑢𝑡 = 𝑃∞ − 𝜌𝑜𝑔 𝐿, where 
𝑔 is the gravity acceleration and 𝐿 is the height of the 
channel.  As for the thermal boundary conditions, the 
inlet temperature is set to the mean ambient 
temperature 𝑇𝑎𝑚𝑏, while the temperature of the 
isothermal vertical walls of the channel are obtained 
from the neighboring elements. The governing 
continuity, momentum, and energy equations 
regarding the Vertical Channel element are 
discretized by means of appropriate numerical 
schemes as explained in (Patankar, 1980) and using 
SIMPLEC algorithm. 

Opaque Wall element is modelled like a PV Panel 
element except for the inner heat generation. The 
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corresponding equivalent thermophysical properties 
of the tested insulation materials, like aerogel-based 
superinsulating mortar or vacuum insulation panels 
are employed in the calculations. 

Further details of the governing equations and 
numerical models used in the present study are given 
in (Kizildag et al., 2014). 

The global resolution algorithm of the numerical 
model is shown in Figure 3. At each iteration, once 
the inputs (e.g. temperature, heat flux etc.) are 
obtained from the neighbors, the governing equations 
for each element are solved and the final outputs are 
supplied again to the neighboring elements as 
boundary conditions. Iterations continue until 
convergence is reached at a given time step and next 
time step calculation starts as the variables are 
updated. Details of the numerical platform are 
explained in (Damle et al., 2011). 

 
Figure 3 Global resolution algorithm 

 

 

DEFINITION OF THE PROBLEM 
After the validation of the components, and 
disseminating promising results for short simulations 
(Kizildag, 2014),  the present tool has been employed 
within the framework of an innovative project 
(Retrofitting Solutions and Services for the 
enhancement of Energy Efficiency in Public 
Edification, RESSEEPE Project) within the task of 
envelope retrofitting. In Figure 4, the schematic view 
of a representative building envelope is shown. The 
prototype has three layers, namely the outer PV 
Panel, the vertical channel, and the opaque wall. The 
opaque wall is a general term, which can represent 

any combination of different materials which as a 
whole does not transmit solar energy into the room. 

The objective of the present study is to numerically 
analyse this configuration with the objective of 
determining the influence of the vertical channel 
width on the thermal performance of the public 
buildings (demonstration sites) which are located in 
three different European cities: i) Coventry (United 
Kingdom), ii) Skellefteå (Sweden), iii) Barcelona 
(Spain). Notice that different architectonic solutions 
which are variants of the present configuration have 
been submitted to study in order to examine the 
influence of the channel width on the thermal 
performance for each of these possible solutions at 
given prolonged time periods, while keeping 
unchanged other parameters of the system for the 
location in question.   Characteristic meteorological 
conditions corresponding to these locations have 
been obtained using Meteonorm ® Software. The 
data in the proximity of a demonstration site is 
assumed in case the exact location is not available in 
the database of the mentioned source. For the 
simulations, the critical meteorological data are the 
outdoor ambient temperature and the total solar 
radiation impinged on the façade surface. These data 
have been provided in Figure 5 for Barcelona for 
January and July. Note that although the 
instantaneous values are quite different as can be 
observed in the figure, the total values of the incident 
solar energy impinged on a south facing vertical 
façade are found to be similar for July and January 
periods (89 kWh/m2 and 88 kWh/m2, respectively).  
The average outdoor ambient temperatures are 22.6 
ºC and 9.1 ºC for the same periods, respectively. 
Indeed, for Barcelona, the solar energy on a façade is 
maximized during autumn and spring periods.  The 
global solar radiation values are increased by about 
15% for these periods (106 kWh/m2 and 108 kWh/m2 

for March and October, respectively). The average 
outdoor temperatures are 11 ºC and 17.1 ºC for the 
same period. Although not given here in detail, a 
similar analysis is carried out for the other 
demonstration sites in order to obtain the weather 
data to be used in the numerical model as boundary 
conditions. 

The weather data is used essentially in the calculation 
of the solar energy absorbed by the PV Panel, the 
convection heat transfer losses from the PV Façade 
to the outdoor ambient, and finally the infrared 
radiation losses from the PV Façade to the sky. The 
façade separates the outdoor conditions from ideal 
indoor conditions (21 ºC for the heating period and 
26 ºC for the cooling period). Approximate 
convection heat transfer coefficients are assumed for 
the indoor and outdoor convection heat transfer 
calculations. 

The simulations are assumed to start from an initial 
map of temperatures corresponding to the monthly 
average outdoor temperature of the demonstration 
site location. 
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Figure 4 Schematic view of the studied problem 

 

NUMERICAL SIMULATION RESULTS 
The width of the vertical channel of the PV 
Ventilated Façade has been submitted to 
investigation by means of an extensive parametric 
study carried out for different locations and using 
different architectonic solutions, like the use of 
vacuum insulated panels, polyurethane panels, 
double brick walls, among others, with the objective 
of determining the corresponding channel thickness 
which maximizes the evacuated heat for each of 
these possible architectonic solutions in a given 
location. Initially, the configuration of Fig. 4 is 
studied for three demonstration sites using the 
material properties given in Table 1 for the Opaque 
Wall element. The simulations considered a period of 
1 month in July and 1 month in January to check the 
thermal behavior of the façade in two different 
weather conditions. 

Simulations using different channel widths from as 
narrow as 0.03m up to 0.5m have been carried out to 
provide the channel width that maximizes the total 
evacuated heat by the ventilation channel for a given 
period of 1 month. Notice that although different 
channel widths finally can provide the best solution 
in daily terms within the study period, the present 
study aims at analyzing the long term thermal 
behaviour of the façade as a function of the 
ventilation channel width, so the emphasis is given to 
the determination of a favourable channel width 
considering the whole tested periods. 

 The evacuation of the heat is critical in that it 
improves the performance of the PV panel. Thus the 
overall thermal performance of the façade is 
dependent on the performance of the channel. In 
Figure 6 the evacuated heat for Barcelona site is 

depicted for summer and winter period for some 
selected channel widths. The analysis shows that for 
Barcelona in summer period, the maximum heat 
evacuation takes place for a channel width of 
w=0.17m, although the results do not deviate 
significantly from this value within the interval of 
w=0.13m-0.20m. As for the winter period, the 
maximum heat evacuation is obtained at w=0.10m, 
again without significant differences in the checked 
values within the interval of w=0.08m-0.12m. If the 
identical analysis, using the same façade 
configuration, is carried out for Coventry and 
Skelleftea, the channel thicknesses that maximize the 
heat dissipation in summer period are w=0.13m and 
w=0.17m, respectively. For winter, however, the 
values are found as w=0.08m for both locations. 

Table 1 
Thermophysical properties of the Opaque Wall used 
in the initial study. Opaque Wall is composed of 
three layers: L1 (in contact with the Vertical 
Channel), L3 (in contact with the room), and L2 in 
between these two layers. 

 𝒘 
(𝒎) 

𝝆 
(𝒌𝒈/𝒎𝟑) 

CP 
(𝒌𝑱/𝒌𝒈 ∙ 𝑲) 

𝝀 
(𝑾/𝒎 ∙ 𝑲) 

L1 0.1 2422 1000 0.94 
L2 0.04 120 840 0.037 
L3 0.16 1500 1000 0.8 

Secondly, a different façade configuration is 
considered, modifying the thicknesses and the 
properties of the materials used in the wall, together 
with improved and more realistic PV panel 
properties. This configuration is tested for Barcelona, 
not only in summer and winter, but also in spring and 
autumn. The material properties are given in Table 2. 
The results for summer and winter for the improved 
design is shown in Figure 7. Note that the improved 
insulation in the inner wall (L1) influences the 
channel width. For this configuration, the best 
channel widths for summer and winter are calculated 
as w=0.07m and w=0.06m, respectively. It is 
interesting, however, to note that up to a thickness of 
w=0.10m, the evacuated heat is reduced only by 
around 2%. For w=0.15m, this reduction is around 
8%. For the cases of w=0.20 and w=0.25, the 
reductions with respect to the maximum evacuated 
heat are found as approximately 12% and 18%, 
respectively. This information can be considered 
together with the other parameters of design to 
choose the desired channel width. 

Table 2 
Thermophysical properties used in the improved 

prototype design 
 𝒘 

(𝒎) 
𝝆 

(𝒌𝒈/𝒎𝟑) 
CP 

(𝒌𝑱/𝒌𝒈 ∙ 𝑲) 
𝝀 

(𝑾/𝒎 ∙ 𝑲) 

PV 0.0074 2328 866 0.85 
L1 0.08 1000 1000 0.05 
L2 0.04 2422 1000 0.94 
L3 0.16 1500 1000 0.8 
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Although not shown here in detail, similar results are 
obtained for spring and autumn periods, providing an 
optimum channel thickness of w=0.07m for both 
periods. 

In Figure 8, the PV panel temperature in a given day 
is presented together with the instantaneous heat 
convected from the layer L3 to the room for March. 
In these graphs, the effects of the different channel 
widths on the PV panel and the room can be further 
observed. To complete the analysis, the mass flow 
through the vertical channel, together with the 
temperature rise in the channel are also depicted in 
the same figure. These graphs indicate that the most 
favourable channel thickness does not necessarily 
imply highest temperature rise, or highest or lowest 
mass flow through the channel.  

In order to question the thermal influence of the layer 
L2, this study is repeated removing this layer (i.e. the 
composite wall is formed by the layers L1 and L3). 
Although not shown here, the differences with 
respect to the previous test are seen to be 
insignificant, as the deviation of the main thermal 
parameters is within less than 1%. Owing to these 
results, the employment of the layer L2 is not 
recommended as the thermal performance is 
concerned.  

In order to check the influence of the position of the 
layers within the composite wall, the same case with 
the layers L1 and L3 is repeated inverting the layers 
(i.e. the L3 is now in contact with the channel, while 
the L1 is in contact with the room). This simulation is 
carried out only under summer conditions, yielding 
finally w=0.09m as the channel width of maximum 
heat dissipation. Note that without inverting the 
layers, this value is found as 0.07m. In Figure 9, the 
evacuated heat throughout the simulation period is 
given for both situations (L1+L3 and L3+L1 
configurations). In this figure it can be observed that 
not only the optimum channel width but also the total 
evacuated heat is dominantly influenced by the order 
of the layers within the composite wall. Although not 
shown here, the influence of the order of the layers is 
observed to be less relevant for the indoor convected 
heat to the room. 

Having obtained the appropiate channel widths for 
the tested prototype of Barcelona demonstration site, 
a new configuration is submitted to study using 
Coventry weather data. This numerical  study aims at 
determining the channel width for a ventilated façade 
of 1.8m in Coventry, which is formed by an identical 
type of PV Panel employed in the Barcelona study, 
together with a composite wall formed by a layer of 
vacuum insulated element of 3.5cm and a double 
brick wall of the total width of 26cm. In Figure 10, 
the evacuated heats for different channel widths are 
depicted for winter and summer periods considering 
this configuration. The best channel widths as the 
evacuated heat is concerned for winter and summer 
periods are found as w=0.06m and w=0.075m, 

respectively. In line with the previous simulations for 
different configurations, it has been observed that 
within the interval of w=0.05m-0.125m, the 
evacuated heat is reduced only by 4% with respect to 
the maximum value. Thus, it has been concluded that 
a channel width within this interval can be safely 
chosen for Coventry design as the thermal 
performance is concerned. Other criteria can be 
prioritized in choosing a concrete channel width. In 
Figure 11, the temperature of the PV panel is 
depicted for different channel widths, together with 
the heat convection coefficient. The figures show the 
effect of the channel width on the maximum PV 
panel temperature, and on the convection heat 
transfer coefficient at given times. Note that the 
optimum channel width provides the lowest PV panel 
temperature for the tested winter day. As for the 
convection heat transfer coefficients, the maximum 
values do not necessarily correspond to this  
thickness. In Figure 12, the mass flow through the 
vertical channel, together with the temperature rise 
observed in the channel are depicted. Note that there 
is a compromise in the mass flow and temperature 
rise, the combination of which yields the most 
favourable channel thickness for the tested periods. It 
must be indicated again that the maximum 
temperature rise does not necessarily correspond to 
the best performing channel thickness. 

CONCLUSION 
In the present work, a numerical methodology to 
study the thermal behaviour of the façades of energy 
efficient buildings is presented. The preliminary 
results show the potential of this numerical tool in 
addressing different envelope configurations. The 
methodology is employed to study the influence of 
the ventilation channel width on the thermal 
performance of the envelopes of three public 
buildings located in northern, central, and 
Mediterranean Europe, during prolonged periods of 
time, providing promising results. For each particular 
design, the channel thickness which maximizes the 
dissipated heat is obtained for a given test period, 
together with an interval for which the evacuated 
heat does not differ significantly from the possible 
maximum value, thus proposing an interval for the 
channel thickness to be considered together with the 
other design parameters. In line with the performed 
simulations, it can be observed that the best 
performing channel width is highly dependent on the 
level of insulation employed in the layer of opaque 
wall which is in contact with the channel. The results 
have revealed that the lack of proper insulation in this 
layer leads to important variations in the best 
performing channel width under different climate 
conditions. On the other hand,  it can be stated that 
the more insulating this layer is, the narrower is the 
channel width that maximizes the evacuated heat. In 
this case, the optimum channel width is found to be 
less sensitive to the meteorological conditions.  
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Figure 5 Meteorological conditions for Barcelona (Spain) during January and July. 
 
 

 
 
 
 
 
 
 

 
 
 

 
Figure 6 Evacuated heat in July (left) and January (right) for Barcelona. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Evacuated heat in July (left) and January (right) for Barcelona for improved design 
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Figure 8 Numerical results obtained for Barcelona for March simulation. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9 Evacuated heat from the channel. Original composition (left), inverting the layers (right). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10 Evacuated heat for Coventry design in January (left) July(right). 
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Figure 11PV Panel temperature evolution for a 

winter day (top),and the convection heat transfer 
coefficient for a summer period (bottom) for 

Coventry. 

 

 
Figure 12Mass flow within the channel (top), and the 

temperature rise for a winter day (bottom) for 
Coventry. 
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