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Abstract 

Policy regulations increasingly require further energy 
reduction of the existing housing stock. For social housing 

companies, it is an important challenge to find a balance 

between the necessary investment in energy reduction and 

the available budget. To estimate the effect of renovation 

measures over the service life of buildings, a dynamic 

Financial Life Cycle Assessment is used. The assessment 

considers investment costs and life cycle costs of 

increased insulation levels and increased efficiency of 

heating systems when these are replaced throughout the 

building service life. In this paper the financially most 

interesting renovation scenarios to reach the policy goals 
in Flanders are selected to support social housing 

companies in their decision making process.  

Introduction 

To mitigate the impact of the building sector on climate 

change various initiatives emerged to reduce the energy 

use of buildings. In Flanders the energy score of a 

building is expressed in an Energy Performance 
Certificate (EPC) (Flemish Energy Agency, 2017). 

According to the Flemish Energy Agency EPCs “are 

meant to raise the awareness on energy efficient buildings 

and show the energy score of the building compared to 

other buildings” (energiesparen.be, sd). The current draft 

climate policy plan for Flanders aims for a compliance of 

all residential buildings with an EPC level A by 2050 

(Flemish Energy Agency, 2018), (Flemish Government, 

2018). To reach this goal the energy use in residential 

buildings should decrease with 76% by 2050 compared to 

2012 (Flemish Government, 2018). Nearly Zero Energy 
Building (NZEB) renovations are put forward to achieve 
this.  

 

Figure 1: Overview of EPC scores of total Flemish 

housing stock and social housing stock 2050 (Flemish 
Energy Agency, 2018), (Statistics VMSW, 2016). 

An overview of EPC levels (A+ to F) for all residential 

buildings in Flanders and for social housing in Flanders is 

presented in Figure 1. Apparently there are less level F 

buildings in the social housing stock and more buildings 

with level B, C or D compared to the total housing stock 

in Flanders. Nevertheless the social housing companies 

have to do an extra effort to renovate the existing housing 
stock as only 4% of the social houses have an EPC level 
A (Statistics VMSW, 2016).  

Figure 2 shows the rental income from the housing stock 

and of the outstanding debt of social housing companies 

due to investments made. Due to rapidly increasing 
investments in their building stock and a slower increase 

in the rental income, there is an important financial 

constraint for social housing companies in Flanders to 
invest in renovation (VMSW, 2017), (Mallants, 2017). 

 

Figure 2: Outstanding debt for and income from the 

housing stock for social housing in Flanders (Mallants, 
2017, p 34). 

The current focus on small investments (quick-wins) and 

on awareness raising programs for change of behaviour of 

tenants (Santangelo & Tondelli, 2017) does not lead to a 

sufficient energy reduction to reach the current policy 

goals. More profound renovation scenarios such as 1) 

increasing the thermal resistance through better insulation 

of the building envelop, 2) increasing the efficiency by 

replacing the heating system or 3) a combination of both 
seem to have a better effect on decreasing the energy use  

(Agliardi et al, 2018), (Guardigli, et al, 2018). Although 

this approach of deep renovation requests higher 

investment costs, it might reduce the cost for energy 

needed to heat the building during the service life of the 

building and as such lead to a lower life cycle cost. This 

principle is illustrated in Figure 3 where the Sum of the 

Present Value (SPV) of investment and energy cost is 

shown over a reference service life of the building, here 
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20 years. As suggested in Figure 3, a renovation scenario 

where only minimal thermal insulation is included 

requires a small investment cost in year 0 but leads to a 

limited reduction in the energy use needed for spatial 

heating, represented by the red line on the graph. The 

renovation scenario with a larger investment in thermal 

insulation in year 0 and with a corresponding lower 

energy use, represented by the green line on the graph, 

leads to a lower SPV of investment and energy cost at the 

end of the service life of the building. This is because the 
initial investment cost in insulation is compensated by the 
reduced heating cost (Van de moortel et al., 2018).  

 

Figure 3: SPV investment cost and heating cost (LCC) 
until year t (Van de moortel et al., 2018). 

For social housing companies, it is an important challenge 

to find a balance between the necessary investment in 
energy reduction measures and the available budget. 

A second issue approached in this paper is how 

improvements of technology occurring during the service 

life of the building, for example increased efficiency of 

heating systems, can be integrated in the long term 

estimations on energy use and Life Cycle Cost (LCC). In 

LCC studies, generally the costs for replacements of 

systems or materials during the service life of the building 
are included by repeating the, preferably discounted, 

investment cost when the system is replaced (Islam et al, 

2015). The effect of the better efficiency of the new 

system is often disregarded and hence only investment 

costs are considered but not the reduced energy use. This 

approach hence does not take into account technological 

improvements and is further referred to as a static 

approach. In reality the efficiency of the new system will 

be better than the efficiency of the old system, resulting 

in a lower energy use for heating. The effect of including 

the increased efficiency when replacing the heating 

system in the PV of heating costs is shown in Figure 4. As 
the growth rate for energy prices is estimated higher than 

the discount rate, the yearly heating costs are increasing. 

This is represented by the upward inclination of the graph. 

When the heating system is replaced by a new system with 

a better efficiency (at the end of period 1), less energy is 

needed to provide the heating demand. This is represented 

by the shift in the graph at point A. The SPV of heating 

costs over the total service life of the building is the sum 

of the SPV of period 1 and period 2 and is represented by 
the coloured surface on the graph. 

 

Figure 4: PV of heating costs considering system 
efficiency increase when replacing the heating system. 

Previous research (Pehnt, 2006) recommends a dynamic 

approach to take progress of technology into account. In 
this paper the dynamic approach assumes a better 

efficiency of the heating system when it is replaced during 

the service life of the building. It is examined whether this 

dynamic approach has an important effect on the 

estimation of the energy use for heating over the service 
life of the building and on the LCC.  

Method 

To get insight in the effects of several renovation 

scenarios on both the energy reduction for heating and the 

financial consequences for the social housing company 

the gross energy use for heating and the LCC is calculated 

for a selection of renovation scenarios. In this paper only 

the energy use needed to compensate transmission losses 

is studied. Ventilation losses and sanitary hot water 

production are not taken into account as data gathering of 
these aspects is not completed yet. 

The LCC of various renovation scenarios are estimated by 

adding the investment cost (CI) at year 0 for insulating the 

building and replacing the heating system to the sum of 

the present values (SPV) of future replacement cost for 

materials and/or installations (CR) and to the SPV of 

heating costs (HC) up to a given year (1). As the insulation 

of the building envelope is assumed to happen in year 0 

and no other renovations of the building envelope are 
assumed until the end of the service life of the building, 

no replacements costs for insulation of the building 
envelope are included. 

𝐿𝐶𝐶 = 𝐶𝐼 + ∑ 𝑃𝑉 [𝐶𝑅𝑡
]𝐿

𝑡=1 + ∑ 𝑃𝑉 [𝐻𝐶𝑡]𝐿
𝑡=1      (1) 

The SPV of the costs for heating the building to 

compensate transmission losses are estimated based on 

the equivalent degree days method (2). The parameters 

used in this formula are explained in Table 4 in 

Nomenclature section. 
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The SPV of replacement costs of the heating system (CR) 

during the service life of the building are based on the 

investment cost of the heating system in year 0 (𝐶𝐼0
) and 

the growth rate for construction costs (gm). The number of 

replacements is based on the ratio of the building service 

life (L) and the service life of the heating system (l) minus 
1 to exclude the first installation (3).  

∑ 𝑃𝑉 [𝐶𝑅]𝐿
𝑡=1 = 𝐶𝐼0

∗ (
(1+𝑔𝑚)

(1+𝑑)
)

𝑙

∗
((

(1+𝑔𝑚)

(1+𝑑)
)

𝑙
)

(
𝐿
𝑙

−1)

−1

(
(1+𝑔𝑚)

(1+𝑑)
)

𝑙
−1

   (3) 

The estimated improved efficiency of the heating system 

in the year of the replacement (ἠ𝑡) is based on the 

efficiency in year 0 (ἠ0) and the growth rate for efficiency 

(𝑔ἠ) (4).  

ἠ𝑡 = ἠ0 ∗ (1 + 𝑔ἠ)
𝑡
          (4) 

In this paper the yearly growth rate of system efficiency 

is assumed to be 0,5% as a first estimation. The 

assumption is based on the improvement of the current 

boilers installed in the case study building compared to 

the original boilers installed. Currently condensing boiler 
are already reusing most of the heat of the exhaust, 

therefore important further efficiency increase of those 

systems is rather unlikely. Replacement of the condensing 

boiler by other systems, such as for example heat pumps, 

is more likely to happen as well as improvement of the 

efficiency of other system components, such as heat 

release, transport and storage. As the aim of this paper is 

to find out whether including the efficiency increase at the 

moment of replacement has an influence on gross energy 

use and the LCC, a general assumption for improvement 

of the total system of 0,5% is assumed. In case the 

improvement of the energy efficiency can indeed affect 
the results, further research is needed to better estimate 
the growth rate for the efficiency increase.   

The investment costs are based on the Belgian Aspen 

database for construction v. 2015. Organisational costs for 

the tenant and social housing companies are not included. 

A general average for Flanders of 1200 equivalent degree 
days is estimated based on a general assumption for 

internal and solar gains (Allacker, 2010) (Allacker et al, 

2012). The thermal resistance of the elements, including 

the correction factor, is based on (NBN, 2008). The price 

of natural gas is assumed to be 0,05 euro per kWh 

(VREG). A service life of 60 years is assumed for the 

building. The assumed inflation is 2% (statbel, 2019), the 

nominal yearly discount rate (d) is assumed 2% (NBB, 

2019), the nominal yearly growth rate for energy prices 

(ge) 3% (Allacker, 2010), and the nominal yearly growth 
rate for construction costs (gm) 2,5% (ABEX, 2019).  

Results of the case study 

To get insight in the effect of including the increased 

efficiency of the heating system when it is replaced in 

estimations on the gross energy use and LCC this dynamic 

approach is compared with the static approach where the 

efficiency of the system is kept constant for the total 

service life of the building for a specific case study 
building and a selection of renovation scenarios.  

Description of the case study 

The case study building is a terraced family house of two 

floors with three bedrooms for four people. The building 

is constructed in 1983. The external walls and roof are 
insulated with 6 cm of stone wool insulation. Currently no 

ventilation system is installed. The present heat 

production system is a condensing gas boiler with an 

efficiency of 85%. The default values of the Flemish EPB 

standard (Flemish Governement, 2017) are assumed for 

heat release and transport. Currently no storage is 

included in the system. These assumptions result in a total 

system efficiency of 69%. The surface and composition 

of the building elements is presented in Table 1. The 

current EPC score for the case study building is 240 kWh 

per m² per year, while the actual average use of natural 

gas used for heating and the production of SHW for this 
building type is about 85 kWh per m² per year (Zonnige 

Kempen, 2018). The estimated energy use for heating 

based on the equivalent degree day method used in this 

paper is about 77% of the actual gas use. This 

underestimation is possibly due to the fact that neither the 

energy use to compensate ventilation losses nor the 

energy needed for the production of SHW are included in 
the method so far. 

Table 1: Composition of building elements. 

Element Construction U value 

(W/m²K) 

Floor on grade 

86,85 m² 

- Concrete slab 

- Support layer for 
cement based screed 

- Tiles 

2,89 

External walls 

83,20 m² 

- Loadbearing brickwork 

- Stone wool insulation 

- Brick veneer 

0,45 

Pitched roof 

83,70 m² 

- Roof tiles 

- Wind and water barrier 

- Stone wool insulation 

between wooden timber 

frame 

- Gypsum board panels 

0,55 

Windows 

(27,88 m²) and 

roof windows 
(3,15 m²) 

Wooden frame with 

standard double glazing 

3,30 
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Figure 5: Case study building – ground floor. 

 

Figure 6: Case study building – first floor. 

Description of the renovation scenarios 

The renovation scenarios for the building envelope with 

their investment costs are presented in Table 2. For each 

scenario several thicknesses of the insulation material are 

included. For the external walls the first scenario adds 
external stone wool insulation with an external finishing 

in façade tiles on a wooden frame. The cost of this 

external finishing is estimated to be 77,29 euro /m². A 

second scenario for the renovation of the external walls is 

adding external Expanded Polystyrene (EPS) insulation 

panels, finished with a mineral rendering. The cost of the 

mineral rendering is estimated to be 49,53 euro /m². For 

renovating the floor a scenario with in situ polyurethane 

(PUR) foam insulation and a scenario with EPS boards 

are included. For both scenarios replacement of the tiles 

and screed (95,24 euro/m²) are included in case of 5 cm 

insulation and additional replacement of the concrete 
floor slab (203,39 euro/m²) is included for higher 

insulation thicknesses. Due to the limited ceiling height 

on the ground level, it is necessary to include demolition 

of the existing floor slab, additional excavation of the 

ground and a new floor slab for the scenarios with more 

than 5 cm insulation. The two scenarios assumed for roof 

insulation are stone wool insulation between the existing 

wooden structure or adding PUR insulation boards on top 

of the existing structure. The finishing for both scenarios 
is assumed to be clay roof tiles at a cost of 120,21 euro/m².  

Table 2: Description of renovation scenarios of the 
building envelope. 

External wall 

Scenario stone wool (l0,04 

W/mK) 

Scenario EPS (l0,03 W/mK) 

Thickness (m) Cost (€/m²) Thickness (m) Cost (€/m²) 

0,06 10,41 0,06 20,39 

0,07 10,88  0,08 25,26 

0,085 12,75  0,10 29;96 

0,09 13,35  0,12 34,52 

0,10 14,37  0,14 39,04 

0,12 17,06  0,16 43,48 

0,18 21,62  0,18 47,84 

Floor on grade 

Scenario PUR  

(l0,024 W/mK) 

Scenario EPS (l0,04 W/mK) 

Thickness (m) Cost (€/m²) Thickness (m) Cost (€/m²) 

0.05 11,00 0.05 7,55 

0.10 18,00 0.10 12,17 

0.20 32,00 0.20 21,41 

Pitched roof 

Scenario stone wool (l0,036 

W/mK) 

Scenario PUR 

(l0,024 W/mK) 

Thickness (m) Cost (€/m²) Thickness (m) Cost (€/m²) 

0,06 19,36 0,06 35,70 

0,08 24,02 0,08 47,13 

0,10 29,37 0,10 56,04 

0,12 34,32 0,12 62,77 

0,18 48,10 0,16 81,11 

Windows 

High efficiency double glazing 
with insulated frames 

Passive windows 

U window 
(W/m²K) 

1,5 U window 
(W/m²K) 

0,9 

Cost (€/m²) 450 Cost (€/m²) 600 

Roof windows 

High efficiency double glazing 
with insulated frames 

Passive windows 

U window 
(W/m²K) 

2,45 U window 
(W/m²K) 

1,47 

Cost (€/m²) 428 Cost (€/m²) 634 
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Besides improving the thermal insulation of the building 

envelope, replacing the heating system is another 

frequently used renovation scenario in social housing. To 

analyse the effect of replacing the heating system in year 

0 two scenarios are included with an assumed efficiency 

of 78% or 84%. To investigate the influence of the service 

life of the heating system a service life of 20 and 30 years 

is assumed. In total there are six scenarios for the heating 
system, presented in Table 3.  

Table 3: Description of the renovation scenarios of the 
heating system. 

Renovation scenario Efficiency 

(%) 

Service 

life (years) 

1 keep existing system 69 20 

2 keep existing system 69 30 

3 replace existing system 78 20 

4 replace existing system 78 30 

5 replace existing system 84 20 

6 replace existing system 84 30 

Gross energy demand and LCC for renovation of the 

case study building 

The gross energy use for all combinations of renovation 

scenarios is calculated based on the dynamic approach. 

This means that for all renovation scenarios, both the 

scenarios where only the insulation is improved in year 0 

and the scenarios where the heating system is replaced in 

year 0, a replacement of the heating system is included 
after 20 or 30 years and a better efficiency is assumed for 

the new heating system. To get insight in the effect of 

using the dynamic approach compared to the static 

approach, the gross energy use over the building service 
life is shown per net yearly energy use in Figure 7.  

 

Figure 7: Gross energy use over building service life per 
net yearly energy use for dynamic and static approach. 

The blue lines represent the results for the dynamic 

approach while the red lines represent the static approach. 

There are six blue lines on the graph corresponding with 

renovation scenarios for three types of heating systems 

(efficiency of 69%, 78% and 84%) and two options for 

the service life of the heating systems (20 years and 30 

years). As a change in the service life does not affect the 

result when the efficiency increase is excluded, only three 

red lines are on the graph, representing each one type of 
heating system. 

Figure 7 shows that including the efficiency increase 

when the heating system is replaced (i.e. dynamic 

approach) results in a lower gross energy use over the 
building service life.  

In case of uninsulated houses (with a higher net energy 

use) the spread between the lines on the graph is rather 
wide. This means that changing to a boiler with a better 

efficiency has an important effect on the gross energy use. 

The spread between the graphs is higher for the static 

approach. For well insulated houses, the efficiency of the 

heating system is not affecting the gross energy demand a 

lot, neither is the consideration of the efficiency increase 
when replacing the heating system.  

The renovation scenario that is leading to the highest 

reduction in energy use is a combination of 20 cm PUR 

floor insulation, 18 cm EPS wall insulation , 16 cm PUR 

roof insulation, passive windows and roof windows and 

replacement of the heating system by one with an 

efficiency of 84% in year 0 for both the dynamic and the 

static approach. In the dynamic approach a system 

replacement rate of 20 years leads to lower gross energy 

use over the service life of the building than the scenario 

with a replacement rate of 30 years. Although there is a 
difference in the amount of gross energy, the selection of 

the renovation scenarios is identical for the static and 
dynamic approach. 

As it is important for social housing companies to find a 

balance between energy savings and financial costs, 

additionally the LCC for all combinations of renovation 
scenarios is calculated. For these results a Pareto front of 

the LCC and investment cost is drawn to get insight in the 
most cost efficient combinations of renovation scenarios.  

 

Figure 8: Pareto front: LCC per increasing investment.  

The first renovation scenarios on the Pareto front are 

insulating the external wall with 6 until 12 cm mineral 

wool insulation. The second series of renovation 

scenarios on the Pareto front are replacing the heating 
system, followed by a combination of wall insulation and 

replacing the heating system. From an investment of 3 

000 euro onwards, the decrease of the LCC is less 

important. The scenario with an investment over 3 000 

euro on the Pareto front are a combination of wall and roof 

insulation and replacing the heating system.  This means 
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that all other combinations of renovation scenarios require 

higher investment costs and lead to higher LCC. All 

scenarios on the Pareto front exclude adding floor 

insulation and replacing the windows this means that 

those renovation scenarios are not financially interesting 

as the investment cost cannot be compensated by the 
reduction of the heating costs.  

To examine whether the dynamic approach leads to 

different decisions than when a static approach would 

have been used, the LCC was recalculated excluding the 

replacement of the heating system by a better one. The 

efficiency of the heating system is hence kept constant for 

the total service life of the building. The orange line in 

Figure 9 shows the Pareto front of the LCC per increasing 

investment for this static approach. Although the LCC is 

increased for each scenario, mostly the same renovation 
scenarios are on the Pareto front. The static and dynamic 

approach hence lead to similar results in the selection of 
renovation scenarios.  

For comparison the LCC of the renovation scenarios of 

each element separately and the combination of 
renovation scenarios leading to a NZEB renovation 

required by policy are presented in Figure 9. Only 

replacing the heating system is on the Pareto front. For the 

renovation scenarios where one element of the building 

envelope is insulated, the scenarios with roof or wall 

insulation require a rather small investment, but lead to a 

higher LCC than the renovation scenarios on the Pareto 

front. Replacing the windows or adding floor insulation 

require significantly higher investments and lead to a 

higher LCC than the renovation scenarios on the Pareto 

front. The NZEB renovation scenario proposed by policy 

requires a rather high investment and leads to a rather high 
LCC. Therefore this scenario seems not to be financially 
efficient.  

 

Figure 9: LCC per increasing investment including 
efficiency increase of the heating system. 

The scenario with the lowest LCC leads to a 33% 

reduction of the heating demand compared to the current 

situation, which is lower than the reduction of 76% 

required by the policy goals (Flemish Government, 2018). 
The NZEB renovation scenario that is proposed by policy 

to achieve this goal leads to a reduction of 71%. The 

renovation scenario leading to the lowest gross energy 

use, a combination of 20 cm PUR floor insulation, 18 cm 

EPS wall insulation, 16 cm PUR roof insulation, passive 

windows and roof windows and replacement of the 

heating system by one with an efficiency of 84% and a 

system replacement rate of 20 years leads to a higher 

reduction of the energy use than requested in the policy 

goals. It is therefore investigated what is needed to meet 

the policy goals for energy reduction and what this means 

from a LCC perspective. In Figure 10, the gross energy 

use, calculated with the dynamic approach, is compared 
to the LCC, considering the full building service life.  

 

Figure 10: Pareto front of gross energy use per 
increasing LCC. 

The blue line in Figure 10 is the Pareto front where the 

decreasing gross energy use is shown per increasing LCC. 

This is a selection of the most interesting renovation 

scenarios to reduce the gross energy use in the financially 

most efficient way. The gross energy use for the current 

situation is indicated by the black dot on the graph. In this 

scenarios no initial investment is assumed, the LCC is 

based on the operational energy use over the building 

service life and replacement of the technical installation 

by one with a higher efficiency after 30 years. To reach 
the general policy goal of a reduction of 76%, the gross 

energy use has to decrease until 934 kWh/m² over the 

service life of the building or 15,6 kWh/m² per year, 

represented by the red line on the graph. The first 

scenarios on the Pareto front that complies with this goal 

is a combination of 20 cm PUR floor insulation, 12 cm 

EPS wall insulation, 12 cm stone wool roof insulation, 

passive windows and replacement of the heating system 

by one with an efficiency of 84% and a system service life 

of 30 years. The required investment cost would be 42 984 

euro and the LCC 53 715 euro. As the gross energy use 
for this scenario is close to the requirement of a maximum 

yearly energy use for heating of 15 kWh/m² by the Passive 

House standard, the green line on the graph, a reduction 

of 76% seems to be a very strict demand in this specific 
case. 

As the case study already has 6 cm roof and wall 
insulation to date, the EPC score of about 240 kWh/m² is 

slightly better than the average for Flanders. To reach the 

EPC level A as proposed by policy, the gross energy 

demand has to be reduced by 42% to reach an  EPC score 

of 100 kWh/m² corresponding with level A, indicated by 

the orange line on the graph. The first scenarios on the 

Pareto front that complies with this goal is a combination 

of adding 20 cm EPS floor insulation, 8 cm stone wool 

wall insulation and 12 cm stone wool roof insulation, 

without replacing the heating system. The investment cost 

for this scenarios would be 21 598 euro and the LCC 47 
865 euro. 
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Further outlook 

In this paper the policy goals for energy reduction are used 

as a guideline. As not only the energy use of the building, 

but moreover the materials used for insulating and 

renovating the building can affect the environmental 

impact (Allacker et al, 2012), an Environmental Life 

Cycle Assessment will be carried out in further research 

to get insight in the total environmental burdens and 

benefits of renovation. By doing so more insight will be 

gained in the environmental impact of the proposed 
renovation scenarios.  

As the renovation scenarios leading to the lowest LCC 

seem to be insufficient to lower the energy use according 

to the required level, additional funding, extra loans or 

stepwise renovation could be considered in further 

research. Moreover the effect of more rapidly increasing 
energy prices would be interesting to study. 

Conclusion 

In this paper the effect of several renovation scenarios for 

social housing is studied. The aim is to get insight in the 

financial effect of an increased insulation level of the 

building envelope, a more efficient heating system and a 

combination of both considering the full service life of the 
building. Therefore the gross energy use and the LCC are 
estimated. 

To include the influence of technological improvement 

during the service life of the building a dynamic approach 

is used. The dynamic approach assumes a better 

efficiency of the heating system when it is replaced during 
the building service life. It is examined whether this 

dynamic approach has an important effect on the 
estimation of the energy use for heating and on the LCC.  

Looking at the gross energy use over the service life of 

the building, the dynamic approach clearly leads to a 

different gross energy use for heating the building 
compared to a static approach, especially for uninsulated 

or poorly insulated houses. The selection of the 

renovation scenarios leading to the lowest gross energy 

use is however identical whether the efficiency increase 
of the heating system is considered or not. 

Although including the efficiency increase of the system 

in the assessment decreases the LCC, it has no effect on 

the selection of the renovation scenarios leading to the 

lowest LCC. From a financial point of view, the dynamic 

approach seems not to be relevant to select a certain 

renovation scenario. However, it can possibly affect the 

accuracy of the estimations of the reduction of the costs 

related to energy savings through renovation and hence 
lead to more correct estimations of financial benefits.  

As the energy reduction related to the renovation 

scenarios leading to the lowest LCC is not compliant with 

policy goals, the required energy reduction is compared 

with the LCC of several renovation scenarios. By doing 

so the financially most efficient renovation scenario 
compliant with the policy goals can be selected.  

Based on the average EPC score for housing in Flanders 

it is proposed by policy to reduce the energy use in 

buildings with 76%. In case this decrease is only achieved 

by decreasing the energy used for heating, which is the 

approach taken in this paper, this requirement results in 

an energy demand for heating close to the Passive House 

Standard for this specific case study. As the EPC score of 

the case study building seems to be slightly better than the 

Flemish average, a decrease of 42% of the energy needed 

for heating the building should be sufficient to reach the 
EPC level A by 2050. 
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Nomenclature 

Table 4: Parameters of formula (1)  to estimate SPV for 
heating cost. 

HCt Heating Cost in year t (euro) 

Sq Surface of the element (m²) 

aq correction factor for transmission  

Rq Thermal resistance (m²K/W) 

°deq Equivalent degree days (°K.days)  

η Global system efficiency (%) 

pt Price natural gas in year t (€/kWh, incl VAT) 

p0 Price natural gas in year 0 (€/kWh, incl VAT) 

d Discount rate (%) 

ge Growth rate energy prices (%) 

gm Growth rate construction cost (%) 

L Service Life of the building (years) 
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Abstract 
For highly inhomogeneous components (windows, 
doors, etc...), imposing sinusoidal temperatures from one 
side and constant temperature to the other side, could 
give periodic thermal transmittance exactly with the 
same definition described in the standard EN 13786. For 
thermal bridges something similar to the ψ value of 
steady-state conditions could be defined: the idea is that 
a homogenous wall as its own periodic thermal 
transmittance; when a thermal bridge is applied to this 
wall (for instance with the insertion of a pillar), the 
simulation will give a new periodic thermal 
transmittance. The difference between the two periodic 
thermal transmittances gives information on the effect of 
the thermal bridge, obtaining something similar to the ψ 
value. With a Computational Fluid Dynamic analysis, 
the paper deals with the definition of linear periodic 
thermal transmittance that could be useful for the 
response of the whole building envelope (in terms of 
complex heat flow rate through the inner environment) 
to the external temperature oscillation. This approach 
opens the way to define a new Standard to include 
thermal bridges and inhomogeneous components in 
general in the dynamic calculations of the buildings 
envelope. 

Introduction 
The climate changes require measures to reduce 
polluting emissions and greenhouse gas emissions. To 
achieve this aim, the building design process has to take 
into account energy efficiency aspects of the building 
envelope. 

The building envelope is the interface between the 
external environment and the conditioned indoor 
environment; elements of discontinuity, such as 
windows and thermal bridges, are among the main 
causes of heat dispersion. In the design phase, the 
evaluation of the influence of thermal bridges helps to 
better represent what actually happens, since their 
presence accounts for over 30%   of the total heat loss 
(Gao et al., 2008). The technical regulations on the 
calculation of thermal bridges are based on the steady-
state conditions hypothesis, with temperature not 
variable over time (ISO 10211, ISO 14683), without 
taking into account the thermal inertia of the different 
components. In the real world, the temperature outside a 
building varies at first approximation periodically over 

the course of the day, with a sinusoidal trend, while it 
results reasonable to consider inside an almost constant 
temperature, by means of air conditioning systems. 

Homogenous multilayer walls are analysed under 
periodic boundary conditions with the procedure 
described in the Standard ISO 13786; the specific heats, 
and the material densities play a role that was not 
significant in steady-state conditions. Inhomogeneous 
components, such as thermal bridges, cannot be treated 
with same instruments, therefore, a different approach is 
needed. 

Dynamic models are necessary to get precise evaluations 
for thermal bridges; keeping the same outcomes of the 
Standard ISO 13786, the effort to reach high amplitude 
attenuation values affects the choice of materials, while 
the achievement of a proper phase shift helps to define 
and optimize the control strategy (Martin et al., 2011). 

Literature review 
Mao and Johannesson (1997) proposed dynamic models 
to evaluate the performance of thermal bridges with a 
frequency response method. The thermal bridge is 
divided in finite elements to express the temperature in 
each node as complex number in terms of amplitude and 
time shift related to the temperature oscillations. 

Gao et al. (2008) developed a low-order model of heat 
transfer for the extra-flux due to 3D thermal bridges. The 
method divides thermal bridge in finite volumes to 
create a state space matrix to express the output as a 
vector correlated with temperature and input data. The 
method allows to drastically reduce the time of 
calculation not to consider 3D configurations. The 
thermal losses through the envelope can be evaluated as 
sum of thermal losses of one-dimensional elements and 
extra-flux for the thermal bridge considered like a 
fictious component by means of the space state matrix.  

Martin et al. (2011) show the problems related to the 
dynamic characterization of thermal bridges. To show 
the critical point of this analysis, the authors analyse 
with a dynamic study, two different types of thermal 
bridge: one with similar inertia to the homogenous wall 
and the other when the thermal bridge has a much lower 
inertia. 

Tadeu et al. (2011) applied a Boundary Element Method 
BEM in the frequency domain to study the dynamic 
behavior of thermal bridges. The solutions have been 
obtained by means inverse FFT (Fast Fourier Transform) 
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to simulate the external temperature oscillation. The 
BEM has been validated with experimental analysis that 
showed good agreement with numerical analysis. 

Aguilar et al. (2014) and Martin et al. (2012) 
implemented the method of equivalent wall to 
characterize the thermal bridge. The thermal bridge can 
be substituted by an equivalent stratigraphy that behaves 
like it. The simplification of a complex geometry with a 
one-dimensional wall make the dynamic analysis more 
feasible. 

Ascione et al. (2014) proposed a validation of a 
numerical model (Matlab environment) for 
bidimensional thermal bridge heat transfer conditions in 
transient regime. The model is validated through a 
comparison with experimental data conducted on a L-
shaped thermal bridge. The paper reports a good 
agreement between experimental and numerical analysis. 

Viot et al. (2015) proposed a review of the main 
calculation methods both on steady-state and dynamic 
regime for the wood frame construction. Collecting 
models from the most recent works, the authors apply 
them to two classical wood construction thermal bridges: 
wood pillar and wall-to-wall junction. The review shows 
the complexity of thermal bridge analysis defining 
“heavy work” the detailed integration of specific 
configuration of thermal bridge into a building energy 
performance simulation tool.  

Finally, Martin et al. (2012) compared the experimental 
results of dynamic behaviour of thermal bridge studied 
in a guarded hot box, with numerical analysis. The 
configurations with and without thermal bridge have 
been studied, showing an error lower than 2% between 
the two methods. 

Methods 
The thermal bridges effect is considered, in the overall 
steady-state energy balance of the building envelope, by 
mean the following equation (ISO 14683): 

𝛷 𝐻 ∙ 𝜃 𝜃   (1) 

Where: 

Φ thermal flux [W]; 

θi e θe are the internal and external temperatures, [K]; 

HT is the heat loss coefficient of the building 
envelope, [W/K]. 

HT, in turn, is composed by several terms that represent 
the dispersion through the building envelope, the terrain 
and the non-heated room. The dispersion through 
building envelope L can be defined by the following 
equation (ISO 14683): 

𝐿 ∑ 𝑈 ∙ 𝐴 ∑ ∙ 𝑙  ∑    (2) 

Where: 

Ui is the thermal transmittance of the element i of the 
building envelope [W/m2K]; 

Ai is the surface of the element i of the building 
envelope [m2]; 

ψk is the linear thermal transmittance of thermal 
bridge k [W/mK]; 

lk is the length of thermal bridge k [m]; 

χj is the point thermal transmittance of point thermal 
bridge j [W/K]. 

According to the standard ISO 10211 the linear thermal 
transmittance of thermal bridge can be evaluated by 
simulations of the 2D model of the structure. The energy 
behaviour of the thermal bridge gives the information on 
the flux flowing through the real structure (L2D). The 
linear thermal transmittance can be calculated with the 
following equation: 

𝛹 𝐿 ∑ 𝑈 ∙ 𝑙   (3) 

Where: 

L2D is the linear thermal coupled coefficient of the 
thermal bridge structure, [W/mK]; 

Uj is the linear thermal transmittance of one-
dimensional element j, [W/m2K]; 

lj is the length of the one-dimensional element j, [m]. 

The Ψ value represents the principal index of the steady-
state evaluation of thermal bridge effect in the building 
envelope. It can be retrieved by numeric analysis and 
thermal bridge abacus (ISO 14683). The numeric 
analysis allows to obtain the lowest uncertainty using a 
model that represents the real structure. The Ψ value 
well describes the energy behaviour of thermal bridges 
during winter season, where the steady-state hypothesis 
can be applied. It represents the extra-flux that passes 
through the envelope caused by the singularity (thermal 
bridge). 

During the warm season the sinusoidal behaviour of the 
external temperature does not match with steady-state 
hypothesis and the linear thermal transmittance gives a 
wrong estimate of the thermal bridge behaviour (Tadeu 
et al., 2011) 

Considering the one-dimensional wall, its behaviour in 
the non-steady state model, is well described by the 
periodic thermal transmittance, that can be evaluated 
with the standard ISO 13786. Temperatures and thermal 
fluxes are represented around their long term average 
values by a sinusoidal function of time: 

𝜃 𝑡 �̅� |𝜃 |cos 𝜔𝑡    (4) 

𝑞 𝑡 𝑞 |𝑞 |cos 𝜔𝑡 𝜑   (5) 

�̅�  and 𝑞  represent the average value of temperature 
and heat flow. The sinusoidal functions can be expressed 
by complex numbers, defining the complex amplitudes 
of the variations with the following expressions, 
respectively for the temperature and heat flow: 

𝜃 |𝜃 |𝑒    (6) 

𝑞 |𝑞 |𝑒    (7) 

The dynamic thermal properties of the multilayer one-
dimensional wall can be calculated from the complex 
amplitude. The periodic thermal transmittance is a 
complex quantity defined as “the complex amplitude of 
the density of heat flow rate through the surface of the 
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Table 1: Thermophysical properties of the materials 
constituting the thermal bridge. 

Material 
Thermal 

conductivity 
[W/mK] 

Density 
[kg/m3] 

Specific heat 
[J/kgK] 

Wood 0.1 721 3,000 

Stoneware tile 1.4 2,200 700 

 

Using a numerical software (ANSYS Fluent) for the 
analysis, the model has been divided with structured 
mesh of 0.5 mm of sizing (Figure 3).  

 

 
Figure 3: Particular of structured mesh of the model. 

 

In order to create the conditions of the standard, a 
sinusoidal function with a 5 K amplitude and a period of 
86,400 seconds (mean value 273 K) has been applied to 
one side, while a constant value of 293 K has been fixed 
for the other side. During the simulation, the surface 
temperature and the heat flux values have been retrieved 
each 60 seconds.  

Results 
The one-dimensional walls in the chosen thermal bridge 
are the wood panel and the stoneware tile. The thermal 
bridge becomes tangible by the extra-flux due to the 
coupling between these two different materials. From the 
thermal and geometric properties of the model, the 
periodic thermal transmittances can be calculated with 
the standard ISO 13786 (Table 2): 

 

Table 2: Dynamic properties of the homogenous walls. 

Material Symbol 

Periodic thermal 
transmittance 

semi-amplitude 
(W/m2K) 

Periodic 
thermal 

transmittanc
e time shift 

(sec) 

Wood 𝑌  3.365 -1,430 

Stoneware 
tile 𝑌 4.920 -802 

Considering the entire model (stoneware tile and wood 
panel), with the results of the 2D simulation, the 
imposed oscillation of the temperature on side 1 creates 
an oscillation of the flux on side 2. In figure 4 is shown 
the correlation between the temperature and heat flux 
oscillations on the opposite sides of the thermal bridge 
model. 

The heat flux can be expressed by its semi-amplitude, 
that it is equal to 18.23 W/m2 and the time shift, which is 
in turn equal to -22,740 seconds. 

From the definition of thermal transmittance, according 
to equation 8, dividing the complex heat flux by the 
complex temperature, the periodic thermal transmittance 
can be evaluated (Table 3). 

Table 3: Dynamic properties retrieved by the 2D 
simulation (homogeneous wall + thermal bridge). 

Material Symbol 

Periodic 
thermal 

transmittance 
semi-amplitude 

(W/m2K) 

Periodic 
thermal 

transmittance 
time shift (sec) 

2D model 
(wood + 

stoneware 
tile) 

𝑌  3.646 -1,140 

 

Considering the specific surface of the different 
materials, according to the equation 11, the linear 
periodic thermal transmittance of thermal bridge is equal 
to: 

 

Ψ     

(12) 

 

Where Awood is equal to 1.28 m2 and Astoneware is equal to 
0.2 m2 and A2D is their sum. The periodic linear thermal 
transmittance is equal to 0.125 W/mK, with a time shift 
of -79,827 seconds.  

The effect of thermal bridge can be evaluated taking into 
account the heat fluxes that flow through the model. 
Figure 5 shows the comparison between the heat flux 
considering only two one-dimensional panels, calculated 
with the standard (ISO 13786), and the heat flux 
retrieved by the simulation of the entire model. 

It is interesting to notice in the plot the effect of the 
thermal bridge acts not only on the semi-amplitude but 
on the time shift as well. The presence of thermal bridge 
increases the maximum value of the sinusoid of around 
0.5 Watt and the wave shift of around 3 minutes.
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Figure 4: Temperature oscillation on side 1 and correlated heat flux oscillation on side 2. 

 

 
Figure 5: Comparison between the heat flux flowing through the model with or without thermal bridge. 

 
Conclusion 
Thermal bridges are the weak points of the envelope in 
terms of heat losses. The research about this topic is not 
really developed, especially regarding the dynamic 
behaviour of this structure. The linear thermal 
transmittance is the main parameter that describes a 
thermal bridge in the steady-state regime. For the 
homogeneous wall, the standard EN 13786 gives a guide 
to perform calculation in order to retrieve the periodic 
thermal transmittance. Matching together the concept of 
linear thermal transmittance and the theory of periodic 
thermal transmittance for the homogeneous standard is 
the principal result of this paper. The definition of linear 
periodic thermal transmittance provides a quantitative 
approach for the dynamic characterization of the thermal 

bridge. Before performing experimental validation, a 
methodology applied on a particular thermal bridge 
using a CFD approach has been proposed. In a panel 
composed by wood and stoneware tile the dynamic 
effect of the thermal bridge between the two materials 
was calculated, firstly characterizing the two materials 
with the standard EN13786, then implementing the 
geometry in a 2D simulation software to obtain 
information on the extra-flux existing from the matching 
between the materials. Thus, the linear periodic thermal 
transmittance of the thermal bridge has been defined. 
The future works will have the aim to validate this 
methodology that could be a useful instrument to create 
several types of thermal bridge structures in order to 
define a new standard with atlas of linear periodic 
thermal transmittances. 
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Abstract 
It is a crucial method to mitigate greenhouse gas emission 
and save building energy by complying the formulated 
regulations on buildings’ envelope efficiency design. The 
existing Taiwanese building technical regulation provides 
three evaluation alternatives to comply with while 
developing a building envelope design scheme. Each 
evaluation alternative uses different index to direct a 
building’s envelope energy efficiency design. However, it 
exhibits inconsistencies among these alternative methods 
including the use of different building design and climatic 
parameters, which would result in counterintuitive 
contradictions in some certain evaluation cases. To solve 
this phenomenon, this study attempts to integrate the three 
evaluation methods and propose a new index to regulate 
the building envelope’s energy efficiency design. 
Introduction 
The Taiwanese government has released an annual energy 
consumption performance index to assess the thermal 
performance of building envelopes in 1995. The method 
has provided a maximum allowable annual sensible 
cooling load for the perimeter of a building. The sensible 
cooling load in the perimeter of a proposed building, over 
a whole year, must be lower than the benchmark value 
designated for the climates of different regions. This 
method allows for a trade-off between some design 
factors, such as window openings and external walls, to 
preserve some design flexibility. Taiwan’s currently in-
force building performance index is called ENVLOAD 
(Ministry of the Interior of Taiwan, 2011), which is 
calculated using Equations 1-5. = −20370 + 2.010 ∙ + 0.033 ∙  
 +1.079 ∑ ∙   (1) 
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where, IG is the internal heat gain in W/m2K; L is the heat 
loss factor of building envelope in W/m2K; CDH is the 
annual total cooling degree-hours based on 23°C; Mi is the 
solar heat gain corrected factor of i orientation of the 
building envelope; SFi is the annual total solar insolation 
of i orientation in Wh/m2; Tu is the average room 
temperature increment in °C; a0 to a2 are regression 
coefficients; UW is the thermal transmittances of external 
walls in W/m2K; Uf is the thermal transmittances of 
external windows in W/m2K; Ki is the external sunshade 
shading coefficient of i orientation; Aw is the areas of the 
external walls for air-conditioned zones in m2; A’

w is the 
areas of the external walls for non-air-conditioned zones 
in m2; Af is the areas of fenestrations for air-conditioned 
zones in m2; A’

f is the areas of fenestrations for non-air-
conditioned zones in m2; Ap is the total floor area of the 
air-conditioned perimeter zone in m2. 
In Equation 1, the ENVLOAD equation was developed 
based on numerous building cooling load simulation cases 
and was established using multiple regression technique. 
It includes three terms, i.e. the G, L·CDH, and Mi·SFi 
terms, the first term denotes to the annul internal heat 
loads from the occupants, lighting, and equipment; the 
second term stands for the heat insulation capabilities of 
a given building; and the third term accounts for the 
building’s solar shading capabilities. 
In the 1990s, after Taiwan began using ENVLOAD as the 
thermal performance index of envelopes, other than the 
simplified correction proposed by Wang and Lin (2015) 
and the natural ventilation correction coefficient proposed 
by Lai (2008), it has not been further subjected to review 
or correction. Some studies have extended the 
applications of ENVLOAD. For example, Hwang and 
Hsu (2011) used a visitor center as an example to explore 
the influence of ENVLOAD on air conditioning energy 
consumption and indoor thermal comfort. Chen and Lin 
(2017) established a method to predict the maximum air 
conditioning load using the ENVLOAD indicator. Shih et 
al. (2018) combined building energy simulation 
techniques through an uncertainty analysis to prove that 
both ENVLOAD and the overall thermal transfer value 
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(OTTV), both envelope thermal performance indices 
commonly used in Southeast Asian countries, can be 
converted into each other. Hwang et al. (2018) suggested 
that OTTV can be used to replace ENVLOAD; they 
analyzed a correction for the OTTV calculation formula 
and generated a benchmark value in response to future 
climate warming. 
However, the evaluation equations of ENVLOAD are too 
numerous and there are too many variable combinations, 
leading to a complicated calculation and a cumbersome 
use of look-up tables. The equations are thus inconvenient 
to use in practice. Therefore, another aim of this study is 
to formulate and specify a new index equation for the 
thermal performance of a building envelope that can 
account for the accuracy of the prediction, while 
simultaneously being succinct and convenient to use. 
Methods 
Definition of the performance metric 
In order to eliminate problems caused by the derivation of 
meteorological parameters (CDH and SF), one of the 
solutions is to change the current passing standard (the 
requirement that the annual sensible cooling load for the 
perimeter of a proposed building be lower than a certain 
benchmark value) to a new requirement (that the ratio of 
annual sensible cooling loads for perimeter zones between 
a proposed building and a specific baseline building, 
called the performance rating (PR), be lower than a certain 
value). In this paper, the performance rating is the main 
basis for developing the envelope performance index. The 
performance rating for each side of a proposed building’s 
envelope is defined as: 

 100 1
LpPR
Lb

= × −
⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

 (6) 

where, Lp refers to the annual sensible cooling load per 
square meter of envelope area in the perimeter of a 
proposed building; and Lb refers to the annual sensible 
cooling load per square meter of floor area in the 
perimeter of a baseline building. 
The seasonal sensible cooling load per square meter of 
floor and envelope area in the perimeter is expressed in 
Equation 7. SC is the product of the glazing shading 
coefficient and the external sunshade shading coefficient, 
i.e., SC = 0.87η. SF is the solar radiation incident on the 
south-facing external wall during the cooling season. CF 
is the correction factor for the solar radiation azimuth, 
which is defined as the ratio of all-season solar radiation 
incident in any orientation to the solar radiation incident 
from the south. The WWR, UW, Uf, and η are varied 
simultaneously to generate a sufficient number of 
proposed building cases; the Lp of these cases is obtained 
by performing energy consumption simulations. The 
numerical values of ∑(Te-Ti), ∑(To-Ti), ∑SFo, and ∑IG in 
Equation 7 can be obtained using regression analysis. In 
the above terms, the Te denotes equivalent temperature, Ti 
is the indoor temperature, To is the outdoor ambient 
temperature. 

The sensible cooling load per square meter of external 
wall area in the perimeter of a baseline building is the 
numerical value of the sensible cooling load obtained by 
substituting WWR=0.31, UW=0.857 W/m2K, Uf=3.24 
W/m2K, K=1, η=0.25, as well as the average CF 
corresponding to the proposed building’s orientation at 
azimuths of 90°, 180°, and 270°, into Equation 7. 
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In fact, the average value of the 4 CFs obtained from the 
rotation 0°, 90°, 180°, and 270° is almost equal to the 
average values at all orientations. As for the baseline 
buildings in any climate, since the WWR, UW, Uf, K, η, 
and CF substituted into Equation 7 are constant, meaning 
that Lb is also a constant value, only the constant Lb value 
will differ with different climates. Therefore, the PR 
defined in Equation 6 can be expressed as: 
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 (8) 

In the same way, the numerical values of 100∑(Te-Ti)/Lb, 
100∑(To-Ti)/Lb, 100∑SF)/Lb, and 100(∑IG/Lb-1) in 
Equation 8 can be obtained by regression analysis as long 
as there are sufficient PRs in the proposed buildings. 
Building model 
The required performance index equation is obtained in 
this paper by using EnergyPlus to conduct simulations on 
the energy consumption of an office building model. The 
typical office building model shown in Figure 1 is used. 
The typical building plan is divided into 4 air-conditioned 
perimeter zones, as well as other zones with inner-
perimeter air-conditioned spaces and non-air-conditioned 
spaces, such as stairs, elevators, or restrooms. Perimeter 
zones refer to indoor spaces within a distance of 5 m from 
external walls, which are susceptible to the heat flow 
entering from the envelope. The 4 air-conditioned 
perimeter zones are spaces of interest and are analyzed in 
this paper. The other zones are not considered and outside 
the scope of the energy consumption simulations. The 
local meteorological data of a typical meteorological year 
(TMY3) has been used, assuming that the building is 
located in three climate regions in Taiwan represented by 
three cities: Taipei, Taichung, and Kaohsiung. The 
climatic and geographical properties are briefly 
summarized in Table 1. 
As the focus of this study is to formulate and specify a 
new index equation for the thermal performance of a 
building envelope, the methodology is based on energy 
simulations conducted for a large number of different 
office building models, as well as multiple regression 
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analyses. Therefore, the parameters involved are the 
ambient temperature of the building’s location, the 
intensity of the solar radiation, the orientation of envelope, 
the window to wall ratio (WWR), the wall’s U-value (UW), 
the glazing’s U-value (Uf), the glazing’s SHGC, and the 
external sunshade depth ratio. These 6 parameters are also 
the architectural design parameters used in the calculation 
of the ENVLOAD index. 
 

 
Figure 1: Floor plan of the typical office building. 

Table 1: Summary of the geographical data and the 
climate of the studied cities. 

Locations Coordinates 
Annul 
HDD18 

(K.hrs) 

Annual 
CDD18 

(K.hrs) 

Annual 
global 

horizontal 
solar 

radiation 
(kW/m2) 

Taipei N25.0, 
E121.5 194 2139 6641.9 

Taichung N24.1, 
E120.7 134 2344 8572.9 

Kaohsiung N22.6, 
E120.3 25 2768 7914.5 

In order to obtain a sufficient number of building models, 
this paper uses Latin hypercube sampling from a uniform 
distribution to generate 1,000 simulated samples with 
different combinations of envelope thermal performances. 
Table 2 shows the range of variation for these input 
variables. Other variables, such as the internal load and 
the air conditioning operative controls, are not included in 
the modelling process to facilitate observations of the 
unique effects of the passive thermal performance design 
on the annual sensible cooling load. The air-conditioning 
system was set to only operate on working days from May 
1st to September 30th during the main cooling season; the 
operation time period is 07:00-19:00. Referring to the 
ASHRAE 62.1 Standard (2004), the fresh air exchange 
rate is provisioned to be 8.5 L/s per person. The density 
of occupants is 0.15 person/m2, the lighting density is 11.8 
W/m2, and the density of the office equipment heat 
generation is 12.5 W/m2. The occupant, lighting, and 
equipment usage schedule are ascertained according to 
ASHRAE 90.1 Standard (2013). Since there are no 

provisions for the performance of a baseline building 
envelope in Taiwan, this paper directly adopts the relevant 
provisions of a baseline building envelope performance 
from ASHRAE Standard 90.1 appendix G; these 
provisions are listed in Table 2. The indoor thermostat 
control is a dry-bulb temperature control and is set at 24°C 
constant during the hot season. 
Results and Discussions 
Simulation results 
In order to illustrate the uncertainty triggered by the 
architectural design parameters, variations in the seasonal 
sensible cooling loads per square meter of perimeter zone 
of all proposed building cases obtained from the 
EnergyPlus simulation, for all the three cities, are 
presented using histograms and statistical values. Figure 
2 has shown the range of possible seasonal sensible 
cooling loads and the probability of each interval in the 
three cities. For the seasonal sensible cooling loads, the 
Taipei range is between 86 kWh/m2 and 182 kWh/m2, the 
Taichung range is between 87 kWh/m2 and 200 kWh/m2, 
and the Kaohsiung range is from 91 kWh/m2 to 189 
kWh/m2. Obviously, Taipei has the lowest seasonal 
sensible cooling loads and the largest loads occurred in 
Taichung. The mean seasonal sensible cooling loads for 
Taipei, Taichung, and Kaohsiung are 112 kWh/m2, 118 
kWh/m2, and 122 kWh/m2, respectively.  
Table 2: The input variables, variation ranges, and the 

baseline values of the building model. 
Input 

variables 
Ranges Baseline values 

Orientation 
(degree) 

0°,45°, 
90°,135°,

180°,225°,
270°,315°

The baseline building 
performance shall be 
generated by simulating the 
building with its actual 
orientation and again after 
rotating the entire building 
90, 180, and 270 degrees, 
then averaging the results. 

Width of the 
perimeter 
zones 

10-50 
(m) 

Same as the proposed 
building design. 

Window-to-
wall ratio 0.1-0.9 0.310 

U-value of the 
exterior wall 

0.5-5.0 
(W/m2K) 0.857 (W/m2K) 

U-value of the 
fenestration 

1.0-5.5 
(W/m2·K) 3.240 (W/m2K) 

SHGC of the 
fenestration 0.1-0.85 0.25 

Depth ratio of 
the exterior 
shading 

0.0-2.0 no shading projections 

The most commonly-seen seasonal sensible cooling load 
interval in Taipei, Taichung, and Kaohsiung are 110 
kWh/m2, 110 kWh/m2, and 115 kWh/m2, respectively. 
Moreover, the difference between the minimum and 
maximum seasonal sensible cooling loads is also different 
among the three cities; they are 96 kWh/m2, 113 kWh/m2, 
and 98 kWh/m2 for Taipei, Taichung, and Kaohsiung, 
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respectively. The ratio of uncertainty can be defined by 
observing the standard deviations, which are 13 kWh/m2, 
17 kWh/m2, and 16 kWh/m2, respectively. 
The results presented in Figure 2 mean that the design 
parameters have a considerable influence on the variation 
of the seasonal sensible heat-cooling load. Therefore, the 
architect should confirm at the early design stage that the 
proposed building can provide a sufficient seasonal 
sensible heat-cooling load. By accounting for the local 
mandatory energy indices, architects can understand the 
possible range of seasonal sensible heat-cooling loads, 
because many of the energy indices have linear 
relationships with the seasonal sensible cooling load. 
Figure 3 is a scatter plot of the simulated annual sensible 
cooling load against ENVLOAD for the 3 cities, as 
obtained from the simulations on all the proposed 
building cases at 24 °C. In the plot, the linear regressions 
of Lp and ENVLOAD are also shown. 

 
Figure 2: Variation of Lp for all cases in the three cities. 

 
Figure 3: Scatter plots of Lp against ENVLOADs in the 

three cities. 
 

Using the results of these simulations, the Lp equations for 
the three cities can respectively be obtained through 
regression analysis as: 
Taipei: 
 = 6.3 1 − + 2.7 ∙ + 
 75.7 ∙ ∙ + 84.5      R = 0.946  (9) 
Taichung: = 7.5 1 − + 2.1 ∙ + 
 102.9 ∙ ∙ + 85.0        R = 0.975 (10) 

Kaohsiung: = 7.8 1 − + 3.7 ∙ + 
 91.3 ∙ ∙ + 88.2       R = 0.956 (11) 
Establishing of a unitary envelope thermal 
performance index 
From the EnergyPlus simulation results of various 
proposed buildings corresponding to a baseline building, 
we discovered that the seasonal sensible cooling load per 
square meter for baseline buildings, Lb, is almost identical 
to the numerical values obtained by substituting the 
provisioned WWR, UW, Uf, K, η, and CF into Equations 
9-11, where Lb is 98.3 kWH/m2 in Taipei, 101.8 kWH/m2 
in Taichung, and 105.6 kWH/m2 in Kaohsiung. By 
observing Figure 4, there are consistent PR probability 
distribution curves in the 3 investigated climate regions. 
Once again, the regression analysis is applied to the PRs 
of all proposed building cases, and the resulting 
regression formula is shown in Equation 12. 
 = 7.1 1 − + 2.8 ∙ + 
 88.2 ∙ ∙ − 15.7     R = 0.956  (12) 

 
Figure 4: The probability distributions of PR of all the 

proposed cases in the three cities. 
Sensitivity analysis 
A sensitivity analysis is executed to ascertain the 
contribution of each input variable to the variation of the 
designated output of a building model. In this paper, the 
sensitivity index used is a standardized regression 
coefficient (SRC). A standardized regression coefficient 
is used to measure the linear influences of each input 
variable (xj) on the output variable (y), and is calculated 
by Equation 13, where ̅  and  are the averages of the 
input and output, respectively. 
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While complying with local mandatory regulations, 
conducting sensitivity analyses on design parameters can 
assist an architect to examine the sensitive design 
parameters, so as to achieve a building possessing higher 
energy performance. During the building process, design 
requirements for the minimum cooling load can be 
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obtained by selecting the upper limit of the design 
parameters with negative SRC and by selecting the lower 
limit of the design parameters with positive SRC. 
Moreover, the magnitude of the SRC absolute value 
represents the importance of the design parameter. Based 
on the simulation results, the results of the SRC are 
summarized in Table 3. 

Table 3: SRC comparison between the dry-bulb based 
and the operative temperature based control method. 

Variables CF WWR UW Uf η K 

SRC 0.23 0.49 0.24 0.11 0.52 0.37

The glazing shading coefficient (η) has the largest SRC 
value (0.52). This indicates that the glazing shading 
coefficient has the most influence on PR. The second and 
the third most influential are the window to wall ratio 
(WWR) and the external sunshade shading coefficient (K), 
followed by the external wall UW value, the window to 
wall ratio (WWR) and the fenestration Uf value. Though 
the value of the SRC for Uf is lower, its influence still 
needs to be considered. 
Conversion of the baseline values 
As a result of climate regions having different CDH and 
SF, climate zoning requires different formulas and 
benchmark values, shown in Equations 9-11. Through the 
standardization of Equation 8, this paper has found a 
single formula that is applicable for the envelope 
performance index of all cities in Taiwan, i.e., Equation 
12 can be used as the single envelope performance index 
in Taiwan. The logic that converts the benchmark 
ENVLOAD to the benchmark PR is explained below. 
Taking Taipei City as an example, the benchmark 
ENVLOAD is 90kWh/m2year. Based on the linear 
regressions of Lp and ENVLOAD in Figure 3, the 
corresponding Lp=124.8kWh/m2year can be obtained. For 
the baseline buildings in Taipei, Lb=98.3 kWh/m2 and PR 
= 100*(124.8/98.12-1) = 27.0. This numerical value is the 
PR benchmark value corresponding to the currently in-
force ENVLOAD benchmark value for the Taipei region. 
Benchmark values for PR in Taichung and Kaohsiung are 
16.8 and 21.9, respectively. 
Equation 12 is used as a formula because it can eliminate 
problems caused by a one-calculation-formula for one-
climate-zone for different climates. Furthermore, the 
relative standards used in PR are unlike the absolute 
standards used in ENVLOAD; its benefits can help 
Government construction management units to 
understand the stringent standards required for 
benchmark values in different climates. For example, if 
the standard values of ENVLOAD in the three regions are 
80, 90, and 115 kWh/m2year, it is easy to misinterpret that 
there are stricter standards in Taipei, and that Kaohsiung 
has a more lenient standard. However, PR tells us that, 
actually, the currently in-force Taiwan standard is the 
most lenient for Taipei, because it has the highest value 
calculated using the same index formula. This indicates 
that, in a given proposed building, for Taichung or 
Kaohsiung climates, there must be more stringent 
requirements for external wall UW as well as window Uf 

and SC in order to pass the mandatory regulations. If the 
construction management unit wants to have consistent 
requirements throughout Taiwan, this can be achieved 
with a single PR throughout the whole country; however, 
this cannot be achieved by using a consistent ENVLOAD 
because its calculation directly involves the local climatic 
conditions. Another benefit of the PR is that it directly 
indicates the percentage of sensible cooling load allowed 
in the proposed building compared to the baseline 
building. According to current standards, Taipei allows a 
proposed building to be at more than 27.0%, whereas 
Taichung and Kaohsiung only allow 16.8% and 21.9%, 
respectively. 
Conclusion 
This study has expounded the problematic points of the 
currently in-force building envelope energy consumption 
index in Taiwan (ENVLOAD), including the 
cumbersomeness of the practical evaluation process and 
the presence of unequal benchmark values for each 
climate region. Therefore, this study proposed the 
development of a thermal performance evaluation index 
for new building envelopes based on the performance 
rating. The advantage in the proposed method relies on 
removing the meteorological parameters from the original 
ENVLOAD, while preserving the main envelope design 
factors that influence the thermal performance of a 
building. Simultaneously, it is simplified to a single 
formula for all of Taiwan, which can greatly reduce the 
complexity of the assessment. The newly proposed index 
includes all the six building and two meteorological 
parameters that are currently used in the three existing 
indices, including building orientation, window-to-wall 
ratio (WWR), U-value of the exterior walls, U-value of 
the window glazing, solar heat gain coefficient (SHGC) 
of the glazing, the exterior shading of the window, cooling 
degree hours, and annual solar insolation. At the same 
time, the existing ENVLOAD benchmark is converted 
and applied to the new index. This study has reached the 
following important conclusions: 
1. This study develops a new building envelope thermal 

performance evaluation index through a 
performance-based rating system compared with a 
baseline building. 

2.  The study has shown that the stringency level of 
currently in-force ENVLOAD benchmarks is not 
uniform, being the most lenient for Taipei and the 
most stringent for Taichung among the examined 
cities. However, if PR is used as an evaluation index, 
the unfairness due to the non-uniform level of 
stringency for building envelope energy management, 
which is generated by climate induced variations in 
benchmarks, can be eliminated. 

3. Through the sensitivity analysis in this study, the 
importance of various building envelopes designs to 
the cooling load is in the following order: η, WWR, 
external sunshade K, and external wall UW. 
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Abstract 
To understand whether the existing house energy star 
rating system in Australia discriminates against rammed 
earth houses, simulations were carried out for two sample 
houses each in 69 local climates at different heating and 
cooling thermostat temperatures with the original wall 
systems and with the walls replaced by rammed earth 
walls. Results showed that rammed earth houses may 
have been discriminated for climate regions with mean 
ambient winter temperature between 10.0 and 15.0 C for 
the population group who operates heating thermostat 
temperature at around 15C during winter. The findings 
of this study can provide useful information for building 
regulators on the potential impact of the existing as well 
as modified thermostat settings in house energy star rating 
software. 

Introduction 
In Australia, the Nationwide House Energy Rating 
Scheme (NatHERS) has been gradually adopted by state 
and territory governments and building regulators over 
the last two decades (Delsante, 2005). The increase in the 
house energy efficiency stringency has contributed to the 
flatting or declining of residential sector energy 
consumption in Australia in recent years (DOEE, 2018). 

In supporting the NatHERS scheme, a dynamic building 
simulation tool AccuRate is used as the benchmark 
software for NatHERS star rating for houses to 
demonstrate compliance with Australian national 
construction code (NCC) energy efficiency requirements. 
The AccuRate software was developed by coupling a 
frequency response building thermal model and a multi-
zone air flow model for heating and cooling energy 
requirement calculation of residential buildings (Walsh & 
Delsante, 1983; Delsante, 2005; Ren & Chen, 2010). 
Taking into account the local climate and building fabrics, 
AccuRate automatically switches the building operation 
between mechanical air conditioning and natural 
ventilation operation and calculates hourly heating and 
cooling energy requirement over the period of one year. 
Then, AccuRate assigns the house a NatHERS star rating 
from zero to ten based on the calculated total annual 
heating and cooling energy requirement per m2 
conditioned floor area. The more stars, the less likely the 
occupants need cooling or heating to stay comfortable. 
Occupants of a 10 star house are unlikely to need any 
artificial cooling or heating. Currently, most of the state 

and territories require a minimum 6 star NatHERS rating 
for new houses in Australia. 

For the calculation of building heating and cooling energy 
requirement, thermostat settings are commonly set 
according to standards such as ASHRAE 55-2013 
(ASHRAE, 2013) for achieving required occupant 
thermal comfort. The heating and cooling thermostat 
settings used in AccuRate are specified in NatHERS 
software accreditation protocol (NatHERS, 2012). For 
living spaces, a heating thermostat setting of 20C is used. 
For sleeping spaces, heating thermostat setting are 18C 
from 7:00 to 9:00 and 16:00 to 24:00, and 15C from 
24:00 to 7:00. The cooling thermostat is set equal to the 
neutral temperature of January (the middle month of the 
summer in the southern hemisphere) for the 
corresponding climate zone. It is also assumed that 
cooling is triggered when indoor air temperature is 2.5°C 
above the neutral temperature which corresponds to 90% 
acceptability limit of the ASHRAE adaptive thermal 
comfort model (ASHRAE, 2013). The cooling thermostat 
settings, although not exactly corresponding to the 
ASHRAE adaptive thermal comfort model (ASHRAE, 
2013), are based on the understanding that acceptable 
thermal conditions vary with the local climates. 

Thermostat settings can significantly affect the 
calculation of heating and cooling energy requirement and 
thus impact on whether or not a house design obtains 
building approval. James et al (1996) simulated a typical 
house in three Florida cities and showed that cooling 
energy can be reduced over 20% with per °C increase in 
the thermostat temperature. Manning et al (2007) 
evaluated experimentally a pair of identical twin houses 
at the Canadian Centre for Housing Technology and 
showed that cooling energy reduction can be over 10% 
with per °C increase in the thermostat temperature. 
Recently, using AccuRate simulations, Ren & Chen 
(2017) demonstrated that relaxing the cooling triggering 
temperature from 2.5°C to 3.5°C above the neutral 
temperature (corresponding to 80% acceptability limit of 
the ASHRAE adaptive thermal comfort model) reduces 
40% of the calculated space cooling energy requirement 
in regions with hot summer climates (e.g. Alice Springs) 
for a heavyweight double brick cavity construction house. 
For a high-set lightweight weatherboard house, such a 
relaxing in the cooling triggering temperature can result 
in 25% reduction in the cooling energy requirement and a 
2 star increase in tropical regions (e.g. Darwin). 
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Consequently, the triggering temperature and thermostat 
set point temperature in AccuRate can impact on the 
construction types of the residential building sector in 
Australia. Considering that the average service life of a 
house in Australia is around 60 years, the impact of the 
thermostat settings used in NatHERS star rating software 
can be significant over many years to come on the 
Australian residential sector energy efficiency and 
greenhouse gas emissions. 

Although monitored heating and cooling energy generally 
confirms the reduction trend for houses built to higher 
energy efficiency star ratings (O’Leary et al, 2016), there 
are criticisms on NatHERS software tools. One long-
standing criticism is that by using the above mentioned 
fixed heating and cooling thermostat settings, NatHERS 
energy rating discriminates against the application of 
climate responsive house construction types such as 
traditional heavyweight rammed earth buildings and 
lightweight tropical houses (Soebarto, 2000; 
Kordjamshidi and King, 2009; Williamson et al, 2010; 
Daniel et al, 2015a; Daniel, 2017). 

Rammed earth is a sustainable construction material and 
has been widely used in numerous historical structures. In 
Australia, small communities of rammed earth house 
owners/builders are still very active. In several previous 
studies in Australia (Soebarto, 2000; Williamson et al, 
2010), measured energy consumption showed that 
rammed earth houses are more energy efficient in 
comparison with average modern houses. However, the 
relatively low thermal resistance, R-value at 0.24 
(m2C/W) for a 300mm thick wall, has made rammed 
earth house designs very difficult to comply with NCC 
using NatHERS star rating. This noted difference between 
measured energy consumptions and NatHERS star rating 
for rammed earth houses has been attributed to the fact 
that occupants of rammed earth houses are generally more 
ecocentric (Daniel et al, 2015b). They considered 
conditions comfortable often outside of the accepted 
adaptive thermal comfort limits (Daniel et al, 2015b) with 
which the thermostat settings of NatHERS star rating are 
based on. In other words, occupants of rammed earth 
houses generally operate their houses at different 
thermostat settings to those used in NatHERS star rating. 
It has been suggested that the mandatory NatHERS star 
rating should consider the atypical preference of such 
group of population (Daniel et al, 2015b) who genuinely 
live more energy efficiently in traditional houses such as 
rammed earth houses. 

So far, there is no systematic study on the impact of 
thermostat settings on the energy performance of rammed 
earth houses when compared with normal modern house 
designs in different Australian climates. In this study, 
simulated house heating and cooling energy requirements 
were compared in all 69 NatHERS climate zones (which 
cover the entire Australia) between normal modern 
houses and rammed earth houses using AccuRate with the 
same floor plans and realistic thermostat setting ranges 
based on recent monitoring studies. This study tries to 
answer the question whether the existing thermostat 
settings in NatHERS software discriminates against 

rammed earth houses. It also provides information for 
building regulators on the potential impact of modifying 
existing thermostat settings in NatHERS software tools. 

Methodology 
Climate zones 

Australia has a wide range of climates from relatively cold 
alpine climate to hot humid tropical climate. Eight 
National Construction Code (NCC) climate zones (CZ) 
are defined by the Australian Building Codes Board 
(ABCB) as listed in Table 1. Table 1 also includes the 
corresponding Köppen climate group for these eight 
NCC) climate zones. For NatHERS star rating using 
building simulation software, a more detailed 69 local 
NatHERS climate zones (CZs) are used. AccuRate 
contains the Typical Meteorological Year (TMY) weather 
files for the 69 NatHERS CZs.  

Table 2 shows the NatHERS CZs with its corresponding 
NCC CZ and the existing cooling thermostat 
temperatures. 

 

Table 1: NCC climate zones and their representative 
cities 

NCC 
climate 

zone 

Represent 
City 

Description 

 

Köppen 
climate group 

Zone 1 Darwin Hot humid summer, 
warm winter 

A(tropical) 

Zone 2 Brisbane Warm humid 
summer, mild winter 

C(temperate) 

Zone 3 Alice 
Springs 

Hot dry summer, 
warm winter 

B(dry) 

Zone 4 Mildura Hot dry summer, 
cool winter 

B(dry) 

Zone 5 Sydney Warm temperate C(temperate) 

Zone 6 Melbourne Mild temperate C(temperate) 

Zone 7 Canberra Cool temperate C(temperate) 

Zone 8 Cabramurra Alpine E(polar) 

 

Sample houses 

Since October 2014, NatHERS house energy efficiency 
star rating using AccuRate has been centrally certified and 
stored in the HStar web portal (https://www.hstar.com.au) 
managed by the Commonwealth Scientific and Industrial 
Research Organisation (CSIRO) for facilitating verifying, 
auditing, analysing, and research. In Australia, over 70% 
of the dwellings are low-rise detached houses. In this 
study, two certified house designs were selected for each 
NatHERS CZ from the HStar database. Houses with brick 
veneer external wall construction were selected first 
considering that brick veneer construction is the most 
commonly used in many regions in Australia. If there is 
not enough brick veneer houses in the particular climate 
zone, houses with other construction types were selected. 
For those climate zones with less than two certified house 
designs in the HStar database, the house designs from 
neighbouring NatHERS CZs within the same NCC CZ 
were used with the assumption that house designs in 
nearby NatHERS CZs are similar. As shown in Table 2, a 
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total of 138 real certified house designs were thus selected 
in this study with a variety of external wall types including 
82 with brick veneer, 17 with concrete block wall, 23 with 
fibre-cement wall, 11 with steel sheet wall, 4 with timber 
weatherboard, and 1 with double brick wall. These houses 
range from two bedrooms to seven bedrooms, with floor 
areas range from 88 m2 to 621 m2 as shown in Table 2. 
All the houses have concrete slab floors with 123 single 
storey houses and 15 double storey houses. So, in theory, 
the external and internal walls can be readily replaced 
with rammed earth walls. Table 3 lists the thermal 
resistances and the heat capacities of the wall systems 
used in this study. It is seen that the concrete block wall 
and the rammed earth wall have the lowest thermal 
resistances among all the wall systems investigated in this 
study. On the other hand, the rammed earth wall has the 
highest heat capacity among all the wall systems. 

Table 2: House wall types, floor areas and existing 
cooling thermostat temperature in each NatHERS 

climate zone. 
NatHERS 
CZ (NCC 
CZ) 

City Name Sample 
House 
External 
Wall 
Type 

Sample 
House 
Floor 
Area 
(m2) 

Existing 
Cooling 
Thermostat 
temperature 
(C) 

1 (1) Darwin CB,CB 148,181 26.5 
2 (1) Pt Hedland SS,BV 262,214 27 
3 (3) Longreach BV,WB 234,307 27 
4 (3) Carnarvon CB,CB 184,105 26 
5 (1) Townsville CB,CB 170,281 26.5 
6 (3) Alice Springs CB,CB 211,223 26.5 
7 (2) Rockhampton BV,FC 198,139 26 
8 (4) Moree BV,SS 289,180 26 
9 (2) Amberley BV,BV 193,314 26 

10 (2) Brisbane BV,BV 621,238 25.5 
11 (2) Coffs Harbour BV,BV 230,261 25 
12 (5) Geraldton BV,BV 212,243 25 
13 (5) Perth FC,BV 189,327 25 
14 (7) Armidale FC,BV 221,103 24 
15 (5) Williamtown BV,BV 249,234 25 
16 (5) Adelaide BV,BV 137,269 25 
17 (5) Sydney  BV,BV 297,168 25.5 
18 (6) Nowra BV,BV 245,451 24.5 
19 (3) Charleville BV,WB 234,307 27 
20 (4) Wagga BV,BV 195,304 25 
21 (6) Melbourne  AC,BV 374,227 24 
22 (6) East Sale BV,BV 196,141 23 
23 (7) Ti Tree Bend BV,WB 248,91 22.5 
24 (7) Canberra BV,BV 418,195 24 
25 (8) Cabramurra  FC,BV 216,271 23 
26 (7) Hobart BV,BV 322,221 23 
27 (4) Mildura BV,BV 162,317 25 
28 (6) Richmond BV,BV 224,197 24.5 
29 (1) Weipa  FC,FC 116,155 26 
30 (1) Wyndham   SS,SS 212,154 27.5 
31 (1) Willis Island SS,SS 154,375 26.5 
32 (1) Cairns CB,CB 211,170 26.5 
33 (1) Broome SS,SS 212,154 27 
34 (1) Learmonth SS,BV 262,214 26.5 
35 (2) Mackay BV,FC 198,139 26 
36 (2) Gladstone BV,FC 198,139 26 
37 (3) Halls Creek CB,CB 184,105 27 
38 (3) Tennant Creek CB,FC 280,243 27 
39 (3) Mt Isa CB,FC 280,243 27 
40 (3) Newman   CB,CB 184,105 28 
41 (4) Giles BV,FC 395,211 27.5 
42 (4) Meekatharra BV,FC 395,211 28 

43 (4) Oodnadatta BV,BV 119,270 27 
44 (4) Kalgoorlie BV,BV 385,395 26 
45 (4) Woomera BV,BV 119,270 26 
46 (4) Cobar  BV,FC 170,267 26.5 
47 (4) Bickley     BV,BV 384,252 24.5 
48 (4) Dubbo          BV,BV 406,379 25 
49 (4) Katanning BV,BV 252,152 24.5 
50 (5) Oakey SS,BV 249,88 25 
51 (5) Forrest FC,FC 188,161 25.5 
52 (5) Swanbourne FC,FC 237,208 25 
53 (5) Ceduna BV,FC 171,161 24.5 
54 (5) Mandurah FC,FC 287,175 25 
55 (5) Esperance FC,FC 188,175 24 

56 (5) 
Sydney 
Airport BV,BV 297,168 24.5 

57 (6) Manjimup BV,BV 338,276 23.5 
58 (6) Albany BV,BV 338,276 23.5 
59 (6) Mt Lofty   BV,BV 165,265 23 

60 (6) 
Melbourne 
Airport BV,BV 330,265 24 

61 (6) Mt Gambier BV,BV 211,264 23.5 
62 (6) Moorabbin BV,BV 307,195 24 
63 (6) Warrnambool   BV,BV 141,198 23 
64 (6) Cape Otway    BV,BV 227,264 23 
65 (7) Orange BV,BV 156,269 23 
66 (7) Ballarat     BV,BV 253,211 23.5 
67 (7) Low Head    BV,WB 248,91 23 

68 (7) 
Launceston 
Airport BV,DB 248,509 23.5 

69 (8) Thredbo FC,SS 89,126 22.5 
Here: 
CB: Concrete block;  SS: Steel sheet; 
BV: Brick veneer;  WB: Weather board; 
FC: Fibre-cement board; DB: double brick; 
AC: Aerated autoclaved concrete block 
 

Table 3: thermal resistance and the heat capacity of the 
wall systems used in this studya 

Wall system Material layers 
external to internal 

Thermal 
resistance 
(m2C/W
) 

Heat 
capacity 
(kJ/m2C
) 

Brick veneer Brick (110 b) 
Airgap c 
Insulation R0 – R3.1 
Plasterboard (10) 

0.40-3.91 169 

Concrete 
block 

Concrete block (190) 0.15 374 

Fibre-cement Fibre-cement sheet (6) 
Airgap c 
Insulation R0.6-R2.5 
Plasterboard (10) 

0.83-2.73 17 

Steel sheet Steel sheet (1) 
Airgap c 
Insulation R1.5-R2.5 
Plasterboard (10) 

1.74-2.74 13 

Timber 
weatherboard 

Timber (18) 

Airgap c 

Insulation R1.5-R2.5 

Plasterboard (10) 

1.90-2.90 28 

Double brick Brick (110) 
Airgap (40) 
Insulation (119) 
Plasterboard (10) 

3.19 320 

Rammed 
earth 

Rammed earth (300) 0.24 582 

a. calculation based on AccuRate material database 
b. layer thickness in mm 
c. air gap thickness ranges from 20mm to 90mm 
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Heating and cooling thermostat settings 

In recent years, several survey and monitoring studies on 
heating and cooling operation in houses have been carried 
out in Australia. In 2012, CSIRO did a survey and 
monitoring study in Brisbane, Adelaide and Melbourne 
(Ambroise et al, 2014). Brisbane has a subtropical climate 
with warm humid summer, mild winter, while both 
Adelaide and Melbourne have mild temperate climates. 
Half-hourly electricity consumption data were collected 
by direct monitoring electricity at the switchboard for 9 
months from the beginning of June 2012 to the end of 
February 2013. Temperature measurements at the living 
areas were also taken at 30-minute intervals. Monitored 
data from 129 houses with reverse cycle air conditioners 
(A/C) were analysed (Chen et al, 2018). Figure 1 shows 
the relationship between the average heating and cooling 
switch on indoor temperature (Tswitchon) and the average 
indoor air temperature for each house when A/C was in 
operation in winter and summer. It is clear that different 
householders operate their houses in significantly 
different heating and cooling temperatures. 
 

 
Figure 1: Relationship between average A/C switch on 
indoor temperature and average A/C operation indoor 
air temperature for each house in winter and summer 

(Chen et al, 2018). 

 

Daniel et al (2015b) surveyed and monitored 20 mud 
brick/rammed earth houses in Melbourne and 20 
partially/fully naturally ventilated houses in tropical 
Darwin in 2012 and 2013. Figure 2 shows the comparison 
between the ASHRAE55-2013 adaptive thermal comfort 
ranges and the comfort votes recorded. In Figure 2, there 
were substantial comfort votes outside the 80% 
acceptability limits of the adaptive thermal comfort 
model, especially at the cold side. This is consistent with 
the findings by Kim et al (2016) who monitored 27 houses 
in Sydney and 15 houses in Wollongong from March 
2012 to March 2014. Figure 3 plotted the prevailing mean 
outdoor air temperature with the indoor air temperature 
when A/C just switched off which Kim et al (2016) 
argued to be the thermally comfort temperature. 

These recent studies in Australian houses showed that 
there are groups of populations considering indoor 
temperatures acceptable at around 12-15C in winter and 

around 30-32C in summer. In this study, in order to 
provide a systematic understanding of the impact of 
thermostat temperatures, simulations were carried out for 
the 138 houses with thermostat settings extended to these 
relatively extreme temperature ranges. 

 
Figure 2: Indoor temperature with comfort votes plotted 
against the 80% and 90% acceptability ranges defined 

by the ASHRAE55-2013 adaptive thermal comfort model 
(Daniel et al, 2015b). 

 

 
Figure 3: Indoor A/C switch off temperature plotted 
against the 80% acceptability range defined by the 

ASHRAE55-2013 adaptive thermal comfort model (Kim 
et al, 2016). 

 

Results and discussions 
Simulations were carried out using AccuRate for all the 
houses with heating thermostat at existing settings as 
mentioned in Introduction, and at 18C, 17C, 16C, 
15C, 14C, 13C, 12C if the existing heating thermostat 
setting is higher. Simulations were also carried out for all 
the houses with cooling thermostat at existing settings as 
shown in Table 2, and at 26C, 27C, 28C, 29C, 30C, 
31C, 32C if the existing cooling thermostat setting is 
lower. For each house, simulations were carried out in its 
corresponding NatHERS CZ for the design with the 
original wall construction and for the design with the 
external and internal walls replaced by 300mm rammed 
earth walls, respectively. Thus, a total of 4416 AccuRate 
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simulations were executed in this study. The annual 
heating energy requirement, cooling energy requirement 
and the total annual heating and cooling energy 
requirement results presented in this section are the 
average values of the two houses in each NatHERS CZs. 

Results for existing thermostat settings 

Figure 4 compares the heating, cooling and the relative 
total energy requirements for the houses with original 
wall systems and rammed earth walls using the existing 
NatHERS heating and cooling thermostat settings. Here, 
the relative total energy requirement is the total heating 
and cooling energy requirement of the house with 
rammed earth walls divided by the total heating and 
cooling energy requirement of the houses with the 
original wall systems in each NatHERS CZ. When 
investigating the effect of wall construction types on 
house heating and cooling energy requirements, the mean 
ambient winter and summer temperatures are important 
factors. Figure 4 also plotted the mean winter and summer 
temperatures for each NatHERS CZ. 

It was found that for NatHERS CZs with mean ambient 
winter temperatures below 15.0C, the replacement with 
rammed earth walls generally results in much higher 
heating energy requirement and slightly low cooling 
energy requirements with the existing heating and cooling 
thermostat settings. The reason is that in these NatHERS 
CZs, heating energy requirement is generally the same 
magnitude or higher than cooling energy requirement. In 
order to comply with NCC energy efficiency requirement, 
external walls are normally insulated with R-values from 
1.5 to 3.0. Replacing these insulated external wall systems 
with rammed earth walls generally results in much higher 
heating energy requirement due to the low thermal 
resistance of the latter at R0.24, while the cooling energy 
requirement is slightly reduced due to the high thermal 
mass of the rammed earth walls. Consequently, the total 
energy requirements with rammed earth houses are 
generally higher than the houses with the original walls as 
shown in Figure 4 (c). 

On the other hand, in climates where there is no or small 
space heating requirements (NatHERS CZs with mean 
ambient winter temperatures above 15.0C and mean 
ambient summer temperatures above 25.5C), the 
replacement with rammed earth walls generally results in 
relatively lower total heating and cooling energy 
requirement. This is because the high thermal mass of 
rammed earth walls reduces cooling energy requirement, 
while there is smaller changes in the heating energy 
requirement. 

In several climates, such as NatHERS CZs 1, 4-6, 32, 37 
and 40 (refer to Table 2), concrete blocks were used as the 
original wall system. The replacement with rammed earth 
walls can also result in lower total heating and cooling 
energy requirement due to the high thermal mass of the 
rammed earth walls and the even lower thermal resistance 
of the concrete block walls at R0.15 in comparison with 
the rammed earth walls as listed in Table 3. 

 

Results for different heating thermostats 

Figure 5 shows the relative total energy requirements for 
the houses in the 69 NatHERS CZs using heating 
thermostat temperatures at 13.0C, 15.0C and 17.0C 
respectively, while the cooling thermostats used the 
existing settings. The relative total energy requirements 
using the existing heating thermostat settings were also 
included for comparisons. 

 

 
(a) Heating 

 
(b) Cooling 

 

 
(c) Relative total energy requirements 

Figure 4: Energy requirements for space heating (a), 
space cooling (b) and the relative total energy 

requirements (c) for the houses with original wall 
systems and rammed earth walls using the existing 
NatHERS heating and cooling thermostat settings. 
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It was found that the worst thermal performance with 
rammed earth walls were found in NCC CZ8 (including 
NatHERS CZs 25 and 69) which have the coldest climates 
(alpine) in Australia with the mean ambient winter 
temperature between 1.0C and 3.0C. For NatHERS CZs 
25 and 69, the replacement using rammed earth walls 
results in around 150% - 200% heating energy 
requirements increase. Reducing the heating thermostat 
from existing, 17.0C, 15.0C to 13.0C does not make 
much improvement to the relative total energy 
requirements. Spacing heating is dominant in these 
climates with minimal summer cooling requirements. The 
low thermal resistance of the rammed earth wall 
contributes to this poor performance relative to the 
original wall systems which have insulation levels at R2.0 
or above in these two NatHERS CZs. 

  

 
Figure 5: Relative total energy requirements for the 

houses in the 69 NatHERS CZs using different heating 
thermostat temperatures at 13.0C, 15.0C, 17.0C and 

existing settings respectively. 

 

For NatHERS CZs with mean ambient winter temperature 
between 3.0 and 10.0C, replacement with rammed earth 
walls generally results in poor thermal performance in the 
heating thermostat ranges from 15 to 20C. Further 
reduction in the heating thermostat to between 12 and 
15C may make the thermal performance of a rammed 
earth house comparable to the house with the original wall 
systems in terms of the total heating and cooling energy 
requirement as seen in Figure 5. Although there are 
occupants who operate houses below 15C, it is generally 
not recommended due to health considerations (Shiue and 
Shiue, 2014; Jevons et al, 2016). These regions include 
all the NatHERS CZs in NCC CZ7 and some NatHERS 
CZs in NCC CZ6 (refer to Table 2). 

For NatHERS CZs with mean ambient winter temperature 
between 10.0 and 15.0C, the thermal performance of 
rammed earth wall houses relative to the houses with the 
original wall systems can be significantly improved by 
lowering the heating thermostat setting temperature. 
Rammed earth houses can in general achieve similar or 
better thermal performances when the heating thermostat 
is around 15C in comparison with the original house 
designs. These regions include all the NatHERS CZs in 

NCC CZ5 and some NatHERS CZs in NCC CZs 3, 4 and 
6. 

This finding has several implications. First, in these 
regions in Australia, the population group, who considers 
thermally comfortable or prefers a heating thermostat 
setting temperature at around 15.0C, will in theory 
consume similar or less space heating energy in the 
rammed earth houses than in the corresponding houses 
with the original wall constructions. It should be noted 
that the rammed earth houses in these regions are 
generally achieve lower star ratings (i.e. predicted to 
consume more space heating energy) than the houses with 
the original wall constructions according to NatHERS star 
rating. Second, the reduction in heating energy 
consumption for the rammed earth houses is higher than 
that for the houses with the original wall constructions if 
the occupants set the heating thermostat temperatures at 
15C instead the existing heating thermostat 
temperatures. This confirms that NatHERS rating does 
discriminate rammed earth constructions in these climate 
regions in the view of this particular population group 
who consider thermally comfortable or prefer a lower 
heating thermostat temperature at around 15.0C. 

For NatHERS CZs with mean ambient winter 
temperatures above 15.0C, heating thermostat 
temperature changes have small effect on the relative total 
energy requirement of the houses with both wall 
constructions (rammed earth walls and the original walls). 
Winters in these regions are relatively mild and warm 
with no or minimal space heating requirement. Thus, 
reductions in the heating thermostat temperature have no 
or very small effect on the total heating and cooling 
energy requirement in these climates. These regions 
include all the NatHERS CZs in NCC CZ1, and the 
majority of the NatHERS CZs in NCC CZ2 and NCC 
CZ3. 

Results for different cooling thermostats 

Figure 6 shows the relative total energy requirements for 
the houses in the 69 NatHERS CZs using cooling 
thermostat temperatures at 27C, 29C and 31C 
respectively, while the heating thermostats used the 
existing settings. The relative total energy requirements 
using the existing heating thermostat settings were also 
included for comparisons. For NCC CZ8 (including 
NatHERS CZ 25 and 69) which has the coldest climate in 
Australia with the mean ambient winter temperature 
between 1.0C and 3.0C, changes in the cooling 
thermostat temperature do not change the poor 
performance of the rammed earth wall construction since 
there is no need of cooling in these regions. 

For NatHERS CZs with mean ambient winter temperature 
between 3 and 15.0C, replacing with rammed earth walls 
generally results in high total energy requirement with all 
the cooling thermostat temperatures investigated in this 
study. This is mainly due to the poor performance of 
houses with rammed earth walls for space heating. It was 
also observed that with the increase in the cooling 
thermostat temperature, the relative total energy 
requirement of the houses becomes higher. This can be 
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explained with one of the example houses in Melbourne 
NatHERS CZ21. 

 

 
Figure 6: Relative total energy requirements for the 

houses in the 69 NatHERS CZs using cooling thermostat 
temperatures at 27C, 29C and 31C respectively. 

 

Table 4 lists the total annual heating and cooling energy 
requirement per m2 of conditioned floor area for the brick 
veneer house (refer to Table 2) with original wall system 
and rammed earth walls at the existing and at 27C 
cooling thermostat temperatures respectively in 
Melbourne. This three-bedroom two-storey house has 
R2.5 insulation in its original external brick veneer wall 
construction. It was found that the cooling energy 
requirement was already reduced with the replacing of the 
original wall system by rammed earth walls at the existing 
cooling thermostat temperature which is 24C in 
Melbourne (refer to Table 2). Although the cooling 
energy requirement is further reduced to around zero (no 
cooling requirement) for the house with rammed earth 
walls at 27C cooling thermostat temperature, the 
reduction in the cooling energy requirement with the 
original wall system is larger when the cooling thermostat 
changes from existing (24C) to 27C. This explains the 
observation in Figure 6 that the relative total energy 
requirement of the houses increases if the cooling 
thermostat temperature is increased. However, it should 
be noted that rammed earth wall house designs do perform 
better during summer period and a total removal of space 
cooling system may be achievable as demonstrated with 
this sample house in Melbourne as shown in Table 4. 

For NatHERS CZs with mean ambient winter temperature 
above 15.0C and mean ambient summer temperatures 
above 25.5C, replacing with rammed earth walls 
generally results in better thermal performance with 
increased cooling thermostat temperature range 
investigated in this study. This is expected since in these 
climates, cooling dominates with no or minimal heating 
requirement, while the high thermal mass of the rammed 
earth walls may achieve reduction in cooling energy 
requirement in comparison with the original wall systems. 

It was found that when the cooling thermostat is above 
certain temperature, both the original and the rammed 
earth houses require no or minimal cooling energy and 
their performance difference in terms of total heating and 

cooling energy requirement become small. In other 
words, the energy performance of the original house 
design and the house with rammed earth are similar in 
terms of energy performance.  

Consequently, for cooling energy requirement, increasing 
the cooling thermostat temperature in general can only 
benefit to rammed earth wall constructions in NatHERS 
CZs with mean ambient winter temperature above 15.0 C 
and mean ambient summer temperatures above 25.5C.  

Table 4: Heating and cooling energy requirement at 
different cooling thermostat temperatures for one sample 

house in Melbourne, NatHERS CZ21. 
 Heating 

(MJ/m2) 

Cooling 

(MJ/m2) 

Relative 
Total 
Energy 
(%) 

Original Wall, existing 87.4 33.7 

223% 
Rammed earth wall, 
existing 254.9 15.3 
Original Wall, 27C 87.3 9.1 

265% Rammed earth wall, 27C 254.9 0.8 

 

Discussions 
It is understood that two houses in each climate zone are 
relatively small sample sizes. It is also noted that rammed 
earth wall houses may perform better in extreme hot days 
when the house is in free-run operation with no cooling. 
On the other hand, although the cooling energy may be 
reduced in NatHERS CZs with mean summer temperature 
above 25.5C using rammed earth walls, the high thermal 
mass in hot climates may result in slow cooling down 
during sleeping hours in comparison with lightweight 
wall houses. Further, comparison between rammed earth 
wall construction and other wall types may need specific 
house designs which are appropriate for the wall systems 
used. Therefore, the current study may provide general 
guidance on the performance of rammed earth wall 
houses in Australian climates at different heating and 
cooling thermostat temperatures. The findings provide 
useful information for building regulators on the potential 
impact of modifying existing thermostat settings in 
NatHERS software. However, further detailed research is 
needed in the future to cover the aspects discussed in this 
section. 

Conclusions 
To answer the question whether the existing NatHERS 
rating discriminates against rammed earth constructions, 
simulations were carried for two sample houses each in 
all NatHERS CZs at different heating and cooling 
thermostat temperatures for the design with the original 
wall systems and for the design with rammed earth walls 
respectively. Results showed that for NatHERS CZs with 
mean ambient winter temperature between 3.0 and 
10.0C, replacement using rammed earth walls generally 
results in poor thermal performance unless reducing the 
heating thermostat to 12-15C (note that this is not 
recommended considering health issues). However, for 
NatHERS CZs with mean ambient winter temperature 
between 10.0 and 15.0C, the population group, who 
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considers thermally comfortable or prefer a heating 
thermostat setting temperature around 15.0C, is 
predicted to consume similar or less space heating energy 
in the rammed earth houses than that in the houses with 
the original wall constructions. This confirms that 
NatHERS rating does discriminate against rammed earth 
constructions in these climate regions in the view of this 
particular population group. 

For cooling energy requirement, increasing the cooling 
thermostat temperature in general only benefit to rammed 
earth wall constructions in NatHERS CZs with mean 
ambient summer temperatures above 25.5C. The 
findings can provide useful information for building 
regulators on the potential impact of modifying existing 
thermostat settings in NatHERS software. Although the 
study focused on Australia context, the general findings 
from this study are mainly climate related and should be 
applicable to locations with similar climates in other 
countries. Further detailed research is needed in the future 
by involving more sample houses and by including 
thermal performance in free-run house operation. 
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Abstract 

The paper presents the application of a spatial cluster 

approach supporting the building-stock analysis of 

historic towns. This method was applied in the town of 

Calavino, within the Municipality of Madruzzo, an 

historic settlement located in the Province of Trento and 

characterized by high natural and heritage values. The 

proposed data mining approach shows as several 

buildings can not be classified in clusters for the historic 

centre of Calavino when physical features are combined 

with other variables (e.g. building function, owner, age 

class, shape and physical features, heritage values and 

conservation state, etc.). After this analysis, detailed 

energy audits and dynamic simulations can be addressed 

on specific “building typologies”. 

 

Introduction 

The conservation of urban heritage is based on the idea of 

an “integrated conservation” as a continuous and 

complete activity that considers protection, restoration, 

maintenance, and enhancement of architectural heritage 

[Council of Europe, 2000; UNESCO, 1976]. This “trans-

disciplinary” approach endorses planning processes, 

conservation of cultural heritage (CH), architectonic 

design, building physics, environmental engineering, 

community engagement, training, and education 

[Ginzarlya et al., 2018], in order to consider and to respect 

the plurality and the diversity of the historic city centres 

and their capacity to change over the time [UNESCO, 

2011]. Besides, the improvement of energy efficiency in 

building and urban sectors assumed a strategic role for the 

decarburization of the EU Countries [European 

Commission, 2008; European Parliament, 2010 and 2012; 

European Union, 2009] as well as for the CH 

conservation. Particularly, the EU Directives [European 

Parliament, 2010 and 2012] showed the big potential 

related to the achievement of energy savings and dioxide 

(CO2) emissions reduction through the refurbishment of 

existing buildings, besides the construction of new low-

energy ones. Particularly, the intervention on historical 

buildings and towns is necessary to improve energy 

efficiency and sustainability. In general, the legislation on 

CH does not consider energy efficiency [MiBACT, 2004] 

but, on the contrary, the legislation on energy efficiency 

considers also the intervention on existing and historic 

buildings [PdR, 2013]. This concept can be extended also 

to historical ensembles and towns [MiBACT, 2004]. 

Particularly, the improvement of their energy 

performances plays a strategic role in promoting their 

regeneration [Roberti et al., 2015]. This operation requires 

a very detailed knowledge of the existing building stock. 

On this purposes, the building stock analysis approaches 

allow a detailed study on the energy performance of an 

urban area. The most used methodology is based on the 

“typology approach” defined within the International 

Energy Europe (IEE) projects Tabula [Ballarini et al., 

2014], Episcope [IEE Program, 2013a] and 

RePublic_ZEB [IEE Program, 2013b]. These projects 

introduced the criteria for defining a set of “reference 

buildings” representative of the EU housing stocks. This 

approach focused only on residential buildings, which are 

characterized by homogeneous features in terms of 

thermal zone, indoor air temperatures, internal loads and 

occupancy time. Consequently, the variables adopted 

were: (i) “building age class” that affects the construction 

features and reflects the changes of the building over the 

time; and (ii) “building size class” that influences the heat 

losses through the thermal envelope and the surface-to-

volume ratio (S/V) [Exner et al., 2017]. Only one age class 

was identified for historical constructions, considering 

building built before 1945 without any difference (e.g. 

pre-industrial or industrial buildings) [Ballarini et al., 

2014; IEE Program, 2013a]. This qualitative approach 

was modified to evaluate the energy performances of 

historical city centres, in order to contemplate different 

functions, age classes, and historic values [Lucchi et al., 

2018]. As matter of fact, the presence of other functions 

than residential leads to inhomogeneous thermal zones, 

and occupancy times. Similarly, the presence of different 

construction periods and protection levels has an impact 

on the technological and constructive features and, 

consequently, on the thermal performance of the building 

envelope. Thus, the application of simple analogies with 

coeval buildings in the evaluation of historic towns can 

causes a series of errors and uncertainties. Possible 

uncertainty are due to differences in the same building or 

in the same “building typology” [Nardi et. al, 2018], such 

as: (i) wrong information on construction periods; (ii) 

specific geometrical or technological features neglected 

by these methodologies; (iii) different wall textures and 

thicknesses; (iv) presence of damage and moisture; and 

(v) ignorance of previously refurbishments. In addition, in 

alpine areas, the occupancy level of the buildings has an 

________________________________________________________________________________________________ 

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

 
3831

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.210346 
 



 

 

impact on their energy performance [Lucchi et al., 2018]. 

A more accurate identification of the representative 

“building typologies” could improve the results of the 

energy performance evaluation [Exner et al., 2017]. Due 

to the complexity of CH, structures and associations in 

data are hard to find manually and data mining or machine 

learning approaches are needed. The identification of 

“building typologies” can be improved with the use of 

clustering algorithms. These algorithms should consider 

the presence of noise, i.e. outliers that don’t belong to 

specific groups or clusters. After this analysis, detailed 

energy audits and dynamic simulations can be addressed 

on specific “building typologies”.  

Aims 

The paper presents a methodology based on the use of 

data-mining methods, i.e. an hdbscan algorithm, and 

Geographic Information Systems (GIS) integration, to 

overcome the inaccuracies related to the application of the 

traditional building stock analysis approach in a historic 

town. Buildings are classified according to their features, 

considering the most important parameters for the energy 

assessment of a historic town, such as building function, 

owner, age class, shape and physical features, heritage 

values and conservation state (Table 1).  In fact, 

consistently defining “building typologies” is crucial in 

order to evaluate the energy demand and to support the 

building stock analysis and the energy simulation of 

towns or districts. The method was applied to the historic 

settlement of Calavino, an old town located in the alpine 

space area of Italy (Province of Trento). Starting from this 

study, technicians can evaluate the energy performance of 

historic towns, as well as define clear rules for renovation 

measures and for the development of energy policies. 

 

Methodology 

Following the steps described in [Fayyad et.al, 1996], the 

research method was structured in the following phases: 

(i) data collection and selection, based on on-site survey 

and GIS analysis; (ii) data processing and transformation; 

(iii) data mining for identifying patterns and structures in 

the selected data-set; and (iv) interpretation and 

evaluation of identified patterns by means of GIS and 

statistics analysis.  

In the case of cluster analysis, the data collection and 

selection is a crucial step. All the selected variables 

contribute to define the cluster structure. The use of not 

relevant data can hide the useful information provided by 

other [Kaufman and Rousseeuw, 1990]. Data selection 

was based on the following techniques: (i) historical 

analysis (HA); (ii) on-site surveys; (iii) photographic 

campaigns; (iv) qualitative infrared thermography (IRT) 

surveys; (v) analysis of the Energy Performance 

Certificates (EPCs); and (vi) GIS analysis. From these 

assortments, a specific datasheet was produced for each 

building. Several on-site visits and IRT surveys permitted 

to identify: (i) building use; (ii) building owner; (iii) 

building age class; and (iv) building shape and physical 

features. Otherwise, heritage value and conservation state 

were evaluated by HA and on-site surveys. First, 

considering the heritage constraints and values, the 

parameter on building owner was divided into (i) public, 

(ii) private, and (iii) body governed by public law. 

Second, considering the results of historical researches 

and maps, the parameter on building age classes was 

divided into: (i) ante-1860, (ii) between 1860 and 1939, 

and (iii) post-1939. Finally, considering the architectonic 

dimensions and features of the building stock, the 

parameter on building shape and physical features was 

divided in (i) detached, (ii) agglomerate, and (iii) linear. 

Dimensions and data sources are reported below (Table 

1). 

Table 1: Dimension and source of data used for each 

selected variable. 

Dimension 
Sources of 

data 

Selected 

variables 

Kind of 

variables 

Building 

functions 

On-site 

survey, 

photog. 

campaign 

BF Categorical 

Usegr, 

Useother, 

Useattic 

Categorical 

(-, used, 

underused, 

not used) 

IRT survey nf, %use Continuous 

Building 

owner 

On-site 

survey 
Owner 

Categorical 

(public, 

private) 

Building 

regulations 

Heritage 

constraints 

(CH) 

Categorical 

(-, yes, no) 

Building 

age 

classes 

Statistic data 

BA Number 
HA (CH 

records 

HA (books, 

CH records) 

Different 

ages 

not 

available 

(n.a.) 

History of 

the 

building 

n.a. 

Building 

shape 

And 

features 

HA (original 

designs, 

books) 

A, nf, hf, 

Hmean 
Continuous 

GIS analysis 
S/V, Hmin, 

Hmax 
Continuous 
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On-site 

survey, 

photographi

c campaign 

BT 

Categorical 

(aggregate

d, 

detached, 

linear) 

HA (original 

designs, 

architectonic 

repository) 

Tglass, Twin, 

Twall, 

Troofst, 

Troofcover, 

Troofshape 

Categorical 

with 

description 

National 

standards 
Thermal 

properties 

of the 

building 

envelope 

(opaque 

envelope 

and 

windows) 

n.a. 

IRT survey n.a. 

EPCs 

Analysis 
n.a. 

HFM  n.a. 

Energy data 

analysis 

Data on 

hot water 

supply 

n.a. 

EPCs 

Analysis 

Thermal 

zones 
n.a. 

EPCs 

Analysis 
Data on 

renewable 

energy 

sources 

n.a. 

Energy data 

analysis 
n.a. 

Heritage 

values 

HA (CH 

records, 

building 

regulations) 

Building 

constraints 
n.a. 

Conservati

on state 

HA (CH 

records) 

Conservati

on 

Categorical 

(low, 

medium, 

high) 

HA (CH 

records) 
Moisture 

and 

surface 

decay 

n.a. 

IRT survey n.a 

 

Some of these variables are categorical, e.g. material and 

construction methods. Each category value has been 

converted into a new variable and set the value 1 or 0. This 

has the benefit of not weighting a value improperly. On 

the other hand, the dimensionality of the space is 

increasing. All the variables are standardized and to each 

group of categorical variables has been assigned the same 

weight. 

The use of a density-based spatial cluster [Campello et al. 

2013] allows identifying “building typologies” by 

grouping together building that are close to each other. 

Especially, the hdbscan algorithm marks as outliers the 

buildings in low-density region. This is done by 

introducing a different metric called mutual reachability 

distance. The cluster analysis has been performed on 

different subsets of selected variables in order to better 

understand how the high-density region and the outliers 

change by introducing new variables describing 

buildings. Finally, the use of GIS tools allows to 

graphically visualizing on the cartography the spatial 

distribution of “building typologies” and their potential 

for the energy renovation of historical towns. 

 

Results and discussion 

The methodology has been applied to the municipality of 

Calavino in the Province of Trento. Calavino lies at an 

altitude of about 400 m a.s.l. in the Valle dei Laghi and 

has a cold and dry climate. The town is formed by 220 

constructions that corresponds to a total covered area of 

around 22,840 m2. It has a compact morphology, with 

aggregated buildings to shelter from cold weather 

conditions (e.g. prevailing winds, rain, and sun). The 

original town stretched around an ancient road of the 

XVIth century. Along the street, on both sides, the houses 

were built as traditional buildings lined up continuously. 

Materials used were natural stone (masonries, 

foundations, portals and roofs), wood (ceilings and 

window frames), and straw mortar (internal part of 

ceilings). Next to this area, several dedicated buildings 

(i.e. the theatre and the school) were built in the early 

decades of the XXth Century. Materials used in this case 

were solid, alveolar bricks, cement (masonries, ceilings), 

and wood (ceilings of rural buildings and window 

frames). 

 

Spatial cluster analysis 

All the information about the historic town were geo-

referenced and spatially linked to each building footprint 

using an open-source software (i.e. GRASS GIS and 

QGIS), to considered the spatial distribution of energy 

demand and supply patterns from a geographical point of 

view. A table was created that contains all the information 

collected (by developing a macro in Excel) and it was 

connected with the shapefile inside the GIS software, 

using the ID number of each building. In this way, several 

maps were created with different data and combinations 

of them. They concern: (i) heritage value and 

conservation level; (ii) utilization level; (iii) architectonic 

features of the building envelope (both for the opaque and 

the transparent part); (iv) distribution of solar thermal and 

photovoltaic systems; (v) energy rating levels of the 
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building units documented by the EPCs; and (vi) 

reference building typology. The composition of the 

building stock is shown below (Table 2). 

Table 2: Composition of the building stock. 

Building functions 

Residential 

use 
Special use 

Auxiliary 

use 
Other use 

79.4 % 8.6 % 11.5 % 0.5 % 

Building owner 

Public Private 
Body governed by public 

law 

4.8 %  90.9 % 4.3 % 

Building age classes 

 < 1860 1860-1939 > 1939 - 

84.2 % 3.8 % 12.0 % - 

Building shape and features 

Detached Agglomerate Linear - 

15.8 % 42.1 % 41.6 % - 

Heritage value  

Listed 

building 

Protected 

building as 

historic 
ensembles 

Not listed building 

Without CH 
value  

With CH 
value 

5.8 % 1.9 % 75.1 % 17.2 % 

Conservation state 

Low Medium  High  No info 

56% 26.8% 13.9% 3.3% 

 

The GIS analysis showed the presence of some buildings 

abandoned (9.1%) or almost abandoned (2.4%). Only 

about half of them are entirely used (51.7%), while in 

26.3% the attic floor is not used and in 9.1% one or more 

floors are not used. The following map gives an overview 

of the utilization level of the analysed buildings (Figure 

1). 

 
Figure 1: Utilization level of the historical building stock 

(Source of data: Municipality of Madruzzo, own 

elaboration, Bing maps).  

Similarly, the IRT survey revealed the presence of several 

partially heated and not heated buildings (Figure 2). 

 
Figure 2: Examples of the IRT survey of the building 

stock (Source: own elaboration). 

In parallel, the cluster analysis allowed to better analyse 

the specificity of buildings and to identify patterns in the 

dataset. Only private buildings were clustered (Figure 3). 

   
Figure 3: Reference building typologies (Source of data: 

Municipality of Madruzzo, own elaboration, Bing maps). 

Figure 4 reports the results of the cluster analysis by 

considering only the building shapes. 

 
Figure 4: Clusters with building shape and physical 

features, data projected into two dimensions via t-sne. 

Only 8 outliers were identified by the cluster algorithm. 

This means that the physical parameters allow to identify 

mainly 3 clusters: (i) Cluster 0 with buildings with greater 

floor surface, mainly 3 floors and detached; (ii) Cluster 1 

with higher buildings, mainly 4 floors, and linear; and (iii) 

Cluster 2, with higher buildings, mainly 4 floors, and 

aggregated. In Figure 5, the mutual reachability distance 

among buildings is shown. Clusters 1 and 2 have closer 

features while more detached buildings belong to Cluster 

0, as shown in Figure 6. Detached buildings are usually 

located in the peripheral area. 
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Figure 5: Clusters of building shapes and physical 

features, mutual reachability distance. 

 
Figure 6: Clusters of building shapes and physical 

features (Source of data: own elaboration, Bing maps). 

The number of clusters increases if only variables related 

to building uses and functions are considered. Besides, the 

number of outliers, 16 buildings in Cluster -1, become 

relevant (Figure 7). This means that in CH, the function 

of the building becomes crucial to identify building 

typologies. The Cluster 0 represents the forsaken 

buildings. In Cluster 1 the heated percentage is quite low 

and all the floors are underused. Buildings in Cluster 2 

have all the floors used. In Clusters 3 and 4 the 

information about the use of the attic is mainly missing, 

but in Cluster 3 the number of heated floors is higher. The 

attic is underused in Clusters 5, 6 and 7, while the heated 

percentage changes. In Cluster 7 the number of heated 

floors is equal to three. 

 
Figure 7: Clusters of building features, data projected 

into two dimensions via t-sne. 

If variables related to building shapes and physical 

features are combined with the degree of utilization, the 

number of outliers increases to 82 (Figure 9). The mutual 

reachability distance of these outliers (Figure 10) is quite 

high and the peculiarity of these buildings does not allow 

to group them in a cluster with similar features. 

Consequently, for them it is not possible to identify a 

representative typology. Notice that all the detached 

buildings cannot be grouped in a cluster and they are 

mainly outliers. Figure 8 highlights the differences of 

some selected features for the detached buildings. Thus, 

for them is important to consider specific features (i.e. 

area, number of floors, conservation level, use), not only 

the traditional parameters considered in the “building 

typology approach” (i.e. age, physical features).  

 

Figure 8: Heat map of selected features for detached 

buildings  

 
Figure 9: Clusters of building shape and physical 

features with building functions, data projected into two 

dimensions via t-sne. 

Figure 10: Clusters of building shape and physical 
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features with building functions, mutual reachability 

distance. 

The resulted clusters are the following. 

− Cluster 0: four buildings with mainly a medium-high 

degree of conservation, roof with 1-2 pitches, stone 

wall. Not in all the buildings there is a double glazing 

even if these buildings have the higher conservation 

status. In these buildings only the first floor is used. 
− Cluster 1: 21 buildings with mainly the following 

features: stone wall, not heritage constraints, linear 

elements. The degree of utilization is mainly 

unknown. 
− Cluster 2: four buildings with a very low degree of 

conservation but a good degree of utilization. They are 

mainly pavilion, the wall is done by mixed material. 

They are mainly aggregated buildings. 
− Cluster 3: 45 buildings with double glazing, stone 

wall, linear elements, and medium-low degree of 

conservation. The attic is under used while the other 

floors are generally used. 
In Figure 11, the clusters are spatially represented. Notice 

that there is no a spatial closeness among buildings with 

similar features. Buildings of Cluster 2, the green cluster 

in Figure 11 (low level of conservation but good level of 

utilization), are mainly in the centre of CH and they are 

spatially closed. All the buildings classified as -1, dark 

grey in Figure 11, are outliers. 

In conclusion, introducing an hbscan algorithm allowed to 

better understand the features of the dataset and not to 

force buildings to be classified in a group. By considering 

only the shape and the physical feature of the buildings, 

the dataset is grouped in 3 defined classes. If other 

parameters, such as building utilization level, heritage 

constraints and conservation degree are considered, the 

dataset shows a higher number of outliers. This means that 

the peculiarity of a CH does not allow a clear 

classification of the buildings in groups and there is not a 

strong relation among building shapes, features and use of 

the buildings.  

 

Figure 11: Clusters of building shape, physical features 

and building functions (Source of data: own elaboration, 

Bing maps). 

 

Conclusion 

This paper has shown how to apply a spatial clustering 

analysis, using hdbscan algorithm, to identify the 

reference building typologies of an historic building 

stock. The analysed variables were: (i) building features 

and typologies; (ii) building ages; (iii) historic values and 

conservation states; (iv) technological aspects; (v) 

building use. First, building features and typologies have 

an important role in the definition of clusters for this type 

of towns. By considering only the building shape and 

physical features, as normally used in the “typology 

approach” [Ballarini et al., 2014; IEE Program, 2013a; 

IEE Program, 2013b], the number of outliers is quite low. 

The dataset has a tendency to clusterize. This means that 

the “typology approach” can be used also in historical 

towns if we consider only the physical features. On the 

contrary, building age is not a relevant data for the 

definition of cluster in this historical towns. As matter of 

fact, the available archival and historical sources do not 

allow the precise distinction of the ages of structures built 

before 1880. In fact, historical buildings data mainly come 

from cartographic maps and documents, that give a 

precise characterization of building built from 1880 and 

1945. On the contrary, historic buildings data derive from 

archival documents and books and, thus, are more precise.  

Historic values and conservation states are crucial 

variables in CH. Information on technological aspects are 

mainly categorical and they can strongly influence the 

results of the cluster analysis. However, adding building 

use information to historical values and technological 

aspects becomes really important for the cluster 

definition. In fact, the number of outliers becomes 

relevant. Next step of this work will be the identification 

of parameters that can influence the evaluation of energy 

demand according to the building stock. Considering the 

peculiarity of CH is crucial in order not to overestimate 

the energy needs.  
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Nomenclature 

CH Cultural Heritage 

EU European Union 

CO2 Greenhouse gas 

RES Renewable energy sources 

SEAP Sustainable Energy Action Plan 

IRT Infrared Thermography 

IEE  International Energy Europe 

Tabula Typology approach for building-stock 

energy assessment 

Episcope Energy performance indicator tracking 
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schemes for the continuous optimization of 

refurbishment processes in European 

housing stocks 

RePublic_ZEB Refurbishment of the Public Building Stock 

Towards nZEB 

HVAC Heating, ventilation and air-conditioning 

S/V Surface-to-volume ratio 

HA Historical analysis 

GIS Geographical Information System 

EPCs Energy Performance Certificates 

HFM Heat Flux Meter 

A Area  

nf Number of heated floors 

hf Floor height 

Hmean Mean high 

Hmin Minimum high 

Hmax Maximum high 

Usegr Utilization level of ground floor 

Useother Utilization level of other floors 

Useattic Utilization level of attic 

%use Percentage of utilization 

BA Building age 

BT Building typology 

Tglass Materials and construction methods of 

window glass  

Twin Materials and construction methods of 

windows 

Twall Materials and construction methods of 

walls 

Troofst Materials and construction methods 

roof structure 

Troof cover Materials and construction methods of 

roof cover 

Troof shape Materials and construction methods of 

roof shape 
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Abstract 
In Italy, with reference to assessment of energy 

performance of buildings, the legislation currently in 

force still provides for the use of averaged monthly 

calculation methods. In anticipation of a gradual 

transition to more accurate calculation methods based on 

dynamic evaluations, it is of fundamental importance to 

know the differences in prediction of these different 

methods (averaged monthly and hourly calculation), 

with particular reference to those indicated in the 

European technical standards.  

With this study, the authors want to push forward the 

knowledge by using the results of simulations obtained 

on a sample of single-family and offices buildings. This 

study is part of a wider research activity aimed at the 

comparative analysis of the energy demand of new 

buildings, using averaged monthly and hourly 

calculation methods. 

 

Introduction 
The energy efficiency of buildings is one of the most 

important issues that are being debated in recent years 

worldwide (Koulamas, 2018). The production of fossil 

fuel energy entails extremely heavy side effects on the 

environment and the climate, with the emission of local 

pollutants harmful to human health and greenhouse 

gases, responsible for global warming and in turn for 

environmental changes. In Europe, this aspects have led 

Member States to adopt, especially in the last decade, a 

series of European policies in order to stem the 

consequences. The European Directive 2010/31 EPBD 

(Energy Performance of Buildings Directive, recently 

modified by the Directive 2018/844) was issued with the 

aim of improving the energy performance of the civil 

constructions sector. The EPBD introduced at national 

level a mechanism of comparative analysis with the 

purpose of determining optimal level of cost to be used 

for the formulation of energy prescriptions in the 

constructions sector: it requires Member States that the 

minimum energy performance requirements of buildings 

are defined to achieve optimal cost levels through 

balanced choices (Fantozzi, 2019; Blumberga, 2016; 

Corrado, 2016a; Becchio, 2015). NZEB buildings 

(Nearly Zero Energy Buildings), represent a fundamental 

element of the EPBD Directive. Member States shall 

ensure that from 1st January 2021 all new buildings will 

be NZEB and from 1st January 2019 all new public 

buildings will be NZEB (Attia, 2017; Buso, 2017; 

Corrado, 2016b), although in Italy this latter prescription 

is still rather disregarded. As a result of the European 

Directive 2010/31 EPBD, in Italy the energy 

classification system for buildings has also changed, 

moving from a system with 8 performance levels, from 

G to A+ (Fantozzi, 2009) to a 10 levels system, from G 

to A4 (Italian Ministry of Economic Development, 

2015a). 

The thermal behavior of a complex system, as in the case 

of a building, is strictly dependent on the variability of 

the surrounding environmental conditions. In particular, 

the heat flow transmitted through the building envelope 

depends on the oscillations of the internal conditions of 

the building (mainly determined by the characteristics of 

building occupancy and building systems management) 

and, at the same time, by the fluctuations of the external 

climatic conditions, such as temperature and solar 

radiation. In order to numerically analyze these effects, it 

is necessary to resort to dynamic evaluations, taking into 

consideration the effects of the thermal capacity of the 

materials that constitute the envelope and the partitions 

of the investigated building. Through the models of 

dynamic analysis, the variability of the external climatic 

conditions is described using climate data on an hourly 

basis and the variability of the environmental conditions 

inside the building is determined through the imputation 

of employment and management data (Silenzi, 2018; 

Cornaro, 2015; Caruso, 2013). 

In the present study, the energy performance of different 

buildings were assessed using averaged monthly and 

hourly calculation methods. The results, obtained 

locating the buildings in different Italian climatic zones, 

were compared in terms of heating and cooling primary 

energy demands. In addition the impact of different 

ventilation rates were analyzed for office buildings.  

 

Material and Methods 
In the present study two different types of buildings were 

analyzed: single-family and office buildings. The main 

geometric characteristics of the analyzed buildings are 

shown in Figure 1.  
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Figure 1: Schematic representation of the analysed buildings: a) plan, main geometric characteristics and 3-D South-Est view for 

the residential building; b) plan, main geometric characteristics and 3-D South-West view for the office building. 

 

These buildings can be considered as representative of 

typologies rather widespread in Italy, as indicated in 

(Corrado, 2014). The residential building has the shape 

of a regular parallelepiped, with an unconditioned attic, 

an insulated roof and an unconditioned space inserted in 

the volume (e.g. garage, see Fig. 1a). The office building 

has the same shape of the residential one, even if with 

very different dimensions, has an insulated roof without 

attic (see Fig. 1b) and it has unconditioned spaces 

inserted in the volume. The values of the thermal 

transmittances of the opaque and transparent elements of 

the building envelopes are those indicated for the 

“reference building” in function of the climatic zones as 

defined in Italian rules (Italian Ministry of the Economic 

Development, 2015), they are shown in Table 1. 

 
Table 1: Thermal transmittances of opaque and transparent 

building elements. 

 U (W/m2K) 

Building 

element 

Climatic zone 

B C D E F 

OVW 0.43 0.34 0.29 0.26 0.24 

OHR 0.35 0.33 0.26 0.22 0.20 

OHF 0.44 0.38 0.29 0.26 0.24 

WIN 3.00 2.20 1.80 1.40 1.10 

PAR 0.80 

Legend– OVW=Opaque Vertical external Walls; OHR=Opaque Horizontal or 

inclined Roofing elements; OHF=Opaque Horizontal ground Floors, 

WIN=Windows, PAR=Partition elements between conditioned spaces. 

Note– The Italian territory is divided in six climatic zones (from A, hottest, to F, 

coldest) in function of the heating degree-days according to cited Italian rules. 

The U values of Table 1 are inclusive of the effect of the 

thermal bridges and, therefore, in the energy simulations 

ideal buildings without thermal bridges were considered. 

In order to take into account the properties of thermal 

storage of the building elements, essential in time 

varying heat transfer conditions (Fantozzi, 2014; 

Leccese, 2018; Leccese 2019), the effective distribution 

of the capacitive and resistive layers of each opaque 

building element was modeled in the software. In 

particular for the opaque vertical external walls, 

traditional brick walls were chosen (thermal conductivity 

of the brick 0.68 W/mK, thickness 30 cm,), with external 

thermal insulation in polystyrene (thermal conductivity 

0.034 W/mK, variable thickness, depending on the 

climatic zone, to reach the thermal transmittance values 

indicated in Tab. 1). These walls are finished with layers 

of internal and external plaster (thermal conductivity 

0.80 W/mK, thickness of each layer 1.5 cm), adequate 

convective (hc) and radiative (hr) surface heat transfer 

coefficients were used (hc equal to 2.5 and 20 W/m
2
K, hr 

equal to 5.13 and 4.14 for internal and external surfaces 

respectively) according to the technical standard EN ISO 

13789. 

All the analyzed buildings are equipped with a reversible 

air-to-water electric heat pump with modulating 

compressor. Both the residential and the office buildings 

have a single heat generator. In compliance with the 

energy coverage from renewable sources envisaged by 

(Italian Ministry of Economic Development, 2011), a 

photovoltaic solar system was considered for both types 

of building.  
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For the office building, moreover, the characteristics of 

the mechanical ventilation and lighting systems were 

included. The selection of technical features for the 

heating/cooling system and for the photovoltaic solar 

system was conducted in such a way all the analyzed 

buildings comply with the current requirements for the 

Nearly Zero Energy Buildings (NZEB) defined by 

Italian legislation (Italian Ministry of Economic 

Development, 2015b). 

Simulating the energy performance of a building using 

the hourly calculation method, the information regarding 

the occupation profile is very important. In the present 

study, the simple occupation profiles shown in Figure 2 

were considered; they were hypothesized valid for the 

whole year. During the occupation periods, the following 

set-point temperatures were considered for the air-

conditioning system (in case of both residential and 

office buildings): 20 °C for the winter season, 26 °C for 

the summer season. Moreover, the internal gains were 

calculated as indicated in the technical standard UNI/TS 

11300-1, by using Equations (1) and (2), in case of 

residential and office buildings respectively, for the 

determination of the thermal power Φi (W): 

 

 Φi= 7.987∙Af - 0.0353∙Af 
2
 (1) 

 Φi= 6∙Af (2) 

where Af (m
2
) is the building net floor area. 

 

 

 
Figure 2: Building occupation profiles used in the simulations: 

a) residential building; b) office building. 
 

In order to evaluate the energy demand due to the 

ventilation, the calculation method indicated in the 

technical standard UNI/TS 11300-1 was employed by 

using different values of the air flow rates. In the case of 

residential buildings, natural ventilation due to windows 

opening was considered. The air flow rate was evaluated 

considering a standardized user’s behavior, characterized 

by a constant value of air changes per hour n=0.5 h
-1

. In 

the case of office buildings, the presence of mechanical 

ventilation systems were considered with constant value 

of air flow rate g=1.05 m
3
/s, evaluated according the 

technical standard UNI 10339. To investigate the effect 

of different ventilation rates, in addition to the above 

mentioned value of the air flow rate (g=1.05 m
3
/s, 

Scenario 1), two other ventilation scenarios have been 

hypothesized for the office buildings, characterized 

respectively by g=1.61 m
3
/s (Scenario 2) and g=2.25 

m
3
/s (Scenario 3). These latter values were obtained 

according to the technical standard EN 15251, 

considering “very low polluted building” and “low 

polluted building” categories respectively. For all 

mechanical ventilation systems in offices, the presence 

of a heat recovery unit with an efficiency e=0.7 was also 

considered. 

In order to evaluate the energy demand due to the 

lighting in the office buildings, the indications contained 

in the technical standard EN 15193 were followed, in 

particular a value of the specific electric power installed 

for artificial lighting purposes P=10 W/m
2
 was used.  

For each building five climatic zones of the Italian 

national territory were considered and for each of them 

three significant locations were analyzed, obtaining 30 

models to be simulated (15 for each building type). In 

the choice of locations, the most representative winter 

climatic zones (from B to F) were considered (the 

climate zone A was disregarded, affecting just 0.04 % of 

the population). The significant locations are indicated in 

Table 1 and they were selected using the following 

criteria: Location 1 is the provincial capital with a 

number of heating degree-days (HDD) closer to the 

average value of the related climatic zone, weighted with 

respect to the population; Location 2 is the provincial 

capital with a number of HDD closer to the maximum 

value of the zone; Location 3 is the town with a 

maximum number of HDD of the zone. For the climatic 

zone F, the first two locations coincide, therefore a town 

with a number of HDD equal to the average value of the 

zone weighted with respect to the population was 

chosen. 

 
Table 2: Considered climatic zones, locations and related 

number of heating degree-days (HDD). 

Climatic zone ID Location HDD 

B 

1B Reggio Calabria 772 

2B Crotone 899 

3B Saponara (ME) 900 

C 

1C Lecce 1153 

2C Catanzaro 1328 

3C Caltagirone (CT) 1399 

D 

1D Terni 1650 

2D Forlì 2087 

3D Castiglione del Lago (PG) 2099 

E 

1E Rovigo 2466 

2E Aosta 2850 

3E Casina (RE) 2999 

F 

1F Belluno 3043 

2F Calascio (AQ) 3454 

3F Sestriere (TO) 5165 
Note – For the towns that are not provincial capital, the abbreviations 

of belonging provincial capitals are indicated in the brackets. 
 

Energy performance simulations 
The thermal behaviors of the buildings in the sample are 

simulated using the commercial software Termolog 

EpiX9 (Logical Soft) certified by the Italian 

Thermotechnical Committee as required by (Italian 

Ministry of Economic Development, 2015a). It performs 

energy simulation according to the technical standards 
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UNI/TS 11300 (averaged monthly calculation method) 

and EN ISO 52016 (hourly calculation method). 

The simulation of the thermal behavior of each building 

was preceded by a preparatory phase, in which 

preliminary simulations were carried out using averaged 

monthly calculation method, until all the conditions 

indicated for a NZEB by the Italian legislation was 

achieved. It is important to observe that in Italy, to 

consider a building as NZEB, it is necessary for it to 

show higher energy performance than its reference 

building (Italian Ministry of Economic Development, 

2015b). Unlike most European countries (Attia, 2017), 

no fixed performance thresholds are fixed for a NZEB in 

Italy. The reference building is identical to the actual 

one in terms of geometry (shape, volume, net surface, 

surfaces of the construction elements and components), 

orientation, territorial location, intended use and 

boundary situation and it has predetermined thermal 

characteristics of the envelope and energy efficiency of 

the systems. Furthermore for a NZEB, coverage must be 

guaranteed with energy produced by renewable sources, 

of the following amounts: 50% of the energy demand for 

domestic hot water production and 50% of the sum of 

the energy demands for domestic hot water production, 

heating and cooling. In Table 3, the values of the 

nominal thermal power and of the overall seasonal 

efficiencies obtained by averaged monthly calculation 

method are shown. The values are able to comply with 

the NZEB requirements. 

 
Table 3: Nominal thermal powers and overall seasonal 

efficiencies of the reversible heat pumps used. 

 
WHP 

(kW) 

u,h 

(-) 

u,c 

(-) 

g,h 

(-) 

g,c 

(-) 

Residential buildings 4.0 0.81 0.81 3.00 2.50 
Office buildings 60.0 

Legend– WHP=Nominal thermal power of the heating/cooling system; u,h and 

u,c =Seasonal efficiency of utilization subsystems in heating and cooling mode 

respectively; g,h and g,c=Seasonal efficiency of the reversible heat pump in 

heating and cooling mode respectively. 
 

Results and Discussion 
The results of the primary energy demand evaluation for 

heating and cooling in the case of residential buildings 

are shown in the bar charts of Figure 3 and 4 

respectively. The results obtained using averaged 

monthly and hourly calculation methods are compared in 

the bar charts. The comparison is done using the primary 

energy demand because this is the parameter on which 

the performance indicators, introduced for the energy 

classification of buildings, are based on. 

Analyzing the results shown in Figure 3 it is possible to 

observe that the primary energy demand for heating 

obtained using the hourly calculation method are rather 

similar to those obtained using the averaged monthly 

method, with percentage deviations in the range from 

1.5% (Lecce, ID 1C, Tab. 2) to 12.5% (Belluno, ID 1F, 

Tab.2). Exceptions are the localities of Calascio (ID 2F) 

and Sestriere (ID 3F), particularly cold locations (with 

HDD values higher than 3400) for which the deviations 

between the two calculation methods become significant 

(see Figure 3). As it might be expected, the primary 

energy demand for heating, for localities contained 

within the same climatic zone, tends to increase with the 

HDD value with both calculation methods. Also in this 

case there are two exceptions, the localities of 

Castiglione del Lago (ID 3D) and Calascio (ID 2F), 

whose different behavior can be explained by the 

particular climatic data characterizing the two localities, 

which were derived from the technical standard UNI 

10349. The consideration on the increase of primary 

energy demand for heating with the increase in of HDD 

value cannot be generalized to localities belonging to 

different climatic zones, since these (in order to meet the 

NZEB requirements) have different thermal insulation 

levels (see the different values of thermal transmittances 

shown in Table 2). In any case, for the analyzed 

residential NZEBs, excluding the localities of Calascio e 

Sestriere, the primary energy demand for heating varies 

from a minimum of 3960 kWh (Reggio Calabria, ID 1B) 

to a maximum of 10800 kWh (Belluno) in the case of 

averaged monthly method, and from a minimum of 3029 

kWh to a maximum of 8810 kWh in the case of hourly 

calculation method. Considering the net floor area of the 

building (Af =94.5 m
2
), the aforesaid primary energy 

values lead to energy performance indicators for heating 

(EPH) that vary from 40.9 kWh/m
2
year to 114.3 

kWh/m
2
year using the averaged monthly method, and 

from 32.05 kWh/m
2
year to 93.2 kWh/m

2
year using the 

hourly calculation method. 

Analyzing the results shown in Figure 4 it is possible to 

observe that the behavior related to the primary energy 

demand for cooling is very different from that for 

heating. The percentage deviations between the results 

obtained with the two different calculation methods 

become more significant, they reach an average value of 

about 80%, with a maximum value higher than 200% 

obtained for Calascio. In this case the locality of 

Sestriere was left out of the discussion, as it shows a 

negligible primary energy demand for cooling using both 

calculation methods. 

Figure 5 shows the values of the percentage deviations 

obtained in the evaluation of primary energy for cooling 

using the two different calculation methods, in function 

of the HDD values. As it is possible to point out from 

Figure 5, these deviations show an increasing trend with 

the HDD values, the increasing trend can be considered 

with a good approximation (R
2
=0.879) as linear (see the 

regression equation in Figure 5). Important to note that 

for HDD values lower than 1000, the hourly calculation 

method leads to results in terms of primary energy 

demand for cooling lower than those obtained using the 

averaged monthly method, for values of HDD higher 

than 1000 the opposite occurs (values of the primary 

energy demand for cooling higher if obtained using 

hourly calculation method with respect to those obtained 

using averaged monthly method, see Fig. 5). For the 

analyzed residential NZEBs, excluding the locality of 

Sestriere, the primary energy demand for cooling varies 

from a minimum of 115 kWh (Calascio) to a maximum 

of 1464 kWh (Reggio Calabria) in the case of averaged 
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Figure 3: Primary energy demand for heating in the case of single-family residential buildings with different locations. 

 

 

Figure 4: Primary energy demand for cooling in the case of single-family residential buildings with different locations. 

 

 

Figure 5: Percentage deviation of the primary energy demand for cooling between averaged monthly and hourly calculation 

methods in function of HDD for the analysed residential buildings. 

 

 

monthly method, and from a minimum of 413 kWh 

(Belluno) to a maximum of 1158 kWh (Reggio Calabria) 

in the case of hourly calculation method. These primary 

energy values lead to energy performance indicators for 

cooling (EPC) that vary from 1.2 kWh/m
2
year to 15.5 

kWh/m
2
year using the averaged monthly method, and 

from 4.4 kWh/m
2
year to 12.3 kWh/m

2
year using the 

hourly calculation method. 

The results of the primary energy demand evaluation for 

heating and cooling in the case of office buildings are 

shown in the bar charts of Figure 6 and 7 respectively. 

The results obtained using averaged monthly and hourly 

calculation methods are compared in the bar charts. 

Analyzing the results shown in Figure 6 it is possible to 

observe that, as in the case of residential buildings, the 

primary energy demand for heating obtained using the 

hourly calculation method are rather similar to those 

obtained using the averaged monthly method. The 

percentage deviations between the results obtained using 

averaged monthly and hourly calculation methods are, in 
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this case, in the range from 2.4% (Forlì, ID 2D) to 20.0% 

(Castiglione del Lago). Exceptions are all the localities 

of the climatic zone F (with HDD values higher than 

3000), for which the deviations between the results 

obtained using the different calculation methods are very 

significant. Exactly as in the case of residential 

buildings, the primary energy demand for heating, for 

localities contained within the same climatic zone, tends 

to increase with the HDD value with both calculation 

methods, with the two exceptions of Castiglione del 

Lago and Calascio. Actually, in the case of using the 

hourly calculation method, it is possible to observe a 

small reduction of the primary energy demand for 

heating, passing from the locality of Crotone (ID 2B) to 

the locality of Saponara (ID 3B), phenomenon that is not 

observable from the results obtained using the averaged 

monthly calculation method. The reduction in the 

primary energy demand for heating observed between 

some localities belonging to different climatic zones, e.g. 

between Forlì and Rovigo (ID 1E), it can be explained 

again through the different thermal insulation levels 

necessary to meet the NZEB requirements (see Tab. 2). 
 

 

 

Figure 6: Primary energy demand for heating in the case of office buildings with different locations. 

 

 

Figure 7: Primary energy demand for cooling in the case of office buildings with different locations. 

 

 

Figure 8: Difference in the useful energy demands (QH,S2-QH,S1 and QH,S3-QH,S2) in function of HDD for the analysed office buildings. 
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For the analyzed office NZEBs, neglecting the localities 

belonging to the climatic zone F, the primary energy 

demand for heating varies from a minimum of 1380 

kWh (Reggio Calabria) to a maximum of 42041 kWh 

(Casina, ID 3E) in the case of averaged monthly method, 

and from a minimum of 2743 kWh to a maximum of 

44445 kWh in the case of hourly calculation method. 

Considering the net floor area of the building (Af = 1600 

m
2
), the aforesaid primary energy values lead to energy 

performance indicators for heating (EPH) that vary from 

0.86 kWh/m
2
year to 26.28 kWh/m

2
year using the 

averaged monthly method, and from 1.71 kWh/m
2
year to 

27.78 kWh/m
2
year using the hourly calculation method. 

Analyzing the results shown in Figure 7 it is possible to 

observe that the values of the primary energy demand for 

cooling, obtained using the averaged monthly method, 

are strongly higher than those obtained using the hourly 

calculation method for all the analyzed localities. The 

percentage reductions of primary energy demand 

(passing from averaged monthly method to hourly 

method) have an average value of about 60%. The 

values of the percentage reduction, found for all the 

considered localities, are rather constant, they are 

contained in the range between 55% (Casina, ID 3E) and 

70% (Catanzaro, ID 2C). Considering the type of 

analyzed building, with large windowed surfaces (see 

Fig. 1), the differences so marked in the evaluation of 

the primary energy demand for cooling can be attributed 

in significant part to the different way of evaluating the 

solar gains of the two calculation methods. The hourly 

calculation method, using data with a very frequent step 

(each hour) if compared to the use of monthly average 

data, allows evaluations of the actual impact of the solar 

gains with greater accuracy with respect to the averaged 

monthly calculation method. This aspect must be taken 

into adequate consideration by the legislator, especially 

in a perspective of transition from the calculation 

method currently in force in Italy for the energy 

certification of buildings (based on averaged monthly 

data) to innovative methods based on dynamic 

simulations (e.g based on hourly data, as that in EN ISO 

52016).  

In order to evaluate possible effects due to the increase 

in the ventilation rate when hourly calculation method is 

used, the useful energy demands (QH, kWh/year) for 

heating were evaluated considering the Scenario 1 

(QH,S1), the Scenario 2 (QH,S2) and the Scenario 3 (QH,S3), 

characterized by the ventilation rates defined in the 

previous Section. The choice to compare the useful 

energy demand for this evaluation was made to not 

consider any effects related to the performance of the 

heating system. Figure 8 shows the increases in the 

useful energy demands for heating that are obtained by 

passing from Scenario 1 to Scenario 2 (QH,S2 ‒ QH,S1) and 

from Scenario 2 to Scenario 3 (QH,S3 ‒ QH,S2), in function 

of the HDD values. As can be seen from Figure 8, both 

increases show trends in function of HDD values that 

can be reasonably approximated to linear. 

 

Conclusive remarks 
To calculate the energy demand of a building in an 

accurate way, the dynamic approaches generally produce 

more accurate results if compared with those obtained 

using steady-state approaches. Obviously the possibility 

of keeping in due consideration the inertia properties of 

the building elements offers to the designers the 

possibility of more detailed evaluations, particularly 

useful in rather efficient buildings such as NZEB. In this 

study the energy performances of NZEBs (intended for 

residences and offices) located in different Italian 

climatic zones were analyzed. The analysis was 

conducted using both averaged monthly and hourly 

calculation methods. From the obtained results it was 

possible to show how, the two methods provide similar 

estimations (with the exception of some locations with 

high values of degree-day) of the primary energy 

demands for winter heating. Great attention must instead 

be placed on summer cooling, for which the two 

forecasting methods provide significantly different 

estimations of primary energy demands. 
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Abstract 

The research investigates the new hourly method of the 

assessment of building energy needs for heating and 

cooling introduced by EN ISO 52016-1. It is compared 

against both the hourly model of EN ISO 13790 and a 

detailed dynamic simulation tool (EnergyPlus). The 

deviations between methods are discussed through a case 

study. The new method, if properly customized as 

regards input parameters, provides results close to the 

detailed simulation, as regards the energy need 

assessment. The work is aimed at contributing to the 

normative activity through the validation of the new 

calculation method, as to enhance its application for the 

building energy rating. 

Introduction 

Calculation methods of the building energy performance 

(EP) are widely used in the regulatory framework, either 

to check compliance with EP requirements or to carry 

out the energy performance certification. Among the 

recently issued technical standards developed within the 

Mandate M/480 (European Commission, 2010) to 

support the implementation of Directive 2010/31/EU 

(European Parliament, 2010), the EN ISO 52016-1 

standard (European Committee for Standardisation, 

2017b) provides updated calculation procedures of the 

building energy needs for space heating and cooling. A 

new hourly model, based on simplified assumptions and 

a reduced amount of input data compared to a detailed 

dynamic simulation tool, is introduced. 

Many research works deal with the comparison between 

calculation methods of the building EP, usually 

investigating in what conditions and for which purposes 

a simplified method can predict with sufficient accuracy 

the building energy performance if compared with a 

detailed simulation model. On the other hand, a detailed 

model still requires a lot of input data that are not always 

available. According to Millet (2007), simplified 

simulation methods rely on simple inputs (easy to obtain 

and understand) and outputs that can be easily checked. 

In literature, many authors adopted the EN ISO 13790 

simple hourly method (European Committee for 

Standardisation, 2008) to assess the thermal performance 

of buildings. This method does not considerably increase 

the computation time if compared with the steady-state 

method and it does not need further building data to 

perform the simulation. In addition, the obtained results 

are usually closer to the ones of detailed simulation tools 

(Michalak, 2014). Some research works compared the 

outputs of the simple hourly method with the results of 

other ones. Kokogiannakis et al. (2008) compared the 

differences in the energy ratings (both for heating and 

cooling) that result from using models that are based on 

the monthly and simple hourly method (EN ISO 13790) 

and from two detailed simulation tools (EnergyPlus and 

ESP-r). The analysis was focused on a three-storey 

building and was carried out considering the variation of 

some parameters, such as internal heat gains schedules, 

external walls constructions and climate conditions. The 

results of this work showed that, in terms of space 

heating, all methods gave almost the same results, while 

greater differences stood out in the assessment of space 

cooling. Michalak (2014) developed a Matlab/Simulink 

energy model in compliance with the simple hourly 

method of EN ISO 13790 for the estimation of the 

annual energy demand for heating and cooling of a two-

storey detached house. The outputs of the model were 

compared with the results of a detailed simulation tool 

(EnergyPlus) and of the monthly method of EN ISO 

13790. The analysis concerned ten different locations 

(two for each climatic zone of Poland) and demonstrated 

the reliability of simple hourly method, but pointed out 

the need of further investigation in the cooling mode. 

Atmaca et al. (2011) focused on the differences between 

the simple hourly method and a detailed simulation tool 

(EnergyPlus) in estimating the heating and cooling 

energy demand that resulted by varying the thermal 

capacity of the building envelope. The analysed case 

study was a single-family house and five different types 

of external walls were considered. The results of this 

work enabled Atmaca et al. (2011) to state that the 

calculation of the building thermal mass of the simple 

hourly method can be considered reliable in non-

complex buildings. The reliability of the simple hourly 

method of EN ISO 13790 was confirmed by Costantino 

et al. (2017) that applied it to livestock houses for 

estimating the heating and cooling energy needs of a 

broiler house. The results were compared with the ones 

of the monthly method and of EnergyPlus. The findings 

demonstrated that the simple hourly method gave 

reliable results and was considered suitable for the 

applications to this specific building type, but slight 

differences in the estimation of the building thermal 

mass were pointed out. On the basis of this work, energy 

simulation models based on simple hourly method were 
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developed for the estimation of the heating and cooling 

energy consumption of livestock houses (Costantino et 

al., 2018). The results of the models were compared with 

a dataset of real data and the reliability of the adopted 

simple hourly method was confirmed. 

At present, EN ISO 13790 has been withdrawn and its 

simple hourly model has been replaced by the new 

hourly model of EN ISO 52016-1. The research work 

presented in the paper is aimed at investigating the 

features of the new method by comparing it against both 

the hourly model of EN ISO 13790 and the detailed 

dynamic model of the EnergyPlus simulation tool. 

General structure, physical principles, required input 

data and calculation assumptions are highlighted. The 

calculation methods are applied to a single-family house 

archetype supposed to be located in Torino (Northern 

Italy). The resulting deviations, in terms of thermal loads 

and energy needs for space heating and cooling, and 

internal operative temperature, are discussed. 

A preliminary validation of the new hourly method 

consistent with BESTEST procedure was carried out by 

Van Dijk et al. (2016). In the present work, to perform 

the comparison of the models under the same boundary 

conditions, consistency options are adopted and some 

input parameters of EN ISO 52016-1 are calculated in a 

more accurate way than using the default values of the 

standard. In addition, a comparison between the building 

thermal time constants resulting from the three 

calculation methods is performed to evaluate the effect 

of the building heat capacity modelling. 

The analysis is intended to validate the new calculation 

method and to investigate whether its use might 

represent a good compromise between the easiness of 

the assessment, which is typical of a simplified method, 

and the accuracy of the results. The work is aimed at 

contributing to the normative activity by improving the 

reliability of the new building EP calculation method, as 

to enhance its application for the energy assessment of 

buildings. 

Calculation methods 

Simple hourly method  EN ISO 13790 

The simple hourly method of EN ISO 13790 is based on 

the thermal-electrical analogy between the analysed 

thermal zone and the equivalent 5R1C (5 resistances and 

1 capacity) electrical network (Figure 1). 

The 5 resistances represent the heat transfer coefficients, 

in particular the ones due to ventilation Hve, heat 

transmission Htr,is, transmission through windows Htr,w 

and through opaque components Htr,op that in turn is 

divided in Htr,em and Htr,ms. The building fabric effective 

heat capacity Cm is considered concentrated in the only 

capacity of the equivalent electrical network. The nodes 

of the network represent the indoor air temperature air, 

the supply air temperature sup, the outdoor air 

temperature e, the surface temperature s and the mass 

temperature m. The heating/cooling load (H/C,nd) is 

directly applied on the air node, while the heat flows due 

to solar radiation and internal sources are considered 

split into the shares ia, m and st and they are applied 

on air, s and m, respectively. 

The electrical network is solved using a finite difference 

method (Crank–Nicolson scheme) that analyses the 

5R1C network with a time discretization of one hour. At 

each time step air is calculated as follows: 

 tr is s ve sup ia H C nd
air

tr is ve

, / ,

,

H H

H H

   


    



 [°C]  (1) 

The air calculation is repeated twice at each time step, 

the first time considering free-floating conditions 

(H/C,nd=0) and obtaining air,0 and the second time 

considering an heating/cooling load equal to 10 Wm
-2

 

(H/C,nd,10) and obtaining air,10. The actual H/C,nd needed 

to reach the air set point temperature (air,H/C,set) is 

calculated as follows: 

 air H C nd air 0
H C nd 10 nd 10

air 10 air 0
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Figure 1: The equivalent 5R1C electrical network 

behind the simple hourly method of EN ISO 13790. 

Detailed dynamic simulation method  EnergyPlus 

EnergyPlus adopts the AHB (Air Heat Balance) 

algorithm to estimate the heat flow that is needed to 

maintain the indoor set point temperature inside the 

analysed enclosure. The AHB assumes the uniformity of 

the indoor air temperature (perfect mixing), the 

uniformity of each surface temperature and the 

uniformity of both long-wave and short-wave radiations. 

In addition, the conduction heat flow through the 

building envelope is considered one-dimensional (the 

effects of thermal bridges are neglected) and the surface 

irradiation is considered diffuse. Based on the previous 

assumptions and neglecting the heat transfer due to 

infiltration and inter-zone air mixing, the AHB reads: 

 supz
z c s V N1 1

d

d

NN
i, i,i iC Q Q Q Q



        (3) 

where Cz is the effective heat capacity of the building 

internal mass (e.g. furniture) and of the indoor air, z is 
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the air temperature of the thermal zone and  is time. 

ci,Q is the heat flow coming from the N convective heat 

sources, si,Q is the heat flow from the Nsup surfaces of the 

thermal zone. VQ and NQ are the ventilation heat and 

HVAC heat loads, respectively. 

The heat conduction through the walls is solved using 

either the finite difference method or the transfer 

function algorithm, with an hourly time discretization 

and adopting the “Ideal Load Air System”. In this way, 

infinite heating and cooling loads are provided to the 

thermal zone and the features of the HVAC system (e.g. 

efficiencies and maximum capacities) do not affect the 

results. 

Hourly method  EN ISO 52016-1 

As far as the level of detail is concerned, the hourly 

method of EN ISO 52016-1 stands between a detailed 

dynamic simulation model and the simple hourly method 

of EN ISO 13790. 

As for EnergPlus, it adopts the AHB algorithm to 

estimate the heat flow that is needed to maintain the 

indoor set point temperature inside the analysed 

enclosure. Nevertheless, some  simplifications are added, 

such as: a simplified distribution of mass in each 

construction, time-invariant convective/long-wave heat 

transfer coefficients, and total solar energy transmission 

directly entering into the zone. 

As for the simple method of EN ISO 13790, the hourly 

method of EN ISO 52016-1 is based on the thermal-

electrical analogy between the analysed thermal zone 

and an equivalent electrical network with one node for 

the internal air and a few nodes for each construction 

element. Up to five capacities and four resistances are 

used for modelling opaque components (Figure 2), and 

two for windows and doors. 

 

Figure 2: The equivalent “RC” mode of each opaque 

element behind the hourly method of EN ISO 52016-1. 

Application 

Case study description 

The case study is an archetype of a two-storey single-

family house selected within the IEE-TABULA project 

(Loga et al., 2012). Its geometry is representative of the 

single-family house in Northern Italy. 

The analysis was carried out for the second storey of the 

building (Figure 3). The main geometric and 

construction data of the building storey are shown in 

Tables 13. 

 

Figure 3: View of the case study model. 
 

Table 3 reports the areal heat capacity that was 

calculated as: 

 layers

1

N
i i iiC s c    [J·m-2

K
-1

]  (4) 

where, for each i-layer of the building component, s is 

the thickness (in m),  is the density (in kg·m-3
) and c is 

the specific heat (in J·kg
-1

K
-1

).  

The thermal insulation is placed on the exterior side of 

external walls and horizontal enclosures. The external 

opaque surfaces are clear coloured. The windows have 

double low-e glazing and wood frame, without solar 

shading devices. As the first storey of the building is 

conditioned at the same temperature as the second 

storey, the intermediate floor was assumed adiabatic. 
 

Table 1: Geometric data of the case study. 

Quantity Value Unit 

Conditioned gross volume, Vg 362 [m3] 

Conditioned net volume, Vn 269 [m3] 

Conditioned net floor area, Af,n 99,5 [m2] 

Compactness ratio, Aenvelope/Vg 0,69 [m-1] 

Windows area, Awin 12,4 [m2] 

Window-to-wall ratio, WWR 0,09 [-] 
 

Table 2: Thermal transmittance of the building envelope 

components. 

Building envelope component U-value [W·m-2K-1] 

External wall 0,365 

Upper floor (roof)  0,305 

Window 1,62 
 

Table 3: Areal heat capacity of the building components. 

Building component C-value [kJ·m-2K-1] 

External wall 273 

Internal wall (partition) 65,5 

Upper floor (roof)  342 

Intermediate floor 204 
 

Boundary conditions and simplifying assumptions 

Hourly schedules of the sensible internal heat gains and 

natural ventilation flow rate were defined for workdays 

and weekends, distinguishing between occupied and 

unoccupied periods. The weekly mean value of internal 

gains is 5,4 W·m-2
 and 0,4 h

-1
 of ventilation air change; 

both refer to a standard residential use. Continuous 

thermal system operation with a dead-band thermostat, 

Absorbed

solar 

radiation

Extra

thermal

radiation

to sky

Radiative 

gain

Convective

gain

θ int;a

θ 5

θ int;r;mn
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with  lowest limit at 20 °C (heating mode) and highest 

limit at 26 °C (cooling mode), was considered. 

The building is located in Torino (Italy). The test 

reference year database of the Italian Thermotechnical 

Committee (2016) was used as source of hourly weather 

data. 

To carry out a preliminary comparison of the calculation 

methods, some boundary aspects and modelling options 

were excluded from the numerical simulations by 

adopting the following simplifying assumptions: 

 building envelope without thermal bridges, 

 neither ground nor unconditioned rooms as boundary 

spaces, 

 absence of external obstructions. 

Consistency options  

Consistency options were adopted in the three models to 

make their results comparable. Some input parameters of 

EN ISO 52016-1 were calculated in a more accurate way 

and differently from the default values of the standard as 

to allow the comparison with the detailed dynamic 

simulation. In this way, the deviations with respect to 

EnergyPlus are assessed on the basis of the modelling 

options and not of the input data. 

The adopted consistency options are listed and described 

as follows. 

1. Heating and cooling set-point temperatures. Heating 

and cooling set-points for all models are referred to 

the operative temperature. 

2. Sky temperature. The extra thermal radiation to the 

sky was modelled considering 11 K difference 

between the apparent sky temperature and the air 

temperature, as specified in EN ISO 52016-1. 

3. Convective and radiative fractions of heat flows. In 

all models, the heat supplied by heating and cooling 

systems to the thermal zone was set completely 

convective, while the heat flow from internal 

sources was assumed 40% convective and 60% 

radiative.  

Other modelling options were just partially made 

consistent, due to the different calculation structure and 

principles of the three methods. This occurs in the 

assessment of the solar heat gains and of the building 

thermal capacity.  

A different modelling of the solar heat gains is 

performed by the analysed dynamic methods. 

EnergyPlus splits the solar radiation incident on the 

window into the fraction directly transmitted into the 

zone, and that one absorbed inside the glass panel and 

then re-emitted inside the thermal zone. On the other 

hand, the EN ISO 52016-1 and 13790 methods evaluate 

a global amount of solar gains through windows into the 

zone by applying the total solar energy transmittance of 

glazing (ggl). EN ISO 52016-1 requires that, for windows 

with non-scattering glazing, the ggl-value is calculated by 

correcting the total solar energy transmittance at normal 

incidence (ggl,n) by a factor (Fw) that takes into account 

the effective incidence angle of solar radiation. This 

correction factor was calculated on hourly basis as a 

function of the incidence angle, and applying the 

empirical model developed by Karlsson and Roos 

(2000). 

The calculation methods implement different models to 

take into account the building thermal capacity. In the 

present work, in EnergyPlus, external walls, roof and 

intermediate floor were geometrically modelled and the 

finite difference heat conduction model was applied. 

Internal vertical partitions were modelled considering 

the thermo-physical properties of the internal walls 

layers and the area exposed to internal air. The partitions 

interact convectively and radiatively with the zone air 

and the other surfaces of the zone.  

In EN ISO 52016-1, the building components were 

modelled as well. Following Table 3, the heat capacity 

of each envelope component was applied to the internal 

surface node, in accordance with the mass position class 

(Class I – mass concentrate at the internal side) defined 

in EN ISO 52016-1 – Annex B. In both dynamic models, 

furniture heat capacity was applied on the air node.  

In the EN ISO 13790 hourly model, the building internal 

heat capacity (concentrated in the only capacity of the 

equivalent electrical network) was calculated as the 

summation of the internal effective heat capacity of both 

envelope components and internal partitions. This 

quantity was assessed by means of the thermal 

admittances method, in accordance with EN ISO 13786 

(European Committee for Standardisation, 2017a). The 

heat capacities of air and furniture were added as well.     

As the analysis has been focused on the assessment of 

the thermal loads for space heating and space cooling, 

the effects of specific technical building systems were 

not considered and an ideal system operating with an 

infinite heating/cooling capacity was applied in the three 

calculation models. 

Results and discussion 

Thermal energy needs 

The yearly heating and cooling energy needs that were 

obtained through the energy simulation are presented in 

Table 4. The simple hourly simulation models give 

similar results in terms of energy needs if compared with 

EnergyPlus. The EN ISO 13790 method overestimates 

the yearly heating need by 2,0%, while the EN 

ISO 52016-1 simulation underestimates it by 4,7%. Both 

simplified hourly simulations overestimate the cooling 

needs, but this overestimation is greater in EN 

ISO 13790 (4,1%) than in EN ISO 52016-1 (0,3%). 
 

Table 4: Yearly heating and cooling energy needs. 

Simulation 

model 

Yearly heating 

energy need 

Yearly cooling 

energy need 

EnergyPlus 5345 kWh 1689 kWh 

EN ISO 52016-1 5096 kWh 1694 kWh 

EN ISO 13790 5452 kWh 1758 kWh 
 

In Figure 4, monthly energy needs for heating and 

cooling from the three models are shown. Both 

simplified hourly methods provide results that are close 
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to the ones of EnergyPlus. The maximum absolute 

difference in terms of heating needs, normalised on the 

net floor area, is 0,85 kWh·m-2
 for EN ISO 52016-1 

(December) and 0,55 kWh·m-2
 for EN ISO 13790 

(October) if they are compared with EnergyPlus. The 

maximum absolute difference in terms of cooling need is 

0,29 kWh·m-2
 for EN ISO 52016-1 (September) and 

0,64 kWh·m-2
 for EN ISO 13790 (May). Figure 4 shows 

that, in the heating season, the EN ISO 52016-1 model 

generally underestimates the heating need if compared 

with EnergyPlus, with the only exceptions of March and 

April. Nevertheless, the underestimation is slight also in 

relative terms, being the maximum difference with the 

EnergyPlus simulation equal to 7% in October. On the 

contrary, EN ISO 13790 generally provides greater 

values of heating needs if compared with EN 

ISO 52016-1 and with EnergyPlus outputs too. This 

trend is evident in May, because the EnergyPlus 

simulation and the EN ISO 52016-1 one do not estimate 

significant heating needs (1 and 3 kWh, respectively), 

while the EN ISO 13790 simulation estimates a heating 

need of 33 kWh. This difference may be due to the ways 

in which the EN ISO 13790 model takes into account the 

effective heat capacity of the building, C. 

Heat capacity 

For assessing the differences in the estimation of C, an 

analysis concerning the building thermal time constant  

was carried out. The thermal time constant can be 

defined following the equation that represents the 

thermal decay of the temperature of a lumped mono-

capacitive system when outdoor temperature is constant: 

  op e op set e( )=

t

,t e    


     [°C] (5) 

where θop is time (t) dependent indoor operative 

temperature, θop,set is the initial indoor temperature, θe is 

the constant external air temperature.  is therefore the 

time that the difference between the indoor operative 

temperature and the outdoor air temperature (considered 

constant) takes to decrease up to a 1/e factor. Even 

though this is a simplifying approach based on a mono-

capacity building, it was used to retrieve in the various 

models a quantification of  and C. In fact,  can be 

expressed as a function of the building parameters as:  

 
tot3600

C

H
 


 [h]  (6) 

where C is the heat capacity (in J·K-1
) and Htot is global 

heat transfer coefficient (in W·K-1
) of the thermal zone.  

To compute the building thermal time constant  in the 

three different simulations (that relay on a different 

estimation of the building heat capacity), a simulation 

run was performed with the following assumptions: 

 initial op stabilized and equal to 20 °C, 

 e constant and equal to 0 °C, 

 no internal heat gains or solar gains, 

 no ventilation or infiltration heat exchange (to 

maximize the sensitivity of the variation to the heat 

capacity in the various models). 

Temperature decays and -values are shown in Figure 5. 

While EnergyPlus and EN ISO 52016-1 give similar 

results (296 h and 233 h, respectively), EN ISO 13790 

provides a lower value (81 h). 

Heating and cooling loads  

The main difference between the fully physical based 

hourly model and the simplified hourly model is in the 

time shift of the hourly thermal loads. This affects the 

required thermal load to the system, which in turn affects 

the required energy carriers delivered or produced on-

site with mismatching problem. 

In Figure 6, the estimated hourly heating loads (from the 

three models) during the 2
nd

 week of January (cold 

season) are plotted on the primary axis, while the 

estimated operative temperatures (from the three 

models) are plotted on the secondary axis with the 

outdoor air temperature. During the considered period, 

heating loads are always needed for maintaining the 

indoor set point temperature, with only two exceptions 

on January 10
th

 and 14
th

, for both simplified hourly 

simulations. This difference may be explained 

considering the outdoor air temperature peaks that 

characterize these days. The sudden increase in the 

outdoor air temperature has a larger influence on the 

indoor operative temperature estimated by the simple 

hourly models due to their building time constants that, 

above all in EN ISO 13790, are shorter than the one of 

EnergyPlus. The influence of the building thermal time 

constant is also evident between January 11
th

 and 13
th

 

when the temperature variations between day and night 

are greater than before. In this period, the heating loads 

that are estimated during the night by the EN ISO 13790 

simulation are higher than the ones from the EN 

ISO 52016-1 and EnergyPlus simulations. This pattern 

may be due to the higher values of the building thermal 

time constants of the EN ISO 52016-1 and EnergyPlus 

simulations that enable the building to use more the heat 

stored in the building fabric when outdoor air 

temperatures decrease during the night. In this way, 

lower heating loads should be provided by the HVAC 

system. During the day the pattern is the opposite. Even 

though the outdoor air temperatures during day are 

higher, EN ISO 52016-1 and EnergyPlus estimate 

greater heating loads because the high values of the 

effective building fabric heat capacity makes the 

building less sensitive to weather variations. 

A similar trend can be identified also in Figure 7, where 

the estimated hourly cooling loads are plotted on the 

primary axis of the chart during the 3
rd

 week of July 

(warm season). During this period, the cooling load that 

is estimated by the EN ISO 13790 model during the day 

is always higher than the one from EN ISO 52016-1 and 

EnergyPlus. During nights, this trend is the opposite, 

because both simplified models estimate a cooling load 

that is almost zero.  

The time shift of thermal loads between the simplified 

models and EnergyPlus is evident despite the input data 

and modelling options were made consistent. This 
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behaviour may depend on the difference in the building 

thermal time constant. The greater thermal time constant 

of the EnergyPlus simulation entails the need to remove 

the stored heat in the building components during the 

night, while this need is not present in the other models 

with lower values of the building thermal time constants. 

Free-floating temperature  

In Figure 8, the free-floating indoor operative 

temperatures for the three models are plotted with the 

outdoor air temperature (from October 1
st
 to 12

th
). The 

indoor operative temperatures that are estimated by EN 

ISO 52016-1 and EnergyPlus are similar. To evaluate 

numerically the reliability of the models on the 

estimation of the operative temperature during free-

floating period, the Root Mean Square Error (RMSE), 

the Mean Bias Error (MBE) and the Coefficient of 

Variation of RMSE (Cv(RMSE)) were calculated, as: 

 
 

2

simpl EPlus1
Ni

.,i ,ii

i

RMSE
N

  
  [°C]  (7) 

 
 simpl EPlus1

EPlus1

100

Ni
.,i ,ii

Ni
,ii
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 [%] (8) 

 

EPlus1

100
1 Ni

,ii
i

RMSE
Cv(RMSE)

N


 



 [%]  (9) 

where EPlus,i is the indoor operative temperature from 

EnergyPlus at time step i, simpl.,i represents that value to 

compare (from EN ISO 52016-1 or EN ISO 13790) at 

time step i, and Ni is the number of considered time steps 

(288 hours). RMSE is a good index for the reliability of 

the estimation, while MBE and Cv(RMSE) can be 

compared with the ASHRAE thresholds of Guideline 14 

(ASHRAE, 2014). The results of these calculations are 

reported in Table 5. The EN ISO 13790 simulation is 

characterized by worse reliability indexes if compared 

with the EN ISO 52016-1 ones, but both simplified 

hourly methods can be considered reliable for this 

application. 
 

Table 5: Evaluation of the reliability of the models in the 

free-floating period. 

 RMSE MBE Cv(RMSE) 

EN ISO 52016-1 0,21 °C 0,2% 0,9% 

EN ISO 13790 1,16 °C 4,2% 4,7% 

Threshold - ±10% 30% 

 

Conclusion 

In this work, the main differences between the simple 

hourly method of EN ISO 13790 and the new hourly 

method of EN ISO 52016-1 are shown. Two simulation 

tools in compliance with the previously mentioned 

methods were developed and applied to the same case 

study. The results were compared with the outputs of an 

EnergyPlus simulation. All methods take into account 

the influence of hourly and daily variations in weather, 

operation (thermostats, occupancy etc.) and their 

dynamic interactions with heating and cooling loads.

 

 
Figure 4: Comparison between the estimated monthly energy needs for heating and cooling. 

 
Figure 5: Comparison between the thermal time constants of the building derived from simulation. 
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Figure 6: Comparison between the heating loads from the three simulation models. 

 

Figure 7: Comparison between the cooling loads from the three simulation models. 

 

Figure 8: Comparison between free-floating indoor operative temperatures from the three simulation models. 
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The advantages in the use of the hourly model of EN 

ISO 52016-1 compared to the others are noticeable, and 

can be summarised in the following: 

 use of a smaller amount of input data compared to a 

detailed tool, 

 more advanced and reliable calculation method 

compared to that provided by EN ISO 13790, due to 

a more detailed modelling of the resistance-capacity 

network of the building envelope components, 

 more transparent and widely usable model compared 

to detailed dynamic simulation tool. 

The main difference between the analysed simulation 

methods concerns the effective heat capacity of the 

building and, consequently, the building thermal time 

constant into each simulation model. The value of the 

building thermal time constant estimated according to 

the hourly method of EN ISO 52016-1 is more similar to 

the one of a detailed dynamic simulation (EnergyPlus). 

The hourly method of EN ISO 52016-1, properly 

customized as regards input parameters, demonstrated to 

provide results that are more similar to the ones of a 

detailed dynamic simulation (EnergyPlus) if compared 

to the hourly method of EN ISO 13790. Nevertheless, 

both simplified methods may be considered reliable for 

the energy needs assessment of simple case studies, as 

the one presented in this work. As regards the thermal 

loads, the time shift between the EN ISO 52016-1 and 

the EnergyPlus models is evident despite the input data 

and modelling options were made consistent. 

A further deepening of this work will regard the 

adoption of the same building thermal time constant for 

all the performed simulations. Further analyses should 

address the reliability of EN ISO 52016-1 with more 

complex case studies characterised by different 

boundary conditions and effective heat capacities. For 

the application of this method in a legislative framework 

(e.g. building energy rating), a comparison with other 

simulation methods on the basis of the energy ratings 

that are obtained as outputs should be carried out. 
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Abstract

Power load variations due to more variable renewable
energy and electrification can be partly dealt with by
controlling flexible loads in buildings (i.e. demand-
side management (DSM)). This paper evaluates four
different grid tariff schemes, and how they affect the
value of DSM in buildings where heating and appli-
ances are all powered by electricity. Incentives for
DSM through increased energy efficiency and load
shifting provided by the tariff schemes are investi-
gated. Our analysis is based on simulation for a sin-
gle family house in Norway in 96 cases. Results show
that load shifting enable lower bills for consumers in-
creasing energy efficiency.

Introduction

The EU has an objective of removing 95-99% of green-
house gas emissions in the power sector by 2050 com-
pared to 1990 (EU (2011)). This will require large
scale integration of variable renewable energy (like
solar and wind), and it will affect future power grid
investments and the value of flexible resources in the
power sector. One category of flexible resources are
known as demand-side management (DSM), which is
‘a portfolio of measures to improve the energy sys-
tem at the side of consumption’ (Palensky and Diet-
rich (2011)). Building developers can have a valu-
able role in future power systems by using energy
storage capacity and demand response in the build-
ing stock (De Groote and Fabbri (2016)). New tariff
schemes enabled through advanced metering infras-
tructure (AMI) (Ipakchi and Albuyeh (2009)) could
provide savings in peaking infrastructure worth up to
e67 billion in the EU (Faruqui et al. (2010)).

The electricity bill in Norway consists of three parts:
(1) energy, (2) grid and (3) taxes & levies (Eurelectric
(2014)), where the grid part usually makes up the
highest share (see Figure 1). The Norwegian Water
Resources and Energy Directorate (NVE) regulates
billing of the grid part. In Hansen et al. (2017), NVE
evaluates three new dynamic grid tariff schemes as
candidates to be introduced in Norway from 2021.
Hearing respondents point out that the tariff schemes

Figure 1: The grid part makes up the highest share
for households in Norway (Eurelectric (2014)).

have not been researched enough, and that there is
a need to know what kind of impact the suggested
tariffs will have.

This paper analyzes how household customers in sin-
gle family houses in Norway are affected by different
grid tariff schemes, and how they can reduce their
costs by linking increased energy efficiency measures
with load shifting. The load profiles for the single
family houses are generated using the simulation soft-
ware IDA ICE based on a reference house in Norway.

We investigate 96 cases and 6 varying parameters re-
lated to building envelope, electric heating system,
electric and thermal solar energy production, elec-
tric vehicle (EV) charging and window openings. We
compare the three new grid tariff schemes suggested
by NVE in Hansen et al. (2017) and today’s energy-
based scheme in Norway for the 96 cases using an
algorithm developed and implemented in Microsoft
Excel to (1) investigate costs related to different grid
tariff schemes and energy efficiency measures and (2)
to calculate cost savings through load shifting. We
examine the only possible load shifting strategy as
altering space heating (SH) loads. Our contribution
is to deepen the understanding of how different grid
tariff schemes provide end-users with incentives for
(1) increasing energy efficiency and (2) performing
load shifting of SH loads to save costs.

Background

International research has been done on how build-
ings can play an active role in the power system
through DSM and reaction to price signals.

In Faruqui and Sergici (2010), 15 experiments on dif-
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ferent dynamic pricing schemes in residential houses
investigate whether households will respond to price
signals. The results show that price signals lead to a
significant reduction in consumption during peak de-
mand periods, and infrequent high peak prices (crit-
ical peak pricing (CPP)) are more effective at reduc-
ing peaks than static penalty hours (time-of-use pric-
ing (ToU)). This analysis compares different pricing
schemes in different experiments, but does not com-
pare the pricing schemes for a common data set.

In AboGaleela et al. (2012), a model maximizing
load factor and minimizing energy costs through DSM
measures have been developed. The case study anal-
yses load shifting when prices vary between four lev-
els throughout the day. The results show that load
shifting can both increase the load factor on the grid
and save costs for consumers. The analysis does not
consider different pricing schemes.

In Schreiber et al. (2015), the impact of different grid
tariffs on three different households are investigated.
The study finds that peak demands are reduced with
power-based grid tariff schemes, and that a tariff
scheme based on a penalty charge when load exceeds
a subscription limit provides most robust peak shav-
ing. They also find that a big variation in spot price
of electricity can reduce the incentive to shave peaks
due to arbitrage possibilities. The study only consid-
ers buildings with or without PV and DSM devices.

In Fridgen et al. (2018), 12 net purchase and sale tar-
iff schemes are investigated and their effect on micro-
grids. They found that fully volumetric billing (based
only on price per kWh) can induce high load peaks
and encourages customers to minimize their grid in-
teraction. They also found that power-based tariff
schemes combined with fixed charges are favourable
to reduce peak load from microgrids, and they suggest
negotiation of such rates since customers contribute
with different load and generation profiles.

In summary, previous research indicate that different
pricing schemes for electricity in buildings affect in-
centives and resulting strategies for DSM, however,
linking energy efficiency measures at the residential
scale with cost savings related to load shifting is
poorly studied. This paper evaluates how measures
to increase energy efficiency in all-electric buildings
will affect savings under four different pricing schemes
and the resulting load shifting strategies.

Method

Grid tariff schemes

The four different grid tariff schemes discussed by
NVE in Hansen et al. (2017) are considered in this
work. Two tariff schemes, the energy rate (ER)
scheme and the time-of-use (ToU) scheme, are energy-
based schemes where the cost calculation is purely
based on how much (and when) energy is consumed
during the billing period. The other two tariff

Figure 2: The energy-based (ER) tariff scheme
where only energy has a fixed cost per kWh (green

area).

schemes, measured power (MP) scheme and tiered
rate (TR) scheme, are power-based tariff schemes
where the cost calculation is mostly based on the
power outtake during the billing period. The sug-
gested rates for each grid tariff scheme is based on
Norwegian tariff rates from 2017 and are given in
NOK. The rates are calculated in Hansen et al. (2017)
to keep the minimum cost equal for all tariff schemes
and the income to the grid company constant based
on data set of 500 hourly load profiles from Norway
for one year (assuming no changes in the customer
load profiles).

The current grid tariff scheme in Norway is an energy-
based (ER) scheme consisting of two parts: One part
is a fixed annual cost equal for all customers and the
other is an energy cost based on the individual cus-
tomers energy consumption (see Figure 2). A draw-
back of the ER scheme is that there is no penalty cost
related to high loads.

In the time-of-use (ToU) scheme, some hours have
higher energy price than others (see Figure 3). The
hours with high pricing are the hours with histori-
cally high loads. For Norway, the ToU scheme is sug-
gested to have a higher price during winter, especially
in daytime, as these have been the critical hours for
stress on the grid. The model is easy to communi-
cate to the customer and easy for the customers to
plan and react to as the pricing is attached to fixed
hours. A drawback of this model is that the income
will rely on consumption that depend on the outside
temperature, which vary largely from year to year.

The measured power (MP) scheme consist of three
parts: A fixed part, an energy part and a power part
(see Figure 4). The power part is based on the high-
est load averaged over an hour (kWh/h) during the
measuring period. Note that there is only one hour
during the measuring period making up the costs,
and the hour with the highest load cannot be known
in advance. We assume a measuring period of 24
hours, which means there is a new opportunity to save
costs by shaving the highest load every day. Large in-
dustrial customers in Norway are subject to the MP
scheme, however, the measuring period can be up to
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Figure 3: The time-of-use (ToU) tariff scheme where
energy has a cost per kWh depending on season and
hour. The figure shows a winter day (green area is
billed with night rate and red area with day rate).

Figure 4: The measured power (MP) tariff scheme
where energy has a small cost per kWh (green area)
and the highest measured power outtake (red line) is

billed additionally.

12 months for industrial customers making it hard to
react to. The cost for the energy part is based on the
marginal loss rate. Drawbacks of this model is that
customers may be charged for high loads at times
when the grid has good capacity. The longer the
measuring period, the smaller is the probability for
coincidence between peak demand for the customer
and the grid. Also, if a peak has already occurred in
the measuring period, the customer can continue to
induce high loads within the size of the penalty peak
without extra charge.

In the tiered rate (TR) scheme, the customer pays an
overuse cost if their load is above a set limit. This
tariff consist of four parts: One fixed part, one sub-
scription part (annually fixed), an energy part and an
overuse part (see Figure 5). As the overuse part of
the tariff is accounting for all hours and loads that
are above the subscription limit, one hour of overuse
will not lessen the customers economical incentive to
avoid overuse at later hours. We assume 10 choices
of limits ranging from 1 to 10 kWh/h that are fixed
for one year. If the limit is set too high, the sub-
scription cost will be higher than necessary. Like the
MP scheme, the cost of the energy part is set to the
marginal loss rate. Drawbacks with the TR scheme
is that customer loads at hours with good capacity

Figure 5: The tiered rate (TR) tariff scheme where
energy has a small cost per kWh (green area) and
power outtake (red lines) above a subscribed limit

(purple line) is billed additionally.

on the grid will be charged overuse cost. If these cus-
tomers adjust their demand to avoid the overuse cost
it will have no value to the grid, and it represents a
socioeconomic loss. Also, if customers reduce their
loads to the subscribed limit, there is no incentive to
reduce it further.

Generating demand profiles

A reference model in IDA ICE developed by Ha-
gen (2018) for a single family house has been con-
structed according to the technical requirements in
TEK17 (DiBK (2017)) representing the current mini-
mum technical requirements for new buildings in Nor-
way. The house consist of two floors with a total floor
area of 149.46 m2, and is built on flat ground with no
basement. The building is assumed to be in a subur-
ban area in Oslo. Realistic schedules for light, equip-
ment and domestic hot water (DHW) inspired by the
technical specification SN/TS 3031:2016 is used.

Table 1 presents the different parameters investigated
in the simulation. Our parameters are linked to the
building envelope, user behaviour and relevant tech-
nologies. Air source heat pumps (ASHP), solar ther-
mal collectors (STC) and photovoltaic (PV) panels
are all examples of building-integrated energy sup-
ply technologies that are becoming relevant parts of
a building’s energy system. We have also considered
charging of EVs.

Two different kinds of building envelopes have been
compared: one representing new buildings and one
representing the old building stock. The new build-
ing is constructed according to the requirements in
TEK17. The old building is based on the same model,
but with insulation and windows equal to a typical
building from the ’60s. It is of interest to investigate
the cost for each grid tariff scheme for buildings of
different age to understand the incentives provided
to perform deep renovation of old buildings.

The two heating systems evaluated are a direct elec-
tric heating system and an indirect heating source in
the form of an air source heat pump (ASHP). The
direct electric heating system has a COP equal to
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Table 1: Building aspects and varying parameters to
simulate 96 load profiles for a residential house.

Aspect Parameter
Building TEK17 standard
Envelope ’60s standard
Heating Direct electric heating
System Air source heat pump (ASHP)

Solar Thermal Without STC
Collector (STC) With STC

Photovoltaic Without PV
Panels (PV) With PV

Window Temperature controlled (TCO)
openings Occupant controlled (OCO)
Electric Without EV
Vehicle EV, typical charging
(EV) EV, delayed charging

1, which means that the supply power is equal to
the delivered heating to the space. The ASHP is
based on the power values and COP from the Toshiba
Heat Pump Daiseikai 9 RAS-35 with a COP of 2.41
at −7◦C. We assume the power output and COP of
the ASHP to be linearly dependant on the outdoor
temperature. The outdoor temperature is taken from
hourly weather data for Oslo, Gardermoen. The min-
imum COP for the ASHP is equal to 1.

The PV is assumed to be placed on the roof of the
building with the optimal angles to obtain the high-
est gain. Default values for PV in IDA ICE are used,
and the overall efficiency is set to 0.15. Production
by PV is estimated to be 5, 152 kWh/year. We as-
sume net metering policy on the residual load profile
with PV, i.e. production and consumption is me-
tered together (residual load is consumption minus
production). If the PV are producing surplus elec-
tricity (i.e. the house is not self-consuming and the
residual load is negative), we assume excess energy is
sold at a flat price of 0.29 NOK/kWh based on the
average spot price in Norway in 2017 from Nord Pool
historical market data and compensation for avoided
grid losses based on Norwegian standard contracts.

The STC is connected to a DHW tank and assumed to
be 6 m2. Default values for a flat plated STC in IDA
ICE is used. The STC is able to gain some heat even
during winter. When there is not enough heat gained
through the STC, we assume the DHW demand is
met through electric heating with a COP of 1. The
STC is estimated to reduce the DHW demand with
1, 718 kWh/year.

Two different window opening schedules were simu-
lated: Temperature controlled openings (TCO) and
occupant controlled openings (OCO). With TCO, the
windows open when the temperatures gets higher
than the set point value for cooling (24 ◦C) and the
heating system is turned off. In the case of OCO, oc-
cupants keep windows open without turning off the
heating system when the temperature is above the
set point for heating (20◦C at night and 22◦C dur-

ing day). The OCO is typically motivated by the
desire to ventilate or keeping a cool temperature at
night. With the OCO, bedroom windows are consis-
tently open during the night (8 hours), while other
windows are open during weekday evenings (7 hours)
or weekend days (16 hours).

EVs can increase the evening peak loads of households
as they are normally charging in the afternoon (Lopes
et al. (2011)). In this study, we compare an early
afternoon charging schedule and a delayed charging
schedule (after the afternoon grid peak). We assume
battery size of 31.5 kWh inspired by Volkswagen e-
Golf and home charging station able to fully charge
the car in approximately 11 hours. The EV is as-
sumed to use 80% of maximum capacity every day,
so we assume 9 hours of charging is needed on a daily
basis. Typical charging starts at 16:00 (when people
come home from work) and delayed charging starts
at 21:00 (5 hours delay).

Load shifting

The contribution of this work is to investigate how
changing the energy efficiency parameters presented
above affect the potential to perform load shifting and
save costs for different pricing schemes.

Potential flexible loads for single familiy houses in-
clude the use of appliances (e.g. washing machines,
dryers and dishwashers), charging of EVs and control-
ling SH and DHW heating (Gottwalt et al. (2011)).

Running washing machines, dryers and dishwashers
during off-peak periods often means running them at
night or when people are not home. This includes a
risk of fire. The total energy demand of appliances is
also rather small compared to other residential loads
(heat and lighting), so we do not consider load shift-
ing of appliances. We do consider shifting charging
loads for EVs, specifically delayed charging to avoid
the evening load peak.

As heating of buildings is the largest part of the en-
ergy consumption in buildings, and also the reason
for the critical load peaks during winter in Norway,
shifting of the heat load has been specifically sur-
veyed for all cases. We only investigate shifting of
SH (not DHW). Ideal load shift is a theoretical opti-
mal amount of load shifted to obtain the lowest cost
according to the tariff scheme. Ideal load shift is eval-
uated for each grid tariff scheme to quantify amount
and duration of load shift.

Assumptions made in our calculations for the poten-
tial to load shift are the following: (1) All SH load
can be shifted within 24 hours and (2) there are no
losses related to load shifting. SH demand can thus
be extracted as a daily energy demand that can be
met with any load profile adjusted in favor of the
considered grid tariff scheme. Storage possibilities in-
clude utilizing thermal mass (walls and floors) in the
building envelope and, since we assume an all-electric
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Figure 6: Typical residential load profile without load
shifting (cost-optimal under the ER scheme).

Figure 7: Load shifting strategy of SH with the MP
scheme.

house, an electric battery.

Figure 6 illustrates a typical load profile for a residen-
tial building where there is no value of timing energy
consumption. Note that the load profile is separated
between plug loads, DHW loads and SH loads. This
load profile is cost-optimal under the ER scheme.

Figure 7 shows how SH load ideally is controlled to
minimize costs for the MP scheme. Since there is
a penalty for the highest daily peak, the ideal con-
trol would be to reduce maximum load down to the
highest uncontrollable load. However, since this is
unknown at the start of the day, the best strategy is
to minimize the controllable load (flatten the load)
although this might not be cost-optimal ex-post.

Figure 8 illustrates ideal load shift under the TR
scheme. The strategy is to minimize the power out-
take above the subscribed limit. This model is good
at valuing peak shaving down to the subscribed limit.
For all the cases, the cost-optimal subscribed limit is
the same with and without performing load shifting
as no cases benefit from reducing the subscribed limit
to achieve cost savings from load shifting.

Figure 9 shows the ideal load shift under the ToU
scheme. Load during the penalty hours is ideally
removed completely. This would lead to heating at
night and does not guarantee peak shaving of the
building load profile; rather, the peak is potentially
moved to non-penalty hours and might even lead to
an increased peak load of the building. Our assump-
tion of no losses in load shifting is also challenged by
this strategy.

Costs under different tariff schemes

There exists many energy simulation programs that
are able to calculate energy cost, e.g. IDA ICE,
HOMER and SAM. All these programs can calcu-

Figure 8: Load shifting strategy of SH with the TR
scheme.

Figure 9: Load shifting strategy of SH with the ToU
scheme.

late different types of energy-based rates, but none of
them are able to calculate power-based rates. To cal-
culate the price for the MP scheme, the TR scheme
and the savings due to load shifting for all tariff
schemes, a new algorithm was developed and imple-
mented in Microsoft Excel. The algorithm works as
a tool to investigate the effectiveness of different grid
tariff schemes to trigger building renovation, instal-
lations of energy efficient appliances and control sys-
tems, as well as a theoretical SH load shifting within
the building.

The Excel program takes the energy demand of the
building and the outdoor temperature at the loca-
tion as inputs from IDA ICE. We then calculate total
demand, cost for all tariffs (both with and without
load shifting), amount of daily energy use shifted and
amount of savings per kWh.

To compare all the 96 different cases, another Excel
workbook is importing the results of each case by di-
rect links. The annual demand variations, tariff costs,
ideal load shift, load profiles and standard deviation
is calculated in this workbook and compared.

Results

Annual electric energy import

Annual electric energy import sorted by parameters
is displayed in Figure 10. The ’60s envelope have sig-
nificantly higher average import than the cases with
TEK17 envelope. The standard deviation between
the cases is quite similar.

The ASHP increases the energy efficiency in build-
ings. The buildings with high heating consumption
can save up to 25, 000 kWh/year. The standard
deviation decreases with ASHP, indicating that the
ASHP makes total energy consumption less sensitive
to changes in the other parameters. The average
electric outtake decreases most in the morning with
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Figure 10: Box plot representing delivered electricity
from the grid in all cases keeping one parameter

fixed.

ASHP, as there is a large peak on the heating sys-
tem in the morning due to increased temperature set
point.

The PV panels decrease the energy import with about
3, 000 kWh/year for cases with high electric consump-
tion. The PV panels decrease the load during the
day and most at midday. The morning peak from the
building is slightly reduced, but the evening peak is
not.

The STC is only affecting the hot water consumption,
which does not vary across the cases (independent
of our parameters). STC therefore decreases con-
sumption with an equal amount for all cases: 1, 718
kWh/year. The largest load reduction with STC hap-
pens in the evening when the DHW demand is large
and the STC is heating best due to the angle of the
collectors.

Like the STC, charging an EV only increases the aver-
age electric consumption. With typical EV charging,
the evening peak is largely increased. With delayed
EV charging, there is a new peak late in the evening
and early in the morning, but not as large as for the
typical charging.

The largest difference in energy consumption is found
between buildings with different window openings.
The average electric consumption and standard de-
viation is significantly larger for OCO cases. This
behaviour holds a larger potential for energy savings
than performing renovation or changing from direct
electric heating to ASHP. The increase in consump-
tion for OCO is largest in the evening when there is
already a peak.

Envelope

Considering renovation of the building envelope, the
ER scheme gives the lowest average cost and the TR
scheme gives the highest average cost and large stan-
dard deviation. Buildings with high energy consump-
tion get especially large costs in the TR scheme com-

Figure 11: Box plot of the total costs of all schemes
with different window openings.

pared to the other schemes. For the ’60s envelope,
the average cost of the TR scheme is higher also for
low demand buildings. For the TEK17 envelope, the
price is similar for all of the three new tariff schemes.

Heating systems

For the electric heating systems, the ER scheme gives
the lowest average cost, and the TR scheme has the
highest average cost for both heating systems. An
ASHP decrease the average costs and the standard
deviation for all tariff schemes. Particularly risk of
high costs in the TR scheme is reduced with ASHP.

Solar thermal collector

The impact of STC is small. The TR scheme gives the
highest average cost for all cases and a large standard
deviation. The MP scheme gives the lowest cost when
not considering the ER scheme.

Solar PV

With PV panels, the total average cost is reduced.
The reduction is largest for the buildings that have
a high cost due to high consumption without PV be-
cause more of the produced energy is consumed lo-
cally (without storage). The cases have excess energy
between 974 kWh/year and 2, 733 kWh/year with an
average of 1, 751 kWh/year, i.e. more than half of the
production is not consumed immediately and on-site
for some cases. Without considering the ER scheme,
the MP scheme gives the lowest median. The ToU
scheme has a median cost slightly higher than for the
MP scheme. The TR scheme has high average cost,
median cost and standard deviation compared to the
other schemes.

Window openings

The box plot in Figure 11 shows a large difference
in average cost with TCO and OCO window open-
ing strategies. With TCO, the ToU scheme has the
largest standard deviation, and the MP scheme has
the smallest. The TR scheme has the highest aver-
age cost in both cases. With OCO, the average cost
and standard deviation with the TR scheme is signif-
icantly higher than for the other schemes.
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Figure 12: Box plot of the total costs of all schemes
with and without load shifting.

Electric vehicle charging

Delayed EV charging results in a lower average cost
than typical EV charging. The average cost for the
TR scheme is reduced the most with delayed charg-
ing, but the TR scheme still gives the highest aver-
age cost for both kinds of charging profiles. The MP
scheme gives the lowest average price for both pro-
files without considering the ER scheme. The ToU
scheme has a median equal to the MP scheme but a
larger standard variation.

Heat load shifting

Figure 12 presents the cost for cases with and with-
out ideal load shift. All tariff schemes except the ER
scheme give reduced average and median costs with
load shifting. Cases with high cost without load shift
can achieve large savings in cost with SH load shift,
while the cases with low cost without load shift have
small savings with shifting. Without shifting, the ER
scheme gives the lowest cost, but it is the tariff scheme
with highest cost with shifting. The TR scheme gives
the largest average cost reduction and largest sav-
ings per SH load shifted (1 NOK/kWh), but is still
the most expensive (except for the ER scheme) with
load shift. The MP scheme gives the lowest cost
with load shifting and the second largest savings per
SH load shifted on average (0.3 − 1.1 NOK/kWh).
The ToU scheme offer rather small savings per SH
load shifted compared to the MP and the TR scheme
(0.2 NOK/kWh). The maximum daily energy that is
needed to shift to obtain the highest possible cost re-
duction is around 50 kWh for the MP and TR scheme
and more than double for the ToU scheme (> 100
kWh).

Discussion

The largest economical incentive to perform energy
efficiency measures in a building depends on how the
improvement changes the load profile. If lowering en-
ergy use is the most important, the energy based tar-
iffs (ER and ToU) gives the largest incentive. If peak
load reduction is important, the TR tariff gives the
largest incentive (largest savings with certainty) while

the MP tariff offers the cheapest bill with SH load
shifting.

The ToU tariff has the lowest annual cost for most
cases without load shift and the fewest cases with
highest cost. The ToU tariff has the largest amount
of potential load shift. This creates a large poten-
tial for cost savings, but large flexibility, e.g. through
storage, would be necessary for the customers to ob-
tain the maximum cost reduction with load shift. The
ideal cost saving is therefore less achievable with a
ToU tariff and losses will be important to consider.
The ToU tariff encourages shift only in the hours with
assumed stress on the grid capacity. However, there
is a potential that too much load is moved to low cost
hours, thus only moving the peak load problem.

The TR tariff is reliable and will give large savings
with high certainty per kWh shifted. The TR tariff
also gives the largest potential for cost reduction with
improved building physics and/or load shifting. High
cost savings per kWh provide large incentive to in-
stall a small storage. However, the TR tariff creates
a higher average cost than today’s ER tariff. This
means that the TR tariff might not ensure a fair cost
division if rates are poorly determined. The tariff has
a high administration cost since all customers must
be considered according to their subscription, which
should be offset by the savings from triggering load
shifting.

The MP tariff has the lowest cost for the cases with
ideal load shift, but the average cost reduction ob-
tained when introducing load shift is less than for the
TR tariff. The MP tariff has the smallest possibil-
ity of cost savings through daily load shift. It also
has significant uncertainty related to when the high-
est daily peak will occur. The MP tariff has potential
for the lowest total cost with load shift, and the high-
est potential for cost reduction with delayed charging
of EV.

Incentives provided with new grid tariffs need to be
easy to understand and react to if the desired effect
is to be achieved. The easiest model to understand is
the ToU tariff, as it only consist of energy cost (kWh)
and timing of energy use. The ToU is also the easiest
model to predict, plan and react to. Both the MP
and the TR tariff might be hard to fully understand
by customers. Overuse is not easy to predict with the
TR tariff, but it is potentially easy to react to in the
moment of overuse through signaling. The MP tariff
is difficult to predict, and it is not easy to react to as
the maximum future peak load is unknown.

Conclusion

Implementation of any of the suggested power-based
tariffs will increase costs for customers whom continue
to use electricity with an unchanged consumption
pattern. Changing strategy for window openings is
affecting total consumption and cost the most of our
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considered building parameters, followed by changing
electric heating system and performing building ren-
ovation. Increased energy efficiency reduce the cost,
but only with SH load shift can the tariff schemes po-
tentially reach an annual cost lower than for the ER
tariff. Increasing energy efficiency generally decreases
the potential to save costs through load shifting be-
cause less energy is used, however, there are always
additional savings of performing load shifting in all
96 cases under all pricing schemes except the ER tar-
iff. Note that this is without considering losses of
performing load shifting.

The MP tariff incentivizes least load shifting but gives
the lowest cost for most cases. The TR tariff has
the largest cost saving per kWh of load shifted and
incentivizes the second least load shifting, but result
in the highest annual cost for most cases. The ToU
tariff incentivizes the largest amount of load shifting,
but has the smallest cost saving per kWh. Today’s
ER tariff provide most incentive for increased energy
efficiency.

Load shifting might occur partly at the expense of
higher total energy consumption when considering
losses. Further research is needed to understand the
cost effect of considering losses in load shifting and
considering other loads than SH to be shifted. Fur-
ther research is also needed to determine tariff rates
taking into account the probability of how many (and
how much) customers are likely to shift their load and
contribute to a decrease in income for the grid com-
panies. Comparing the savings in peaking infrastruc-
ture with the total customer savings will be needed
to better understand how to determine tariff rates.
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Abstract  

In planning the design and renovation of buildings, 

benchmarking helps contextualise the evolution of 

simulated or measured performance of a building through 

comparison with similar buildings. The present 

contribution proposes an extension of this concept based 

on efficiency factors calculated from timeseries of energy, 

weather, and occupancy (represented by usage). The 

variation in energy performance of buildings comes from 

weather and human usage, both of which are boundary 

conditions that cannot be controlled. This paper explores 

prediction of what the building does to modulate the effect 

of weather for providing a comfortable environment 

according to usage patterns and preferences.  

Introduction 

Comparing the performance of a tool, system, or 

organization with its peers or against some standard 

values is common practice in engineering design to have 

a consistent baseline for decision-making and quantifying 

changes in performance. In planning the design and 

renovation of buildings, this benchmarking helps 

contextualise the evolution of simulated or measured 

performance of a building through comparison with 

similar buildings (DOE 2018). This is a useful approach 

for evaluating buildings since it is not always clear how 

much energy a building should consume given its usage 

and location, i.e., it is difficult to create objective and 

universal performance standards. In practice, buildings 

are evaluated using one of two approaches: comparison 

with a standard or nominal building, e.g., ASHRAE 90.1 

(ASHRAE 2013), or with a performance-based target like 

maximum energy used for space conditioning per unit 

area, e.g., the Swiss Minergie® label (Minergie 1994). 

Both approaches are targeted towards (re)designing a 

building, which presupposes accurate knowledge of the 

current site or building and specialist intervention. The 

total annual energy consumption of a building may also 

be compared to a database, such as the commercial 

buildings reference database (CBECS), which contains 

data from buildings in different regions and usage types 

(Michaels 2012). This type of database can be used to 

compare a building against its peers but provides no 

insights into how a building's rank can be improved. In 

this paper we propose a data-based approach to 

benchmarking the measured energy consumption of 

buildings that can be used to identify the biggest 

components of a building's energy (load) profile. A 

globally consistent data-based benchmarking system, like 

the one proposed in this paper, has several advantages 

over comparisons with nominal buildings, context-

insensitive performance targets, or comparison of annual 

energy figures only. It does this by allowing the 

estimation of the efficiency with which a building delivers 

a comfortable indoor environment given its climatic 

context and usage. This can be used to identify 

opportunities for improvement and investigate potential 

wastage quickly and effectively. The efficiency factors 

proposed in this paper are calculated from measured data 

and can be easily updated with new measurements to 

provide continuous feedback for improvements. The 

efficiency factor of each building can be compared to the 

whole population or only its peer buildings. Thus, a 

globally consistent benchmarking system, constructed 

from empirical efficiency factors, is a fast and simple tool 

for identifying inefficiencies in buildings. 

Though efficiency factors have existed in one form or 

another for decades, they have been superseded by 

Building Performance Simulation (BPS), a numerical 

approximation of the thermo-physical processes in and 

around a building. To achieve acceptable accuracy, BPS 

requires accurate and detailed inputs about both the 

building and its boundary/operating conditions, and 

exhaustive computation over fine discretisation in space 

and time. Rapid predictions with acceptable accuracy are, 

thus, one of the main concerns in building performance 

analysis (Luo et al. 2017). However, the use-case studied 

in this paper, of inferring usable insights from high-level 

data gathered with low specialist involvement, does not 

provide sufficiently detailed information about the 

building to properly specify a numerical simulation. Lack 

of information could be addressed by simplifying the 

simulation using one of two methods: standardised 

reference building models, and regression models trained 

on simulated or monitored data. The role of standardised 

building models is limited to examining the impact of 

changing physical assets like lighting using nominal 

weather and usage inputs. They cannot identify areas of 

concern that are likely to yield the most savings in the 

actual building. Regression models work directly with 

data from the target building and, thus, may yield more 

pertinent information. The most popular regression 

models are linear models, especially those based on 

monthly or yearly heating and cooling degree days (HDD 

and CDD) (Fels 1986). The degree day works as a proxy 

for energy consumed for space conditioning because the 
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conditioning load correlates to the difference between a 

balance-point or base temperature and outdoor 

temperature (CIBSE 2006). This base temperature is 

defined as the outdoor temperature at which a building 

would require neither heating nor cooling. This is a form 

of weather normalization and is the most commonly used 

form of an efficiency factor for a building, predicting 

energy consumption data as a function of (temperature-

based) degree days. This method is the foundation of 

many energy management tools and decision-making 

services, including the widely used ASHRAE climate 

zones (ASHRAE 2013).  However, temperature is only 

one component of the climate and there are other weather 

or non-weather parameters, such as wind speed, humidity, 

and solar radiation, which also influence the building 

energy performance (Dong et al. 2005). Moreover, since 

degree days are calculated using a balance point, an 

incorrect assumption of this baseline could result in a 

misleading outcome about the climate-appropriateness of 

a building. This limits the scope and accuracy of linear 

models based on degree days, since consumption profiles 

dominated by boundary conditions other than temperature 

cannot be estimated well. These shortcomings suggest the 

inclusion of other inputs. The limitations of these 

conventional approaches have spurred the development of 

new techniques to aid the improvement of building energy 

performance, many of which are based on measured data. 

Like linear regression models, these new techniques are 

so-called black-box models, i.e., causal relationships are 

replicated entirely by mathematical relationships learnt 

from data that cannot be broken down to simple physics-

based rules (Luo et al. 2017). We discuss two approaches: 

machine learning and load shapes. Modern machine 

learning techniques use nonlinear regression models 

trained on simulated or measured data to approximate 

building performance rapidly (e.g., Rastogi et al. 2017). 

Their inputs are simple and may be calculated from high-

level building information (Rastogi 2016). As opposed to 

physics-based building performance simulation tools, 

these methods "learn" relationships between independent 

variables (e.g., weather conditions) and dependent 

variables (e.g., energy consumption) from data. They are, 

therefore, difficult to generalise. Another data-based 

approach that has been used to explore energy 

consumption as a function of time is the concept of "load 

shape". A load shape is a curve illustrating the load over 

time. Different methods have been developed to generate 

the respective curves and interpret the relevant 

parameters, including near-base load [kW], near-peak 

load [kW], high-load duration (hours), rise time, fall time, 

base load percent, peak-to-base load ratio, etc. (Luo et al. 

2017). Like machine learning techniques, these too are 

based on data from a specific building and are, therefore, 

difficult to generalise.   

This paper builds on existing approaches to efficiency 

factors by proposing two improvements: augmenting 

existing regression approaches based solely on 

temperature inputs (degree days) with other weather 

variables, e.g., outdoor solar radiation and relative 

humidity; and including estimates of the "base" and 

"peak" load of a building. Base load is an estimate of the 

energy apparently used by essential services, and it is 

useful to compare their contribution with that of weather-

driven envelope loads. Peak load is an estimate of the 

maximum demand, a combination of weather and non-

weather demand, and which can either result in significant 

energy expenditure or system failures. In this work, we 

show how these concepts can be combined with weather-

based regression models for improved insights using so-

called "efficiency factors". 

Data 

The use of a standard test database confers several 

benefits, like reducing the required time and effort for data 

collection and processing and replicability (Tenopir et al. 

2011, Taheri and Mahdavi 2018). Efforts have been made 

to develop a systematic ontology and standardized format 

as an essential requirement of universal data sharing (e.g., 

Mahdavi and Taheri 2017). For this study we used an 

online library of data from non-residential buildings, 

published by Miller and Meggers (2017). The library 

includes one year of hourly, whole-building electrical 

meter data for 507 non-residential buildings, together 

with building size and the weather file (Miller and 

Meggers 2017). By eliminating buildings with long gaps 

in the data, we used 385 buildings in this study. This was 

the only data check applied. The methodology used here 

should provide a tracking of consumption against 

expectation to flag where further investigation is needed. 

Therefore, for instance, buildings with considerably low 

total annual consumption rate have not been eliminated. 

The buildings are distributed across the USA (New York, 

Phoenix, Chicago, Los Angeles, Denver), Europe 

(London, Zurich), and Asia (Singapore). The buildings 

are educational, governmental, and commercial and the 

use types cover offices (134 buildings), 

primary/secondary classrooms (33 buildings), college 

laboratories (85 building), college classrooms (69 

buildings), and dormitories (64 buildings). The weather 

data includes outdoor temperature and relative humidity 

but not solar radiation. The hourly solar radiation is 

calculated using the Zhang-Huang model given in 

Equation 1 (Zhang and Huang 2002).  

{
 
 

 
 𝐼 =

𝐼0. sin(ℎ)

𝑘
{𝑐0 + 𝑐1. 𝐶𝐶 + 𝑐2. 𝐶𝐶

2

+𝑐3(𝑇𝑛 − 𝑇𝑛−3) + 𝑐4. 𝜑 + 𝑐5. 𝑉𝜔} −
𝑑

𝑘

𝐼 = 0

    

 

 

𝐼 > 0 

 
𝐼 < 0 

(1) 

where: 

I = estimated hourly solar radiation [W.m-2]  

I0= global solar constant, 1355 [W.m-2] 

h= solar altitude angle, i.e., the angle between the 

horizontal and the line to the sun (NREL solar altitude) 

CC = cloud cover 

φ = relative humidity [%] 

Tn, Tn−3 = dry-bulb temperature at hours n and n-3 
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Vw = Wind speed [m.s-1] 

c0, c1, c2, c3, c4, c5, d, k = regression constants as: 

c0 = 0.5598, c1 = 0.4982, c2 = -0.6762, c3 = 0.02842,  

c4 = -0.00317, c5 = 0.014, d = -17.853, k = 0.843. 

For the purpose of the calculations dry-bulb temperature, 

cloud cover, relative humidity, wind speed, and solar 

altitude angle are needed. All the above-mentioned 

independent variables are included in the weather files, 

except the solar altitude angle and cloud cover. The solar 

altitude angle is calculated using the NREL solar altitude 

formula (Reda and Andreas 2003). The cloud cover 

percentage is estimated based on sky condition data 

available in the weather files.  

Method 

Choice of regression model 

We examined two types of regression models to model 

the measured time series of energy data: linear and 

nonlinear. A linear model is one where the inputs 

(features) can be transformed through simple operations 

like squaring to use in a linear equation. Nonlinear models 

are those where such transforms of the inputs are not 

possible. In this paper we tested three model types: 

• Linear regression (LR) – models the relationship 

between a single (multiple) independent variable(s) 

and a dependent variable using a line. The inputs are 

not transformed in anyway. It is useful and fast for 

simple relationships and small amounts of data.  

• Polynomial Regression (PR) – is a linear 

combination of variables that have undergone 

nonlinear transformations.  

• Gradient Boosted Trees Regression (GBR) – 

models the relationship between independent and 

dependent variables by training a series of decision 

tree weak learners, which successively reduce the 

training error by learning from the residuals of the 

previous trees. These models train quickly and are 

good at modelling non-linear relationships. 

The best regression model is one that best predicts the real 

data consistently. Simpler models are preferable to more 

complex models with similar performance. The error of 

prediction can be estimated using one of several error 

metrics, and in this study, we used the Mean Absolute 

Error (MAE): 

𝑀𝐴𝐸 =
∑ |�̂�𝑖 − 𝑦𝑖|
𝑛
𝑖=1

𝑛
  (2) 

where �̂�𝑖 is the value of dependent variable predicted by 

regression model, 𝑦𝑖  is the observed dependant variable, 

and 𝑛 the number of observations. 

Weather normalization has been used for the comparison 

of energy consumption from different periods and 

locations with different weather conditions. Weather 

normalization is commonly based on regression analysis 

of energy consumption data and the degree days. This 

method is the foundation of many energy management 

tools and decision-making services.  However, 

temperature is only one component of the climate that 

influences building energy performance. To compare the 

conventional degree day method with our augmented 

approach and select the best regression model, we defined 

five scenarios (Table 1). The difference between the 

scenarios is in independent variables, data resolution, and 

the choice of the regression model. In addition, we tested 

the performance of degree-day-based versus multi-

weather-variable regression with the regression model 

types at different temporal resolutions. The output in all 

models is always the metered electricity use. Since the 

fuel source for heating and cooling is not specified for all 

buildings in the database, uncertainty is introduced in the 

correlations between weather and metered electric 

consumption. For example, if gas is used for space 

heating, electricity usage becomes decoupled from winter 

temperatures. Differentiating weekdays from weekends 

was considered as a simple method to include the impact 

of occupancy pattern on energy consumption. This was 

applied by adding an independent variable representing 

the weekends to the models. Building type has previously 

been shown to be a strong predictor of energy use (e.g., 

Rastogi et al 2017) as it is a good proxy for occupant-

driven usage and base load. Instead of using building type 

as a regression input, we divided the data by building type 

to show the performance of each combination of input, 

resolution, and model for that category of buildings. To 

choose the best regression model in a scenario with hourly 

data (i.e., scenarios 3, 4, and 5), k-fold cross validation 

was used. Each model is fit to a randomly selected 

training set of 90% of the total training data, and the 

remaining 10% is used as a holdout set for validation. This 

is applied to each building. 

Table 1: Fit options, changing the independent 

variables, data resolution, and regression model type 

Scenario Independent  

variables 

Data 

resolution 

Regression 

model 

1 Heating Degree Days (HDD) 

 Cooling Degree Days (CDD) 

Monthly Linear 

2 ̋ ̋ Polynomial 

3 Temperature (T) [℃] 

Solar Radiation (SR) [W.m-2] 

Relative Humidity (RH) [%] 

Weekends 

Hourly Linear 

4 ̋ ̋ Polynomial 

5 ̋ ̋ GBR 

 

Efficiency factors 

The "base load" is defined as the energy used to meet the 

constant (background) power demand of a building, i.e., 

the demand that is always "on". It represents the 

invariable energy consumption in buildings, i.e., the 

portion of energy consumption that is independent of 

weather variations. The base load is a key target of 

building energy management. This load is made up of 

service lighting, emergency and parking lights, HVAC 

system idling, standby plug loads, etc. A higher base load 

reduces the sensitivity of the overall energy output to 

variations in weather, since the weather-driven 

component of load is a smaller portion of the overall 
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figure. The first efficiency factor calculated in this study 

is the base load per square meter. Quantifying the 

proportion of base load provides a benchmarking system 

to evaluate the level that occupants' behaviour and usage 

of equipment and appliances (e.g., computers, printers, 

washers, refrigerators, etc.) contribute to energy use. A 

bigger base load indicates constant operation of building 

systems and equipment and translates to wastage during 

night-time or unoccupied hours. The next two efficiency 

factors are the peak load per unit area and base load-to-

total-consumption ratio. These factors can be used for 

benchmarking by comparing the values among peer 

buildings, i.e., offices, primary/secondary classrooms, 

college laboratories, college classrooms, and dormitories. 

The base load-to-total-consumption is independent of the 

building size. This is useful when the information on the 

floor area is not available. An example for this is when 

energy meters cover a portion of a building rather than the 

whole building. This ratio enables a good evaluation of 

the relevance and significance of base load to the building 

type. The peak load per unit area is also used to compare 

a building to its peers since there is no clear way to 

determine what a building's peak load should be. In LR 

models the intercept in the regression equation represents 

the base load. However, in case of the PR and GBR, the 

base load in each building is defined as the median of the 

minimum hourly electricity consumption data every day 

(i.e., median of the daily minima of the hourly 

consumption curve). The peak load in each building is 

defined as the median of the maximum hourly electricity 

consumption data every day (i.e., median of the daily 

maxima of the hourly consumption curve). 

Results 

Augmenting temperature-based regression 

Figure 1 shows a boxplot of the mean absolute error for 

all buildings in scenarios 1 and 2, i.e., fitting monthly 

consumption to HDD/CDD using linear and polynomial 

regression models, respectively.  

 
Figure 1: Box plots of mean absolute errors (%) fitting 

linear and polynomial models to monthly consumption 

data. The dataset is too small to fit a nonlinear model 

like Gradient Boosted Regression trees. The bulk of 

errors are small (less than 20%) for both model types, 

but there is a small number of large errors; when a 

model is trained on a very small amount of data (one 

year monthly consumption), it is unable to predict 

unusual new cases (months with unusual HDD/CDD) 

In these scenarios the number of observations is equal to 

twelve (monthly consumption) and the linear fit uses two 

variables while the polynomial fit uses five. The linear 

model fits the data better in this case, though both models 

provide acceptable results: 75% of the buildings show 

MAE less than 15%. As is to be expected, using so little 

data meant that the models failed for unusual months, i.e., 

a month with significantly different HDD/CDD from the 

norm for that location. This explains the long tail of errors 

for both models (up to 100%). 

Next, models with more data and additional features, i.e., 

using hourly values for each building and including solar 

radiation, relative humidity, and a variable for 

"weekends", are tested. Figure 2 presents the MAE for 

scenarios 3, 4, and 5 by building types. By increasing the 

number of observations (i.e., one year of hourly 

consumption data), the more complex models (GBR) 

performs slightly better. All models provide acceptable 

fits, except for the primary/secondary classroom. This 

highlights a major issue with a regression based mostly on 

weather: the seasonal nature of classroom usage results in 

large errors during school holidays. The effect of 

occupancy on energy consumption is considered in the 

models with a simple categorical variable differentiating 

weekdays from weekends. However, the change in 

occupancy pattern due to, for instance, holidays is not 

considered. Thus, the schools, with a substantial number 

of holidays compared to the other building types 

presented here, have the worst fits. Comparing the median 

MAEs resulted by each model across all the buildings in 

each category, GBR works best for college laboratories 

and primary/secondary classrooms, and polynomial 

regression (PR) for college classrooms, dormitories and 

offices.  

The utility of including new weather parameters can be 

quantified by evaluating the sensitivity of the modelled 

consumption to solar radiation and relative humidity in 

addition to, and compared with, outdoor temperature. 

Sensitivity to the "weekends" input is presented as well. 

The sensitivity is quantified as "weights" for each feature 

(Figure 3), where a larger weight for an input implies that 

the output is more sensitive to that particular input. Note 

that the PR model includes the features together with their 

squared values and combinations, while the other two do 

not. The results presented in Figure 3 confirm that the 

model outputs are sensitive not only to temperature, but 

also to occupancy (for now, represented only by 

differentiating weekends from weekdays), solar radiation, 

and, to a lesser extent, humidity. That is, their respective 

weights are consistently non-zero. In the polynomial fits, 

higher order effects, e.g., temperature squared, and 

interactions, e.g., temperature times solar radiation, have 

much smaller weights. When the information about the 

fuel source for heating and cooling is not available, the 

feature’s weight could be used as an indicator: higher 

weights for outdoor environmental parameters indicates 

greater correlation of electricity consumption to weather, 

which could indicate that electricity is being used for 

space heating/cooling.  
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Figure 2: Mean absolute errors (%) of each model fit to 

hourly consumption data. The performance of each 

model is similar for each building type. At this level of 

simplicity, the building type dominates the fit quality 

 
Figure 3: Feature weights for selected models for each 

building type. Weights are normalised to 0-1 for 

comparison. Temperature, solar radiation, and 

weekends are consistently important while humidity is 

less so. Higher order features and interactions (in the 

polynomial) are much less important than the simple 

features 

Estimating efficiency factors from base and peak 

loads 

Moving to the second part of the paper, Figures 4 and 5 

show box plots of base and peak load per square meter for 

each building type, respectively. A high base load in a 

building shows that, potentially, a larger part of the total 

energy consumption is due to non-weather factors such as 

occupants' behaviour and usage of equipment and 

appliances (e.g., computers, printers, scanners, washers, 

dryers, ovens, refrigerators). A high peak load indicates 

opportunities for demand-response approaches to 

reducing consumption at higher tariffs.  

 
Figure 4: Area normalized base loads [kWh.m-2] by 

primary space usage 

 

________________________________________________________________________________________________ 

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

 
3867

 

 
  



 
Figure 5: Area normalized peak loads [kWh.m-2] by 

primary space usage 

 

Figure 6: Base load to total consumption ratio by 

primary space usage 

Figure 6 shows box plots of the ratio of the base load to 

the total load in each building, by building type. Higher 

values here may indicate that the building may not shut 

down during non-occupied hours. This is especially 

relevant if the building does not already have a high-

performance envelope or is not located in a mild climate. 

In this case investigating internal and plug loads is a 

priority instead of envelope improvements. 

One way to demonstrate that each of these efficiency 

factors quantifies a different aspect of the building's 

energy characteristic is to see the order in which the same 

group of buildings is arranged based on the value of each 

parameter. Table 3 presents the three buildings, from each 

building type, corresponding to the minimum, median, 

and maximum of each metric. Conventional metrics for 

comparison, including the building size and annual 

energy consumption per square meter are presented 

alongside the efficiency factors proposed in this paper. 

According to Table 3 the rankings are different 

considering different metrics. This indicates both that the 

metrics describe different aspects of the building, and that 

each metric is not necessarily correlated to another. The 

choice of the efficiency factor should be guided by the 

motivation for benchmarking. For example, estimating 

peak loads would help target demand-response measures. 

 

Table 3: Building ranking based on size, annual electricity consumption, base load, and peak load per square meter, as 

well as base load to total load ratio 

Building 

usage 

Ranking Building size Annual consumption 

per square meter 

Base load per square 

meter 

Peak load per square 

meter 

Base load to total 

consumption 

ID Value 

[m2] 

ID Value 

[kWh.m-2] 

ID Value 

[kWh.m-2] 
ID 

Value 

[kWh.m-2] 
ID 

Value 

[% ] 

Office Min Javon 689 Elizabeth 2.79 Elizabeth 9.76E-05 Ellie 0.0006 Scottie 2 

Med Ashanti 6581 Asher 95.47 Gustavo 0.007 Max 0.0162 Garman 8 

Max Evelyn 155679 Cameron 786.14 Cameron 0.0773 Cameron 0.1038 Louise 24 

Primary/ 

secondary 

classrooms 

Min Angel 960 Everett 2.13 Elisabeth 0.0001 Everett 0.0003 Ulysses 0.08 

Med Everett 9804 Eva 8.34 Ervin 0.0005 Ellen 0.0019 Edwin 8 

Max Eoghan 29302 Angel 145.02 Angel 0.0062 Angel 0.0313 Elijah 15 

College 

laboratory 
Min Audra 426 Paul 17.05 Paul 0.0017 Paul 0.0022 Allison 2 

Med Albert 8480 Suzette 201.47 Annabelle 0.0192 Marie 0.0275 Mario 11 

Max Tracie 60210 Aoife 909.98 Aoife 0.0994 Allison 0.1231 Aoife 29 

College 

classroom 
Min Conor 399 Clifford 2.33 Clifford 0.0002 Clifford 0.0003 Tamra 2 

Med Allen 5782 Serenity 96.14 Peter 0.0078 Ciara 0.0158 Alfredo 7 

Max Tammy 32547 Caitlyn 357.82 Caitlyn 0.0366 Abby 0.0524 Nelly 23 

Dormitory Min Candace 1697 Una 16.95 Una 0.0012 Una 0.0030 Leonard 4 

Med Cathal 7287 Mitch 78.69 Alonzo 0.0075 Alyssa 0.0119 Cathalina 15 

Max April 51395 Cecilia 591.18 Cecilia 0.0622 Cecilia 0.0826 Carter 26 
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As explained before, the base load is separated out as the 

intercept in the linear regression, and as the median of the 

hourly consumption curve minima in the case of PR and 

GBR. Figures 7 and 8 illustrate the distribution of base 

load minima and peak load maxima in an office and a 

university classroom using box and violin plots. We see 

two types of distributions between Figures 7 and 8: 

unimodal and bimodal. If the operation of a building was 

regular and consistent, then we would expect unimodal 

distributions for both base and peak loads. That is, the 

building reverts to the same base line every day. 

 

 

Figure 7: Distribution of base load minima and peak 

load maxima in an example office, illustrated with box 

plot (top) and violin plot (bottom) 

 
Figure 8: Distribution of base load minima and peak 

load maxima in an example university classroom, 

illustrated with box plot (top) and violin plot (bottom) 

The peak load has a seasonal component; hence we expect 

the distribution to be less strongly unimodal. Many of the 

buildings in the database do indeed have this kind of data, 

like the building in Figure 8. These figures provide a 

simple way to identify buildings that require further 

investigation. To study the unusual, bimodal, distribution 

of base and peak loads in "Office_Louise" (Figure 7), we 

plotted the time series values in Figure 9. Based on this 

graph, in July the base load shifts down from nearly 40 to 

about 20 kWh.m-2. This might happen when another fuel 

is used for heating, but in the case of this building, the 

drop does not coincide with the heating season. Thus, a 

simple plot identifies whether a building needs to be 

investigated further for faults or energy-saving 

opportunities.  

 
Figure 9: Hourly electricity consumption in 

Office_Louise from Figure 7. The sudden change in July 

indicates the necessity of further exploration. 

 

Figure 10: Hourly electricity consumption in 

UnivClass_Peter from Figure 8 

Conclusion 

In design and renovation of buildings, benchmarking 

helps contextualise the evolution of simulated or 

measured performance of a building through comparison 

with similar buildings. A given design modulates the 

effect of weather and human usage, and variation in these 

boundary conditions creates variation in the energy usage. 

Since these boundary conditions cannot be controlled by 

a designer nor known with perfect accuracy, this paper 

presents a benchmarking method that judges buildings 

based on the efficiency with which they modulate weather 

conditions to provide indoor conditions suitable for their 

usage. Meter data and weather conditions were used to 

build simple black-box models of the thermo-physical 

characteristics of a building and identify inefficiencies 

suitable for investigation. The power of this method is that 

minimal knowledge is required about the building 
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geometry and physical properties as compared to white- 

or grey- box models. Since the benchmarking system is 

based on time series, it can be used with both measured 

and simulated data. And since it is based on measured data 

from a building and its site, it is global in application. 

These models open up the possibility of identifying the 

biggest retrofit opportunities with minimal specialist time 

requirement over large building stocks. Through the 

black-box models proposed here, we extend the utility of 

the well-established degree day concept and present 

useful new efficiency metrics that can be empirically 

estimated from the data at hand.  The results present that 

the choice of the regression model depends on the 

resolution of the available data: simpler models require 

less data to fit but, conversely, provide less information. 

Based on the best fit calculated for each building, the 

future consumption may be predicted against predicted 

future weather along with the impact of potential 

improvements. Similarly, it is possible to quantify the 

effect of actions taken by comparing the energy 

consumption of the building predicted by a regression 

model based on the "old" building against the 

consumption of the "new" building. Quantifying the ratio 

of base load to the total consumption provides a 

benchmarking system to evaluate the priority areas and 

potential effects of improvements. For example, lower 

ratios indicate energy consumption is driven by the 

weather conditions and the building envelope and that the 

behaviour of occupants, heat gains from equipment, etc., 

do not contribute; while a high proportion of base load 

indicates that addressing internal and plug loads should be 

a priority over envelope improvements. This could be 

because the building already has a high-performance 

envelope or is in a mild climate. The efficiency factors 

proposed in this paper demonstrated the potential to use 

simple factors to identify energy-efficiency opportunities 

from benchmarking measured energy performance. The 

efficiency factors or graphs do not themselves indicate 

what the problem is, if any. They simply indicate where 

further resources should be committed to investigation. 
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Abstract 

The aim of this research is to evaluate the performance of 

official natural gas allocation methods currently applied 

within natural gas network of three EU Member States, 

with a view to simulating energy consumption of urban 

building stocks. The models have been used to estimate 

natural gas consumption of an urban building stock with 

Non-Daily Metered (NDM) customers at two scales: city 

and neighbourhood. To this end, these methods have been 

applied to a distribution network in Southern Italy with 

about 16000 NDM customers and 4000 buildings. The 

present research gives useful information about the 

accuracy of natural gas billing for NDM customers. 

Introduction 

Generally speaking, estimation, forecasting and profiling 

energy demand and consumption at both urban and larger 

scales (neighbourhoods, cities, energy networks etc.) are, 

undeniably, fundamental tools for energy management. In 

fact, they represent a key issue in numerous contexts, such 

as planning building retrofitting strategies and energy 

production (Massimo et al. 2014), reducing CO2 

emissions, capacity allocation, price estimation, 

continuity of supply, estimation of unaccounted gas 

(Arpino et al. 2014) etc..  

With particular reference to the Natural Gas Networks 

(NGN), in many EU Countries the vast majority of final 

users is represented by small residential and commercial 

utilities with heating, cooking, hot water production and 

cooling purposes (ACER 2017). Their consumption is 

usually metered only few times a year and for this reason 

they are identified as Non-Daily Metered (NDM). In fact, 

despite the Third Energy Package (European Commission 

2009a, European Commission 2009b) requires Member 

States to ensure implementation of smart metering 

systems for all final users, this obligation is conditional 

on a positive economic assessment of the long-term cost-

benefit analysis and a specific implementation program 

for smart metering in the gas sector has not even been set 

(European Commission 2014). In this direction, only five 

EU Member States (Ireland, Italy, Luxembourg, 

Netherlands and UK), decided to carry out smart meters 

rollout in the gas sector by 2020 to allow a daily metering 

of final users, while twelve will not even proceed with the 

gas meters rollout, as the results of the cost-benefit 

analysis were negative. Besides, forecasting and 

estimating models may be useful tools also for building 

stocks fully metered by means of smart gas meters, when 

energy consumption loads have to be reconstructed due to 

failures of the measurement or the transmission systems. 

Methods established in the scientific literature to simulate 

the building energy consumption at urban scale belong to 

different categories. The so-called  bottom-up engineering 

models simulate the energy consumption of buildings 

through suitable physically based equations with a 

number of parameters such as thermo-physical 

characteristics of the urban building stock, installed 

heating systems and their real operation, human 

behaviour, climate data etc. (Kavgic et al. 2010). These 

models generally produce fixed “building typologies” 

(Canale et al. 2018, Ballarini, Corgnati and Corrado 2014, 

Ballarini and Corrado 2017), in which it is possible to 

classify the existing building stock. It is clear that 

estimates of this kind of models strongly depends on the 

quality of data, whose availability is, moreover, not 

always guaranteed. On the other hand, top-down models 

typically estimate the aggregate energy consumption of a 

building stock by establishing a relationship between the 

energy use and different drivers such as socio-economic 

indicators, household size, technologies and practices, 

weather condition, etc. (Li et al. 2017). The aggregate 

building energy demand of a region is increasingly 

subdivided into smaller sections, being suitable only for 

particular purposes, i.e. at estimating increased energy 

consumption of new buildings or reduced energy 

consumption before or after retrofit interventions 

(Reinhart and Davila 2016). Within top-down models, 

data-driven approaches start from real energy 

consumption data coming from smart-metered district or 

cities, and by means of suitable techniques (machine 

learning algorithms, regression methods etc.) they make 

predictions by learning from historical data (Amasyali 

and El-Gohary 2018, Kontokosta and Tull 2017). These 

last usually require the use of a huge amount of data (i.e. 

smart meters data) during training phase, which are of 

course not always available for NDM customers.  

Indeed, energy network managers, as well as the 

competent authorities, are required to make estimates 

with a limited number of significant parameters and with 

a high level of accuracy, in order to continuously supply 

industrial and domestic consumers and to avoid 

dangerous service interruption. As highlighted by Oliver 

et al. (2017) in Europe, simple, lumped-parameters 

models are used to estimate gas consumption for general 

forecasting and gas management of NDM customers 

(allocation for balancing purposes). These represent a sort 
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of "hybrid" models, a cross between the bottom-up and 

the data-driven approaches (also referred as “bottom-up 

statistical” (Kavgic et al. 2010)), which are mainly 

regression-based methods (UK, Ireland, France, Italy) 

making use of climate-related variables and particular 

dummy variables for weekends, holidays, holiday seasons 

etc. These models are generally employed for 

consumption allocation purposes (for energy balancing of 

the NGN) and make energy consumption estimates and 

forecasts in a given period (month, year etc.) by means of: 

i) energy consumption within a random period, ii) 

climatic variables (outdoor temperature, wind speed, 

temperature of the previous days etc.) and iii) Standard 

Load Profiles (SLP) obtained from samples of frequently 

read users (day/intra-day frequency) clustered by end use 

category.  

When it comes to simulating the energy consumption of 

residential building stocks, whose characteristics may be 

mainly unknown (e.g. thermo-physical building 

parameters, plant configuration, behavioural aspects and 

so on), this kind of simple, hybrid models could be useful 

for both the initial calibration and the validation phases of 

the simulation method and could stand as useful tools also 

for energy simulators. 

In this context, the authors investigated three different NG 

allocation methods of three major EU countries with the 

aim of assessing the accuracy of using these last to 

effectively predict the energy consumption of a building 

stock at urban scale. The aim of this work is also to 

provide an innovative view on the possibility of using 

these models, mainly employed for energy network 

management, as a support tool for simulation and 

forecasting of the consumption of urban building stocks. 

The methods analysed are currently in use in Italy, 

Germany and United Kingdom, which are the main 

countries for NG consumption within Europe and are 

therefore considered representative of the technical and 

regulatory state of the art on this subject. To this end, the 

case study of a building stock in Southern Italy with about 

16000 NDM and 4000 buildings is presented and 

discussed. The performances of the investigated methods 

have also been evaluated at two different spatial scales, 

city and neighbourhood, by determining the monthly and 

yearly errors from the real measured values.  

Methods and Data 

Allocation methods for NDM customers 

Modelling methods used by European transmission 

system operators to estimate NDM natural gas 

consumption are generally employed for consumption 

allocation purposes (e.g. energy balancing of the NGN 

and billing). Natural gas consumption estimates and 

forecasts are obtained through:  

i) two meter-readings per year within a random period 

(generally 2 or 6 months);  

ii) climatic variables (outdoor temperature, wind speed, 

temperature of the previous days etc.)  

iii) SLPs whose main characteristics and parameters are 

defined within specific standards and technical 

documents by each EU Member States; SLPs are 

mostly regression-based curves with variable 

regressors. 

In all the three investigated methods (Italian, German and 

English) each NDM customer is first assigned with an 

end-use category, which identifies either the final use of 

the natural gas (heating, cooking, hot water production, 

cooling, technological use etc.) or the size, in terms of 

natural gas consumption of the customer (Joint Office of 

Gas Transporters 2017, Nationalgrid 2016, ARERA 2016, 

BDEW/VKU/GEODE 2018, FfE 2015).  

The estimation of the annual NG consumption (NDMAC) 

and daily NG consumption (NDMDC) of each NDM user 

is then performed as reported in equations (2) and (1). 

 𝑁𝐷𝑀𝐷𝐶 = 𝐶𝑉 ∙  𝑆𝐿𝑃𝑑  ∙ 𝐶𝐹𝑑 (1) 

 𝑁𝐷𝑀𝐴𝐶 = 𝐶𝑉 ∙  ∑ 𝑆𝐿𝑃𝑑 ∙  𝐶𝐹365
𝑑=1 𝑑

 (2) 

Where 𝐶𝐹 is the correction factor for weather conditions, 

day of the week, holidays etc., 𝑆𝐿𝑃𝑑  is the Standard Load 

Profile defined by the national regulation and 𝐶𝑉 

represents the Customer Value, which is a measure of the 

“amplitude” of the load profile of the customer, being 

directly related to two meter-readings at days 1 and n (𝐿1 

and 𝐿𝑛), as per equation (3). 

 𝐶𝑉 =
𝐿𝑛−𝐿1

∑ 𝑆𝐿𝑃𝑑
𝑛
𝑑=1

  (3) 

The three analysed methods, although presenting 

methodology similarities, differ for SLP and climate 

definition as described in Table 1. 

Table 1: End-use categories of the analysed sample  

IT 

SLP 

SLPs are given via a specific equation, 

whose parameters are fixed by the National 

Authority as a function of climate, of the 

customer type etc. 

Climate 

There is no explicit weather variable in the 

equation. Weather is however taken into 

account in the equation parameters which 

are defined by climatic zone. 

UK 

SLP 

SLPs are defined as a proportion of the 

average seasonal normal demand. Seasonal 

cut-offs and turn-on are used to better 

manage seasonal conditions. SLPs are 

defined and updated by a third party basing 

on samples of smart-metered users. 

Climate 

A Composite Weather Variable (CWV) is 

defined to linearize the daily NDM 

Demand. The weather data used for the 

CWV are temperature and wind speed and 

a set of parameters that provide a linear 

relationship to demand. 

DE 

SLP 

Two different variations of SLPs are given, 

which are both temperature-dependent 

sigmoid-like curves to which seasonal 

specific space heating and water heating 

terms are added to account for seasonal 

peculiarities. 

Climate 

An “allocation temperature” is defined, 

calculated as geometric series of the 

temperatures measured within the 

forecasting day and the previous 3 days, to 

consider the heat capacity of buildings. 
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For synthesis reasons, it was not possible to accurately 

describe the profiling methods adopted by each state, for 

which the reader is referred to the references in the 

bibliography for further details. 

Due to a non-disclosure agreement between the third 

party and the network operators, authors could not access 

to the UK regression coefficients of the defined customer 

profiles. However, in the presented case study authors 

built their own profile by applying the UK methodology 

to the real natural gas consumption of residential 

customers for the year 2017. 

Case study and dataset  

The case study analysed in this paper is represented by a 

local distribution NGN located in Southern Italy 

supplying 3828 residential buildings (climatic zone C, 

1134 Heating Degree Days). The NGN is made up of 

15980 NDM customers equipped with G4 gas meters 

(Ficco et al. 2016a) and about 80 Daily-Metered (DM) 

customers equipped with smart gas meters (i.e. all greater 

than G4, according to the rollout program). These latter 

measure NG consumption of small and medium industries 

and public offices including also few apartment buildings 

equipped with centralized heating system. In detail, 48 

DM users are large and medium industrial users and the 

remaining 32 are public offices and apartment buildings 

equipped with centralized heating system (domestic use). 

For sake of simplicity, in the present analysis, the authors 

will refer to the energy consumption of NDM users, DM 

public offices and domestic users as “Residential”, 

identifying with this label utilities with heating, cooking, 

hot water production and cooling purposes. 

An overview of the analysed urban building stock is given 

in Figure 1. 

 

Figure 1: The analysed building stock 

For this study, three sets of data, provided by the 

distribution company, were available:  

1. NDM meter readings within a period of about three 

years between 2015 and 2017; 

2. DM meter readings from smart gas meters within the 

year 2017 on a daily basis; 

3. total natural gas supplied to the network, in the year 

2017 on a daily basis. 

Regarding NDM readings, although Italian regulation 

establishes a minimum requirement of two attempts of 

meter reading per year, the actual availability of data for 

each NDM users is conditioned to the accessibility to the 

gas meter in absence of the customer (i.e. gas meter inside 

or outside the property). Thus, within the given period, the 

number of readings is not the same for all users and some 

readings are also missing in the considered period. In 

these cases, an average customer value has been assigned 

basing on the end user category. 

The application of the described methods, of course, 

required an effort to adapt the Italian end user categories, 

which were already assigned to each customer of the 

dataset, into German and English ones. This has been 

possible thanks to additional information provided by the 

distribution company, which allowed to identify the type 

of use of both technological and residential customers.  

Only 3% of end user category was not known and it has 

not been possible to get this information elsewhere. For 

this limited set of users, the authors chose to replicate the 

sample distribution and to allocate the end user categories 

by preserving the same proportion observed in the 

assigned dataset. 

Climatic data (temperature, solar radiation, wind speed, 

relative humidity etc.) are weather historical simulation 

data, and have been provided by the Swiss weather service 

provider meteoblue AG (www.meteoblue.com). 

Estimate of NG consumption & model performance 

evaluation 

The real natural Gas Consumption of Residential 

customers (𝑅𝐺𝐶) for space heating, cooking, hot water 

production and space cooling purposes in the given period 

(days from 1 to 365 of the year 2017), has been measured 

as the difference between the Total natural Gas 

Consumption (𝑇𝐺𝐶) of the network and the Industrial 

natural Gas consumption (𝐼𝐺𝐶) as per equation (4): 

 𝑅𝐺𝐶𝑚𝑒𝑎𝑠 = ∑ 𝑇𝐺𝐶𝑑𝑑 − ∑ 𝐼𝐺𝐶𝑑𝑑   (4) 

Where index d varies between 1 and 365. The total 𝑅𝐺𝐶 

has been estimated by the authors as the summation of two 

contributions: the total NDM load, estimated by means of 

the methods described in paragraph #2.1, and the total, 

known, residential DM load as per equation (5): 

 𝑅𝐺𝐶𝑒𝑠𝑡 = ∑ ∑ 𝑁𝐷𝑀𝐷𝐶𝑖,𝑑𝑖𝑑 + ∑ ∑ 𝑁𝐷𝑀𝐷𝐶𝑖,𝑑𝑘𝑑   (5) 

where indices d, i and k vary, respectively, between 1 and 

365, between 1 and 15980 and between 1 and 12. Finally, 

the knowledge of the real 𝑅𝐺𝐶 allowed the authors to 

calculate the relative error (𝑒) of the natural gas 

consumption estimated by means of the investigated 

method on a monthly, seasonal and yearly basis, as per 

equations (6), (7) and (8) and thus, to evaluate the model 

performance when applied at urban scale. 

 𝑒𝑚𝑜𝑛𝑡ℎ =
𝑅𝐺𝐶𝑒𝑠𝑡,𝑚𝑜𝑛𝑡ℎ− 𝑅𝐺𝐶𝑚𝑒𝑎𝑠,𝑚𝑜𝑛𝑡ℎ 

𝑅𝐺𝐶𝑚𝑒𝑎𝑠,𝑚𝑜𝑛𝑡ℎ
   (6) 

 𝑒𝑠𝑒𝑎𝑠𝑜𝑛 =
𝑅𝐺𝐶𝑒𝑠𝑡,𝑠𝑒𝑎𝑠𝑜𝑛− 𝑅𝐺𝐶𝑚𝑒𝑎𝑠,𝑠𝑒𝑎𝑠𝑜𝑛 

𝑅𝐺𝐶𝑚𝑒𝑎𝑠,𝑠𝑒𝑎𝑠𝑜𝑛
  (7) 

 𝑒𝑦𝑒𝑎𝑟 =
𝑅𝐺𝐶𝑒𝑠𝑡,𝑦𝑒𝑎𝑟− 𝑅𝐺𝐶𝑚𝑒𝑎𝑠,𝑦𝑒𝑎𝑟

𝑅𝐺𝐶𝑚𝑒𝑎𝑠,𝑦𝑒𝑎𝑟
  (8) 

________________________________________________________________________________________________ 

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

 
3873

 

 
  

http://www.meteoblue.com/


Figure 2 shows an overview of the methodology applied 

to determine the error of the analysed methods. 

 

Figure 2: Overview on the methodology applied to 

determine the error of the analysed methods 

Results and discussion 

Building-stock scale 

Results of the application of the described methodologies 

are shown in Figure 3 and in Table 2, respectively on 

monthly and yearly basis. In Table 2, the same analysis is 

also shown aggregating the data for both the heating and 

the non-heating season. 

  

Figure 3: Monthly relative error of the analysed 

methods applied to an urban scale 

Table 2: Errors of the analysed methods for: Heating 

Season (HS), non-Heating Season (nHS), year 2017 

 Method IT UK DE 

 
RGCmeas 

[MWh] 

RGCest 

[MWh] 
𝒆 [%] 

RGCest 

[MWh] 
𝒆 [%] 

RGCest 

 [MWh] 
𝒆 [%] 

HS* 76 320 70 519 -8% 47 677 -38% 67 139 -12% 

nHS* 31 797 25 245 -21% 38 441 +21% 47 765 +50% 

Year 108 117 95 764 -11% 86 118 -20% 114 903 +6% 

As highlighted in Figure 3 and Table 2, the investigated 

methods present high errors, which however, were 

smoothed on yearly basis resulting in far smaller values.  

A consideration has to be done regarding the month of 

January 2017. In this case, in fact, all the methods greatly 

under-estimated the measured energy consumption of the 

building stock due to an exceptionally cold weather that 

occurred in Europe, affecting Central-Southern Italy as 

well.  For the way it is defined (i.e. accounting for meter 

reading of previous years), the model is not capable to 

effectively describe extreme weather conditions.  

As expected, Italian method performs better if compared 

to the other ones, as a result of the fact that the methods 

are applied to an Italian urban energy network. In fact, the 

application of SLPs defined for building stocks located in 

continental or cold climates (such as the German and the 

English ones) to Mediterranean ones, can result in lower 

quality. This should also explain why both the German 

and the English methods greatly over-estimate the energy 

consumption during summer months (from June to 

September), where also the gradual emptying of cities 

during July and August should be considered as one of the 

main uncertainty contributions. 

Nevertheless, it has to be highlighted that, considering 

only the heating season, the German method presents 

performances comparable with those of the Italian one, 

sometime giving better results. It is in the opinion of the 

authors that this strictly depends on the fact that the 

German SLPs are temperature-dependent curves, whereas 

for the Italian ones the climatic dependence is based only 

on the climatic zone and not on punctual temperature data. 

On the other hand, the UK method always: i) under-

estimated the energy consumption of the urban network 

during heating months (January to March, November, 

December), ii) over-estimated the energy consumption of 

the urban network during non-heating months. The low 

performance of the English method is probably due to the 

composite weather variable, which is built on the specific 

continental climate (i.e. wind and temperature) and not on 

Mediterranean one (i.e. temperature and solar radiation). 

In Figure 4 the results of the energy simulation performed 

with the described methods are shown, highlighting their 

error from the measured residential energy consumption.  

 

 Figure 4: Monthly consumption and relative error of the 

analysed methods 

The application of these models was possible since, for 

the analysed case study, industrial users were all DM. 

This, however, represents a fairly replicable condition on 

most of the European natural gas networks as, generally, 

users with great energy consumption, as the industrial 
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ones, are DM. Definitely, the greater the number of DM 

users (both industrial and residential), the lower will be 

the estimation error of the proposed methodology. 

Regarding the estimated energy consumption errors, these 

are mainly due to DM users and NDM users. Regarding 

the first one, errors are mainly related to different devices 

and completeness of the measurement chain (Ficco et al. 

2015) and could be statistically neglected; on the contrary, 

NDM users’ systematic errors are due to: 

- to the drift of the meters, that in some cases are 

very old meters (Ficco et al. 2016b, Ficco 2014); 

- inaccurate user categorization;  

- accuracy of SLPs given by national regulations 

and used to model final users’ behaviour; 

- number and accuracy of climatic data; 

- frequency of successful meter-readings and period 

in which these have been performed. 

In the authors’ opinion, among all the above-mentioned 

contributions, the one related to the frequency of meter-

readings has the greatest weight. In fact, the energy 

consumption of the users is extremely variable over time 

and depends on numerous variables, such as the weather 

conditions within the readings, the number of people and 

the occupancy coefficient, the propensity to energy 

saving.  

Data in Figure 4 and in Table 2 have been calculated with 

almost one meter-reading per year per final user. The 

estimation error greatly decreases with increasing number 

of readings per year and simultaneously performing 

“reconciliation” sessions. For this reason, the authors 

simulated four scenarios of successful meter-readings 

attempts: i) almost one meter-reading per customer, per 

year, without reconciliation (scenario #0); ii) two meter-

readings per customer, per year (scenario #1); iii) four 

meter-readings per customer, per year (scenario #2) iv) 

six meter-readings per customer, per year (scenario #3).  

The different scenarios have been simulated under the 

hypothesis of 100% successful meter-readings, evenly 

distributed among the entire year 2017. This implicitly 

means that, on monthly basis: 

- in scenario #0, none of the users presents error equal 

to zero; 

- in scenario #1, one sixth of the users presents error 

equal to zero; 

- in scenario #2, one third of the users presents error 

equal to zero; 

- in scenario #3, half of the users presents error equal 

to zero. 

In the following, Figure 5 shows the monthly standard 

deviation (σ) for each of the applied method, while Figure 

6 shows the yearly error under the different scenarios. 

 

Figure 5: Mean monthly standard deviation of the 

methods in each scenario, year 2017 

 

Figure 6: Year error of the methods in each scenario, year 

2017 

Both the monthly standard deviation and the yearly error 

strongly decrease with increasing number of meter-

readings, reaching absolute values respectively of about 

10% and 2% with the Italian method. In fact, under the 

mentioned hypothesis, the yearly forecasting errors under 

scenario #0 (which were about -11%, -20% and +6% 

respectively for the Italian, English and German methods) 

all decrease below 5%, as shown in Figure 6. 

Thus, the high potential of these methods for forecasting 

purposes is evident. This is particularly true if one 

considers that in Italy, and even in most of EU Countries, 

NG distribution companies are obliged to perform at least 

2 meter-reading attempts per year (scenario #1). 

Neighbourhood scale 

Finally, the authors applied the Italian method (that 

showed the best performance at the urban scale) at a 

neighbourhood scale, by simulating the energy 

consumption of 5 buildings, whose energy consumption 

was remotely read by suitable smart gas meters and 

heating, cooking and hot water production services were 

available. The investigated buildings are shown in Figure 

7. 
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Figure 7: Analysed neighbourhood  

A number of one meter-reading during the forecasting 

year has been used for the investigated buildings. This 

allow to update the 𝐶𝑉, calculated as per equation (3). 

Figure 8 shows the results in terms of monthly error 

between the estimated and the measured energy 

consumption.

 

Figure 8: Monthly error of the analysed method applied 

to a neighbourhood scale 

In Table 3 measured and estimated energy consumption 

of the analysed neighbourhood are shown in terms of 

seasonal absolute energy consumption and error. 

Table 3: Measured and estimated energy consumption 

with relative seasonal errors, year 2017 

 Method IT 

 
RGCmeas 

[kWh] 

RGCest 

[kWh] 
𝒆 [%] 

HS* 213 374 303 443 +42% 

nHS* 78 295 32 691 -58% 

Year 291 669 336 133 +15% 

* Heating Season (HS), non-Heating Season (nHS)  

As expected, when reducing the scale of application of the 

model to a limited number of buildings, the error 

considerably increases, as a result of the lack of 

compensation effects, with a quietly different trend 

respect to the one observed at urban scale. Nevertheless, 

the seasonal error seems to be higher during the non-

heating season, where the expected energy consumption 

of the five buildings is greatly under-estimated. This is 

due to the fact that the selected neighbourhood consists of 

new buildings with better thermal performance than the 

average ones. On the contrary, during the heating season, 

the model tends to over-estimate the energy consumption. 

This is probably due to the fact that some users may have 

started to heat their houses in October (i.e. before the 

official beginning of the heating season, which is 15th 

November for climatic zone C). 

With the aim to evaluate more precisely the accuracy of 

the model with reference to the SLP, for the specific case 

of the neighbourhood, also the daily trend of the load 

profile estimates of the Italian method have been 

analysed. This allowed the authors to highlight the effect 

of a meter-reading during the forecasting year on the 

estimated consumption profile (i.e. the effect of the CV 

update during the forecasting year) as shown in Figure 9. 

This last, in particular, shows the results of the performed 

analysis in terms of both measured and estimated daily 

energy consumption, respectively with and without 𝐶𝑉 

update. 

 

Figure 9: Comparison between the real and estimated 

consumption of the neighbourhood under the defined 

scenarios 

By analysing the data in Figure 9, it is clear that the 

application of the model is strongly affected by the 

frequency of meter-readings and also by the period in 

which the meter-reading is performed. In fact, a meter-

reading within the simulated year (March 2017) strongly 

improves the performance of the model, reducing the gap 

between the measured and the estimated energy 

consumption.  

Conclusions 

In this paper the authors described and applied the Italian, 

English and German natural gas allocation methods to 

estimate the energy consumption of an urban building 

stock at city and neighbourhood scales. The investigation 

has been performed in a natural gas distribution network 

located in Southern Italy having about 16000 NDM 

customers and about 4000 buildings. The selected 

neighbourhood was made up of 5 buildings supplied by 
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centralized heating system for heating, cooking and hot 

water production purposes, remotely read.  

Overall, among the analysed methods, the Italian method 

performed better than the other ones. This however 

represented an expected result, as a consequence of the 

fact that the methods are applied to an Italian urban 

building stock. Authors are completely confident in the 

results of the application of IT and UK methods on the 

analysed network, where both climatic conditions and 

customers’ categorization have been accurately 

estimated. On the other hand, the application of DE 

method may be affected by a certain error due to the lack 

of detailed customers’ categorization (which is available 

only for the German network). Nevertheless, the results 

of the present analysis suggest that the German method, 

presents high potentialities to give better performance if 

energy signatures (i.e. SLP) of Italian customer categories 

rather than German ones would be used. To achieve this 

goal, this would rather require a preliminary clustering of 

the end-users (i.e. using proper clustering algorithms 

specifically targeted for time-varying profiles) that would 

allow a proper categorization and profiling of the final 

users. 

Regarding the lower performance of the English method, 

this is probably due to missing information about 

regressor coefficients of English customer categories. 

Referring only to the Italian method, at urban scale the 

proposed methodology always gives reliable results. In 

case of less than one meter-reading per year, errors were 

within the range -8%, -27% respectively during the 

heating and non-heating season. On a year basis, the error 

decreased to -11%. Under the hypothesis of increased 

number of meter readings per year, the error decreased 

below 2%, which is considered to be far acceptable 

considering the simplicity of the defined method. 

Furthermore, the overall calculated errors seem to have 

the same magnitude as those obtainable with more 

accurate bottom-up models. 

At neighbourhood scale, consistently with similar 

scientific literature about building stocks energy 

simulation, the mean seasonal error of the model increases 

to -40%, +60% respectively for the heating and non-

heating season. On a year basis, the model still performs 

well, with an error of about +15%. The possibility to 

compare the results obtained with the measurements of 

the buildings energy consumption, allowed also the 

authors to highlight the importance of updating the model 

with a higher number of meter-readings, for a greater 

consistency of the model. 

The proposed modelling approach to residential energy 

consumption at urban scale has the main limitation to not 

providing high flexibility to energy consumption 

simulation. SLPs are, in fact, suitably built on large 

samples of DM users chosen as representative of the 

urban building stock and usually updated at large interval 

of times. Also, they rely on historical energy 

consumption, which means that are not capable to account 

for extreme weather scenarios, for changes in the building 

stock energy efficiency and for end-users’ behaviour. For 

the same reason, they have limited capacity to assess the 

impact of energy conservation measures.  

Nevertheless, the authors think that the present research 

gives an innovative view on the use of simple forecasting 

tools towards energy simulation of urban building stocks. 

This could be particularly useful in case of missing data 

about thermo-physical parameters of buildings within a 

building stocks and about energy consumption patterns of 

users. In fact, few data are required for the application of 

these models: two meter-readings, climate data and the 

final energy use of the customer. These last are generally 

easily available in urban energy networks. For this reason, 

these models could be used as support tools for the energy 

simulations of urban building stocks during the 

calibration and validation phases in absence of accurate 

data. 

Future researches will be focused on improving the 

performance of the proposed methodology, by analysing 

new energy signatures taking into account also climatic 

parameters such as solar radiation, which are relevant for 

the simulation of Mediterranean building stocks. 
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Nomenclature 

CV Customer Value 

DE German 

DM Daily-Metered 

EU European 

IT Italian 

IGC Industrial natural Gas Consumption 

NDM Non-Daily Metered 

NDMAC Annual NG consumption of each NDM user 

NDMDC Daily NG consumption of each NDM user 

NGN Natural Gas Network 

RGC 
Real natural Gas Consumption of Residential 

customers 

SLP Standard Load Profiles 

TGC Total natural Gas Consumption of the network 

UK United Kingdom 
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Abstract 

There is an increase in the middle income class in the 

tropical cities of the global south. Which has lead 

governments to focus on the provision of sustainable 

housing stocks. The design of these houses is a concern as 

they are often designed to maximize occupancy. Based on 

analysis of existing building design, the standard midrise 

buildings of Indonesia and Mumbai, India consists of 

double-loaded buildings to optimize the spaces. In such 

double-loaded buildings, the occupants living on the 

leeward side of the building may encounter poor cross-

ventilation. This study aims to determine the optimum 

void design allowing sufficient cross-ventilation in 

naturally ventilated multi-story buildings. Computational 

Fluid Dynamics (CFD) is used to study the ventilation 

effect of voids with different sizes, windcatcher, and 

window size. CFD simulations are validated with the help 

of a Wind Tunnel Experiment (WTE). The results 

conclude that the provision of a void can increase natural 

ventilation in the leeward units of the building. The 

smallest void size showed the highest wind velocities. 

Provision of windcatcher and bigger-sized window 

further increased the natural ventilation on the leeward 

units of the building. 

 

Introduction 

The majority of the developing nations are experiencing 

rapid population growth in urban areas. It is projected that 

almost half of the population increase from 2017 to 2050 

is going to happen in ten developing nations, which 

include India and Indonesia. The increase in population is 

seen mainly in the middle-income group, which has risen 

to 46.8% of the total in the case of Indonesia. The 

government is committed to provide low-cost sustainable 

housing to accommodate the growing urban population. 

In the northern hemisphere, one of the primary focus in 

building design is given on maximizing sunlight during 

the winter months. Hence south-facing single-loaded 

buildings are preferred. Meanwhile, in the tropics, an 

emphasis should be given to better natural ventilation for 

thermal comfort. Traditionally, houses in Global South 

had architectural elements including voids that allow 

sufficient ventilation for thermal comfort while providing 

for solar shading (e.g., chawls of Mumbai). The rising 

demand for housing has led government to compromise 

on the solar design and promote high dense vertical 

structure with double loaded corridors having minimized 

ventilation. In such conditions, the occupants living on the 

leeward side of the buildings generally encounter poor to 

no cross-ventilation. 

Vertical void also known as air well, generally located in 

the center of midrise buildings, is a passive architecture 

feature for ventilation and natural lighting (Farea et al., 

2015, Kotani et al., 2003). A well-designed void can help 

to improve the indoor air quality and maintenance of 

excellent indoor thermal comfort for midrise buildings 

particularly under hot-humid climates (Hirano et al., 

2006; Murakami et al, 2004). 

This study aims to reintroduce the voids in the high dense 

vertical midrise buildings and determine the optimum 

void size for effective cross-ventilation and indoor 

thermal comfort under naturally ventilated condition. This 

paper presents the results of Computational Fluid 

Dynamics (CFD) simulations on ventilation effect with 

various void configurations in typical midrise buildings. 

The results are validated with the help of a wind tunnel 

experiment conducted at Niigata Institute of technology 

wind tunnel facility. The novelty of the study lies in 

reintroducing a traditional building design element, i.e., 

void, in modern midrise buildings. 

 

Prevailing building design in Indonesia and Mumbai. 

A study is conducted to reckon the building design of 

midrise multi-unit buildings existing in Indonesia and 

Mumbai. 168 housing site are studied for the cities of 

Mumbai (102), Jabodetabek (40), Surabaya (15) and 

Bandug (11) with around 794 building units. Data for 

Mumbai was collected from secondary sources and 

government websites i.e., Maharashtra Housing and Area 

Development Authority. (MHADA), Maharashtra Real 

Estate Regulatory Authority (MRERA). 

The architectural elements considered for the study are: 

 Number of Cores: It refers to the number of 

movement core (Stairs and lift combined to 

make a core) in the building. More than 80 

percent of the buildings have a single core all 

together. 

 Corridor type: It refers to the location of units 

around the corridor, double-loaded corridor is 

the most common type with over 80 percent of 

the buildings having it. 
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 Building shape: ‘I’ shaped buildings are the 

most common. 30 percent of the buildings are I 

shaped. 

 Building floors: The average number of floors 

in Mumbai is 12.38 as for Indonesia it is 21.32. 

 Location of balcony: In case of Mumbai, 75 

percent of the units don’t have a balcony where 

as it is compulsory to provide one in Indonesia. 

 Location of toilet: Toilets are located on the 

exterior wall of the units for buildings in 

Mumbai. In Indonesian case, they are located 

around the interior wall (corridor side). 

 Size of units: Based on the analysis the average 

size for one bedroom, two bedrooms, three 

bedrooms unit are 25.3 m2, 34.4 m2 and 44.9 m2 

for Indonesia and in case of Mumbai, it is 19 

m2, 33 m2 , and 56 m2. 

Figure 1 shows the typical plan of a building in Indonesia 

(Type A) and that of a building in Mumbai (Type B). Both 

the building designs were studied for their natural 

ventilation performance with the help of Wind Tunnel and 

CFD simulations. The results showed satisfactory natural 

ventilation on the windward side of the building, but on 

the leeward side, the recorded wind velocities inside the 

units was approximately zero in both the types, hence it 

can be said there is no natural ventilation. Thereby 

suggesting a need for a better building design for natural 

ventilation for the leeward side. A new building design 

Type C is introduced with a void in between the windward 

and leeward side is studied with different configurations 

to suggest a better building design as shown in Figure 4. 

Methods  

Experimental description: In this study, a wind tunnel is 

used to measure wind velocity in the center of the units 

using a constant temperature anemometry (CTA) module 

(Dantec Dynamics; 90C10) for validating the simulated 

results. The experiments were carried in atmospheric 

boundary layer wind tunnel at Niigata Institute of 

Technology (S. Akabayashi; A. Mochida; Y. Tominaga; 

M. Yoshida; J. Sakaguchi, 1996; Tominaga & Blocken, 

2015). The wind tunnel boundary layer has a test section 

of 13m, working cross section of 1.8m height and 1.8m 

width. Figure 2 shows the experimental setup for wind 

speed measurements. The model is made at a scale of 1:75 

from 2mm acrylic sheet. The wind tunnel is setup using a 

combination of wooden blocks and surface roughness to 

create a wind profile representative of the neutral 

atmospheric boundary layer. Figure 3 shows the 

normalized vertical profile of mean velocity ū and 

Figure 1 Typical plan of multi storey buildings in Indonesia 

(Type A) and Mumbai (Type B). 

Figure 2 Experimental setup in the wind tunnel for the collection 

of wind velocity. 

Figure 3 Incident profiles of mean velocity ū and turbulent 

kinetic energy k 
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turbulent kinetic energy k for the incident flow measured 

at the center of the wind tunnel cross-section. 

Normalization is done with the reference velocity at the 

building height 252mm which is 3.95ms-1 and 0.367 m2s-

2 for mean velocity and turbulent kinetic energy 

respectively. 

Model description: To study the most optimized void 

configuration concerning natural ventilation, the present 

study were examined in increasing the performance of 

voids and wind-catcher to increase natural ventilation in 

the leeward units of buildings. The standard building 

design, i.e., a six-floor building with pilotis on the first 

floor, was used for the simulations. It is a double-loaded 

building with an internal void space in the middle of the 

building. The unit size is 45 m2, and the floor height is 

3m. All the units have an open ventilator shaft of 

0.8mx2m at the height of 2.2m which opens towards the 

void space. Figure 4 shows the building 3D, Plan, and 

Section used for CFD. A total of 27 cases are considered 

for the CFD simulation with a varying in void width 

(small 1.2 m, Medium 3 m, large 6 m) and window size 

(no window, WWR 15%, WWR 25%) as shown in 

Table1. 

The commercial software ANSYS Fluent 16.2 was used 

for simulating the wind speed and pressure. A scaled 

building model of 1:75 was prepared for CFD 

simulations. The scale 1:75 was chosen to keep parity 

with the model used for the wind tunnel experiments.  

The computational domain was set according to the best 

practices guidelines for CFD (Joerg Franke, 2006; Jorg 

Franke, Hellsten, Schlünzen, & Carissimo, 2007; 

Tominaga et al., 2008). 

Table 1CFD simulation cases 

 

Flow domain: The size of (Length 4.8m, Breath 3m, 

Height 1.5m) 5H from the inlet to the building wall on the 

windward side, 15H from the leeward wall to the outlet, 

5H on both sides of the building and 5H from the roof of 

the building to the top of the domain was fixed (Where H 

refers to the building height) the flow domain was 

discretized using tetrahedron grids with a high resolution 

near the building area. An inflation layer is added to the 

Cases 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

Void Size S M L S M L S M L S S M M L L S S M M L L S S M M L L 

Catcher Size N N N M M M L L L N N N N N N M M M M M M L L L L L L 

Window size N N N N N N N N N M L M L M L M L M L M L M L M L M L 

Void (S: Small void, M: Medium void, L: Large void) Windcatcher (N: No windcatcher, M: Half-size windcatcher, L: Large size 

windcatcher) Window (N: No window, M: 15% WWR, L: 25% WWR). 

Figure 4 3D model, plan, and section of the model used for CFD simulations and wind tunnel experiments. 
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bottom layer of the domain. The maximum grid size for 

the flow area is set at 30mm and 2.5 mm for the building 

with a growth rate of 120% in all directions.  

Boundary condition: The inlet wind profile is generated 

with reference to the wind tunnel at Niigata Institute of 

Technology(Kubota, Miura, Tominaga, & Mochida, 

2008). The one fourth power law wind profile is generated 

for a referenced velocity of 3.95 ms-1 at the building 

height of .252 m. turbulent kinetic energy profile is 

obtained from the wind tunnel as shown in Figure 3. ε 

profiles are given by assuming local equilibrium of the 

production term for k equation. 

Turbulent modeling: The current study employed the 

standard k ε model. A convergence of scaled residuals 

down to 10-5 is employed. 

Validation 

The experimental data of wind velocity at the center of the 

living units as shown in Figure 4 were collected for a total 

of twelve cases with variation in void, window, and 

windcatcher sizes eight points were measured in each of 

the cases (Mid points on Ground-floor, 1st floor, 3rd floor, 

and 5th floor on the windward and leeward side of the 

building). A total of 12 cases with 8 points in each resulted 

in 96 points for validation. The model used for validation 

was the same as that used in the wind tunnel experiment. 

The comparison between the measured and simulated 

wind velocity for all 96 points is made using the two 

indicative parameters i.e. mean bias error (MBE), and 

cumulative variation of root mean square (CVRMSE) 

which are calculated by 

𝑀𝐵𝐸 =
1

𝑛
∑ (𝑛

𝑖=1
𝑆𝑖−𝑀𝑖

𝑀𝑖
)    (2) 

𝐶𝑉𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑛

𝑖=1
𝑆𝑖−𝑀𝑖

𝑀𝑖
)2     (3) 

Where Mi and Si are the measured and simulated results 

respectively. The MBEs in all the cases came below 4% 

and all the RMSEs were less than 7% According to 

ASHRAE criteria (Gillespie et al., 2002) the model is 

validated if MBE is less than 10% and RMSE is below 

30%. The results of the measured and simulated wind 

velocity were in clear agreement.   

Results and discussions  

Studying natural ventilation performance of a building 

design needs detailed airflow information in and around 

the building. The ventilation rates can be determined 

based on the wind velocities at inlets and outlets of the 

units. This section presents the results of parametric CFD 

simulations done by changing the void size, window size 

and introduction of windcatcher. 

Wind velocity: Wind velocity data from CFD simulations 

was measured at the middle of the windward units, 

leeward units and center of the void. Wind Speed Ratio 

(WSR) was calculated as the ratio between wind velocity 

at a point (Uh)I and the reference point placed at the height 

of the building Ur. Cases 1-9 emphasises on the wind 

velocity in the void, the average WSR in the centre of the 

void for cases 7-9, with the full size windcatcher is the 

highest compared to the cases 4-6 with a half size 

windcatcher and the lowest WSR is seen in cases 1-3 with 

no windcatcher. Case 7 which has a small void and full 

size windcatcher has the largest average WSR in the void 

area. In cases 10-27 the wind velocity is measured in the 

building units. The average WSR in the centre of the unit 

is calculated for windward and leeward units. Table 2 

shows the wind speed ratio from cases 10-27 for units on 

each floor.  

Table 2 Wind speed ratio of windward and leeward units for all the cases. 

Windward units 

6-F 0.17 0.16 0.18 0.16 0.18 0.16 0.14 0.12 0.14 0.13 0.15 0.14 0.10 0.09 0.10 0.09 0.11 0.10 

5-F 0.16 0.15 0.16 0.15 0.16 0.15 0.12 0.12 0.13 0.12 0.13 0.12 0.09 0.09 0.08 0.09 0.10 0.10 

4-F 0.16 0.14 0.16 0.14 0.16 0.14 0.12 0.11 0.12 0.11 0.13 0.12 0.08 0.08 0.08 0.08 0.09 0.09 

3-F 0.17 0.15 0.17 0.15 0.17 0.15 0.13 0.11 0.14 0.12 0.14 0.12 0.08 0.08 0.09 0.08 0.10 0.09 

2-F 0.17 0.15 0.17 0.15 0.17 0.15 0.13 0.12 0.13 0.12 0.14 0.13 0.08 0.08 0.08 0.08 0.10 0.09 
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6-F 0.02 0.03 0.01 0.01 0.01 0.01 0.12 0.18 0.11 0.13 0.12 0.13 0.15 0.20 0.18 0.24 0.15 0.21 

5-F 0.02 0.03 0.00 0.01 0.01 0.01 0.15 0.20 0.07 0.06 0.03 0.05 0.18 0.24 0.19 0.25 0.16 0.21 

4-F 0.01 0.02 0.01 0.01 0.01 0.01 0.15 0.20 0.11 0.11 0.03 0.05 0.19 0.24 0.18 0.24 0.15 0.16 

3-F 0.01 0.02 0.01 0.01 0.01 0.00 0.14 0.19 0.04 0.05 0.08 0.05 0.17 0.22 0.17 0.20 0.16 0.20 

2-F 0.02 0.02 0.01 0.01 0.03 0.04 0.13 0.18 0.12 0.15 0.12 0.16 0.18 0.22 0.17 0.23 0.15 0.21 

Leeward units 
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Figure 5 shows the wind velocity profile in the 1st floor 

and 5th floor units for the Case 11 (SNL) and Case 23 

(SLL). Case 11 has the highest wind velocity for the 

windward side and Case 23 for the leeward side. 

The WSR in windward units remains constant with the 

increase in the void size as seen in Cases 10, 12 and 14. 

Increasing the window size decreases the WSR for the 

windward units for all cases. Adding windcatcher at the 

first floor decreases the WSR on the windward side. 

Increasing the size of windcatcher further decreases the 

WSR. The minimum WSR for the windward units can be 

seen in Cases 23 and 25. For a single building the WSR 

on the windward side is smaller in the 3rd floor (middle 

units), bigger on the 1st and 5th floors (lower and upper 

floors).  

In case of leeward units the smaller voids have better 

WSR. Increase in window size resulted in increased 

WSR. Addition of windcatcher further increases the WSR 

as in Cases 22-27.WSR is highest in the 3rd floor (mid 

units) compared to the 5th and 1st floors (upper and lower 

units). 

Flow rates: Air flow rates for the units were calculated 

using the formula Uopening *A where Uopening is the area 

averaged velocity on window plane, and A is the 

geometric area of the opening. The unit of flow rate is m3s-

1.The flow rates for Cases 10-27 are calculated and 

normalized using 2.6 m3s-1, which is the flow rate of 

middle unit on the windward side of Case 19 (MML) as 

the reference case. Table 3 shows the normalized flow 

rates of all the cases.  

 

Table 3 Flow rates in the windward and leeward units for all the cases. 

Windward units 

6-F 0.77 1.12 0.81 1.15 0.81 1.15 0.62 0.92 0.65 0.96 0.65 1.35 0.42 0.65 0.42 0.65 0.46 0.73 

5-F 0.88 1.23 0.88 1.23 0.88 1.23 0.69 1.00 0.73 1.04 0.73 1.50 0.54 0.77 0.50 0.73 0.58 0.81 

4-F 0.85 1.19 0.88 1.19 0.88 1.19 0.69 0.96 0.73 1.00 0.73 1.46 0.50 0.73 0.50 0.73 0.58 0.81 

3-F 0.81 1.12 0.81 1.12 0.81 1.12 0.62 0.88 0.65 0.92 0.69 1.35 0.42 0.65 0.42 0.62 0.50 0.73 

2-F 0.69 1.00 0.69 1.04 0.69 1.04 0.54 0.77 0.58 0.85 0.62 1.23 0.38 0.54 0.38 0.58 0.42 0.62 
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6-F 0.15 0.27 0.00 0.04 -0.04 0.00 0.58 0.77 0.54 0.73 0.50 0.92 0.77 1.00 0.77 1.04 0.73 0.96 

5-F 0.12 0.19 -0.04 0.00 -0.08 -0.04 0.58 0.73 0.54 0.69 0.46 0.81 0.81 1.04 0.81 1.04 0.73 0.96 

4-F 0.04 0.15 -0.08 -0.04 -0.12 -0.08 0.58 0.73 0.54 0.69 0.46 0.77 0.81 1.04 0.81 1.04 0.73 0.96 

3-F 0.08 0.12 -0.04 0.00 -0.08 -0.04 0.62 0.77 0.54 0.65 0.50 0.88 0.77 1.00 0.77 1.00 0.73 0.92 

2-F 0.12 0.15 0.04 0.08 0.08 0.15 0.58 0.73 0.54 0.65 0.50 0.96 0.77 0.96 0.73 0.96 0.69 0.92 

Leeward units 

In case of windward units the flow rate is high in cases 

10-21. Increase in window size increased the flow rates. 

Addition of windcatcher reduced the flow rates with case 

21 (LML) as an exception. 

In case of leeward units, the existence of a void or the 

increase in void size does not impact the flow rates 

drastically. Cases 12-14 show negative flow rate i.e. 

direction of flow is opposite to the wind direction. Flow 

Figure 5 Wind velocity in the 1st and 5th floor units of case 11 

and 23.  
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rates drastically improved with the addition of 

windcatcher. 

In the case of windward units, the middle floors (4th and 

5th) have higher flow rates, the 2nd floor has the lowest 

flow rate compared to the other floors. Deductively, the 

flow rate gradually increased from lower to middle floors 

and decreased as it reached top floor in shape of a ‘D’. In 

the case of leeward units, the 2nd and 6th floor have higher 

flow rates compared to the middle units. The flow rate 

gradually decreases from bottom to middle increasing 

back again before reaching the top floor in shape of a ‘C’ 

though the flow rate differences are very marginal across 

the floors of the building. 

Figure 6 shows the per unit average flow rates of all all 

the cases. Cases 17, 19 and 21 have good flow rates on the 

windward and the leeward side. 

Figure 7 shows Case 15 (LNL) with the best windward 

flow and negative or zero leeward flow i.e. wind is 

moving opposite to the wind direction. Case 23 (SLL) 

shows the best leeward flow in all the cases. 

Summary and conclusion 

A total of 27 building design options were studied with 

the help of CFD and wind tunnel experiments to suggest 

measures for increasing natural ventilation performance 

of the building prioritizing its leeward side. 

The results can be summarized as: 

 Introducing a void in the building design 

increased the air flow and wind speed ratio in 

the leeward units. Small void of 1.2 m is 

effective than mid and larger voids. 

 Increasing the size of the windows was found to 

be directly proportional to the increase in the air 

flow rates in the units.  

 Use of windcatcher at the pilotis level increased 

the flow rates in the leeward units while 

decreasing that on the windward units. 

Increasing the windcatcher size increased the 

flow rates on the leeward side and further 

decreased the flow rates on the windward side. 

Thus it can be concluded that the use of void can help in 

increasing natural ventilation in the building. Small size 

void with 25% WWR and half-size windcatcher 

effectively placed could lead to better natural ventilation 

on both the windward and leeward units equally. 

Furthermore, there is a need to study the airflow patterns 

in a void with the change in wind direction and for high 

rise (20 to 40 floors) to produce much conclusive 

evidence on better naturally ventilated building design for 

the tropics. 

Figure 6 Average per unit flow rate for the cases. 

Figure 7 wind velocity in case 15 and case 23 with minimum 

and maximum flow rates on the leeward side respectively. 
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Abstract 

Building energy code compliance is the critical link 

between the efficiency specified in energy codes and 

actual energy savings. In a recent research study that 

evaluated the current status and identified gaps in code 

compliance in U.S. states, we proposed a novel 

methodology, based on large scale building energy 

simulation inferred by limited field data, to assess 

performance of a large population of homes.  This 

methodology addresses two issues that impact existing 

methodologies: a lack of energy performance metrics and 

the cost of field surveys.  This paper presents the 

methodology and the results of this study. 

Introduction 

In the U.S., building energy use accounted for 40% of 

total energy consumption and 75% of total electricity 

consumption in 2016 (U.S. EIA, 2017).  As a cost-

effective way for reducing energy consumption, building 

energy codes, which govern building construction to meet 

minimum energy requirements, have been established in 

the U.S. and many other countries. Code compliance is a 

critical link between the energy efficiency prescribed in 

the energy codes and the actual energy savings.  The 

energy savings from stringent energy codes cannot be 

delivered unless new buildings are constructed to comply 

with the code. In the U.S., state legislatures, local 

jurisdictions, utility companies and energy efficiency 

program administrators are interested in knowing the 

current status of code compliance and the energy saving 

potential in their jurisdictions.  They rely on such 

information for policymaking, targeted training and 

outreach activities to improve the code compliance, 

resource planning, and payback of investments (Lee and 

Groshans, 2013). 

Historically, most building energy code compliance 

studies do not directly estimate energy savings.  Instead, 

they rely on a compliance rate, which is calculated as the 

percentage of the individual code items that are in 

compliance.  However, such a compliance rate does not 

correspond directly to energy consumption, making it 

difficult to estimate potential energy savings (Bartlett et 

al., 2016; PNNL, 2010). On the other hand, code 

compliance evaluation cannot be completed without 

collecting data through site surveys. These surveys are 

expensive and it is difficult to collect complete and 

sufficient information for engineering calculations or 

computer simulations, especially in a large scale code 

compliance exercise for a U.S. state. 

There is an increasing trend to use building energy 

performance as a metric and building energy simulation 

as tools for the code compliance evaluation (Rosenberg et 

al., 2016; Storm et al., 2016). Building simulation has 

been widely used to support the analysis of building 

performance for a variety of research and practical 

purposes. Compared to in-situ building experiments, 

building energy simulation provides a numerical 

experiment with a relatively fast, low-cost, and 

controllable environment to investigate the impact of 

design options and technologies on a building’s energy 

performance.  There are many sophisticated building 

energy simulation tools and EnergyPlus (Crawley et al., 

2001) is one that has been used widely for the 

development of building energy codes in the U.S. and was 

thus chosen for the evaluation of code compliance in this 

study. 

There are challenges to using building simulation for 

evaluating code compliance and having the complete 

model inputs is the most difficult one.  When building 

energy simulation is used to compare individual building 

design options and technologies or evaluate retrofit 

measures, the detailed model inputs could be derived from 

building design documents, building permits, or from 

actual observations of individual buildings under retrofit.  

When building energy simulation is used to support 

energy code development or evaluate energy efficiency 

measures for a population of buildings, prototypical 

building models are generally used (Thornton et al., 2011; 

Deru et al., 2011; Reinhart and Davila, 2016).  The 

characteristics of the prototypical buildings are known as 

well as their operations and control schemes (Wang et al., 

2013; Fernandez et al., 2017). However, this is not the 

case when applying a building simulation tool for the 

evaluation of code compliance. 

In the evaluation of code compliance, the code 

requirements are known and site visits are the only way to 

truly confirm code compliance.  However, the long 

timeline and complexity of building construction make it 

impossible to observe all code items from a single site 

visit.  Multiple site visits during different construction 

phases not only increases the cost but also introduces 

biases on the data collection due to the awareness of the 

builder of the upcoming visits. The builder’s practice may 

be altered by knowing there are follow-up compliance 
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assessments in the future.  All these lead to the approach 

that field visits are only conducted on a small sample of 

buildings and not all code items will be collected from 

each building visited. 

Since comprehensive field surveys for the energy 

simulation of individual buildings becomes impractical in 

evaluating code compliance at the scale of an entire state 

due to the large volume, long timelines, and complexity 

of building construction, we proposed a novel modelling 

framework to leverage limited field data collection with 

large scale simulation. The framework encompasses all 

aspects of conducting a residential energy code field study 

in single-family homes, including sampling homes under 

construction, data collection during a site visit, and the 

subsequent simulation and analysis.  The entire study 

consists of three phases, a Phase I baseline study to 

evaluate the current state of energy use in typical 

residential homes in the state and to identify specific code 

requirements that present opportunities for improved 

compliance, a Phase II for education, training and 

outreach activities aimed at improving compliance for 

those code requirements identified in Phase I, and a Phase 

III for a follow-up field data collection and analysis to 

evaluate the effectiveness of Phase II. The developed 

framework has already been applied to the data collection 

and analysis of Phase I as reported in Xie et al., 2018.  

This paper focuses on the data collection and analysis of 

Phase III as well as a comparison between Phase I and III. 

The remainder of this paper is organized as follows: the 

Background section provides a background of the three 

phases of this study.  The Methodology section briefly 

introduces the aspects of the framework that have 

otherwise been described and applied in Phase I (Xie et 

al., 2018) with a focus on Phase III.  The Results section 

and the Discussion and Conclusion sections present the 

Phase III results for four states that have completed the 

data collection and analysis, as well as the comparison 

between Phase III and Phase I. 

Background 

A multi-year residential energy code field study was 

initiated by the United States Department of Energy (U.S. 

DOE) in 2015.  The goals of the study were to (1) 

establish a framework to evaluate the current status of 

code compliance and quantify code-related energy 

savings opportunities in single-family residential 

construction, and (2) test whether compliance could be 

improved through energy code education, training & 

outreach activities. Eight U.S. states, including Alabama, 

Arkansas, Georgia, Kentucky, Maryland, North Carolina, 

Pennsylvania and Texas, participated in the study by 

responding to the U.S. DOE Funding Opportunity 

Announcement (FOA), “Strategies to Increase 

Residential Energy Code Compliance Rates and Measure 

Results” (FOA, 2014; Williams et al., 2018). 

Phase I of the study develops a framework for evaluating 

residential building code compliance. The framework 

includes plans for site surveys, protocols for data 

collection, and a methodology for data analysis including 

EnergyPlus simulation.  The analysis methodology uses 

building energy simulation to replace the historic 

compliance rate approach.  Prototype building models are 

used for the analysis. Limited field data is collected and 

bootstrap sampling (Hesterberg, 2015) is applied to 

generate inputs for a large number of building models on 

which EnergyPlus simulation is conducted.  The 

developed methodology has previously been applied to 

field data collected during Phase I in the eight pilot states 

funded by the FOA. The analysis identified gaps in code 

compliance, and those to-be-improved code items became 

targets for training, education and outreach activities. The 

energy saving potential of to-be-improved code items are 

also estimated (Xie et al., 2018).  

Following Phase I, the participating states spent two years 

implementing a variety of intervention strategies, focused 

on the to-be-improved code items identified in Phase I, 

using education, training and outreach activities aimed at 

improving compliance. 

The Phase III follow-up field data collection and analysis 

are based on the same framework developed and applied 

in Phase I, aiming to evaluate the effectiveness of the 

education, training and outreach activities of Phase II.  At 

the time of writing, four out of eight states have completed 

Phase III data collection and analysis. 

Additionally, ten other states used the methodology to 

complete single-phase studies, with U.S. DOE providing 

the technical analyses through the Pacific Northwest 

National Laboratory.  This paper focuses on results of the 

pilot states from the original three-phase study.   

Methodology 

The framework and analysis methodology developed in 

Phase I is described in Xie et al. 2018.  For completeness, 

a brief introduction has been included in this section. 

Key Code Items 

Building energy codes regulate a large number of building 

characteristics.  In this study, the methodology (U.S. 

DOE, 2018) evaluates seven key code items shown in 

Table 1, which is a subset of code items identified through 

simulation and analysis as having the largest direct impact 

on residential energy consumption. 

Sample Size and Data Collection 

A statistical analysis was conducted based on sensitivity 

analysis employing whole building energy simulation to 

investigate the impact of key code items. A sample size of 

63 was established as the minimum sample size to identify 

the desired building energy usage difference (Bartlett et 

al., 2018). A proportional random sampling approach was 

used to design the sample plan based on the average of the 

three years of Census Bureau permit data (U.S. Census 

Bureau, 2017). A data collection team contacted each 

jurisdiction identified in the sample plan to obtain a list of 

homes at various stages of construction within the 

jurisdictions. Homes were selected at random for data 

collection (Halverson et al., 2015; Bartlett et al., 2018).  

For each selected home, a single site visit was planned to 

avoid biases associated with multiple visits. 
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Table 1: Key Code Items. 

Key Code 

Requirement 
Metric 

Envelope Tightness 
Air changes per hour at 50 

Pascals 

Duct Leakage 

Cubic meter per second/100 m2 

conditioned floor area at 25 

Pascals 

Wall Insulation R-value (m2-K/W) 

Ceiling Insulation R-value (m2-K/W) 

Floor or Foundation 

Insulation 
R-value (m2-K/W) 

Window Efficiency 

Window U factor (W/m2-K) and 

Solar Heat Gain Coefficient 

(SHGC) 

High Efficacy 

Lighting 

Percentage of all permanently 

installed lamps or luminaires 

It can be seen from Table 2 that the single site-visit 

principle necessitated visits to 133–249 homes in Phase I 

and 121-185 homes in Phase III to obtain at least 63 

samples for all key items, depending on the state.  As 

shown in Table 2, the number of homes visited during 

field survey consists of a small sample of the estimated 

construction permits issued in each state.  The data 

collected for the eight states during Phase I are publicly 

available at the residential field study page on the U.S. 

DOE’s Building Energy Code Program’s website 

(https://www.energycodes.gov/compliance/energy-code-

field-studies).  The data collected during Phase III will be 

made publicly available after the analysis is completed.  

Table 2: Number of Homes Visited and Annual Permits. 

U.S. State Phase I Phase III 

Annual 

Permits 

AL (Alabama) 134 126 9,506 

AR (Arkansas) 166  a 5,257 

GA (Georgia) 216  b 27,503 

KY (Kentucky) 140 121 7,345 

MD (Maryland) 207 185 10,541 

NC (North 

Carolina) 249  b 30,029 

PA (Pennsylvania) 171 160 16,371 

TX (Texas) 133  b 100,609 

a: did not continue to Phase III.  

b: not completed yet. 

Prototype Model and EnergyPlus Simulation 

As described below, the data collected from single site 

visits to randomly selected homes under construction is 

applied to the residential building prototype model 

developed by PNNL for U.S. DOE’s residential code 

analyses (Taylor, Mendon, and Fernandez, 2015). 

Simulation to Compare Baseline and Observed 

Energy Consumption 

It is assumed that the visited homes are a representative 

subset of new residential construction stock in the state, 

the data collected for key code items are empirical 

distributions of the code values expected in the time 

period when the field studies were conducted, and the 

distributions of the key code items are independent from 

each other. A bootstrap sampling process (Hesterberg, 

2015) was used to generate combinations of the key code 

items by randomly drawing from each of their respective 

empirical distributions. Each combination of the 

randomly drawn values of all the key code items was 

treated as a plausible set of observations that could have 

been obtained from a newly constructed home in the state. 

Each set of the randomly drawn value combinations of the 

key code items was thus applied to the prototype model, 

a building model with all the necessary inputs, i.e., a 

pseudo-home, was thus created. Repeating the random 

process a large number of times (N = 1500 in this study), 

a population of N pseudo-homes was thus created for each 

state. Altogether, the variations of the key code items in 

the N pseudo-homes follow the empirical distributions of 

the key code items observed from field survey.  The set of 

N pseudo-homes thus reflects the current state of code 

compliance of new residential construction in a state.  In 

order to evaluate the code compliance of the new 

residential construction represented by the N pseudo-

homes, a code compliant pseudo-home was created by 

setting the value of all key code items to the 

corresponding prescriptive and/or mandatory 

requirements of the code in effect in the state. This yields 

N + 1 total pseudo-homes. 

The single-family residential building prototype models 

include five different foundation types (slab-on-grade, 

vented crawlspace, conditioned crawlspace, heated 

basement, unheated basement), and four different heating 

system types (gas furnace, electric resistance, heat pump, 

fuel oil furnace).  Due to the different energy use impact 

of foundation type and heating system type, each of the N 

+ 1 pseudo-homes was thus replicated into M copies to 

account for the M combinations of foundation type and 

heating system type. The M replicates of a pseudo-home 

were otherwise identical to each other with respect to 

building construction, equipment, and internal loads.  For 

states with multiple, say K, climate zones, the building 

model creation was repeated K times leading to K × M × 

(N + 1) total building models. The EnergyPlus 

simulations were conducted on an hourly basis and the 

annual energy use intensity (EUI) and energy costs were 

calculated from hourly outputs separated by fuel types for 

code regulated loads.  The EUI of each pseudo-home was 

calculated by weighting the EUIs of the M EnergyPlus 

models belonging to this pseudo-home based on their 

shares in the distributions.  Table 3 lists the number of 

climate zones, K, the number of foundation types and 

heating system types, M, the number of pseudo-homes, N, 

as well as the number of EnergyPlus simulation models 

for each of the eight states at Phase I.  To retain 

consistency between the two phases as described in the 

next section, Phase III is subjected to the same number of 

models and EnergyPlus runs.  

Post-Stratified Sampling 

When we applied the methodology developed at Phase I 

for Phase III data, several issues arose.  

First, the number of permits issued annually in a state 

varies from year to year. Since the methodology involved 

multiplying the average measure level savings per home 

by the number of permits to obtain the state level savings, 
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it quickly became obvious that the state level savings was 

primarily driven by the number of permits.  The 

methodology was thus revised to specify that the 

comparison of measure level savings was based on the 

Phase I number of permits.  

Table 3: Number of Pseudo-homes and Simulation Runs. 

U.S. State A B C D E 

AL 2 4 3 3,002 36,024 

AR 2 2 2 3,002 12,008 

GA 3 5 2 4,503 45,030 

KY 1 4 3 1,501 18,012 

MD 1 4 3 1,501 18,012 

NC 2 5 3 3,002 45,030 

PA 2 3 2 3,002 18,012 

TX 4 1 3 6,004 18,012 

A: Number of Climate Zones, B: Number of Foundation Types, 

C: Number of Heating System Types, D: Number of Pseudo-

homes, E: Number of EnergyPlus Models for Main Simulation 

The next issue was the distribution of heating system 

types, foundation types, and number of permits by climate 

zone.  Because each of these distributions was used for 

weighting either the number of pseudo-homes or the 

results, changes in each of these distributions from Phase 

I to Phase III would skew the comparison. Therefore 

Phase I distributions were applied to the Phase III data 

analysis for consistency.  

The third issue is the distribution of the number of 

observations by climate zone of individual key items 

differs between Phase I and Phase III in states with 

multiple climate zones.  In the Monte Carlo process used 

to assign observations to individual building models, all 

observations of each key item within a state are pooled 

together. For states with multiple climate zones and for 

key items with varying code requirements among climate 

zones, the pooling may introduce abnormally high or low 

observations into a climate zone.  When the distribution 

of key items by climate zone differs between Phase I and 

Phase III, randomly drawn observations from the pooled 

data for the state may lead to bias.  In order to maintain 

consistency in random sample drawing between Phase I 

and Phase III, the key item distribution by climate zone of 

Phase I is used to guide the random sample draw in both 

Phase I and Phase III.  Instead of drawing from the pooled 

data with equal probability, a post-stratified sampling 

proportional to the key item distribution by climate zone 

of Phase I is enforced.  For each strata (i.e., the 

observations in each climate zone), each observation has 

equal probability to be drawn. 

Simulation for Measure Savings 

One goal of the Phase I analysis is to identify specific gaps 

in code compliance and highlight them during targeted 

training and outreach activities in Phase II. Another goal 

is to estimate the energy savings potential if code 

compliance is improved such that each key code item 

meets code.  For Phase III, a similar measure level 

analysis is conducted and the comparison between the two 

phases will show if Phase II training, education and 

outreach is effective. 

The analysis designed for evaluating measure level 

savings begins by comparing the observation of each key 

code item with the code requirement to determine if it 

meets the code requirement or not.  If a key code item has 

a significant number of observations not meeting the code 

requirement, it is a to-be-improved candidate for the 

targeted training, education, and outreach activities for 

code compliance improvement.  Here, significance is 

defined as more than 15% of observations not meeting the 

code requirement.  For each to-be-improved code item, 

the worse than code requirement observations are pulled 

out, and the unique values and their occurrence 

percentages are calculated.   

Two sets of building models were created for the 

simulations.  One set of building models was created with 

each unique worse than code requirement value.  Another 

set of building models was created by replacing the worse 

than code requirement values with the code compliant 

values.  The various foundation types and heating system 

types were taken into consideration through replicate 

EnergyPlus model simulations.  The energy consumption 

difference between these two sets of models represents 

the theoretical energy saving potential that can be 

achieved if the current worse than code requirement 

observation is improved to just meet the code 

requirement.  The developed approach has already been 

applied to the Phase I data (Xie et al., 2018) and it has 

been applied to Phase III data of four states that completed 

the data collection.  The measure level energy savings 

results between Phase I and Phase III will yield insights 

on the effectiveness of the training, education and 

outreach activities of Phase II. It should be pointed out 

that the saving potential estimated might be treated as a 

theoretical maximum because it does not take interaction 

effects into account such as the increased amount of 

heating needed in the winter when energy efficient lights 

are installed (see footnote 4 of DOE, 2018).   

Results 

This section presents the results of four states that have 

completed all three phases: Alabama, Kentucky, 

Maryland and Pennsylvania. 

State-wide Average Energy Consumption 

Table 4 compares the baseline (code compliant) EUI and 

average observed EUI for the four states at both Phase I 

and Phase III. 

The initial U.S. DOE field study methodology was 

designed to detect an EUI difference of 14195 kJ/m2-yr 

between Phases I and III.  Any change in excess of that 

threshold would indicate that a statistically significant 

change had taken place. 

The average observed EUI decrease for three of the four 

states ranges from 4% in Alabama to 10% in Maryland. 

The absolute reduction in Kentucky and Maryland 

exceeds the threshold of 14195 kJ/m2-yr, indicating that 

there is significant reduction of the energy consumption 

from Phase I to Phase III in these two states.  The 

observed average EUI in Alabama decreases from Phase 

I to Phase III but the difference is below the 14195 kJ/m2-
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yr threshold, so the result is inconclusive.  In contrast, 

Pennsylvania presents a significant increase on average 

observed EUI from Phase I to Phase III. 

While three of the four states show state-wide EUI 

reduction, the EUI increase for Pennsylvania deserves 

further study. 

Table 4: Average State-wide Energy Use Intensity (EUI) 

[kJ/m2-yr]. 

U.S. 

State 

Code 

Complai

nt Phase I 

Phase 

III 

Differe

nce 

Chan

ge % 

AL 209,074 224,973 216,228 8,745 4% 

KY 385,895 355,573 334,904 20,669 6% 

MD 312,986 346,260 312,418 33,842 10% 

PA 516,495 462,551 495,258 -32,707 -7% 

Measure Level Saving Analysis 

Table 5 presents the measure level saving potential based 

on both Phase I and Phase III calculations. 

The measure level saving potential is an indicator of how 

well homes performed compared to code-compliant 

homes.  If all homes meet code, there is no saving 

potential. Therefore a reduction in savings potential 

indicates improvement in code compliance.  

In the four states completed to date, the majority of key 

code items exhibit improvement, but not all code items 

follow such a trend.  For Alabama and Maryland, 

improvement is shown in all to-be-improved code items 

identified at Phase I.  A few code items show worse code 

compliance in Kentucky, but overall, the code compliance 

improved from Phase I to Phase III as indicated by its 

reduced saving potential.  Pennsylvania shows a different 

trend.  Half of the to-be-improved code items were 

improved, the other half got worse, and the overall code 

compliance became worse.  The measure level results are 

consistent with the state-wide results shown in Table 4.

 

Table 5: Measure Level Annual Savings Potential (Phase III vs Phase I). 

     Total Energy Savings Potential (GJ)  Total Cost Savings Potential ($) 

State Key Code Items Phase I Phase III Reduction % Phase I Phase III Reduction % 

AL  

(2015 IECC) 

Duct Leakage 15,214 12,440 18.2% $395,063 $323,238 18.2% 

Lighting 11,492 8,663 24.6% $385,451 $290,649 24.6% 

Envelope Air Leakage 11,823 8,319 29.6% $263,089 $185,084 29.6% 

Exterior Wall Insulation 8,464 7,370 12.9% $201,105 $175,080 12.9% 

Window SHGC 1,381 102 92.6% $54,674 $4,534 91.7% 

TOTAL 48,373 36,895 23.7% $1,299,381 $978,585 24.7% 

KY  

(2009 IECC) 

Envelope Air Leakage 28,679 613 97.9% $484,314 $10,321 97.9% 

Ceiling Insulation 11,999 5,103 57.5% $215,656 $91,786 57.4% 

Exterior Wall Insulation 9,788 8,699 11.1% $171,044 $151,974 11.1% 

Foundation Insulation 7,174 12,319 -71.7% $108,156 $178,905 -65.4% 

Lighting 6,058 4,704 22.3% $197,544 $153,383 22.4% 

Duct Leakage 2,253 18,101 -703.6% $43,142 $342,217 -693.2% 

TOTAL 65,951 49,540 24.9% $1,219,858 $928,585 23.9% 

MD  

(2015 IECC) 

Envelope Air Leakage 56,834 14,687 74.2% $754,946 $194,899 74.2% 

Wall Insulation 26,619 4,846 81.8% $401,480 $73,498 81.7% 

Lighting 3,762 1,397 62.9% $195,378 $24,595 87.4% 

Duct Leakage 8,554 164 98.1% $146,619 $8,115 94.5% 

Ceiling Insulation 2,711 630 76.7% $44,366 $10,307 76.8% 

TOTAL 98,480 21,725 77.9% $1,542,790 $311,414 79.8% 

PA  

(2009 IECC) 

  

Duct Leakage 91,300 77,140 15.5% $1,360,493 $1,160,783 14.7% 

Exterior Wall Insulation 57,588 65,227 -13.3% $798,031 $903,673 -13.2% 

Foundation Insulation 18,689 3,539 81.1% $175,676 $14,477 91.8% 

Lighting 5,138 49 99.0% $365,254 $41,178 88.7% 

Envelope Air Leakage 6,624 41,081 -520.2% $81,668 $506,777 -520.5% 

Ceiling Insulation 33,576 60,114 -79.0% $499,392 $893,386 -78.9% 

Total 212,914 247,150 -16.1% $3,280,515 $3,520,274 -7.3% 

  

    Phase I Phase III Change % Phase I Phase III Change % 

All 4 states Total 425,718 355,309 16.5% $7,342,543 $5,738,857 21.8% 

 

Figure 1 shows the distribution of the code items with the 

largest saving potential evaluated in Phase I for each state.  

The distribution indicates improvement and supports the 

measure level saving potential reduction from Phase I to 

Phase III.  Figure 2 shows the distribution of a code item 

in each state with a reduction in saving potential from 

Phase I to Phase III.  The improvement of the code item 

is also obvious.  Figure 3 shows the distribution of a few 

code items in these states with an increase in saving 

potential from Phase I to Phase III.  For ceilings in PA, 

the R-value of the insulation actually meets or exceeds the 

code requirement, however, poor insulation installation 

quality caused the inferior performance. In KY, a few 

very leaky homes in Phase III increase the saving 

potential from this code item. 
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Although there was deteriorated code compliance in duct 

leakage and foundation insulation in KY, overall KY has 

~24% saving potential reduction after Phase II activities. 

Considering the saving potential reduction in AL, KY, 

and MD and the saving potential increase in PA, the 

overall saving potential in the four states altogether was 

reduced by 17% of energy use and 22% of energy cost, 

suggesting the effectiveness of the Phase II training, 

education, and outreach activities.    

Discussion and Conclusions 

A consistent framework based on an energy metric has 

been established that can quantify gaps in code 

compliance and the effectiveness of compliance 

improving intervention strategies. This approach has 

recently been used by eight states.  We evaluated the state-

wide average EUIs of new residential construction and 

individual code item measure level saving potential both 

before and after intervention activities such as education 

and training. We compared both the state-wide average 

EUI and the measure level saving potential of the four 

states that have completed all phases.  The state-wide EUI 

results show significant EUI reductions in two states (KY 

and MD), inconclusive EUI reduction in AL, and EUI 

increase in PA.  The measure level saving potential 

analysis shows that all to-be-improved code items 

identified in Phase I for AL and MD have been improved.  

Although the saving potential of two code items increase 

in KY, the overall saving potential in KY decreased after 

Phase II.  While the overall saving potential in PA 

increases, three code items show saving potential 

reduction after Phase II in PA.  Table 5 indicates code 

compliance improvement after Phase II’s education, 

training, and outreach activities.  There was an overall 

improvement in three of the four states.  In two of the four 

states every to-be-improved code item showed 

improvement, while in the other two states some code 

items improved while some got worse. Future study is 

needed specifically for those code items in the states 

showing deteriorated performance after the targeted 

education, training, and outreach activities.  
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Figure 1: Observation Distributions of Code Items with the Largest Saving Potential Evaluated in Phase I by State. 
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Figure 2: Observation Distributions of Code Items with a Reduction in Saving Potential from Phase I to Phase III by 

State. 

 
Figure 3: Observation Distributions of Example Code Items with an Increase in Saving Potential from Phase I to Phase 

III. 
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Abstract 
In the United States, building energy codes, which set 
minimum efficiency requirements for new buildings, are 
commonly used and periodically updated to improve 
energy efficiency of new buildings and reduce their 
energy consumption over their service life. Knowing the 
savings impacts of the energy efficiency measures 
(EEMs) in the codes is very helpful for jurisdictions 
considering adoption of newer codes. This paper proposes 
a novel methodology to analyse and rank the impacts of 
individual EEMs on commercial buildings while 
accounting for the interactions of the EEMs. A case study 
is performed on a prototypical small office building in 
three climate zones. The impacts of multiple EEMs, 
representing changes in requirements through five 
editions of ASHRAE 90.1, were evaluated. The results 
indicate that the lighting-related EEMs have the most 
significant impacts on energy savings across all three 
climate zones; the night setback control requirement for 
cooling generates high savings in hot climates; and the 
improved envelope insulation and outdoor air control 
requirements can bring important savings for buildings in 
cold climates. These findings can help policymakers 
understand the importance of the EEMs and make 
informed decisions on their code adoption. 
Introduction 
The Annual Energy Outlook 2018 showed that the 
commercial building sector consumed approximately 
18% of U.S. primary energy in 2017 (EIA 2018). The 
annual energy consumption of U.S. commercial buildings 
is projected to increase by 12.3% by 2050 based on 
historical building energy data. Recent studies on the 
analysis of high-efficiency building technologies 
demonstrated their significant potential to reduce energy 
consumption (Glazer 2016; Griffith et al. 2007; Kneifel 
2010, 2011). 
In the United States, building energy codes set minimum 
efficiency requirements for new and retrofit buildings, 
assuring reductions in energy use and emissions over the 
life of the building. As a national model energy code for 
commercial and multifamily high-rise residential 
buildings, ANSI/ASHRAE/IES Standard 90.1 is 
periodically updated to require new and cost-effective 
technologies to improve building energy efficiency 
(ASHRAE 2004, 2007, 2010, 2013, 2016). 

To evaluate the energy savings of Standard 90.1, the U.S. 
Department of Energy (U.S. DOE) created a set of 
prototypical building energy models by using building 
energy simulation programs. The model set contains 16 
commercial and multifamily prototypes in 15 climate 
zones in EnergyPlus to support development and energy 
savings evaluation of the standards and advise future 
development. The published models include 
code-compliant prototypes to meet requirements in 
ASHRAE Standard 90.1 (ASHRAE 2004, 2007, 2010, 
2013, and 2016) and the International Energy 
Conservation Code (IECC 2006, 2009, 2012, and 2015). 
To support the adoption of new code editions by state 
building departments or local jurisdictions, the U.S. DOE 
is required by law (under the Energy Conservation and 
Production Act, or ECPA) to issue a determination as to 
whether the latest edition of ASHRAE Standard 90.1 will 
improve energy efficiency compared to the previous 
edition. The U.S. DOE’s determination reports identified 
44 changes from 90.1-2004 to 90.1-2007, 109 changes 
from 90.1-2007 to 90.1-2010, 110 changes from 90.1-
2010 to 90.1-2013, and 121 changes from 90.1-2013 to 
90.1-2016, for a total of 384 changes from 2004 through 
2016 (Thornton et al. 2011; Halverson et al. 2014; DOE 
2016). However, these determination reports only provide 
information on overall savings, not the impacts of 
individual changes. Hart and Xie (2014) published an 
analysis report that broke down building energy uses by 
end use to show the impacts of the combined code 
changes in the last few editions. The analysis shows the 
reductions by end use from 90.1-2004 to 90.1-2013, but it 
does not distinguish the contributions from the individual 
energy efficiency measures (EEMs). Such information is 
particularly important for jurisdictions when they 
consider partially adopting a code or making their state-
specific code changes.  
Building energy models are effective for evaluating the 
impact of energy code EEMs on energy consumption in 
commercial buildings because they allow one or more 
EEMs to be changed while other parts of the building 
remain the same. Some researchers have used building 
energy models in building energy analyses to identify 
impactful EEMs for energy consumption. Tian (2013) 
reviewed the existing work to identify sensitive EEMs for 
building energy consumption by using sensitivity analysis 
methods. Eisenhower et al. (2012) did sensitivity 
decomposition of building energy models to identify how 
the EEMs impact energy consumption. These sensitivity 
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analysis approaches usually require building samples to 
evaluate the sensitivity of EEMs within their uncertainty 
ranges. However, current methods are not suitable for 
evaluating the impact of EEMs during energy code 
edition upgrades, for two primary reasons. First, the 
building energy code EEMs are discrete, and it is 
unsuitable to select samples in the ranges of uncertainty. 
Second, the sets of EEMs that have different values 
between two adjacent codes are not consistent. Thus, it is 
not suitable to use sensitivity analysis methods where the 
EEMs need to have the same number of levels. To address 
these limitations, we propose a new methodology to 
analyse the individual and interactive impacts of the 
EEMs based on the values presented in building energy 
codes. 
As mentioned earlier, there were 384 code changes from 
90.1-2004 to 90.1-2016. In this study, the changes are 
embodied in the different editions of the DOE 
Commercial Prototype Building Models (DOE 2018). 
This paper proposes a novel methodology to analyse how 
energy code EEMs impact site energy use intensity (EUI) 
and applies this methodology to small office buildings 
across five ASHRAE 90.1 editions. The methodology 
consists of forward and backward analyses to evaluate the 
individual and interactive impacts of energy code EEMs. 
As a case study, 15 small office building models are 
selected from the DOE Commercial Prototype Building 
Energy Models. The models are in ASHRAE climate 
zones 1A, 5A, and 8, and meet the requirements of 
ASHRAE Standard 90.1-2004, 90.1-2007, 90.1-2010, 
90.1-2013, and 90.1-2016. All the EEMs with different 
values in consecutive editions of ASHRAE Standard 90.1 
are identified. By using the proposed methodology and 
the small office models, we compare EUIs to determine 
the EEMs that have the greatest impact through ASHRAE 
90.1 upgrades. 
Methodology 
The proposed methodology consists of four steps (Figure 
1). The first step is to identify which EEMs are revised in 
consecutive energy code editions. These EEM changes 
are encompassed in representative building models for 
each energy code edition, such as the DOE Commercial 
Prototype Building Models. The second step is to conduct 
the forward-process simulation. In this step, we can 
identify changes in site EUI when one EEM is updated to 
meet the requirements of the newer building energy code. 
The third step is to conduct the backward-process 
simulation. In this step, we can identify changes in site 
EUI when one EEM is degenerated to meet the 
requirements of the older building energy code. Based on 
the site EUI changes identified in steps 2 and 3, the fourth 
step is to analyse the impacts that these EEMs have on the 
building site EUI. 

  
Figure 1: Methodology. 

Changes of the EEMs 
To evaluate the degree of impact that individual EEMs 
have on site EUI, the first task is to identify which EEMs 
have changed between consecutive editions of building 
energy codes. A building energy model consists of a large 
set of EEMs, and the uncertainties of the EEMs have an 
aggregated impact on the uncertainty of energy data. The 
impact of EEMs on building energy consumption is also 
compounded when various energy code editions are 
considered, since different values are provided for some 
EEMs. To identify the changes to EEMs, we compared 
the DOE Commercial Prototype Building Models, which 
mirror the different editions of ASHRAE 90.1. The EEM 
changes are summarized in Table 2. 
Forward and Backward Processes 
We propose two processes, forward and backward, which 
rank EEMs by their relative impact on site EUI and 
together fully define the area of potential site EUI values 
between two adjacent energy code editions. There are two 
main advantages to this methodology. First, both the 
individual and the interactive impacts of EEMs on 
building site EUI are considered. If we use the one-at-a-
time method to adjust only one EEM’s value at a time, we 
can only identify the individual impact of EEMs on 
building site EUI. Second, this methodology has a 
relatively low computational time compared with 
performing exhaustive simulations. For instance, 10 
EEMs are changed between two models. We would need 
to run 210 simulations (1,024 simulations) to exhaust all 
possibilities. By using this methodology, we only need to 
run [2 × ∑ 𝑖𝑖10

𝑖𝑖=1 ] simulations (110 simulations). 
To demonstrate the forward and backward processes, we 
assume that there are three EEMs with indices of 1, 2, and 
3 that have different values in two energy code editions 
(old code and new code). The baseline is the building 
energy model that meets the requirements of the old code 
and is naturally assigned a site EUI reduction of 0 MJ/m2. 
The same baseline is used in both the forward and 
backward processes. 
In the forward process, we improve the EEMs from 
following the old code to the new code (Figure 2). First, 
we calculate the site EUI of the baseline model. Then, we 
conduct three simulations to improve indices 1, 2, and 3 
and update the model with index 1 since it reduces the site 

Identify the changes of EEMs for 
different energy code editions

Conduct the simulations by following 
the forward process

Conduct the simulations by following 
the backward process

Analyze the impact of EEMs on the 
energy consumption
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EUI the most. In the next step, we improve indices 2 and 
3 and update the model with index 2 since it causes more 
site EUI reduction than index 3. Finally, we update index 
3. This ranking process allows us to easily identify which 
EEMs had the greatest impact on site EUI, which will be 

discussed further in the Impact Analysis. In this case, the 
baseline and three EEMs result in a total of seven 
simulations. The calculations in the forward process are 
expressed in equation (1) below. 

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝑌𝑌(𝑋𝑋1) = 𝑓𝑓1(𝑋𝑋1) − 0,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑌𝑌(𝑋𝑋1) = max

𝑖𝑖=1,2,…,𝑛𝑛
�𝑌𝑌(𝑋𝑋𝑖𝑖)�

𝑌𝑌(𝑋𝑋2) = 𝑌𝑌(𝑋𝑋1) + 𝑓𝑓2(𝑋𝑋2) + 𝑓𝑓1,2(𝑋𝑋1,𝑋𝑋2),𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑌𝑌(𝑋𝑋2)− 𝑌𝑌(𝑋𝑋1) = max
𝑖𝑖=2,3,,…,𝑛𝑛

�𝑌𝑌(𝑋𝑋𝑖𝑖) − 𝑌𝑌(𝑋𝑋1)�
⋮

𝑌𝑌(𝑋𝑋𝑛𝑛) = 𝑌𝑌(𝑋𝑋𝑛𝑛−1) + 𝑓𝑓𝑛𝑛(𝑋𝑋𝑛𝑛) + �𝑓𝑓𝑖𝑖,𝑛𝑛(𝑋𝑋𝑖𝑖 ,𝑋𝑋𝑛𝑛)
𝑛𝑛−1

𝑖𝑖=1

+ ⋯+ 𝑓𝑓1,2,…,𝑛𝑛(𝑋𝑋1,𝑋𝑋2, … ,𝑋𝑋𝑛𝑛)

 (1) 

 
 

 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧
𝑌𝑌�𝑋𝑋1′���� = 𝑌𝑌(𝑋𝑋𝑛𝑛) − �𝑓𝑓1′(𝑋𝑋1′) + �𝑓𝑓1,𝑖𝑖

′ (𝑋𝑋1′ ,𝑋𝑋𝑖𝑖′)
𝑛𝑛

𝑖𝑖=2

+ ⋯+ 𝑓𝑓1,2,…,𝑛𝑛
′ (𝑋𝑋1′ ,𝑋𝑋2′ , … ,𝑋𝑋𝑛𝑛′ )� ,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑌𝑌(𝑋𝑋𝑛𝑛)− 𝑌𝑌�𝑋𝑋1′���� = max

𝑖𝑖=1,2,…,𝑛𝑛
� 𝑌𝑌(𝑋𝑋𝑛𝑛)− 𝑌𝑌(𝑋𝑋𝚤𝚤′���)�

𝑌𝑌�𝑋𝑋2′���� = 𝑌𝑌�𝑋𝑋1′���� − �𝑓𝑓2′(𝑋𝑋2′) +�𝑓𝑓2,𝑖𝑖
′ (𝑋𝑋2′ ,𝑋𝑋𝑖𝑖′)

𝑛𝑛

𝑖𝑖=3

+⋯+ 𝑓𝑓2,3,…,𝑛𝑛
′ (𝑋𝑋2′ ,𝑋𝑋3′ , … ,𝑋𝑋𝑛𝑛′ )� ,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑌𝑌�𝑋𝑋1′���� − 𝑌𝑌�𝑋𝑋2′���� = max

𝑖𝑖=2,3,,…,𝑛𝑛
�𝑌𝑌�𝑋𝑋1′���� − 𝑌𝑌(𝑋𝑋𝚤𝚤′���)�

⋮
𝑌𝑌(𝑋𝑋𝑛𝑛′����) = 𝑌𝑌�𝑋𝑋𝑛𝑛−1′������� − 𝑓𝑓𝑛𝑛′(𝑋𝑋𝑛𝑛′ )

 (2) 

 
Figure 2: Order of EEM selection (forward process). 

In equation (1), 𝑛𝑛 is the total number of EEMs. 𝑋𝑋𝑖𝑖 is the 
improvement of EEM 𝑖𝑖 = 1,2, … ,𝑛𝑛. We assume that 𝑋𝑋1 
changes the site EUI the most, then 𝑋𝑋2, then the others. 
𝑌𝑌(𝑋𝑋𝑖𝑖) is site EUI reduction compared with the baseline 
after improving EEM i; 𝑓𝑓𝑖𝑖(𝑋𝑋𝑖𝑖)  is the individual 
contribution of EEM i to the site EUI reduction when 
improving EEM i, while 𝑓𝑓𝑖𝑖,…,𝑗𝑗�𝑋𝑋𝑖𝑖 , … ,𝑋𝑋𝑗𝑗� is the interactive 
impact of EEMs i through j on site EUI reduction when 
improving EEMs i through j. In other words, the 
combined impact of several EEMs is the sum of these 
EEMs’ individual impacts and interactive impacts. 
In the backward process, we degenerate the EEMs from 
following the new code to the old code (Figure 3). In the 
first step, we start with the new code model from the 
forward process and conduct three simulations to 
degenerate indices 1, 2, and 3. Similar to the forward 
process, only the EEM that obtains the greatest site EUI 
reduction is degenerated in the first step (index 1). This is 
followed by the EEM with the second greatest site EUI 

reduction in the next step (index 2). Finally, index 3 is 
degenerated, completing the loop back to the baseline 
model. In this case, the three EEMs result in six 
simulations. The calculations in the backward process are 
expressed in equation (2) above. 
In equation (2), 𝑛𝑛 is the total number of EEMs. 𝑋𝑋𝑖𝑖′ is the 
degeneration of EEMs. 𝑋𝑋𝑖𝑖′ is the degeneration of EEM 
𝑖𝑖 = 1,2, … ,𝑛𝑛. We assume that 𝑋𝑋1′  changes the site EUI the 
most, then 𝑋𝑋2′ , then the others. 𝑌𝑌(𝑋𝑋𝚤𝚤′���) is site EUI reduction 
compared with the baseline after degenerating EEM i; 
𝑓𝑓𝑖𝑖′(𝑋𝑋𝑖𝑖′) is the individual contribution of EEM i to site EUI 
reduction when degenerating EEM i; 𝑓𝑓𝑖𝑖,…,𝑗𝑗

′ �𝑋𝑋𝑖𝑖′, … ,𝑋𝑋𝑗𝑗′� is 
the interactive impact of EEMs i through j on site EUI 
reduction when degenerating EEMs i through j. Again, 
the combined impact of several EEMs is the sum of these 
EEMs’ individual impacts and interactive impacts. 

 
Figure 3: Order of EEM selection (backward process). 

Impact Analysis 
The results of both the forward and backward processes 
are used to evaluate the impact of each EEM on site EUI 
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(Figure 4). During both forward and backward processes, 
the prior EEM has greater impact than later ones. It is 
worth noting that the orders of the EEMs are possibly 
different in the forward and backward processes. In 
equation (1), the decrease of site EUI has only one term, 
𝑓𝑓1(𝑋𝑋1) , when improving EEM 1. In equation (2), the 
increase of site EUI has 𝑓𝑓1′(𝑋𝑋1′) + ∑ 𝑓𝑓1,𝑖𝑖

′ (𝑋𝑋1′ ,𝑋𝑋𝑖𝑖′)𝑛𝑛
𝑖𝑖=2 + ⋯+

𝑓𝑓1,2,…,𝑛𝑛
′ (𝑋𝑋1′ ,𝑋𝑋2′ , … ,𝑋𝑋𝑛𝑛′ ) when degenerating EEM 1, which 

includes interactive impact of EEM 1 and other EEMs. 
Thus, based on the two processes, we can evaluate both 
the individual and interactive impacts of EEMs on 
building site EUI. 

 
Figure 4: Combined forward and backward processes 

for impact analysis. 
Model Description 
To evaluate the proposed methodology, we apply it to 
prototypical small office building models in three climate 
zones (1A, 5A, and 8) to analyze the impact of the EEMs 
on site EUI. The baseline building models are collected 
from the DOE Commercial Prototype Building Models 
and meet the requirements of ASHRAE Standard 90.1-
2004, 90.1-2007, 90.1-2010, 90.1-2013, and 90.1-2016. 
General Description 
Figure 5 displays the geometry of the prototypical small 
office building models. While the models represent 
different climate zones and editions of ASHRAE 90.1, 
they have the same geometry. The building model is 
rectangular in shape, has one story, and contains five 
conditioned thermal zones. The windows are evenly 
distributed along the four exterior walls, and the door 
faces south. 

 
(a) Building Shape 

 
(b) Thermal Zoning 

Figure 5: Geometry (a) and thermal zones (b) of small 
office building model. 

Table 1 lists information about the location, geometry, 
envelopes, and systems. Honolulu, Buffalo, and 
Fairbanks are selected as typical cities for climate zones 
1A, 5A, and 8, respectively. The total floor area is 510.97 
m2 for each model. The window-to-wall ratio is 24.4% for 
the south façade and 19.8% for the other three 
orientations. The exterior wall type is wood frame, and 
the roof construction is an attic with wood joists. Further, 
the building models use an air-source heat pump for 
heating and cooling and an electric water heater for 
domestic hot water. 

Table 1: Description of small office building models. 
Item Description 

Location 

Climate zone 1A: Honolulu, HI 
(very hot, humid) 
Climate zone 5A: Buffalo, NY 
(cool, humid) 
Climate zone 8: Fairbanks, AK 
(subarctic) 

Total Floor Area 510.97 m2 (27.68 m × 18.44 m) 
Aspect Ratio 1.5 

Number of Floors 1 
Window-to-Wall 

Ratio 
24.4% (south) 
19.8% (north, west, east) 

Window Locations Evenly distributed along four 
façades 

Shading None 

Thermal Zoning 

Perimeter zone depth: 5 m 
Four perimeter zones, one core 
zone, and an attic zone 
Percentages of floor area: perimeter 
70%, core 30% 

Floor to ceiling 
height 3.05 m 

Exterior Wall Type Wood-frame walls 
Roof Type Attic roof with wood joists 

Window Type 
Hypothetical window with 
weighted U-factor and solar heat 
gain coefficient 

Foundation Slab-on-grade floors (unheated) 
HVAC Heating 

Type 
Air-source heat pump with gas 
furnace as backup 

HVAC Cooling 
Type Air-source heat pump 

Domestic Hot Water 
Type Tank-type electric water heater 
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Fifteen building models are used in this case study, 
representing three climate zones and five editions of 
ASHRAE Standard 90.1. Figure 6 below shows the site 
EUIs and end-use EUIs for each of these models. The site 
EUIs range from 300 to 700 MJ/m2. Within the same code 
edition, the models in climate zone 8 have the highest site 
EUIs, and the models in climate zone 5A have the lowest 
site EUIs. In each climate zone, the building models 
consume progressively less energy with newer building 
energy code editions, as expected. Further, due to the 
upgrades to ASHRAE Standard 90.1, the end-use EUIs 
for internal lighting in the three climate zones, cooling in 
the climate zone 1A, and heating in climate zone 8 are 
notably decreased. 

 
Figure 6: Annual site EUIs of the models for small office 

buildings with the five editions of ASHRAE Standard 
90.1. 

Results 
By using the methodology introduced in this paper, we 
identify EEM changes, conduct the simulations, and 
generate the results. The first step is to identify how EEMs 
changed between different editions of ASHRAE Standard 
90.1. Since the models meet the requirements of the 
different editions of ASHRAE Standard 90.1, we assume 

the changes between models embody the EEM changes 
between the respective ASHRAE Standard 90.1 editions. 
After identifying the differences between the models, we 
then correlate the reasons for these changes with specific 
EEM changes that occurred in the standards. For example, 
the lighting schedule on/off fractions change between the 
models in climate zones 1A, 5A, and 8 for ASHRAE 
Standard 90.1-2007, 90.1-2010, and 90.1-2013. These 
fraction changes are caused by changes in occupancy 
sensor requirements in the lighting controls. Table 2 
summarizes these EEM changes.  
For the forward and backward processes, Figures 7-9 
show these results for climate zones 1A, 5A, and 8, 
respectively. Approximately 200-300 simulations are 
required for each climate zone. For example, in climate 
zone 1A, 12 simulations need to be conducted to analyse 
the impact of EEMs on site EUIs when the building 
energy code is updated from 90.1-2004 to 90.1-2007; 90 
simulations are needed when the building energy code is 
updated both from 90.1-2007 to 90.1-2010 and from 90.1-
2010 to 90.1-2013; 20 simulations are needed when the 
building energy code is updated from 90.1-2013 to 90.1-
2016. In total, climate zone 1A requires 212 simulations. 
Similarly, in climate zones 5A and 8, we conduct 276 and 
276 simulations, respectively.  
The EEM indices in Figures 7-9 correspond to those listed 
in Table 2. For each loop, the baseline is the building 
model with the older edition of ASHRAE Standard 90.1. 
For example, in the left subfigure of Figure 7, the baseline 
is the building model with ASHRAE 90.1-2004. Since the 
lower left point of the loop represents the baseline, the site 
EUI reduction with respect to the baseline at this point 
equals 0, as expected. Because some EEMs are not 
changed between adjacent editions of ASHRAE Standard 
90.1, the loops in Figure 7-9 do not include all EEMs.  

 

Table 2: Changes to EEMs during the building energy code upgrades (where dashes indicate no changes). 
Index EEM 2004 -> 2007 2007 -> 2010 2010 -> 2013 2013 -> 2016 

1 Occupancy sensor for lighting control – 1A, 5A, 8 1A, 5A, 8 – 
2 Plug receptacle control – 1A, 5A, 8 1A, 5A, 8 – 
3 Vestibule 5A, 8 – – – 
4 Lighting power density – 1A, 5A, 8 1A, 5A, 8 1A, 5A, 8 
5 Exterior lighting power and exterior lighting control – 1A, 5A, 8 – 1A, 5A, 8 
6 Roof insulation 5A, 8 – 1A, 5A, 8 – 
7 Exterior wall insulation 5A, 8 – 5A, 8 – 
8 Fenestration performance 5A, 8 – 1A, 5A, 8 1A, 5A, 8 
9 Door insulation – – – 1A, 5A, 8 
10 Continuous air barrier – 1A, 5A, 8 – – 
11 Design ventilation rate 1A, 5A, 8 – – – 
12 Cooling rated coefficient of performance (COP) 1A, 5A, 8 – 1A, 5A, 8 – 
13 Heating rated COP 1A, 5A, 8 – 1A, 5A, 8 – 
14 Fan power limit and fan motor efficiency –  1A, 5A, 8 – – 
15 Night setback – – 1A, 5A, 8 – 
16 Service water heater tank insulation – 1A, 5A, 8 – – 
17 Daylighting control – 1A, 5A, 8 1A, 5A, 8 – 
18 Motorized outdoor air damper control  – 1A, 5A, 8 – – 
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Figure 7: Impact of EEMs on site EUIs (climate zone 1A). 

From each subfigure, we can identify the sensitive EEMs 
that are important contributors for saving energy during 
the building energy code upgrades. This is indicated by 
the largest upward jump between EEMs.  
The first subfigure shows the results during the update of 
ASHRAE Standard 90.1 from 2004 to 2007. Only three 
EEMs are changed during this upgrade. The most 
sensitive EEM is cooling rated COP (index 12) 
(approximately 90.5% of total energy savings), and the 
other two EEMs (indices 11 and 13) do not significantly 
change the site EUI.  
The second subfigure shows that nine EEMs are updated 
during the code edition revisions from 2007 to 2010. The 
three most sensitive EEMs are exterior light power (index 
5), occupancy sensor for lighting control (index 1), and 
lighting power density (index 4). These represent 
approximately 31.4%, 27.7%, and 20.6% of the total 
energy savings, respectively. Thus, during the upgrade of 
ASHRAE Standard 90.1 from 2007 to 2010, the most 
significant contributors to energy savings in climate zone 
1A, which is very hot and humid, involve lighting fixtures 
and controls. The third subfigure also contains nine 
changed EEMs. The three most sensitive EEMs are night 
setback (index 15), fenestration performance (index 8), 
and lighting power density (index 4). These represent 
approximately 40.0%, 20.8%, and 16.2% of the total 
energy savings, respectively. 
The last subfigure shows the improvement of the EEMs 
from ASHRAE Standard 90.1-2013 to 90.1-2016. Four 
EEMs are improved. The two most significant sensitive 
EEMs are lighting power density (index 4) and exterior 
lighting control (index 5). These represent approximately 
66.0% and 30.9% of the total energy savings, 
respectively. 
Based on this analysis, the lighting-related improvements 
significantly contribute to the energy savings during 
edition upgrades of ASHRAE Standard 90.1 in climate 
zone 1A.  
Comparing these four subfigures in Figure 7, we see that 
the highest energy savings for the building models in 
climate zone 1A appear during the update of ASHRAE 
Standard 90.1 from 2007 to 2010; the site EUI decreases 
by approximately 80 MJ/m2 through this upgrade.  

Similarly, Figure 8 illustrates that the highest energy 
savings for the building models in climate zone 5A also 
appear during the update of ASHRAE Standard 90.1 from 
2007 to 2010; the site EUI decreases by approximately 85 
MJ/m2 through this upgrade. By analysing each subfigure 
in Figure 8, we can identify the sensitive EEMs that 
significantly affect the changes in site EUI. 
The first subfigure shows the results during the update of 
ASHRAE Standard 90.1 from 2004 to 2007. Seven EEMs 
are changed during this upgrade. The three most 
important sensitive EEMs are cooling rated COP (index 
12), exterior wall insulation (index 7), and design 
ventilation rate (index 11). These represent approximately 
21.6%, 19.2%, and 17.7% of the total energy savings, 
respectively. 
The second subfigure shows that nine EEMs are updated 
during the code edition update from 2007 to 2010. The 
three most important sensitive EEMs are exterior lighting 
power and exterior lighting control (index 5), occupancy 
sensor for lighting control (index 1), and lighting power 
density (index 4), which echo the results found in climate 
zone 1A. These represent approximately 30.3%, 21.8%, 
and 15.7% of the total energy savings, respectively. 
The third subfigure contains 10 changed EEMs. The three 
most important sensitive EEMs are lighting power density 
(index 4), night setback (index 15), and daylighting 
control (index 17). These represent approximately 26.3%, 
18.2%, and 10.5% of the total energy savings, 
respectively. By comparing with Figure 7, the site EUI 
reduction from ASHRAE Standard 90.1-2010 to 90.1-
2013 is much lower in climate zone 5A than in climate 
zone 1A. This is because night setback for cooling usually 
has a large impact on site EUI in hot areas, but a small 
impact in cold areas.  
The last subfigure shows the improvement of the EEMs 
from ASHRAE Standard 90.1-2013 to 90.1-2016. Four 
EEMs are improved. The two most significant sensitive 
EEMs are lighting power density (index 4) and exterior 
lighting power and exterior lighting control (index 5), 
which also parallels the conclusions found for climate 
zone 1A. These represent approximately 59.9% and 
32.3% of the total energy savings, respectively. 
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Based on this analysis, the lighting-related improvements 
in climate zone 5A significantly contribute to the energy 
savings during edition upgrades of ASHRAE Standard 
90.1, just as with climate zone 1A. However, the changes 

in the night setback do not have a significant impact on 
energy savings in climate zone 5A since the changes are 
related to the cooling setpoint temperature during the 
night. 

 
Figure 8: Impact of EEMs on site EUIs (climate zone 5A). 

 
Figure 9: Impact of EEMs on site EUIs (climate zone 8). 

Figure 9 illustrates that the highest energy savings for the 
building models in climate zone 8 appear during the 
update of ASHRAE Standard 90.1 from 2007 to 2010; the 
site EUI decreases by approximately 100 MJ/m2 through 
this upgrade. By analysing the four subfigures, we obtain 
much information about how the individual EEMs affect 
the site EUIs during the energy code upgrades.  
The first subfigure shows the results during the update of 
ASHRAE Standard 90.1 from 2004 to 2007. Seven EEMs 
are changed during this upgrade. The top three sensitive 
EEMs are design ventilation rate (index 11), exterior wall 
insulation (index 7), and roof insulation (index 6). These 
represent approximately 29.6%, 22.1%, and 19.6% of the 
total energy savings, respectively. In extremely cold 
areas, improving the envelope insulation and ventilation 
rate is important for saving energy.  
The second subfigure shows that nine EEMs are updated 
during the code edition update from 2007 to 2010. The 
three most important sensitive EEMs are motorized 
outdoor air damper control (index 18), exterior light 
settings (index 5), and occupancy sensor for lighting 
control (index 1). These represent approximately 33.9%, 

24.6%, and 13.6% of the total energy savings, 
respectively. 
The third subfigure contains nine changed EEMs. The 
three most important sensitive EEMs are roof insulation 
(index 6), lighting power density (index 4), and 
fenestration performance (index 8). These represent 
approximately 21.9%, 20.8%, and 13.3% of the total 
energy savings, respectively. Similar to the other cases, 
the lighting power density again represents a key update. 
The envelope improvements are also significant for 
extremely cold areas.  
The last subfigure shows the improvement of the EEMs 
between ASHRAE Standard 90.1-2013 and 90.1-2016. 
Four EEMs are improved. The three most significant 
sensitive EEMs are lighting power density (index 4), 
fenestration performance (index 8), and exterior lighting 
power and exterior lighting control (index 5). These 
represent approximately 40.6%, 32.0%, and 25.5% of the 
total energy savings, respectively. 
Based on this analysis, the lighting-related and 
fenestration improvements significantly contribute to the 
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energy savings during edition upgrades of ASHRAE 
Standard 90.1 in climate zone 8. 
Based on the analysis of Figures 7-9, we can conclude the 
following: (1) the edition upgrade from ASHRAE 
Standard 90.1-2007 to 90.1-2010 reduces the site EUI the 
most for small office buildings in all three climate zones; 
(2) lighting-related improvements are important for 
energy savings in all three climate zones and are the main 
contributors to energy savings during the edition upgrades 
from ASHRAE Standard 90.1-2007 to 90.1-2010 and 
from 90.1-2013 to 90.1-2016; (3) improvements to 
envelope insulation and outdoor air settings significantly 
contribute to energy savings in cold areas; (4) improving 
the night setback for cooling is useful for saving energy 
in hot areas, but not in cold areas. 
Conclusion 
This paper proposes a new methodology to analyse how 
energy code EEMs impact energy consumption. The 
methodology is implemented to analyse the sensitivity of 
EEMs for small office building models with five editions 
of ASHRAE Standard 90.1 in three climate zones, for a 
total of 15 models. The methodology is suitable for any 
building type and consists of four steps: (1) identify the 
EEM changes for different editions of models; (2) 
conduct the simulations by following the forward process; 
(3) conduct the simulations by following the backward 
process; and (4) analyse the impact of the EEMs on 
energy consumption. By using the proposed 
methodology, we analysed the impacts of energy code 
EEMs on site EUI. The results show that lighting 
improvements significantly impact energy savings in all 
three climate zones; the night setback control requirement 
for cooling generates high savings in hot climates; and the 
improved envelope insulation and outdoor air control 
requirements can bring important savings for buildings in 
cold climates. The results indicate where notable energy 
savings can be achieved through energy code upgrades for 
small office buildings. Future analyses will expand on this 
work to delve deeper into why EEM decisions impact site 
EUI differently across various climate zones and how the 
individual and interactive EEMs impact site EUI for other 
building types, such as large offices or hospitals. 
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Abstract 

Distributed direct current (DC) power distribution system 

in buildings are gaining popularity. In this paper, a real 

world DC building distribution system is presented. Both 

the steady state and transient state models are developed. 

In the steady-state state model, the optimal location of DC 

converters is designed to enhance the energy efficiency of 

the buildings. In the transient state model, the safety 

operation of the DC building grids is achieved by the 

coordination of distributed energy resources. Furthermore, 

different operation scenarios are conducted, and the 

results indicate that the DC building achieves safe 

operation under the proposed coordination mechanism.  

Introduction 

A building-scale microgrid system is an innovative 

control and management architecture to integrate 

renewable energy technologies together with various 

loads (Lasseter, 2004). This concept efficiently works in 

both the AC and DC building microgrid system (Wei, 

2018). While remarkable progress has been made in 

improving the performance of the AC microgrid systems, 

DC microgrid systems have also been recognized as an 

attractive option for many applications because of their 

higher efficiency, higher reliability, improved stability, 

more natural interface to many types of renewable energy 

sources and energy storage systems, and better 

compliance with smart end-use loads (Ghareeb, 2013). 

DC building microgrid systems are being deployed 

globally as distributed solar, energy storage, consumer 

electronics, and LED lights are inherently DC resources. 

There are several power systems that typically employ 

DC distribution. Some of these systems can be found in 

spacecraft, data center, telecommunication, traction and 

shipboard power system. The DC distribution is 

employed in the spacecraft systems involve a large 

number of solar panels, DC-DC converters, batteries, 

battery chargers and DC loads (Grassi, 2011). Some of the 

data centers utilize DC distribution to reduce the energy 

loss such as the Duke Energy and the Electric Power 

Research Institute (EPRI) who has prepared a study 

showing that the system uses 15% less energy than a 

typical AC system with double conversion UPS (EPRI, 

2011). A bi-directional DC/DC converter model is 

investigated for a notional medium voltage DC (MVDC) 

shipboard power system to improve energy flexibility and 

deal with peak energy demand in a shipboard power 

system (Chung, 2011). A building-scale DC microgrid is 

presented by Marnay (2012), and a comparative of DC 

and AC microgrids in commercial buildings is studied by 

Fregosi (2015). Together, these DC power systems 

indicate that DC microgrids have  higher efficiency over 

the AC microgrid system. 

Various efforts are being made internationally to study the 

implementation of a DC microgrid system and to develop 

standards and system components for DC building 

application, i.e., the design of energy savings (Gerber, 

2017), development of controller (Gu, 2014), DC 

appliances (Nordman, 2016), safety and reliability 

(Anand, 2013). Among this architecture, modeling these 

DC microgrids is a key step to achieve this architecture 

(Lidula, 2011). A low-voltage DC microgrid as well as a 

control and protection system is simulated to ensure the 

reliable operation (Salomonsson, 2009). A PSCAD based 

telecommunication power supply system is investigated 

(Dissanayake, 2015). However, there are few works that 

deal with the detailed modeling the DC building 

microgrid with detailed dynamics and possible situations.  

In this paper, a real-world commercial-scale DC building 

microgrid system is presented. This DC microgrid is 

designed based on an eight-floor commercial building in 

Shenzhen, China. Compared with other DC microgrids, 

this DC microgrid consists of solar energy, battery storage, 

different DC voltage bus, and various DC loads. The 

detail simulation of this building is necessary. This paper 

conducts a simulation work of DC power distribution 

system in an actual building. Both the steady-state model 

for energy efficiency verification and the dynamic state 

detailed model for safe operation are presented. The 

contributions of this paper are listed below: 

1. Both the steady-state and transient-state model 

of a real-world DC building power system is built. 

2. Different operation scenarios are conducted in 

this paper to verify the safe operation of these DC 

buildings.  

The rest part of this paper is structured as follows: A 

description of the real-world DC buildings is presented in 

Section II. The analysis and detailed modeling process for 

the DC building is presented in Section III. Furthermore, 

the simulation study and results discussion is given in 

Section IV. Finally, Section V draws the conclusion and 

future trends.  

________________________________________________________________________________________________ 

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

 
3902

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.210709 
 

http://www.youdao.com/w/mechanism/#keyfrom=E2Ctranslation


 

 

DC building power system configuration 

The commercial-scale DC building investigated in this 

paper is based on a real-world commercial building. The 

DC building is located in Shenzhen, China. The case 

building is a research office facility with total floor space 

of around 5000 m2. The structure of this DC power system 

is shown in Figure 1. The total capacity of the DC building 

is 315 kW, with another 30kW DC charging station for 

electric vehicles. This DC building microgrid consists of 

PV generations, battery storage elements, DC loads, and 

grid-connected converters.   

The building is designed with a 375V high voltage power 

bus to deliver power across a different floor with a 

common neutral line. The high voltage power distribution 

can be combined into a +/- 375V bus bar and total 750V 

to power high capacity load such as large size air-

conditioner. The PV and battery integrated into the 375V 

DC voltage bus. The air-conditioning system is Variable 

Refrigerant Flow (VRF) system powered by 750V DC 

power bus and installed across the +/- 375V voltage 

power bus. A common AC to DC power conversion 

coupling point is designed to connect the office building 

DC power system with the utility AC power grid. Detailed 

system design power topology can be found in Future 1.  

At floor level, 48V is designed as the mail voltage level 

to feed local power use devices such as lighting, plug load 

and so on. DC/DC converters are used in each floor to 

convert power from 375V to 48V. To maintain the power 

consumption at +/- 375V power bus at the same level, 

three floors are connected with the +375V power bus and 

the rest three floor is connected with the -375V power. 

DC Air 
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DC loads

DC Air 

Conditioner

DC loads

PV Array ESS

PV Array ESS

Air conditioning 

system

Utility Grid
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LVDC : Low Voltage direct current; ESS: Energy Storage system; PCC: Point Of common coupling

Figure 1: DC building  distribution power system  schematic 

Modeling of DC building microgrid 

This section discussed the modeling process of different 

DC power system components. We introduce modeling 

methodologies for DC power system in the static-state 

energy simulation and the transient-state power 

simulation.  

Static-state modeling 

The static state energy modeling is done in Modelica 

environment as shown in Figure 2. The model takes the 

EnergyPlus simulated building energy profile for lighting 

and plugs load analysis. We use one floor’s wiring 

distribution and the goal is to identify current design 

strategies wiring distribution loss and try to minimize load 

when transmitting DC power. We analyze the current 

design strategy where each floor has one 375V to 48V 

DC-DC converter and propose a new design strategy 

where each floor has multiple 375V to 48V DC-DC 

converters. The 375V to 48V DC-DC converter is 

modeled with 90% normal efficiency. The 48V wire 

distribution is model with a resistance of 0.01 Ohm/m.  
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Figure 2: Steady-state simulation model of this DC 

building power system in Modelica 

 

Transient power simulation  

The transient power model of this DC microgrid is 

developed based on Matlab/Simulink. This simulation 

model consists of the detailed model of a PV generation 

system, the detailed model of a battery system, different 

converters as well as different DC loads.  

1) PV array model 

The PV array model is based on the in-built library model 

Matlab/Simulink. Series and parallel combination of the 

solar cells and modules is customized according to the 

voltage and power requirement. The MPPT controller is 

realized with perturbing and observe algorithm to track 

the maximum power by directly perturbing duty radio.  

The DC/DC converter of PV is a buck converter 

interfacing the PV array and DC 375V bus. Its input port 

is the output of the PV array and its output port is the DC 

375V bus. The input voltage, i.e. the output voltage of the 

PV array is controlled to track the reference generated by 

the Maximum Power Point Tracking (MPPT) algorithm. 

By doing that, the output power of the PV array can be 

adjusted to achieve the MPPT (Mohanty, 2018; Gil-

Antonio, 2016). The main circuit filter inductor of the 

converter is 6mH. The capacitors at the input port and 

output port are 9400 F (2 4700 F capacitors in 

parallel) and 2820 F (6 470 F capacitors in parallel) 

respectively. The switching frequency is 5kHz and the 

0dB crossing frequency of the whole loop is one-fifth of 

the switching frequency. The gain and phase margins of 

the loop at rating power are 9.8dB and 55°respectively. 

2) Battery model and Bi-directional converter control 

There is an in-built library model available for battery in 

Matlab/Simulink which is based on Shepherd model. The 

bidirectional DC/DC converter is configured as a buck or 

a boost (Lin, 2013; Reddy, 2017). It has 4 different 

operation modes, i.e. bus voltage control mode, power 

output mode, constant current charging mode, and 

constant voltage charging mode. The first mode is used to 

control the DC bus voltage when the DC microgrid is in 

off-grid mode. Others are used in grid-connected mode. 

In the off-grid mode, the bidirectional DC/DC converter 

controls the bus voltage of the DC microgrid. It can 

change the direction of the power flow to achieve the 

power balance in the microgrid. There are two insulated-

gate bipolar transistors IGBTs inside the converter 

forming a bridge leg. When there is more power than load 

in the DC microgrid, it transfers power from the DC 

microgrid to the battery. The upper IGBT is controlled 

and the lower IGBT functions as a freewheeling diode. 

Thus it is a buck converter. When there is more load than 

power in the DC microgrid, it transfers power from the 

battery to the microgrid. The lower IGBT is controlled 

and the upper IGBT functions as a freewheeling diode. 

Thus it is a boost converter. The second mode is used to 

transfer power required by the energy management 

system from the battery to the DC microgrid. The third 

and the fourth modes are used to charge the battery 

according to the state of it. 

3) 375/48V DC/DC Converter 

The 375/48V DC/DC converter is a peak current mode  

controlled buck converter, whose rating power is 500W 

(Furukawa, 2017). The main circuit filter inductor and 

capacitor are 3.5mH and 2820 F (6 470 F capacitors 

in parallel) respectively. The switching frequency is 5 

kHz and the 0dB crossing frequency of the opened control 

and power loop at rating power is one-tenth of the 

switching frequency. The gain and phase margins of the 

opened control and power loop at the rating power are 

12.6dB and 64.1° respectively. 

4) Converter model 

There are 2 bidirectional AC/DC converters in the DC 

microgrid. They are in charge of the +/-375V bus 

voltages in a grid-connected mode of the DC microgrid. 

The converter is a 20kW two-quadrant PWM rectifier 

which can operate at both plus and minus one power 

factor. When the load is less than the power in the DC 

microgrid, the AC/DC converter transfers power from 

the AC side to the DC side while controlling the bus 

voltage. The power factor of the converter is plus one. 

When the load is more than the power in the DC 

microgrid, it transfers the power from the DC side to 

the AC side. The power factor of it is minus one. The 

operation mode of the AC/DC converter is adjusted 

automatically by the regulator in the control loop. The 

control loop consists of the outer voltage loop and the 

inner current loop. The outer voltage loop regulates the 

375V bus voltage and the inner current loop controls 

the waveforms the current in the AC side to achieve 

plus or minus one power factor. The phase of the 

voltage generated by the converter bridge lags that of 

the AC grid in plus one power factor condition and 

leads that of the AC grid in minus one power factor 

condition. Due to the characteristic of active power 
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flowing from the voltage with a leading phase to the 

voltage with the lagging phase, bidirectional power 

flow between the AC and DC sides can be achieved. 

5) DC loads  

The case building’s electric loads are modeled using 

EnergyPlus. Actual Shenzhen’s Weather conditions are 

used in the simulation for both energy calculation and 

renewable energy generation. Actual building 

architectural, mechanical and electrical design 

information is inputted into Energyplus. To simulate the 

building’s DC system static state and transient 

performance, Energyplus simulated load profiles are used 

as input data for the DC power simulation. As DC power 

transient state simulation often deals with less a second 

system performance and building energy simulation often 

has a simulation time step of 15 mins or longer, this makes 

the electric load often exhibit a flat curve performance 

without time-dependent usage characteristics. However, 

when it comes to static state energy use simulation with 

comparable time-step as Energyplus model, electric load 

time variation can be observed. 

Simulation results 

The operations of this real-world DC microgrid under 

various sources and load conditions are simulated to 

verify the proposed algorithms. In the steady state 

simulation, the energy efficiency is simulated while the 

dynamic voltage stability is simulated in the dynamic 

state simulation. 

Steady state simulation   

For the static power simulation, the wiring distribution of 

original design and new proposed design can be found in 

Figure 3. The difference between these two design is the 

placement of the converters. In the original design, the 

converter is centralized in one place while in the new 

proposed design the converter is distributed in several 

places. The wiring loss simulation results can be found in 

Figure 4. 

375/48 

converter

375/48 

converter

375/48 

converter

375/48 

converter

 
Figure 3: Wiring distribution floor plan 

 

 

Figure 4: wiring loss simulation results 

It is found in Figure 4 that the new proposed power 

distribution design can effectively reduce wiring distance 

at a 48V level and thus reduce wiring loss. The original 

design delivers 3300 kW power for one floor’s lighting 

and plugs load peak power with 2800 kW power utilized 

by the end user devices. That is roughly 10% power are 

lost at 48V wires. The new design can deliver the same 

amount of power to the end user devices but only with 

approximate 2% power loss due to less resistance at the 

48V wire. 

Transient power simulation scenarios  

Simulation of the transient power simulation is 

accomplished in the Matlab/Simulink environment. The 

proposed DC micro-grid is simulated in both grid-

connected mode and isolated mode and different 

scenarios are adapted to verify the stability of the 

proposed simulation model. The operating mode in the 

simulation is scheduled in terms of an interval of grid-

connected mode and isolated mode, varying generation 

sources and load demand as listed in Tabel 1. To study the 

influence of DERs on the DC power distribution grid, we 

simulate both smooth fluctuation of generation resources 

and the rapidly shut down of generation resources.  

Meanwhile, the impact of load variation is studied by 

different voltage level load. The influence of the grid side 

voltage on this DC microgrid is also simulated. Due to the 

space limit, only part of the simulation results is presented 

in this manuscript as described in the following. 

Table1: Simulation scenarios 

Mode Details 

Grid-connected mode 

PV output power fluctuation 

PV sources shut down 

750 V DC bus shut down 

375 V DC bus shut down 

48V DC bus shut down 

utility grid AC side voltage 

fluctuation 

Isolated mode 

PV output power fluctuation 

PV sources shut down 

750 V DC bus shut down 

375 V DC bus shut down 

48V DC bus shut down 

a. Grid-connected simulation  

1) PV output power fluctuation 

The first scenario is to study the influence of PV power 

fluctuation on the DC micro-grid. The power flow of each 

node and the voltage response of each voltage bus are 

presented in Figure 5 and Figure 6 respectively. At t = 0.1s, 

the output of PV output power gets to zero and at t = 0.3s, 

the output of PV recover back. With the support of the 

bulk grid, the dc voltage of all the voltage level 

maintained stably. The fluctuation of each bus voltage is 

within +/-0.5% of the rated voltage which has no harm to 

devices connected to this bus bar. 
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Figure 5: Active power response in PV fluctuation 

scenarios 

Figure 6: Voltage response in PV fluctuation scenarios 

 

2) End-use device switch on and off 

Large power end use devices switch on and off can also 

affect the DC buildings power system stability. In this 

scenario, we simulate the shutdown of devices at 375V 

and 48V levels respectively. The energy use devices are 

suddenly switched off then suddenly switched on and the 

impacts on the building’s 375V and 48V power stability.  

 

Figure 7: Active power response in 750V load shut down 

scenarios 

 

Figure 8: Voltage response in 750V load shut down 

scenarios 

Figure 7 and 8 demonstrate that the shutdown and switch 

on of load at +/- 375V bus bar (air-conditioner operated 

at 750V). The control system can contain the bus bar 

voltage fluctuation. Similarly, load switches off and on at 

48V level is also simulated and results are shown in 

Figure 9 and 10. It is found that the DC distribution 

system and control mechanism can contain large load side 

power fluctuation at both 750V and 48V level and 

maintain the overall voltage stability. 
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Figure 9: Active power response in 48V load shut down 

scenarios 

 

 

Figure 10: Voltage response in 48V load shut down 

scenarios 

 

3) Grid side voltage fluctuation  

With the grid side support, this DC microgrid is able to 

maintain stable both in PV fluctuation scenario and load 

shutting down scenario. However, the fluctuation of grid 

side voltage has an impact on the power quality of this DC 

micro-grid. Hence, the impact of fluctuations of grid side 

voltage is simulated. The grid side voltage drops 10% and 

50% from its normal operation respectively, and the 

dynamic response of each DC bus voltage is presented in 

Figure 11 and Figure 12.  

Figure 11: Voltage response in gird-side voltage 

fluctuation scenarios 

 

At t = 0.1, the grid side voltage drops 10% from its rated 

voltage in Figure 11. This deviation influence all the 

voltage bus in this DC micro-grid. However, the voltage 

deviation of each DC voltage bus is less than the deviation 

of the grid side with the support of the storage system. 

b. Island mode simulation  

DC power system in buildings needs also functions 

properly during the event when utility grid loss and power 

and the building operated in island mode. In this part, we 

simulate a few scenarios in island mode to understand if a 

DC power system can function or maintain power quality.  

1) PV fluctuation   

The influence of PV fluctuation on the DC micro-grid is 

also simulated in the isolated mode. The power flow and 

the voltage response of each voltage bus are presented in 

Figure 12 and Figure 13 respectively.  

Compared with the grid-connected mode, the battery 

takes more responsibility in the isolated mode. As can be 

seen in Figure 13 that, as the PV output power drops the 

output of battery response to the fluctuation of PV. The 

active response of battery help to keep the balance of 

power flow as well as the voltage stability as can been in 

Figure 13. The voltage of 750V bus drops from 750V to 

748V which is lower than the grid-connected mode.
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Figure 12: Active power response in PV fluctuation 

scenarios under isolated mode 

Figure 13: Voltage response in PV fluctuation scenarios 

under isolated mode 

2) Switch on and off of end-user devices  

In island model, the impact of load switch off and on +/-

375V (750V) bus bar is also studied. We simulate the 

loads (air-conditioners) using 750V suddenly switch off 

at 0.1 seconds and switch back on at 0.3 seconds as shown 

in Figure 14. As the load switches off, the output of 

battery changes which is different from the operation state 

in grid-connected mode. With the support of the battery, 

the voltage of each voltage bus maintains stable. The 

voltage is maintained at a +/-375V level with a fluctuation 

of +/- 1V as seen in Figure 15.  

Figure 14: Active power response in 750V load shut down 

scenario under isolated mode 

 

Figure 15: Voltage response in 750V load shut down 

scenario under isolated mode 

Conclusion 
In this paper, we developed a static energy simulation 

model and a MATLAB power transient model to assess 

energy and transient stage performance of a case 

building’s DC power system. The static state energy 

simulation demonstrates a way to optimize DC power 

local floor distribution topology and reduce energy loss at 

low voltage 48V DC wire. The new proposed design can 

effectively reduce power loss from 10% to 2% at 48V 

wire side. The transient stage performance is conducted 

by developing multiple scenarios and simulated DC 

power and voltage response in grid-connected mode and 

island mode. Through simulation analysis, it is found that 

the design of +/-375V bus bar and 48V end use and its 

control system can successfully maintain the DC power 

smooth operation under several critical events. Battery 

system and its control are effective to operate the DC 

building in island mode and when the building loses its 

power. This simulation analysis is helpful for the case 

building to validate the reliability of a DC system and 

carry out detailed design and construction. Overall, this 

study provides a novel way to validate a building’s DC 

power system performance. The next step research will 

focus on validate simulation model through building 

operation measurement data.   
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Abstract  
The European building performance directive EPBD is 
intending the implementation of an harmonized method 
for the evaluation of building energy performance. That 
is why a set of standards has been worked out addressing 
methods to calculate the performance of the building and 
its energy systems. In this paper the calculation method 
used to predict heat and cooling loads of the building 
and the indoor temperatures, respectively, has been 
analysed. Therefore the standardized calculation 
procedure has been implemented in simulation 
programme. The programme again has been verified to 
learn more about model accuracy, reliability and 
sensitivity. It was find from testing that model 
performance need to be improved. Also model accuracy 
is not satisfying.  

Introduction 
In (EPBD, 2010) it was requested, that the energy 
performance of a building shall be determined either on 
the basis of the calculated or actual annual energy that is 
consumed in order to meet the different needs associated 
with its typical use and shall reflect the heating energy 
needs and cooling energy needs (energy needed to avoid 
overheating) to maintain the envisaged temperature 
conditions of the building, and domestic hot water needs. 
The methodology for calculating the energy performance 
of buildings should take into account European 
standards; it should cover the annual energy performance 
of a building while accounting for differences at national 
and regional level, i.e. thermal characteristics of the 
buildings, heating and air-conditioning installations, 
application of energy from renewable sources, passive 
heating and cooling elements, shading, indoor air-
quality, adequate natural light and design of the building. 
Energy performance calculation can be applied to check 
the buildings consistency to any national minimum 
energy performance requirement.  (EPBD, 2018) asks 
for an update of the general framework for the 
calculation of the energy performance of buildings to 
make sure appropriate implementation of energy 
efficient buildings. In particular it is requested that 
Member States shall describe their national calculation 
methodology following the national annexes of the so-
called overarching standards, namely ISO 52000-1 (DIN 
Deutsches Institut f r Normung e.V., 2017a), 52003-1 
(DIN Deutsches Institut f r Normung e.V., 2017a), 
52003-1 (DIN Deutsches Institut f r Normung e.V., 

2017b), and 52016-1 (DIN Deutsches Institut f r 
Normung e.V., 2015). The author  main interest was to 
check both reliability and performance of the calculation 
methodology presented in ISO 52016-1 to figure out if 
this method could be applied as an easy to use and 
alternative method to complex buildings simulation, e.g. 
TRNSYS, E+ or any similar simulation programme. This 
interest was intended by the fact that ISO 52016-1 
offered a transient simulation on an hourly time step 
whereas former calculation methods were restricted to 
annual, seasonal or monthly balancing. In addition to 
that the availability of a simulation programme 
consistent to the standardized method would allow to run 
EPBD consistent calculation e.g. in the framework of 
legal certification. 

Analysis so far is limited to the calculation of space 
heating demand. Any additional demand resulting from 
domestic hot water generation, losses caused by heating 
and cooling systems, and the dedicated use of renewable 
energy sources for heating and cooling purposes is not 
accounted for.      

(History of) Methods 
Two other calculation methods have been used before 
ISO 52016-1 has been published: EN 832 (DIN 
Deutsches Institut f r Normung e.V., 2003) and ISO 
13790 (DIN Deutsches Institut f r Normung e.V., 2008). 
In EN 832 the following simple energy balance for the 
calculation of space heating demand Qh has been applied   

              (1) 

where  is a factor accounting for any heat gain Qg 
reducing the heat losses QI. Heat losses and heat gains 
are balanced on either annual, seasonal or monthly basis 
having an impact on  as well. ISO 13790 was including 
same formula for a monthly approach but has introduced 
a new simplified method based on hourly time steps. 
Transient building behaviour due to thermal mass effects 
have been taken into account in the calculation method 
by aggregating all effective thermal heat capacity of 
opaque walls into one capacity connected to a 
temperature m, while S represents all surfaces 
including windows, see Figure 1. Surface temperature 
node S again is directly linked to the air temperature 

Air node not depicted in the following figure. ISO 
52016 now substitutes the simplified simulation 
approach of ISO 13790 by a new calculation method  
again based on an hourly time step but offering more 
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transparency. The seasonal calculation method known 
from EN 832 and ISO 13790 has been deleted from 
standardization. 

 
Figure 1: part of the ISO 13790 calculation model  

Beside calculation method of ISO 52016-1 is embedded 
in the holistic EPBD calculation method. Finally the ISO 
52016-1 method is an application of the generic method 
described in ISO 52017-1. A more detailed description 
and rationale of the method can be found in ISO/TR 
52016-2. Main Intention of the hourly method is the 
opportunity to account for the impact of hourly and daily 
fluctuations of weather conditions, the operation (sun 
protection systems and blinds, thermostats, occupancy 
etc.) as well as their interaction with heating and cooling. 
Compared to the simple monthly calculation method 
only a few additional input data and model parameters 
shall be required to run the simulation. The basic 
modelling approach of ISO 52016 is related to the 
convective  heat flow balance of thermal zone. That is 
why a building has to be divided into several of those 
zones. The energy balance of a single zone is as written 
in the Equation (2)  

  (2) 

As to be seen from the equation zone internal 
temperature int is changing from time step t-1 to time 
step t depending on zone thermal heat capacity Cint, heat 
fluxes from walls and windows, ventilation air flow, 
thermal bridges as well as internal heat gains int, solar 
heat gains sol, and any heat or cooling load H/C. The 
factors fint, fsol, and fH/C respectively define the 
convective portion of the total heat flows. For a given 
temperature heat and cooling load can be derived. 
Equation (2) could be easily solved as either heating and 
cooling load or internal set point temperature should be 
given and also all other variables are known in the time 
step t but surface temperatures S do not. That is why 
surface temperature of the building envelope (external 
walls, windows, doors) as well as internal walls and 
ceilings have to be calculated as well. For building 
simulation programmes this approach in general is state 
of the art for decades and a lot of different approaches 
have been established to calculate transient heat flow 

through massive walls accounting for thermal heat 
capacity, solar absorption and long wave heat transfer 
between surfaces in detail. Nevertheless it is a new 
approach in a standardized calculation procedure as 
thermal mass of building envelope has been aggregated 
in single capacity as described before.  
For calculation in the ISO 52016 framework opaque 
buildings elements (e.g. external walls) are characterized 
by two temperature nodes each placed on the internal 
and external surfaces of the wall as well as three nodes 
located inside the wall thus splitting the wall into four 
layers resulting in five nodes as shown in Figure 2. 
Internal zone and ambient temperature nodes are added 
for illustration.  

 
Figure 2: ISO 52016-1 model of opaque building 

element consisting of four layers and five temperature 
nodes K; internal and external nodes for illustration   

It has to be mentioned that layers as shown in Figure 2 
are more or less virtual layers just to be used to assign 
thermal capacity of the entire wall as well as heat flow 
resistances to the nodes and virtual layers. The 
assignment of heat capacity shall be done according to a 
fixed rule that again is referring to a classification of 
walls as described in the following Table 1. 

Table 1: ISO 52016-1 classification of walls in terms of 
their thermal mass and heat capacity 

Class m,op 
kJ/kgK 

 Class Specification 

Very 
light 

50  I 
Insulation outside; 

thermal mass inside 

light 75  E 
Insulation inside; 

thermal mass outside 

middle 110  IE 
Internal insulation; 

thermal mass balanced 

heavy 175  D 
no insulation; 

thermal mass balanced 
Very 
heavy 

250  M thermal mass internal 

By the way windows and doors are not split into layers 
just consisting of two nodes placed on the surfaces. 
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Programming  

The algorithm proposed in international standard ISO 
52016-1 applicable to predict room temperature and/or 
space heating and cooling loads has been implemented 
using the QT-Library for C++ in combination with the 
integrated development environment QT Developper 
(The Qt Company, 2018). The model was set up as kind 
of software module or subroutine (called TYPE) to be 
integrated into an existing TRNSYS environment. That 
is also why input data as well as any model parameter 
have been taken from this already existing TRNSYS-
TUD software tool. Two different approaches have been 
programmed with respect to the multilayer walls: 

 The first method is consistent to the algorithms 
described in ISO 52016-1 (DIN Deutsches Institut 
f r Normung e.V., 2015). Building construction 
elements are subdivided into the four virtual layers 
as described before. Building physical properties 
are allocated to the layers following specific rules 
defined in the standard (i.e. classes and allocation, 
see Table 1). In the global equation system the 
coefficients of the unknown temperatures are sorted 
according to the nodes. 

 The alternative method is accounting for the real 
number of layers the wall is built of. Also the 
building physical properties are more realistic. The 
coefficients of the unknown temperatures are sorted 
according to building construction elements. 

The linear equation system is solved using a solver of 
the template-library Eigen3 (Eigen, 2018a). Eigen is a 
high-level-C++ library of template-headers for linear 
algebra, matrices, vectors, numerical solvers and other 
related algorithms. The solver ColPivHouseholderQR< 
_MatrixType> (Eigen, 2018b) has been chosen as an 
appropriate option because there are from the solvers 
point of view no restrictions in terms of the structure of 
the equatin system. And structure of the equation 
system is depending on the building structure, thus it 
will vary. The solver finds the solution of the system of 
linear equations by QR decomposition and column 
pivoting of a matrix A, see equation (3) (Eigen, 2018b). 
The QR decomposition is the decomposition of a matrix 
A into a unitary matrix Q and the upper triangular 
matrix R. The column pivoting is changing rows in the 
matrix by dividing smaller numbers by bigger numbers 
(Bärwolff, 2016). This will result in stable solutions 
with a matrix coefficient ,  that again will lead to 
a machine accuracy of  (Meister, 2008). The 
decomposition of matrix A into  the permutation matrix 
P, the unitary matrix Q and the upper triangular matrix 
R is realized by the  householder transformation (Eigen, 
2018b). 

 AP = QR  (3) 

The QR decomposition by householder transformation 

requires  computing operations (Wick 

2012). In addition to that column pivoting increases the 
number of computing operations. 

Model application 

The simulation programme that has been built as 
described before will be used to predict room 
temperatures and thermal loads according to the ISO 
52016-1 standard but has to be checked for plausibility 
and reliability. Several validations tests and sensibility 
checks have been performed. Finally also a cross-check 
with the simulation programme TRNSYS-TUD 
(Perschk, 2010) has been done. In total the following test 
were carried out: 

 Transient heat transfer through walls   
The method to calculate the transient heat transfer 
through walls according to ISO 52016-1 is 
analysed using a validation test described in ISO 
13791 (DIN Deutsches Institut f r Normung e.V., 
2005) 

 Heat capacity classification  
It is analysed if heat capacity classification 
described in ISO 52016-1 match real wall 
constructions. 

 Heat capacity allocation 
Different Multi-layer wall construction will be used 
to analyse, if heat capacity allocation proposed by 
ISO 52016-1 will lead to reliable results. More 
realistic heat capacity allocation to wall layers is 
used as a reference. 

 Allocation of heat conductivity  
Similar to the test before the impact of allocation of 
heat conductivity to wall layers according to ISO 
52016-1 is analysed by comparing simulation 
results to a more realistic allocation of heat 
conductivity within the wall. 

 Allocation of heat capacity- & heat conductivity 
A test is done analysing the impact of both heat 
capacity and heat conductivity on building 
performance. 

 Validation test procedure   
The validation test procedure described in ISO 
52016-1 has to be passed; consistency of 
simulation results with reference data given in the 
standard is checked.   

 Cross-check with TRNSYS-TUD  
The predictions reported from the ISO 52016-1 
model will be compared to results from the 
TRNSYS-TUD simulation runs. Three different 
test are carried out: single zone, 2-zone, and single-
family house. 

 Performance testing  
The cross-check with TRNSYS-TUD is used to do 
performance testing as well.  

Some of the tests will be described in more detail in the 
next chapter and results will be presented   
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Results 
Example 1: Heat transfer through walls  

Standard ISO 13791 is describing a procedure to validate 
simulation of transient heat transfer through opaque 
building construction elements. The test is asking for the 
step function response of the inside air temperature in a 
cubic space consisting of six identical walls each 
touching ambient air. Ambient air temperature is rising 
rapidly within the first hourly time step from 20°C to 
30°C.  Inside air temperature has to be reported for 120 
hrs to be compared to time discrete reference values at 2, 
6, 12, 24, and 120hrs, respectively. Validation has to be 
done for four different wall types. Wall type 1 and 2 are 
single layer walls with different characteristics whereas 
wall types 3 and 4 are consisting of three different 
layers; .wall type 4 is a mirror image of wall type 3. 
Figure 3 is illustrating the structure if the wall types. 

 
Figure 3: Wall types based on ISO 13791 validation 

procedure for heat transfer through walls  

The validation is successfully passed in case the 
calculated room air temperature is deviating from the 
given reference temperature with less than ±0.5K  

 
(a) wall type 1  (b) wall type 2 

 
(c) wall type 3  (d) wall type 4 

Figure 4: Results of the heat transfer through walls 
validation test of  ISO 13791 calculated with ISO 52016-

1 building model   

The diagrams in Figure 4 show that all wall types but 
wall type 3 passes the validation test: transient room 
temperature calculated with the ISO52016-1 simulation 
model are within the given error bands at given times it 

can be seen.It is astonishing that wall type 3 does not pas 
the test but wall type 4 do because type 4 is just a mirror 
image of wall type 3. Further investigation is needed to 
figure out, what causes this noticeable behaviour.  

Example 2: Heat capacity classification   

Two different wall types are taken as a basis: a massive 
brick wall with insulation and drywall. Area related heat 
capacities of the walls are 545,000 J/m2K and 16,080 
J/m2K, respectively. Objective of the test is to figure out 
the sensitivity of predicted room temperature against 
heat capacity of the wall. Test condition is according to 
the Example 1. From Figure 5 illustrating the impact of 
heat capacity on room temperature step response it can 
be concluded that heat capacity classification as 
presented in Table 1 do allow a rough estimation of 
building performance as heat capacity of the building 
fabric has a significant impact on transient room 
temperature profile. 

 
Figure 5: Step response of room temperature for 

different heat capacities in the wall 

Example 3: Verification of the full calculation 
method  

The verification of the full calculation method is 
targeting the operative temperature as well as the 
sensible heating and cooling demand for an entire year. 
The verification text cases requested in ISO 52016 are 
based on BESTEST 600FF and 900FF as described in 
ANSI/ASHRAE 140 (ANSI/ASHRAE, 2014).  FF 
means free float, i.e. the free floating temperature caused 
by internal loads and ambient conditions have to be 
predicted. Obviously some specific adaptation have been 
done to fit the BESTEST to ISO 52016.   
The different test scenarios are related to a simple 
building geometry just consisting of a single zone where 
two different types for the building envelope are used: a 
lightweight and a heavy eight building construction. 
Figure 6 is illustrating the view of the building. 
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Figure 6: geometry of the ISO 52016 Test room taken 

from BESTEST / ASHRAE 140 

To pass the verification the daily heating and cooling 
profiles as well as the operative temperature (i.e. the 
average of air temperature and radiant temperature) have 
to be predicted for both January 4 and July 27. Results 
have to be compared with reference data. ISO 52016-1 
does not offer reference data for July 27, that is why 
results for January 4 will be presented only. Daily 
profiles of operating temperature for both test cases 
(lightweight and heavy weight) are depicted in Figure 7. 

 
(a) light weight (600FF) (b) heavy weight (900FF) 

Figure 7: Operative temperatures for ISO 52016-1 
validation model (lightweight and heavy weight 
construction) January 4; heat capacity classes 

From Figure 7a it can be presumed that overshooting of 
room temperature is cause by wrong allocation of 
building thermal mass. For that reason the real capacity 
following the given building fabric data rather than the 
heat capacity derived from wall classification (see Table 
1) is used for further analysis. Finally for the lightweight 
construction this approach leads to much lower 
difference between predicted temperature profile and its 
reference, see Figure 8a. For the heavy weight 
construction in contrast the difference between 
prediction and reference is increasing when using more 
realistic heat capacity data rather than heat capacity 
classification, see Figure 8b. 

  
(a) light weight  (b) heavy weight 

Figure 8: Operative temperatures for ISO 52016-1 
validation model (lightweight and heavy weight 

construction) January 4; real heat capacity   

Another reason for discrepancy observed so far could be 
found in the modelling of the floor panel. In the 

validation procedure the floor panel is indirectly 
connected to ambient air temperature by adding an 
insulation layer in between. Normally ISO 52016-1 is 
using a so-called virtual ground temperature. Neither the 
standard ISO 52016-1 nor the accompanied technical 
report ISO/TR 52016-2 (DIN Deutsches Institut f r 
Normung e.V., 2017c) are describing a method how to 
handle this approach. 

Example 3: Heat and cooling load / Energy demand  

For verification purposes annual heat and cooling loads 
have to be predicted. The monthly energy demand for 
heating and cooling is than be used as performance 
indicator. Again both lightweight as well as heavy 
weight construction will be analysed. In addition also set 
point temperature is modified, i.e. an invariable set point 
as well as an intermittent set point have been defined to 
estimate loads. Figure 9 is depicting the comparison of 
test results with reference data but for the lightweight 
construction only. The two diagrams in the top row of 
the Figure are related to fixed set point scenarios 
whereas the two graphs in the bottom row do show 
results for the intermittent heating and cooling cases. For 
plausibility it is noticed that intermittent heating and 
cooling leads to lower heating and cooling energy 
demands. The two diagrams in the left columns of 
Figure 9 present results of simulation runs which are 
done with an ISO 52016-1 model that is based on heat 
capacity classifications. As to be seen the ISO 52016-1 
model using heat capacity classes is underpredicting heat 
and cooling loads. The application of more realistic heat 
capacities in line with the material characteristics lead to 
lower mismatch between test data and reference data. 

 
(a) fixed set point  (b) fixed set point 

heat capacity classes heat capacity real 

 
(c) variable set point (d) variable set point 

heat capacity classes heat capacity real 

Figure 9: heating/cooling load profiles for the ISO 
52016-1 lightweight construction test cases for steady 

state (top row) and intermittent (bottom row) set points, 
for heat capacity classes (left column) and realistic heat 

capacities (right column)   

Performance analysis  

Beside verification and validation also performance 
testing has been carried out. The laptop computer that 
has been used for that is specified as follows: 
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Processor: i5-4210 CPU @ 1.70GHz 
Main memory: 8,00 GB, DDR 3, 1600 MHz 
System type: 64-Bit 
Operating system: Windows 8.1 (Build 9600) 
Software: Qt Creator 4.6.0 based on Qt 5.10.1 with 
MinGW w64 64bit (MSYS2) 

Three different test cases have been analysed: single 
zone and 2-zone building as well as a single-family 
house. Run times have been determined for a single time 
step as well as for a full year simulation consisting of 
8760 hourly time steps. Results of performance analysis 
are summarized in Table 2. It has been recognized that 
both single zone and two-zone buildings can be 
simulated causing reasonable time effort whereas the 
single-family house was requesting two days of run time, 
which is not acceptable so far. Further optimization of 
computing is needed   

Table 2: Run times ISO 52016-1 classification of walls 
in terms of their thermal mass and heat capacity 

Test case 
Run time in sec 

 8760 time steps 
Single zone 3.862 x 10-2 1.073 x102 

2-zone 3.862 x 10-2 3.383 x102 
Single family 

house 
19.54 1.71 x 105 

Conclusions and Outlook 
The standard ISO 52016-1 does not give any statements 
about the quality of the results. Also simplifications 
regarding the calculation method (e.g. the classification 
of wall types and the allocation of heat capacities) make 
it difficult to evaluate the quality of the calculation 
results. The technical report ISO TR 52016-2 (DIN 
Deutsches Institut f r Normung e.V., 2017c) is 
discussing the results of the validation test of ISO 
52016-1 comparing it with the results of other software 
tools. From that it can be concluded, that the 
computational algorithm described in ISO 52016 results 
similar to other program should be generated. 
Nevertheless the simulations runs presented in this paper 
ask for further analysis of the code implementation with 
special focus on the heat capacity issue and run time 
performance. 

Finally the full implementation of all other calculation 
methods described in a set of EPBD related standard is 
needed to allow the application of a standardized holistic 
approach for building performance evaluation. 

Nomenclature 
A area in m2 

h heat transfer coefficient in W/m2K 

H heat loss coefficient in W/K 

 heat load in W 

Cint heat capacity in kJ/ 

Qh heat load in W 

QI heat losses in W 

Qg heat gains in W 

 Temperature in °C 

 heat conductivity in W/mK 

 thickness in mm 

 heat capacity in kJ/kgK 

 time step in hrs 
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Abstract 

This paper demonstrates the impact of Energy 

Conservation Building Code (ECBC), India 

implementation in the city of Ahmedabad India. The 

study uses available administrative and property tax data 

from the local government in conjunction with building 

energy simulation to estimate the benefits of various 

energy conservation measures (ECM) proposed in the 

ECBC. The study compares ECM between two versions 

of the code titled ECBC 2007 and ECBC 2017. It also 

investigates the impact of three stringencies defined in 

ECBC 2017. The paper establishes the energy saving 

impact due to only envelop measures, due to Envelope & 

HVAC measures combined and due to the deployment of 

all ECM mandated in the ECBC.  To envisage the impact 

of ECM at the city level the paper estimates growth in 

floor space up to the year 2047 and then attempts to 

envisage energy saving potential. Selection of 2047 is 

based on its significance since India will celebrate the 

100th year of its independence. The paper also attempts to 

estimate future saving potential in event of code 

implementation. The paper correlates the amount of floor 

space of various types of buildings in the city with total 

energy saving potential due to the partial deployment of 

code only for certain types of buildings. It also estimates 

savings due to partial compliance of code for certain 

building types based on ease of implementation i.e. it 

estimates 6% savings if all large office buildings in the 

city meet only envelop requirement of ECBC 2017 but 

27% savings in the event of enforcement of all ECM of 

ECBC 2017. The paper helps to understand the impact of 

various building types and impact of various ECM at the 

building level and at the city level. The paper provides 

valuable guidance to policymakers for code 

implementation and enforcement of code based on 

various stringencies and/or based on the implementation 

and enforcement scope of the code.  

Introduction 

India has pledged to reduce its emission intensity during 

the United Nations Framework Convention on Climate 

Change (UNFCCC) in Paris. It declared its Nationally 

Determined Contributions (NDC) during the same time 

(UNFCCC, 2015). India has experienced sustained 

economic growth since the last two decades leading to 

increasing per capita income. This leads to higher sales of 

white goods including comfort goods such as air 

conditioners. As an impact of such economic activities in 

recent times India has seen a rise in per capita electricity 

consumption. At present the per capita consumption of 

electricity which stands at around 1120 kWh per year 

(Central Electricity Authority, 2017) much lower than 

many countries, but the rate of increase is much higher 

than rest of the world (International Energy Agency, 

2017). Out of approximately 1210.2 million people in 

total about 369.8 (31%), million people are residing in the 

urban area. The growth of urbanization in India stands at 

approximately 2.07% which appears to be less in 

percentage terms but looking at absolute numbers of the 

population it is significant. It translates into an increase of 

about 24 million people per year in the urban area.  Such 

context has lead unprecedented growth in the commercial 

building sector (AEEE, 2018) as well as residential 

building sector. It is estimated that 1160 million m2 

commercial floor space in 2017-18 will increase by 2.7 

times to 3090 million m2 by 2030. Along with this 

percentage air-conditioned area will increase from 

presently 26%  to 54% by 2037-38. India enacted Energy 

Conservation Act in 2001. As a result of it in 2007 Bureau 

of Energy Efficiency (BEE), India developed Energy 

Conservation Building Code 2007. This version of the 

code was applicable to all commercial building either 

having connected load greater than 500kW or contract 

electric demand of 600kVa at the time of its launch. 

Subsequently, eligibility criterion revised to a connected 

load of 100kW or contract electric demand of 110kVa. 

2007 version of ECBC did not differentiate between 

various typologies of commercial buildings. Subsequent 

to the 2007 version in 2017 updated version of ECBC was 

developed and launched. This version of ECBC provides 

a recommendation for 16 various types of commercial 

buildings having connected load greater than 100kW or 

electric demand greater than 120 kVa, similar to the 2007 

version. The ECBC 2007 and ECBC 2017 both contain 

predominantly two compliance approach, one 

prescription based and second performance-based. While 

the ECBC 2007 does contain only one level of stringency, 

ECBC 2017 provides an option to comply with any one 

of the stringencies namely ECBC 2017, ECBC+ 2017 

(ECBC Plus 2017) and Super ECBC 2017.  

ECBC implementation not only saves energy but also 

helps to reduce peak demand since buildings will 

consume less electricity during harsh outdoor conditions 

due to efficient envelop and HVAC system. ECBC 

Compliant building will have less thermal transfer 

through building envelope, which will reduce variation in 

cooling load over the day and during various seasons. 

Number of case studies demonstrates reduction in peak 

load at building level due to code compliant specifications 

of building envelope (EESL BEEP, Bhatnagar, Varma, 

Tathagat, & Diddi, 2017). Code implementation also 

helps expand the market for building material, equipment 

and services help achieve energy efficient building. Such 
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expansion of market help increases economic activities in 

the region leading to better quality of life. In India powers 

to implement such code lies with state government. 

Successful implementation of ECBC in India requires the 

state government to adopt and mandate it. Based on the 

mandate from state government, urban local government 

is responsible for the enforcement of it in their 

administrative region.  Demonstrating quantifiable 

benefits of ECBC adoption, implementation and 

enforcement at the urban local government level could 

lead to early adoption of ECBC by policymakers. To 

envisage impact of the ECBC at the urban local level, 

understanding of the extent of existing floor space, its use 

is important. Based on the existing scenario it is vital to 

envisage future floorspace scenario and associated energy 

scenario.  

ECBC enforcement in India experiences significant 

challenges (Kumar, Kapoor, Rawal, Seth, & Walia, 2010; 

Rawal, 2013; Rawal et al., 2012). In the past various 

studies have proved that deconstructing ECBC into the 

easily implementable form will increase the probability of 

adoption, implementation, and enforcement. Easy to 

implementable tiers will access market size and benefits 

at each tier. Definition of tiers can take into the account 

availability of resources at utility companies,  the capacity 

of energy consultancy service providers, building material 

manufacturers, and suppliers, Building Monitoring 

Services Company and HVAC companies to access future 

demand in time scale.   

To meet the objective of the study, authors have identified 

three distinct but interdependent activities (i) Estimating 

current floor space of a city (ii) Estimating energy savings 

due to various ECM prescribed or recommended as part 

of ECBC. (iii) Aggregating energy consumption at city 

level building future scenarios.  

Literature review 

During the last decade, several authors have attempted to 

establish a city scale or urban scale building energy use 

modeling methods. These are based on various 

approaches. Li et al (2017) reviewed several research 

papers and provided the broad categories of the energy 

models. They categorized models based on the workflow 

of physics-based models, bottom-up models and their 

applicability at the urban scale. They recognized 

significant differences across models and discussed 

challenges attached with model preparation and 

validation. Tornberg & Thuvander (2012) successfully 

worked on linking GIS, remote sensing technology and 

building a stock model to develop an energy model of 

Goteborg. They demonstrated that by encoding 

geographical data and energy data from different sources 

it is possible to develop the integrated model.  Buffat, 

Froemelt, Heeren, Raubal, & Hellweg (2017) proposed a 

model based on GIS data to model heat demand of large 

regions having higher density of buildings, primarily 

urban areas. They used a digital elevation model, climate 

classification and location dependent effects to generate 

models. The combination of building energy simulation 

and GIS method was used by Heiple & Sailor (2008) and 

demonstrated by conducting a contextual study with 

reference to the city of  Houston in the USA. They used 

this method to support an argument for anthropogenic 

sensible and latent waste heat emissions associated with 

building energy consumption and urban heat island 

studies. Hong, Zhou, Fridley, Feng, & Khanna (2014) 

identified key socioeconomic drivers of growth to predict 

annual growth in floor space. They used energy 

consumption to calculate the demand for energy in the 

building as well as demand for building material. Using 

3D  stock Evans, Liddiard, & Steadman (2019) suggested 

that while developing building stock model one should 

account for interior space volumes and not only just floor 

space to account quantity for energy use within the 

building. The same study gives a higher emphasis on the 

importance of characterizing mixed-use buildings more 

carefully then buildings having a single use. Mixed-use 

buildings were defined as buildings having more than one 

type of activities on various floors. It does have to 

recognize the presence of different floor space with 

different use or same floor space with different users 

based on time of the day or time of the year. Zavrl, 

Stegnar, Rakušček, & Gjerkeš (2016) developed bottom-

up building stock energy mode by identifying data 

sources available in the public domain. They applied the 

model in Kocevje city and demonstrated that model is 

applicable for creating a correct baseline for energy 

consumption in an existing building as well as it can be 

used for deciding retrofit strategies in existing building 

stock.  

It is well documented that the top-down model is based 

on statistical relationships between socioeconomic 

factors, climate context, gross domestic product, and 

energy consumption in the building at the macro level. As 

against the bottom-up model rely on the estimation of the 

energy consumption of the individual buildings 

considering end-use consumption, characteristics of the 

buildings and then aggregates them at the city level. 

Sometimes these approaches depend upon statistical 

relationships and sometimes they depend upon physics-

based principles. Top-down models are capable of 

modeling relationships between economic and energy 

demand variables, but the bottom-up model can determine 

typical end-use energy consumption. While the top-down 

approach uses aggregated datasets, bottom-up models 

include micro details including building occupant 

behaviors. The top-down approach does not deal with 

technical details and is less capable of considering 

uncertainties in the model. At the same time, the bottom-

up approach needs large data and depends upon the 

quality of historical data. (Lim, 2017). 

Methodology 

Floor space estimation: Relying on administrative data 

from urban local body i.e. Ahmedabad Municipal 

Corporation (AMC) to access existing building stock was 

the first stage of the study. The second stage was to 

develop a building energy model for all 16 typologies of 

commercial buildings representing various building types 

in the city of Ahmedabad. And define the impact of each 
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ECM as per various versions and stringencies of ECBC, 

The third step was to aggregate data regarding the existing 

building stock and energy consumption numbers to 

estimate current energy consumption in commercial 

buildings. The third stage also includes future energy 

savings estimation.   

 

  

Figure 1: Methodology Sketch 

Various database of AMC was studied, these include 

database from the town planning department, property tax 

department, water-sanitation department, energy 

efficiency cell, and roads & building department. It was 

found that the town planning department has information 

about building geometry and use on each property within 

the administrative limits of the AMC but does not contain 

it in a single dataset. GIS map available at the town 

planning department is not fully correctly geotagged with 

information about floor space and use. It was found that 

property tax department data contains useful information 

for the study and data which can be compared with GIS-

based data. Property tax data contained floor space, use 

type of the building, and age of the building. The property 

tax data found to be more reliable data because of 

endorsement of data by each property owner for its 

correctness. It was the considerable exercise to make 

database appropriate for the study The  GIS data was 

verified and was corrected using various sources of data. 

Corrections were based on data available in research and 

academic institutes such as Faculty of Planning CEPT 

University, Urban Management Centre, Ahmedabad and 

All India Institute of Local Self-Government. The authors 

of this paper were possessing a certain level of 

Ahmedabad city information pertaining to town planning 

scheme and land use plan of the city, all this information 

was used to verify data and corrected version was used for 

this study. Each road width was verified with land use 

plan of the city because of general Development Control 

Regulations (GDCR) prescribes building set back 

margins and height of the building based on road width 

and location of the plot. This exercise was helpful in 

arriving at correct building floor space in Ahmedabad 

which was then compared with property tax data.  

As per 74th amendment in the constitution of India 

pertaining to urban local bodies and administrative 

reforms at ULB levels in India (Government of India, 

1950) each ULB is required to generate their own revenue 

to support their existing infrastructure, services, and 

development activities. Property tax is one of the most 

revenue generating tool for ULB. Property tax database 

has widely used the instrument to collect annual property 

tax within the city and contains one of the most reliable 

information on floor-space, its associated use and vintage 

value of the property. This exercise provided total 

building floor space in the city of Ahmedabad along with 

the use of the floor space.  

Out of 621 million m2 constructed floor space exists in 

Ahmedabad in 2017, approximately 101 million m2 

accommodates one of the activities of 16 commercial 

activity, which is 16.2% commercial floor space to total 

 

Figure 2: Floor space distribution for Ahmedabad city 

floor space of Ahmedabad city. Out of which 32% is for 

large offices (5.1% of total floor area), 19% is for 

educational purpose (3.05 % of total floor area), 14% is 

for medium offices (2.25% of total floor area), 12% each 

is for small office and standalone retail shops (1.93% of 

total floor area).  

Energy saving potential of various versions and tiers 

of ECBC: The second stage of the study was to create 

energy models for the baseline scenario and code 

implementation scenarios. During the development of 

ECBC 2017, Bureau of Energy Efficiency (BEE) as part 

of a project titled ‘Partnership to Advance Clean Energy 

– Development’ supported by USAID India arrived at the 

input parameters for all 16 types of commercial building 

energy models. After consensus from technical committee 

of experts from various sectors, constituted by BEE 

energy model input parameters were finalized by BEE. 

Authors of this paper received permission to use all those 

input parameters to conduct this study. EnergyPlus 

version 8.6 (U.S. Department of Energy, 2016) was used 

to develop energy models for 16 commercial building 

types. BEE defined 16 building types based on building 

typology defined in National Building Code 2016 (Bureau 

of Indian Standards, 2016). Table 1 lists these.  

 

Table 1: Building Typology identified as part of ECBC 2017 

Commercial Building Types as per ECBC 2017 

Office 1 Small Office  

2 Medium Office 

3 Large Office  

Academia 4 University Academic  
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5 Primary School 

6 Secondary School 

Health-care 

buildings 

7 150 Bed IPD Hospital 

8 OPD Outpatient Centre 

Retail 9 Super Market 

10 Shopping Mall 

11 Open Gallery mall 

12 Strip Retail Mall 

Hospitality 13 4 or 5 Star Hotel 

14 Resort type Hotel 

15 No Star Hotel 

Assembly 16 Assembly 

 

Building geometry, typical floor area, number of floors 

building envelop characteristics, HVAC characteristics, 

operation schedule, lighting power density (LPD) and 

equipment power density (EPD) were considered from the 

baseline models developed by BEE as discussed earlier in 

this paper. For each building type, a separate baseline 

model was developed. To provide an insight into the 

nature of input values used to generate the baseline model, 

as an example, the following table demonstrating input 

used for large office building baseline model.  

    

Table 2: Input parameters Baseline building (Large office) 

Example of Baseline Building Input Parameters 

Building Geometry 

Building shape Rectangle 

No of floor 12 

Total floor area 50000 m2 

Conditioned area (%) 80 

Aspect Ratio 1:2 (82.0 m x41.0 m) 

No of basement 3 

Floor plate 3300 m2 

Basement area 8200 m2 

F/F height 4.2 m 

False ceiling height 0.9 m 

Building envelope specifications 

Roof U-Value 2.99 W/m2.K 

Wall U-Value 1.58 W/m2.K 

WWR 42% (with 0.9m high sill) 

Window U-Value 2.4 W/m2.K 

S.H.G.C, & V.L.T 0.29 (SHGC) ,0.37 (VLT) 

Shading No 

HVAC System Specifications 

HVAC System Centrifugal chiller  

C.O.P. 5.2 (2.8 for WH climate) 

A.H.U. Constant Air Volume 

Pump | efficiency Variable (70%) 

Condenser type Water (single speed, 

Induced Draft) 

Ventilation Centrifugal Fan 

Heating system Electric Resistance 

Operation Schedule (Weekends off) 

Schedule 9 am – 6 pm 

Cooling setpoint (°C) 24/60% RH 

Heating setpoint (°C) 20/60% RH 

Occupancy m2/person 0.156 

Lighting & Equipment Density 

Lighting load (W/m2) 11.9 

Equipment load (W/m2) 19.0 

 

Total four stringencies were modeled and studied. One 

stringency scenario of (i) ECBC 2007 version and three 

stringencies scenarios of ECBC 2017 namely (ii) ECBC, 

(iii) ECBC+ (ECBC Plus) and (iv) Super ECBC were 

simulated for three tiers. These three tiers were considered 

based on ease of implementation and energy-saving 

potential (Rawal, Vaidya, Ghatti, Manu, & Chandiwala, 

2013; Rawal et al., 2012). Tier 1 includes building 

envelop related ECM such as wall, roof, and fenestrations. 

Tier 2 includes building envelop and HVAC related ECM 

such as efficiency of HVAC components and Tier 3 

includes all ECM mentioned in various versions of 

ECBC. Following table summarising all approaches 

adopted to estimate energy saving potential. The table 

also indicate energy performance index (EPI) calculated 

in kWh/m2-Year for each tier and for all 16 building type. 
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Table 3: Complied EPI for all version of ECBC and all Tiers of ECBC 
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  BAU 202 198 197 124 149 143 138 111 76 172 66 56 199 92 197 223 

Tier ECBC-07 178 176 153 114 128 136 135 102 71 149 64 51 186 84 129 212 

1 ECBC-17  176 179 173 118 128 139 135 102 72 149 63 55 187 85 141 213 

  
ECBC-   

17plus 
173 176 168 117 126 137 135 102 72 148 63 55 184 84 132 211 

  
ECBC-17 

super 
172 169 165 115 118 134 133 101 72 147 63 54 181 82 121 211 

Tier ECBC-07 177 163 345 148 101 191 97 135 93 128 87 62 116 172 236 165 

2 ECBC-17 121 167 150 141 91 144 103 83 74 101 65 55 76 83 130 165 

  
ECBC-17 

plus 
117 165 150 140 87 141 96 83 75 92 59 56 72 78 116 164 

  
ECBC-17 

super 
115 154 146 136 83 134 93 83 75 88 57 54 69 75 106 162 

Tier ECBC-07 164 153 320 135 92 173 88 131 84 102 80 57 113 168 221 162 

3 ECBC-17 102 146 117 108 79 115 85 67 48 95 53 51 67 72 112 160 

  
ECBC-17 

plus 
96 138 105 109 69 105 81 62 44 82 47 43 58 63 90 158 

  
ECBC-17 

super 
90 116 82 92 56 90 76 53 40 70 44 34 50 54 72 152 

 

Figure 3: Reduction in EPI due to versions of ECBC and Tiers of ECBC
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Aggregation of the impact of ECM at city level: Energy 

consumption for buildings at city level was dependent on 

the existing building stock for which data was derived 

using GIS and property tax sources and energy 

consumption of each commercial building type was 

derived using energy models. Compounded Annual 

Growth Rate (CAGR) was considered for the basis to 

predict future growth in floor space. Based on historical 

data between 1950 and 2015 from the property tax 

department earlier study by the same authors derived 

3.18% CAGR growth for commercial floor space in 

Ahmedabad (CEPT University, 2016). This is closer to 

study conducted for national level projection by Lawrence 

Berkeley National Laboratory. For the purpose of the 

study, it was assumed that in 2018, only 10% of the new 

commercial buildings will meet code compliance and 

compliance rate will increase at 10% every year. This 

assumption was based on consumer awareness and 

capabilities of ULB to manage code enforcement. It was 

assumed that by 2027 all commercial building added 

between 2018 and 2017 will meet code compliance. It was 

assumed that in 2018 10% new buildings will be 

compliance with ECBC 2007, between 2019 and 2021 

newly added buildings will comply ECBC 2017. From 

2022, 90% new building will keep complying to ECBC 

2017 version but 10% will adopt ECBC 2017 Plus version 

for compliance until 2027. Introduction of ECBC 2017 

Super will come in force by 2017 and then onwards every 

year 10% new buildings will comply ECBC 2017. Basis 

of assumptions for compliance rates was based on 

national level targets set by organizations such as Bureau 

of Energy Efficiency and NITI Aayog. 

(IESS2047,BEE2017). Due to increasing economic 

pressure on land price every city does experience the 

transformation of the old building to new buildings. Old 

buildings will be replaced by bigger and taller buildings 

in the same land. Every ten years UBL do release new 

Town Planning Scheme and updated version of the entire 

city master plan. Observing the last 30 years of trends, 

authors have assumed 1.5% of replacement ratio between 

old buildings and new buildings. At this rate, 45% of 2017 

commercial building stock will be replaced by new 

commercial building stock by 2047, and these buildings 

are expected to comply with ECBC. 

Discussion:  

Building level: For a medium commercial building, 

version of 2007 can save up to 20,30 MWh of electricity 

whereas implementation of ECBC 2017 for the same 

building type can save 22,30 MWh units of electricity 

which is 230 MWh units more than the ECBC 2007 

version. Similarly, for a medium commercial building, 

savings from ECBC 2007 version envelope is 13%, 

savings from HVAC added on the envelope is 26% and 

savings from full implementation of ECBC 2007 is 41%. 

For the ECBC 2017 version, savings from the envelope is 

14%, savings from HVAC increases to 42 and savings 

from full implementation is 45%. For ECBC 2017+ 

version, savings from the envelope is 14%, which 

increases to 47% due to HVAC and from full 

implementation, it becomes 53%. For the last stringency 

i.e. ECBC 2017 Super, savings from the envelope is 15%, 

which increases to 50% due to HVAC and due to full 

implementation, it becomes 60%. 

If the only tier 1 measure are considered (i.e. envelope 

measures); For the ECBC 2017 version, in a large office 

building a minimum savings of 3 kWh/m2/year is 

observed where-as maximum savings of 56 kWh/m2-year 

from the same measure is obtained in resort building. For 

ECBC 2017+ version for the same building types, savings 

from the envelope for a large office building is 3 

kWh/m2/year and for resort building, it is 65 kWh/m2-

year. Similarly, for the last version of ECBC 2017 i.e. 

ECBC 2017 Super version savings for a large office 

building is 5 kWh/m2/year and savings for resort building 

is 76 kWh/m2/year.  

For tier 2 measures (i.e. Envelop +HVAC measures), the 

minimum savings of 9 kWh/m2/year from ECBC 2017 

version is observed in no-star hotel whereas same 

measures result into saving of 124 kWh/m2/year for star 

hotel building type. For ECBC 2017 plus version, savings 

of 13 kWh/m2/year is observed in no-star hotel and 

savings of 128 kWh/m2/year is observed for the star hotel. 

For the final version of ECBC 2017 i.e. ECBC 2017 

Super, savings of 17 kWh/m2/year is observed in no-star 

hotel whereas savings of 130 kWh/m2/year is observed in 

star hotel building type.   

For the tier 3 measures (Full ECBC compliant), if we 

consider ECBC 2017 version, a minimum savings of 5 

kWh/m2/year is observed for secondary school building 

whereas maximum savings of 100 kWh/m2/year was 

observed for assembly type of building. For ECBC 2017 

plus version, savings of 13 kWh/m2/year is observed for 

secondary school and savings of 107 kWh/m2/year is 

observed for assembly building type. For the last version 

of ECBC 2017 i.e. ECBC 2017 Super, savings of 22 

kWh/m2/year is observed for the secondary school 

building and savings of 113 kWh/m2/year is observed for 

assembly building. 

City level: The study projects the energy demand for 

BAU scenario and energy savings achieved due to 

implementation for the year 2017 to the year 2047 for all 

version of ECBC 2007 and ECBC 2017.  

 

 

Figure 4: Energy demand and Energy savings potential for 

ECBC 2017 
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For only ECBC 2017 version; If BAU trend is followed 

for the year 2017, the energy demand is 14772 GWh and 

if same BAU trend is also followed for the year 2022, 

energy demand increases to 17152 GWh which comes 

down to 16790 GWh due to implementation of ECBC i.e. 

334 GWH of energy demand is reduced due to 

implementation of ECBC. Similarly, for the year 2047, if 

BAU trend is followed Energy demand is 35855 GWh and 

it decreases to 32090 GWh due to Implementation of 

ECBC i.e. reduction of 3765 GWh is observed. 

 

 
Figure 5: Energy savings from 3 different tiers of ECBC 2017 

Figure 5 indicates the savings due to the 3 different tiers 

of ECBC 2017 version for the year 2017 to the year 2047. 

The minimum savings of 72 GWh for the year 2022 is 

observed in Tier 1 i.e. Envelope measures followed by 

savings of 273 GWh for tier 2 & maximum savings of 334 

GWh is observed for the Tier 3 i.e. Full ECBC compliant 

measures. For the year 2047, minimum savings of 817 

GWh is observed by the implementation of tier 1 of ECBC 

2017; followed by 2510 GWh due to tier 2 measures and 

the maximum savings of 3765 savings due to the 

implementation of tier 3 of ECBC 2017. 

Figure 6 explains the relation of the savings of a building 

type and its relationship with aggregated savings at the 

city level. The commercial building stock for Ahmedabad 

city consists of different building types and for obtaining 

the aggregated city-level energy, savings from each 

building type is added. As each building type possesses 

different characteristics and varying contribution in the 

total floor space composition of the city, behaviors of 

each building type are different from other. A building 

that has high level of energy savings potential at building 

level is not sure to have a high savings potential at city 

level due to its contribution in the total building stock 

 

Figure 6: Contribution of building type on city level savings (BL indicates building level savings and CL indicates city level savings)

for e.g. as presented in figure 6 the building level savings 

for the shopping mall is highest compared to all other 

building but when the savings from all shopping mall are 

aggregated to the city level, the aggregated savings is very 

less compared to other building types but if same building 

level savings is observed for the strip-retail malls, the 

building level savings are minimal but when aggregated 

for city level the savings from Strip-retail mall is notable 

and higher than other 2 building types 

As discussed before, ECBC implementation also helps in 

reducing the peak demand for the city level stakeholders. 

Minimum peak reduction of 1139 MW is observed for 

ECBC 2007 whereas maximum demand reduction of 

4743 MW is observed due to the implementation of 

ECBC 2017 Super. These projections were compared 

with city level decadal master plan and state level GDP 

data. Building level data was validated and compared with 

other benchmarking studies based on sample survey 

method. However, it is to be noted that due to 

unavailability of city level floor space construction 

projection, validation of energy saving potential is 

challenging. 
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Figure 7: Peak load reduction due to ECBC  

 

Conclusion 

After understanding existing floor space use, the study 

also establishes city-level energy saving impact of ECBC 

and individual energy conservation measures within 

buildings. The study also estimates scenarios of floor 

space projection and associated energy savings due to 

code implementation. The study relies on building energy 

simulation, past research, and literature to determine and 

estimate the energy consumption of buildings. Paper 

establishes advantages of adopted methodology which is 

scalable at the state and national level; as most urban local 

bodies throughout the county have the mandate to collect 

property tax based on a unit of floor area. Such 

methodology promises to overcome the major barrier of 

robust data in establishing existing floor space.  
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Abstract 

To meet greenhouse gas (GHG) emissions reduction 

targets set by the government in buildings, the buildings 

need to be designed in ways that save more energy. Using 

the Energy-Saving Plans of Buildings that have been 

submitted for building design over the last 3 years, we 

established a database of accommodation and cultural 

facilities and calculated statistics for analysis items. The 

representative value for each analyzed item was 

determined from statistical analysis and used to develop a 

reference model. We performed modeling using 

EnergyPlus for the defined reference model and analyzed 

energy consumption characteristics. Furthermore, this 

study compares buildings of similar scale and Korea’s 

average energy consumption per unit area. In the future, 

the model is expected to reduce energy consumption of 

each building depending on its use, improve buildings’ 

energy performance, and set specific targets for their 

maintenance. 

Introduction 

To reduce greenhouse gas (GHG) emissions and save 

more energy, buildings need to be redesigned, to meet the 

energy and emission criteria set by the government. 

However, identifying the status and changes in energy 

consumption is difficult due to the current lack of 

available building data. Therefore, a reference model, 

which serves as the basis to represent various buildings 

using Energy-Saving Plans of Buildings and design 

drawings, is intended to be defined to overcome this 

deficiency. In defining the reference model, we included 

only accommodation and cultural facilities. Currently, 

Korea’s tourism is on the rise, and the number of foreign 

and domestic tourists is increasing in line with the 

growing tourism industry (Yonhap News Agency, 2018). 

People need accommodation during travels. Hence, an 

increasing number of people use accommodation 

facilities, and consequently the number of 

accommodation facilities is increasing (Financial News, 

2018). In addition, the frequency of visits to cultural 

facilities is also expected to rise in connection with the 

growth of accommodation facilities. As schools are 

allowed to provide classes only 5 days a week and the 

legal number of working hours per week has been set at 

52, it is reported that people are spending more time 

developing themselves and doing leisure activities, and as 

a result, the frequency of visits to cultural facilities of 

cultural facilities has been increasing (NextDaily, 2018). 

Kim et al. (2017) unified the legend for buildings based 

on national statistics data and thereafter conducted a 

detailed analysis by using EnergyPlus simulation program 

on 11 models, but errors were observed owing to 

limitation of the statistical data. Jeong et al. (2014) 

proposed the definition of a reference model of standard 

non-residential building in South Korea, based on the 

result of a survey on building energy conservation plans. 

They analyzed energy consumption volume by using 

ECO2, a domestically developed simulation program. 

However, the ECO2 program has a disadvantage in that 

detailed adjustment of setting is impossible.  

However, previous studies did not reflect the latest 

building trends. In this context, the study aims to propose 

a reference model for the increasing number of 

accommodation and cultural facilities in Korea. This will 

contribute to defining the reference building that 

accommodates Korea’s circumstances and will help 

policy-makers prepare and implement policies through 

specified analysis. 

Method 

This study covers the buildings of 89 accommodation and 

13 cultural facilities and investigates buildings within the 

last 3 years that can identify the latest design trends, as 

shown in Figure 1. Thereafter, EnergyPlus 8.9 and 

OpenStudio 2.5 programs capable of detailed modeling 

were used for the modeling and analysis. 
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Figure 1: Number of buildings investigated in the last 3 

years and distribution by region. (a) and (b) 

accommodation facilities; (c) and (d) cultural facilities. 
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Based on the Energy-Saving Plan of Buildings as shown 

in Table 1, the database (DB) is constructed after 

surveying the general, mechanical equipment, electric 

equipment, and renewable energy sectors according to the 

contents of the Energy-Saving Plan of Buildings. 

The analyzed items are divided into elements for analysis 

of design status and classified into “continuity data” and 

“categorical data”. The items corresponding to the 

continuity data are obtained by calculating the mean value 

and the median value, and then the distribution 

characteristic is determined, and the standard value is set. 

Items corresponding to categorical data are set to the 

standard value after calculating the mode. Based on the 

analyzed statistical values, a representative value of 

characteristic data is selected, and a standard building is 

set based on these values. 

The set reference building was reviewed for feasibility by 

eliciting advice from experts. The reference building, 

confirmed through expert feedback, was then modelled to 

calculate energy consumption and was analyzed its 

characteristics by using a simulation tool. 

 

Table 1: Analysis items. 

Analysis item Description 

General 

(i) Size of Building 

 Gross floor area (GFA); 

 Number of stories; 

 Aspect ratio; and 

 Window-to-floor area ratio 

(ii) Insulation 

 Building envelope thermal 

transmittance (U-value) for 

external walls, the roof, and the 

lowest floor level; 

 Types and thickness of insulation 

materials; and 

 Type and thickness of windows 

Mechanical 

equipment 

 Types and capacity of heating 

ventilating and air conditioning 

(HVAC), and its efficiency 

Electric 

equipment 

 Design illuminance;  

 Lighting power; and 

 Lighting source 

Renewable 

energy 

 Solar thermal; 

 Photovoltaic; 

 Wind generators; and 

 Geothermal generators 

 

Data analysis 

Buildings 

The average floor area of accommodation facilities was 

1,344 m2, and the average number of floors was 10 with 8 

above and 2 below ground. The GFA was calculated as 

13,440 m2 by multiplying the average floor area and the 

average number of floors. The average values of floor 

height, aspect ratio, and window-to-floor area ratio were 

determined to be 3.3 m, 2.67:1, and 19.97%, respectively, 

and used as representative values to develop the reference 

model for accommodation facilities. 

The number of collected cultural facilities was 13. The 13 

cultural facilities had an average floor area of 2,168 m2, 

and an average of 4 floors, 2 above and 2 below ground. 

The GFA was calculated as 8,672 m2. The average values 

of floor height, aspect ratio, and window-to-floor area 

ratio were calculated to be 5.0 m, 2.91:1, and 20.05%, 

respectively, and used as representative values to develop 

the reference model for cultural facilities. 

Table 2 shows the U-values of the accommodation and 

cultural facilities. While accommodation and cultural 

facilities satisfy U-values for the roof, windows, and the 

lowest floor level as required by the Energy-Saving Plan 

of Buildings (Ministry of Land, Infrastructure, and 

Transport, 2015) as shown in Table 3, the values for the 

external walls fell slightly short of the required value. A 

possible reason is that the analyzed buildings included 

those outside the central region (southern and Jeju), and 

accordingly, their U-value was calculated higher than the 

Ministry’s requirement, which is estimated based on the 

central region. 

 

Table 2: The average U-values for accommodation and 

cultural facilities. 

U-value 

(W/m2 K) 

Average U-value 

Accommodation 

facilities 
Cultural facilities 

External wall 0.331 0.274 

Roof 0.170 0.144 

Lowest floor 

level 
0.259 0.200 

Window 1.612 1.333 

 

Table 3: The U-values required by the Energy-Saving 

Plan of Buildings. 

U-value 

(W/m2 K) 

Energy-Saving Plan of Buildings 

(Ministry of Land, Infrastructure and 

Transport, 2015) 

Central 

region 

Southern 

region 

Jeju  

region 

External 

wall 

0.270 or 

below 

0.340 or 

below 

0.440 or 

below 

Roof 
0.180 or 

below 

0.220 or 

below 

0.280 or 

below 

Lowest 

floor level 

0.410 or 

below 

0.470 or 

below 

0.550 or 

below 

Window 
2.100 or 

below 

2.400 or 

below 

3.000 or 

below 
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HVAC system 

Although cooling and heating systems varied depending 

on the scale of each accommodation and cultural building, 

the electric heat pump (EHP) was used most often in both 

types of building. This is because many of the analyzed 

accommodation facilities had less than 5 floors and a low 

GFA and, therefore, showed a high percentage of the EHP 

similar to that of cultural facilities. The capacity of 

cooling and heating systems is not easy to determine; the 

values calculated from the energy simulations were, 

therefore, applied. 

Input data 

Input data for energy simulations requires knowledge of 

the density and schedule of occupants, lighting and 

electric equipment, as well as air changes per hour, 

ventilation, and hot water. Furthermore, it is required to 

input the set temperature and operation schedule of 

cooling and heating.  

 

Table 4: Input data of accommodation and cultural 

facilities. 

Item 

Accommo-

dation 

facilities 

Cultural 

facilities 

Internal 

heat load 

Occupancy1) 

(m2/person) 
26.01 18.58 

Lighting2)  

(W/ m2) 
5.68 6.27 

Electric 

equipment1)  

(W/ m2) 

14.30 10.76 

Others 

Air changes 

per hour3) 
0.90 0.90 

Ventilation4) 

(m3/person.h) 
29.0 29.0 

Hot water5) 

(Wh/ m2d) 
30.0 30.0 

Set-point 

temp. 

Cooling / 

Heating5) (℃) 
26.0 / 20.0 26.0 / 20.0 

Operation 

schedule 

(mon./day) 

Cooling5)  1/1 - 12/31 1/1 - 12/31 

Heating5)  1/1 - 12/31 1/1 - 12/31 

1) DOE 
2) Statistical values 
3) Greenhouse Gas Inventory and Research Center (2016) 
4) Rules on the Building Equipment Standards, etc. 

(Ministry of Land, Infrastructure and Transport, 2017) 
5) Building Energy Efficiency Rating Certification Scheme 

Operation Rules (Korea Energy Agency, 2016) 

 

Table 4 shows the occupancy density, electric equipment 

density, and schedule values, input in accordance with the 

Department of Energy’s (DOE) Commercial Reference 

Buildings. For accommodation facilities and cultural 

facilities, the values for Large Hotels and Middle Offices 

were used, which were most similar to the characteristics 

of buildings used in the analysis. Values for air changes 

per hour and ventilation were obtained from the 

Greenhouse Gas Inventory and Research Center (2016), 

and the Rules on the Building Equipment Standards, etc. 

(Ministry of Land, Infrastructure and Transport, 2017), 

respectively. The set temperature and operation schedule 

of hot water, cooling and heating were based on values 

from the Building Energy Efficiency Rating Certification 

Scheme Operation Rules (Korea Energy Agency, 2016). 

Results and discussion 

Reference building modeling 

Figure 2(a) illustrates the reference building for 

accommodation facilities defined from data collection 

and analysis, while the reference building for cultural 

facilities is described in Figure 2(b). The reference 

building for accommodation facilities was rectangular 

and had a GFA of 13,440 m2 with 8 floors above and 2 

below ground, while the reference building for cultural 

facilities was rectangular and had a GFA of 8,672 m2 with 

2 floors above and 2 below ground. 

 

(a)

(b)

 

Figure 2: Reference modeling. (a) Accommodation 

facility; and (b) Cultural facility. 

 

Reference buildings’ energy consumption by end-use 

The modelled reference buildings were used to examine 

energy consumption by End-Use using an energy 

simulation program. The results revealed that in 

accommodation facility the energy consumption for 

cooling, heating, hot water, lighting, ventilation, and 

electric equipment was 25.8 kWh/m2, 102.2 kWh/m2, 69.4 

kWh/m2, 20.3 kWh/m2, 37.0 kWh/m2, and 36.5 kWh/m2, 

respectively.  
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The energy consumption for cultural facilities for cooling, 

heating, hot water, lighting, ventilation, and electric 

equipment was 13.7 kWh/m2, 40.0 kWh/m2, 17.5 kWh/m2, 

20.5 kWh/m2, 12.5 kWh/m2, and 25.5 kWh/m2, 

respectively. Figure 3 is a schematic diagram of each 

building’s monthly energy consumption by end use. 
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Figure 3: The energy consumption for each reference 

building by end-use. (a) Accommodation facility; (b) 

Cultural facility. 

 

For the accommodation facility, the cooling and heating 

operation schedule was set as a dual-setpoint with an 

indoor temperature of 26oC for cooling and 20oC for 

heating. As shown in Figure 3(a), monthly energy 

consumption ranged between 13 and 48 kWh/m2, and the 

consumption in January, February, and December was 

higher than that in other months at 34–48 kWh/m2. Across 

the 12 months, the lowest energy consumption was 

recorded in May which also had the lowest total energy 

consumption. 

For the cultural facility, the cooling and heating operation 

schedule was set as a dual-setpoint with an indoor 

temperature of 26oC for cooling and 20oC for heating, 

identical to the values used in the accommodation 

facilities. As shown in Figure 3(b), monthly energy 

consumption was between 7 and 19 kWh/m2. In winters 

(January, February, and December), the consumption was 

twice as high as other months (14–19 kWh/m2). Amongst 

all the months, April showed the lowest cooling and 

heating energy consumption as well as the lowest total 

energy consumption. 

The accommodation and cultural facilities were set for a 

dual-setpoint so that cooling and heating could be 

provided regardless of the season. Both facilities showed 

a high level of energy consumption, due to heating, 

between December and February since those months were 

in the middle of winter. Also, these facilities operated 

both cooling and heating from April to May and 

September to October but showed lower consumption. In 

June to August, the accommodation facility only operated 

cooling, and its cooling consumption during July and 

August in the middle of summer was lower than its 

heating consumption during winter. The energy 

consumption of the two facilities are different, but the 

monthly consumption patterns are similar. 

Validation 

South Korea’s National Integrated Building Energy 

Management System (SeumTeo, 2019; Kwak et al., 2017) 

was used to validate energy performance and 

consumption for the reference models defined in this 

study, since the energy consumption of operational 

buildings was not recorded during this study.  

The accommodation reference building showed a higher 

energy consumption per unit area than the cultural facility. 

The accommodation and cultural facility reference 

models had an energy consumption per unit area of 291.2 

kWh/m2, and 129.7 kWh/m2, respectively.  
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Figure 4: Nationwide energy consumption and number of 

buildings. (a) Accommodation; and (b) Cultural facility. 
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Figure 4 shows the energy consumption and number of 

buildings in each region of accommodation and cultural 

facilities.  

A comparison of the energy consumption of 

accommodation facilities by region demonstrated that 

Seoul, Busan, Daegu, Gwangju, and Daejeon had higher 

energy consumption than the reference model, and other 

regions showed lower energy consumption than the 

reference model. Also, metropolitan region such as Seoul, 

Busan, Daegu, Gwangju, and Daejeon were found to have 

higher energy consumption compared to the number of 

buildings in other region. The national average energy 

consumption of accommodation facilities was 7.7% 

higher than the reference model (Figure 4a). 

A comparison of the energy consumption of cultural 

facilities by region revealed that Seoul had higher energy 

consumption than the reference model, and other regions 

except Seoul showed lower energy consumption than the 

reference model. Also, the number of cultural facilities in 

Seoul was larger than other metropolitan region, and 

energy consumption was the highest. The national 

average energy consumption of cultural facilities was 

52.4% lower than the reference model (Figure 4b). 

The difference of 7.7% and 52.4% between the national 

average energy consumption of accommodation and 

cultural facilities and the reference model’s energy 

consumption would require further analysis in the future. 

Conclusion and Future work 

The present study was intended to provide a reference 

building that serves as the basis for national energy 

policies based on the data of buildings designed in the last 

3 years, in summary: 

(1) This study collected data from 89 accommodation 

facilities and 13 cultural facilities which have been 

designed in the past 3 years and analyzed their design 

status based on the Energy-Saving Plans of Buildings. 

(2) For accommodation facilities, this study developed a 

rectangular reference model which had a GFA of 13,440 

m2, with 8 floors above and 2 below ground. The building 

envelope U-values were 0.331 W/m2K for external walls, 

0.170 W/m2K for the roof, 0.259 W/m2K for the lowest 

floor level, and 1.612 W/m2K for windows. For windows, 

24 mm double layered low-e glass was applied to most 

buildings. For cooling and heating systems, the EHP was 

used most frequently. Each load value was referenced 

from the requirements that suited each of the policies or 

rules. 

(3) For cultural facilities, this study developed a 

rectangular reference model which had a GFA of 8,672 

m2, with 2 floors above and 2 below ground. The building 

envelope U-values were 0.274 W/ m2K for external walls, 

0.144 W/m2K for the roof, 0.200 W/m2K for the lowest 

floor level, and 1.333 W/m2K for windows. For windows, 

24 mm double layered low-e glass was used most often. 

For cooling and heating systems, the EHP was typically 

applied to culture buildings. Each load value was 

referenced from the requirements that complied with each 

of the policies or rules.  

(4) The total annual energy consumption of the reference 

accommodation facility was 291.2 kWh/m2. That of 

cultural facility was 129.7 kWh/m2. 

This study is expected to be expanded and used to develop 

a reference model by region (i.e., three geographic regions) 

for energy in buildings of other uses in the South Korea’s 

National Integrated Building Energy Management 

System (Kang et al. 2018). Furthermore, we are planning 

to propose energy performance and maintenance targets 

for non-residential buildings. It would contribute to 

making the ripple effect of the certification scheme 

implemented by the government more predictable and 

creating implementation review criteria to establish a plan 

to reinforce the scheme or determine the scope of 

incentives. 
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Abstract

Classification of climate zones for building design and
energy assessment purposes plays a vital role in aid-
ing building engineers and architects in achieving
energy e�ciency in buildings using building perfor-
mance simulation. Previous studies highlighted the
need for climate assessments at higher resolutions for
the purpose of climate classification but failed to in-
fer the resolution requirement. In this study, climate
zones of Kerala (one of the 29 States in India) are
defined and delineated with climate data from grid
resolutions of 10, 15, 20 and 25 km. The delineated
zones are then assessed by comparing them with the
thermal performance of a building representative of
building typology of Kerala to identify the grid reso-
lution necessary for zone delineation.

Introduction

The International Energy Agency (IEA) estimates
that, of the total housing stock that would exist in
India by 2030, only one-fourth has been built as of
2015 with the rest yet to be constructed (IEA, 2015).
This is in marked contrast to developed regions such
as Europe and the US. The energy use in the residen-
tial building sector in India is expected to undergo
a drastic change with an anticipated rise in energy
use of about 65% to 75% of 2005 levels by 2050 (van
Ruijven et al., 2011). Thus, performance evaluation
of proposed designs becomes an increasingly impor-
tant consideration. Classification of climate zones
for building design and energy assessment purposes
plays a vital role in aiding building engineers and
architects in achieving energy e�ciency in buildings
(Walsh et al., 2017).

The National Building Code (NBC) of India classi-
fies the country for building design purposes into five
major climatic zones (BIS, 2016). The classification
is based on the study conducted by Ali et al. (1993) in
which mean monthly maximum temperature and hu-
midity data from 225 stations were used to delineate
the zones.

The ASHRAE climate zone classification method
classifies the country into di↵erent zones based on

heating and cooling degree days and precipitation.
The climate zones in India were defined with data
from a combination of ground station data (51 sta-
tions) and remote sensing data (Standard 169, 2013).

A number of studies (Bansal and Minke, 1995;
Singh et al., 2007; Pawar et al., 2015) investigated
the climate data in di↵erent magnitudes to clas-
sify and delineate the climate in India into di↵erent
zones. Though these studies highlighted the need for
location-specific climate assessments, the grid resolu-
tion required to delineate climate zones was not in-
ferred.

Figure 1: Location of Kerala with respect to the
other 28 States of India.

This study aims to identify the appropriate grid reso-
lution required to classify and delineate climate zones
for building design and performance assessment. The
study focuses on the State of Kerala (Figure 1) which
is one of the 29 States in India, located in the South
Western part of the country between the Arabian Sea
(West) and mountain ranges - Western Ghats (East).
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As part of the Government’s vision to provide hous-
ing for all, a project titled “Livelihood Inclusion and
Financial Empowerment (LIFE) mission” is being im-
plemented in Kerala. Under this project, the Gov-
ernment of Kerala plans to build more than 750,000
houses (Issac, 2018). The beneficiaries (i.e. the peo-
ple of the State) are free to choose among 12 proposed
designs which will be used for the construction of the
building irrespective of the location or climate.

The existing climate zone classification methods clas-
sify Kerala under a single climate zone. The NBC of
India classifies Kerala as a Warm-Humid climate zone
(BIS, 2016) while the ASHRAE climate zone classi-
fication identifies Kerala as belonging to Extremely
Hot Humid climate zone (Standard 169, 2013).

A previous study examined climate data across the 14
main cities in Kerala and identified the existence of
locations with di↵erent climate characteristics (Jaya-
palan Nair et al., 2018). The results of the study
resonated in the Government’s Post Disaster Needs
Assessment report (GoK, 2018) which highlighted
the urgent need for amendments in Kerala’s build-
ing codes to account for the local climatic variations
in building designs.

The present study forms part of a larger project that
aims to develop a methodology to assist early building
design stages in terms of energy and environmental
performance, and that is specifically tailored, in the
first instance, for the State of Kerala.

Methods

The aim of the present study is to define the grid res-
olution needed for the classification and delineation of
climatic zones. The first part of this section describes
the methods adopted to define the climate zones.
Subsequent parts of the section describe the methods
carried out to examine the appropriateness of di↵er-
ent grid resolutions in delineating climate zones.

Climate zone definition

The NBC 2016 (BIS, 2016) adopted the adaptive
thermal comfort model based on the “Indian Model
for Adaptive Comfort (IMAC)” developed by Manu
et al. (2016) for the design of natural and mixed-
mode ventilated buildings. The present study used a
method based on the IMAC model related to mixed-
mode ventilated buildings (Equation 1) to analyse the
climate data for locations across Kerala and define
the climate zones. The comfort acceptability lim-
its were calculated using the equation developed by
Manu et al. (2016):

Tc = 0.28To + 17.9 (1)

where Tc is the neutral or comfort temperature in de-
gree Celsius, To is the 30-day outdoor running mean
air temperature ranging from 13�C to 38.5�C . The
limits of 90% acceptability are ±3.5�C.

All the hours in a year were classified into Hours Re-
quiring Heating (HRH) and Hours Requiring Cooling
(HRC). HRH is defined as the hours at which the
value of hourly outdoor dry bulb temperature goes
below the IMAC lower acceptability limit (Tc�3.5�C)
and HRC is defined as the hours at which the value
of hourly outdoor dry bulb temperature goes above
the IMAC upper acceptability limit (Tc+3.5�C). The
limits were calculated using Equation 1.

HRH and HRC values are calculated based on the
value of hourly outdoor dry bulb temperatures with
respect to the IMAC acceptability limits. This is an
idealised case where no thermal envelope is consid-
ered. The actual HRH and HRC values for a building
will depend on the thermal envelope characteristics.

Standardised typical meteorological years were avail-
able only for a limited number of places in Kerala.
Thus, the study had to resort to weather files derived
from the Meteonorm software (Remund et al., 2014).

Percentages of HRH and HRC were calculated for
locations spaced at 25 km grid across Kerala based
on Indian Model of Adaptive Comfort (IMAC).
With altitude being a major factor influencing HRH
and HRC, the inflection point for HRH-Altitude
curve (B1) and HRC-Altitude curve (B2) were calcu-
lated using piecewise regression analysis (Marsh and
Cormier, 2001). These points (B1 and B2) were then
used to define the regions into three di↵erent adaptive
climate zones:

1. Adaptively Hot Zone (AHZ): regions with altitude
lower than B1 where the building thermal perfor-
mance is characterised by cooling demand.

2. Adaptively Mixed Zone (AMZ): regions with alti-
tude between B1 and B2 where the building ther-
mal performance is characterised by heating and
cooling demand.

3. Adaptively Cold Zone (ACZ): regions with alti-
tude greater than B2 where the building thermal
performance is characterised by heating demand.

Climate zone delineation

To determine the appropriate grid resolution required
for delineating climate zones, grids of 10, 15, 20 and
25 km spacings were considered. The highest grid res-
olution used was 10 km. This was because, in Me-
teonorm, weather files are derived based on the dis-
tance of the location from the nearest ground station
in Meteonorm’s database. The Meteonorm database
contains a total of 8275 weather stations and 5 geosta-
tionary satellites (Remund et al., 2014). Satellite data
is used to derive the weather files when measured ra-
diation data is not available from stations within 200
km from the location of interest. The satellite images
(at resolutions of 2 to 3 km for Europe and 8 km for
rest of the world) are processed for daily means of
global radiation and then summed up to get monthly
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values.

The altitude values for each of the grid points for
the 10, 15, 20 and 25 km spacings were collected and
climate zones of Kerala were delineated over these
grids separately.

Since the climate zones were defined and delineated
for building design and performance assessment pur-
poses, a building representative of building typology
of Kerala was modelled and its thermal performance
across the State at the highest grid resolution consid-
ered (i.e. 10 km) was used to determine the spacing
requirement. The building geometry and specifica-
tions used in the study are identical to the one used
by Jayapalan Nair et al. (2018).

The building modelled has gross floor dimensions of
5.45m x 6.90m and a floor to ceiling height of 2.9m.
The building has windows (single glazed with a win-
dow to wall ratio of 20%) on all four facades. The
floor of the building lies at an elevation of 0.45m
above ground level and is made of dense concrete.
The walls are constructed of brick with plastering on
both sides. The roof construction is reinforced ce-
ment concrete.

Figure 2: Window and ceiling fan operation.

The building was modelled to have mixed mode ven-
tilation with windows and ceiling fans being operated
as shown in Figure 2. The introduction of ceiling fans
is the only change made with respect to the model
used by Jayapalan Nair et al. (2018). The use of ceil-
ing fans is considered as one of the main mechanisms
in Warm-Humid climates to improve the indoor ther-
mal comfort (Manu et al., 2014; Nicol, 1974; Cheng
and Ng, 2006). The heating and cooling set points
were based on the IMAC adaptive thermal comfort
model. When ceiling fans were in operation the cool-
ing set point (i.e. IMAC 90% acceptability upper
limit) was o↵set by 2.2oC (Standard 55, 2013).

The total energy demand for heating and cooling for
the building at 10 km grid locations across Kerala was
assessed by carrying out dynamic thermal simulations
in EnergyPlus. Jayapalan Nair et al. (2018) identi-
fied three cities in Kerala that had di↵erent climatic
characteristics. Consequently, in this study, regions
around these cities were investigated in detail, with
respect to the building’s thermal performance varia-
tion, to assess the appropriateness of zone delineation
for the di↵erent grid resolutions considered.

Results

Climate zone definition

To define the climate zones in Kerala, HRH and HRC
values for the locations spaced at 25 km grids were
calculated. The points of inflection were identified
using piecewise regression analysis. Figure 3 shows
the variation of HRH and HRC against altitude. The
point of inflection for HRC-Altitude curve is 574.6m
(B1) and that for HRH-Altitude curve is 1338m
(B2). The points of inflection for the HRC-Altitude
and HRH-Altitude curves for locations spaced at
10 km grid were also identified. The values found
with 10 and 25 km grids were similar, with a variation
of less than 1%.

Figure 3: HRH and HRC at 25 km grid.

Thus, based on the inflection points B1 and B2, three
adaptive climate zones were defined, namely:

1. Adaptively Hot Zone (AHZ): places/regions with
altitudes lower than 574.6m (B1).

2. Adaptively Mixed Zone (AMZ): places/regions
with altitudes between 574.6m (B1) and 1338m
(B2).

3. Adaptively Cold Zone (ACZ): places/regions with
altitudes greater than 1338m (B2).

________________________________________________________________________________________________ 

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

 
3934

 

 
  



(a) Grid spacing: 10km. (b) Grid spacing: 15km.

(c) Grid spacing: 20km. (d) Grid spacing: 25km.

Figure 4: Climate zones of Kerala delineated with respect to di↵erent grid spacings. For each climate zone, the
location of a representative city with significant population is also marked.

Climate zone delineation

To examine the grid resolution appropriateness, the
climate zones in Kerala were delineated with respect
to four grid spacings: 10, 15, 20 and 25 km. Figure 4
shows the climate zones in Kerala delineated with
respect to di↵erent grid spacings.

Regions in Kerala are classified predominantly un-

der climate zone AHZ. AMZ are spread towards the
western side of the State. To study the appropriate-
ness of di↵erent grid resolutions in delineating climate
zones, regions surrounding three cities - Thiruvanan-
thapuram (altitude 0m), Munnar (altitude 1532m)
and Kalpetta (altitude 780m), classified under zones
AHZ, ACZ and AMZ respectively, were considered.
The location of these cities are marked in Figure 4.
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(a) Grid spacing: 10km. (b) Grid spacing: 15km.

(c) Grid spacing: 20km. (d) Grid spacing: 25km.

Figure 5: Climate zones delineated around Thiruvananthapuram using data from grid spacings (a) 10 km, (b)
15 km, (c) 20 km and (d) 25 km. The energy demand (kWh/m2) at 10 km grid spacings are also marked and

labelled.

Climate zone delineation: region around
Thiruvananthapuram

Figure 5 shows the climate zones around Thiruvanan-
thapuram delineated with data from di↵erent grid
spacings. The total energy demand for the building
located at 10 km grid locations are also marked.

The places around Thiruvananthapuram are classi-
fied under AHZ for all the di↵erent grid resolutions
considered. The thermal performance at these lo-
cations also show similar characteristics. Thus, for
places with altitudes less than 574.6m, a grid spac-

ing of 25 km is appropriate.

With 25 km grid resolution, a relatively small region
is delineated into AMZ (North East of Thiruvanan-
thapuram in Figure 5d). This is because at 25 km
grid, a location near the concerned zone has an alti-
tude which is slightly above the inflection point value
for the HRH-Altitude curve (i.e. 574.6m). This vari-
ability reduces at higher resolutions as seen from Fig-
ures 5a, 5b & 5c. The following sections examine
the grid spacing appropriateness at altitudes above
574.6m.
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(a) Grid spacing: 10 km. (b) Grid spacing: 15 km.

(c) Grid spacing: 20 km. (d) Grid spacing: 25 km.

Figure 6: Climate zones delineated around Kalpetta using data from grid spacings (a) 10 km, (b) 15 km, (c)
20 km and (d) 25 km. The energy demand (kWh/m2) at 10 km grid spacings are also marked and labelled.

Climate zone delineation: region around
Kalpetta

Figure 6 shows climate zones around Kalpetta delin-
eated with data from di↵erent grid resolutions. The
region immediately around Kalpetta has an altitude
between 574.6m and 1338m. The predominant zone
around the region is AMZ.

From Figures 6b, 6c and 6d places with similar ther-
mal characteristics (Energy demands of 2.24, 2.34 and
2.19 kWh/m2 - located to the North/ North East of
Kalpetta) are classified into di↵erent zones. Thus,
for places with altitudes between 574.6m and 1338m,

higher resolution grid spacing of no more than 10 km
is required.

In Figure 6b a location with a cooling demand of
1.68kWh/m2 is classified under ACZ. This is be-
cause the altitude of the concerned location is 1380m,
which is slightly above the point of inflection for
HRC-Altitude curve (i.e. 1338m). This variability,
as seen earlier, is reduced at higher resolutions.

Climate zone delineation: region around
Munnar

Figure 7 shows the climate zones around Munnar
delineated with data from di↵erent grid resolutions.
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(a) Grid spacing: 10km. (b) Grid spacing: 15km.

(c) Grid spacing: 20km. (d) Grid spacing: 25km.

Figure 7: Climate zones delineated around Munnar using data from grid spacings (a) 10 km, (b) 15 km, (c)
20 km and (d) 25 km. The energy demand (kWh/m2) at 10 km grid spacings are also marked and labelled.

The regions around Munnar show di↵erent climatic
characteristics. Except under 25 km grid spacing
(Figure 7d) all the locations under AHZ show energy
demand characteristics which are predominantly due
to heating demand.

Under 20 km grid resolution, locations with similar
energy demand characteristics (3.16 kWh/m2 and
3.17 kWh/m2 - East of Munnar in Figure 7c) are
classified under two di↵erent zones. A similar obser-
vation is also made with regard to 15 km grid reso-
lution. Locations with similar energy demand char-
acteristics (0.93 kWh/m2 and 0.77 kWh/m2 - North

East of Munnar in Figure 7b) are classified under two
di↵erent zones.

Thus, for places with altitudes greater than 1338m,
a grid resolution of not more than 10 km is required.

Conclusion

The study presented in this paper investigated the
grid resolution required for the classification and de-
lineation of climate zones for energy e�cient building
design and performance assessment purposes. For the
purpose of the investigation, climate zones in Kerala
(India) were classified and delineated at grid resolu-
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tions of 10, 15, 20 and 25 km. For the classification
of climate zones, a method based on adaptive ther-
mal comfort model was used. The appropriateness of
the grid resolution for delineation was examined by
comparing the variation of thermal performance of a
building across di↵erent identified climatic zones.

This study identified the presence of three climate
zones in Kerala which is in contrast to the observa-
tions in NBC of India and ASHRAE climate classi-
fication which delineate Kerala to be predominantly
under a single climatic zone. From the findings, it was
observed that for regions with altitudes lower than
574.6m above sea level a grid spacing of 25 km is ap-
propriate while for regions at higher altitudes, a grid
resolution of not more than 10 km is required. Thus,
the findings highlight the importance of the choice
of grid resolution for classification and delineation of
climate zones.

The study only considered grid resolution for climate
zone classification and delineation. It is expected that
at lower resolutions the point from which grids are
placed may also play an important role in delineating
climate zones. This will be investigated in further
studies.
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Abstract

This paper presents an optimization model that will
be used for the impact analysis of new net zero energy
ready model building codes, and to support the local
authorities for the adoption of new building codes.
New archetypes representing new single detached and
double/row house for eight major housing markets
across Canada were developed. A case study was
conducted using the new archetypes to identify which
building components were significant sources of heat
loss when constructed to Canadian National Build-
ing Code minimums. Increasing envelope airtightness
was then explored as an energy conservation measure.

Introduction

The Pan-Canadian Framework on Clean Growth and
Climate Change (Environment and Climate Change
Canada, 2016) is the collective approach of federal,
provincial, and territorial governments towards cli-
mate change mitigation. Key activities under the
framework include development of (i) Net-Zero En-
ergy Ready (NZE-R) model building codes for new
buildings and (ii) separate codes for alterations of
existing buildings. Conventional approaches for code
renewal that focus on incremental improvements of
new construction requirements may not satisfy these
ambitious new goals.A NZE-R building incorporates
a combination of energy saving measures, high ef-
ficiency energy technologies, and renewable energy
generation. Advances in renewable/alternative en-
ergy technologies, and innovations in building enve-
lope design, provide a large number of options for
design and construction of net zero energy buildings.
As such, the design of an affordable NZE-R building
is a complicated problem.
For these reasons, local authorities and industry scru-
tinize the cost effectiveness of future codes. As codes
are renewed to deliver greater energy savings, they
may impose greater capital investment and greater
risk that the energy benefits will not be realized.
These risks impede effective renewal of the codes. Au-
thorities are reluctant to adopt future codes that may
impose unintended consequences on homeowners or

the construction industry. Furthermore, future codes
that increase capital costs while not delivering the
promised changes erodes public trust in the building
code and enforcement authorities.

Background

In 2008, Natural Resources Canada (NRCan) devel-
oped new archetypes to support design and assess-
ment of the ENERGY STAR for New Homes (ESNH)
program in Canada. A set of synthetic archetypes was
developed using an “averaging technique” (Parekh,
2005). The averaging technique consists of analysing
statistical data of building stock and the development
of an average building which possesses characteristics
of a mean statistical building. The average build-
ing may be a real building or an abstract building.
About 6000 records from the EnerGuide for Hous-
ing Database (EGHD), covering new construction be-
tween 2002 and 2007, was reviewed for that purpose.
NRCan initially intended to develop two archetypes,
a single family home and a low-rise detached building.
However, the 6000 house records exhibited a wide di-
versity of house characteristics such as shape, number
of storeys, floor area, and foundation. This variation
led NRCan to develop nine additional archetypes.
The resulting set is generally known as the “NRCan
11 archetypes”. The ESNH analysis showed that the
energy consumption of archetype #4 was close to an
average of energy consumption of all 11 archetypes.
In subsequent work, archetype #4 was exclusively
used for costing analysis of the ESNH and R-2000
Standards. During development of the 2012 National
Building Code energy requirements, the code com-
mittee adopted the NRCan 11 archetypes for the de-
velopment of prescriptive requirements for houses and
small buildings. To expedite the cost and benefit
analysis, the Canada Codes Commission elected to
base the analysis on a single archetype (archetype
#4) and using blended, average rates for energy costs.
The lead researcher on that study noted the limita-
tions of the approach, and recommended more thor-
ough approaches for future work (Proskiw, 2011):
“This cost benefit analysis was completed as an exer-
cise to obtain an indication of the energy impact of
the proposed changes on a national base. Although
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specific locations were used in the analysis, this cost
benefit study cannot be taken as a true reflection of
the cost or energy savings for those locations.”
“In order to achieve a true representation of the im-
pact of the proposed requirements in a specific region,
it would be paramount that the analysis be performed
using the respective regional context of current con-
struction baseline, cost of construction materials and
utility rates as well as common housing archetypes.
The energy target data could then be used to calculate
the benefits for an actual region.”
Amann (2014) and Perry (2018) studies indicated
that building codes can evolve to ensure that ma-
jority of homes and buildings fulfill the zero energy
requirements. Asaee et al. (2019) used a bottom-up
housing stock model to study the impact of various
retrofit scenarios for existing Canadian houses. The
results indicated that the the proposed retrofit sce-
narios were not sufficient for the large scale conver-
sion of existing Canadian houses into net zero energy
buildings. Wills et al. (2016) used a housing stock
modeling approach to evaluate the impact of photo-
voltaic (PV) system retrofit in existing communities
in four locations across Canada. Results indicated
that the PV retrofit is not sufficient to convert exist-
ing communities into net zero energy community.

Objective

This study aims to present an optimization model,
which is developed using the whole building simu-
lation technique, that is quick, robust, and reliable.
The model will be used to evaluate the impact and
unintended consequences of various energy efficiency
measures for the next generation of building codes in
Canada. A case study is presented to illustrate the
application of the model for code analysis.

Methods

The Housing Technology Assessment Platform
(HTAP), developed to identify optimized techno-
economically feasible approaches for housing design,
can be used for code analysis. HTAP brings to-
gether building performance simulation (BPS) soft-
ware, building stock data, energy conservation mea-
sures, rulesets and energy targets, economic data,
and cloud computing to analyze numerous technol-
ogy combinations and identify optimized design sce-
narios. The scope of HTAP is the housing and small
buildings (also known as the Part 9 of the building
code in Canada (CCBFC, 2015)).

Building Simulation Engine

HTAP incorporates a house-as-a-system approach
where every design scenario is modeled as a com-
plete house in an annual energy analysis. HTAP uses
HOT2000 (NRCan, 2018c) and ESP-r (ESRU, 2018)
as its building simulation engines.
NRCan developed, distributes, and maintains
HOT2000 for residential building performance sim-

ulation in Canada. HOT2000 estimates the energy
requirements (i.e. space heating, water heating, ap-
pliances, and lighting) of a building using the monthly
energy balance technique. The monthly energy bal-
ance includes monthly and hourly bin analyses of
specific building components and mechanical sys-
tems (NRCan, 2018c). HOT2000 has been validated
through real building monitoring and other detailed
simulation programs (Haltrecht and Fraser, 1997).
Parekh et al. (2018) conducted a study to evaluate
the latest version of HOT2000 in accordance with
ASHRAE Standard 140-2014 (ASHRAE, 2014).
HOT2000 has been extensively used for energy rating,
code compliance, and incentive programs in the Cana-
dian housing sector. The Canadian National Building
Code (NBC) provides a performance pathway that
requires a builder to demonstrate the house energy
consumption is less than or equal to the NBC’s re-
quirement (CCBFC, 2015). Currently HOT2000 is
the main software used by the residential building
industry for this purpose. Therefore, HOT2000 is se-
lected for the analysis in this work.

Weather Data

HOT2000 contains complete monthly and annual cli-
mate data for 126 locations across Canada (NRCan,
2018c). HTAP uses the majority of this weather
data to evaluate the impact of each design scenario
in various climatic conditions across Canada. The
heating degree days (HDD) of the specified locations
is between 2650 and 12360. NBC (CCBFC, 2015)
splits locations into six climate regions based on the
HDD (base 18◦C) and devise specific requirements for
buildings in each region. The climate regions are:

• Zone 4: HDD < 3000

• Zone 5: 3000 ≤ HDD ≤ 3999

• Zone 6: 4000 ≤ HDD ≤ 4999

• Zone 7A: 5000 ≤ HDD ≤ 5999

• Zone 7B: 6000 ≤ HDD ≤ 6999

• Zone 8: 7000 ≤ HDD

Cost Data

HTAP uses cost data from the Local Energy Ef-
ficiency Partnerships (LEEP) program (NRCan,
2018a) to estimate the cost of energy upgrades. The
main steps in the LEEP approach are:

1. Builder Planning Workshop. A group of leading
builders select 4-6 options that they believe are
likely the most suitable for their region.

2. LEEP Technology Forum. The industry experts
and manufacturers are invited to answer ques-
tions and concerns of builders regarding the key
challenges to use the selected technologies, specifi-
cations for detailed costing, and supply, construc-
tion and post-construction support. All regional
builders can participate in the technology forums.

3. Field Trials. Some builders choose to adopt new
technologies to build higher performance houses.
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4. Sharing Builder Experiences. Builders share their
experience and challenges for implementing solu-
tions in each region.

As a result, LEEP has an extensive database of suit-
able technologies for each region. Cost data for each
technology is collected from actual builders and sup-
pliers. Hence, the cost data is deemed to be reliable.
HTAP accumulates the cost of individual components
to estimate the overall costs of each design scenario.
Local energy prices are used to estimate the operating
cost of each resulting house. In addition, HTAP pro-
vides tools to conduct sensitivity analyses on energy
prices and cost analyses of conservation measures.

Design Option Library

HTAP takes an archetype as a base case and uses a
wide range of options to create multiple design sce-
narios to upgrade the house. Currently the upgrade
categories include: (i) air tightness, (ii) walls, ceil-
ing, foundation, doors, windows, and skylight insu-
lation, (iii) heating, ventilating and air condition-
ing (HVAC), and domestic hot water heating sys-
tems, (iv) base-loads including appliances, lighting,
and plug load, and (v) building orientation. Each
upgrade category consists of several options. HTAP
automatically modifies the input files to add/replace
selected options.

Automation and Optimization Technique

HTAP allows the user to apply energy conservation
measures to each archetype, and evaluate the cumu-
lative impact of several upgrades in each location. A
unique feature of HTAP is the built-in ruleset and en-
ergy targets. This feature automatically applies the
requirements of codes and energy conservation pro-
grams on each archetype to evaluate the impact of
those rulesets on energy performance of new houses.
HTAP uses a parameter sweep to generate all possi-
ble scenarios to design a building using the selected
energy efficiency measures and mechanical systems.
HTAP significantly increases the speed with which
building models are generated, batch simulations are
commenced, and results are extracted.
HTAP generates techno-economic data such as energy
savings, greenhouse gas (GHG) emissions, investment
costs, and operating cost savings for each measure
as well as a combination of measures. Results can
be analyzed to identify the maximum possible energy
savings and GHG emissions reduction for a given in-
vestment cost. In addition, it will indicate potential
paths to the NZE-R status for individual archetypes
in each region.

Building Archetypes

To aid in the design and assessment of the NZE-
R code for new construction, NRCan developed 240
new housing archetypes for eight major Canadian
markets across Canada. These archetypes were cre-
ated using statistical methods, and reflect the best-

available data on the energy characteristics of con-
temporary Canadian housing.The main characteris-
tics of the new archetypes are:

1. Reflect most recent housing data,

2. Account for regional differences,

3. Contain various types of housing,

4. Support new analysis methods using HTAP and
cloud-computing techniques.

Guiding Principles. Even though this project seeks to
develop a more comprehensive set of archetypes that
better represent the variation in Canadian housing,
the archetypes themselves must be an approximation
of the actual homes being constructed in Canada.
Where compromises were required, NRCan adhered
to the following guiding principles:

• The archetypes would be drawn from real homes
built across Canada. The sampling method de-
veloped by Swan et al. (2009) would inspire this
work; NRCan would adapt the method to reflect
the data available for new housing,

• Each region would be represented by the same
number of archetypes (15 detached, 15 attached),
regardless of its significance in home construction
activity. This approach ensures that provinces
have a useful set of results to examine for their
own NZE-R code development. Regional scal-
ing factors would be provided to permit scaling
energy impact results for nation-wide estimates,

• Archetypes would be chosen to ensure prevalent
features (such as scissor ceilings, walk-out base-
ments) are represented in as many regions as pos-
sible, even if this meant that homes with this fea-
ture would be statistically over-represented in a
given regions archetypes.

Data Sources. To develop archetypes for new con-
struction, researchers require information about: (i)
type, size and shape of homes being built across
Canada, (ii) energy-related characteristics of those
homes (including window area, ceiling types, foun-
dation configurations), and (iii) representation of
those homes in Canadian construction activity. While
no single database provides all of this information,
the relevant data can be consolidated from multiple
sources. The EGHD (NRCan, 2018b) contains hous-
ing audit data and HOT2000 analysis collected by
NRCan’s various housing programs over the last 20
years. Currently, the EGHD contains over 2,000,000
audit records (including pre- and post-retrofit audit
data), representing approximately 1,000,000 unique
dwellings in Canada. Each audit record contains
over 200 data points, describing the location, phys-
ical measurements and HOT2000 analysis estimates
for the home. Audit data is collected when homeown-
ers and home-builders participate in one of NRCan’s
voluntary programs.
While the EGHD is extensive (representing audits
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from over one million homes), three key requirements
greatly limited the number of records that were avail-
able for this work:

1. The scope of the archetypes is new construction;
which limited the available data to records from
the R-2000 (NRCan, 2012), ESNH, and Energuide
for New Houses programs,

2. A key objective was to represent contemporary
homes; for that reason only records for homes
built after 2015 were used,

3. Another objective was to ensure compatibil-
ity with HTAP, which only supports files from
HOT2000 version 11.3 or later.

When the EGHD was filtered for records meeting
these requirements, 6472 SD and DR records were
found. The list of selection parameters for sampling
the new archetypes are provided in Table 1. These pa-
rameters represent the factors that affect the perfor-
mance of houses in each region. These suitable ranges
for the selection parameters are identified based on
the number of available house files in the EGHD, pa-
rameters of each house file, and the regional charac-
teristics of new houses. The selection parameters was
used to create a subset of HOT2000 files. The subset
was used to randomly select the archetypes.

Table 1: Selection parameters.
Parameter Range

Housing
market

Atlantic (AT), Quebec (QC),
Greater Toronto Area (GTA),
North and East Ontario (ON),
Prairies (PR), British Columbia
Lower Mainland (BC-LM),
British Columbia Interior
(BC-INT), Territories (North)

House type
Single detached (SD), Double and
Row (DR)

Construction
year

2015 to 2018

Storeys 1, 2, and 3
Floor area 50m2 to 450m2

Glazing ratio 0.05 to 0.35
Foundation
type

Basement, crawl space, walkout,
slab on grade

Ceiling type
Attic/hip, Attic/gable, Flat, Scis-
sor, Cathedral

Sampling Method. NRCan adapted the sampling ap-
proach developed by Swan et al. (2009) to reflect the
available data. The methodology was as follows:

1. Randomly sorted the 6472 suitable EGHD records

2. Examined each of these records in turn and se-
lected them for inclusion in the archetype accord-
ing to the following requirements:

• Each region must have 15 single attached
homes and 15 double/row homes

• Each region must include at least one home
exhibiting each of the following criteria:

– One, two and three stories,
– Basement, crawl space, walkout, slab on

grade foundation types,
– Attic/hip, attic/gable, flat, scissor and

cathedral types.

• Each home must be constructed in 2015 or
later; have a floor area between 50m2 and
450m2, and a window-to-wall ratio between
0.05 to 0.35.

The random sort and sample procedure was repeated
several times to ensure the results were consistent.
Limitations and Mitigation Strategies. The number
of existing house files in the EGHD is currently not
sufficient for the development of new archetypes in
GTA, ON, and QC. As an interim measure, NRCan
developed a methodology to identify proxy archetypes
from other markets that can be used until more data
is available. The proxy house methodology is as fol-
lows:

1. For homes constructed in the GTA, NRCan se-
lected all of the available records (11 SD and 1
DR) with associated HOT2000 v11 files.

2. For the remaining homes, NRCan examined the
broader EGHD, including records with HOT2000
v10 files. NRCan used the same sampling proce-
dure described earlier to identify additional four
detached and 14 double/row homes.

3. These v10 files were examined to identify key pa-
rameters including floor area, glazing ratio, ceil-
ing type, foundation type, and number of stories.

4. NRCan then searched through the available ver-
sion 11 files to find homes with similar character-
istics. These homes are the proxy houses.

NRCan repeated the proxy-home approach for the
North and Eastern Ontario market, where a single
builders enthusiastic participation in the ESNH pro-
gram significantly biases the available records. For
QC, NRCan used the same approach with one excep-
tion instead of the EGHD, the Novoclimat database
(TEQ, 2018), the equivalent of ESNH program in the
province of QC, was used as the basis for identifying
key characteristics.
While the proxy-house approach is imperfect, it is
a reasonable approach to ensure that key housing
characteristics (size, glazing ratio, foundation type,
ceiling type) from a given region are faithfully rep-
resented. While the proxy-house approach does in-
troduce significant error for efforts to understand as-
built construction trends (for instance, wall assem-
blies and heating equipment used in Alberta cannot
be expected to represent practices in Quebec), this
uncertainty is less important for the intended scope
assessment of proposed code changes. In that anal-
ysis the as-built construction trends are commonly
replaced with minimums from a reference baseline,
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and the archetypes geometry and shape are predom-
inately important.
NRCan is also optimistic that increased use of
HOT2000v11 will increase the number of suitable
records available for archetype development, and that
future versions of the archetypes will replace the
proxy-houses with regional examples.
Multi-unit residential buildings (MURB) including
duplex, triplex and apartments, is a growing form
for new houses across Canada. Currently no suitable
records for the development of MURB archetypes are
available in the EGHD. The current release of the new
archetypes are for single detached and double/row
houses. Future work will add other Part 9 buildings
such as MURBs. The systematic approach used for
the development of the new archetypes provides the
required tools to update archetypes in future as new
data and new housing forms are needed.

Case Study

Section 9.36 of the NBC (CCBFC, 2015) describes the
energy efficiency requirements for housing1. There
are two principle pathways to demonstrate compli-
ance with Section 9.36: prescriptive and perfor-
mance. Prescriptive provides minimum requirements
for envelope component thermal resistance and per-
formance, equipment efficiencies, construction of air
barrier, etc. The performance path requires energy
calculation, or building simulation, to demonstrate
that a proposed design performs as well or better than
a building with identical geometry built according to
the prescriptive requirements. Thus, under the cur-
rent code compliance requirements the prescriptive
path dictates the performance levels to achieve.
It has been proposed that the first step in a new Cana-
dian NBC energy step code be prescriptive which
achieves annual energy savings over the current pre-
scriptive requirements. To develop these new pre-
scriptive requirements, it is beneficial to identify
which building components contribute significantly to
annual energy consumption. It is also beneficial to
benchmark the performance of current-code require-
ments. Therefore, a case study was undertaken which
utilizes HTAP, and the newly developed archetypes,
to achieve the following objectives:

1. Benchmark current performance of code-
compliant housing in Canada,

2. Identify major sources of energy consumption in
code-compliant housing,

3. Analyze the efficacy of a proposed prescriptive re-
quirement.

A benefit of using HTAP for this type of analysis is
that both HTAP and HOT2000 directly output an-
nual building envelope heat loss by component group
(windows, walls, etc.). Other building simulation

1And buildings up to three-storeys with floor areas less than
600 m2/storey.

tools typically require additional post-processing to
group envelope heat loss by component.
For this case study, all 240 archetypes were con-
sidered. The NBC code-compliance ruleset within
HTAP was used to modify the archetype input files to
comply with NBC Subsection 9.36.5 reference build-
ing requirements. These requirements dictate build-
ing operation schedules and setpoints. The reference
building was assumed to use a heat recovery ventila-
tor (HRV) and the envelope thermal resistances per-
mitted in Subsection 9.36.2. HTAP was also used
to impose code-compliant electric baseboard heating
and electric hot water systems to all archetypes.

Results and Discussion

Current-Code Archetype Performance

The BC Step Code (Province of British Columbia,
2017) uses energy intensity performance metrics to
characterize compliance with each step. One met-
ric used to characterize envelope performance is the
thermal energy demand intensity (TEDI), which con-
siders the annual space heating energy demands of a
building due to envelope heat loss, internal and so-
lar gains, and ventilation/infiltration air, normalized
over the heated floor area of the building. TEDI was
used in this case study to assess envelope performance
of houses built to the 2015 NBC minimum require-
ments.
The mean annual TEDIs for each climate zone is pro-
vided in Table 2. Under current-NBC requirements,
the average TEDIs2 are shown to increase with num-
ber of HDD.

Table 2: Average archetype TEDI by climate zone.

Climate
Zone

Average
TEDI
[kWh/m2]

Number of
Archetypes

4 38 30
5 51 51
6 60 99
7A 82 30
7B 83 29
8 236 1

The diversity contained within the new archetypes
provides the opportunity to analyze how performance
intensity metrics vary with built form. Rosenberg
et al. (2015) previously stated that a challenge asso-
ciated with building energy intensity targets is that
it is difficult to define suitable and equitable targets
across different built forms. This can can be seen by
the distribution of the case study TEDIs, plotted in
Figure 1.
The TEDI values in Figure 1 have sample standard
deviations between 14 kWh/m2 and 33 kWh/m2.

2Currently there is only one archetype for Climate Zone 8.
Housing data for this region is limited, and future archetype
development will seek out more arctic housing data.
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Figure 1: Code-compliant archetype space heating en-
ergy consumption.

Charron (2018) previously compared the TEDI per-
formance of six archetypes against their targets in
the BC Energy Step Code. They also found signif-
icant variation of TEDI performance within a pre-
scribed climate, where building envelope thermal re-
quirements were consistent for all archetypes.
Figure 2 plots the TEDI versus heated floor area for
the code-compliant archetypes in Climate Zones 4 to
7B. The general trend is increasing TEDI with heated
floor area.
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Figure 2: Code-compliant archetype TEDI versus
heated floor area.

A least squares linear regression was performed for
each climate group in Figure 2. The R2 values were
found to be between 0.01 and 0.23 indicating signifi-
cant scatter of the data.
Figure 3 plots the variation of archetype TEDI perfor-
mance, grouped by housing type: SD, and DR. Recall
that for each housing market, an equal amount of SD
and DR building types were defined.
The TEDI values of the SD archetypes are shown to
be higher than DR archetypes. DR buildings typ-
ically have less exposed building envelope area per
heated floor, reducing heating demands compared to
a similarly sized SD building. The code implications
of this is that if a single TEDI value is for all housing
types, builders of DR housing are less incentivized
and may be slower at adopting innovative efficient
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Figure 3: TEDI of single-detached and double/row
archetypes.

technologies.
To identify candidate envelope components for per-
formance improvement, HTAP simulation output was
re-analyzed to determine the shares of total envelope
heat loss by component for each climate zone, pro-
vided in Table 3. These shares were determined by
dividing the sum of component annual heat loss for
each archetype in a climate zone by the sum of total
annual envelope heat loss for each archetype.

Table 3: Share of total envelope heat loss by
component.

Climate Zone
Group 4 5 6 7A 7B 8

Fdn. 11% 18% 20% 14% 18% 4%

Ceiling 7% 6% 6% 6% 6% 12%

Doors 5% 5% 4% 4% 4% 2%

Exposed
Floors

1% 2% 2% 2% 1% 5%

Walls 31% 25% 28% 27% 27% 30%

Windows 30% 25% 20% 23% 18% 21%

Inf/Vent 15% 18% 20% 24% 26% 25%

Fdn: Foundation

Inf/Vent: Infiltration & ventilation

Table 3 indicates that under current-code prescriptive
requirements the significant locations for envelope
heat loss are walls, windows, and infiltration/venti-
lation in all Canadian climate zones. Therefore, the
most significant increases in current-code building en-
velope performance would be realized by considering
these envelope components.

Performance Improvements from Airtightness

The 2015 NBC currently assumes a whole-building
envelope airtightness of 2.5 ACH @ ∆P=50 Pa as
the nominal airtightness of current housing and small
buildings. Increasing airtightness requirements of
building envelopes can potentially yield relatively
high returns at lower incremental cost compared to
other building envelope improvements. To explore
the efficacy of airtightness increases on improving en-
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ergy performance, two airtightness levels were con-
sidered: 1.5 and 0.6 ACH @ ∆P=50 Pa. The 1.5
ACH target is aligned with the voluntary Canadian
R-2000 housing standard that has been active for four
decades (NRCan, 2012). The 0.6 ACH target was se-
lected to align with the Passive House standard (PHI,
2015).
Each of the new archetypes were simulated in HTAP
using the NBC code-compliance ruleset, and the mod-
ified airtightness levels. The ruleset default value is
2.5 ACH @ ∆P=50 Pa. HOT2000 simulates airtight-
ness and infiltration using the AIM-2 empirical model
developed by Walker and Wilson (1990). AIM-2 uses
a power law formulation (Walker et al., 1998) to char-
acterize building leakage, where the flow coefficient
and exponent of the formulation are typically deter-
mined from fan depressurization tests. If only the
ACH @ ∆P=50 Pa is provided to HOT2000 a flow
exponent of 0.67 is assumed, which is a typical value
for housing (Walker and Wilson, 1990).
Figure 4 plots the distribution of code-compliant
archetype annual space heating demand savings from
decreasing envelope air leakage from 2.5 ACH to 1.5
and 0.6 ACH. At 1.5 ACH, the average annual sav-
ings across the archetypes is 11%. When the leakage
is reduced to 0.6 ACH, the average savings increases
to 21%.
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Figure 4: TEDI of single-detached and double/row
archetypes.

Since the new archetypes capture the wide variety of
built forms, it is possible to identify energy conserva-
tion measures which not only achieve desired perfor-
mance nominally, but are also robust. For example,
Figure 4 shows that at 0.6 ACH the annual energy
savings has greater variance compared to 1.5 ACH.
The sample standard deviations of the savings is 7%
and 4%, respectively. A conclusion may be drawn
that while 0.6 ACH saves more energy on average,
the % savings associated with 1.5 ACH are more con-
sistent across different built forms and climates, and
therefore more robust.

Conclusion

This paper describes the housing technology assess-
ment platform, an optimization tool for building de-
sign, and its application for impact analysis of energy
efficiency measures and advanced mechanical systems
for residential building code in Canada. HTAP builds
upon traditional energy simulation. It uses new ap-
proaches, data sets and methods to optimize build-
ing design. Therefore, HTAP can make code analysis
faster, more regional and more comprehensive.
A case study was conducted using HTAP and the
newly-developed housing archetypes. Rulesets built
into HTAP modified archetype envelope components
and equipment to comply with the 2015 National
Building Code of Canada. Annual simulations of
these archetypes show that the thermal energy de-
mand intensity performance of current-code buildings
varies significantly by climate and built form. There
is also significant scatter of current housing TEDI
performance. Setting a single TEDI requirement per
climate zone would create uneven design change re-
quirements for Canadian builders, and highlights the
potential challenges of adopting absolute TEDI tar-
gets for performance-based codes which are currently
being considered in Canada. Future work will exam-
ine how TEDI may be used in requlation and code to
promote high-performing envelopes.
HTAP was also used to analyze the efficacy of in-
creasing code-reference building envelope airtight-
ness. The results demonstrate that adopting 1.5 and
0.6 ACH @ ∆P=50 Pa nominally reduces space heat-
ing demand by 11% and 21%, respectively. The vari-
ety of built forms represented in the new archetypes
also provide a useful methodology for identifying ro-
bust energy conservation solutions. For the case con-
sidered here, the 1.5 ACH airtightness was shown
to have more consistent energy savings performance
across the archetypes compared to 0.6 ACH.
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Abstract 
The present work is aimed at advising the update of Italian 
law by identifying cost-optimal levels of minimum energy 
performance requirements for buildings. The scope is to 
investigate the suitability of simplified methods, such as 
the one officially adopted by Italian regulations, to 
determine the cost-optimal levels of energy performance. 
To this purpose, for a residential building, a cost optimal 
analysis was performed through detailed dynamic 
simulation and the NSGA-II multi-objective optimization 
tool, as implemented in DesignBuilder software. The 
results, presented in terms of “cost-optimal packages of 
measures”, show that different optimization methods lead 
to identify different energy efficiency technologies as 
cost-optimal measures. 

Introduction 
The comparative methodology framework 

In the aim of promoting cost-effective improvement of the 
energy performance of buildings, the Guidelines 
(European Union, 2012a) accompanying the Commission 
Delegated Regulation (EU) No 244/2012 (European 
Union, 2012b), supplementing Directive 2010/31/EU 
(European Union, 2010) set out a comparative 
methodology framework for calculating cost-optimal 
levels of minimum energy performance requirements for 
buildings. Even if the Guidelines are not legally binding 
as the Regulation, they provide relevant additional 
information to facilitate the application of the cost-
optimal methodology by the Member States. 

For the purpose of the cost-optimal calculation and in 
order to achieve reliable results, the Guidelines 
recommend to perform the calculations using a detailed 
dynamic simulation method. Nevertheless, not 
representing an obligation for Member States, Italy 
decided to determine the cost-optimal levels of minimum 
energy performance requirements for buildings by means 
of the monthly quasi-steady-state method. It was coupled 
with the cost-optimization procedure based on a 
sequential search-optimization technique considering 
discrete options or levels of energy efficiency measures, 
as deeply described in Corrado et al. (2014a). 

Regarding the calculation of the global cost in terms of 
net present value, the comparative methodology 
framework prescribes evaluation of cost-optimal levels 
for both macroeconomic and financial viewpoints, but 
each Member States can determine which of these 

calculations is to become the national benchmark for the 
assessment of national minimum energy performance 
requirements.  

Optimization models 

In general terms, optimization aims to find one or more 
solutions which minimize or maximize one or more 
objective functions (Sharif and Hammad, 2019). In 
building performance simulation, the term “optimization” 
generally refers to an automated process combining a 
numerical simulation program and an optimization tool, 
based on one or several optimization algorithms and 
strategies (Nguyen et al., 2014). 

Depending on the considered number of objective 
functions, optimization problems can be classified as 
single-objective optimization or multi-objective 
optimization.  

The single-objective approach allows to optimize only 
one objective function in an optimization run, whereas a 
multi-objective optimization involves multiple objective 
functions. In real-world building design problems are 
related to numerous criteria and constraints 
simultaneously (i.e. minimum energy consumption vs 
minimum construction cost, minimum energy 
consumption vs maximum thermal comfort, etc.). 
Therefore, multi-objective optimization results, in many 
cases, more effective and relevant than the single-
objective one even if its solution is more difficult. Multi-
objective optimization identifies a set of acceptable trade-
off optimal solutions, called Pareto front. 

According to Si et al. (2019), the optimization algorithms 
commonly used to solve building energy optimization 
problems can be generally classified into three groups: 
hybrid algorithms, direct search algorithms and heuristic 
algorithms. As many reviews highlighted (Evins, 2013; 
Harkouss et al., 2018; Machairas et al., 2014; Nguyen et 
al., 2014), in building energy optimization the most 
adopted algorithms are the heuristic ones, accounting for 
about 60%, with a great predominance of the Non-
dominated Sorting Genetic Algorithm (NSGA) II 
algorithm (Longo et al., 2019).  

The comparison of NSGA II’s performance to other six 
multi-objective algorithms supports its frequency of 
employment as it results according to Hamdy et al. (2016) 
one of the best multi-objective algorithm, only preceded 
by Two-Phase Optimization Genetic algorithm. 
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Objectives of the work 

The present work follows the contribution to the research 
activity for Italian Ministry of Economic Development 
(2018), defining cost-optimal levels of minimum energy 
performance requirements for Italian reference buildings. 

The study aims to validate the suitability of monthly 
quasi-steady-state method coupled with a sequential 
search-optimization technique to perform the cost-
optimal analysis and discusses the reasons of the 
discrepancies from the simulation-based optimization 
method coupling a detailed dynamic simulation model 
and a multi-objective optimization tool. The reason for 
choosing a quasi-steady-state method is that it is the 
official calculation method specified in Italian standards 
(UNI/TS 11300) and required by law. 

Methods 
Assessment procedure 

According to the basic requirements given in European 
Directive 2010/31/EU (EPBD recast) and its supplements, 
the comparative methodology to calculate cost-optimal 
levels of minimum energy performance requirements 
includes the following steps: 

 definition of reference buildings; 
 identification of energy efficiency measures, based on 

renewable energy sources or packages/variants of 
such measures for each reference building; 

 calculation of the primary energy demand resulting 
from the application of measures and packages of 
measures to a reference building; 

 calculation of the global cost in terms of net present 
value for each reference building; 

 derivation of a cost-optimal level of energy 
performance for each reference building. 

In both simulation-based optimization models applied in 
the present work, economic indicators were evaluated 
according to EN 15459 (European Committee for 
Standardization, 2017). The financial calculation was 
adopted.  The EN 15459 economic evaluation procedure 
is based on the net present value (global costs) 
calculation, considering the initial investment, the sum of 
the annual costs for each year (energy, maintenance, 
operation and any additional costs), the extraordinary 
replacement of systems and components, the final value, 
and the costs of disposal, as appropriate. All costs are 
actualized to the starting year. 

Optimization from quasi-steady-state calculation 
method 

The cost-optimization procedure couples the monthly 
quasi-steady-state (QSS) method and a sequential search-
optimization technique. The single objective in QSS is 
global cost, as specified in EN 15459. 

The quasi-steady-state calculation method (Italian 
Organisation for Standardisation, 2014) balances heat 
losses (transmission and ventilation) and heat gains (solar 
and internal) assessed in monthly average conditions. The 
introduction of a utilization factor, considering the time 
overlap between transmission plus ventilation heat losses 

and solar plus internal heat gains profiles, allows to take 
into account the dynamic effects on the net energy needs 
for space heating and space cooling. The utilisation factor 
depends on the time constant of the building, on the ratio 
of heat gains to heat losses, and on the occupancy/system 
management schedules. 

The cost-optimization procedure, coupled with the 
simplified calculation method, pertains to the model 
developed by Christensen et al. (2006). Starting from a 
reference package of energy efficiency options, it 
identifies a sequence of “partial optimums” by changing 
one at a time all the parameters that characterize each 
energy efficiency measure. The configuration, reaching at 
each step the highest reduction in terms of global cost, 
becomes the next partial optimum.  

Optimization from detailed dynamic simulation 
model 

The simulation-based optimization method combines the 
detailed dynamic simulation model (DD) and a multi-
objective optimization algorithm. The multiple objectives 
in DD are the global cost and the overall non-renewable 
primary energy demand. 

The building energy performance is assessed by means of 
the DesignBuilder software, which adopts the EnergyPlus 
detailed energy simulation code. EnergyPlus is based on 
the heat balance model, with the following assumptions: 
the air in the thermal zone has a uniform temperature, the 
temperature of each surface is uniform, the long and short-
wave irradiation is uniform, the surface irradiation is 
diffusive, and the heat conduction through the surfaces is 
one-dimensional. 

The detailed dynamic simulation model is combined with 
the multi-objective optimization algorithm implemented 
in DesignBuilder software. It is the so-called NSGA-II, 
developed by Deb et al. (2002) as an elitist version of 
NSGA. As NSGA-II is a genetic algorithm, it is 
characterized by: a main loop iterating generation by 
generation, fitness evaluation and selection, crossover and 
mutation operators. In comparison with the normal 
genetic algorithm, NSGA-II introduces a series of 
modifications to its operators, mainly to its selection 
operator. In NSGA-II the best individuals, who will be 
used for reproduction, are not directly selected using the 
fitness values. NSGA-II identifies its best individuals 
according to a combination of the values obtained with 
the non-dominated sorting genetic and crowding distance 
algorithms. 

Application to a case study 
Description of the case study 

The case study is an apartment block built in the period 
from 1946 to 1960. It is an Italian reference building 
selected within the IEE-TABULA project (Corrado et al., 
2014b), which is representative of the post-war apartment 
blocks in Italy. The case study is located in the Italian 
climatic zone E (Milano, 2404 HDD), considered the 
most representative for its geographic extension and 
amount of buildings. The picture and the main data of the 
case study are shown in Table 1. 
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Table 1: Main data of the case study. 

Picture Geometric data

 

Vg [m3] 5949

Af,net [m2] 1552

Aw [m2] 217 

Aenv/Vg 

[m-1] 
0,46 

No. of 
floors 

4 

No. of 
units 

24 

Existing building 
construction data 

Technical building systems data 
(mean seasonal efficiency) 

Uwl 

[W∙m-2K-1] 
1,15 Radiators H,e [-] 0,925

Uuf 

[W∙m-2K-1] 
1,65 

Central distribution 
(vertical pipes) 

H,d [-] 0,901

Ulf 

[W∙m-2K-1] 
1,30 

Non-condensing 
boiler 

H,gn [-] 0,85 

Uw 

[W∙m-2K-1] 
4,90 

Electric water 
heater 

W,gn [-] 0,75 

ggl+sh [-] 0,85 Chiller EER [-] 2,35 

 

Energy efficiency measures 

The energy efficiency measures (EEMs) tested for the 
case study are listed in Table 2. 

For each measure, up to five energy efficiency options 
(EEOs) with increasing level of performance, have been 

defined. As concerns the building envelope insulation, the 
first option corresponds with taking no action, the second 
level refers to a U-value 20% higher than the value set by 
Italian legislation for the reference building since 2015 
(Italian Ministry of Economic Development, 2015), the 
third and fourth level match the requirements for 
reference building respectively in force by 2015 and by 
2019/2021. The fifth level, if applicable, represents a 
more performant solution. 

The choice of not performing an energy efficiency 
measure, if cost-ineffective, was also included among the 
technical building systems options. 

Regarding the renewable energy sources, solar collectors 
were used only for domestic hot water (DHW) and the 
technology of vacuum tube collectors with flat absorber 
was considered. 

Calculation assumptions and consistency options 
between models 

In order to compare the two energy performance 
calculation methods, some consistency options were 
adopted, as described below. 

The hourly values of the outdoor air temperature, the solar 
radiation for each orientation, the water vapour pressure, 
the wind speed, and the equivalent sky temperature in 
Milan were derived from the weather database of the 
Italian Thermotechnical Committee (2016). The 
corresponding mean monthly climatic data were used in 
the quasi-steady-state calculation method.  

 

 
Table 2: Energy efficiency measures (EEMs), and related options (EEOs). 

EEM  EEO 
no. 1 2 3 4 5 

Wall insulation on external surface  
or Wall insulation on cavity 

Uwl [W m-2K-1] 
Uwl [W m-2K-1] 

5 
1 

1,15 (1) 
0,37 

0,36 
- 

0,30 (2) 
- 

0,28 (3) 
- 

0,19 
- 

Upper floor insulation Uuf [W m-2K-1] 5 1,65 (1) 0,46 0,37 (2) 0,34 (3) 0,29 

Lower floor insulation Ulf [W m-2K-1] 5 1,30 (1) 0,63 0,52 (2) 0,48 (3) 0,32 

Windows Uw [W m-2K-1] 5 4,90 (1) 2,30 1,90 (2) 1,40 (3) 1,10 

Solar shading devices F or M (4) 3 Absent (1) F M - - 
Chiller EER [-] 2 2,35 (1) 3,00 - - - 

Heat generator for space heating (5) 
Associated technology 

H,gn or COP [-] 5 0,85 (1) 0,95 
Standard 
boiler, 

radiators 

1,00 
Condensing 

boiler, 
fan coils 

3,70 
Heat 

pump, 
fan coils 

4,10 
Heat 

pump, 
fan coils 

Heat generator for DHW 
Associated technology 

W,gn [-] 3 0,75 (1) 0,93 
Standard 

boiler 

1,00 
Condensing 

boiler 

- - 

Combined heat generator for space 
heating and DHW (5) 
Associated technology 

H+W,gn 2 0,93 
Standard 
boiler, 

radiators 

1,00 
Condensing 

boiler, 
fan coils 

- - - 

Thermal solar system Acoll [m2] 5 Absent (1) 20 30 50 70 
PV system WPV [kWp] 4 Absent (1) 7,2 9 10,8 - 

(1) The option corresponds to the existing building without taking any action (see Table 1).   
(2) Requirements for reference building in force by 2015.       (3) Requirements for reference building in force by 2019/2021. 
(4) F = fixed louvres; M = movable louvres.                            (5) plus upgrade of the heating system control. 
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The cost-optimal analysis was performed considering a 
continuous operation of the thermal systems. The 
temperature set-point was assumed constant on the whole 
day, at 20 °C in the heating season and at 26 °C in the 
cooling season, in both calculation methods. 

The air flow rate by natural ventilation and the sensible 
internal heat gains were modelled in accordance with the 
UNI/TS 11300-1 technical specification (Italian 
Organisation for Standardisation, 2014). The mean 
monthly values, assumed in the quasi-steady-state 
method, were derived from the hourly profiles adopted in 
dynamic simulation. 

The solar shadings were considered closed when the 
incident solar radiation on the transparent components 
was higher than 300 W∙m-2. No shading reduction factor 
for external obstacles was considered. 

The effect of thermal bridges was neglected in both 
models. 

Only PID room control for heating system was considered 
among the EEOs. 

The conversion coefficients to primary energy were 
assumed according to the Italian regulations (Italian 
Ministry of Economic Development, 2015).  

The electricity from PV panels was considered as a 
reduction of the monthly electrical energy demand; the 
exported electrical energy was not considered. 

In the global cost calculation, the following assumptions 
were applied:  

 technical lifespan of building elements fixed at 30 
years, of systems variable from 15 to 35 years, 

 real interest rate fixed at 4%, 
 electricity and natural gas costs were derived from the 

Italian Regulatory Authority for Energy, Networks 
and Environment (ARERA) (Italian Ministry of 
Economic Development, 2018), and  

 annual maintenance costs variable from 0% to 4% of 
the investment cost depending on the technology 
(European Committee for Standardization, 2017). 

Results 
The results of the two calculation methods (QSS, DD) are 
compared in terms of cost-optimal packages (COs) of 
energy efficiency measures, energy performance (overall 
non-renewable primary energy), and global cost over 30 
years of building lifetime. 

In addition, the cost optimal packages of measures 
derived from the quasi-steady-state method (CO-QSS) 
and from the dynamic simulation (CO-DD) respectively, 
were also assessed by means of the alternative energy 
performance calculation methods (see Table 3). 

From the assessment of the CO-QSS and CO-DD 
solutions by exchanging the calculation method, it points 
out that CO-QSS evaluated through detailed dynamic 
simulation model, CO-QSS (DD), is both less expensive 
and energy intensive. On the other hand, the CO-DD 
assessed through QSS, CO-DD (QSS), results more 
expensive and more energy intensive. It appears clearly 
that QSS overestimates the energy use as well as the 

energy costs of about 80%, as the initial investment costs 
are consistent between the two models. 
 

Table 3: Cost-optimal packages of energy efficiency 
measures and calculation methods. 

Calculation method 
for the energy 

assessment 

Calculation method used to 
determine the cost-optimal  

package of measures 

QSS DD 

QSS CO-QSS 
CO-DD 
(QSS) 

DD 
CO-QSS 

(DD) 
CO-QSS 

 

 
Figure 1: Global cost vs. energy performance. 

 

As shown in Figure 1, the discrepancies, documented in 
several studies, between QSS and DD are evident in the 
energy performance assessment of the existing building 
(EB). That is because the QSS method tends to 
overestimate particularly the heating energy need, which 
represents the main energy service of the building. The 
Pareto fronts deriving from QSS and DD have a similar 
trend but they are shifted as concerns both overall non-
renewable primary energy and the global cost. It results 
that the optimization models identify two different “cost-
optimal packages of energy efficiency measures” (COs) 
and consequently different associated technologies, as 
reported in Table 4. 

With regard to the single energy efficient measures on the 
reference building, the cost-optimal package identified by 
the optimization from QSS and DD methods are very 
similar as concern the building envelope insulation and 
solar control measures. Both the simulation-based 
optimization models identify as cost-optimal solutions a 
moderate level of insulation of external walls and 
windows as well as the installation of movable solar 
shading devices. Moreover, both calculation methods 
evaluate as cost-ineffective the choice of insulating the 
lower floor above the unconditioned space. The only 
difference between the two COs concerns the insulation 
of the upper floor. According to CO-QSS the upper floor 
has to be highly insulated considering the maximum EEO, 
whereas the CO-DD identifies the intermediate EEO, as 
for the other measures related to the opaque envelope. 
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Table 4: Cost-optimal packages of energy efficiency measures of the design parameters. 

EEM Optimal EEO 
QSS DD 

Value No. EEO Value No. EEO 
Wall insulation on external surface  

or Wall insulation on cavity 
Uwl [W m-2K-1] - 

0,37 
- 
1 

- 
0,37 

- 
1 

Upper floor insulation Uuf [W m-2K-1] 0,29 5 0,37 3 

Lower floor insulation Ulf [W m-2K-1] 1,30 EB (1) 1,30 EB 

Windows Uw [W m-2K-1] 2,30 2 2,30 2 

Solar shading devices F or M (2) M 3 M 3 
Heat generator for space heating (3) 

+ Heat generator for DHW 
+ Chiller 

H,gn or COP [-] 
W,gn [-] 
EER [-] 

0,95 
0,93 
2,35 

2 
2 

EB 

1,00 
1,00 
3,00 

3 
3 
3 

Combined heat generator for space heating and 
DHW (3) 
+ Chiller 

H+W,gn [-] 
 

EER [-] 

 
- 

 
- 

 
- 

 
- 

Thermal solar system Acoll [m2] 20 2 70 5 
PV system WPV [kWp] 10,80 4 - EB 

(1) EB: the option corresponds with taking no actions. (2) F = fixed louvres; M = movable louvres. (3) plus upgrade of the heating control system. 

 

As regards the technical building systems and the use of 
renewable energy sources, the two CO solutions differ 
quite a lot. The QSS model selects standard boilers both 
for space heating and for DHW, with a scarce 
improvement of the existing generator efficiency. In 
particular, the choice of standard boiler for heating does 
not imply the replacement of the emission terminals. The 
cost-optimal package determined by quasi-steady-state 
calculation method (CO-QSS) does not include the 
replacement of the existing chiller.  

Regarding the energy from renewable sources, the QSS 
method identifies as cost-optimal the installation of 
thermal solar system in the smallest extent and of PV 
system in the highest considered size. On the other hand, 
the DD simulation chooses in its cost-optimal package 
(CO-DD): the condensing boiler both for heating and 
DHW, the replacement of the radiators with fan coil units, 
and the installation of higher efficiency chiller. These 
thermal system technologies are combined with the 
highest size of thermal solar system and no PV systems. 
Both the optimization tools do not choose the heat pump 
for space heating. 

In terms of overall non-renewable primary energy (Figure 
2), the QSS method overestimates both the EB (+21%) 
and especially the CO (around +45%) in comparison to 
DD. The CO-QSS reduces EPgl,nren of about 70% as 
compared to the EB-QSS. Similarly, the CO-DD saves 
76% of overall non-renewable primary energy compared 
with the building before refurbishment (EB-DD). 

As concerns the global cost (Figure 3), the initial 
investment, operating and maintenance costs are 
consistent between the models, for this reason the energy 
costs are fundamental to cost-optimization. The greatest 
saving comes from the application of CO-QSS (55%) to 
EB-QSS rather than the CO-DD refurbishing the EB-DD 
(40%). 

 
Figure 2: Overall non-renewable primary energy 

normalized by the conditioned floor area. 

 

 
Figure 3: Global cost normalized by the conditioned 

floor area. 

The trend of the QSS method to overestimate the heating 
energy with respect to DD is common to many building 
types. Nevertheless, the results of the present study about 
the choice of cost-optimal EEMs should be limited to the 
specific case study, i.e. an apartment block in a temperate 
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climate, in which winter heat losses are the main term in 
the building energy balance. 

Conclusion 
Two different numerical simulation methods were 
investigated to perform the cost-optimal analysis: the 
monthly quasi-steady-state method coupled with a 
sequential search-optimization technique and the detailed 
dynamic simulation model combined with a multi-
objective genetic algorithm. 

Results highlight the relevance of the choice of the 
optimization method in the identification of cost-optimal 
package of energy efficiency measures and consequently, 
of the related technologies. 

The outcomes of this activity suggest that States should 
accurately consider the adoption of the calculation 
method to identify the cost-optimal levels of minimum 
energy performance requirements for new buildings and 
existing buildings undergoing major renovations. 
Fundamentally, this aspect influences the subsequent 
national policies as well as other assumptions, such as the 
real interest rate, the energy costs, the technical lifespan 
of building components and technical building systems 
used in the calculation process. 

The next steps of this study will be to increase the number 
of building types and of climatic conditions, in order to 
draw up general guidelines about the use of cost 
optimization in building design at national level. 

 

Nomenclature 
Symbol Quantity Unit 

A area m2 

COP coefficient of performance - 

EER energy efficiency ratio - 

EP energy performance kWh∙m-2 

g total solar energy 
transmittance (solar factor) 

- 

HDD heating degree days °C∙d 

U thermal transmittance W∙m-2K-1 

V volume m3 

W peak power kW 

Greek symbols 

 efficiency  - 

Subscripts 

C space cooling 

coll solar collectors 

d distribution 

e emission 

env building envelope 

f, fl floor 

g gross 

gl glass, overall 

gn generation 

H space heating 

lf lower floor 

net net 

nren non-renewable 

PV photovoltaic system 

sh shading 

uf upper floor 

W domestic hot water 

w window 

wl wall 

Acronyms and abbreviations 

CO cost-optimal package 

DD detailed dynamic simulation method 

DHW domestic hot water 

F fixed louvres 

EB existing building 

EEM energy efficiency measure 

EEO energy efficiency option 

M movable louvres 

NSGA non-dominated sorting genetic algorithm 

PID proportional–integral–derivative 

QSS quasi-steady-state calculation method 
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Abstract

Climatic zoning is largely used by building energy
efficiency applications. However, in some cases, cli-
matic zoning is performed by oversimplified method-
ologies. Further study in climatic variables and build-
ing simulation could increase the robustness of cli-
matic zoning methodologies. The aim of this study
was to develop a data-driven climatic zoning method-
ology. The methodology is composed of four main
steps. The initial steps were focused on weather data
and building simulation, followed by a combined data
analysis and a clustering process. Climatic zones vali-
dation was performed by cluster quality measures and
building simulation results. The proposed methodol-
ogy was applied in a simplified case study to demon-
strate each step. Sensible and latent thermal loads as
performance indicators demonstrated the differences
in energy needs for each climatic zone.

Introduction

There is a worldwide growing concern about build-
ing energy use and its impact on the environment.
According to the International Energy Agency (IEA
(2018)), global demand for cooling in buildings tends
to increase in the next decades. In order to achieve
comfortable and energy efficient buildings, it is es-
sential to design buildings according to the climate
(Givoni (1992)). Climatic zoning is often connected
to performance strategies in building regulations, by
generic recommendations and requirements for each
climatic zone (Walsh et al. (2018)). The problem with
this approach is that building typologies respond dif-
ferently to climate. To address this problem, building
performance analysis could be included in climatic
zoning methodologies. Despite its importance for
energy efficiency applications, there is no consensus
about which climatic zoning methodology should be
used among the many available (Walsh et al. (2017)).

The most common approach for climatic zoning is the
degree-days method, as it is highly correlated with
building energy use in cold and mild climates (De
Rosa et al. (2015)). The degree-days method does
not consider other climatic variables that influence

building energy needs in warm or hot climates. The
climatic variable relevance strongly depends on the
building typology and vary for cold and hot climates.
Variables as wind speed, solar radiation and relative
humidity can be particularly relevant to building per-
formance in hot climates. Buildings located in hot cli-
mates are typically more sensitive to climate effect,
because these buildings usually have less envelope in-
sulation than buildings in cold climates (Walsh et al.
(2018)). Therefore, the application of oversimplified
climatic zoning methodologies in hot climates is even
more problematic.

Countries of continental dimensions as Australia,
China and India are divided into eight, five and six
climatic zones, respectively. Dry and wet bulb tem-
perature, global and diffuse radiation, wind speed and
direction were the main climatic variables used to es-
tablish those countries climatic zoning (Lam et al.
(2006)). Brazilian territory is currently divided into
eight climatic zones (ABNT (2003)). Roriz (2012) de-
fined four climatic indicators to propose a new Brazil-
ian climatic zoning with 24 climatic zones. The cli-
matic indicators were: average annual temperature,
average annual amplitude, standard deviation of av-
erage annual temperature and standard deviation of
average annual amplitude (Roriz (2014)).

The optimal number of climatic zones is another crit-
ical issue. Higher numbers of climatic zones usually
demand a wide range of recommendations, if com-
pared to fewer climatic zones. Too many specific rec-
ommendations may create difficulties in regulation
acceptance by the construction industry. Further-
more, some typologies are less affected by the cli-
mate and do not require a high number of climatic
zones. Regarding energy needs, large buildings are
intrinsically dependent on internal gains, while small
buildings with low insulated envelopes are much more
sensitive to external air temperatures and solar radi-
ation. Even more specifically, buildings with highly
glazed facades have their performance strongly af-
fected by solar radiation and surroundings. Among
the many capabilities of building performance simu-
lation, support for policies such as climate zoning has
been gaining relevance in the last decades (Crawley
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(2008); de la Flor et al. (2006)).

Therefore, climatic zoning methodologies may be im-
proved by considering building typologies and by es-
timating an optimal number of climatic zones. Thus,
building energy performance is related to climatic
variables in quite complex relations, depending on the
boundary conditions. This fact opens possibilities for
testing new methods to solve the problem. Deduc-
tive (theory-driven) research approaches can be inef-
ficient in solving complex problems (McAbee et al.
(2017)). Direct observation of data greatly helps the
formulation of a new hypothesis, reinforcing an induc-
tive (data-driven) approach. Data analysis helps to
provide a comprehensive climatic understanding for
building energy efficiency applications.

This study developed a climatic zoning methodology
that includes weather data, building simulation and
cluster quality validations to match the climatic zon-
ing purpose. The methodology proposed in this paper
focused on the definition and validation of climatic
zones. No building design recommendations or pas-
sive strategies were addressed in this study.

Method

In the proposed methodology, weather data and
building energy simulations were analyzed to provide
valuable information for the climatic zoning definition
and validation. The methodology flowchart is divided
into four main steps, as shown in Figure 1.

Figure 1: Methodology flowchart.

Application

The methodology first step is the definition of the
climatic zoning purpose. A Brazilian climatic zoning
for certain conditioned office buildings was obtained,

as a methodology demonstration.

Weather data

The methodology first step was the data collection
from all available EnergyPlus weather files. Weather
files are data sets of 8760 hourly values for each cli-
matic variable, that compose a typical climatic year
for a given location. An exploratory data analysis
was performed on the collected weather files, aiming
to extract relevant relationships among the climatic
variables or even to discover possible data errors. The
adoption of exploratory data analysis tend to facili-
tate the solution of scientific and engineering prob-
lems, by maximizing the value of the data (Jebb et al.
(2017)).

In the field of statistics, the exploratory data anal-
ysis involves a set of procedures for analyzing data
sets (Behrens (1997)). The procedures can be divided
into graphical techniques and quantitative techniques
(as statistical measures). Statistical measures are de-
scriptive coefficients that summarize a given data set.
Therefore, measures of central tendency, dispersion,
modality, skewness and kurtosis were obtained for
each climatic variable.

Skewness is a measure of the variable distribution
asymmetry and kurtosis describes the shape of dis-
tribution tails in relation to the distribution over-
all shape. The bimodality coefficient has a range of
zero to one, where a value greater than 0.555 im-
plies that the variable distribution is not normal. A
multimodal distribution is a continuous distribution
with at least two different modes (Knapp (2007)).
Currently, Brazil has 411 locations with EnergyPlus
weather data files. Frequency histograms allowed to
analyze the cited statistical measures from 411 cli-
mates at once.

Building simulation

The climate influence on the building performance
may vary according to building typology, internal
loads, envelope and surroundings. Therefore, build-
ing energy simulations must be executed in a reliable
energy and load simulation tool to quantify the build-
ing performance. The climatic zoning purpose must
be defined to establish which building typologies and
variations are included in the analysis.

Since artificially conditioned, naturally ventilated
and hybrid buildings do not share the exact same
relevant climatic variables, the proposed methodol-
ogy will point to distinct climatic zoning proposals
depending on the energy efficiency application pur-
pose. Building thermal loads or energy consumption
can be used for conditioned buildings. For naturally
ventilated buildings, the percentage of occupied com-
fort hours can be a proper quantitative performance
indicator. Therefore, a proper quantitative indicator
must be established to measure the influence of dif-
ferent factors on the building performance.
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Sensible and latent cooling thermal loads were the
performance indicators of case study models. The
temperature setpoint was set on 24◦C for cooling.
Office building thermal zones were modeled as core
and perimeter zones. The office building model had
a squared geometry, thus length and width were
equal. To reduce outputs variance in the case study,
only three office building sizes were defined: small,
medium and large office. From small to large office,
the building lengths were 15 m, 30 m and 45 m. Those
variations were defined to exemplify how a single pa-
rameter variation can be relevant to the climatic in-
fluence over the building performance. Other office
building parameters were fixed, as shown in Table 1.

Table 1: Building parameters and fixed values.
Parameter Value

Building Ratio 1.00

Number of floors 5.00

Ceiling height (m) 3.00

People (W/m2) 13.33

Equipment (W/m2) 10.00

Lights (W/m2) 10.00

Infiltration (air changes/hour) 0.30

Occupancy schedule (hours/day) 8.00

Wall absorptance 0.50

Roof absorptance 0.50

Wall thermal transmittance (W/m2K) 2.34

Roof thermal transmittance (W/m2K) 2.20

Wall thermal capacity (kJ/m2K) 180.00

Roof thermal capacity (kJ/m2K) 200.00

Window-to-Wall Ratio 0.50

Glass SHGC 0.87

The surroundings influence was considered by a grid
of buildings with the same size than the analyzed
building. The office building model was in the grid
center, as shown in Figure 2. The surroundings sur-
faces absorptance and reflectance values were fixed
to be equal as the building model and allowed to
partially consider the urban climate influence, in the
form of shadings and reflections. This type of sur-
roundings modeling did not consider long-wave radia-
tion between building external surfaces, since surface
temperatures of surroundings were equal to the air
temperature, due to an EnergyPlus algorithm simpli-
fication.

Figure 2: Surroundings grid.

Building energy simulations were executed in the
widely used EnergyPlus software, version 8.9. For
wider experiments, more parameter variations are

recommended for the building envelope, internal
gains and surroundings modeling.

Combined analysis

The combined analysis of weather data and build-
ing simulation enabled the selection of relevant cli-
matic variables for the energy efficiency application
purpose. Correlations between climatic variables and
performance indicators must be considered. Cor-
relations tests only between climatic variables were
performed to identify redundant information in the
weather data and to reduce the number of variables
that describe each climate. The general rule for vari-
able selection was: climatic variables highly corre-
lated to the performance indicator and possibly un-
correlated with other climatic variables.

Clustering process

Once the climatic variables were selected, it was nec-
essary to scale the data in order to run the cluster-
ing algorithm. Clustering is an unsupervised data
analysis technique used to discover inherent cluster
structures in data, dividing data into groups of sim-
ilar individuals (Adolfsson et al. (2019)). Clusters
can be hierarchical, centroid-based, density-based,
distribution-based. The clustering algorithm must be
compatible with the data type and application pur-
pose, otherwise the clustering results will not be sat-
isfactory. The k-means clustering algorithm was se-
lected for this methodology, as it generally suits low
dimensional numerical data and euclidean distances.

Furthermore, the definition of clusters number is usu-
ally constrained by a cost versus benefit relation.
Normally, more climatic zones guarantee less varia-
tion within a single zone, but a high number of zones
complicates the climatic zoning application in energy
standards and regulations. A higher number of clus-
ters also tend to lower the variance within the same
climatic zone. To guarantee a certain cluster qual-
ity, a clustering process should include a validation
phase. There are many statistical indexes to test
cluster quality and determine an optimum number of
clusters. Most indexes try to balance within-cluster
homogeneity against separation between clusters.

Therefore, a climatic zoning validation was performed
using cluster quality measures to guarantee a fair
trade-off between the variation in a single climatic
zone and the number of zones. The ease of applica-
tion of climatic zoning in regulations is inversely re-
lated to the number of climatic zones. Cluster quality
measures were defined according to the climatic zon-
ing previous assumptions. Since the assumption was
to group climates with similar variable values, a mea-
sure such as the sum of squares (SS) was adopted to
estimate the optimal number of clusters. As a final
step and assessment, the simulation results were as-
sociated with the obtained climatic zoning, aiming to
extract the performance indicator typical ranges per
climatic zone.
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Results

Results section was divided and described in four
modules: weather data analysis, building simulation
results, combined analysis and clustering results.

Weather data

Following the proposed methodology, a total of 411
Brazilian weather data locations were analyzed. To
start the exploratory data analysis, frequency distri-
butions of climatic variables from the 411 Brazilian
locations were obtained, as shown in Figure 3.

Figure 3: Climatic variables frequency histograms.

From the histograms in Figure 3, the locations lat-
itude is uniformly spread, although the same is not
true for the locations longitude. Most of the loca-
tions are below 500 meters. A predominance of hot
climates was noticed in the annual mean dry bulb
temperature histogram. Most of Brazilian climates
have high values of annual mean relative humidity.
The radiation distributions followed normal tenden-
cies. The annual mean wind speed varied between 1
and 3 meters per second for most locations.

Descriptive statistics analysis were applied to the
weather data to summarize its main characteristics.
Skewness, kurtosis and bimodality coefficients were
calculated for climatic variables distributions in all
climates. The bimodality coefficient analysis pointed
that only 10% of the climates presented bimodality
in dry bulb temperature. Climates that presented
bimodal frequency distributions were located in the

north portion of Brazil, where temperatures do not
vary considerably during the year. These results
pointed to a predominance of normal distributions
in the rest of weather files dry temperature values.
On the other side, 75% of the climates presented bi-
modality in the global horizontal radiation and 73%
in relative humidity. The exploratory data analysis
provided knowledge about weather data. Also, due to
the exploratory data analysis proceedings, an error in
data values of a single weather file was identified and
properly corrected.

Building simulation

Annual building cooling thermal loads were chosen
as indicators to evaluate the climate influence on the
building performance. Heating thermal load was not
included in the study due to the insignificant heating
loads for office buildings in the majority of Brazilian
climates. Cooling thermal loads were divided into
sensible and latent fractions, to better describe the
climatic variables influence in simulation outputs. A
boxplot of simulation results per office building size
in 411 Brazilian locations was presented in Figure 4.

Figure 4: Boxplot of simulation results per office
building size in 411 Brazilian locations.

The building size was quite relevant to the range of
annual cooling thermal loads, as shown in Figure 5.

Figure 5: Annual total cooling thermal loads vs. An-
nual mean dry bulb temperature.
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Due to relatively low internal loads in case study
buildings, the smallest office was more affected by ex-
ternal temperatures and presented higher cooling val-
ues. Cooling loads of the smallest office building also
presented more variance, within higher annual mean
dry bulb temperature climates. Correlations between
annual mean dry bulb temperatures and annual cool-
ing thermal loads were high for the case study office
buildings. A simple raise in people density or occu-
pation schedule hours would impact negatively this
correlation. Again, the relevance of climatic variables
depended on the building typology.

Combined analysis

Correlations between climatic variables and building
energy simulation indicators were analyzed (in or-
der): latitude, longitude, altitude, dry bulb tempera-
ture, dew point temperature, relative humidity, atmo-
spheric pressure, global horizontal radiation, direct
normal radiation, diffuse horizontal radiation, wind
speed, annual total cooling, annual sensible cooling
and annual latent cooling. Figure 6 contains small of-
fice building results, where the tendencies were more
pronounced. Smaller buildings thermal loads pre-
sented higher correlation with climatic variables, as
the small office building performance was more sensi-
tive to the climatic influence. As shown in the correla-
tion matrix, high correlations between variables were
identified by stretched out ellipses filled with darker
colors.

Figure 6: Climatic variables and simulation results
correlation matrix.

Positive or negative correlations are visually distin-
guishable by the colors blue and red, respectively,
or by the ellipse inclination. Considering only cli-
matic variables, the most noticeable positive correla-
tion was between global horizontal radiation and di-
rect normal radiation, followed by the dry bulb tem-
perature and dew point temperature correlation. As
expected, altitude and atmospheric pressure negative
correlation reached the value of 0.99. The combined

analysis focus was on the performance indicator of
the case study buildings: the annual thermal cool-
ing loads. The annual total cooling was extremely
positively correlated to dry bulb temperature, to dew
point temperature and to latitude. Altitude, rela-
tive humidity and wind speed were the only three cli-
matic variables inversely correlated to annual cooling
thermal load. The relative humidity correlations pre-
sented an inverse behavior when compared to annual
sensible cooling and annual latent cooling. Global
direct radiation was highly correlated to direct nor-
mal radiation and partially correlated to diffuse hor-
izontal radiation. Therefore, three climatic variables
were selected by its correlation with sensible and la-
tent cooling loads: dry bulb temperature, relative
humidity and global horizontal radiation. After the
correlation analysis was performed, the tendencies
between climatic variables and simulation indicators
were mapped in a scatter plot matrix, as shown in
Figure 7.

Figure 7: Climatic variables and simulation results
scatter plot matrix.

From the scatterplot matrix, dry bulb temperature
was impressively correlated with annual sensible cool-
ing values, but not enough with annual latent cool-
ing values (especially in very hot climates). Climates
with lower annual mean dry bulb temperatures pre-
sented high values of annual mean relative humidity.
As a result of the combined analysis, redundant cli-
matic variables were removed and a few relevant cli-
matic variables were selected for the clustering pro-
cess: dry bulb temperature, relative humidity and
global horizontal radiation. These variables showed
high variance for all climates and had a significant
impact on case study buildings performance.

Although the usage of mean annual values (of climatic
variables) to describe a climate can result in losing de-
tails and differences between climates, the considera-
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tion of smaller time intervals, as months, complicates
the following clustering process. The mean annual
values were used for the clustering process.

Clustering process

Several numbers of clusters were tested using k-means
clustering algorithm in the selected climatic variables.
The ideal number of clusters was defined by cluster
quality measures. The “NbClust” package for R pro-
vided different cluster quality measures to determine
the number of clusters by varying all combinations
of clusters number, distance measures, and cluster-
ing methods (Charrad et al. (2014)). Within-cluster
sum of squares (withinSS ) and Hubert index were the
main quality measures analyzed. The withinSS was
obtained by summing the squared distance between
each data point and the respective cluster centroid.
The sum of all within-cluster sum of squares (with-
inSS ) resulted in the tot.withinSS, also known as total
within-cluster sum of squares, i.e.sum(withinss). The
analysis of tot.withinSS, proved that a higher num-
ber of clusters tend to diminish squared distances be-
tween data points and centroids, as shown in Figure
8.

Figure 8: Total within-cluster sum of squares.

In order to choose a low number of clusters that still
presented a low value of tot.withinSS, the number of
clusters between 4 and 7 were identified as promising
candidates. Hubert index was used as an auxiliary
method to determine the optimal cluster number.

Figure 9: Hubert Index.

In Figure 9, a knee on the index values (left plot)
is equivalent to a peak in the index second differ-
ences (right plot) and corresponds to a recommended
number of clusters. Considering both cluster quality
measures, the optimal number of clusters was defined
in 5 climatic zones.

Two-dimensional graphs were elaborated to illustrate
the defined clusters in the selected climatic variables
mean annual values, as shown in Figure 10.

Figure 10: Cluster distributions over selected climatic
variables mean annual values.

________________________________________________________________________________________________ 

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

 
3960

 

 
  



Since each dot represents a single climate in a three-
dimensional space, many dots were overlapped. It
was observed that climates with high dry bulb tem-
perature values were not always climates with rela-
tively high radiation values. Climatic zones 01 and
03 presented similar global horizontal radiation and
relative humidity values, but differed in dry bulb tem-
peratures. The first two climatic zones (01 and 02)
presented lower values of dry bulb temperature, com-
pared to the other zones. Analyzing the last three
climatic zones (03, 04, 05), notable differences were
verified in global horizontal radiation and relative hu-
midity values. All these differences had an impact in
the annual building cooling loads, as shown in Figure
11.

Figure 11: Cooling thermal loads distributions per cli-
matic zone.

As described previously, annual cooling thermal loads
results of three different sized office buildings were
obtained for each climate. An assessment was per-
formed by comparing building thermal loads results
within each climatic zone. The cooling thermal load
distributions were plotted per zone. The black dot in
each distribution represented the mean value.

The analysis of building annual sensible and latent
cooling loads exposed differences among the climatic
zones. The zone number index was designated ac-
cording to an increasing sequence (from 01 to 05) in

annual sensible cooling loads. Consequently, there
was a clear crescent tendency in the sensible cool-
ing thermal load as the climatic zone index number
increases. Although dry bulb temperatures values
were very similar in the three last climatic zones, the
highest sensible cooling loads were found in Climatic
Zone 05, due to considerably higher solar radiation
values. Inversely, latent cooling thermal loads of Cli-
matic Zone 05 are lower than those of Climatic Zone
03 and 04, as the consequence of differences in relative
humidity values of each climatic zone.

Oversimplified methods as degree-days are not able
to consider this kind of differences. The chosen per-
formance indicators reinforced that conditioned office
buildings energy needs were not related to only dry
bulb temperature in hot climates. Neither the solar
radiation or the relative humidity are considered in
degree-days method for climatic zoning. These cli-
matic variables have more impact in hot climates.
Conditioned buildings with higher external air infil-
tration rates and low insulation envelope are some
scenarios where the limitations of degree-days method
are even more serious. The selection of climatic vari-
ables by a combination of weather data and building
simulation allowed to cluster climates in a way that
reflected the building performance in each climatic
zone.

Ideally, the more building variables and typologies are
considered in the simulations, the broader and more
generic the climatic zoning validation will be. How-
ever, simulations of one building per typology may
be not enough to define a climatic zoning. More sim-
ulation variations result in a wider range of possible
outputs per climatic zone. Therefore, the wider the
application purpose is, the more building typologies
and performance indicators must be included in the
analysis.

Unfortunately, to develop a climatic zoning for differ-
ent applications and/or building typologies implies
in a trade-off between accuracy and ease of appli-
cation. Merging different building typologies in the
same analysis might result in an underwhelming cli-
matic zoning, but will probably have a much easier
implementation in energy regulations, than different
climatic zoning proposals (one per building typology).
The procedures presented in this study may also in-
spire studies that involve climate description in other
building energy study research areas, such as build-
ing energy surrogate models, by providing a method
to extract relevant climatic features for the prediction
of building performance indicators.

Conclusion

Climatic zoning is frequently present in building en-
ergy efficiency applications, but there is great vari-
ance on the methods, climatic variables and perfor-
mance indicators to consider. The choice of those
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parameters shall vary according to the weather data
and the climatic zoning purpose. Despite the intrin-
sic complexity, classifications as climatic zoning allow
to generalize knowledge and help to ensure a sim-
ple communication between performance standards
or regulations and the building construction indus-
try. A robust climate zoning substantially reduces
building performance discrepancies within climatic
zones and is still applicable in energy codes. The
use of simulation results, data analysis and cluster-
ing techniques greatly supported the development of
a modular and versatile climatic zoning methodol-
ogy. A case study application was entirely performed,
considering Brazilian climates and office conditioned
buildings. Dry bulb temperature, global horizontal
radiation and relative humidity were the selected cli-
matic variables to perform a climate zoning for case
study conditions. Sensible and latent thermal loads
as performance indicators demonstrated the differ-
ences in energy needs for each climatic zone. The
proposed methodology (or derivations of it) can be
applied in different countries to support building en-
ergy efficiency programs.
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(2006). A new methodology towards determining
building performance under modified outdoor con-
ditions. Building and Environment 41 (9), 1231–
1238.

De Rosa, M., V. Bianco, F. Scarpa, and L. A. Tagli-
afico (2015). Historical trends and current state of
heating and cooling degree days in Italy. Energy
Conversion and Management 90, 323–335.

Givoni, B. (1992). Comfort, climate analysis and
building design guidelines. Energy and Build-
ings 18 (1), 11–23.

IEA (2018). The Future of cooling. Opportunities for
energy-efficient air conditioning.

Jebb, A. T., S. Parrigon, and S. E. Woo (2017). Ex-
ploratory data analysis as a foundation of induc-
tive research. Human Resource Management Re-
view 27 (2), 265–276.

Knapp, T. R. (2007). Bimodality Revisited. Journal
of Modern Applied Statistical Methods 6 (1), 8–20.

Lam, J. C., L. Yang, and J. Liu (2006). Develop-
ment of passive design zones in China using biocli-
matic approach. Energy Conversion and Manage-
ment 47 (6), 746–762.

McAbee, S. T., R. S. Landis, and M. I. Burke (2017).
Inductive reasoning: The promise of big data. Hu-
man Resource Management Review 27 (2), 277–
290.

Roriz, M. (2012). Uma proposta de revisão do zonea-
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Abstract 
A liquid desiccant (LD) system can be used for 
dehumidifying hot and humid outdoor air for air 
conditioning during the summer. The LD system 
requires thermal energy to regenerate the desiccant 
solution for stable dehumidification performance. In this 
study, we propose the use of heat generated from the 
organic Rankine cycle (ORC) in a combined heat and 
power system. In addition, waste heat is observed in a 
closed-loop LD system with an integrated ORC. 
Therefore, use of a thermoelectric energy harvester is 
suggested to reclaim the wasted heat by converting it 
into electricity. Finally, a detailed energy simulation 
model was developed to investigate the benefit of using 
the thermoelectric energy harvester in the LD system 
with integrated ORC during the summer. 
Introduction 
Recent research of the organic Rankine cycle (ORC) is 
being undertaken as global warming and energy waste 
gain worldwide attention. The thermal energy which is 
not generally converted to electricity dissipates the 
condenser stage of the ORC. Research into utilizing the 
wasted heat has also been pursued, with one proposed 
method using waste heat to regenerate a liquid desiccant 
(LD) solution. Dong et al. (2018) presented such a 
system and compared the primary energy consumption 
of a heating, ventilation, and air conditioning (HVAC) 
system operating using a solar energy ORC with an 
HVAC system including an LD system that uses a 
conventional power grid. Adequate dehumidification 
performance of LD system requires the heat source to 
regenerate the weakened desiccant solution. When 
humid and hot air enters the absorber part of the liquid 
dehumidification system, the LD solution weakens. In 
the regenerator part, the weak LD solution absorbs the 
heat energy and releases the moisture extracted from the 
outside air as a strong LD solution. The required thermal 
energy required is provided by the heat dissipated from 
the condenser part of the ORC. The energy performance 
of the system was observed to improve by reusing 
thermal energy through the implementation of a 
thermoelectric module (TEM). However, some thermal 
energy was observed to remain after regenerating the LD 
solution. The TEM recovered a small amount of thermal 
energy that is otherwise generally lost. 

The TEM utilizes two main mechanisms; the Seebeck 
effect and the Peltier effect. The Seebeck effect 
generates electricity when a temperature difference is 
applied to the contact point between the p-and n-type 
semiconductors, which are the main components of the 
TEM. This effect is observed even when the temperature 
difference is small, such that a low-temperature heat 
source below 100°C can be used in the TEM for 
electricity generation. In a previous study carried out by 
Frederic and Nicolas (2013), the electricity generation 
performance based on fluid flow rate and temperature 
difference was evaluated in a range of 30–80°C using 
TEM. 
Also fuel cell have the same characteristic as organic 
Rankine cycle which producing waste heat (Chen at al., 
2010).  Intended hot air in the 26-200 °C is sullied to 
pipe which attached 12 thermoelectric modules for 
simulate wasted heat recover. The thermoelectric effect 
was verified by intended hot air and outside cold air. 
As a result, the feasibility of using a thermoelectric 
energy harvester (TEH) in an LD system combined with 
the ORC is analyzed in this study using detailed energy 
simulations based on theoretical and empirical models of 
components. 
System overview 
Liquid desiccant system 
The LD system consists of an absorber part for 
dehumidification and a regenerator part for regeneration, 
as shown in Fig. 1. LD solution flows on the surface of 
the packed bed in the absorber and the regenerator. Heat 
and mass are transferred between the LD solution and 
the air on the surface of each part. In the absorber part, 
the supply air is dehumidified depending on the amount 
of water and heat transferred from the air to the LD 
solution. However, in the regenerator part, LD solution 
is regenerated depending on the amount of water and 
heat transferred from the LD solution to the exhaust air. 
The components of the LD system and structures were 
designed based on a previous study (Cho and Jeong, 
2018), and the system is operated by the HVAC system 
schedule of the building. 
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Figure 1: Schematic of the liquid desiccant system. 
Organic Rankine cycle 
Figure 2 is a schematic diagram of the ORC unit. The 
technical specifications of the ORC used in this study are 
described in Table 1.  
The difference between a normal Rankine cycle and 
ORC is the use of an easily variable-phase fluid for the 
working system. Furthermore, the phase-change 
temperature of the working fluid is lower for the ORC.  
In both the normal Rankine cycle and ORC, thermal 
energy is lost at the condenser, which is then not 
converted into electricity. 
Table 1: Technical specifications of the organic Rankine 

cycle unit.  
Descriptions Specification 
Working fluid R245fa 

Phase-change temperature 97°C 
50°C 

Pressure 3.4 bar 
11.8 bar 

Power generation 2.3 kWh 
Turbine

Condenser

Evaporator

Pump

 Working Fluid 
(R245fa)

Cold Source

Heat Source

 
Figure 2: Schematic of the organic Rankine cycle unit. 

Thermoelectric generation energy harvester 
The TEH consists of TEMs, aluminum plates, water 
pipes, and the substrates. As shown in Fig. 3, the TEMs 
are arranged in a flat grid between two aluminum plates. 
At the surface of both plates, hot and cold fluid pipes are 
attached through substrates. Insulation is implemented 
by the finishing material to reduce unnecessary heat 
transfer to the surroundings. The hot water that carries 

the remaining heat energy after supplying the thermal 
energy to the regenerator flows through the hot fluid 
pipe. After cooling the LD solution, the cold water flows 
through the cold fluid pipe away from the absorber. The 
hot and cold fluids create the temperature difference 
between the hot and cold sides of the TEM. The 
technical specifications of the TEM are summarized in 
Table 2.  

Table 2: Technical specifications of thermoelectric 
module. 

Parameter Value 
Area (A) 0.04 × 0.04 m2 

Thickness (l) 3 mm 
Number of thermocouples (N) 127  
Maximum input voltage (Vmax) 24.6 V 
Maximum input current (Imax) 11.3 A 

Maximum cooling capacity (Qmax) 172 W 
Maximum temperature difference 

(∆ ) 69°C 

 
Figure 3: Cross-sectional diagram of the thermoelectric 

energy harvester. 
 A manifold is used to uniformly distribute the fluid to 
the TEH, as shown in Fig. 4. The hot and cold fluids 
pass through the inside of the TEH, generating electricity 
by the temperature difference. 

 
Figure 4: Three-dimensional diagram of the 

thermoelectric energy harvester with manifold. 
Thermoelectric energy harvester in the liquid 
desiccant system with integrated organic Rankine 
cycle  
A TEH is installed at the condenser inlet of the ORC 
system. The heat energy from the ORC unit is used in 
the regenerator, and the remain heating energy is 
reclaimed by exchanging heat with the cold water from 
the cooling tower after use in the LD system, as shown 
in Fig. 5.  
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Figure 5: Schematic of the thermoelectric energy 

harvester in the liquid desiccant system combined with 
the organic Rankine cycle. 

Simulation overview 
Simulation assumptions 
In this study, a simulation was conducted to examine 
electricity generation from the TEH using waste heat. 
There were two modeling assumptions made for the 
energy simulation. The first is that the amount of heat 
energy discharged from the hot fluid pipe, flowing into 
the cold fluid pipe, and passing through the TEM are all 
energetically balanced. The second is that heat 
conduction is not considered when heat transfers from 
the pipe through the aluminum plate and substrate to the 
surface of the TEM. In reality, some of the thermal 
energy is converted into electricity through the TEM so 
the amount of energy discharged from the hot fluid pipe 
and the amount of energy flowing into the cold side are 
different. However, the converted heat flux is very small 
due to the electricity generation efficiency of the TEM, 
and therefore this effect was neglected in order to 
simplify the simulation.  
In addition, the thermal resistance to heat conduction 
between the water and the TEM surface is very small 
compared with the thermal resistance to the heat transfer 
via convection at the inner surface of the pipe. Therefore, 
this was also neglected for simplification purposes.  
Liquid desiccant system 
The temperature of the LD solution in the absorber part 
and the regenerator part was calculated with the 
constitutional elements of the building, the user, and the 
external air condition. The amount of heat required for 
regeneration and dehumidification of the LD solution is 
also calculated. The following Eqs. (1) and (2) are used 
to calculate the enthalpy change ratio for the movement 
of the humidity from the LD solution. ℎ  is the heat of 
vaporization of water. ℎ ,, = ̇,, × ,, ̇×( )̇,,  (1) ℎ , , = ̇, , × , , ̇ ×̇, ,  (2) 

Organic Rankine cycle 
The ORC used for the energy simulation generates 2-kW 
of electricity, and the evaporating and condensing 
temperatures are set to 104°C and 50°C, respectively. 
The high pressure for evaporation is set to 1177 kPa and 

the low pressure for condensation is set to 343 kPa.  
Distinct heat source was selected for the operational 
heating source of the ORC. For normal ORC operation, 
the condenser must bring the working fluid below the 
phase-change temperature. In this simulation, this means 
that the temperature must be kept below 40°C. The 
discharged and charged energy of each component is 
calculated by the following Eqs. (3) to (6) (Costiuc and 
Costiuc, 2017). ̇  is the working fluid amount of 
ORC. ̇  = ̇ × (ℎ , − ℎ , ) (3) ̇, = ̇ × (ℎ , − ℎ , ) (4) ̇ = ̇ × (ℎ , − ℎ , ) (5) ̇, = ̇ × (ℎ , − ℎ , ) (6) 
Thermoelectric generation energy harvester 
For the purpose of designing the TEH, the temperature 
of the water entering the condenser of the ORC should 
be set. Steady waste heat discharge from the ORC occurs 
as water moves through the pipe. As previously 
mentioned, for normal operation of the ORC the 
temperature of the water entering the condenser must be 
below 40°C. The 40°C water receives the ORC waste 
heat from the condenser, raising its temperature to 66°C. 
The 66°C water provides thermal energy to the 
regenerator of the LD system and then flows to the hot 
side of the TEH. The temperature of the water entering 
the hot side ranges from 66.7°C to 49°C. The cooling 
water supplied from the cooling tower passes through 
the absorber part of the LD system and is supplied to the 
cold side. In the design of the TEH, the fluid temperature 
of the hot side and the cold side is set to the most 
difficult case where water at a temperature of 40°C is 
supplied to the condenser of the ORC. 
Number of thermoelectric modules 
Based on the temperature specified, we calculate the 
temperature change when the hot fluid and cold fluid 
pass through an individual TEM. At this time, the first 
assumption of energy balance (Eq. (7)) is applied. The 
thermal energy   discharged from each fluid was 
calculated as follows:  , =  , =  , =   (7) 
We then calculate the surface temperatures of the pipe, 
which is determined by the temperature of the hot and 
cold fluid (Eqs. (8) and (9)).   is the area of each 
fluid heat exchange part.  =  +  ×  (8)  =  −   ×   (9) 

With the second assumption regarding thermal 
resistance, we can calculate the surface temperature of 
the TEM at the hot and cold sides. 

Once the surface temperature is determined, the 
thermal energy that passes through the TEM can be 
calculated as in a previous study by Chen and Snyder 
(2013), which effective Seebeck coefficient of compact 
TEM (), effective electrical resistivity of compact TEM 
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(), effective thermal conductivity of compact TEM (), 
effective lumped Seebeck coefficient of the TEM () and 
electrical resistance of the TEM (  ) are used for 
calculating the thermal conductivity (K) and generated 
power from the TEM (Eqs. (10) to (16)). f is packing 
ratio of total TEM area covered by thermo couples. 

  = ̇ ( .∆ )× . ×   (10) 

  = × .∆ ×̇ × .× ××   (11) 

  =   .∆ ×̇ ×× . ×∆   (12) 

  = × ( .∆ )× . ×   (13) 

  =  ((∆ )    ) (14) 

  = ××  (15) 

Therefore, the thermal energy passing through the 
TEM, depending on the surface temperature, is 
calculated as follows: 

  =   × ×  ×  (16) 

The temperature change of the fluid passing through 
the surface of TEM can be calculated based on the 
energy passing through the TEM (Eqs. (17) to (18)). 
Figure 6 shows the movement of thermal energy through 
the TEH. The amount of electricity generated in a TEM 
by the temperature difference can be calculated in Eq. 
(19). 

  , =  , − ̇×  (17) 

  , =  , + ̇×  (18) 

 , = ( ×  × ∆ ×   )/1000  (19) 

The temperature of the fluid passing through the surface 
of an individual TEM is not low enough to change the 
phase of the working fluid of the ORC. This means that 
the temperature of the hot fluid at the outlet should be at 
least lower than 40°C. This required the use of a larger 
number of TEMs, and the resulting behavior was 
simulated by repeating the calculation to meet the target 
outlet temperature required for the phase change of the 
working fluid. The number of TEMs was therefore 
determined for a peak load condition. After determining 
the number of TEMs in the TEH, the total amount of 
electricity generated from the TEM was calculated in 
hourly simulations.  

 
Figure 6: Heat flow diagram of the thermoelectric 

energy harvester. 
Simulation results 
In Fig. 7a, the hot and cold fluid temperatures were 
plotted together with the power generated over a period 
of maximum temperature difference without the 
operation of the LD system. In Fig. 7b, the thermal 
behavior was plotted with generated power when the LD 
system was operational. The x-axis shows the inlet and 
outlet of the TEH so that the transient fluid temperature 
change can be observed.  

 
(a) Maximum temperature difference 

 
(b) Minimum temperature difference 

Figure 7: Thermal behavior and generated power in the 
thermoelectric energy harvester. 
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Figure 8: Temperature difference and generated power 

during summer. 
The amount of energy required by the LD system varies 
depending on the condition of the outdoor air, the 
internal occupants, and the building HVAC schedule. As 
a result, the temperature of the fluids flowing into the 
TEH also varies. As shown in Fig. 8, the temperature 
difference took a value higher than about 27°C when the 
LD system was not operational. On the contrary, the 
temperature difference was lower than 27°C when the 
LD system was operational. The power generated was 
proportional to the temperature difference between the 
hot and cold sides of the TEM, and therefore the 
observed trend of the power generated showed very 
similar behavior to that of the temperature difference. 
During summer conditions, an additional 317 kWh of 
electricity was generated by the TEH, producing 6.31% 
more electricity from the waste heat in the LD system 
with the integrated ORC unit. 

 
Figure 9: Generated power from the organic Rankine 

cycle and thermoelectric energy harvester during 
summer. 

Conclusion 
In this study, we analyzed the effect of a TEH when 
implemented in an LD system with an integrated ORC 
unit. Using the Seebeck effect of TEMs, the low-
temperature waste heat was reclaimed by the proposed 
system. As a result, it was observed that the TEH 

application system can generate 6.31% more electricity 
compared to the previous LD system with integrated 
ORC unit. 
However, additional energy losses and additional costs 
due to the application of TEH must be considered. In 
addition, the amount of energy recovered from waste 
heat becomes meaningful when the system is made 
larger than an appropriate size. 
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Abstract 
Building interiors daylighting is a crucial aspect for 
occupant comfort and energy efficiency. Standards and 
requirements exist to guarantee minimum levels of natural 
illumination in new buildings on the basis of different 
metrics. Some rely only on interiors static characteristics, 
others additionally take into account location climate. The 
main aim of the present study is to investigate the validity 
of the static Daylight Factor (DF) requirement of the 
Estonian daylight standard against more reliable climate- 
based daylight simulations using the approved method 
Spatial Daylight Autonomy. Results show the weakness 
of DF in predicting appropriate daylight availability of 
building interiors for the city of Tallinn. Evaluations of 
DF in relation to overheating regulation is also presented.  

Introduction 
Daylight is the most appreciated source of illumination 
for building interiors of every typology for its capacity to 
render surfaces and objects without altering colours, to 
create contrasts which generate architecture quality and to 
be diffused in depth into the floor plan (Johnsen and 
Watkins, 2010). In commercial, office or school buildings 
daylight is particularly useful because its availability 
mostly coincides with the hours during which buildings 
are used (Reinhart, 2014). Additionally, daylight 
variability during days and seasons and day-night cycles 
improve well-being of occupants and their circadian 
rhythm (Lockley, 2009). In schools, the use of daylight 
through windows and skylight proved to be associated 
with improved student learning performances (Heschong, 
2002). Window to Wall Ratio of minimum 20% proved to 
be the most significant daylight feature in school 
buildings for the improvement of student tests 
performance (Annesi and Annesi-Maesano, 2016).   

Different methodologies exist to predict building interiors 
daylight levels, such as use of models and formulas or 
more reliable computer simulations (Reinhart and Lo 
Verso, 2010). Daylight Factor (DF) is a long-standing 
metric which estimates the potential natural illumination 
of an interior point as a percentage of the illuminance of 
an unobstructed point on the exterior of the room 
(Waldram, 1923). DF takes into account room size and 
layout, windows size and position, external obstructions, 
materials reflectance and glazing transparency. DF is an 
efficient metric due to its simple calculation method fast 
to perform through computer simulations. The limitation 

of DF calculation lies in not taking into account building 
location climate and orientation. In recent years 
researchers developed new climate based annual daylight 
metrics to predict accurately the quantity of illuminance 
and daylight autonomy in relation to threshold values 
(Reinhart et al., 2006; Nabil and Mardaljevic, 2006).  
Spatial Daylight Autonomy (sDA) is a recently developed 
climate-based metric used for the evaluation of daylight 
potentiality of different workplace environments such as 
offices and classrooms through dynamic simulations 
(Illuminating Engineering Society, 2013). sDA, taking 
into account location climate and room window 
orientation in addition to all the parameters used by DF, 
estimates the floor area ratio of a room that will receive, 
solely by daylight, the minimum illuminance required for 
at least 50% of the operating hours during the entire year. 
Together with sDA, Annual Sunlight Exposure (ASE) 
metric is defined. ASE estimates the floor area ratio which 
exceeds fixed amount of illuminance and operating hours 
during the entire year. The maximum floor area ratio 
allowed by ASE is 10%. ASE is introduced to balance 
daylight availability and risk of glare in case of excessive 
direct solar access of building interiors.   

In Estonia the standard “Daylight in dwellings and 
offices“ set the required daylight in interiors using 
minimum mean Daylight Factor (mDF) values for 
different  building typologies (Estonian Centre for 
Standardization, 2015). For school classroom it is 
required an mDF of minimum 2%.  Though being positive 
for occupant comfort daylight can generate solar gains 
that harm building energy efficiency due to increased 
cooling energy demand also at northern latitudes (Voll et 
al., 2016a). To improve building energy efficiency the 
Estonian regulation “Minimum Requirements for Energy 
Performance” sets the maximum internal temperature in 
degree-hour that different typology of buildings cannot 
exceed for different periods of the year (Estonian 
Government, 2019a). Recent developed studies 
investigate the relation of the two conflicting regulations 
and develop optimal solutions for building envelope and 
urban design (De Luca et al., 2018; Voll et al., 2016b).  

The present study investigates if the minimum quantity of 
mDF 2% required by the Estonian standard guarantees 
proper level of interiors daylight through climate-based 
simulations, using the metric sDA. At the same time 
overheating analysis is performed to evaluate the relation 
between daylight standard and energy efficiency 
requirements in Estonia, together with ASE analysis for 
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glare risk potentialities. The research presents an original 
contribution inasmuch still few studies evaluate reliability 
of DF metric and none yet in relation to Estonian climate 
and regulations. The present study is part of a larger 
research about design methodologies for school buildings 
in Estonia, thus school classroom is used as room type for 
the case study.  

Methods 
The single-sided window classroom model has a height of 
3m and a wall thickness of 0.5m (Figure 1). A large 
number of classroom variations are generated through a 
parametric model. The room variations are different for 
width and depth, number and size of windows, 
orientations, window glass Visible Transmittance (VT), 
and presence of shading. 

Room parametric model 

The parametric model combines all the room depths, 
widths and orientations on the basis of 2 room types 
different for glazing Visible Transmittance and use of 
shading, excluding same combinations of north 
orientation for a total of 175 (Table 1).     

Table 1: Room parameters used for the simulations. 

Type Room 
d (m) 

Room 
w (m) 

Orien
tation 

Glazing 
VT(%) 

Shading 
0.9m 

1 

5 5 South 0.635 No 
6 6 East 0.635 No 
7 7 North 0.733 No 
8 8 West 0.635 No 
9 9  

2 

5 5 South 0.635 Yes 
6 6 East 0.707 Yes 
7 7 North 0.733 No 
8 8 West 0.707 Yes 
9 9  

Same room sizes for depth and width are used. The widths 
of 5m, 6m, 7m, 8m and 9m are characterized by different 
quantity and size of windows, respectively by 2 of width 
and height 1.9x1.7m (WWR 45.6%), 3 of 1.466x1.7m 
(WWR 41.5%), 3 of 1.8x1.7m (WWR 43.7%), 4 of 
1.45x1.7m (WWR 41.1%) and 4 of 1.7x1.7m (WWR 
42.8%). VT values and shading are assigned selectively 
to the room combinations for depth, width, and 
orientation with the scope to obtain classrooms which 
fulfil the Estonian maximum internal temperature 
requirement (Figure 2). 

 
Figure 1: Room used in the study. 

 

Windows have frame size of 5cm except the operable one 
with frame of 15cm. The shading is a horizontal element 
located 10cm above the windows. The parametric model, 
realized through the software Grasshopper for Rhinoceros 
(McNeel, 2019), integrates room parameters with 
daylight analysis and automation tools to run all the room 
variation simulations automatically and export result data. 

Daylight Factor analysis model 

Reflectance (R) values are assigned to the elements of the 
parametric model walls, floor, ceiling and shading. For 
interiors daylight assessment regulations recommend 
standard conservative reflectance values. In addition, for 
the present study improved reflectance values are also 
used to obtain a larger number of combinations, for a total 
of 350, and perform simulations using real case 
reflectance parameters (Table 2).  

Table 2: Standard/improved material reflectance values. 

 Walls Floor Ceiling Shading Ground 
R 50/70 20/40 70/80 35 20 

No surrounding buildings are modeled due to open areas 
locations of majority of new schools. The presented 
glazing VT values are used in the DF model. The 
validated daylight simulation software used is Radiance 
(Ward, 1994). The simulation grid is made of 20cm cells 
for 80% of the floor, i.e. the regularly occupied area as 
suggested by BREEAM and LEED, and is located at 
0.75m height (Figure 3 and 4). The main Radiance 
parameters used are: -aa .1 -ab 5 -ad 1024 –ar 256. The 
CIE overcast sky model is used in the simulations. 

Figure 2: Diagram of room parameter combinations. 
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Figure 3: Room with Daylight Factor analysis grid. 

 
Figure 4: Room with Spatial Daylight Autonomy grid. 

 

Daylight annual climate-based simulation model 

The parametric model provides room elements different 
for every variation. Daylight annual dynamic simulation 
model uses the same reflectance (R) and Visible 
Transmittance (VT) values as Daylight Factor analysis.  

Statistical weather data of the city of Tallinn from epw 
(EnergyPlusWeather) file 260380-TALLIN-HARKU--
2014 are used. Annual daylight simulations are performed 
using the software Daysim that iterates Radiance 
simulations using daylight coefficients for a variety of sky 
conditions on the basis of the statistical weather data 
(Reinhart and Walkenhorst 2001). The occupancy 
schedule used is school year (01.09-15.06) Monday to 
Friday 8am-4pm. The output of annual dynamic 
simulations is the daylight autonomy, i.e. the percentage 
of time during which the interior required illuminance is 
provided by daylight, using different metrics. 

For the present study the sDA and ASE thresholds used 
are those of the approved method IES LM-83-12 
(Illuminating Engineering Society, 2013). The room is 
considered well daylit if at least 55% of regularly 
occupied area receive 300lx for at least 50% of operating 
hours (sDA300/50%) (Figure 4), and if no more than 10% 
receives 1000lx for more than 250 hours (ASE1000,250). 

Daylight Factor and annual climate-based simulations are 
integrated in the parametric model through DIVA4, a 
Grasshopper environmental and daylight design plug-in 
(Solemma, 2019).  

Overheating simulation model   

Dynamic simulation software IDA-ICE v4.8 is used for 
overheating calculations (EQUA, 2019). Key parameters 
for simulations are given in Table 3 (Estonian 
Government, 2019b). Educational building maximum 
overheating is 100 °Cꞏh for test period 1st of May-15th of 
June and 15th of August-30th of September.  

Results 
Daylight and overheating simulation results are presented. 
Daylight simulation results are used to evaluate through 
reliable dynamic annual daylight simulations if the 
minimum mDF of 2% required by the Estonian standard 
guarantees adequate interiors illuminance. Overheating 
simulation results are used to evaluate relation of mDF 
values and the Estonian interior temperature requirement.  

Table 3. Overheating simulations parameters. 

Envelope & thermal comfort parameter 

Parameter Value 

External wall  
(precast concrete element) 

Concrete 150 mm  
Exp. polystyrene 300 mm 

Concrete 50 mm 
Utotal 0,129 [W/(m²ꞏK)] 

Windows – no shading 
 

g 0.35; Ug 0.58 [W/(m²ꞏK)]; 
Utotal 0.60 [W/(m²ꞏK)]; frame 
rate 0.034 (east, west, south) 

g – 0.54; Ug – 0.61 
[W/(m²ꞏK)];  

Utotal – 0.62 [W/(m²ꞏK)]; 
frame rate 0.034 (north) 

Windows – shading g 0.42; Ug 0.70 [W/(m²ꞏK)]; 
Utotal 0.71 [W/(m²ꞏK)]; frame 

rate 0.034 (east, west) 

External windows 
perimeter thermal bridge 

0.1 [W/(mꞏK)] 

Fixed infiltration 1.5 m³/(hꞏm²,external surface) 

Heating setpoint +21 (°C) 

Cooling setpoint +25 (°C) 

Supply air temperature >+16 (°C) (without cooling) 

Air exchange rate 4.2 [l/(sꞏm²)], CAV 

Internal heat gains values 

Internal heat gains Value 

Occupant 14.0 (W/m²) 
Activity level 1.0 (MET) 

Clothing 0.85 ±0.25 (CLO) 

Lighting 5.0 (W/m²) 

Equipment 12.0 (W/m²) 

Time schedule rules 

Schedule Rule (smoothing factor 0) 

Ventilation 00:00-07:00 – 0.0 
07:00-17:00 – 1.0 
17:00-00:00 – 0.0 

Internal gains 00:00-08:00 – 0.0 
08:00-12:00 – 0.8 
12:00-13:00 – 0.5 
13:00-16:00 – 0.8 
16:00-00:00 – 1.0 
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Daylight Factor simulation results 

Being Daylight Factor not dependent on room orientation, 
results are grouped for glazing VT and use of shading. All 
room variations without shading fulfil the mDF ≥ 2%. 
Minimum and maximum values are presented in Table 4. 

For variations with shading, with VT 63.5% (south) and 
with standard materials mDF requirement is fulfilled by 
all variations with room depth 5m and by variations 
5x6m, 7x6m and 9x6m (width x depth). With improved 
reflectance materials mDF is fulfilled by all variations 
with depth 5m, 6m, 7m, 8m except 6x8m and 8x8m, and 
9m. For variations with VT 70.7% (east and west) and 
standard materials mDF is fulfilled by all variations with 
room depth 5m, 6m, and 7m except cases 6x7m and 
8x7m. With improved reflectance materials mDF is 
fulfilled by all variations except 6x9m. 

Table 4: Min. and max. mDF values (size width x depth). 

 
VT  
(%) 

Stand. materials Imp. ref. materials 
Min Max Min Max 

N
o 

sh
ad

in
g 63.5 

(s-e-w) 
2.16% 
6x9m 

3.93% 
7x5m 

2.7% 
6x9m 

4.91% 
7x5m 

73.3 
(n) 

2.54% 
6x9m 

4.61% 
9x5m 

3.16% 
6x9m 

5.64% 
7x5m 

S
h

ad
in

g 
 63.5 

(s) 
1.42% 
8x9m 

2.46% 
7x5m 

1.74% 
6x9m 

3.07% 
9x5m 

70.7 
(e-w) 

1.56% 
6x9m 

2.77% 
7x5m 

1.98% 
6x9m 

3.45% 
9x5m 

 

Spatial Daylight Autonomy simulation results 

Simulation results of sDA are presented and relation with 
mDF results is analysed. mDF results are presented for 
different orientations due to different glazing VT and 
shading combinations, as discussed in section Room 
parametric model, and to analyse relation with sDA.  

For south orientation all 50 room variations without 
shading fulfil sDA requirement (Figure 5). For room with 
standard materials sDA varies from 61% of variation 
7x9m to 99.9% of variation 6x5m, 7x5m and 8x5m. Using 
improved reflectance materials sDA values range 
between 72.3% of variation 5x9m and 100% of all room 
variations with depth 5m, 6m and 7m except variations 
5x7 and 9x7m. 

 
Figure 5: mDF and sDA for south orientation. In the 

lower-right sector variations fulfilling sDA but not mDF. 

For southward room with shading and standard materials 
sDA is fulfilled by all variations with depth 5m, 6m, 7m 
and 8m except 9x8m. Minimum sDA is 49.7% of 
variation 5x9m and maximum is 97.7% of variation 
8x5m. All improved reflectance material cases fulfil sDA 
requirement with values from 64.2% of variation 5x9m to 
100% of all cases with depth 5m and 6m except 9x6m.   

Results show that a total of 40% of southward orientation 
variations with shading fulfil sDA requirement but not 
mDF. (Figure 5). 52% of variations with standard 
materials, i.e. variations 6x6m and 8x6m, all those with 
depth 7m, 8m except 9x8m, and variations 8x9m and 
9x9m. 28% of variations with improved reflectance 
materials, i.e. 6x8m, 8x8m and all those with depth 9m. 

None of the south facing room variations fulfil ASE 
1000/250 ≤10% requirement, the minimum being 10.4% 
of variation 5x9m with shading and the maximum 45.4% 
of variation 8x5m without shading. 

The majority of the eastward room variations without 
shading and with standard materials fulfil the sDA 
requirement (Figure 6). The variations not fulfilling are 
9x7m and all those with depth 8m and 9m except 8x8m 
and 9x9m. The maximum sDA value is 97.4% of variation 
8x5m. All the room variations without shading and with 
improved reflectance materials fulfil the sDA requirement 
with a range between 56.5% of variation 5x9m and 100% 
of all variations with depth 5m except 5x9m and 
variations 6x6m and 8x6m. 

Less than half the east facing variations with shading and 
standard materials fulfil sDA requirement, i.e. all those 
with room depth 5m, 6m except 9x6m and variations 
6x7m and 8x7m. Except variations 9x8m, 5x9m and 
7x9m the majority of the cases with improved reflectance 
materials fulfil the requirement between the range 56.2% 
of case 6x9m and 100% of cases 5-8x5m (width x depth). 

A number of east facing room variations fulfil mDF but 
not sDA (Figure 6). Without shading and with standard 
materials 36% of variations, i.e. 9x7m, all of those with 
depth 8m except 8x8m and 9m except 9x9m. With 
shading and standard materials variations 9x6m, 5x7m, 
7x7m and 9x7m. With shading and improved reflectance 
material variations 9x8m, 5x9m and 7x9m. Among all 
cases three fulfil sDA but not mDF. 
  

 
Figure 6: mDF and sDA for east orientation. In the 

upper-left sector variations fulfilling mDF but not sDA. 
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Conversely to south facing room variations all of the 50 
analysed east facing variations fulfil the ASE 1000/250 
≤10% requirement. All of the calculated ASE values are 
in the small range between 0% and 1.8% for the variations 
without shading and between 0% and 0.2% for the 
variations with shading. 

For the north orientation are analysed room variations 
without shading, with standard and improved reflectance 
materials, but not variations with shading, for a total of 
50. The reason is that rooms facing north at Tallinn 
latitude and during the occupied hours rarely have direct 
solar access and do not have overheating problems. This 
is confirmed by the Annual Sunlight Exposure value 0% 
for all the 50 variations without shading. 

For northward room cases with standard materials sDA is 
fulfilled by all the variations with depth 5m and 6m except 
9x6m (width x depth) and by variations 6x7m and 8x7m 
(Figure 7). When improved materials are used sDA is 
fulfilled by all room variations with depth 5m, 6m, 7m, 
8m except 5x8m and 9x8m and by the two largest width 
variations of room depth 9m.  

Also for north orientation a number of variations fulfil 
mDF but not sDA requirement (Figure 7). 56% of 
variations with standard materials, i.e. variation 9x6m, all 
variations with room depth 7m except 6x7m and 8x7m, 
and all variations with room depth 8m and 9m. When 
finishing materials with improved reflection are used 20% 
of variations fulfil mDF but not sDA, i.e. variations 5x8m, 
9x8m and all variations with room depth 9m except 8x9m 
and 9x9m.   

Daylight performance of westward orientation variations 
for Spatial Daylight Autonomy 300/50% ≥ 55% are 
consistent with east facing room cases inasmuch a number 
of variations fulfil mDF but not sDA requirement, being 
the westward cases in a larger number comparing those of 
the opposite façade (Figure 8).  

For west facing variations without shading and standard 
materials sDA is fulfilled by all room cases with depth 
5m, 6m except 9x6m (width x depth) and cases with depth 
7m except variations 6x7m and 8x7m. When improved 
reflectance materials are used, in association with no 
external obstruction provided by shading device, sDA 
requirement is fulfilled by the majority of room cases.  

 
Figure 7: mDF and sDA for north orientation. In the 

upper-left sector variations fulfilling mDF but not sDA. 

All room variations with depth 5m, 6m, 7m and 8m except 
case 5x8m fulfil sDA requirement. 

For westward variations with shading and standard 
materials few cases fulfil sDA requirement, i.e. all room 
cases with depth 5m except 9x5m, and among cases with 
depth 6m those with width 6m, 7m and 8m. The majority 
of variations with shading and with improved reflectance 
materials fulfil sDA requirement. Those not fulfilling are 
variation 9x7m and all those with room depth 8m and 9m. 

Among all the room orientations, the west facings are 
those with the highest number of variations which fulfil 
mean Daylight Factor ≥ 2% requirement but not Spatial 
Daylight Autonomy 300/50% ≥ 55% (Figure 8). For 
variations without shading and standard materials 56% 
fulfil mDF but not sDA and 28% among variations 
without shading and improved reflectance materials. Also 
28% of variations among those with shading and with 
standard materials fulfil mDF but not sDA and 40% for 
the cases with shading and improved materials.  

Annual Sunlight Exposure for west orientation variations 
is consistent with eastward ones being the results for all 
the cases ASE 0%. This way daylight predictions state 
that no extended in time glare effects are expected on both 
east and west orientations as well as for north one.  

Summary of daylight metrics results comparison 

Taking into account all the variations the number of cases 
for which mDF is fulfilled but sDA is not outnumber the 
cases for which sDA is fulfilled but mDF is not (Table 5). 

Table 5: Variations fulfilling only mDF or sDA. 

 mDF ✔ - sDA ✖ sDA ✔ - mDF ✖ 
South  - 20% 
East 16% 3% 

North 38% - 
West 38% - 

For south facing room variations 20 cases out of 100 fulfil 
sDA but not mDF. For eastward room variations 16 and 3 
cases out of 100 fulfil mDF but not sDA and sDA but not 
mDF respectively. For north facing room cases 19 out of 
50 and for westward room variations 38 out of 100 fulfil 
mDF but not sDA. Daylight metrics result differences are 
discussed further in section Discussion.  

 
Figure 8: mDF and sDA for west orientation. In the 

upper-left sector variations fulfilling mDF but not sDA. 
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Overheating simulation results 

Results of overheating simulations are presented and 
relation with mDF is analysed for room combinations 
only with standard materials. Alike for sDA, mDF results 
are presented for different orientations due to different 
glazing VT and use of shading, and to analyse relation 
with overheating. Relation with ASE is presented in next 
section Discussion.  

For south orientation without shading all rooms exceed 
overheating limit and fulfil the mDF requirement (Figure 
9). Classrooms with 5m depth are overheated up to 
190°Cꞏh and have minimum mDF 2.16%. Adding 
shading helps to prevent all the rooms from overheating, 
but larger room depth reduces significantly daylighting. 
With the use of shading overheating is between 30°Cꞏh 
and 45°Cꞏh and mDF ranges between 1.42% and 2.46%.  

East orientation results are more spread out. Without 
shading, room variations with depth 5m, 6m and 7m are 
overheated up to 175°Cꞏh, and all meet the daylight 
requirement with minimum mDF 2.16% (same of south). 
If for both east and west orientations shading is added and 
façade glass g-value increases from 0.35 to 0.42, room 
variations divide into three sectors (Figure 10). Rooms 
with 5m depth are overheated up to 120°Cꞏh as horizontal 
shading can reduce only partially overheating of small 
depth rooms and present a minimum mDF of 2.5%.  

 
Figure 9: mDF and °Cꞏh plot for south orientation. 

Upper-right sector variations fulfil mDF but not °Cꞏh. 

 

 
Figure 11: mDF and °Cꞏh plot for north orientation. 

Upper-left sector variations fulfil both mDF and °Cꞏh. 

North façade overheating is analysed only without 
shading as it is not necessary to block direct sunlight in 
north orientation. All the rooms meet both overheating 
and daylight requirements (Figure 11). Overheating is 
between 33°Cꞏh and 51°Cꞏh.m. Meanwhile, mDF 
decreases steadily from 4.61% to 2.54% as room depth 
increases. For north façade, higher glass g-value 0.54 is 
used to allow more natural lighting entering classrooms.  

For West façade without shading 5m depth room 
variations are overheating up to 117 °Cꞏh (Figure 12), and 
all rooms meet the daylight requirement with mDF values 
between 2.16% and 3.93% (same of south and east). 
Adding horizontal shading and optimized g-value of 0.42, 
similarly to east, overheating is under control with values 
between 47°Cꞏh and 82°Cꞏh. In these cases, mDF ranges 
between 1.56% and 2.77%.  

Results show that overheating is not a problem for north 
orientations. Higher g-value (solar factor) and shading 
may be used to reduce overheating for other orientations. 
For south façade, overheating is avoided by adding 
horizontal shading, but extra shading may lead to less 
daylight for classrooms with larger depth. For both east 
and west orientations horizontal shading may help to 
some limits as simulation results are more outspreaded. 
Figure 10 and 12 show that it is crucial for façade design 
to take both mDF and °Cꞏh parameters into account. 
 

 
Figure 10: mDF and °Cꞏh plot for east orientation. 

Upper-right sector variations fulfil mDF but not °Cꞏh. 

  

 
Figure 12: mDF and °Cꞏh plot for west orientation. 

Upper-left sector variations fulfil both mDF and °Cꞏh. 
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Discussion 
Evidence show the inconsistencies between mean 
Daylight Factor and Spatial Daylight Autonomy results 
for a large quantity of room variations for the analysed 
educational type of building and for the location of 
Tallinn.  

As presented in Table 5 for south facing classrooms 20% 
of variations fulfil sDA but not mDF. This doesn’t 
constitute an issue and doesn’t prevent designing rooms 
with appropriate quantity of daylight being sDA a more 
reliable daylight availability metric than DF. Since for all 
the other room variations the results match, if a classroom 
fulfils the minimum mDF 2% requirement of the Estonian 
daylight standard, it automatically fulfils the sDA 
requirement 300/50% ≥ 55%. 

Except for a small quantity (3%) of classroom variations 
with east orientation which fulfils sDA but not mDF, the 
majority of the cases presenting inconsistencies of results 
between the two metrics fulfil mDF but not sDA. These 
are 16%, 38% and 38% of the room variations 
respectively with orientation east, north and west. This 
constitutes an issue. Being Spatial Daylight Autonomy a 
more reliable metric in predicting daylight availability, 
using Daylight Factor as required by the Estonian daylight 
standard do not guarantee the design of classrooms with 
appropriate quantity of natural light for all building 
orientations in Tallinn. 

These findings show the weakness of Daylight Factor, 
which is a static and outdated metric, instead than other 
more recent and advanced metrics which take location 
climate and building orientation into account. In case of 
using DF the authors recommend to use different 
minimum requirements for different orientations. As the 
results of this study show minimum mDF should be 
higher than 2% for orientations toward east, north and 
west for the analysed type of room and location.    

The reason of a smaller daylight availability towards east 
and west than south is due to sun angles with the room 
window during the occupied hours. During morning (east 
orientation) from 8am to noon and afternoon (west 
orientation) from noon to 4pm sun light enters the 
classroom with a large angle of incidence (angle between 
the sun and a line perpendicular to the façade) for most of 
the time. Whereas for south orientation sun light enters 
the classroom with a small angle of incidence, hence with 
a larger solar radiation, for a large quantity of occupied 
hours. Additionally, the larger daylight availability 
toward east than west (smaller number of variations that 
fulfil mDF but not sDA), though the operating hours are 
the same (approx. 4), is due to solar time shift in spring.  

The finding of the weakness of Daylight Factor metric in 
relation to the analysed educational type of building can 
be assumed also for other types of buildings and interiors 
with similar operating hours such as office and 
commercial. For the same reason the finding of this study 
cannot be extended also to residential dwellings which are 
considered to be occupied for the entire day. For this 
building type the appropriateness of Daylight Factor 
metric in Estonia need to be verified.   

Conclusion 
The main aim of the present study is to analyse the 
validity of the minimum value of mean Daylight Factor 
for educational building classrooms as required by the 
Estonian standard “Daylight in dwellings and offices”. 
Daylight availability for a classroom model located in the 
city of Tallinn using the minimum requirement of mDF ≥ 
2% is tested against results of more reliable climate-based 
daylight simulations performed using the approved 
method Spatial Daylight Autonomy 300/50% ≥ 55%. 

Additionally, potential glare and overheating risk, both 
due to excessive direct solar access, are assessed. The first 
through the metric Annual Sunlight Exposure 1000/250 ≤ 
10% and the latter in relation to Estonian energy 
efficiency requirements.  

The case study of a classroom limits the analysis to one 
building type, nevertheless assumptions can be extended 
to other type of buildings. A large number of room 
variations are analysed, different for size, proportions, 
orientation, use of shading and material characteristics.  

Results show that Daylight Factor analysis in a large 
number of cases for south orientation variations 
underestimate and for a larger number of cases toward 
east, north and west overestimates daylight potentialities 
for the analysed type of room and location. Findings can 
be extended to similar building types such as office and 
commercial which are occupied during the central hours 
of the 24h day. 

On the basis of the findings it is recommended to use more 
reliable climate-based simulations and metrics to assess 
more accurately daylight availability in building interiors. 
A revision of the actual Estonian daylight standard is also 
recommended and the use of different minimum 
requirements for different orientations suggested with 
values of minimum mDF larger than 2% for east, north 
and west orientations.  

The use of improved reflectance materials, in opposition 
to standard materials as recommended by regulations and 
simulation good norms, improving daylight availability in 
building interiors, reduces the number of simulated cases 
that fulfil one requirement but not the other hence 
increases the reliability of Daylight Factor metric. 
Additionally, improved reflectance materials used in this 
study have properties closer to actual common interior 
finishing than the recommended standard materials.   

According to climate based dynamic simulation results 
maximum depth for properly daylight classrooms varies 
depending on orientation, use of shading and material 
characteristics. Considering the 80% of floor area used in 
the study, for classroom facing south without shading all 
the room depths with standard and improved reflectance 
materials permit properly daylit classrooms. Using 
shading and standard materials up to 8m depth classrooms 
and all those with improved reflectance materials are 
properly daylit. Classrooms facing east without shading 
and standard materials are properly daylight up to 7m 
depth, and all of those without shading and improved 
reflectance materials. With shading and standard 
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materials room depth required for daylit classrooms 
facing east is maximum 6m which increases to 8m using 
improved reflectance materials. Classrooms facing north 
without shading are properly daylit up to 6m depth in case 
standard materials are used and 8m in case improved 
reflectance materials are used. West orientation 
classrooms without shading with depth up to 6m are 
properly daylit in case of standard materials and up to 8m 
in case of improved reflectance materials. In case shading 
is used toward west, well daylit classrooms are obtained 
only with room depth 5m with standard materials and up 
to room depth 7m for improved reflectance materials. The 
difference of depth for properly daylit classrooms toward 
east and west is due to solar time shift in spring.   

Results show as well that potential glare needs to be taken 
into account in the design of envelope and glazing areas 
of south facing classrooms. For the other orientations 
glare probability is small for this type of building and it 
can be controlled simply by a wise interior desk layout.  

Overheating simulation results indicate that room 
dimensions work the opposite way for mDF and °Cꞏh. 
Results show clearly that designing classrooms without 
room conditioning units or cooled supply air requires 
careful combined analyses of both mDF and °Cꞏh 
requirements in order to find quite limited and not obvious 
solutions satisfying both criteria. 

Future development of the presented research is to 
investigate reliability of Daylight Factor requirement of 
the Estonian regulation through climate-based daylight 
analysis and overheating simulations for different existing 
school buildings. Using real classrooms of specific size, 
orientations and material properties will expand the 
dataset allowing more reliable evaluations and will permit 
to test daylight assumptions against specific building use. 
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Abstract 

In India, there was no code for building envelope of 

residential buildings until the recently (14 December 

2018) launched code, “Eco-Niwas Samhita 2018”. 

Among different code provisions, a maximum RETV 

value is defined for cooling dominated climates, 

calculated by a simple (RETV) formula. It gives a 

quantitative measure of heat gains through the building 

envelope (excluding roof). 

Energy simulation were done with various combinations 

(floor plan, climate and building envelope) of inputs to 

calculate the RETV. RETV formula included key 

envelope parameters and multiple linear regression 

analysis was done to minimize the error between the 

simulated RETV and calculated RETV. 

The results show that the Average coefficient of 

determination (R-squared) between RETVsimulated and 

RETVformula as 0.95. While complying with RETV 

provision helps in reducing cooling energy and improving 

thermal comfort; the RETV formula can also be used as a 

design tool, to quickly evaluate and compare various 

design alternatives and material options, for their thermal 

performance. 

Introduction  

In India, the residential buildings floor area is estimated 

to double (16.0 billion m2 to 31.6 billion m2) and 

residential energy consumption is estimated to triple (246 

TWh/y to 748 TWh/y) between 2017 and 2030 (NITI 

Aayog, 2015). About 20 million new affordable homes in 

urban areas are planned under Pradhan Mantri Awas 

Yojana (PMAY) between 2015-2022 (MoHUPA, 2015). 

Till 2017-18, approximately 8% of the dwellings had 

room air conditioners and it is anticipated to rise to 21% 

and 40% in 2027-28 and 2037-38, respectively. The room 

air conditioner stock in dwellings of 25 million units in 

2017-18 is expected to rise to 96 and 345 million units in 

2027-28 and 2037-38, respectively. (MoEFCC, 2018) 

Therefore, it is important to improve thermal comfort in 

new dwellings, so that: a) the installation of air-

conditioner is either avoided or delayed substantially, b) 

the capacity of the cooling system required is reduced and 

c) the operating hours of cooling system is reduced. This 

 
1 an Energy Conservation Building Code for Residential Buildings (ECBC-R) 

will help in reducing the energy required for cooling in 

residential buildings.  

Eco-Niwas Samhita 2018 (BEE, 2018) is the new Energy 

Conservation Building Code for Residential Buildings 

(ECBC-R) which has following provisions: 

1. To minimize the heat gain in cooling dominated 

climate or heat loss in heating dominated climate, 

a. Through the building envelope (excluding roof): 

i. Maximum RETV for cooling dominated 

climate (Composite Climate, Hot-Dry 

Climate, Warm-Humid Climate, and 

Temperate Climate) 

ii. Maximum U-value for the cold climate 

b. Through the Roof: Maximum U-value for Roof 

2. For natural ventilation potential 

a. Minimum openable window-to-floor area ratio 

with respect to the climatic zone 

3. For daylight potential 

a. Minimum visible light transmittance with 

respect to window-to-wall ratio 

This code focuses on building envelope and aims to 

improve the thermal comfort and reduce the energy 

required for cooling and lighting in new dwellings. The 

present paper deals with the development of RETV 

formula for cooling dominated climates of India for the 

Eco-Niwas Samhita 2018. 

The concept of RETV has already been used in residential 

building code in Singapore and Hong Kong (BCA, 2008; 

Buildings Department, 2014; Chua and Chou, 2010). 

Methods 

Residential envelope transmittance value is the net heat 

gain rate (over the cooling period) through the building 

envelope of dwelling units (excluding roof) divided by the 

area of the building envelope (excluding roof) of dwelling 

units. The heat gains include conduction through the 

opaque building envelope components (e.g. external 

walls, opaque door, opaque windows, etc.), conduction 

through the non-opaque building envelope components 

(e.g. transparent / translucent panels in windows, doors, 

ventilators, etc.) and radiation through the non-opaque 

building envelope components. The unit of RETV is 

W/m2. 

The aim of developing the RETV formula (Equation 11) 

was to be able to characterize heat gains from the building 
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envelope (excluding roof) in a simple way to estimate 

sensible cooling loads. The key steps taken for the 

development of RETV are shown in Figure 1.  

 

Figure 1: Methodology for RETV formula development  

Climatic zone segregation and city selection in 

climatic zones 

India has five climatic zones: hot-dry, composite, warm-

humid, temperate and cold (BIS, 2016). Except the cold 

climate, other four climatic zones need cooling over long 

periods for thermal comfort and for these climatic zones, 

RETV formula was developed. Further, hot-dry and 

composite climatic zones have been clubbed together. 

List of cities, taken for energy simulation in each climatic 

zone, are given in Table 1. 

Table 1: Climatic zones & cities 

Climatic Zone Cities 

Hot-dry / Composite Delhi, Ahmedabad & 

Nagpur (3 cities) 

Warm-Humid Mumbai, Chennai & 

Kolkata (3 cities) 

Temperate Bengaluru (1 city) 

Preparing typical building floor plans for simulation 

Majority of the new urban houses in India are in the form 

of multi-storey apartment buildings. A survey, covering 

40 residential projects (multi-storey apartment buildings 

in urban area), was conducted to understand the 

characteristics of residential buildings. The survey results 

were used to develop a typical floor plan for doing the 

energy simulations. 

It was observed that the two building typologies are 

prevalent in India: Point Block and Doubly Loaded 

Corridor. Both building typologies were adequately 

covered in the sample of 40 residential projects. As the 

code focused on building envelope, it was decided to look 

at the relationship between the building envelope 

(excluding roof) and the volume of the house. For each 

project, building envelope (excluding roof) area to indoor 

volume ratio was calculated. For point block type, it 

varied from 0.30 to 0.58 m-1 and for doubly loaded 

corridor type, it varied from 0.22 to 0.47 m-1. The 

dwelling unit size varied from 30 to 120 m2.  

Based on this survey, the plan for a typical dwelling unit 

of 80 m2 was developed (Figure 2), which was used to 

develop the floor plan for the point block (Figure 3) and 

doubly loaded corridor type (Figure 4). The building 

envelope (excluding roof) area to indoor volume ratio was 

kept 0.4 m-1 and 0.3 m-1 for the point block and doubly 

loaded corridor type, respectively. 

 

Figure 2: Dwelling unit plan (Area = 80 m2) 

 

Figure 3: Floor plan for point block type 

 

Figure 4: Floor plan for doubly loaded corridor type 

Climatic zone segregation and 

city selection in climatic zone 

Preparing typical building floor 

plans 

Input parameters and their 

values for energy simulation 

Simulation results and their 

post processing 

RETV formulation 

Regression analysis for 

determination of coefficients 

Validation of results 

Final formula with coefficients 

Calculation of orientation factor 

Calculation of external shading 

factor 
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Input parameters and their values for energy 

simulation 

A total of 27,360 simulation cases were prepared with the 

combination of parameters as explained below.  

External wall: Different types of external wall 

construction considered for energy simulation and its U-

value is given in Table 2. 

Table 2: External wall configurations 

Construction U-value 

(W/m2.K) 

150 mm Reinforced Cement Concrete (RCC) 

Wall 

3.27 

200 mm Solid Concrete Block (SCB) Wall 

with Cement Plaster 

2.82 

230 mm Brick Wall with Cement Plaster 1.94 

200 mm Autoclaved Aerated Concrete (AAC) 

Block Wall with Cement Plaster 

0.69 

300 mm AAC Block Wall with Cement Plaster 0.48 

Glazing: Different types of glazing construction 

considered for energy simulation and its key properties, 

U-value, solar heat gain coefficient (SHGC) and visual 

light transmittance (VLT), are given in Table 3. 

Table 3: Glazing configurations 

Construction U-value 

(W/m2.K) 

SHGC VLT 

6 mm Single Clear Glass 5.78 0.82 0.88 

6 mm Double Clear Glass 

with 12 mm air gap 

2.67 0.70 0.78 

6 mm Single Reflective 

Glass 

5.72 0.51 0.34 

Double-Glazed High-

Performance Glass 

2.65 0.27 0.40 

Shading: Window shading parameters were varied as: 

• No shading 

• 300 mm overhang 

• 600 mm overhang 

Window-to-wall ratio (WWR): During the residential 

projects survey, window-to-wall ratio (WWR) was also 

calculated for all projects. WWR varied from 8.4% to 

21.6%, with an average value of ~15%. For the energy 

simulation, WWR values were varied from 10% to 35% 

with a step of 5% (i.e. 10%, 15%, 20%, 25%, 30% & 

35%). However, for warm-humid and temperate zones, 

the minimum WWR kept as 15% to meet the minimum 

window openable area to floor area ratio as per the 

National Building Code of India 2016 (BIS, 2016). 

Openable area: Natural ventilation was considered in the 

energy simulations and the openable window area was 

also varied. The values of openable window area taken 

were: 

• 50% (for a two pane sliding window) 

• 90% (for a casement window) 

Orientation: The orientation of the building was varied for 

the doubly loaded corridor type; keeping the longer 

façade facing North-South and in the other case longer 

façade facing East-West. 

Cooling scenario: All the cases prepared by combination 

of different building envelope, were simulated with two 

cooling scenarios: 

• 100% air-conditioned with priority given to natural 

ventilation i.e. if by opening the window the setpoints 

can be achieved then the cooling system remains OFF. 

• 100% naturally ventilated with no mechanical cooling 

However, the RETV formula was developed from the 

results of case ‘100% air-conditioned with priority given 

to natural ventilation’. The ‘100% naturally ventilated 

with no mechanical cooling’ cases were used to check the 

consistency of building envelope performance i.e. 

building envelope with low RETV in air-conditioed case 

should also result in better thermal comfort in naturally 

ventilated case. 

Overall simulation cases: With the combination of 

location, floor plan, building envelope parameters and 

cooling scenario, simulation cases (Table 4) were 

prepared. 

 Table 4: Simulation variables and their values 

Variable No. of values 

Locations 7 

Floor plan 2 

External Wall 5 

Glazing 4 

Shading 3 

WWR 6 (for 3 locations of composite / hot-

dry climatic zone) 

5 (for 4 locations of warm-humid / 

temperate climatic zone) 

Openable area 2 

Orientation 1 (for point block) 

2 (for doubly loaded corridor) 

Cooling scenario 2 

 

Simulation results and their post processing  

The key energy simulation results were calculated for 

each energy simulation run, for the air-conditioned case. 

A ‘cooling period’, when cooling is required for thermal 

comfort, was defined for each climatic zone. For the 

warm-humid climatic zone, it was considered as 10 

months (February to November) and for other climatic 

zones (composite, hot-dry & temperate) is was considered 

as 8 months (March-October). Key results for air-

conditioned cases were: 

• Sensible cooling load (Qsensible, kWhth/m2): It is the 

total sensible heat load of the dwelling unit during the 

cooling period (which the cooling system needs to 

remove for thermal comfort), divided by the built-up 

area of the dwelling unit. 

• Residential envelope transmittance value 

(RETVsimulated, W/m2): RETV value calculated 

through the energy simulation. 

All the energy simulations were done using ‘EnergyPlus’ 

simulation engine with a parametric generator (jEPlus) to 

prepare the input files for energy simulation. A 

customised programming was developed using ‘Visual 

Basic for MS-Excel’ to read and collect the data from 
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‘EnergyPlus’ simulation result files. All the key 

simulation input parameters along with the results were 

compiled in one place for further processing. 

Calculation of orientation factor (𝝎) 

An octagonal simulation model was prepared having 

façade on 8 directions (four cardinal directions i.e. North, 

South, East, West and four intercardinal directions i.e. 

Northeast, Southeast, Southwest and Northwest). Energy 

simulation (for the cooling period) provided ‘incident 

solar radiation’ for all 8 directions and its average was 

calculated as the ‘average incident solar radiation’ 

(average value of ‘incident solar radiation’ for 8 

directions). The orientation factor (𝜔) for an orientation 

was calculated as the ratio of ‘incident solar radiation (𝐼)’ 
in that orientation to the ‘average of incident solar 

radiation (𝐼𝐴𝑣𝑒𝑟𝑎𝑔𝑒)’ e.g. orientation factor for ‘North’ 

would be, 

𝜔𝑁𝑜𝑟𝑡ℎ =
𝐼𝑁𝑜𝑟𝑡ℎ
𝐼𝐴𝑣𝑒𝑟𝑎𝑔𝑒

(1) 

The analysis was done for a set of cities with the 

respective cooling period (as per the climatic zone) and 

cities were clubbed together based on its latitude category 

i.e. latitudes ≥ 23.5˚N and latitudes < 23.5˚N (Table 5). 

Table 5: Cities and cooling period for orientation factor 

calculation 

Latitude City Cooling Period 

≥ 23.5˚N Amritsar March-October (8 months) 

Delhi March-October (8 months) 

Jaipur March-October (8 months) 

< 23.5˚N Ahmedabad March-October (8 months) 

Kolkata 

February-November (10 

months) 

Nagpur March-October (8 months) 

Mumbai 

February-November (10 

months) 

Chennai 

February-November (10 

months) 

Bengaluru March-October (8 months) 

For each orientation, an average value of all cities falling 

in the same latitude category was calculated e.g. for 

latitude ≥ 23.5˚N, 

𝜔𝑁𝑜𝑟𝑡ℎ =
𝜔𝑁𝑜𝑟𝑡ℎ𝐴𝑚𝑟𝑖𝑡𝑠𝑎𝑟

+𝜔𝑁𝑜𝑟𝑡ℎ𝐷𝑒𝑙ℎ𝑖
+𝜔𝑁𝑜𝑟𝑡ℎ𝐽𝑎𝑖𝑝𝑢𝑟

3
(2) 

The final values of orientation factor are given in Table 8, 

which should be read with Figure 8 for clarification on 

orientations. 

Calculation of external shading factor (ESF) 

Similar to orientation factor model, an octagonal 

simulation model was prepared having façade on 8 

directions (four cardinal directions i.e. North, South, East, 

West and four intercardinal directions i.e. Northeast, 

Southeast, Southwest and Northwest) and one window on 

each direction. ESF values were defined based on the 

projection factor (PF) of permanent external shading 

projection (overhang and side fins). 

Projection factor, overhang: the ratio of the horizontal 

depth of the external shading projection (𝐻𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔) to the 

sum of the height of a non-opaque component and the 

distance from the top of the same component to the 

bottom of the farthest point of the external shading 

projection (𝑉𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔), in consistent units. 

 

Figure 5: Projection factor for overhang 

𝑃𝐹𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 =
𝐻𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔

𝑉𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔
(3) 

Projection factor, side/vertical fin: the ratio of the 

horizontal depth of the external shading projection to the 

distance from a non-opaque component to the farthest 

point of the external shading projection, in consistent 

units. In case of single side/vertical fin, it could be on the 

‘Right’ or ‘Left’ or there could be side/vertical fins on 

both the sides. A ‘Right’ side/vertical fin would be located 

on the right side of the window while looking out from 

the building and similarly, a ‘Left’ side/vertical fin would 

be located on the left side of the window while looking 

out from the building. 

 

Figure 6: Projection factor for sidefin - right 

𝑃𝐹𝑟𝑖𝑔ℎ𝑡 =
𝐻𝑟𝑖𝑔ℎ𝑡

𝑉𝑟𝑖𝑔ℎ𝑡
(4) 

 

Figure 7:Projection factor for sidefin - left 

𝑃𝐹𝑙𝑒𝑓𝑡 =
𝐻𝑙𝑒𝑓𝑡

𝑉𝑙𝑒𝑓𝑡
(5) 

Projection factor was varied from 0.1 to 1.0 with a step of 

0.1 (i.e. 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 & 1.0) for 

each type of shading (i.e. overhang, sidefin - right & 

sidefin - left) in the energy simulation model and ‘window 

transmitted solar radiation rate (𝑊𝑇)’ was calculated for 

all 8 orientations. Another variant of the model was 

prepared ‘without shading’ and similar results were 

gathered. The ESF was calculated, for specific shading 

type, in specific orientation with specific projection factor 

(e.g. overhang in north orientation with projection factor 

0.4), as the ratio of ‘window transmitted solar radiation 

rate’ with the shading to that ‘without shading’ i.e. 
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𝐸𝑆𝐹𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔𝑁𝑜𝑟𝑡ℎ𝑃𝐹=0.4
=
𝑊𝑇𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔𝑁𝑜𝑟𝑡ℎ𝑃𝐹=0.4
𝑊𝑇𝑛𝑜 𝑠ℎ𝑎𝑑𝑖𝑛𝑔𝑁𝑜𝑟𝑡ℎ

(6) 

Calculations were done for all combinations of shading 

type, orientation and projection factor mentioned in Table 

6. 

Table 6: Parameters for ESF calculation 

Shading Type Orientation Projection 

Factors 

• Overhang 

• Sidefin - Right 

• Sidefin - Left 

• North 

• South 

• East 

• West 

• Northeast 

• Southeast 

• Southwest 

• Northwest 

• 0.1 

• 0.2 

• 0.3 

• 0.4 

• 0.5 

• 0.6 

• 0.7 

• 0.7 

• 0.8 

• 0.9 

• 1.0 

The analysis was done for a set of cities with the 

respective cooling period (as per the climatic zone) and 

cities were clubbed together based on its latitude category 

i.e. latitudes ≥ 23.5˚N and latitudes < 23.5˚N (Table 1). 

For each combination of shading type, orientation & 

projection factor, an average value of all cities falling in 

the same latitude category was calculated e.g. for latitude 

≥ 23.5˚N, 

𝐸𝑆𝐹𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔𝑁𝑜𝑟𝑡ℎ𝑃𝐹=0.4
=
1

3
×

(

 

𝐸𝑆𝐹𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔𝑁𝑜𝑟𝑡ℎ𝑃𝐹=0.4𝐴𝑚𝑟𝑖𝑡𝑠𝑎𝑟
+𝐸𝑆𝐹𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔𝑁𝑜𝑟𝑡ℎ𝑃𝐹=0.4𝐷𝑒𝑙ℎ𝑖
+𝐸𝑆𝐹𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔𝑁𝑜𝑟𝑡ℎ𝑃𝐹=0.4𝐽𝑎𝑖𝑝𝑢𝑟)

 (7) 

Finally, six ESF table were prepared:  

• ESFoverhang for LAT ≥ 23.5˚N 

• ESFoverhang for LAT < 23.5˚N 

• ESFright for LAT ≥ 23.5˚N 

• ESFright for LAT < 23.5˚N 

• ESFleft for LAT ≥ 23.5˚N 

• ESFleft for LAT < 23.5˚N 

Each table had ESF value for all combinations of 

orientation and projection factor as mentioned in Table 6.  

For the combination of shading types, total external 

shading factor (ESFtotal) was defined as, 

𝐸𝑆𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑆𝐹𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 × 𝐸𝑆𝐹𝑠𝑖𝑑𝑒𝑓𝑖𝑛 (8) 

where,  

𝐸𝑆𝐹𝑠𝑖𝑑𝑒𝑓𝑖𝑛 = 1 − [(1 − 𝐸𝑆𝐹𝑟𝑖𝑔ℎ𝑡) + (1 − 𝐸𝑆𝐹𝑙𝑒𝑓𝑡)] (9) 

The equivalent SHGC of the fenestration (𝑆𝐻𝐺𝐶𝑒𝑞) was 

defined as the multiplication of SHGC of the unshaded 

fenestration product (𝑆𝐻𝐺𝐶𝑈𝑛𝑠ℎ𝑎𝑑𝑒𝑑) and the total 

external shading factor (𝐸𝑆𝐹𝑡𝑜𝑡𝑎𝑙): 

𝑆𝐻𝐺𝐶𝑒𝑞 = 𝑆𝐻𝐺𝐶𝑈𝑛𝑠ℎ𝑎𝑑𝑒𝑑 × 𝐸𝑆𝐹𝑡𝑜𝑡𝑎𝑙 (10) 

RETV formulation 

The formulation of RETV formula included three key 

parameters: 

• thermal transmittance of different opaque building 

envelope components 

• thermal transmittance of different non-opaque 

building envelope components 

• equivalent solar heat gain coefficient values of 

different non-opaque building envelope components 

The RETV formula included three terms, one with each 

of the key parameter. Each term included one key 

parameter along with respective areas, orientations and a 

coefficient (Equation 11). 

RETV formula was also checked for multi-collinearity 

and the variable influence factors were found well below 

the recommended value. 

Regression analysis for determination of coefficients 

The method of ‘least squares’ was used for regression 

analysis to calculate the coefficients of RETV formula. 

The error was calculated as the difference between 

RETVsimulated and RETVformula and sum of square of error 

was done for all the simulation cases for one location. The 

combination of values of coefficients of RETV formula, 

which minimised the sum of square of error, was 

considered as the final solution for that location. 

Final formula with coefficients  

Based on the regression analysis, the coefficients for each 

location were calculated. The final formula was 

developed for the climatic zone, by taking the average 

values of the coefficients for different cities falling in that 

climatic zone. 

Validation of results  

The key objective of developing RETV formula was to be 

able to compare different building envelope alternatives 

‘quantitatively’, without doing any energy simulation. 

The key validation criteria was that the RETV calculated 

from the formula (RETVformula) should have very strong 

correlation with the sensible cooling loads calculated 

through energy simulation (Qsensible).  

Therefore, for the validation of results, the ‘coefficient of 

determination (R-squared)’ was calculated between: 

• Qsensible and RETVsimulated  

• RETVsimulated and RETVformula  

• Qsensible and RETVformula  

The entire process (assumptions, inputs, process followed 

and the results) of RETV formula development, was 

validated by a steering and technical committee, 

consisting of professionals, industries, academics, and 

government officials of India. 

Results 

The study resulted in the development of RETV formula 

(Equation 11), which can closely predict Qsensible. The 

calculation requires thermal properties, shading, areas and 

orientation of building envelope components. Thus, not-

requiring any energy simulation, yet giving results very 

close to energy simulation. 

𝑅𝐸𝑇𝑉𝑓𝑜𝑟𝑚𝑢𝑙𝑎 =
1

𝐴𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒
× [{𝑎 ×∑(𝐴𝑜𝑝𝑎𝑞𝑢𝑒𝑖 × 𝑈𝑜𝑝𝑎𝑞𝑢𝑒𝑖 × 𝜔𝑖)

𝑛

𝑖=1

}

+ {𝑏 ×∑(𝐴𝑛𝑜𝑛−𝑜𝑝𝑎𝑞𝑢𝑒𝑖 × 𝑈𝑛𝑜𝑛−𝑜𝑝𝑎𝑞𝑢𝑒𝑖 ×𝜔𝑖)

𝑛

𝑖=1

}

+ {𝑐 ×∑(𝐴𝑛𝑜𝑛−𝑜𝑝𝑎𝑞𝑢𝑒𝑖 × 𝑆𝐻𝐺𝐶𝑒𝑞𝑖 ×𝜔𝑖)

𝑛

𝑖=1

}] 

(11) 
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Table 7: Coefficients (a, b, and c) for RETV formula 

Climate zone a b c 

Composite / 

Hot-Dry 

6.06 1.85 68.99 

Warm-Humid 5.15 1.31 65.21 

Temperate 3.38 0.37 63.69 

Table 8: Orientation factor (𝜔) for different orientations 

 

Orientation 

Orientation factor (𝝎) 

Latitudes 

≥ 23.5˚N 

Latitudes 

< 23.5˚N 

North (337.6˚–22.5˚) 0.550 0.659 

North-east (22.6˚–67.5˚) 0.829 0.906 

East (67.6˚–112.5˚) 1.155 1.155 

South-east (112.6˚–157.5˚) 1.211 1.125 

South (157.6˚–202.5˚) 1.089 0.966 

South-west (202.6˚–247.5˚) 1.202 1.124 

West (247.6˚–292.5˚) 1.143 1.156 

North-west (292.6˚–337.5˚) 0.821 0.908 

 

Figure 8: Primary orientations for determining the 

orientation factor 

The quality of the multiple linear regressions obtained 

was comparable to Singapore (Chua and Chou, 2010), 

which has relatively constant temperature climates. 

Figure 9, Figure 10 and Figure 11 below show the graph 

for R-squared for point block model at Delhi.  

 

Figure 9: Correlation between Qsensible and RETVsimulated 

for point block model at Delhi 

 

Figure 10: Correlation between RETVsimulated and 

RETVformula for point block model at Delhi 

 

Figure 11: Correlation between Qsensible and RETVformula 

for point block model at Delhi 

Similar results of R-squared for the two building 

typologies and seven cities are given in Table 9. 
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Table 9: R-squared results for different cities and 

building typologies 

Building 

type 

City R-squared between 
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Point 

Block 

Delhi 0.9946 0.9638 0.9621 

Ahmedabad 0.9980 0.9735 0.9697 

Nagpur 0.9869 0.9692 0.9634 

Mumbai 0.9894 0.9492 0.9466 

Chennai 0.9966 0.9611 0.9573 

Kolkata 0.9904 0.9518 0.9518 

Bengaluru 0.8480 0.9178 0.8510 

Doubly 

Loaded 

Corridor 

Delhi 0.9959 0.9480 0.9462 

Ahmedabad 0.9972 0.9657 0.9593 

Nagpur 0.9903 0.9599 0.9551 

Mumbai 0.9901 0.9359 0.9329 

Chennai 0.9972 0.9498 0.9458 

Kolkata 0.9918 0.9399 0.9401 

Bengaluru 0.8405 0.8836 0.8113 

• Average coefficient of determination (R-squared) 

between Qsensible and RETVsimulated: 0.97 

• Average R-squared between RETVsimulated and 

RETVformula: 0.95 

• Average R-squared between Qsensible and RETVformula: 

0.94 

The small spread of data points (as seen in Figure 9, 

Figure 10 and Figure 11) and the high values (>0.9) of R-

squared, show the applicability of presented method and 

also validates the RETV formulation. 

Discussion 

During the energy simulation, the values of key building 

envelope parameters were considered to include its 

minimum and maximum, based on the present 

construction practice in India e.g. WWR is taken from 

10% to 35%, which would cover most of the residential 

buildings in India. However, the applicability of RETV 

formula needs to be checked for one or more parameter 

falling outside the simulation range. 

The simulation model had priority given to cooling 

through natural ventilation and also had varied openable 

area. Hence, the ‘R-squared’ value for Bengaluru was 

lowest, because it has temperate climate which gives good 

potential for cooling through natural ventilation as 

compared to other climatic zones. 

It is estimated that the implementation of Eco-Niwas 

Samhita 2018 has huge potential for electricity saving and 

greenhouse gas (GHG) reduction. The potential is 

estimated as 125 billion kWh of electricity saving and 100 

million tonnes of CO2 abatement for period 2018-2030. 

This energy saving is only for the air-conditioned 

residential buildings. For the unconditioned residential 

buildings, there would significant improvement in the 

indoor thermal comfort conditions, if the buildings 

comply to the RETV criteria of Eco-Niwas Samhita 2018. 

Conclusion 

Developing countries have limited resources for the 

implementation of Energy Conservation Building Codes. 

The experience with the implementation of ECBC in 

commercial buildings in India, indicated the need for a 

code with simple compliance check. Developing RETV 

formula for Eco-Niwas Samhita 2018 simplifies the 

compliance check; thus, making it easy to implement. 

During the process of code development, the entire 

methodology was thoroughly tested and established. So, 

if similar formula needs to be developed for a specific 

location (not for the entire climatic zone), it is possible 

follow the methodology and come up with location 

specific RETV formula with the coefficients. 

The RETV formula can be used as a design tool, to 

quickly evaluate and compare various design alternatives 

and material options, for their thermal performance. 

Along with other factors (e.g. material availability, cost, 

etc.), one can opt for the best possible design option. 
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Nomenclature 

𝜔𝑖: orientation factor of respective opaque and non-

opaque building envelope components; it is a measure of 

the amount of direct and diffused solar radiation that is 

received on the vertical surface in a specific orientation 

(values given in Table 8 for different orientations as 

shown in Figure 8). This factor accounts for and gives 

weightage to the fact that the solar radiation falling on 

different orientations of walls is not same. It has been 

defined for the latitudes ≥ 23.5˚N and latitudes < 23.5˚N. 

𝑎, 𝑏 & 𝑐: coefficients of RETV formula; values given in 

Table 7 for different climate zones 

𝐴𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒: envelope area (excluding roof) of dwelling 

units (m2). It is the gross external wall area (includes the 

area of the walls and the openings such as windows and 

doors). 

𝐴𝑛𝑜𝑛−𝑜𝑝𝑎𝑞𝑢𝑒𝑖 : areas of different non-opaque building 

envelope components (m2) 

𝐴𝑜𝑝𝑎𝑞𝑢𝑒𝑖: areas of different opaque building envelope 

components (m2) 

𝐸𝑆𝐹: external shading factor (dimensionless) 

𝐼: incident solar radiation over the cooling period in one 

direction (kWh) 

𝐼𝐴𝑣𝑒𝑟𝑎𝑔𝑒 : average of incident solar radiation over the 

cooling period in all 8 directions (kWh) 

𝑃𝐹: Projection factor (dimensionless) 

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒: sensible cooling load calculated through energy 

simulation (kWhth/m2) 

𝑅𝐸𝑇𝑉: Residential Envelope Transmittance Value. It is 

the net heat gain rate (over the cooling period) through the 
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building envelope (excluding roof) of the dwelling units 

divided by its area. (W/m2) 

𝑅𝐸𝑇𝑉𝑓𝑜𝑟𝑚𝑢𝑙𝑎: RETV calculated through the RETV 

formula (W/m2) 

𝑅𝐸𝑇𝑉𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 : RETV calculated through the energy 

simulation (W/m2) 

𝑆𝐻𝐺𝐶𝑒𝑞𝑖: equivalent solar heat gain coefficient values of 

different non-opaque building envelope components with 

a permanent external shading projection (overhang and 

side fins) (dimensionless) 

𝑈𝑛𝑜𝑛−𝑜𝑝𝑎𝑞𝑢𝑒𝑖: thermal transmittance values of different 

non-opaque building envelope components (W/m2.K) 

𝑈𝑜𝑝𝑎𝑞𝑢𝑒𝑖 : thermal transmittance values of different 

opaque building envelope components (W/m2.K)  

𝑊𝑇: window transmitted solar radiation rate over the 

cooling period (W) 
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Abstract 
This study demonstrates the use of simulation based 
approach for undertaking a comparative analysis of 
Fenestration systems using Life Cycle Energy as 
performance criterion. It provides a scientific basis for 
Fenestration material selection and related design 
decisions. Regression Analysis results indicate that 
‘Window-Wall-Ratio’ (WWR) (p=0.000), and ‘WWR 
Distribution’ (p=0.006) are the most significant 
fenestration parameters affecting building energy 
performance. The study has implications for local 
building regulations. It indicates that, the minimum 
window size specified by regulations in India is 
inefficient and energy-intensive, especially for 
commercial air-conditioned buildings falling under 
Composite Climate classification in India, when 
windows are not provided on more than one wall. 

Introduction 
The design of Fenestration Systems has a great impact 
on Life Cycle Energy (LCE) of a building, which is the 
sum of its Operational, Embodied and Demolition 
energy. Thermal performance properties of building 
materials influence energy consumption patterns 
throughout a lifetime of use. Appropriate use of 
materials, window positioning and size have a knock-on 
effect on lighting control functions and air conditioning 
demands. 

Commercial buildings typically have more window area 
than Residential buildings and the use of space behind 
that window area is also quite different. End-uses of 
energy in commercial buildings include electrical 
equipment like, computers, phones, copiers, scanners, 
mechanical equipment, lighting and chiller loads 
generated from inside the building and these tend to be 
much more than those of a residence. In such a scenario, 
if inefficient windows are provided, energy consumption 
of a building is adversely impacted. 

Building Regulations and Development Control Rules in 
India are lagging in setting up standards for the window 
design. They fail to set standards for window design and 
also do not mention anything about the embodied energy 
of the materials used in the window. Current regulations 
like Model Building Bye Laws (Town and Country 
Planning Organisation, 2016), Unified Building Bye 
Laws for Delhi (Delhi Development Authority, 2016) 
and even National Building Code of India 2016 (Bureau 

of Indian Standards, 2016) only mention about the 
ventilation of rooms, windows and/or ventilators as a 
minimum size of opening required for a particular room 
in relation to its carpet area, without taking window 
orientation or glass-type etc. into account. 

Energy Conservation Building Code (ECBC) of India 
(Bureau of Energy Efficiency, 2017) provides guidelines 
for fenestration focusing on WWR, thermal and visual 
properties of glass and frame to optimize Operational 
Energy requirement of buildings. However, the role of 
embodied energy of the materials used in buildings is 
totally neglected. Therefore, for a comprehensive 
research regarding the impact of fenestration design on 
LCE within the context of ECBC, a thorough literature 
review of previous studies was carried out. 

Aims and objectives 
This study aimed at comparing the energy related 
performance of different types of Fenestration systems 
using a LCE based approach.  

The objectives included identification of fenestration/ 
design parameters that influence LCE of a building and 
analyzing their impact on LCE.  

Scope of study 

The scope of the study is limited to air conditioned 
Commercial Buildings in Composite Climate. A 
representative model of a typical office in Delhi, based 
on the Building energy benchmarking study (Kumar et 
al. 2010) for USAID ECO III Project was used for 
simulations (see ‘Base Case Model Description’). 
However, the methodology and approach are generic and 
replicable for all building types, sizes and climate 
classifications. 

Methodology and approach 
Life Cycle Energy Assessment (LCEA) offers a 
comprehensive approach for estimating and improving 
the environmental impacts of buildings materials, 
buildings and its products through all stages of its life, 
from cradle-to-grave (i.e., from raw material extraction 
through material processing, manufacture, distribution, 
operational phase, repair and refurbishment, and 
disposal or recycling) (Kofoworola and Gheewala, 2009), 
(Trusty, 2010), (Switala-Elmhurst, 2014). (Zabalza 
Bribián, Aranda Usón, and Scarpellini, 2009) have 
shown that, embodied energy can constitute as much as 
30% of the primary energy requirement of a building 
over its lifespan.  Paya-Marin, Lim, and Sengupta (2013) 
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have suggested that, embodied energy constitutes nearly 
10% to 20% of the LCE of buildings and needs to be 
addressed at least in the second instance. Hence, LCE for 
building with different fenestration systems/ 
configurations has been used in the study as an 
assessment metric to compare the performance of these 
systems.  

The LCE analysis approach is adopted from a previous 
study carried out by the author on comparative analysis 
of wall assemblies (Singh and Agrawal, 2016). This 
study used a simulation model with materials and 
configurations of an existing typical commercial 
building. The annual load, electricity bills of this 
building were used to validate the results obtained by the 
software.  

Estimating the Embodied Energy of materials 

Firstly, all the cases are carefully selected by referring 
various fenestration systems used in commercial 
buildings. Secondly, Embodied Energy Coefficients for 
the materials used in the analysis are referred from the 
embodied energy report compiled by Maini and Thautam 
(2009) which gives a complete detail of different type 
of basic building materials (manufactured in India) with 
their Embodied Energy (MJ/unit). Values with 
reference were calculated by authors from the Auroville 
Earth Institute from data of raw materials collected from 
reliable sources. Transportation energy is also included 
in this document, which includes all modes of 
transportation.  

Estimating Operational and Demolition Energy 

The energy used for running the electrical fixtures, 
widely known as Operational Energy, is estimated by 
adopting the Whole Building Simulation approach, 
using DESIGN BUILDER to generate the simulation 
results for operational energy (kWh units). 4,500 cases 
were simulated by changing only the Fenestration 
related variables and keeping other components of the 
building (excluding Building Aspect Ratio) constant.  

All possible combinations of 5 input/ predictor variables 
(Building Aspect Ratio-2 cases; Window to Wall 
Ratio (WWR)-5 cases; Glazing Distribution/ 
orientation-15 cases; Glass type-10 cases; Frame type-
3 cases), were simulated using Design Builder to get the 
Annual Operational Energy in each case (Figure 1).   

Demolition Energy is worked out as the sum of the 
energy required to demolish the building and the 
energy required for the transportation of the material 
from the site to the nearest landfill. All data relevant to 
construction machines and equipment used on site and 
transportation distances are obtained from available 
records (Ramesh, Prakash, and Kumar Shukla 2013). 

Estimating LCE 

Finally, LCE is calculated by adding the three Energies 
together for each case. These are then analyzed 
supported by various comparison charts. The functional 
unit to compare all the 4500 cases for this study is 
Mega Joules (MJ). The operational energy is converted 
from kWh to Mega Joules by using a conversion 
factor of 1kWh =3.6MJ. 

Base Case Model Description 

In all cases, the building was modeled as an RCC framed 
structure with a floor-plate area of 1200sqm approx. and 
six numbers of floors. This is similar to floor area 
(1042sqm) for a representative low-rise office building 
for India in a recent study (Bhatnagar, Mathur, and Garg 
2019). The Net Conditioned Area of the building was 
6910sq.m. approx in line with (Kumar et al. 2010). 

 
Figure 1: Description of cases 

The thermal properties and construction details of wall 
and roof are provided below: 

Table 1: Thermal characteristics of the wall 

Criteria Model Wall ECBC Req. 

U-value (W/m2 -oC) 0.399 Max -0.44 
R-value(m2- oC/W) 2.506 Min-2.10

Table 2: Layers of the wall 

Layers Material Thickness 

Outermost Plaster (lightweight) 0.018 m 

Layer 2 Brickwork 0.230 m 
Layer 3 Expanded Polystyrene 0.075m
Innermost Plaster (lightweight) 0.012 m 
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Table 3: Thermal characteristics of the roof 

Criteria Model Roof ECBC Req. 

U-value (W/m2-oC) 0.305 Max- 0.409 
R-value (m2-oC/W) 3.279 Min- 2.10 

Table 4: Layers of the roof 

Layer Material Thickness 
Outermost Ceramic/ porcelain 0.005 m 

Layer 2 Mortar 0.050 m
Layer 3 Expanded Polystyrene 0.100 m
Layer 4 Concrete 0.165 m

Innermost Plaster (lightweight) 0.012 m

Once the base case model was defined, a selected 
parameter was varied keeping all other parameters 
(such as occupancy schedule) constant so that the impact 
of variation in the selected parameter can be studied in 
isolation.  

Description of Analysed Cases 

Two base models were designed having aspect ratio 
1:1 and 2:3 each with 0% WWR (i.e. without any 
fenestrations), as these are commonly used in 
commercial buildings. In some of the office buildings 
the core is at the centre because of which all four 
sides of the building are available for openings, 
while in some cases there might be a possibility of three, 
two or one side openings in the wall. All thes e  
scenarios were kept in mind while designing the cases 
for the building. 

 
Figure 2: Typical Model for Building Aspect Ratio 1:1  

 
Figure 3: Typical Model for Building Aspect Ratio 2:3  

All possible orientations within one, two, three or four 
side openings are taken into account. ECBC 

recommends WWR up to 60%, but for this study 
WWR 10, 30, 40, 60, 80 (%) are considered so as to 
justify the recommendations of ECBC as well as to also 
take into account the prevailing scenario in the 
construction  industry.  

Ten commonly available glass types and three frame 
types are used to design the cases. A detailed 
description of these is provided in Tables 5 & 6 below. 

  Table 5: Glass types used in the study 

Glass Description U-Value 
(W/m2K) 

VLT SHGC 

Sgl Clr 3mm 5.894 0.898 0.861
Sgl Clr 6mm 5.778 0.881 0.819
Dbl Clr 6mm/12mm Air 2.665 0.781 0.703
Dbl Clr 6mm/12mm Arg 2.511 0.781 0.704
Dbl LoE (e2=1) Clr 
6mm/12mm Air

1.761 0.745 0.568 

Dbl LoE (e2=1) Clr 
6mm/12mm Arg

1.493 0.745 0.568 

Dbl Ref-D Tint 
6mm/12mm Air

2.649 0.229 0.359 

Dbl Ref-D Tint 
6mm/12mm Arg

2.493 0.229 0.356 

Trp Clr 3mm/12mm Air 1.757 0.738 0.684
Trp LoE (e2=e5=1) Clr 
3mm/12mm Air

0.982 0.661 0.474 

Table 6: Frame types 

Frame materials U-Value (W/m2K) 
Aluminium with thermal break 5.8
UPVC 3.476
Wood 3.6

Data Analysis 

Data handling was an important part of this study, as it 
is crucial to analyze and present the result for 4500 
cases. Various methods were adopted for analysis.  

Firstly, a  Regression Analysis was carried out to assess 
the impact of each parameter of fenestration design on 
LCE. A Merit-based analysis was further carried out in 
which best 150 and worst 150 cases (arranged in 
ascending order of LCEs) were analysed. To understand 
the impact of overall parameters a Macro-level analysis 
was carried out. 

Results and Findings 
Performance Summary of simulations 

The value ranges of LCE, Embodied and Operational 
energies for the simulated cases are provided in Table 7.  

Table 7: Descriptive performance statistics for all cases 

Statistic 

Embodied 
Energy of 

Window (MJ)
Operational 
Energy (MJ) LCE (MJ)  

Mean 1,053,882.94 324,577,417.16  325,631,300.10 
Median   791,280.89 310,146,693.30  311,368,230.48 

Minimum        9,595.39 56,642,167.60  257,982,778.35 
Maximum 6,154,524.32 431,182,458.00  431,357,234.00 

A description of the overall best and worst cases is 
presented in Table 8. The range of embodied energy as a 
fraction of LCE varied from 0.4% (best case) to 0.04% 
(worst case) and 0.3% for mean values. 
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Table 8: Description of Best and Worst case scenarios 

CASE 
ASPECT 
RATIO 

WWR 
WWR 

Distribution 
Glazed 
Surface 

GLASS TYPE 
FRAME 
TYPE 

Embodied 
Energy (MJ) 

Operational 
Energy (MJ) 

LCE (MJ)  

Best 
Case 1:1 30 

FOUR 
SIDES NSEW 

Trp LoE (e2=e5=1) 
Clr 3mm/12mm Air WOOD 1,206,751.95 

   
256,776,026.40   257,982,778.35 

Worst 
Case 2:3 10 ONE SIDE E 

Dbl Ref-D Tint 
6mm/12mm Air 

AL  (Thermal 
Break) 

  
174,776.00 

   
431,182,458.00   431,357,234.00 

Regression Analysis 

Table 9 presents the results of Regression analysis 
(performed using SPSS software). A variable contributes 
significantly to the model if p-value<0.05; conversely, a 
larger p-value suggests that the variable has a lower 
impact on the LCE. It was observed that Frame-type is 
the least significant parameter (p =0.773) and does not 
influence LCE much. From the results of the analysis, it 
was quite clear that WWR (p-value 0.00) had the 
maximum significance followed by WWR distribution 
(0.006), Glass type (0.015) and Aspect Ratio (0.080). 
Though Aspect Ratio had less significance as compared 
to other parameters, still it was greater than Frame-type. 

Table 9: Regression Table 

Coefficientsa 

Model 

Unstandardized 
Coefficients 

t Stat. 
Sig. 
(p-

value)B 
Standard 

Error 
(Constant) 260079987 11804908.5 22.032 0.000
ASPECT_RATIO 7802263.7 4449862.04 1.753 0.08
WWR -12824200 1573263.81 -8.151 0.000 
WWR Distribution -6899870 2515657.29 -2.743 0.006 
GLASSTYPE -3346001 1380374.66 -2.424 0.015 
FRAMETYPE -499423.3 1730068.85 -0.289 0.773
a.     Dependent Variable: Life Cycle Energy of the windows (MJ) 

Merit-Based Analysis 

This analysis i s  based on the best 150 and worst 150 
cases, which are arranged in ascending order of their 
LCE, such that the lowest LCE is at the first place and is 
the most efficient case. The efficiency of a particular 
parameter is indicated by the number of times it figures 
in the number of analysed cases. 

BEST 150 CASES: 

Out of t h e  best 150 cases only 5% had the aspect 
ratio 2:3 while 95% had 1:1, suggesting that 1:1 is the 
more efficient aspect ratio, which also justifies the 
recommendation by ECBC. 

 
Figure 4: Distribution of WWR in best 150 cases 

WWR 30% and 40% together occur in 63% of the cases 
(Figure 4), which reinforces the prescribed ECBC 

recommendations of WWR between 30-40% for 
composite climate. WWR 80% and 10% are the most 
inefficient. 

 

Figure 5: Distribution of Glass type in best 150 cases 

Figure 5 shows the distribution of glass types figuring in 
the top 150 cases. Triple LoE glass counts up to 27%, 
followed by Double LoE (e2=1) Clr 6mm/12mm Air 
25% and Dbl LoE (e2=1) Clr 6mm/12mm Arg 23%. 
Single Clear (3mm & 6mm), Double Clear (air) and 
Double Clear (argon) fall the range of 5-7% of cases. 
Triple clear glass figured in only 2% cases. Double 
Reflective glasses were found to be most inefficient, 
not occurring even once in the top 150 cases. 

 
Figure 6: Distribution of Glass-type w.r.t. WWR 

An analysis of behaviour of different glass types for the 
considered WWR cases showed that, for WWR 30% and 
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40%, Double LoE clear glass (air/ argon) figured in most 
cases along with Triple LoE clear glass. Whereas, for 
higher WWR (60% & 80%) Triple LoE clear glass 
figured in most number of cases (see Figure 6).  

 
 Figure 7: Distribution of glazing orientation  

For a better understanding of the impact of Glass-type 
the effect of orientation needs to be observed. As seen in 
Figure 7, three-sided Glazing distributions [NEW (23%), 
NSW (17%) & SEW (13%)] figured most commonly in 
best 150 cases followed by two-sided orientations [NS 
(12%), EW (11%) & NW (10%)]. Four-sided glazing 
distribution NSEW figured in 8% cases. Single-sided 
orientations did not figure in the best 150 cases. 

 
Figure 8: Distribution of Glass-type with orientation 

Figure 8 shows that, for all these glazing distributions/ 
orientations, i.e. four-sided, three-sided and even for 

two-sided –Triple LoE glass stands out to be the best. On 
close observation it can be seen that, maximum number 
of cases and glass-types figured under NEW orientation 
(34) followed by NSW (25), which shows that three 
sided openings perform better. It was further observed 
that, in the best 150 cases, glass-types Double LoE 
(air/argon) and Double clear figured in most cases with 
three-sided glazing distribution NEW. Single clear glass 
figured only with glazing distributions NEW, NSW and 
NS.  

Distribution of glazing orientation with WWR (Figure 9) 
shows that, WWR 30% (49 cases) is the most efficient 
aperture when the fenestrations are either distributed 
on all four sides or on three sides. WWR 60% (51 
cases) is performs better for opening on two sides i.e. 
for NW, NS, SW and EW. However, overall best WWR 
would be 40% (46 cases) as it has an even distribution 
of all the orientations,  lending more design flexibility. 

 
Figure 9: Distribution of glazing orientation w.r.t. WWR 

WORST 150 CASES: 

An analysis of the worst 150 cases showed that, Double 
Reflective glass (Air/ Argon) exhibited the worst 
performance, together figuring in 130 (87%) cases out of 
150 (Figure 10). Triple LoE (6%) and triple clear (3%) 
were observed to figure in cases having openings only 
on one side i.e. N and E (see Figure 12 also). 

 
Figure 10: Distribution of Glass-type in worst 150 cases 

Figure 11 shows that, WWR 10% is the worst 
Window-Wall-Ratio figuring in 132 cases (88%). 
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WWR 30% figured only in 18 cases (12%), firstly, 
where the openings are on one side i.e. N and E having 
Triple-pane glasses. 

 
Figure 11: Distribution of glass type with WWR 

Other glass-types, which were observed in the worst 150 
include double LoE and double clear, figuring only in 
cases with North orientation. Figure 12 further shows 
that, an overwhelming number of cases with all 
orientations fall under Double Reflective glass-type. 
Triple clear and Triple LoE was also witnessed for two 
glazing distributions namely N and E. 

 
Figure 12: Distribution of glass-type with orientation 

Macro level analysis 

To understand the impact of overall parameters 
further, a Macro-level analysis was carried out and the 
impact of each parameter was separately analysed with 
respect to LCE. 

IMPACT OF WWR ON LCE (W.R.T. ORIENTATION) 

The graph in Figure 13 shows the trend of mean LCE 
(Million MJ) for WWR with respect to Glazing 
distribution/ orientation. It was observed that, cases 
having WWR 30%-60% with widow openings on 
three or four surfaces were the most efficient as the 
lighting loads for  WWR 10% were higher  in 
comparison to  the cooling load ( which is the amount 
of energy  required by  the  chiller  to  offset  gains 
f r o m  envelope,  equipment,  lighting  and  occupancy) 
in case of these WWR.  Cooling load for WWR 80% is 
higher due to larger solar heat gains and  the  additional  
embodied  energy  of window materials in this case 
also adds up to the LCE.  

 
Figure 13: Analysis of impact of WWR w.r.t. Glazing 

orientation/ distribution 

IMPACT OF WWR DISTRIBUTION ON LCE 

As seen in Figure 14, quite predictably, the line 
representing glazing distribution on all four sides is the 
most dynamic and shows maximum sensitivity towards 
WWR. For WWR<30% the LCE is radically high, while 
for WWR between 30 to 40% , all glazing distributions 
have lower LCE.  

 
Figure 14: Impact of WWR w.r.t. Glazing distribution 
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For single-sided glazing distribution, LCE decreases 
rapidly as the WWR increases; but when WWR is 
80% it performs better than four-sided glazing 
distribution. For double-sided glazing distribution, LCE 
is lowest when the WWR is in the range of 30-60%. 

Three-sided and four-sided glazing is better than two-
sided, till the WWR is less than 60% after this two-
sided glazing performs better than the rest of the 
distributions, especially at 80%. 

IMPACT OF GLASS-TYPE ON LCE 

In order to understand the impact of glass type it is 
important to take orientation and WWR into 
consideration. The trend lines for all glass-types show a 
similar pattern of variation in LCE with glazing 
distribution/ orientation except double reflective glass 
(Figure 15). For all glass-types, two-sided and three-
sided glazing distributions show lower LCE compared to 
single-sided or four-sided ones and Southern orientation 
has the lowest LCE for single-sided glazing. The worst 
glass-type (highest mean LCE) is Double Reflective 
glass with air/argon. Showing the same trend, they have 
the lowest LCE for 4-sided distribution.  

 
Figure 15: Impact of Glass-type w.r.t. Glazing 

orientation/ distribution 

Triple-glass is unfavourable when the glazing 
distribution is single-sided but better for three and four-
sided distributions. They perform poorly for WWR 
<40%, but the trend changes notably after 40% with 
better performance for higher range of WWR (Figure 
16). This is due to the decrease in cooling load by using 
low U-value Triple-pane glass, which results in lower 
LCE. 

Double reflective glasses (air/argon) exhibit higher LCE 
due to their low VLT, which leads to an increase in the 
lighting load. 

 
Figure 16: Impact of Glass-type w.r.t. WWR 

IMPACT OF ASPECT RATIO ON LCE 
According to regression analysis WWR is the most 
dynamic parameter for change in LCE, therefore to 
understand the impact of Aspect Ratio WWR is also 
taken into account.  

 
Figure 17: Impact of WWR w.r.t Aspect Ratio 

Figure 17 shows that, aspect ratio 1:1 has a trend line 
lower than 2:3 which shows that, cases having aspect 
ratio 1:1 have lower LCE (and also lower cooling and 
lighting loads). For aspect ratio 2:3 proper orientation of 
the building can make a huge difference in the energy 
consumption (in this study the longer façade is kept 
facing the north side for all cases). 

Conclusions  
Some major findings of the study include: 
 Uniformly distributed windows on all the four sides 

result in lower operational energy and therefore, 
LCE. 
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 Frame types barely have impact on the LCE, 
although UPVC was found to be most efficient. VLT 
and U-value plays a vital role in the cooling and 
lighting load.  

 For WWR 10%, single clear was found to be more 
effective as it has high VLT and the lighting loads 
were reduced, while in other cases it altered the 
results.  

 For the composite climate of Delhi, optimal window 
size is 30% as it gives the most efficient results.  

 It was found from the results that the lighting and 
cooling load played an important role in the varying 
result of the analysis. 

Through the above findings, the ECBC 
recommendations that a WWR between 30-40% is the 
most effective are justified. The study shows that in 
Composite Indian climatic conditions windows with 
WWR falling in the range of 30% to 40% performs very 
differently than larger windows. Larger windows lead to 
heat gain which results in the increase in overall LCE. 

The orientation of the building also has a great impact on 
LCE. Glazing distribution on four sides for WWR 30% 
resulted in increased lighting load but decreased chiller 
load resulting in reduced LCE and an improved 
performance. Building aspect ratio plays a major role too 
and can make a huge difference in the energy 
consumption and the overall LCE of the building. 

The observations and results stress the need to reanalyse 
local building regulations, as they fail to indicate 
efficient materials, window sizes and orientation 
(especially for commercial air-conditioned buildings), 
leading to a sub-optimal performance. The minimum 
window size specified by regulations is inefficient and 
energy intensive in cases where windows cannot be 
provided on more than one walls. It is therefore 
important to revise building regulations to specify a 
range of window size or measures to make windows 
falling outside this range (scope for future research). 

The results also show that, in the context of the study i.e. 
commercial air-conditioned buildings falling in 
composite climate regions in India, the embodied energy 
forms a small fraction of the LCE and does not influence 
the ranking of fenestration systems significantly which is 
in line with Kristensen and Petersen (2016). 
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Abstract 
The frequency and magnitude of summer heatwaves has 
significantly increased in Hungary in recent years, and 
research shows that we can expect the same level of 
temperature anomalies in the near future. For this paper 
we performed dynamic simulations of nursing homes to 
examine the effect of building types and construction 
methods on summer overheating. Potential factors 
influencing the overheating risk of a building include the 
design, building number of storeys, roof shape, building 
materials, glazing ratio and shading. Taking into account 
these factors, we used a whole-building simulation 
software to compare the building types and the internal 
temperatures in the rooms, considering different user 
behaviour. Several vulnerability maps and models were 
developed in recent years and most of them are based on 
meteorological and demographic data. Our research 
approaches the issue from the point of view of building 
structures, taking into account the building itself and its 
environment in detail in case of a particularly exposed 
group. The results can be used to assess the most critical 
buildings and construction types and contribute to 
assessing the heat vulnerability index of Budapest. 
Introduction 
In the case of Hungary,  a heatwave is defined as the daily 
average temperature staying above 26.6 ºC for 3 
consecutive days according to the interpretation of the 
National Directorate General for Disaster Management 
(BM OKF  2018). When the temperature exceeds 25 °C 
at maximum, “summer day” term is used. The number of 
summer days experienced each year in Hungary has 
increased by 8 since the start of the last century and the 
number of days with heatwaves by 5. According to 
climatic models, the number of summer days is expected 
to increase significantly in the future: from 2021 to 2050, 
this will mean an increase of more than 16 to 20 days on 
average per year (Lakatos et al. 2012). On the basis of the 
available literature, the number of deaths also increases 
during heatwaves: on the one hand, due to the effect of 
elevated temperatures of the body (Bunker et al. 2016) 
and indirectly, for example, the number of road accidents 
increases (Wu, Zaitchik, and Gohlke 2018). The risk of 
heat-related death varies with age, gender, and cause of 
death, but a similar pattern emerges for each city 
(Ishigami et al. 2008). In the case of heatwaves, 
environmental factors and geographic location are not the 
only key points, but also the response to the heatwave and 

the timing of heatwaves: in the case of the first heatwave 
of the year, the risk of heat stroke is five times higher than 
during  later ones (Liss et al. 2017). In addition, it is worth 
examining the adaptability of people to evolving climate 
conditions, because people are becoming less and less 
sensitive to heat-related deaths (Arbuthnott et al. 2016).   
Based on climate forecasts, many researchers have set out 
to investigate the overheating of buildings. In the future, 
heating energy consumption will decrease, while the 
demand for cooling energy will increase (Dodoo and 
Gustavsson 2016).  Overheating can be observed for all 
types of buildings where no special intervention has taken 
place. However, the effectiveness of different methods 
depends on the type of building, increased air-change rate 
and shading usually helps prevent overheating. The 
thermal insulation and HVAC system is also an important 
aspect of overheating (Pyrgou et al. 2017; Fosas et al. 
2018). In particular, high-level thermal insulation leads to 
more frequent temperature observation over 26 ºC.  
Among the buildings of different designs (different 
amount of thermal insulation, existence of HVAC 
system), the insulated building without HVAC system 
shows the effect of long-lasting heat, where the internal 
temperatures exceed 35 ºC. Buildings that meet the 
minimum thermal insulation requirements prescribed by 
regulations can be disadvantageous to the internal 
temperature if there is no climatization in the building. 
Building materials that have a higher thermal conductivity 
and heat capacity, allow easy storage of daytime heat, 
slow down the rate of night cooling.  
The main aim of our research was to evaluate the 
overheating of two buildings in Budapest, analysing 
different structural modifications and user behaviour 
(ventilation and shading methods). Several literature 
sources have already investigated the effect of external 
temperatures on the mortality in elderly homes (Marmor 
1978; Holstein et al. 2005; Klenk, Becker, and Rapp 
2010). Nursing homes were selected in the analysis, 
because its inhabitants belong to the age group, which is 
one of the most vulnerable to heatwaves.  
Methodology 
The research focused on the older population in more 
detail due to the potential health issues and the different 
thermoregulation system of elderly people. Therefore, we 
created a database of nursing homes in Budapest, and then 
we carried out a survey using a questionnaire. The main 
purpose was to evaluate the state of the elderly homes in 
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Budapest and the methods which are used against summer 
overheating. The response rate was 41%, 30 homes filled 
out the forms. Based on the results of the survey, it can be 
seen that the type, condition and age of the elderly homes 
in Budapest show high diversity. Most of the buildings 
were built between 1946-1979 and 30% of the homes after 
1990. In 66% of the buildings energy-related retrofits 
(thermal insulation, modernization of the heating system, 
fenestration replacement) have taken place in the last 10 
years. Shading solutions can be found in 80% of the 
buildings, which is quite a good rate. The air-conditioning 
of nursing homes is not typical in Hungary. 
From this sample, we selected two characteristic 
buildings for further analysis. The analysed buildings can 
accommodate 131 and 67 people, which are 
representative based on the size of the homes. The results 
of the questionnaire helped to determine the equipment of 
the current building stock and some input data needed for 
the simulation. In our research, the overheating of 
buildings was evaluated according to the ODH26 indicator 
(Artmann, Manz, and Heiselberg 2008). ODH26 is the 
number of hours with temperature above 26 °C. It 
determines not only the duration, but also the extent of the 
indicated overheating (unit of measure Kh/a). The 
dynamic simulation of buildings was performed with the 
validated WUFI Plus software (Antretter et al. 2011) in 
which the geometric design of the building was given 
manually. During the tests, the simulation was run for 2 
years with hourly resolution. The first year was the 
initialization period, which is necessary to exclude from 
the evaluation due to initial conditions of the building 
constructions (e.g. temperature, moisture content). The 
initial parameters were set according to typical built-in 
conditions. After the initialization, the results of the 
second year are closer to reality, therefore only the last 
year was taken into account in the evaluation.  
Analysed buildings 
The analysed buildings are located on both the Buda and 
Pest side of the city and have different building structures 
and construction times. The first building (Fig. 1 – left 
side) was built with prefabricated slag concrete blocks 
around the 1960s. The building was retrofitted in the 
2000s, with façade and plinth wall thermal insulation, 
furthermore the doors and windows were replaced. The 
second building (Fig. 1 – right side) consists of thick walls 
made from brick. This building is much older than the 
previous one. It was built before the 1900s. Over the 
years, the building has only undergone façade repairs, but 
it was not insulated as it is under monument protection. In 
most cases only floor plans were available for the 
buildings, so the layer composition was based on on-site 
measurements and the typical constructions of the era. 
The thermal transmittance of the walls was 0.37 W/m2K 
in the first case, and 0.52-0.91 W/m2K in second case 
depending on the structural thickness. 

 
Figure 1: 3-dimensional model of the analysed buildings 

In case of the zone distribution we wanted to focus on the 
rooms where the elderly live, so the buildings were 
divided according to this need. In the first case the 
building was divided into 5 parts on every level (Fig. 2).  

 
Figure 2: zone distribution of building 1 

In the case of the second building, the elderly section is 
located on the 1st floor, so this part of the building has 
been divided into a total of 10 zones (Fig. 3). After the 
simulations, the internal air and operative temperature 
values were retrieved for these zones. 

 
Figure 3: zone distribution of building 2 

Boundary conditions 
The weather file used for the simulation is based on data 
generated from different stations around Budapest. As 
part of the research, we also examined the effects of the 
future climate. For this, we used the weather generated by 
the IPCC A2 scenario for 2050 and 2100. Figure 4 shows 
the air temperature in Budapest during a given year. The 
values rise remarkably in all future climates, the average 
annual temperature is 12.38 °C in 2018, 14.38 °C in 2050 
and 16.44 °C in 2100, which is approximately a 2 °C 
increase per year. 

 
Figure 4: external temperature (2018, 2050, 2100) 
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In the case of internal design conditions, the minimum 
temperature was set to 20 °C. The infiltration was set to 
0.1 1/h with an air exchange rate of 0.5, while in the 
summer, an elevated air exchange (2 1/h) was used during 
the night hours (between 8 pm and 6 am). For internal 
loads, we also took into account the function of the zones 
(care room, office, attic, etc.). The values were 
individually set, taking into account the number of people 
in the zones and the activities taken. Shading solutions 
were assumed in accordance with reality (building 1 - 
parts on the southern side, building 2 - no shading) with 
“reduce overheating” setting in the software, where the 
sunscreen device was closed as long as the maximum 
temperature was exceeded. 
Examined scenarios 
During the simulations, we also examined retrofitting 
measures and different user habits, where several 
suggestions were made to avoid summer overheating. 
Compared to the basic model (REF), the summer night-
time air change rates were raised to 4 1/h (4ACH) and 6 
1/h (6ACH). In the selection of these values, it was a 
consideration to keep in mind the values of the Hungarian 
regulation (3-6 1/h) and it is in accordance with other 
literature data (Seth et al. 2008; Atkinson et al. 2009). In 
case of shading, three different methods were used 
according to the software: limit radiation value (LRV), 
reduce overheating (REF) and schedule (SCHED) 
options. With limit radiation value, the device will stay 
closed as long as the solar radiation exceeds the maximum 
radiation defined previously. In the last option, an 
individual schedule was given, where the shutters were 
gradually lowered in the summer. Wherever possible, 
additional thermal insulation was applied on the full 
surface (INS) or only on the topmost slab (SLAB). For the 
optimized model (OPT), the most favourable user habits 
were considered, with the best results in shading and 
ventilation, e.g. higher air change rates at night, less 
ventilation during daytime in the summer. Finally, in the 
case of the reference and optimized model, we also 
examined the impact of the future climate on the 
overheating of buildings. 
Results 
The ODH26 indicator of the models show to what extent 
the chosen methods help to reduce the number of 
overheated hours. The results of the first building are 
shown in Figure 5. 

 
Figure 5: ODH26 indicators of building 1 

The ODH26 value was extremely high for the reference 
building, which was also influenced by the fact that the 
maximum temperature reached 34 °C in the building (the 
indicator includes not only the number of the overheated 
hours but also the extent of the heat). The value of the 
indicator in the case of the additional thermal insulation 
of the building increases significantly: by 68% using only 
additional slab insulation, and by 88% with full 
insulation. If we compare the indicators, it can be seen that 
the greatest improvement was achieved by the increase in 
the summer night-time ventilation. This elevated 
ventilation (4 1/h, 6 1/h) resulted in 37% and 53% 
decrease in the ODH26 value, respectively. Furthermore, 
the optimally chosen shading method also plays a major 
role in reducing the number of overheated hours. 

 
Figure 6: ODH26 indicators of building 2 

In the case of the second building, the number of 
overheated hours was generally much lower. The 
temperature of the internal air in some zones occasionally 
reaches 28 °C, but the average maximum is around 26 °C, 
which was the threshold of the indicator. Similarly to the 
previous building, the best results are achieved partly by 
increasing the night-time ventilation, and the shading 
system has a greater role here, as the original building 
does not have any. The thermal insulation of the building 
slightly increases the overheating - that is, it behaves 
similarly to the first building. 
Future scenarios 
Examining the first structure, the ODH26 values in 2050 
will increase by 1.5 times. It can be seen that in 2100, the 
value of the indicator is 2.5 times higher without cooling 
system in the building, which clearly indicates that the 
quality of the building should be improved in the future.  

  
Figure 7:  ODH26 indicators of future scenarios 
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Considering the optimized version (OPT), in which we 
neglected the additional thermal insulation of the building 
and only the optimal shading/ventilation was used, a 
significant reduction could be achieved for the three 
climate files. By examining the current weather data, the 
values were reduced by 75%, while in 2100 a reduction of 
nearly 50% was achieved. 

 
Figure 8: ODH26 indicators of future scenarios  

(building 2) 
Figure 8 shows the number of ODH26 values of the 
original (REF) and optimized (OPT) models in case of the 
second building. While in the first two cases the 
optimized user habits showed a decrease of 84%, in 2100 
only a 52% reduction can be achieved, i.e. in this case it 
may be justified to consider the use of a cooling system.  
The decrease in the values is roughly even between the 
zones. Only in the case of the attic is it smaller, since there 
has been no change in the night-time ventilation rate as in 
the regular zones. 

Discussion 
In general, the first building has a higher risk of 
overheating. In the case of this building, the temperature 
on the 1st floor was the hottest (Figure 9). One of the 
reasons for this may be night-time radiation through the 
uninsulated roof, the 2nd level can cool down more easily 
during the night. With regard to the overheating of 
buildings, not only the building structures and geometry, 
but also the shading solution has an effect on the internal 
temperature.  

 
Figure 9: internal air temperatures in building 1 (B1) 

and building 2 (B2) 

In addition, the shading factor used (vegetation in front of 
the facade and geometry of pillars) also plays a role in the 
differences: large-scale vegetation not only improves the 
living conditions of the inhabitants, but also plays a role 
in reducing internal air temperature. 
Based on the simulations, the value of the ODH26 
indicator in case of additional thermal insulation increases 
significantly. This is mainly because the building is easily 
warmed up by prolonged warm days and it is difficult to 
cool down, the value of the night air-change rate is not 
sufficient to significantly reduce the internal temperature. 
Another important feature is that the initial warming of 
the 1st floor becomes less after the application of thermal 
insulation, in that case the second floor will be the hottest 
part of the building. A similar phenomenon can be 
observed if thermal insulation is used only on the roof 
slab. In these cases, the application of the thermal 
insulation prevents the radiation to the night sky. 
The negative effect of thermal insulation on warming 
shows that if the ventilation and shading strategy is 
properly chosen in the case of the fully insulated building, 
the value of the ODH26 indicator can be reduced by 10%. 
With thermal insulation and proper user behaviour 
(ventilation and shading), a considerable reduction can be 
achieved in case of free-running buildings. Furthermore, 
it should not be overlooked that the thermal insulation of 
the building can significantly reduce heating energy 
consumption in the winter. 
In case of the 2nd building the ODH26 value in the original 
building is 475 Kh/year, which is really low compared to 
the first one. The value observed is partly due to the 
orientation of the building and the fact that it is made of 
very thick structures with a large heat capacity, so that it 
can warm up relatively slowly.  
The temperature of the internal air in some zones 
occasionally reaches 28 °C, but the average maximum is 
around 26 °C. The value of the internal temperature varies 
depending on the zone: the ground floor of the building 
had the lowest temperature, as expected, and on the 1st 
floor, the hottest zone was Zone 1, Zone 3, Zone 6, and 
Zone 8, all of which are care rooms. 
However, analysing future climates, it can be seen that the 
warming can be a problem, as the indicator value is 8867 
Kh/year in 2050 and 56078 Kh/year in 2100, respectively, 
which is an enormous rise compared to the current 
weather.  
If we look at two zones as a priority (Zone 3 and Zone 8) 
for future climate files (Figure 10), we can observe how 
much the rooms are warming up during the year. For Zone 
8 using the weather of 2100, the maximum temperature 
can reach 31 °C, which is 5 °C increase (originally was 26 
°C) but can be seen even at 2050 at least 2 °C rise in 
internal temperature values. By highlighting Zone 1, Zone 
3 and Zone 7 (Figure 11), it can be seen that in the case of 
the optimized model, the internal air temperature was 
reduced to a visible extent. With proper operating habits, 
a 1.5-2 °C reduction was achieved. 
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Figure 10: internal air temperature for future scenarios 

(building 2) 

 
Figure 11: internal air temperature for future scenarios 

(building 2) with optimised user behaviour 

In total, this version also shows the biggest decrease due 
to changed user habits. However, it should not be 
overlooked that design changes are also needed on the 1st 
floor, which may be one aspect of future renovations. 
The rooms are not connected to a corridor, so there is no 
possibility of creating fast and intense cross ventilation. It 
is definitely an interesting question what kind of air 
exchange can be achieved with the current design, and 
what design can achieve optimal results while retaining 
the current capacity (number of inhabitants). This was 
outside the scope of this research. 

Future utilization of results 
The research is part of the evaluation of overheating of the 
Hungarian building stock with the future goal of creating 
a heat vulnerability map, in which we consider the 
dynamic simulations based on building typology. 
An analysis has been made among European countries 
(Kendrovski et al. 2017), where the aim was to quantify 
the possible future impact of heat on population mortality, 
but there is no HVI (Heat Vulnerability Index) map 
available for Hungary yet. In general, excess mortality is 
measured in daily data, but it may be interesting to 
examine these data in more detail at hourly resolution 
(Guo et al. 2014). To reduce the negative effects of heat, 
a vulnerability index should be created for cities, which 
has been done by researchers in many countries and cities, 
but there is no universal definition how they should be 
created. One method may be to compare the spatial 
relationships between different variables, e.g. socio-
economic, demographic, built-in and biophysical 
environments, health status (Klein Rosenthal, Kinney, 
and Metzger 2014). The methods used are often based on 
principal component analysis (PCA) by analysing 
existing statistical data (Reid et al. 2009; Nayak et al. 
2018) or risk assessment methodology (Papathoma-
Koehle et al. 2016). 
In the future, we want to develop a solution that uses the 
results of dynamic simulations beyond the objective 
analysis of available statistical data. The concept plan of 
this method is shown in Figure 12.  We can distinguish 4 
major groups: 1st is the climate, where want to take into 
account the urban heat island effect, and not only the 
available meteorological data, but also the microclimate. 
Secondly, we need to evaluate the current statistical data 
by considering numerous socio-economic factors. 
Example include death rates, age and health status, 
education. Thirdly, analysing the results of dynamic 
simulations by making a building typology for Budapest 
and evaluating the behaviour and overheating of the 
buildings. The fourth part of the analysis is to examine the 
wider environment of buildings, considering the 
proximity of air-conditioned community spaces and 
available transportations. 

Figure 12: Creation of HVI map for Budapest (concept plan) 
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Conclusion 
The research has greatly contributed to the assessment of 
the condition of nursing homes in Budapest. The 
completed questionnaires allowed us to get to know 
elderly homes, experiences and the methods used during 
the summer. According to the results, this group of 
buildings is indeed one of the most vulnerable. Many 
buildings have been retrofitted, but most of the occupants 
are not satisfied with the internal temperature in the 
summer. The database created during the research can 
help to create a heat vulnerability index for Budapest.  
With the help of the dynamic simulations, we determined 
the main parameters that play a major role in reducing the 
internal air temperature during summer. According to 
study, the value of the overheating indicator in the case of 
insulated buildings increased, to a varying extent (68-86% 
and 12%, depending on the type and extent of insulation 
used), therefore, it is not particularly beneficial in terms 
of the overheating of the buildings. Another important 
finding is that the use of thermal insulation changes the 
dynamics of the overheating.  
Increasing the number of overnight air-change rate 
significantly contributed to the reduction of internal 
temperature: using 4 1/ h by 36%, and at 6 1/ h by 52%, 
for the second building this reduction was 54% and 66% 
respectively. 
The operation of the shutters also has a prominent effect, 
different options produced the greatest improvement in 
the two models. In other words, which strategy may be the 
most optimal for each building depends on the model. 
The ODH26 indicators of the two buildings are changing 
at different rates with regard to future climate data. In the 
case of the second building, the initial low value increases 
to a greater extent for 2050 and 2100, which may be due 
to the higher thermal mass. In warmer climates, the 
warmed-up building can cool down more slowly and to a 
lesser extent. 
It is definitely worth analysing buildings with a dynamic 
building energy simulation tool that can handle user 
habits in a more detailed way, because as long as there is 
no cooling system in the building, user habits are the 
variables that can be used to minimize summer 
overheating. Furthermore, it may be interesting to analyse 
buildings with air-conditioning, as it can be an important 
parameter in reducing the internal temperature. According 
to the interviews that were conducted, at least the cooling 
of communal spaces would be seen as essential.  
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Abstract 

This research paper deals with reducing energy demand 

in residential buildings by experimenting different 

scenarios using TRNSYS as a simulation tool. the focus 

here lies on the differences between indoor design 

temperatures defined by the building codes and the 

adaptive comfort criteria defined for the hot arid climate 

in Iraq in field survey. Different scenarios were tested for 

buildings with different window types shading and 

insulation. The results showed a potential of energy 

savings up to 61% for heating and cooling. Over 40% 

energy savings could be achieved by regulating the 

heating and cooling design temperatures.  

Introduction 

This research paper deals with improving energy 

efficiency and thermal comfort in Iraq. The climate in 

most parts of Iraq is described as hot-arid during summer 

and relatively cold and humid during winter. Over 

thousands of years, the vernacular architecture has 

developed to provide thermal comfort despite the extreme 

climate. During the 20th century, things have changed 

with the introduction of electricity and air conditioning. 

One of the biggest challenges facing Iraq during the last 

decades is the energy problem, despite being an oil-rich 

country. During the wars of 1990 and 2003, the electricity 

infrastructure was heavily damaged. Moreover, the 

increase of the GDP and the open market after 2003 

resulted in a drastic increase in the electricity demand, as 

people could suddenly afford to buy air conditioners 

instead of evaporative coolers which were the most 

common cooling methods before (Abultabuk, 2015). As 

the generated electricity fail to cover the increasing 

demand, power blackouts are common in the daily life, 

especially during extreme climate conditions during 

summer and winter.  

With the shift towards using air conditions and often 

occurring power blackouts, there lacks clear definition of 

thermal comfort conditions. A clear pattern of 

temperature settings cannot be defined as people tend to 

use air conditioners when there's electricity supply.  

 

Figure 1 below shows the daily variation of average, 

maximum and minimum indoor temperatures measured in 

a living room in Baghdad during July 2014.  

 
Figure 1: Daily indoor temperature profiles in July 2014 

in a living room in Baghdad 

In 2012, the Iraqi ministry of housing and construction 

started to develop Iraqi building codes. The thermal 

insulation code 501 defines the required properties of 

thermal insulation, the indoor temperatures, windows 

properties, shading properties, and the methodology to 

calculate heating and cooling demand. In the building 

code, the indoor design temperatures for Baghdad were 

21°C and 24°C for winter and summer respectively. 

(Ministry of Construction and Housing, 2013)  

According to the comfort survey conducted in 2016-2017, 

the set temperatures defined in the Building code tend to 

overcool or overheat during summer and winter 

respectively (Rashid et al., 2018c). As Nicol describe, 

increasing the set temperature by 1K could result in up to 

10% decrease in the cooling demand (Nicol et al., 2012). 

This paper investigates the influence of using a wider 

comfort range defined in the adaptive method on reducing 

energy demand. 

Method 

Due to organization and financial reasons; it was not 

possible to implement test buildings in Iraq. Therefore, it 

was decided to use transient building simulation, the 

software used for that is TRNSYS. Like most simulation 

tools, TRNSYS simulation has been validated according 
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to the methods defined by the international energy 

agency. The “Task 32” describes the model for simulating 

solar energy, for task 32 a single-family house (SFH30) 

with pre-defined areas, building components, HVAC and 

internal gains was defined. The simulation is run for the 

building with the climate data of Zurich, the resulting 

annual heating load as the name suggests should be 30 

kWh/m²a (Heimrath and Haller, 2007). As shown in 

Figure 3 there's a deviation of 2% in the energy demand 

for heating. 

A similar test was performed by comparing the 

simulations with real time measurements of buildings in 

Baghdad, to check how accurate are the results in extreme 

hot climates. Table 1 lists the parameters for a room in 

residential building in Baghdad, this room was chosen to 

demonstrate the thermal behavior for a whole year in a 

non-occupied, free-running room without the 

uncertainties related to occupancy hours and air 

conditioning hours especially with the irregular, yet often 

electricity blackouts. Figure 4: Model of the existing 

buildings shows the 3D-model for the building tested. 

Table 1: Building parameters used in validation model 

Building 

component 

Material 

External wall plaster + 24cm brick + cement plaster  

Tie beam plaster + 24cm concrete + cement plaster 

Floor 20cm concrete slab + 6cm screed /floor 

finishing 

Roof Concrete slab + 6cm thermos-stone + av. 

8cm sand + cement tiles 

Window single glazed with steel frame 

HVAC None (free-running) 

Despite all the uncertainties related to weather data, 

building material, internal heat flows from other rooms, 

there was a good agreement between the measured indoor 

temperatures and the simulation results with a root-mean-

square-deviation of 4,23°C as can be seen in Figure 2. 

Based on the simulation results from Task 32 and the 

existing building, TRNSYS is assumed to be a valid tool 

for further research. 

To test the effect of design temperature on energy 

consumption a new building geometry was used as a test 

building. Most input data used in the simulation model are 

based on the recommendations of the new Iraqi building 

code for thermal insulation. For building material and 

occupancy hours, the input data are taken from the results 

of the online surveys conducted by the author in 2014 and 

2017. 

In a field study conducted on students in Baghdad, it is 

found that people in Iraq are more tolerant to higher 

temperatures during summer and lower ones during 

winter (Rashid et al., 2018b). Yet, the design temperatures 

defined in the Iraqi building code are similar to those 

defined in other gulf countries with hot climates such as 

Saudi Arabia and UAE (Abu Dhabi International Energy 

Conservation Code. Department of Municipal Affairs, 

Aub Dhabi, 2013; Building Code for Energy 

Conservation in Residential Buildings. Saudi Building 

Code National Committee, 2018). 

In India the approach is different, the design temperature 

is defined using the adaptive thermal comfort model as 

can be seen in equation ( 1) below.(Energy Conservation 

Building Code. Bureau of Energy Efficiency, 2017) 

Toperative = (0.28 * Tout) + 17.87    ( 1) 

Toperative: Indoor operative temperature 

Tout: Running mean outdoor temperature (30 days) 

• Building Simulations 

TRNSYS (v. 18.0.42) was used for the building 

simulation. The 3D model was built in Sketchup plug-in 

and then exported to TRNSBuild. In TRNSBuild, 

different variations of building components with all the 

possible insulation parameters were defined and stored in 

a library.  

Figure 3: Simulation result for heating and cooling 

demand of SFH30 defined in Task 32 

Figure 4: Model of the existing buildings 

Figure 2: Indoor temperature comparison between 

measurement and simulation 

________________________________________________________________________________________________ 

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

 
4000

 

 
  



 

 

• 3D model 

A single room with comparable proportions to the typical 

residential building is used as a test building. A 3D model 

consisting of 3 storeys with 15 identical rooms measuring 

4mx5mx3m was used in the simulation. The south-

oriented room in the middle of ground floor has a same 

floor-area-to-volume ratio of 53% which is close to a 

typical single-family house in Baghdad with 120²m net 

floor area and 4 occupants. 

• Climate data 

The climate dataset for Baghdad was used in the 

simulation as a representative for the whole country. 

further studies will include the simulation in other cities 

to represent all the climate zones of Iraq. Interpolated 

climate data form Autodesk green building studio was 

more accurate when compared to Meteonorm data 

(Rashid et al., 2016). Consequently, a TMY2 file was 

generated from the climate data to be used in the 

simulation.  

• Building Material 

The building material used in the simulation model are 

defined according to the survey results. A typical 

residential building in Iraq would not have any thermal 

insulation (Rashid et al., 2016). Two scenarios of building 

envelopes were simulated; the reference envelope, which 

is similar to the survey results, and another insulated 

envelope as can be seen in Table 2. 

 

 Table 2: Parameters of the building material in the 

tested scenarios 

       Scenario 

Parameter 

standard envelope Insulated envelope 

Ground floor 10 cm concrete with 

screed and tiles  

(no insulation) 

10 cm concrete with 

screed and tiles  

(6cm insulation) 

Exterior walls 24 cm brick 

construction  

(no insulation) 

24 cm brick 

construction 

(12cm insulation) 

Roof / floors 20 cm reinforced 

concrete  

(no insulation) 

20 cm reinforced 

concrete  

(12cm insulation) 

Windows single glazing with 

iron frames  

(Uw=5.7 W/m²K) 

double glazing with 

PVC frames 

(Uw=2.8 W/m²K) 

shading none movable (80%) 

 

• HVAC 

The building is air conditioned. Although no heating and 

cooling system was defined in the simulation model; it is 

assumed that a heat pump with a coefficient of 

Performance of 3.0 is used to provide the necessary 

heating and cooling power for the building. The energy 

demand is calculated from the power over the time.  

•  Windows, shading and infiltration rate 

Depending on the room orientation, a south or north 

oriented 2.4m² window is modelled for each room. In the 

standard envelope scenarios, a single glazed window with 

iron frame is used, whereas, a better window with PVC 

frame and double glazing and additional external shading 

device is used in the insulated envelope scenarios. 

According to the field study conducted in 2017, the 

infiltration rate for iron-framed windows using the crack 

method is set to be 0.17h-1, and 0.05h-1 for the windows 

with PVC frames (Rashid et al., 2018a). 

•  Internal gains 

Based on the results of the online survey, internal gains 

from occupants and electrical equipment are defined in all 

scenarios. A total of 4 persons was set to be living in the 

building with the occupancy ranging between 2 and 4 

(Rashid et al., 2016). The metabolic rate was calculated 

with an average of 1met or 58.2 W/m² (ISO, 2006). 

Approximately 100W was calculated as internal gains 

from each occupant assuming a surface area of 

1.7m²/person. The average daily profile of internal gains 

from occupants and electrical appliances is shown in 

Figure 5. 

 

Figure 5: Daily profile of gains from occupants and 

electrical appliances in typical residential buildings in 

Iraq 

• Design temperatures  

For the simulation model, two different variations of the 

design temperatures were tested. the first one was to use 

the design temperatures defined in the Iraqi Building 

code. For heating, the design temperature is set on 21°C 

and for cooling it was set on 24°C (Ministry of 

Construction and Housing, 2013). The second variation 

was to use the adaptive model defined according to the 

study conducted in 2016/2017. Equations 2-4 show the 

defined comfort temperatures in the adaptive model. the 

design temperature was defined based on the thermal 

comfort zone which lies within the band of 1K from the 

comfort temperature (Rashid et al., 2018b). 

Tcomf = (0.509 * RMOT) + 13,99 ± 1 when RMOT<10°C  ( 2) 

Tcomf = (0.528 * RMOT) + 13,14 ± 1         when 10°C≤RMOT≤26°  ( 3) 

Tcomf = (0.638 * RMOT) +  3,13  ± 1 when  RMOT>26°C  ( 4) 

Tcomf : Comfort temperature 

RMOT : Running mean outdoor temperature over 7 days 

________________________________________________________________________________________________ 

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

 
4001

 

 
  



 

 

Figure 6 above shows the indoor temperature profile 

when the adaptive model is used. the maximum 

temperature reached was 28°C and the minimum was 

about 16°C. 

Results and discussion 

• Heating and cooling energy demand 

By changing the design temperature with the standard 

building envelope, an annual reduction of 28% for heating 

and cooling demand could be reached, the greatest saving 

potential was in heating demand which reached 77%. On 

the other hand, the total energy demand for heating and 

cooling in the insulated building envelope with the 

standard design temperatures could reach 42. When both 

measures were coupled, up to 61% of reduction was 

achieved as can be seen in Table 3. 

• Cost effectiveness 

The new progressive tariff for electricity in Iraq was in 

introduced in 2017 which reduced the subsidization in the 

electricity sector in a bid to encourage people to reduce 

their electricity consumption (Ministry of Electricity- 

Iraq, 2018). The calculated electricity consumption for the 

different scenarios was is the sum of monthly energy 

demand for heating and cooling with the electricity 

demand for electrical appliances which is assumed to be 

an average of .32.4 kWh/d. The savings of electricity bill 

were compared to the additional investment for thermal 

insulation and thermostat setting to calculate the payback 

period. The investment in the thermostat slightly 

exceeded 2% of the total investment in building 

insulation. the results are listed in Table 4. 

Table 4: comparison of costs and savings for different 

scenarios 

scenario 
Added 

costs 

[1k IQD] 

Annual 

energy 

cost 

[1k IQD] 

payback 

period 

[years] 

Design 

temp. Envelope 

IBC501 
standard 0 880.66 - 

insulated 4710 459.72 11.2 

adaptive 

model standard 100 557.20 0.3 

insulated 4810 422.72 10.5 

conclusion 

The adaptive model is applicable for hot-arid regions. 

However, the adaptive comfort equation might vary in the 

different locations as can be seen in the energy 

conservation of building code in India. ASHRAE 

Standard 55 and EN 15251 also use the adaptive thermal 

comfort, yet only for free-running buildings with a limited 

outdoor temperature range.  

Table 3: Comparison of results for different scenarios, 

total energy demand 

 Insulation 

Standard envelope  Insulated envelope 

D
es

ig
n

 t
e
m

p
er

a
tu

re
 

IB
C

5
0
1

 

Energy Demand 

=294.885 kWh/m².a 

Total reduction    

=00% 

Heating reduction 

=00% 

Cooling reduction 

=00% 

Energy Demand   

=169.354 kWh/m².a 
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Figure 6: Annual temperature profile for the adaptive comfort model 
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The results show that, in addition to the constructional 

measures (thermal insulation, thermal windows, shading 

and HVAC) it is possible to reduce energy demand by 

changing the temperature settings. Such a low-cost and 

simple solution can help tackle the electricity issues and 

reduce the load on the electricity grid. When the adaptive 

model is coupled with thermal insulation, the building 

would be resilient to the power blackouts occurring daily 

in Iraq.  

Rethinking the existing building code is necessary 

especially in the current energy situation. Adopting the 

adaptive approach would set the comfort standards for 

inhabitants and provide a healthier and more stable 

thermal environment, in addition, it will help tackle the 

energy issues from the demand side.  

The simulation results need further checking and 

validation to be more useful. A more retailed simulation 

model including the HVAC and other data is necessary to 

obtain the most accurate results. Nevertheless, it shows 

that TRNSYS provide a good platform for the building 

optimization research with different parameters and 

conditions. 

Other parts related to energy optimization of building are 

to be investigated in further research. That may include 

the optimum thermal insulation, the effect of shading 

devices, the use of different HVAC technologies, and the 

hygrothermal behavior of the building or building 

components with these different measures. 
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Abstract 

Ventilative cooling is an effective approach to remove 

indoor overheat, thus reducing cooling load and peak 

electricity demand. In high-rise buildings, the stack effect 

could contribute to more building ventilation and cooling-

related energy savings. However, it also brings much 

concern on the fire safety issues, which, therefore, blocks 

the ventilative cooling application in high-rise buildings 

due to the limited study on the interaction effects between 
fire safety and energy efficiency of high-rise ventilation. 

To fill in this research gap, this paper aims to investigate 

the impacts of fire safety design, i.e. adding segmentation 

in the high-rise atrium, on the high-rise ventilative cooling 

performance.  Both fire smoke simulations and building 

energy simulations were conducted to investigate the 

impacts of segmentation slab on the performance of fire 

protection as well as the ventilative cooling. It was found 

that the segmentation could effectively protect the upper 

space which is far from the fire source, but it reduces the 

energy savings of ventilative cooling due to the higher 
flow resistance. Therefore, it is quite necessary to 

evaluate both of fire protection performance and energy 

efficiency for high-rise ventilation design.  

Introduction 

Building ventilation has proved to be an effective solution 

for cooling indoor spaces and reducing building cooling 

load (Cheng, Qi, Katal, Wang, and Stathopoulos, 2018), 
i.e. ventilative cooling (Venticool, 2016). Driven by stack 

effect, outdoor air can pass through horizontal floors, 

remove indoor heat, and exit through vertical spaces, such 

as atria and stairwells (Aflaki, Mahyuddin, Al-Cheikh 

Mahmoud, and Baharum, 2015). Stack effect refers to 

buoyancy-driven airflows due to a difference in indoor 

and outdoor air densities, which often occurs in large 

vertical spaces. Building ventilation could reduce 

cooling-related energy consumption from 56% (Malkawi, 

Yan, Chen, and Tong, 2016) to 86% (Hu and Karava, 

2014). Due to cold climates, high-rise ventilative cooling 

(HVC) is available for a long time throughout the year in 
Canada and Northern Europe, not only during shoulder 

seasons, but also in summer periods (Artmann, Manz, and 

Heiselberg, 2007). Cold climates are featured by large 

diurnal temperature variations and relatively low night-

time temperatures even in the summer. A high-rise 

building structure can be cooled during the night and 

provide a huge heat sink during the daytime significantly 

for reducing cooling loads and thus peak electricity 

demands.  

However, one of the major concerns to adopt HVC is the 

fire safety concern associated with the stack effect in large 

vertical spaces. During regular operations, many existing 

features and functions of these large spaces can contribute 

to the stack effect and ventilative cooling for a potential 

maximum level of energy savings. However, during fire 
outbreaks, they could become major spreading routes for 

fire-generated smoke laden with toxic gases to spread far 

away from the fire origins deep throughout the buildings, 

endangering people’s lives, causing property damage and 

generating obstacles for firefighters, e.g. the Joelma 

Building, Brazil (189 deaths, 1974); the Dupont Plaza 

Hotel Fire, US (97 deaths, 1986); and the most recent 

Grenfell Tower fire in London, UK (80 deaths, 2017) 

(Wikipedia, 2018). The problem can be further 

complicated by interactions with dynamic weather 

conditions including variable winds, temperatures and 

building system operations. Therefore, it is important to 
understand the interplays of all the contributing 

parameters and different situations. As one of the key 

spaces in high-rise buildings, atrium spins several floors 

or even as high as the whole high-rise. It provides a 

feeling of space and light and is an ideal space for natural 

ventilation driven by stack effect (Moosavi, Mahyuddin, 

Ab Ghafar, and Azzam Ismail, 2014). However, it is also 

the most important place for fire protection design due to 

its tall and large space. Therefore, it is important to 

investigate the fire safety and energy performance of the 

atrium in high-rise buildings.  

To explore the impact of fire protection design on the 

energy efficiency of high-rise ventilative cooling, this 

paper presents the study on the ventilation in the atrium. 

Fire protection method is adding a segmentation floor slab 

in the atrium to reduce stack effect. Fire smoke model and 

building energy model were developed for numerical 
simulation. Through the energy and fire smoke 

simulations in a high-rise atrium, the energy and fire 

safety performance are discussed.  

Methods 

Building information 

This study focuses on an institutional high-rise building 

in Montreal, Canada. This building has 16 floors with a 

30.6 m high atrium spanning six floors as is shown in 

Figure 1. The atrium includes west and north glazing 

façades. The floor geometry of the atrium is a rectangle 
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with 11.9 m width and 30.0 m length. Cooling and heating 

are supplied by the HVAC system and there is no natural 

ventilation (NV) in the real operation. 

 

Figure 1: The building model. 

Fire smoke simulation 

In order to exhaust the smoke from the inside building, a 

smoke shaft is designed as shown in Figure 2. Once a fire 

occurs, the smoke fan, which is installed on the top of the 

shaft, will work and remove the smoke. Considering high 

vertical space leads to high stack effect, which is a 
challenge for fire protection design, segmentation is often 

used in the large vertical spaces to lessen stack effect 

(Cheng, Qi, Wang, and Athienitis, n.d.; Yuan, Vallianos, 

Athienitis, and Rao, 2018). Here, the floor slab is applied 

at the bottom of the fourth floor (height: 16.5 m) to 

separate the atrium into two parts as Figure 2 shows. Two 

scenarios were designed, no segmentation and with 

segmentation. The Fire Dynamics Simulator (FDS) was 

applied to conduct CFD simulation, which is a large-eddy 

simulation (LES) program and developed by the National 

Institute of Standards and Technology (NIST) 
(McGrattan, McDermott, Weinschenk, and Overholt, 

2013; Qi, Wang, and Zmeureanu, 2014). It has been 

widely employed to study fire smoke transport in 

buildings. The grid size varies from 0.25 m ×0.25 m × 

0.25 m to 0.5 m ×0.5 m × 0.5 m. The total grids number 

is around 150,000. The heat release rate (HRR) is 

assumed to be 5MW, which is a typical design fire (Klote, 

Milke, Turnbull, Kashef, and Ferreira, 2012). The 

required ventilation flow rate for removing smoke is 

decided by HRR and space height (Klote et al., 2012), 

which is 274 m3/s for the scenario no segmentation and 

110 m3/s for the scenario without segmentation (Table 1). 

Table 1: FDS simulation cases design. 

Cases Heat release 

rate, MW 

Ventilation flow 

rate, m3/s 

No segmentation 5 274 

With segmentation 5 110 

 

Figure 2: The scheme of atrium. 

Energy simulation 

To study the benefits of NV, two motorized vents are 

designed on the top and bottom of north glazing façade 

with height of 5.8 m and 28.8 m (Figure 1, top and bottom 

openings). For the case with segmentation floor slab, 

there is a motorized grille mounted on the floor slab as a 

connection allowing the buoyancy-driven flow for NV. 

Once a fire happened, the motorized grille will be closed. 

The detailed composition of the atrium’s construction and 

their thermal properties defined as same as the ASHRAE 

climate zone 7-8 (ASHRAE, 2007), and the key 
dimensional parameters of the atrium is shown in the 

Table 2. Furthermore, the solar transmittance and 

conductivity of the glazing façade are 0.36 and 0.0626 

W/(m·K) with 2.4 cm thickness. 

Table 2: Atrium information. 

Floor area, m2 355.36  

Facade area, 

m2 

North 235.44  

West 515.71 

Window vents 

area, m2 

Top 
16.90  

Bottom 

Facade area 

ratio 

North 0.65 

West 0.90 

Interior ceiling, m2 233 

Exterior ceiling, m2 122 

Interior wall, 

m2 

South 285 

East 916 

West 344 

Exterior wall, 

m2 

North 363 

West 572 

South 77.8 

Interior floor, m2 342 

Horizontal opening, m2  13.2 

To study the performance of NV for ventilative cooling in 

the atrium, Energyplus is used which includes the airflow 

network and can simulate the coupled heat and air transfer 
in buildings(Gu, n.d.; Lawrence Berkeley National 

Laboratory, 2009). Four cases were designed here: (a) 

Case A-M: only mechanical cooling (MC) when cooling 

is required; (b) Case A-NV: mixed ventilation using NV 

and MV, when the outdoor condition is proper; (c) Case 

SA-M: atrium with segmentation and operation using 

MC; (d) Case SA-NV: atrium with segmentation and 

operation using MC and NV. The weather data was 
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Energyplus weather file (EPW) from the Canadian 

Weather for Energy Calculations (CWEC) for Montreal 

(Energyplus: Weather data, 2018). Table 3 lists the 

simulation cases and the weather condition for NV. The 

occupied schedule is between 8:00 and 22:00 (15 hours 

every day). The internal heat gain includes lights, 

equipment, and people activity, which are set as 10W/m2, 

7 W/m2 and 132W/person respectively. The number of 

people takes 0.02 person/m2.  Except the external façade 

and ground, the remaining boundaries are set to be 
adiabatic. However, the thermal mass of the internal walls 

will be simulated in the airflow network heat transfer.  

Table 3: Energy simulation cases design. 

Cases Cooling mode Weather condition for 

NV 

A-M MC / 

A-NV MC+NV Ta<Tin and 15 ≤Ta ≤ 

24 ̊C,  

Td ≤ 13.5 ̊C,  

vw ≤ 7.5 m/s 

SA-M MC / 

SA-NV MC+NV Ta<Tin and 15 ≤Ta ≤ 

24 ̊C,  

Td ≤ 13.5 ̊C,  

vw ≤ 7.5 m/s 

Ta: ambient temperature; Td: dew temperature; vw: wind 

speed 

Results and discussion 

Fire smoke simulation 

Figure 3 presents the smoke layer height and relative layer 

height at location P1, which is near the entrance door (see 

Figure 2). It can be seen that the smoke layer height is 

almost the same, around 3 m high. However, for cases 

with segmentation, the space height is less than the height 

of the case without segmentation, the relative smoke layer 

height is much higher than the case without segmentation. 

Therefore, there is more smoke-freer zone between the 

entrance door and the fire source when the segmentation 

is added. Actually, due to the block of the segmentation 

floor slab, whole upper space of the atrium is free of 
smoke. However, for the case without segmentation, the 

upper space of the atrium is full of smoke because the 

smoke height for no segmentation case is only 3 m.  

Figure 4 presents the smoke layer height and relative layer 

height at location P2 (see Figure 2). It can be seen that the 

smoke layer height of no segmentation is higher than that 
of with segmentation (Figure 4.(a)). However, the relative 

smoke layer height is almost the same as the case with no 

segmentation. 

In conclusion, with the aspect of fire smoke protection, 

the case with segmentation has better performance, which 

is free of smoke in the space above the segmentation floor 
slab and has higher relative smoke layer height at the 

place between the entrance door and the fire source.  

 

(a) 

 

(b) 

Figure 3: Position P1. (a) smoke layer height; (b) 

relative smoke layer height. 

 

(a) 

 

(b) 

Figure 4: Position P2. (a) smoke layer height; (b) 

relative smoke layer height. 

Energy simulation 

This section first demonstrates cooling load in the four 
cases from June to September. Then, to evaluate the 

performance of NV, a specific week was chosen to 
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analyze, which includes the best and worst performance 

of NV for cooling. Finally, two days in the specific week 

were selected to discuss the cooling load of the atrium.  

Monthly cooling load 

The monthly cooling load between June and September is 

shown in Figure 5. By comparing A-M and A-NV, it can 

be found that NV can significantly reduce cooling load, 

about 28% of total cooling load is saved during the four 

months. After dividing the atrium into two parts with 

segmentation, the total cooling load is found to increase 
around 13% by comparing cases A-M and SA-M (see 

Figure 5), because more solar energy is absorbed by the 

segmentation floor slab.  

For the cases of the atrium with segmentation, NV 

reduces less cooling load compared with the cases of the 

atrium without segmentation. The cooling load savings of 
the NV can only achieve around 15%, much less than the 

scenario without the segmentation, which is 28%. This is 

because the cooling load of cases with segmentation is 

higher and the segmentation increases friction for NV, 

leading to less airflow rate.  

 

 

Figure 5: Monthly cooling load. 

Cooling load during a specific week 

Figure 6 presents the cooling load of the cases with and 

without NV during a specific week (08/22-08/27). The 

accumulated cooling load savings for the case without 

segmentation by NV in this week are around 56% (about 

2192 kWh), comparing cases A-M and A-NV. Figure 6 

also indicates that the daily cooling load savings are 
mainly determined by the outdoor temperature. 

Generally, the lower of the outdoor temperature 

contribute to more cooling load saving. The cooling load 

are almost the same on Aug. 22 and Aug. 23 for both cases 

with and without NV mode, because the outdoor 

temperature is higher than 24 ̊C and the venting openings 

are closed according to the operation criteria in Table 3. 

When outdoor temperature is lower than 20 C̊, i.e. during 

the days of 24th, 25th and 27th, NV can almost cover all the 

cooling load and does not need MC for cases without 

segmentation (see Figure 6.(a)). Therefore, the peak 

cooling load is reduced significantly. For the cases with 

segmentation shown in Figure 6.(b), NV can only cover 

cooling load partially due to the higher cooling load and 

less capability of heat removing of NV (flow rate is less 

when segmentation is added), only 29.7 % cooling load is 

saved (around 1342 kWh). 

 

(a) 

 

(b) 

Figure 6: Cooling load in a specific week. (a) atrium 

without segmentation; (b) atrium with segmentation. 

Cooling load during two specific days 

To look into the daily cooling load, two days were 

selected: the worst day, 08/22, and the best day, 08/25. 

The day, 08/22, has only limited time with NV during the 

morning (Figure 7). The cooling load profiles for the 

cases with and without NV, as shown in Figure 7 are 

almost the same.  

The day of 08/25 presents the best day for ventilative 

cooling, when NV works during the occupant time (see 

Figure 8). The reduced cooling load is 108 kWh for case 

A-NV and 68 kWh for case SA-NV. The atrium without 

segmentation does not need the MC (Figure 8.(a)), but the 

atrium with segmentation still needs MC (Figure 8.(b)), 

because the added segmentation resulting in more friction 

and less NV flow in case SA-NV.  

Through the energy simulation and fire smoke simulation, 

it can be found that with a smoke shaft, adding 

segmentation floor slab can improve the fire protection 

performance but will decrease the capability of ventilative 

cooling due to the increased friction caused by 

0

5000

10000

15000

20000

25000

30000

35000

June July August September

C
o
o
li

n
g

 l
o
ad

(k
W

h
)

A-M A-NV SA-M SA-NV

________________________________________________________________________________________________ 

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

 
4007

 

 
  



segmentation floor slab. Therefore, it is quite necessary to 

evaluate both of fire protection performance and energy 

efficiency for high-rise ventilation design. 

 

(a) 

 

(b) 

Figure 7: Cooling load on day 08/22. (a) atrium without 

segmentation; (b) atrium with segmentation. 

 

 

(a) 

 

(b) 

Figure 8: Cooling load on day 08/25. (a) atrium without 

segmentation; (b) atrium with segmentation. 

Conclusion 

This paper investigated the impacts of fire safety design 

on the high-rise ventilative cooling performance. A 

typical fire protection measure was studied in the atrium 

of an institutional high-rise building in Montreal: adding 

segmentation floor slab and a smoke shaft. Fire smoke 
model and building energy model were developed and 

simulations were conducted. The study reached the 

following major conclusions: 

(1) The fire smoke simulations show that the 

segmentation could effectively protect the upper 

space which is far from the fire source. It will also 
contribute to higher relative smoke layer height at the 

place between the entrance door and the fire source.  

(2) The energy simulations show that NV can 

significantly reduce cooling load. For the case 

studied, about 28% of the total cooling load is 

reduced during the four months (from June to 

September) when the atrium is without segmentation 

floor slab. When the segmentation is added, only 

13% of the cooling load is reduced by NV, because 

of the increased flow friction and total cooling load. 

The cooling energy savings is closely related to the 

outdoor temperature. In this study case, when 

outdoor temperature is lower than 20 °C, NV could 

cover all the cooling load when the atrium is without 

the segmentation floor slab. 

(3) The energy and fire smoke simulations found that 

with a smoke shaft, adding segmentation floor slab 

can improve the fire protection performance but leads 

to reduced capability of ventilative cooling. 

Therefore, it is quite necessary to evaluate both of fire 

protection performance and energy efficiency for 

high-rise ventilation design. 
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Abstract 
This paper presents a systematic review of Building 
Performance Simulation (BPS) in Brazil. BPS became 
more recurrent in the country after the publication of the 
Building Labelling Program, between 2009 and 2010, and 
the National Standard Regulation (NBR) 15575, in 2013. 
From this perspective, this research drafts a framework as 
a result of a systematic review of literature in which 56 
papers were selected from three international databases: 
the Brazilian collection Scielo,  and other two known 
databases - Web of Science and Science Direct. The 
review recognized three main topics: Sensistivity 
Analysis, Thermal Performance and Daylighting. In this 
context it was noticed some subjects poorly explored as 
user behavior, modeling interoperability and the relation 
between regulations, towards new research fields. 
Introduction 
The 1970s witnessed an international energy crisis. In due 
of that, the first politics related to energy efficiency have 
been elaborated, based on methods to assess the 
performance of buildings and sizing of mechanical 
systems (Mendes et al., 2005; Freire et al., 2008; Schimid, 
2008; Lamberts et al., 2014). This context pushed towards 
the development of the first building simulation software 
still limited to load calculations and energy analysis 
(Clarke, 2001; Spitler, 2006; Hernandez, 2015). Over the 
time, these tools have evolved from analytical 
formulations to dynamic approaches representing each 
possible energy flow path and its interactions from an 
abstract model (Clarke, 2001; Augenbroe, 2004; Spitler, 
2006). 
Trying to emulate the reality, Building Performance 
Simulation (BPS) deals with generic models to denote 
complex entities (Clarke, 2001; Carlo, 2008). Such 
models reduce in a limited subset of elements, specific 
qualities of a characterized entity allowing the prediction 
of its behavior under dynamic conditions (Mahdavi , 
2003); Augenbroe, 2004). Carlo & Lamberts (2010) states 
that a model represents a numerical description of the 
characteristics involved in the thermal and energetic 
performance of a building, sufficient to understand its 
inherent thermodynamic phenomena.  

However, only at the end of the 1990s, due to the low 
water level of Brazilian hydro plants, building energy 
have been brought to the agenda towards to the 
development of local standards (Lamberts et al., 2014). 
In the early 2000s the Decree n.4059 was published 
which has stated the Energy Efficiency Indicators 
Management Committee, responsible for the elaboration 
of technical requirements, for new projects, with 
reference indicators of buildings energy consumption. 
This scenario incited the recurrent use of building 
simulation in an increasing number of Brazilian research. 
During the 7th IBPSA Conference, all Brazilian authors 
were consulted to establish a scenario regarding the use 
and development of building simulation in Brazil 
(Mendes et al., 2001). At the time, the absence of energy 
efficiency standards was marked up as the main limitation 
to the exercise of building simulation by a larger number 
of researchers. Furthermore, the quality of available 
weather data, an appropriate representation of naturally 
ventilated buildings and interoperability between tools 
was shown as challenges towards the increase of 
buildings simulation use in Brazil. 
In February 2009, the first version of the Technical 
Regulation for the Energy Efficiency of Commercial 
Buildings (RTQ-C) was published, in the framework of 
the Brazilian Labelling Program (PBE-Edifica) 
(INMETRO, 2009). The related document presents two 
procedures to classify buildings energy efficiency: the 
first one is prescriptive and based on algebraic operations, 
the second one, uses results from virtual models 
developed in a software validated by the ASHRAE 
Standard 140 (ASHRAE, 2007). 
The RTQ-C approaches the building simulation through 
the relationship between a baseline and representative 
models of a proposed project, which has to be developed 
with its original features, to represent the real building. 
Besides, the baseline model is used as a source of 
comparison based on the proposed building and 
characterized under defined parameters depending on the 
desired level of energy efficiency. The method adopted by 
the RTQ-C is based on the Energy Budget Costs method 
presented by ASHRAE’s Standard 90.1 
(ANSI/ASHRAE/IESNA, 2009).  
From June 2014, with the promulgation of the Federal 
Normative Instruction – MPOG/SLTI Nº 02 – the energy 

In the 1980s in Brazil the first research involving BPS 
simulation   were   developed   (Mendes    et    al.,   2001). 
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efficiency classification of public buildings became 
mandatory, emphasizing the relevance of the RTQ-C and 
its methods. According to the Energy Efficiency National 
Plan, published in 2011, until 2025 the obligation should 
extend to all typologies of commercial buildings, services, 
and public, and is expected to 2030, to every kind of 
residential buildings. 
In July 2013 the current version of the Brazilian Standard 
NBR 15575 (ABNT, 2013) was published. This document 
establishes requirements for the whole building 
performance during its useful lifetime. The NBR 15575 
Standard presents the simulation among the methods to 
evaluate the building’s thermal performance. It represents 
a milestone in the national context of BPS practice, since 
the compliance of all current technical standards is 
compulsory, according to the Article 39 of the Consumer 
Protection Code (Law 8.078/90) (Sorgato et al., 2014; 
Santo et al., 2014). Because of the context concerning the 
energy efficiency labeling, but mainly to the required 
conformity with the standards, the use of simulation tools 
tends to become even more recurrent and the methods it 
involves even more developed. 
Considering the background, this paper intends to expose 
a Brazilian scenario regarding the use of building 
simulation, following up the research instigated by 
Mendes et al. (2001). The purpose is to facilitate a 
panoramic view of professional and research groups 
towards the development of original studies. In this sense, 
the pursued path consisted of the development of a 
Systematic Literature Review (SLR).  
The adjective "systematic" according to Neves et al. 
(2018) is related to the dependence of the method 
designed to guarantee its impartiality, precision, 
audibility, replicability, and updating. In this sense, 
Gough et al. (2012) say that this approach means to 
identify a representative sample of studies avoiding bias 
(i.e. propensity to present a partial perspective over also 
valid others) from study selection. The definition of this 
sample adopts a theoretical approach, which should be 
defined more clearly before the review, to establish the 
research hypothesis and interpret its results. 
Dresche, Lacerda and Antunes Jr. (2015) states that SLR 
aims to conduct over a theoretical and practical 
framework related to the instruments used to solve a 
particular or a class of problems. SLR consists of the 
mapping of primary studies on a specific research topic 
followed by its critical evaluation and aggregation of 
results to identify gaps to observe in a subject synthesis. 
This method is, therefore, an essential instrument for the 
definition and conduction of a defined research problem. 
SLR involves a large amount of information to be 
managed, and then it is fundamental to invest in the 
preparation of a proper strategy to deal with primary 
studies. From this perspective, the consolidation and 
aggregation of the results represent, much more than a 
collection of different researched elements. The strategy 
is based on the formulation of the problem to be solved 
and a framework that indicates what to look for, where to 

look, how to minimize bias and which studies to consider, 
as a structure to the accomplishment of the research. 
Gough et al. (2012) established a framework to design 
systematic reviews responsible for the definition of its 
scope and approach, components and depth of 
investigation, as well as its analytical profile at the end of 
the research. The author described two types of research, 
“aggregative” and “configurative,” that are, respectively 
associated to the accomplishment of experiments, or 
development of a rendered scenario of theories from the 
understanding of patterns in a sufficient number of 
studies. It seeks to clarify and arrange information, 
towards its enlightenment through new forms of 
perception.  
Methods 
The SLR approach adopted was based on the methods 
proposed by Gough, Thomas & Oliver (2012) and Dresch, 
Lacerda & Antunes (2015). The longitudinal nature of a 
SLR provides the ability to evidence state of the art 
through the inspection of general principles at a higher 
level of conceptual abstraction. In this sense, the 
characterization of the studies in a SLR must be done in a 
pragmatic, precise way (Gough et al., 2012) and proper 
coherent to map and contribute with a critical reading of 
a specific theme in order to identify demands to be met 
regarded to it (Neves et al., 2018). 
The presented SLR comprises three different stages: 
planning, conduction and consolidation - as shown in 
Error! Reference source not found.. The Planning step c
onsistes by the definition of a systematic mapping based 
on the selection of databases, formulation of the research 
strings and its protocol. In the Conduction stage, several 
studies that met the research scope were identified and 
their theoretical and methodological approaches, 
considering only the production of Brazilian researchers. 
The Consolidation stage embodies a process of synthesis, 
in which the arrangement of surveyed studies is inferred, 
and it’s sought to recognize patterns among them. 

Figure 1: Flowchart applied to this research. Adapted from 
Neves et al (2012). 

The databases used in this investigation, due to its 
relevance according to a preliminary research in 
“Periódico Capes” platform, were Science Direct, Web of 
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Science and Scielo. The last one indexes the catalog of 
“Ambiente Construído”, the main journal in the field of 
Built Environment Technology in Brazil. Subsequently 
the selection of the databases, the research strings were 
defined. In those platforms, to avoid abridged and generic 
results, the term BUILDING SIMULATION among 
relatives has been adopted connected by the Boolean 
intersection operator AND to the terms BRAZIL and 
THERMAL COMFORT. Concerning both databases, it 
was accepted, for the research strings to be part of the title, 
keywords and abstract of the papers, that should be 
published in a period of ten years, from 2008 to 2018.  
Although there is no unique way to structure a research 
strategy, Morandi and Camargo (2015) suggested a 
protocol, aimed at SLR with academic purposes. Its 
application, as an integrated process to a systematic 
review, results in several publications restricted to a 
specific scope. Thus, papers not elaborated by Brazilian 
researchers, that did not portray Brazilian cases or did not 
use simulation in their methods were excluded. The 
following image presents the application of the protocol 
proposed by Morandi and Camargo (2015) to address a 
SLR towards the development of the scene of BPS in 
Brazil. 

Figure 2: RSL protocol applied to the presented research 
suggested by Morandi and Camargo (2015). 

The software Mendeley was used as a bibliographic 
management tool, which enabled the organization of the 
surveyed studies. It allowed an objective reading of the 
bibliographic data as a path over the selection of the 
studies which attended to the scope of the review.  
Once the volume of publications was defined, it was 
possible to quantify, deepen and synthesize in the 
Conduction stage. In this stage, a spreadsheet for the 

organization of the selected papers was developed. They 
were then registered by author, associated institution and 
its category (federal or state, private and company) and 
by, title, keywords, year of publication, its main theme 
and provenance database. 
The identification of the main theme of the selected 
papers has been based on a keywords co-occurrence 
analysis. This purpose was pursued using the software 
VOS Viewer, an interface for visualization and analysis 
of bibliometric and sociometric data, which used the data 
bank raised and managed at Mendeley. To each selected 
paper, a summary of the content, purpose, and conclusion 
has also been assigned, as a result of a more accurate read, 
leading over a proper subject relation between the studies. 
Results 
Besides the number of studies involving building 
performance simulation, the results shows the main 
addressed topics and others not properly explored. Out of 
a total of 192 papers identified in the set of considered 
databases, only 56 were selected attending to the scope of 
the research. These studies have been published by 82 
researchers from 26 institutions among public universities 
and private schools as well as private offices. The 
following picture presents the number of identified papers 
and selected ones by database.  

Figure 3: Relation between the set of identified papers. 

By relating the keywords co-occurrence using VOS 
Viewer, it was possible to map the main addressed topics 
in the 56 selected papers. The most relevant keywords 
identified were "BUILDING SIMULATION", 
"COMPUTER SIMULATION" and "ENERGY 
EFFICIENCY", pointing out brad issue to the whole 
research set, which covers the entire set of the studies.  
This information indicates that the use of BPS tools in the 
whole bunch of selected papers has a focus on the energy 
efficiency of the buildings over its environmental and 
composition quality. Furthermore, there is some 
disagreement regarding the employed vocabulary, since 
the expressions "building performance simulation" and 
"building energy simulation” appears between the less 
occurring terms. 
The co-occurrence analysis also indicated the 
arrangement of three thematic groups set up by keywords 
occurring at least three times in the total of selected 
papers. The first group focuses on "SENSITIVITY 
ANALYSIS". It covers all the topics related to the 
sensitivity of input data over the simulation results and 
relates to the terms "thermal comfort", "uncertainty 
analysis", "user behavior", "energy consumption" and 
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"natural ventilation". The main references that composes 
this group are reported in the the Table 1. 
Table 1: References for Sensitivity Analysis and engaged BPS 

tool. 

References about Sensitivity 
Analysis 

Software Engaged 

Batista et al. (2011) EnergyPlus 
Silva; Ghisi (2014a) EnergyPlus 
Silva; Ghisi (2014b) EnergyPlus 
Silva et al. (2014a) EnergyPlus 
Rackes et al. (2016) EnergyPlus 

Bre et al. (2016) EnergyPlys 
Silva; Ghisi; et al. (2016) EnergyPlys 

Silva; Almeida; et al. (2016) EnergyPlus 
Silva; Ghisi; et al. (2016) EnergyPlys 
Bavaresco; Ghisi (2018) EnergyPlus 

The second group, "THERMAL PERFORMANCE", 
refers to a set of keywords related to studies whose 
purpose was to present thermal performance assessments 
based on consolidated methods or to suggest a 
methodological review. The last group is centered in the 
keyword "DAYLIGHTING", which points to a shallow 
approach regarding the relationship between performance 
evaluation typologies. Them main references related to 
these groups are reported in Table 2 and Table 3.   

Table 2: References for Thermal Performance and engaged 
BPS tool. 

References about Thermal Comfort 
Egan; Finn; Deogene Soares; et al. (2018) DesignBuilder 

Melo, A.P. et al. (2014) EnergyPlus 
H. Borgstein; Lamberts (2014) DesignBuilder 

Neto; Fiorelli (2008) EnergyPlus 
Triana et al. (2018) - 
Balvedi et al. (2018) EnergyPlus 

Silva; Almeida; et al. (2016) EnergyPlus 
Melo et al. (2016) EnergyPlus/ESP-r 

Borgstein et al. (2016) EnergyPlus 
Berger et al. (2016) Domus/HM-PGD 
Sorgato et al. (2016) EnergyPlus 
Neto; Fiorelli (2008) EnergyPlus 

De Oliveira Neves; Marques (2017) EnergyPlus 
Papa et al. (2007) EnergyPlus 

Invidiata; Ghisi (2016) EnergyPlus 
Dávi et al. (2016) EnergyPlus 

Melo, A.P. et al. (2014) EasyNN-Plus 
Da Silva Júnior et al. (2013) EnergyPlus 

Gomes et al. (2013) EnergyPlus 
Pereira; Ghisi (2011) EnergyPlus 

Leao et al. (2009) EnergyPlus 
Ferreira et al. (2017) EnergyPlys 
Sorgato et al. (2016) EnergyPlus 
Didoné et al. (2014) EnergyPlus 
Rupp; Ghisi (2013a) EnergyPlus 

Nakamura et al. (2013) EnergyPlus 
Barbosa et al. (2013) EnergyPlus 

Roriz et al. (2012) EnergyPlus 
Souza et al. (2011) EnergyPlus 

Sorgato et al. (2014b) EnergyPlus 

Table 3: References for Daylighting and engaged BPS tool. 

References about Daylighting 
Didoné; Pereira (2010) EnergyPlus 
Ramos; Ghisi (2010) EnergyPlus 
Greici; Ghisi (2010a) EnergyPlus/Daysim 
Lima; Caram (2015) EnergyPlus 

Schaefer; Ghisi (2016) EnergyPlus/Daysim 
Rupp; Ghisi (2017) EnergyPlus/Daysim 
Costa et al. (2017) EnergyPlus 

Fernandes et al. (2018) EnergyPlus/Daysim 
The Figure 4 represents the keywords co-occurrence 
analysis generated from VOS Viewer and organizes it in 
a diagram for clarity in the relation between the raised 
topics. It indicates, as well, the proportion of papers by its 
relative main theme and the number of papers distributed 
among the thematic groups identified and main reference 
author.  

Figure 4: Keywords co-occurrence analysis filtered by raised 
topic and group of papers by main theme, proportion and main 

reference authors. 
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In addition to the keywords co-occurrence analysis, the 
software VOS-Viewer also served to recognize the most 
relevant authors in the review, considering a minimum of 
4 citations per document. The following figure points to 
the significance of the works of Enedir Ghisi (UFSC), 
Roberto Lamberts (UFSC), Nathan Mendes (PUC-PR) 
and Arthur Silva e Santos (UFSC). 

Figure 5: Most relevant authors in the selected papers. 

Discussion 
Referring to an instrumental approach of BPS in Brazil, 
speculation around the model setting up is recurrent. This 
question has addressed researchers towards the 
exploration of methodological patterns and analyse the 
more sensitive variables to the output results (Egan et al., 
2018; Papa et al., 2007; Silva & Ghisi, 2014, Sorgato et 
al., 2014; Pereira & Ghisi, 2011) as well as input data 
abridgment (Silva & Ghisi; 2014; COSTA et al., 2017) . 
In this perspective, the demand for modeling 
simplification is critical over the input’s data degree of 
clarity and precision. This statement supports an upward 
relevance of studies related to Sensitivity Analysis, 
specially in a critical positioning to the methodological 
approach currently presented by standards and 
regulations. 
Another recurrent issue regarding the relevance of the 
topic in the selected papers, is the user's influence in the 
building’s performance (Silva & Ghisi, 2014a; Bavaresco 
& Ghisi, 2018), often intricate by a large number of 
variables involved, associated to several odds of 
occupation patterns. Example of these variables are vents 
and blinds operation, which impacts directly the air 
conditioning energy consumption (Freire et al., 2011; 
Bavaresco and Ghisi, 2018) and the rapport between user 
occupation and cooling systems (Rupp & Ghisi, 2013). 
The review has plotted two distinct natures of research 
based on case studies: the ones focused on a specific 
demand to discuss its particular results and those 
interested in trends to investigate phenomena through a 
specific instance as a part of a sample.  
The first nature regards to the analysis of buildings’ 
performance, comforts measurement and consumption 
profiles, due to the adoption of appropriate strategies 
related to shading, ventilation, natural lighting, and 
envelope towards more efficient scenarios. The second 
one refers to studies aiming to develop a comprehensive 
approach or parametric process over the understanding of 

a thermodynamic phenomenon and how it behaves in the 
adopted simulation tool. 
Concerning to the methodological analysis approach, 
some studies have pointed an expressive lack of clarity in 
its procedures, as well as some limitations in its 
evaluation criteria. Sorgato et al. (2014), in respect to the 
simulation method proposed by the current NBR 15575,  
observed inaccuracies in the output data under the 
influence of soil. Related to the same method, Silva et al. 
(2014), investigated uncertainties regarding the definition 
of the typical summer and winter days, also responsible 
for results inaccuracies. The comparison of the methods 
presented by the Brazilian Performance Standard and the 
Technical Regulation for the Level of Energy Efficiency 
of Commercial Buildings (RTQ-C) provided by Silva and 
Ghisi (2014) presented some discrepancies between them 
due to the lack of objectivity in both procedures. 
In the same framework, Melo, Sorgato e Lamberts (2014) 
noticed, for a specific range of energy efficiency, 
equivalence between the methods proposed by the 
ASHRAE Standard 90.1 and Brazilian Technical 
Regulations for the Level of Energy Efficiency of 
Commercial Buildings (RTQ-C) and Residential 
Buildings (RTQ-R). Following, Silva, Ghisi and 
Lamberts (2016) compared the comfort indicators 
proposed by ASHRAE Standard 55 for office buildings 
indicating similar trends despite the different results. In 
this sense, Borgstein, Lamberts and Hensen (2016) related 
the need to improve the rapport between the currently 
available methods to develop its clarity and 
simplification.  
An approach presented as scarce by the papers focusing 
on Daylighting is the use of integrated simulations that 
consider besides thermodynamic and energetic aspects 
those related to lighting, acoustics, CO2 emissions, etc. 
Among the selected papers, only two of them studied the 
interoperability between the EnergyPlus and Radiance 
algorithms. Didoné e Pereira (2010) sought to circumvent 
limitations regarding the use of EnergyPlus to predict 
consumption in coherence with daylight environmental 
quality integrating it with Daysim to calculate a proper 
Daylight Coefficient index. Greici and Ghisi (2010), on 
the other hand, evaluated the quality of input data 
regarding daylight in EnergyPlus by the comparison of its 
Daylight Factor (FLD) index with Daysim and Troplux. 
These authors concluded then that this algorithm does not 
perform raytracing calculation adequately and presents a 
substantial incoherence related to diffuse lighting. 
Conclusion 
The SLR method proved to be suitable for the 
construction of a panoramic scenario regard the solution 
of a specific problem, in this case, the state of art of BPS 
in Brazil. Nevertheless, while a SLR should cover all 
relevant primary studies, the exhaustive search is, in most 
cases, much more of an intent than a reality as it is almost 
impossible to ensure the mapping of all the relevant 
studies. It is important to emphasize that the presented 
review is limited to the scale of the building. 
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The keywords co-occurrence analysis showed the 
inherence of the subject Energy Efficiency in the whole 
set of the selected papers. Although, thermal comfort and 
indoor air quality were treated as important towards the 
performance of the whole building. The review also 
pointed to a potential need of more pragmatism in the use 
of building simulation tools due to the lack of a 
unanimous approach in Brazilian standards that orients 
the practice, outputs understanding and uncertainty data. 
Some subjects have been poorly explored or superficially 
addressed, for instance: user behavior, interoperability of 
simulation algorithms and methodological relation 
between regulations involving building simulation. 
Besides, there is plenty of limitation around the 
interoperability of models and uncertainty regarding the 
proper insertion of input data. In this direction, the review 
noticed as well as considerable adversity concerning the 
definition of the best simulation tool and most relevant 
parameters for the proper interpretation of the output data. 
The availability of such overview of BPS in Brazil 
contributes to the formation of new researchers in the field 
and the development of new research. Therefore, this 
work requires periodic reviews and update in consonance 
with the evolution of the number of publication in the 
field. Besides, the approach to other databases and search 
terms composition may be pertinent to future works. 
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Abstract 

The Energy Conservation Building Code (ECBC 2017) 

for India has been updated recently. The code applies to 

all commercial buildings with a connected load of more 

than 100 kW or contract demand of over 120 kVA. ECBC 

2017 sets the vision for net-zero energy buildings and has 

stringent requirements for building envelope, lighting and 

controls, comfort systems and controls, electrical systems 

and renewable energy integration. The code focuses on 

design and envelope with stringent requirement of 

thermal conductance of wall, roof and windows; Solar 

Heat Gain Coefficient (SHGC) for windows, and 

mandatory daylighting. ECBC 2017 has prescriptive as 

well as whole-building compliance alternatives.  For ease 

of compliance, three envelope trade-off options were 

developed. These include a trade-off between: 

1. wall, roof, and window u-factors and SHGC;  

2. shading equivalent factor for adjusted SHGC  

3. shading and window U-value.  

The paper presents the analysis approach and final results 

for envelope trade-off coefficients, using multiple linear 

regressions; shading equivalent factor coefficients for 

adjusted SHGC and the trade between window U-value 

and shading. 

Introduction 

Building energy standards or codes are becoming more 

and more important in energy efficiency policies (Jandat 

& Busch, 1994). These standards can help raise concern 

and awareness of building energy conservation, promote 

energy efficient designs in buildings, encourage the 

development of energy efficient products and form a basis 

for assessing building energy performance and 

developing energy efficiency programmes (Lam & Hui, 

1996).   Internationally, almost every country is now 

developing or upgrading their building energy codes in 

order to achieve energy efficiency goals.  

The Government of India enacted the Energy 

Conservation (EC) Act in 2001. One of the main 

provisions of the EC Act is to develop and implement the 

Energy Conservation Building Code (ECBC). The first 

version of ECBC was launched in May 2007. Building 

Codes and regulations have the potential to improve and 

standardize construction practices. These, however, 

require constant revisions and updates to keep current 

with improvements in technology. In line to upgradation, 

the ECBC has been updated in the year 2017 with 

stringent requirements of the envelope, lighting, thermal 

comfort and system, electrical and renewable energy. The 

code applies to all commercial buildings with a connected 

load of more than 100 kW or contract demand of 120 kVA 

(Bureau of energy efficiency, 2017).  

The code has two compliance options – Prescriptive and 

Whole Building Performance. The prescriptive method 

allows simple compliance; however, sometimes it may 

not be economical or buildable options. For the ease of 

compliance and to provide more flexibility in the 

Prescriptive method, the ECBC 2017 provides alternative 

compliance methods for the trade-off of building 

parameters without using energy simulation. However, 

each section (envelope, lighting, HVAC) of ECBC can 

trade-off in between the parameters of their section. For 

example, the envelope trade-off is the trade-off in-

between envelope parameters such as wall, roof, and 

window glazing. 

Similar compliance options are available in other 

international building energy efficiency codes and 

standards(ASHRAE 90.1-2007, 2007), (Company, 2007). 

The code has provided three compliance methods for a 

different combination of envelope parameters: 

1. Trade-off between U-factor of wall, roof, and 

glass; and glass SHGC 

2. Glass SHGC adjustment due to permanent 

shading devices 

3. Glass U-factor adjustment due to permanent 

shading 

This paper presents the methodology and results of 

different trade-off options of envelope parameters. 

Methodology 

Trade-off between wall, roof, and window 

The parameters included in this trade-off option are U-

factors of wall, roof and window; and window SHGC. 

The representative simulation models were developed on 

extensive field surveys of the current design, construction, 

lighting, air-conditioning equipment and operations in the 

Figure 1: Building footprint and 3D model of the 
small office building 

________________________________________________________________________________________________ 

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

 
4017

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.211166 
 



country. Sixteen building typologies were modeled for 

five climate zones using eQUEST (Somani & Bhatnagar, 

2015).  

The coefficients of envelope trade-off were determined by 

parametric runs for the following factors for all four 

orientation for each climate zone: 

1. wall constructions (U-value range: 0.14 W/m2K 

to 2.14 W/m2K),  

2. roof constructions (U-value range 0.2 W/m2K to 

2.2 W/m2K) and  

3. windows (U-value range 1 W/m2K to 5 W/m2K 

and SHGC range 0.1 to 0.77)  

Multiple linear regressions were used to derive the 

relationship between one continuous dependent variable 

(energy consumption per unit area) and two or more 

independent variables (U-value of wall, roof, and glass 

with SHGC).  

The overall thermal transfer value (OTTV) developed 

internationally to evaluate the building envelope 

performance is based on total heat gain from the 

envelope(Devgan, Jain, & Bhattacharjee, 

2010),(Chirarattananon & Taveekun, 2004),(Hui, 1997). 

However, the envelope not only gains heat but also loses 

to ambient through conduction and radiation. Therefore, 

the heat gain approach is not appropriate. Additionally, 

the intent of ECBC is to reduce energy use.  

Envelope Performance Factor (EPF) in this study is 

defined as a measure of energy use due to the external 

envelope and can be expressed as energy use (kWh) per 

unit area of the surface (m2) over the year. Three 

components of envelope are considered: (1) energy use 

due to wall conduction, (2) energy use due to window 

conduction and radiation and (3) energy use due to roof 

conduction. As walls and windows at different 

orientations receive a different amount of solar radiation, 

consequently, the thermal zones located in each 

orientation have different energy use. The floor plans for 

simulation models for each building have perimeter zones 

presenting four orientations. The method is to first 

calculate coefficients for each thermal zone representing 

four orientations for walls, windows, and roof and then 

condense to single values with low variation. 

The envelope performance factor of the building can be 

calculated using the following equations.  

 

𝑬𝑷𝑭 𝑻𝒐𝒕𝒂𝒍 = 𝑬𝑷𝑭𝑹𝒐𝒐𝒇  + 𝑬𝑷𝑭𝑾𝒂𝒍𝒍  + 𝑬𝑷𝑭 𝑭𝒆𝒏𝒆𝒔𝒕 

𝐸𝑃𝐹𝑅𝑜𝑜𝑓 =  𝑐𝑅𝑜𝑜𝑓 ∑ 𝑈𝑠𝐴𝑠

𝑛

𝑠=1

 

𝐸𝑃𝐹𝑊𝑎𝑙𝑙 =  𝑐𝑊𝑎𝑙𝑙 ∑ 𝑈𝑠𝐴𝑠

𝑛

𝑠=1

 

𝐸𝑃𝐹𝐹𝑒𝑛𝑒𝑠𝑡 =  𝑐1𝐹𝑒𝑛𝑒𝑠𝑡,𝑁𝑜𝑟𝑡ℎ ∑ 𝑈𝑤𝐴𝑤

𝑛

𝑤=1

+  𝑐2𝐹𝑒𝑛𝑒𝑠𝑡,𝑁𝑜𝑟𝑡ℎ ∑
𝑆𝐻𝐺𝐶𝑤

𝑆𝐸𝐹𝑤

𝐴𝑤

𝑛

𝑤=1

+ 𝑐1𝐹𝑒𝑛𝑒𝑠𝑡,𝑆𝑜𝑢𝑡ℎ ∑ 𝑈𝑤𝐴𝑤

𝑛

𝑤=1

+  𝑐2𝐹𝑒𝑛𝑒𝑠𝑡,𝑆𝑜𝑢𝑡ℎ ∑
𝑆𝐻𝐺𝐶𝑤

𝑆𝐸𝐹𝑤

𝐴𝑤

𝑛

𝑤=1

+ 𝑐1𝐹𝑒𝑛𝑒𝑠𝑡,𝐸𝑎𝑠𝑡 ∑ 𝑈𝑤𝐴𝑤

𝑛

𝑤=1

+  𝑐2𝐹𝑒𝑛𝑒𝑠𝑡,𝐸𝑎𝑠𝑡 ∑
𝑆𝐻𝐺𝐶𝑤

𝑆𝐸𝐹𝑤

𝐴𝑤

𝑛

𝑤=1

+ 𝑐1𝐹𝑒𝑛𝑒𝑠𝑡,𝑊𝑒𝑠𝑡 ∑ 𝑈𝑤𝐴𝑤

𝑛

𝑤=1

+  𝑐2𝐹𝑒𝑛𝑒𝑠𝑡,𝑊𝑒𝑠𝑡 ∑
𝑆𝐻𝐺𝐶𝑤

𝑆𝐸𝐹𝑤

𝐴𝑤

𝑛

𝑤=1

 

Values of "c" are coefficients for each class of construction. 

EPFRoof  Envelope performance factor for roofs. 

Other subscripts include walls and 

fenestration.   

As, Aw The area of a specific envelope component 

referenced by the subscript "s" or for 

windows the subscript "w".   

SHGCw The solar heat gain coefficient for windows 

(w).   

SEFw A multiplier for the window SHGC that 

depends on the projection factor of an 

overhang or side fin.   

Us The U-factor for the envelope component 

referenced by the subscript "s". 

cRoof A coefficient for the "Roof" class of 

construction.  

cwall  A coefficient for the "Wall" 

c1 Fenes  A coefficient for the "Fenestration U-factor" 

c2 Fenes  A coefficient for the "Fenestration SHGC" 

Trade-off between window SHGC and shading 

The code does not mandate or prescribed any permanent 

shading devices. However, it has provisions to adjust 

SHGC values of window glass for permanent shading 

devices. The impact of shading is evaluated based on 

heating and cooling energy use. To analyze the impact of 

shading, a five-zone model has been created in 

EnergyPlus. Figure 2 shows the building geometry. The 

floor plan has been divided into perimeter and core. The 

geometry of perimeter areas avoids the effect of adjacent 

perimeter space in a different orientation. The shading 

impact analysis included the following parametrics: 

1. Three types of shading devices 

a. Overhang only 

b. Fins only 

c. Overhangs + fins 
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2. Projection factor ranging from 0 to 1 at intervals 

of 0.25 

3. Eight orientations (N, S, E, W, N-E, N-W, S-E, 

S-W) 

4. SHGC ranging from 0.2 to 0.65 at intervals of 

0.05 

5. 4 Latitudes covering the extent of India  

In context of this study, a projection factor is the ratio of 

the depth of external shading - overhang/fins to farthest 

side of the window.    

 

Figure 2: Floor plan and 3D geometry of the building 
model  

The energy use for a thermal zone is varies for different 

values of SHGC and projection factors. A best fit curve is 

plotted between SHGC and energy use for each projection 

factor. The relation between SHGC and energy use for 

cooling dominated climate is linear. The slope of the line 

shows the variation in energy use due to SHGC. 

Considering the slope of line for zero projection factor 

(i.e. without shading) as baseline, the increment in slope 

for other Projection Factors has been computed as ratio of 

coefficients. These ratios serve as SHGC adjustment 

factors for the trade-off calculations   

Trade-off of window U-factor with shading 

The code prescribes maximum window assembly U-

factor of 3.3 W/m2K and 0.27 SHGC. The U-factor of 

single glazed units are not able to meet the prescriptive 

requirement as the U-factor for glass alone ranges from 

3.0 to 5.8Additionally, the cost of single glazed to double 

glazed has a significant cost implication. There is scope 

for adjustment in SHGC considering the reduction in solar 

gain attributed to shading devices.  Therefore, the energy 

use reduction due to shading devices can be transferred 

from the adjustment of SHGC to U-factor to neutralize the 

energy use taking the same SHGC. 

The methodology is the same as defined in shading 

equivalent factor for adjustment of SHGC except it also 

includes variation in the U-factor of fenestration. The 

heating and cooling equivalencies were now established 

for varying shading projection factors and the U-factor of 

fenestration.  

 

 

Figure 3: Transferring energy component from SHGC to 
U-factor 

Results and discussion 

Trade-off between wall, roof, and window 

The total 2,646 combinations of parameters specified in 

the methodology section have been simulated for 16 

building types in 5 climate zones of India. The multiple 

regression analysis has been done for each orientation. 

For the regression analysis, the parametric values were 

multiplied by their respective surface area to get heat 

transfer rate through the surface, e.g. wall U-factor is 

multiplied by the total wall area for each orientation. The 

heat transfer rates of wall, roof, and fenestration are 

considered as independent variables and energy 

consumption as a dependent variable for multi-variable 

linear regression analysis. The intercept value has been 

considered zero to neutralize the effect of internal loads. 

Table 1 to Table 4 present statistical results for each 

orientation for composite climate zone.  

Table 1: Regression statistics results of North 
orientation 

 Coefficients 
Standard 

Error 

t 

Stat 
P-value 

Intercept 0 - - - 

Roof UA  43.72 1.34 32.43 0.00 

Wall UA  23.26 1.03 22.57 0.00 

Glass UA  21.61 0.56 37.99 0.00 

Glass 

SHGCA  
201.80 3.50 57.58 0.00 

Regression Statistics 

Multiple R 0.97 

R Square 0.95 

Adjusted R Square 0.95 

Standard Error 12124.31 

Observations 2646 

  

U value SHGC
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Table 2: Regression statistics results of South 
orientation 

  
Coefficients 

Standard 

Error 

t 

Stat 

P-

value 

Intercept 0 - - - 

Roof UA  38.93 1.35 28.74 0.00 

Wall UA  25.38 1.04 24.50 0.00 

Glass UA  19.12 0.57 33.44 0.00 

Glass 

SHGCA  
342.51 3.52 97.26 0.00 

Regression Statistics 

Multiple R 0.98 

R Square 0.97 

Adjusted R Square 0.97 

Standard Error 12183.30 

Observations 2646 

Table 3: Regression statistics results of East orientation 

  
Coefficients 

Standard 

Error 

t 

Stat 

P-

value 

Intercept 0 - - - 

Roof UA  39.83 1.35 29.57 0.00 

Wall UA  24.33 0.96 25.31 0.00 

Glass UA  18.76 0.53 35.29 0.00 

Glass 

SHGCA  
295.63 3.27 90.28 0.00 

Regression Statistics 

Multiple R 0.98 

R Square 0.96 

Adjusted R Square 0.96 

Standard Error 6286.24 

Observations 2646 

Table 4: Regression statistics results of West orientation 

  Coefficients Standard 

Error 

t Stat P-

value 

Intercept 0 - - - 

Roof UA 41.02 1.35 30.40 0.00 

Wall UA  24.22 0.96 25.14 0.00 

Glass UA 

West 
19.25 0.53 36.13 0.00 

Glass 

SHGC A  
295.43 3.28 90.04 0.00 

Regression Statistics 

Multiple R 0.98 

R Square 0.96 

Adjusted R Square 0.96 

Standard Error 6298.96 

Observations 2646 

 

The P-value for each parameter in each orientation is less 

than 0.05 which indicates that the change in envelope 

parametric values are related to change in energy 

consumption of the buildings. The multiple correlation 

coefficient (Multiple R) is more than 0.9 in each 

orientation. This indicates that the correlation among the 

independent variables is positive. The coefficient of 

determination (R-square) is around 0.97 which means that 

97% of the variation in the dependent variables is 

explained by the independent variables. The derived 

coefficients indicate that the glass SHGC has the highest 

impact on building energy consumption followed by wall, 

roof and window U-factor. As India is a cooling dominant 

country, the heat gain through radiation has a higher 

impact compared to the conductance of wall, roof, and 

fenestration. The coefficient of the roof is higher 

compared to the wall and fenestration as the heat gain 

from the surface is also dependent on surface temperature. 

The outside surface temperature of the wall or roof will 

increase above the outside air temperature due to the 

incident solar radiation and the incident solar radiation on 

roof always higher than the wall and fenestration due to 

the incident angle. A similar analysis has been done for 

16 building types and summarized for ease of compliance. 

The set of envelope trade-off coefficients are presented in 

Table 5 to Table 9 for:  

1. each of the five climate zones   

2. two different operations- 8-hours and 24-hours  

3. U-values for wall and roof;  

4. U-value and SHGC for windows in four 

orientations. 

The building envelope complies with the code if the 

Envelope Performance Factor (EPF) of the Proposed 

Building, calculated using the equation mentioned in the 

methodology, is less than the EPF of the Standard 

Building, where the Standard Building is being calculated 

with the prescriptive requirements of building envelope as 

per ECBC 2017. This compliance option is limited to 

buildings with WWR<40% and the thermal property 

range as mentioned below:  

1. wall constructions (U-value range: 0.14 W/m2K 

to 2.14 W/m2K),  

2. roof constructions (U-value range 0.2 W/m2K to 

2.2 W/m2K) and  

3. windows (U-value range 1 W/m2K to 5 W/m2K 

and SHGC range 0.1 to 0.77)  

Table 5: Envelope Performance Factor Coefficients – 
Composite Climate 

 Daytime Business, 

Educational, 

Shopping Complex 

24-hour Business, 

Hospitality, Health 

Care, Assembly 

 C factor 

U-factor  

C factor 

SHGC 

C factor 

U-factor  

C factor 

SHGC 

Walls  24.3 - 48.1 - 

Roofs  40.9 - 71.0 - 

North 

Windows  
21.6 201.8 41.0 367.6 

South 

Windows  
19.1 342.5 41.0 546.3 

East 

Windows 
18.8 295.6 38.4 492.2 

West 

Windows 
19.2 295.4 38.3 486.1 
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Table 6: Envelope Performance Factor Coefficients – Hot 
and Dry Climate  

 Daytime Business, 

Educational, 

Shopping Complex 

24-hour Business, 

Hospitality, Health 

Care, Assembly 

  C factor 

U-factor  

C factor 

SHGC 

C factor 

U-factor  

C factor 

SHGC 

Walls  27.3 - 55.9 - 

Roofs  43.9 - 80.7 - 

North 

Windows  
23.7 238.2 49.1 414.4 

South 

Windows  
22.8 389.7 49.2 607.4 

East 

Windows 
21.6 347.4 46.2 556.2 

West 

Windows 
21.7 354.1 46.0 560.8 

Table 7: Envelope Performance Factor Coefficients – 
Warm and Humid Climate 

 Daytime Business, 

Educational, 

Shopping Complex 

24-hour Business, 

Hospitality, Health 

Care, Assembly 

  C factor 

U-factor  

C factor 

SHGC 

C factor U-

factor  

C factor 

SHGC 

Walls  24.5 - 51.2 - 

Roofs  40.1 - 76.1 - 

North 

Windows  
20.7 230.7 43.6 401.5 

South 

Windows  
20.1 347.1 43.9 546.4 

East 

Windows 
19.0 301.8 41.1 490.6 

West 

Windows 
18.7 303.1 40.5 483.5 

Table 8: Envelope Performance Factor Coefficients – 
Temperate Climate  

 Daytime Business, 

Educational, 

Shopping Complex 

24-hour Business, 

Hospitality, Health 

Care, Assembly 

  C factor 

U-factor  

C factor 

SHGC 

C factor 

U-factor  

C factor 

SHGC 

Walls  17.2 - 39.1 - 

Roofs  32.3 - 76.1 - 

North 

Windows  
12.6 201.4 32.3 338.41 

South 

Windows  
11.8 287.3 31.9 448.52 

East 

Windows 
11.2 300.0 29.9 470.35 

West 

Windows 
10.9 303.4 30.0 462.64 

Table 9: Envelope Performance Factor Coefficients – 
Cold Climate  

 Daytime Business, 

Educational, 

Shopping Complex 

24-hour Business, 

Hospitality, Health 

Care, Assembly 

 C factor 

U-factor  

C factor 

SHGC 

C factor 

U-factor  

C factor 

SHGC 

Walls  36.3 - 30.7 - 

Roofs  38.7 - 46.0 - 

North 

Windows  
21.8 137.6 28.3 163.86 

South 

Windows  
20.8 114.3 21.7 295.24 

East 

Windows 
22.7 127.5 24.1 283.20 

West 

Windows 
23.4 133.2 25.2 270.33 

 

Trade-off between window SHGC and shading 

Based on the simulation results for various combinations 

in Delhi (Latitude 28.7o N) and Chennai (latitude 13.08 o 

N), graphs were plotted to understand the variation of 

shading equivalent factor versus projection factor for 

overhangs, fins, and box frame.  

 

Figure 4: Shading equivalent factor for different 
projection factor of Overhangs shading for Delhi 

 

 

Figure 5: Shading equivalent factor for different 
projection factor of Overhangs shading for Chennai 

Figure 4 for overhangs and box frame in Delhi, the slope 

of the curve for north orientation is the least and the slope 
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of the equation for south orientation is the highest. Figure 

5 for overhangs and box frame in Chennai, the impact of 

overhangs is less in south orientation because of higher 

sun angles. Moreover, all mirror image cardinal 

directions, except for the north and south, like east-west, 

northeast- northwest, and southeast-southwest, have 

approximately similar trends. 

 

Figure 6: Shading equivalent factor for different 
projection factor of fins shading for Delhi 

For fins in both Delhi and Chennai, the highest impact is 

observed in the northeast and northwest and the least 

impact is observed in the north direction. Since the fins 

are not inclined, the impact on the east-west direction 

needs to be ignored. 

 

 

Figure 7: Shading equivalent factor for different 
projection factor of fins shading for Chennai 

 

 

Figure 8 Shading equivalent factor for different 
projection factor of Overhangs + fins shading for Delhi 

 

 

Figure 9: Shading equivalent factor for different 
projection factor of Overhangs + fins shading for Chennai 

For all three types of shading combinations, the 

polynomial curve has been fitted for each orientation for 

Delhi and Chennai. A similar analysis was done for other 

latitudes with different climate zones. 

 The equation for Shading Equivalent Factor (SEF) is: 

𝑺𝑬𝑭 = (𝐶3 × 𝑃𝐹3 ) + (𝐶2  × 𝑃𝐹2 ) + (𝐶1 ×  𝑃𝐹) + 𝐶0  

Where, 

C3, C2, C1, and C0 are the coefficient of shading 

equivalent factor (SEF).  Appendix 2 list the consolidated 

coefficients of SEF for latitude more than 15o N and less 

than 15oN. An equivalent SHGC is calculated by 

multiplying the SHGC of the unshaded fenestration 

product with a Shading Equivalent Factor (SEF).

Table 10: Coefficients of Shading Equivalent Factors for Latitudes greater than or equal to 15 ºN 

 Overhang + Fin Overhang Fin 

Coefficients C3 C2 C1 C0 C3 C2 C1 C0 C3 C2 C1 C0 

North -0.03 -0.23 1.09 0.99 -0.02 -0.10 0.43 0.99 0.14 -0.39 0.62 0.99 

East 4.49 -6.35 4.70 0.52 -0.05 0.42 0.66 1.02 0.12 -0.35 0.57 0.99 

South -4.09 8.14 -0.73 1.32 -1.01 1.91 0.24 1.12 0.53 -1.35 1.48 0.88 

West -1.21 3.92 -0.56 1.28 1.52 -2.51 2.30 0.76 0.02 -0.15 0.46 1.01 

North-East -0.95 1.50 0.84 1.18 2.19 -3.78 2.62 0.72 -1.64 3.07 -1.05 1.30 

South-East 2.67 -4.99 5.68 0.32 -0.93 1.37 0.76 0.99 0.68 -1.47 1.35 0.88 

South-West -0.50 1.36 2.45 0.73 -3.23 5.61 -1.56 1.32 1.86 -3.81 2.71 0.69 

North-West -6.85 11.7 -3.92 1.89 -0.22 0.19 0.74 1.01 -2.02 2.63 -0.18 1.14 
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Table 11: Coefficients of Shading Equivalent Factors for Latitudes less than 15 ºN  

The restriction on the calculated shading equivalence is 

that the resultant SHGC should be less than or equal to 1.  

Trade-off between window U-factor and shading  

Figure 10 shows the thermal energy use of a building with 

a U-factor of 3.3 W/m2K and 5.0 W/m2K for different 

SHGCs. Point A of higher U-factor with low SHGC is 

equivalent to point B of low U-factor with high SHGC. 

Similarly, the energy use reduced due to the inclusion of 

shading devices can be comparable to a higher U-factor. 

Here, the SHGC will remain constant and the variation of 

U-factor has been analyzed.  

 

Figure 10: Comparison of energy use of 3.3 W/m2K and 5.0 
W/m2K for different SHGCs 

 

 

Figure 11: Shading equivalent factor for different 
projection factor of 3.3 W/m2K and 5.0 W/m2K 

 

Figure 11 shows the shading equivalent factor with 

different projection factors for U-factor 5 W/m2K and 3.3 

W/m2K. The U-factor 3.3 W/m2K is the code's maximum 

requirement. The shading equivalent factor is 1.0 for the 

projection factor of 0.4 for U-factor of 5.0 W/m2K which 

means the U-factor of 3.3 W/m2K and 0.27 SHGC will 

have the same energy use at 0.4 projection factor and U-

factor of 5.0 W/m2K with 0.27 SHGC.  

Hence, the trade-off has been provided for daytime use 

buildings to have a higher U-factor at 0.27 SHGC if the 

building has a shading projection factor of 0.4 or more. 

The requirement is for all climate zones of India except 

cold because the impact of the U-factor is more in cold 

climate zones. 

Table 12: Trade-off between window U-value and 
Shading 

 Building 

Type 

Climate 

Zone 

SHGC U value (W/m2K) 

for Shading PF ≥ 

0.4 

Day time 

buildings  

All except 

cold climate 

0.27 5.0 

 

Conclusion 

ECBC 2017 has been updated in the year 2017 with 

stringent requirements of the envelope. To provide 

alternative compliance options to the prescriptive path for 

envelope parameters, the trade-offs between different 

parameters have been provided. The paper presented the 

methodology and results of three different trade-off 

options. The trade-off between wall, roof, and window 

provides higher flexibility than other trade-off methods. 

The annual energy consumption emerged as the most 

appropriate factor for trade-off since the primary 

objective of ECBC 2017 is to minimize building energy 

use. The R-square values for all climate zones and 

different building operations are more than 0.9, indicating 

a strong correlation between the envelope parameters and 

annual energy use. 

The coefficients for shading equivalent factors were also 

determined by analyzing windows with three types of 

shadings with different projection factors for eight 

orientation in four different locations by latitudes. The 

shading equivalent factors were then used to demonstrate 

prescriptive compliance for window SHGC by factoring 

in the effect of shading. The shading equivalent factors 
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 Overhang + Fin Overhang Fin 

Coefficients C3 C2 C1 C0 C3 C2 C1 C0 C3 C2 C1 C0 

North -0.09 -0.29 1.41 1.05 -0.05 -0.10 0.54 1.02 0.10 -0.40 0.77 1.01 

East -0.55 0.89 1.28 0.97 -0.62 0.88 0.51 1.02 0.15 -0.41 0.56 0.98 

South -4.09 6.98 -1.92 1.41 -2.49 4.89 -2.45 1.43 1.57 -3.35 2.62 0.59 

West -1.99 3.82 -0.19 1.18 -0.16 0.10 0.89 0.97 0.06 -0.22 0.48 0.99 

North-East -1.73 3.45 -0.02 1.23 0.10 -0.55 1.15 0.92 -0.26 0.30 0.48 1.02 

South-East -2.06 4.32 -0.96 1.41 -0.60 0.90 0.37 0.94 0.83 -1.42 1.22 0.92 

South-West -2.06 4.48 -1.13 1.40 -0.39 0.50 0.60 0.87 1.56 -3.17 2.41 0.73 

North-West -0.53 0.72 1.79 0.93 0.10 -0.38 0.96 0.96 0.24 -0.57 0.90 0.97 
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were developed to trade-off the effect of shading on 

window SHGC for two different latitudes (less than and 

greater than 15o N), and eight orientations. Similarly, a 

trade-off between window U-value and shading was 

developed based on building energy consumption impact 

with shading. 

These trade-offs help to building owner/ developer to 

meet the code requirement with the prescriptive method 

to avoid complexity and cost for building energy 

simulation method. It has also helped to reduce the overall 

cost of the project and maintaining the intent of the code 

to minimize the building energy use. 
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Abstract 
Reaching an energy-efficient, low-carbon future means 
rethinking how we heat our buildings. Cold climate air-
source heat pumps (ASHP), an attractive alternative to 
direct fossil fuel combustion, are being considered in 
Massachusetts and elsewhere to support strategic 
electrification policy. Shifting to ASHP heating could 
lower primary energy use and carbon emissions but may 
also impact customers’ energy bills in complex ways. To 
evaluate potential tradeoffs, scenario-based simulations 
were applied to three commercial building types (Office, 
Retail, and School). Baseline fossil heating systems were 
replaced by efficient ASHP to evaluate impacts on energy 
consumption, peak load, and energy costs. Costs were 
evaluated under three demand-based electric rate 
structures. Finally, onsite battery storage was evaluated as 
an option for mitigating increased electric peaks. Results 
will inform ongoing policy discussions. 
Introduction 
Space heating in the U.S. – mostly on-site fossil fuel 
combustion, Figure 1 – accounts for over 20% of U.S. 
building-related primary energy consumption. Burning 
fuels directly to heat buildings, however, wastes high-
quality energy. Reaching an efficient, low-carbon future 
means rethinking how we heat our buildings.  

 
Figure 1. Heating type by region, percent of total heated 

commercial floor area (2012 CBECS, EIA 2015). 
Strategic Electrification  
Many local, regional, and global initiatives are exploring 
policies to support the transition to an efficient, cost-
effective, low-carbon energy future. The Commonwealth 
of Massachusetts (MA), for one, has aggressive 
                                                           
1 At peak conditions, combined-cycle gas plants can reach 
efficiencies above 60%. This illustrative example excludes 
transmission and distribution losses, typically about 8% from 
plant to load.  

greenhouse gas (GHG) reduction targets, foremost to 
achieve at least an 80 percent reduction in state-wide 
GHG emissions by 2050.  
To achieve these goals, analysts have found that most 
space-heating would need to be electrified and ultimately 
met by renewable power generation (NEEP 2017). Even 
with ideal conversion efficiency, conventional heating 
systems that burn fossil fuels cannot be carbon-neutral. 
Prior studies have evaluated the ramifications of heating 
system electrification in California (Tarrojaa et al. 2018) 
and residential-sector electrification in different regions 
(Billomoria et al. 2018). Operating cost impacts for the 
commercial building sector, however, have received less 
attention and are less well understood.  
This paper considers air source heat pumps (ASHP), an 
electric space heating technology with a long track record. 
Although ASHP have gained traction in the MA 
residential HVAC market, their adoption in commercial 
buildings has been limited due to concerns about 
operating costs, particularly in regions with high electric 
demand charges.  
Cold Climate Air Source Heat Pumps 
About two-thirds of the total U.S. commercial building 
space heating energy consumption occurs in cold and very 
cold climates (HDD18°C>3000; HDD65°F>5400). Cold 
climate ASHP, designed to maintain capacity and 
efficiency at low outdoor temperatures, can yield seasonal 
coefficients of performance (COP, heat out per unit 
electricity in) that approach or exceed three.  
Briefly, the logic of using ASHP heating can be illustrated 
with a simple natural gas example. The average thermal 
efficiency of a modern natural gas-fired electric power 
plant is about 44%.1 Using electricity from this source, an 
efficient cold climate ASHP with a seasonal heating COP 
of three would yield about 0.44 x 3 =1.3 units of heat per 
unit of fuel. In contrast, the best available gas furnace 
could deliver at most about 0.95 units of heat burning the 
same fuel on site. Put another way, in this example, 
burning fossil fuels directly for heat would require about 
1.4 times more primary energy than first generating 
electricity and then running an efficient ASHP.2  

2 The average U.S. primary energy conversion efficiency for 
electricity production – about 33% in 2012 (EIA 2016) – was 
somewhat lower than the previous example. Even so, a seasonal 
average heating COP of three would still slightly outperform on-
site combustion from an energy standpoint. 
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ASHP performance can vary significantly and depends on 
equipment, loading conditions, system design, and 
critically, outdoor temperature. Real-world performance 
data, especially for large commercial equipment, are 
sparse, as cold climate heat pumps have yet to achieve 
widespread U.S. market share. Consequently, this 
analysis uses simplified performance models based on the 
limited available data for larger residential-based systems.  
Research Questions 
Energy performance and carbon reductions are only part 
of the story. Even if the energy and carbon reductions 
prove viable, customers may face unfavorable billing 
impacts related to substantially higher facility electric 
peak demand charges.  
In many places, peak demand charges are driven by 
summertime cooling loads. In a future with widespread 
electrified heating, winter peak loads – both at building 
and grid scales – would increase substantially and may 
exceed summer peaks (NEEP 2017). This would result in 
higher monthly electric demand charges, and potentially, 
new rate structures with significant cost implications.  
Battery storage systems, deployed in conjunction with 
ASHP, could play an important role in managing both 
new and existing electric peaks.  
This study, therefore, set out to examine the first-order 
energy, carbon, and energy-cost tradeoffs that come with 
switching from conventional natural gas (or oil) heating 
to ASHP.  The analysis considers the energy, cost, and 
carbon consequences of switching from conventional 
heating systems to ASHP heating.  
This modeling exercise was designed to show how ASHP 
systems, both with and without and battery storage, 
compare with conventional on-site fossil-fuel combustion 
heating systems in terms of: 

1. Primary energy consumption 
2. Energy costs 
3. Carbon intensity 

as a function of building type, energy and demand rates, 
and carbon intensity of the electric grid. 
Methods 
The effects of switching from fossil fuel heating to 
electric ASHP were estimated as follows: 

1. Select building types and climate 
2. Model baseline building  
3. Develop ASHP performance model 
4. Develop battery storage model 
5. Model energy costs 
6. Model carbon impacts 

Building Models 
Three prototypical commercial building models – Office, 
Retail, and School, Table 1 – were selected in consultation 
with the project sponsor to represent a range of electric 
and heating load profiles and demand magnitudes. These 
building types were selected because they represent a 
large fraction of the total MA commercial-sector energy 
use and because they are likely candidates for ASHP 
retrofits based on initial market traction. 

Modeling was performed using EnergyPlus (v8.9) using 
prototypical building models (2004 new construction 
vintage) to represent a somewhat average baseline energy 
performance case for existing buildings. Detailed model 
characteristics and input files are available online (DOE 
2012, prototypical model v.1.4_7.2, Climate Zone 5A).  

Table 1. Baseline building summary. 

Characteristic Medium 
Office 

Big-box 
Retail 

Secondary 
School 

Floor Area (000) m2 5.0 2.3 19.6 
 Floors 3 1 1 
 Zones 15 5 46 
Heating System Furnace Furnace Boiler 
 Fuel Nat. Gas Nat. Gas Nat. Gas 
 Efficiency 80% 80% 78% 
 Setpoint °C (ºF) 21 (70) 21 (70) 21 (70) 
Note: ASHP replacements were considered for heating systems 
only. Baseline cooling systems included packaged, unitary, and 
chiller, with nominal COP ranging from 2.8 to 3.7.  

The raw models were were adjusted in two ways prior to 
simulation. First, timesteps were changed to 15 min. to 
generate finer resolution loads for demand analysis. 
Second, all nighttime thermostat temperature setbacks 
were disabled. Using night setbacks with heat pumps can 
yield an intense morning recovery period that would 
require larger capacity equipment. Night setbacks could 
also produce more inefficient cold temperature operation 
and/or higher reliance on auxiliary heat, and potentially 
increase facility peak demand during recovery. 
Eliminating setbacks in the baseline avoids these issues 
while maintaining a consistent basis for comparison. 
Nighttime ventilation setback schedules, however, were 
kept as-is, reducing nighttime heating demand in all cases. 
Climate Data 
New England states including Massachusetts, belong to 
the cold (3000-5000 HDD18°C; 5400-9000 HDD65°F) and 
very cold (5000-7000 HDD18°C; 9000-12600 HDD65°F) 
climate regions. These regions account for about two-
thirds of the total U.S. commercial space heating energy 
consumption. Hourly TMY3 weather data for Boston, 
MA (447 CDD18°C [804 CDD65°F] and 3270 HDD18°C 
[5885 HDD65°F]) were used for all simulations. Outdoor 
temperatures ranged from -20 to 37ºC (-4 to 99ºF). 
Air-Source Heat Pump Model 
The ASHP heating coefficient of performance (COP), 
defined as heat output divided by electricity input, 
depends mainly on outdoor air temperature, and less so on 
part-load fraction. Colder temperatures reduce capacity 
and COP, dropping somewhat linearly from the rated 
condition and leveling out at colder temperatures. A 
second steep drop-off may occur at very cold 
temperatures (below about -23ºC [10ºF]; Schuetter and 
Hackel 2015). When this happens, supplemental auxiliary 
gas or electric resistance heat may be required.  
Energy performance data for commercial cold climate 
ASHP were not readily available. Instead, we consulted a 
large performance database for residential cold climate 
ASHP equipment (NEEP 2018). This public database 
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includes manufacturer-reported COP data measured at up 
to three temperatures (-15, -8.3, and 8.3ºC [5, 17, 47ºF]) 
and capacities (minimum, maximum, and rated) covering 
over 1200 different equipment models. Performance 
varied with load fraction, heat pump type (ducted vs. 
ductless), and outdoor temperature. 
Since commercial units tend to be sized much larger than 
most residential units, we focused on the 78 equipment 
models with heating capacity ≥4 tons (14 kW-th, [48000 
Btu/h]), Figure 2. Based on these high-efficiency units, 
we developed simple correlations for COP as a function 
of outdoor temperature T (1): 
 COP = A·T2 + B·T + C (1) 
where 
 A B C Units of T 
 0.00142 0.0784 3.05 ºC 
 0.00044 0.0154 2.11 ºF 

Note that these relationships are applicable only between 
about -20 to +15ºC (-5 to +60°F). At higher temperatures, 
performance eventually plateaus. At colder temperatures, 
performance and capacity could drop off sharply, and 
auxiliary heat could be required. This situation can be 
modelled by setting the COP to 1 for the portion of load 
met by electric-resistance heat. Auxiliary heat was not 
required for the climate data considered.  

 
Figure 2. ASHP heating COP vs. outdoor temperature 
and load fraction. Based on NEEP (2018), units ≥4 ton 

(14 kW-th [48 000 Btu/h]). Blue line from Eq. (1).  
ASHP performance tends to improve at lower part-
loading. We considered modeling this effect using part-
load data from (NEEP 2018); however, this approach 
gave seasonal COP values that were much higher than 
those found in recent field tests – on the order of 4.5-4.7 
vs. less than 3 (Korn et al. 2016). In light of this 
discrepancy, we ultimately based the COP analysis on 
maximum capacity performance. 
To apply the ASHP models, we estimated the total 
building heating loads from the baseline simulation’s gas 
heating consumption and heating system efficiency (typ. 
80%). Next, we sized the ASHP system to meet the 
maximum heating load and applied the COP model to 

estimate the 15-minute ASHP electric loads for the entire 
year. Adding the ASHP loads to the building electric 
loads gives the new building electric load profile.  
Secondary advantages of ASHP were not modeled. 
Variable refrigerant volume/flow systems, for instance, 
could reduce the need for simultaneous heating and 
cooling by allowing improved zoning and refrigerant 
distribution. Fan energy could also be reduced relative to 
air-based systems, as it takes less energy to circulate 
refrigerants compared with large volumes of air. Such 
details are building- and case-specific and were therefore 
not included in this top-level analysis. Both factors would 
tend to improve the favorability of ASHP systems.  
While more sophisticated and potentially more accurate 
approaches exist for modeling ASHP performance, these 
are more appropriate for specific building design 
simulation. The inherent variability in performance 
among different equipment models, for instance, would 
tend to outweigh any potential accuracy improvements.  
Battery Energy Storage System Model 
Since switching to electric ASHP heating tends to 
increase facility peaks loads during heating months, an 
onsite energy storage system (ESS) was evaluated for its 
potential to mitigate peak loads using the following 
idealized modeling assumptions:  

1. Storage capacity is sized to meet half the facility 
annual peak load (15-min.) for four hours. 

2. Roundtrip energy conversion efficiency is 85%. 
3. ESS controls minimize monthly on-peak demand 

(ideal case, perfect knowledge). 
4. The battery recharges completely once per day 

during off-peak hours only.  
For each building, the ESS model was applied to the 
simulated loads for the entire year (8760 hours), yielding 
a new 15-minute electric load profile with lower monthly 
peaks and slightly higher total electricity consumption.  
Peak demand reduction potentials depend on ESS 
capacity relative to building peak load. We sized the ESS 
for 50% of the 15-minute peak demand for all three 
building types and assumed a four-hour battery capacity 
(MassCEC and Mass DOER 2016). That is, a facility with 
a 15-min. peak demand of 400 kW would size the ESS for 
200 kW and 800 kWh.  
To control the ESS, we first assessed each day of the year 
to find the lowest possible on-peak load by discharging 
the battery fully during the peak-demand period. Next, for 
each month, we found the limiting day – that with the 
highest peak after the optimal battery strategy has been 
applied. Finally, this new limiting peak was used as the 
new demand threshold to which all days in the month are 
controlled. This strategy maximizes peak reduction, while 
minimizing reliance on the battery, therefore avoiding 
unnecessary costs and penalties associated with charging 
and discharging losses. 
Energy Cost 
Three electricity pricing scenarios – designed to represent 
low, medium, and high monthly demand charges ($10, 
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$20, and $40/kWp) – were chosen to represent the range 
of conditions in MA for 2018. While actual on-peak times 
vary by provider, and in some cases by season, we 
modeled on-peak hours as 8 A.M. to 9 P.M. on weekdays. 
Energy consumption components were modeled using 
fixed, representative prices – $100/MWh for electricity 
and $1/therm for natural gas (EIA 2018).  
Effective electricity prices in $/MWh resulting from this 
analysis ranged from 66-91 (Low rate), 131-182 (Med), 
and 163-265 (High). For comparison, MA, at 159, had the 
fourth highest average commercial retail electricity price 
in the U.S. – about 50% higher than the national average 
of $107/MWh (for 2017, EIA 2019).  
Many regions, including MA, offer competitive energy 
supply, giving commercial customers access to a range of 
supply rates, some with variable time-of year pricing. 
Other, more complex rate structures could be evaluated 
readily using the simulated energy and peak data.  
Carbon Intensity  
To achieve significant GHG reductions through space 
heat electrification, the CO2 intensity of the electric grid 
must be favorably low relative to space heating fuels. 
Approximate emissions (kg CO2/MWh) associated with 
directly burning fuels for heat are 175 for natural gas, 252 
for oil, and 318 for coal (EIA 2016). Electric emission 
intensities vary more strongly among and within countries 
and change over time, Figure 3.  

From 2001 to 2017, the average CO2 intensity of the U.S. 
grid fell by 30%, driven due to increased natural gas and 
wind production, with the largest reductions (58%) 
occurring in the Northeast (Schivley et al. 2018). If this 
trend continues, electrified space heating would become 
even more effective at reducing carbon emissions. 

 
Figure 3. Grid CO2 intensity of the ten highest 

electricity-producing countries. 

Results 
Energy Impact 
Simulated load profiles for peak winter and summer 
weeks, Figure 4, show the main effects of ASHP heating 
and battery storage. Electric loads increased most 
significantly during occupied hours, when ventilation 
contributed most to heating loads.  
Winter electric peaks increased greatly with ASHP 
heating, more than doubling for the retail and school 
buildings. Annual site electricity consumption also 
increased by 13, 26, and 28 percent for the Office, Retail, 
and School, respectively. Summer peaks stayed the same 
with ASHP, since we did not model cooling system 
replacement. Adding ESS, however, did significantly 
reduce the summer peaks.  
Battery storage, sized to meet half the peak annual load 
for four hours, was able to mitigate most of the new peak 
in the Office, but only part for Retail and School. The 
storage system also increased annual electricity 
consumption, but only marginally (about 2%), due to 
roundtrip conversion losses.  
 BLUE LINE Total load (baseline gas heating). 
  GRAY    Total load, less battery output (ASHP heating).  
  ORANGE    Battery output (ASHP). 
  RED    Battery charging load (ASHP). 

PEAK WEEK, WINTER 

 

 

 
PEAK WEEK, SUMMER 

 

 

Figure 4. Electric load profiles for peak weeks. 

  
Line weights proportional 
to total electricity 
production. 
Based on OECD (2015). 
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Table 2. Simulated electric and gas consumption. 
BL = Baseline, HP = Heat Pump, ES = HP + Energy Storage 

Office (5 000 m2) 
 Peak (kW)  Use (MWh-e)  Gas (MWh-th) 
 BL HP ES  BL HP ES  BL HP ES 

Jan 129 216 130  48 70 70  76 1 1 
Feb 129 178 105  43 58 59  56 1 1 
Mar 141 149 86  49 60 61  43 1 1 
Apr 162 162 103  45 51 51  25 1 1 
May 165 165 108  50 51 52  7 1 1 
Jun 197 197 132  55 55 56  2 1 1 
Jul 197 197 135  61 61 62  1 1 1 
Aug 196 196 129  63 63 64  1 1 1 
Sep 177 177 112  53 53 54  1 1 1 
Oct 148 148 95  49 51 52  14 1 1 
Nov 141 172 108  47 56 56  37 1 1 
Dec 129 170 102  47 61 62  56 1 1 
Max. 197 216 135  - - -  - - - 
Sum. - - -  609 690 699  320 10 10 

Retail (2 300 m2) 
 Peak (kW)  Use (MWh-e)  Gas (MWh-th) 
 BL HP ES  BL HP ES  BL HP ES 

Jan 66 141 92  27 49 49  76 0 0 
Feb 65 112 70  24 39 40  58 0 0 
Mar 65 90 53  26 37 38  46 0 0 
Apr 77 81 44  24 30 31  27 0 0 
May 78 78 39  25 26 27  8 0 0 
Jun 93 93 49  26 26 27  1 0 0 
Jul 94 94 58  30 30 30  0 0 0 
Aug 93 93 49  29 29 30  0 0 0 
Sep 83 83 38  25 25 26  1 0 0 
Oct 65 74 39  26 28 29  14 0 0 
Nov 65 105 67  25 34 34  36 0 0 
Dec 66 106 64  26 40 41  54 0 0 
Max. 94 141 92  - - -  - - - 
Sum. - - -  313 395 403  321 0 0 

School (19 600 m2) 
 Peak (kW)  Use (MWh-e)  Gas (MWh-th) 
 BL HP ES  BL HP ES  BL HP ES 

Jan 453 1631 944  186 368 369  624 23 23 
Feb 453 1225 701  167 291 295  469 21 21 
Mar 615 903 437  194 276 284  360 25 25 
Apr 867 867 454  177 215 219  189 21 21 
May 805 805 404  195 208 212  82 22 22 
Jun 1097 1097 617  231 235 238  38 18 18 
Jul 862 862 355  189 189 194  10 10 10 
Aug 869 869 355  189 189 195  12 11 11 
Sep 911 911 422  205 207 213  26 16 16 
Oct 682 682 299  183 206 212  129 20 20 
Nov 495 1077 619  180 245 249  283 21 21 
Dec 462 1057 553  181 285 291  422 21 21 
Max. 1097 1631 944  - - -  - - - 
Sum. - - -  2278 2914 2970  2646 229 229 

 

                                                           
3 Demand was based on the max. 15-minute power draw on 
weekdays (9AM-6PM Jun-Sept., 8AM-9PM Oct-May.)  
 

Monthly and annual values for on-site gas and electricity 
consumption and demand,3 Table 2 and Figure 5, describe 
the impacts of the different heating concepts.  

Optimal battery storage was able mitigate much of the 
increased winter demand with a relatively minor energy 
penalty. In addition, battery storage had considerable 
year-round benefits, reducing peak loads and associated 
costs during all months.  
 – Baseline Natural Gas Heat  
 ○ Heat Pump  + HP + Battery Storage

 
Figure 5. Simulated monthly peak electric demand, 

electricity and gas consumption per floor area. 
Carbon Dioxide Emissions 
The amount of CO2 emissions that could be avoided by 
switching from direct fossil fuel heating to electric 
heating depends on the carbon intensity of the grid and on 
the fuels used for on-site heating. Since these values can 
vary strongly by region and over time, as in Figure 3, we 
present results first for the specific MA example, Table 3, 
and then in more general terms. 
Natural gas heating in the baseline (for Office, Retail, and 
School, respectively) represented 34, 51, and 54 percent 
of total site energy use, and 19, 32, and 35 percent of total 
building carbon emissions.  
Switching to ASHP led to carbon reductions of about 44% 
of baseline heating-related emissions based on the carbon 
intensity of today’s MA grid. Adding energy storage gives 
slightly lower carbon reductions – about 37-39% – due to 
roundtrip efficiency losses.  
For current U.S. grid and natural gas heating fuel values, 
heating-related CO2 reductions were somewhat lower, at 
29-31% (22-24% with storage). Fuel oil heating, which 
produces about 252 kg CO2/MWh-th, yields more 
favorable heating reductions (up to 64% in the MA case).  

Gas consumption is shown in kWh-thermal to facilitate 
comparisons (1 therm = 29.3 kWh-th).  
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To extend these results more generally, we define the 
electric grid-to-heating-fuel CO2 intensity ratio, R, as  
 RCO2 = Ielectric-grid / Iheating-fuel (2) 
where Ielectric-grid is the grid’s intensity (kg-CO2/MWh) and 
Iheating-fuel is that of the baseline heating fuel.  
The average CO2 intensity of the U.S. electric grid was 
473 kg/MWh-e. Natural gas, meanwhile, had an average 
intensity of 175 kg/MWh-th (EIA 2018). These values 
yield an intensity ratio RCO2 = 473/175 = 2.7. Similarly, 
for MA, RCO2 = 339/156 = 2.2. Likewise, a 100% 
renewable electric grid would yield RCO2 = 0. This ratio 
makes it possible to evaluate CO2 reductions under 
alternate or hypothetical grid and heating fuel scenarios.4  
As a function of RCO2, percent reductions in space heating 
were similar for the three buildings considered, Figure 6, 
with energy storage resulting in slightly lower GHG 
reductions. For the cases we considered, the CO2 
breakeven points occurred when RCO2 was approximately 
3.5 for the ASHP system and 3.8 for the ASHP with 
battery storage.  
In reality, the situation is more nuanced, since the electric 
grid CO2 intensity varies as a function of time of year and 
time of day.  On-peak consumption currently tends to be 
more intensive, and future grid intensities are likely to 
change over time. Higher renewable adoption, for 
instance, would tend to reduce intensities. Scenario-based 
analysis based on expected intensities and renewable 
production could be applied to annual load profiles to 
evaluate such tradeoffs.  

 
Figure 6. Percent reduction in space-heating-related 

CO2 emissions achieved by switching to ASHP vs.  
electric-grid-to-heating-fuel CO2 intensity ratio:  

RCO2 = Ielectric-grid / Iheating-fuel. 
 

                                                           
4 In all baseline (fossil-fuel heating) examples, we assumed an 
80% fuel-to-heat conversion efficiency. Values could likewise 
be adjusted based on efficiency ratios.  

Table 3. Annual CO2 emissions and reductions, 
based on Massachusetts emissions factors. 
 Site (MWh)  (mt CO2)  ∆ (x-BL) 

 Elec. Gas TOT  Elec. Gas TOT Abs. % 
Office         
Baseline 609 320 929  206 50 256 - - 
Heat Pump 690 10 700  234 2 235 -21 8% 
HP + Storage 699 10 709  237 2 239 -18 7% 
Retail         
Baseline 313 321 634  106 50 156 - - 
Heat Pump 395 0 395  134 0 134 -22 14% 
HP + Storage 403 0 403  137 0 137 -20 12% 
School         
Baseline 2278 2646 4924  772 412 1184 - - 
Heat Pump 2914 229 3143  988 36 1024 -161 14% 
HP + Storage 2970 229 3199  1007 36 1043 -142 12% 
 MA factors: Elec. Grid  339 kg CO2/MWh-e 
 Nat. Gas 156 kg CO2/MWh-th 

Cost Impact 
Energy cost tradeoffs are shown for three electric rate 
scenarios in Table 4 and Figure 7. Baseline heating 
energy costs of $2.2-4.8/m2 accounted for 7-31 percent of 
total facility energy consumption, depending on building 
type (retail and school similar, about twice that of office) 
and electric rate structure.  
Switching to heat pumps increased the total site energy 
consumption by up to 18 percent for the medium and high 
rate structures (2-10% at $20/kWp and 4-18% at 
$40/kWp). For the low rate ($10/kWp), however, savings 
of 6-12% were observed for all buildings. Cheaper 
electricity and more expensive heating fuels tend to make 
space heat electrification more financially attractive.  
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Figure 7. Energy costs per floor area ($/m2). 
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 Table 4. Whole building annual energy cost 
components in $(000) by scenario. 

BL = Baseline, HP = Heat Pump, ES = HP + Energy Storage 
  Electric Demand Rate \ Scenario 
 
Building \ 

 Hi:  
$40/kWp 

 Med: 
$20/kWp 

 Low: 
$10/kWp 

Component  BL HP ES  BL HP ES  BL HP ES 
Office             
Elec. 
Demand 

 
76 85 54 

 
38 43 27 

 
19 21 13 

Elec. Supply  61 69 70  61 69 70  30 35 35 
Natural Gas   11 0 0  11 0 0  11 0 0 

Total  148 154 124  110 112 97  60 56 49 
Retail             
Elec. 
Demand 

 
36 46 26 

 
18 23 13 

 
9 12 7 

Elec. Supply  31 39 40  31 39 40  16 20 20 
Natural Gas   11 0 0  11 0 0  11 0 0 

Total  79 86 66  60 62 53  36 31 27 
School             
Elec. 
Demand 

 
343 480 246 

 
171 240 123 

 
86 120 62 

Elec. Supply  228 291 297  228 291 297  114 146 148 
Natural Gas   90 8 8  90 8 8  90 8 8 

Total  661 779 551  490 539 428  290 273 218 
 

Adding a large battery energy storage system led to 
significant energy cost savings in all three scenarios, with 
the highest benefits in the high demand scenario. 
Lifecycle cost-effectiveness depends strongly on installed 
costs, which for battery storage system can vary widely. 
Installed costs for long-duration ESS like those 
considered here currently range from about $1500-4000 
per MW or $300-800 per kWh (DOE 2018). The market 
is evolving quickly and prices are expected to decline.  
A forward-looking optimistic battery storage scenario, 
Table 5, shows simple payback periods (SPP) of as low as 
3.6 years under the high rate case and as high as 17 years 
under the low rate case. This assumes $250/kWh installed 
cost with no ongoing operational costs or degradation.5 
Practical constraints related to capital budgets or desired 
SPP are likely to influence actual system designs, tending 
to prefer those with lower first costs and short payback.  

Table 5. Battery storage system cost, savings, and 
simple payback period, relative to ASHP heating case. 

 Battery Storage  Savings    SPP 
 Cap. Inst.  $(000)/yr   (years) 
 kW kWh $(000)  H M L   H M L 

Office 108 430 108  30 15 7   3.6 7.3 15 
Retail 76 310 78  19 9 4   4.1 8.7 17 
School 834 3340 835  228 111 56   3.7 7.5 15 
Note:  Elec. Demand: H ($40 per kWp), M ($20), L ($10). 
 Assumes storage installed cost of $250/kWh.  

While not a focus of this study, future work should 
consider the lifecycle cost tradeoffs of commercial ASHP. 
Since the market adoption of ASHP in commercial 

                                                           
5 In practice, battery capacity decreases over time due to cycling 
and temperature-related aging. Components would likely 

buildings in New England has been modest to date, more 
data are required to accurately characterize real-world 
average cost and lifecycle and performance. Results from 
this study could complement such lifecycle assessments.  
Conclusion 
Space heat electrification has the potential to be an 
important component of GHG reduction policy. Air-
source heat pumps, in particular, offer a compelling path 
for strategic electrification for commercial buildings, with 
modest impacts on overall customer utility bills.  
In Massachusetts, switching in 2019 from natural gas heat 
to an efficient ASHP could:  

• Reduce space heating-related carbon emissions by 
up to 44%  

• Increase winter peak loads by a factor of 2 or more 
(on par with summer peaks) 

• Increase total site energy costs by 4-18% (high 
demand rate) or decrease them by 5-7% (low) 

• Increase heating-related energy costs by 55-130% 
(high demand rate), 17-55% (med), or decrease 
them by 12-40% (low). 

Supplemental battery storage systems that are operated to 
minimize peak loads and sized to meet 50% of peak load 
for four hours could: 

• Offset most or all of the winter peak increase 
while reducing peak load year-round 

• Reduce total site energy costs relative to the heat-
pump case by 20 to 29% (high demand rate) and 
13 to 20% (low) 

• Increase annual site kWh usage by about 2% 
• Simple payback in 4-17+ years depending on 

installed costs and electric demand rates 
Carbon reductions vary linearly with the ratio of carbon 
intensities of the grid to that of the baseline heating fuel.  
Impacts on customer utility bills are highly sensitive to 
rates. Lower electric rates and higher heating fuel costs 
make ASHP more favorable on their own. Rates with high 
demand charges make battery storage systems more 
favorable. 
Recommended topics for further study include: 

1. Field measurement of real-world energy and 
capacity performance of commercial building 
ASHP vs. outdoor temperature and loading  

2. GHG impact analysis based on scenarios with 
time-variable grid carbon intensity 

3. Incremental and lifecycle cost analysis of using 
ASHP for new construction, major renovation, 
and retrofit replacement cases 

4. Consider other energy storage system sizing 
options, control strategies, and cost models 

5. Evaluate future energy rate structures to reflect 
scenarios with high adoption of renewables 

require a major overhaul or replacement approximately every 
ten years. 
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Windows labelling system for thermal and luminous performance in Brazil 

Abstract 

This paper presents the first step of new labelling system 
for windows in Brazil. Multivariate regression equations 
were generated to predict energy consumption for 
heating, cooling and lighting of a building prototype. In 
this task, 28 different types of glass were selected to 
perform 336 simulation runs for three Brazilian cities. The 
equations resulted in good R², especially in the prediction 
of energy consumption from cooling, with values from 
0.981 to 0.989 and independent variables SHGC, U-value 
and Tvis. Initial results show that benefits of high 
selective glazing systems can be evidenced for this type 
of methodology, helping the design team to select most 
suitable type of glass for each project. The next step of the 
research is to include window frames properties in the 
analysis and expand the sample of glass to cover a full 
range of possibilities in the Brazilian residential market 
sector.  

Introduction 

It is through windows that occupants have the perception 
of the external environment, the actions of outdoor life, 
the passage of time through the position of the sun, 
climate change and so on (MACCARI and ZINZI, 2001). 
Window systems are essential to improve the quality of 
life and the comfort in the residences, because they can 
directly influence the housing energy performance, as 
well as in the design of air conditioning and lighting 
systems (LOPES, 2009). 

Incorrect specification of frames and glazing may cause 
negative effects on environmental comfort and energy 
use. In contrast, its correct installation and proper use can 
improve user comfort and energy efficiency of buildings. 
According to Ballinger and Lyons (1996), windows are 
responsible an undesired increase in heat exchange 
between the building and the external environment, and 
this has stimulated international research with a focus on 
improving the windows. 

Buildings account for approximately 40% of energy use, 
gas emissions and waste generation in the world. Among 
these 40%, lighting, heating and cooling are directly 
influenced by windows. 

Several studies analyzes the use of different windows in 
numerous proportions, materials and orientations. Jaber 

and Ajib (2011) investigated the performance of windows 
with aluminium frames and different windows - single, 
double and triple glass - to analyse the demand for heating 
and cooling in three different climatic zones - Amman 
(Jordan), Aqba (Jordan) and Berlin (Germany). The 
performance of these windows in terms of energy 
efficiency was evaluated according to their U-Value and 
SHGC. They claim that as SHGC increases, the potential 
for solar gain through the window also increases. The 
analysis was done in homes and the TRNSYS simulation 
tool was used to simulate their influence on energy 
saving. They also did economic analysis, and for this it 
was necessary to get the initial cost of the windows. Then, 
an optimization window type and size were estimated 
using economic data from the markets of each city using 
the "Life Cycle Cost" (LCC) criterion. Finally, the 
window cost return could be calculated by dividing the 
window cost by the amount that can be saved per year, 
using solar energy and reducing thermal losses. 
Therefore, the payback period can be written as an 
equation. 
Grynning (2013) conducted full-year simulations using 
EnergyPlus software. In the calculations, the effect of the 
solar heat gains through the windows and the loss of heat 
in the heating and cooling demand of the building was 
considered. This study was done by testing the variations 
of U-Value and SHGC. The windows were mounted using 
WINDOW 6.0 software. A WWR value was set and the 
shading elements are considered. The chosen windows 
represent the state-of-the-art available in the Norwegian 
market. The study was carried out in an office building in 
the city of Oslo. As a conclusion, they realized that the 
application of the ISO 18292 method shows that the 
windows give a significant contribution to the energy 
demand spent on heating the building according to the 
variation of U-Value and SHGC. Therefore, the lower the 
U-Value and the greater the SHGC, the less energy is 
spent on heating. 
Thus windows are fundamental for a better energy 
performance in buildings and therefore, they must be 
chosen with care. Defining a window sorting system is not 
something simple. Its performance depends on the climate 
in which it will be inserted, the type of construction and 
the solar orientation of each façade. Performance may 
vary and is difficult to assess due to the number of factors 
involved (climate, environment, internal loads, 
infiltration, ventilation, etc.). However, a classification 

Fernando Simon Westphal, Fabiola Deckert Arndt, Martin Ordenes 
Federal University of Santa Catarina, Brazil
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system will allow different windows to be compared 
under the same conditions (URBIKAIN AND SALA, 
2009). 

Governments and companies from different countries 
have formed organizations that regulate the sector through 
standards and certification and labeling systems. In the 
USA, labeling system are already a reality, being 
developed by the National Fenestration Rating Council 
(NFRC), which aims to assist companies and consumers 
by providing information on product performance 
(MARINOSKI, 2005). The NFRC system considers 
thermal transmittance, solar heat gains coefficient, visible 
light transmittance, and air leakage. 

Australia also has a labeling system, the Window Energy 
Rating Scheme (WERS), accredited by the AFRC 
(Australian Fenestration Rating Council). Windows are 
evaluated by computer simulation, the software is the 
same used by the NFRC system and has been validated in 
laboratory tests for hot and cold climates. Window ratings 
are given by stars for heating and cooling, a rating of 0 to 
10 stars is used, where 10 represents the best performance 
window for heating and cooling based on 17 types of 
"generic" windows. This rating applies to the effect of the 
whole window including the relative contributions of 
glass and frame. 

Energy classification models provide a common basis for 
comparing different windows based on their energy 
performance. These models combine their properties such 
as Solar Heat Gain Coefficient, Thermal Transmittance 
and Air Infiltration into a single index, representative of 
the energy performance of the window. These models 
provide a simple means for designers and end users to 
select the best window according to the energy 
performance for a particular building and weather 
conditions. 

Energy performance of windows depends on their 
physical properties, as well as on the climatic conditions 
of the location and the solar orientation of the window. 
The values of incident solar radiation and solar heat gain 
values are useful in compensating the heating loads of a 
residence, are dependent on the local climatic conditions 
and the solar orientation in which the window is installed 
(SINGH and GARG, 2009). 

Based on the calculation results developed in their 
research, as well as their experiences related to the 
subject, Trząski and Rucińska (2015) listed the factors 
considered most important about the existing certification 
systems. 
As potentialities of the internal factors they consider the 
existing certification systems as more accurate than the 
comparison of the U-Value, less time consuming than the 
simulation of the whole building, also consider that the 
classification of the window does not change radically 
due to the differences in the characteristics of buildings or 
different climates, that a certification system allows to 
take into account many parameters of windows and there 

is the possibility to take into account additional 
parameters (such as shading devices and regulation). 
As the weaknesses of the internal factors they assert that 
the actual energy performance depends on the climatic 
conditions and the energy characteristic of the building, 
that windows made of the same components but with 
different dimensions can have several energetic 
characteristics and that failures in the certification system 
can lead to less energy efficiency in buildings. 
Regarding the opportunities of external factors, the 
authors affirm that certification systems are easy to use by 
people who do not have technical knowledge, that a 
certification system based on the energy balance allows to 
evaluate the real benefits for the consumers, that they can 
improve the knowledge of the actual performance of 
windows, which can encourage manufacturers to improve 
their products and that a uniform method in different 
countries could allow a faster assessment of the products. 
As threats to the external factors considered by Trząski 
and Rucińska (2015) are unfair competition - the system 
can be influenced to promote specific solutions - and that 
if the system is too detailed it may confuse consumers. 

Improvements in the design and manufacture of glass and 
windows are intended to optimize the effective use of the 
solar resource and minimize unwanted energy losses. 
However, these new products make complex the accurate 
characterization of their behavior for use in building 
performance studies. In this context, Sun (2018) reviewed 
the methods used to predict the thermal and optical 
behavior of complex frame systems. The author 
concluded that comprehensive models that seek to 
quantify the contribution of complex windows systems to 
building performance need to include: 

 Characterization of thermal behavior;
 Identification and characterization of the

radiative transfer to quantify the solar gain and quantify 
the luminous environment; 

 Development of a lighting model that will adjust
the contribution of artificial lighting to the light 
environment in response to the availability of daylight. 

Finally, it was concluded that the ability to import thermal 
characterization into building simulation tools such as 
EnergyPlus as well as the ability to connect the program 
to lighting tools, such as RADIANCE, creates a 
framework where such studies can be carried out. 

Creating constructive recommendations appropriate for 
different climates, solar orientation and types of buildings 
is extremely necessary so that solutions are not solely 
focused on artificial conditioning. Brazilian buildings are 
heavily influenced by solar heat transmitted through the 
windows, which causes an increase in the thermal load 
inside the building and the development of this labelling 
is fundamental for the openings to be well used. Based on 
these researches and labels already developed in other 
countries, the present research developed, through 
integrated computational simulations, a labelling standard 
that evaluates the performance of windows available in 
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the Brazilian market for residential buildings. Thermal 
and lighting aspects were considered in order to update 
the way the Brazilian normative system is evaluated and, 
in this way, to cooperate to improve the use of windows 
in terms of the user's thermal and visual comfort and in 
the optimization of energy use. This helps consumers and 
designers in their choice and specification. 

Objective

This paper describes the development of a labeling system 
to classify the thermal and luminous performance of 
windows in Brazil. Such a system is already present and 
applied in other countries, such as United States, United 
Kingdom, Australia and Canada. Brazilian energy 
efficiency standards for buildings are still under 
development and some efforts are being spent to establish 
minimum performance levels for construction systems 
and appliances.  

Method 

This research has being developed by following steps: 

Definition of the standard architectural typology 

For the development of this work, a standard residence 
model was defined identifying the most common 
residential architectural typology in Brazil. Thus, a 
module representing a living room of an apartment was 
created. This residential model was artificially 
conditioned and for this purpose a heat pump package 
terminal was used. The outdoor airflow rate per person 
was considered 0.0075m³/s, 24 hours per day in all day of 
the year. Thermostat heating setpoint was considered 
20ºC and cooling 24ºC. The floor model has 
10.0x5.0x3.0m, and has a window with the size fixed in 
2.0x1.2m. It was simulated with the most common 
construction materials in Brazil - bricks, cement mortar 
and concrete. The simulated ceramic block has thermal 
conductivity of 0.9 W/m-K, density of 1500 kg/m³ and 
specific heat of 920 J/kg-K. The cement rendering was 
considered with a thermal conductivity of 1.15 W/m-K, 
density of 2000 kg/m³ and specific heat of 1000 J/kg-K. 
And in turn, the concrete slab, placed on the floor and 
ceiling of the model, has a thermal conductivity of 1.75 
W/m-K, density of 2200 kg/m³ and specific heat of 1000 
J/kg-K. Only the façade with the window was considered 
in contact with the outdoor. All other walls, the roof and 
the floor was considered as adiabatic surfaces. 
The simulation was done for all orientations – North, 
South, East and West. 

The building model was set with a lighting power density 
of 6 W/m², programed to be turned on 100% from 8am to 
6pm. In order to account for the daylight benefit, a light 
sensor was inserted in the middle of the room and adjusted 
to control 100% of the lighting power, from a minimum 
of 30% of input power and 20% of light output, with a 
stepoint of 250 lux. The SplitFlux daylight method was 
chosen to do the calculations in the EnergyPlus program.  

Figure 1: Sketch and blueprint of the thermal zone. 

Selection and characterization of simulated glasses 

The glasses to be classified were defined according to 
parameters such as Coefficient of Solar Heat Gain 
(SHGC), Visible Transmission (Tvis) and U-Value. 
Within an established standard aiming at these 
parameters, were selected products available for Brazilian 
market. This program has the U-Value determined by the 
IGBD and automatically calculates the Tvis and the 
SHGC of the glass. The glasses selected for analysis and 
a summary of their thermal performance indexes (SHGC, 
U-value and Tvis) are shown in Table 1. 

This first step of this research considered only the 
properties of the glass, as the main portion of the heat flux 
through windows in Brazilian climates are resulted from 
solar radiation. In a next step, thermal properties of 
window frames will also be included. 

The graph in Figure 2 shows the relationship between 
SHGC (Solar Heat Gain Coefficient) and Tvis (Visible 
Transmittance) of the sample of glass specifications. It 
can be seen that for SHGC higher than 0.6 there is a strong 
correlation between SHGC and Tvis, i.e., more clear 
glasses transmit solar heat gain to indoor environment. 
But the glass with SHGC under 0.6 can present very 
different levels of Tvis, with similar SHGC. This is 
possible due to different compositions of coating applied 
to solar selective glazing systems, that are very common 
in Brazil. This is an important scenario to be explored by 
a windows labelling system. A window glass can reduce 
dramatically the solar heat gain, but the light transmission 
may be also decreased to undesired levels for residential 
buildings. Thus, a good labelling system should reward 
those windows specifications that are able to control heat 
gain, while maintaining good levels of daylight 
transmission.   

________________________________________________________________________________________________ 

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

 
4042

 

 
  



Table 1. Glasses selected for analysis. 

Glass ID Composition SHGC U-value Tvis 

#1 single 0.86 5.89 0.90 

#2 single 0.61 5.79 0.43 

#3 laminated 0.59 5.63 0.72 

#4 single 0.57 5.56 0.52 

#5 single 0.46 5.57 0.37 

#6 single 0.43 3.22 0.76 

#7 laminated 0.39 5.63 0.47 

#8 single 0.35 3.22 0.67 

#9 laminated 0.35 5.63 0.39 

#10 single 0.29 3.14 0.55 

#11 single 0.28 4.88 0.20 

#12 laminated 0.27 5.70 0.13 

#13 laminated 0.26 5.63 0.33 

#14 single 0.22 4.24 0.14 

#15 IGU 0.75 2.69 0.80 

#16 IGU 0.49 2.67 0.38 

#17 IGU 0.51 2.66 0.64 

#18 IGU 0.49 2.63 0.47 

#19 IGU 0.36 2.61 0.33 

#20 IGU 0.38 1.64 0.67 

#21 IGU 0.33 2.66 0.42 

#22 IGU 0.31 1.64 0.59 

#23 IGU 0.29 2.66 0.35 

#24 IGU 0.25 1.59 0.50 

#25 IGU 0.24 2.39 0.18 

#26 IGU 0.21 2.66 0.12 

#27 IGU 0.21 2.66 0.30 

#28 IGU 0.18 2.14 0.13 

Figure 2.Relationship between SHGC and Tvis for the 

selected sample of glass specifications. 

Selection of climates 

The computational simulations were carried out for three 
Brazilian climates. The selection of the climates was 
defined based on the main weather factors that influence 
the performance of a window: solar radiation incident on 
the façade of the buildings and the difference between the 
internal and external air temperature. Thus, the 
representative cities of Brazilian climates were chosen 
according to their latitude, existence of weather file, 
global horizontal solar radiation and external air 
temperature throughout the year. The cities selected are 
Porto Alegre, São Paulo and Salvador.  
The climate of Porto Alegre is characterized by a hot 
summer and a cold winter, which is categorized as 
subtropical humid. The city latitude is -30°01'59'', 
longitude -51°13'48'' and altitude 3,00 m. São Paulo has a 
milder climate, also humid subtropical. Its latitude is -
23°32'51'', longitude -46°38'10'' and altitude 760.00 m. 
Salvador has a predominantly warm climate. It is a coastal 
city and the climate is defined as tropical atlantic. Its 
latitude is -12°58'16'', longitude -38°30 39 '' and altitude 
8,00 m. Geographic positions of these cities are illustrated 
in Figure 3. 

Figure 3. Brazilian map indicating the simulated cities. 
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Results 

As the simulation model was rotated to position the 
window to each geographic direction, a total of 112 cases 
were simulated for each climate, resulting in 336 
simulation runs. Energy consumption for heating, cooling 
and lighting were extracted from the simulation outputs. 
Output data from each climate was treated in spreadsheet 
to correlate energy consumption to glazing properties.  

Multivariate regression analyses were carried out to 
provide equations to predict energy consumption of the 
building prototype with each type of glass. The total 
energy consumption considered in the analysis was the 
sum for each solar orientation, at each type of glass 
simulated in the model.  
The models of equations generated to predict energy 
consumption are presented as follows, with independent 
coefficient listed in Table 2. As Salvador has a cooling 
dominant weather, no energy consumption for heating 
was reported and this equation was not created.  
 
ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝑎 ∙ 𝑆𝐻𝐺𝐶 + 𝑏 ∙ 𝑇𝑣𝑖𝑠 + 𝑐 ∙ 𝑈 + 𝑑 [1] 
 
𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑎 ∙ 𝑆𝐻𝐺𝐶 + 𝑏 ∙ 𝑇𝑣𝑖𝑠 + 𝑐 ∙ 𝑈 + 𝑑 [2] 
 
𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 = 𝑎 ∙ 𝑇𝑣𝑖𝑠 + 𝑏 ∙ 𝑇𝑣𝑖𝑠2 + 𝑐 ∙ 𝑇𝑣𝑖𝑠2 + 𝑑 [3] 
 
Where: 
heating is the energy consumption for heating; 
cooling is the energy consumption for cooling; 
lighting is the energy consumption for artificial lights; 
SHGC is the Solar Heat Gain Coefficient of glass; 
Tvis is the visible transmittance of the glass;  
U is the U-value of the glass; 
a, b, c and d are independent coefficient, with values listed 
in Table 2, according to the city. 
 

Table 2. Independent coefficients for  

equations 1, 2 and 3. 

City a b c d R² 

Heating 
Porto Alegre -203.9 22.91 23.54 112.0 0.921 
São Paulo -60.57 12.22 6.308 19.07 0.812 
Salvador 0 0 0 0 N/A 

Cooling 
Porto Alegre 1236 -91.57 -0.2159 156.7 0.983 
São Paulo 1337 -84.59 -10.30 76.89 0.981 
Salvador 1914 -252.2 41.26 795.0 0.989 

Lighting 
Porto Alegre -2816 4579 -2423 1001 0.984 
São Paulo -2637 4245 -2237 981.8 0.986 
Salvador -2553 4177 -2226 984.4 0.980 

 

Graphs in Figures 4 to 11 show the correlation obtained 
between results obtained from simulation runs and 
regression equations. As presented before in Table 2, the 
equations generated to predicted energy consumption for 
cooling were those with the best precision.  
 

 
Figure 4. Energy consumption for heating predicted by 

simulation and equation for Porto Alegre. 

 

 
Figure 5. Energy consumption for cooling predicted by 

simulation and equation for Porto Alegre. 

 

 
Figure 6. Energy consumption for lighting predicted by 

simulation and equation for Porto Alegre. 
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Figure 7. Energy consumption for heating predicted by 

simulation and equation for São Paulo. 

 

 
Figure 8. Energy consumption for cooling predicted by 

simulation and equation for São Paulo. 

 

 
Figure 9. Energy consumption for lighting predicted by 

simulation and equation for São Paulo. 

The next step for the labelling development is to classify 
the energy consumption for each end-use in a ranking of 
performance. The labelling system proposed in this paper 
wants to inform how much that type of window is better 
than a reference window in terms of energy savings for 
heating, cooling and lighting. In this way, it will not be 
provided a classification as the A, B, C type, which could 
cause confusion, as a glass (window) with high level of 
thermal performance may be not the best window for 
daylight. The intention is to inform the design team how 
much that window can provide improvements on energy 
performance.  

 

 
Figure 10. Energy consumption for cooling predicted by 

simulation and equation for Salvador. 

 

 
Figure 11. Energy consumption for lighting predicted by 

simulation and equation for Salvador. 

 
The reference window would be that one with the highest 
energy use (heating, cooling and lighting). 
According to this methodology, the graph in Figure 12 
shows the energy savings provided by each glass for Porto 
Alegre city and the relationship to SHGC and Tvis. The 
strong correlation of cooling energy savings to SHGC is 
linear and evident. But the relationship between lighting 
energy savings and Tvis is not linear. With Tvis above 0.3 
the energy reduction against the worst scenario is 
maintained around 40%. This happened because for this 
type of room is not possible to achieve 100% of energy 
savings due to distribution of light in direction far from 
window.  
The graph shows also that some types of glass provide a 
high level of reduction in energy needs for cooling, 
whereas promote significant savings for lighting. One 
example is the glass numbered as #22 in Table 1, with 
SHGC 0.31, Tvis 0.59 and U-value 1.64. This glass 
resulted in 58% of energy savings for cooling and 42% 
for lighting. This is a typical behavior of high selective 
glazing systems with high Tvis and low SHGC, i.e., high 
performance glass.   
Table 3 shows energy savings provided by each type of 
glass analyzed at this stage of the research. The cells with 
shadow correspond to reference glass for each energy 
end-use.  
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Figure 12. Energy savings provided by each glass 

against the single clear glass and the relation to SHGC 

for Porto Alegre city. 

 
Table 3. Energy savings provided by each type of glass 

against the worst scenario (hatched cells) for Porto 

Alegre city.  

Glass SHGC Tvis U-

value 

Heat.

% 

Cool.

% 

Lights 

% 

#1 0.86 0.90 5.89 59% 0% 43% 
#2 0.61 0.43 5.79 42% 26% 40% 
#3 0.59 0.72 5.63 40% 28% 43% 
#4 0.57 0.52 5.56 41% 28% 41% 
#5 0.46 0.37 5.57 30% 41% 39% 
#6 0.43 0.76 3.22 54% 43% 43% 
#7 0.39 0.47 5.63 17% 51% 41% 
#8 0.35 0.67 3.22 45% 52% 43% 
#9 0.35 0.39 5.63 12% 54% 39% 

#10 0.29 0.55 3.14 39% 58% 42% 
#11 0.28 0.20 4.88 26% 54% 25% 
#12 0.27 0.13 5.70 21% 53% 6% 
#13 0.26 0.33 5.63 0% 62% 37% 
#14 0.22 0.14 4.24 29% 59% 9% 
#15 0.75 0.80 2.69 76% 8% 43% 
#16 0.49 0.38 2.67 60% 38% 38% 
#17 0.51 0.64 2.66 60% 36% 42% 
#18 0.49 0.47 2.63 60% 38% 41% 
#19 0.36 0.33 2.61 50% 51% 37% 
#20 0.38 0.67 1.64 65% 49% 42% 
#21 0.33 0.42 2.66 42% 57% 40% 
#22 0.31 0.59 1.64 58% 58% 42% 
#23 0.29 0.35 2.66 38% 61% 38% 
#24 0.25 0.50 1.59 53% 64% 41% 
#25 0.24 0.18 2.39 46% 63% 19% 
#26 0.21 0.12 2.66 43% 63% 0% 
#27 0.21 0.30 2.66 28% 69% 32% 
#28 0.18 0.13 2.14 48% 66% 0% 

 

Conclusion 

This paper presents the first phase of a windows labelling 
performance for Brazilian residential sector. Multivariate 

regression equations were generated from parametric 
simulation correlating energy consumption for heating, 
cooling and lighting of a building prototype with thermal 
properties of glass. Three cities were selected in this first 
analysis to be representative of different Brazilian 
weather, especially solar radiation, due to latitude 
variation.  
The equations generated to predict energy consumption 
for cooling obtained the best R² values (from 0.981 to 
0.989) proving that this energy end use has strong 
correlation to the selected glazing properties: SHGC, U-
value and Tvis. The prediction of energy consumption for 
lighting has presented also high R² values (from 0.980 to 
0.986), with a third order equation with Tvis as the only 
independent variable.  
The labelling system proposed in this paper has the 
intention to provide information about how much energy 
savings each type of window can provide against a 
reference window (worst scenario). Initial test has proved 
the high solar selective glazing systems can be recognized 
with this type of methodology, providing important 
information to building designers.  
The next step of this research is to stablish the energy 
performance for a larger amount of glass specifications, 
and to include the frame properties. The validation of the 
method will be conducted through computer simulation of 
selected building models, comparing energy savings 
provided by the label to the economy verified from whole 
building simulation.  
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Abstract 

Building codes are not always easy to interpret. This 

makes compliance documentation and evaluation a 

tedious and error prone process. In energy efficiency 

domain, some energy simulation tools facilitate 

compliance automation, but there are none for current 

Energy Conservation Building Code (ECBC). Since 

legislation mandates ECBC Compliance in several states 

in India, bridging this gap is essential.  

This paper demonstrates Baseline Automation for ECBC 

(2017). The approach translates the Proposed Design 

Simulation Input Definition File (IDF) into a Baseline 

Case IDF using a Python based scripting language (Eppy). 

This automation serves as a productivity measure that 

frees up the energy modeler’s time for pursuing useful 

design improvements. 

Introduction 

Building codes are developed and enforced to ensure 

safety and performance. Building codes, however, are not 

always easy to interpret. Hence demonstration of code 

compliance is often tricky, tedious and error prone 

process. In the absence of standard documentation 

processes, compliance evaluation becomes complex as 

well (Dimyadi & Amor, 2013). Compliance automations 

can address this gap and substantially reduce time and 

effort. From the energy modeler’s perspective, the 

automated routines minimize errors associated with 

manual inputs and standardize the documentation. From 

the regulator’s perspective, the use of automated routines 

reduces effort associated with manually verifying code 

compliance against several rules. 

The evolution of code compliance documentation has 

gone from checklists to simplified calculators to 

simulation-based reporting and more recently automated 

simulations.  

Although, energy simulation approach ensures relatively 

robust outcomes, it is an input intensive, time consuming 

and technically demanding process. This process typically 

requires evaluating performance of a designed building 

against a benchmark building. Very often, modelling the 

benchmark building is a laborious process as it involves 

interpretation of the code and modifying the model 

accordingly. This only increases the energy modeler’s 

effort.  

To reduce this effort, there are few software and scripts in 

the domain that facilitate the compliance workflow. Some 

of these are for ASHRAE 90.1 Normative Appendix G 

Performance Rating Method (PRM) and Title 24 

Compliance. For PRM, automated processes in 

DesignBuilder and OpenStudio® are popular. 

DesignBuilder has a built-in module that performs the 

automation process for PRM of ASHRAE 90.1 – 2007 

and 2010. While most processes are automated, the 

module demands additional inputs for Baseline HVAC 

system. In OpenStudio®, measures (or scripts) must be 

loaded from the Building Component Library (BCL). The 

Baseline Automation measure requires use of standard 

space types built into OpenStudio® as templates for 

identifying spaces. In fact, research acknowledges that the 

measure to create ASHRAE 90.1-2013 Appendix G 

Baseline automation routine is one of the most 

complicated measures (Roth et al., 2018). CBECC-Com 

also uses OpenStudio® for automating Title 24 

compliance. OpenStudio® has many independent 

measures in the BCL that may be used for compliance 

with specific requirements of Title 24 or PRM. The 

compliance automation tools discussed here use 

EnergyPlus simulation engine.  

The Energy Conservation Building Code (ECBC) 

provides minimum requirements for energy efficient 

design of systems in commercial buildings in India. It was 

developed by the Government of India (GoI) in 2007. One 

of the compliance approaches is the Whole Building 

Performance (WBP) Approach. To document compliance 

using the WBP approach, an interactive web interface was 

developed. This application, ECOnirman WBP Tool, was 

developed under a collaborative program between the GoI 

and USAID (USAID ECO-III Team, 2011).  

In 2017, the ECBC was updated. The updated ECBC is 

substantially different from the preceding edition. Since 

the ECOnirman WBP Tool is no longer under active 

development, it is not applicable to the updated code. 

Further in 2018, the ECBC Rules referencing the updated 

ECBC have been notified under the Energy Conservation 

Act (Ministry of Power, 2018). A report benchmarking 

performance of states in India, identifies 10 (out of 30) 

states that have notified ECBC. 9 of these 10 states are at 

an advanced stage of incorporating ECBC in municipal 

building bye laws. The notification implies mandatory 

compliance with ECBC to meet minimum energy 

performance criteria (AEEE, 2018). 

In context of the legislation, documentation rigor and the 

unavailability of a compliance platform, the development 
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of automation routine for updated ECBC and standardized 

reporting process is a first and essential step towards 

establishing a compliance ecosystem. 

This paper demonstrates Baseline Automation for ECBC. 

The approach uses information from the Proposed Design 

model and automates the Baseline Case model compliant 

with WBP approach of ECBC. 

As part of an ongoing activity for facilitating nationwide 

uptake of ECBC an online compliance portal has been 

developed. This portal serves as a platform for managing 

ECBC compliance process. The Baseline Case 

automation routine is a part of this development. While 

the ECBC does not mandate any simulation engine, the 

program requirements enforce the use of EnergyPlus as a 

simulation engine. As EnergyPlus is a robust and flexible 

tool (Crawley, Pedersen, Lawrie, & Winkelmann, 2000) 

with many scripting frameworks, using it as the energy 

simulation engine has not been a constraint. 

The program for online compliance portal has been 

discussed for context only and is not included in the 

paper’s scope. Additionally, the paper focuses only on 

WBP compliance approach. Other alternative approaches 

and prescriptive compliance are outside the scope of this 

paper. 

Compliance with ECBC 

ECBC requirements are broadly organized into the 

following sections: 

• Building Envelope 

• Comfort Systems and Controls 

• Lighting and Controls 

• Electrical and Renewable Energy Systems 

Requirements in each of these sections are further 

classified as Mandatory and Prescriptive requirements. In 

addition, a section on Whole Building Performance 

Method outlines modelling guidelines, HVAC system 

mapping, Chiller arrangements, lighting power 

adjustment factors and other rules. 

ECBC compliance can be accomplished primarily in two 

ways; Prescriptive and WBP Approach. The WBP 

approach uses energy simulation to demonstrate 

compliance. To provide flexibility for compliance, some 

alternative compliance measures have been provisioned 

as well. Irrespective of the compliance path chosen, all 

Mandatory requirements must be met.  

The WBP approach is similar to the PRM described in 

ASHRAE 90.1. The compliance is demonstrated through 

whole building simulation by comparing the performance 

of Baseline Case model with that of the Proposed Design 

model. The compliance procedure requires modeling a 

Baseline Case consistent with the Prescriptive 

requirements while the Proposed Design model reflects 

actual design specifications. 

 

 

Figure 1: Implementation methodology for developing the Baseline Case Automation Routines. Methodology is spread 

across 4 major activities: Code translation, Preparation of database and libraries, Prototyping, and Scripting.
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Methodology 

ECBC has been interpreted as rule-sets. These rule-sets 

are accompanied with database tables. The database 

serves as lookup tables while the rulesets define the logic 

for lookup and other actions. These rule-sets are based on 

key project information such as location (climate and 

latitude), above grade area, building typology, occupancy, 

conditioned status, compliance level, etcetera. These 

factors serve as primary filters that define baseline 

construction assemblies, HVAC system types, equipment 

efficiencies, etc. Another key building component is the 

space type. The ECBC includes a list of common space 

types indicative of space functions (say conference room). 

To complement this database, IDF templates of schedules 

(occupancy and operation), lighting, equipment, 

infiltration, system types, etcetera have been created as 

well. Additionally, IDF templates for Construction 

assemblies and Baseline Systems have been created in 

EnergyPlus. All this information has been compiled as a 

relational database. 

Some of these automation logics are simple calculators 

and lookup actions. These simple calculators have been 

implemented as a spreadsheet prototype for logical testing 

before implementing into the code. The outcomes from 

the spreadsheet prototype have been manually validated. 

The spreadsheet prototype is quick to implement, easier 

to deploy and facilitates testing. The prototype reduced 

coding effort and associated debugging time. The 

prototyping effort complemented the pseudo code 

compilation. The prototype and pseudo code have been 

compiled module by module, i.e. in an incremental 

manner. 

The rule-sets, prototype and templates set the foundation 

for programming logic scripted in Eppy. Eppy leverages 

Python, a popular ‘readable’ programming language that 

facilitates scripting tasks. The Eppy package facilitates 

accessing and modifying EnergyPlus objects, 

significantly reducing and simplifying coding effort (Roth 

et al., 2018). The Baseline Automation program contains 

several modules fulfilling smaller tasks. The intention for 

a modular approach is to facilitate testing and de-bugging. 

Test cases have been developed and tested for validation. 

Several test trials were conducted for validation. These 

tests compared the automated Baseline Case IDF with 

manually derived outcomes from the ECBC. The distinct 

phases of implementation have been outlined in Figure 1. 

A simplified User Interface (UI) (Figure 2) in Python has 

been developed for facilitating input. The compliance 

output is reported on the online compliance portal. 

Process Workflow 

The Baseline Automation process requires a user input of 

the Proposed Case IDF. Before initiating the Proposed 

Design model, the user is provided with naming 

convention and Zone List assigning procedure. Zone List 

is an object in IDF which represents a space typology to 

which different spaces can be assigned (LBNL, 2009). 

Figure 3 illustrates a group of zones attached to a Zone 

List (Example: Obj1 or Co-Lobby-Day). Name field 

identifies an object in ZoneList (which is assigned as per 

naming convention) and the Zone Name fields indicate 

the zones assigned to this Zone List. This user workflow 

of assigning zone to zone lists is similar to how 

OpenStudio® uses Space Types and Space Name. This 

Zone List is further mapped with Schedules and other 

zone-specific information such as Lighting, Equipment, 

schedules, etc. from the database tables. The naming 

convention is critical as it allows the program to read 

zones and assign zone related information.  

 

Figure 2: User Interface (UI) developed in Python. 

 

Figure 3: Modelling convention that uses pre-defined 

names for Zone-Lists (or Space Types) and maps Zones 

(or Spaces) as a List. This is similar to Space Type 

object implementation in OpenStudio®. 
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The Proposed Case IDF created as per Zone List rules is 

provided as input to the tool. Other inputs like Building 

typology, Daytime/24-hour occupancy, Location, etc. are 

provided as well through a user interface (Figure 2). 

Before proceeding, the script runs a validation check for 

compliance with mandatory requirements and zone-list 

acceptance. In case any of these checks are not met, the 

script returns an error. A valid Proposed Case IDF must 

be provided to proceed further. After the validations are 

met, the tool makes copies of the Proposed Case IDF. On 

both these files the Simulation Environment object and 

default schedule objects are applied. One of these files is 

saved as Modified Proposed Case IDF, while the other is 

saved as Baseline Case IDF (See 1 in Figure 4). The 

Baseline Case IDF then undergoes modification for 

setting Baseline Construction Assemblies, Lighting 

Power and Controls, and mapping HVAC System types. 

At this stage the HVAC systems in the Baseline Case IDF 

are set to autosize. Since the code mandates System Type 

efficiencies as per capacity, a sizing run is performed. The 

outcome of sizing run informs the HVAC System 

capacities. The HVAC System capacities and efficiencies 

are updated by program based on code stipulations. The 

updates to equipment efficiency and system types are 

saved as Modified Baseline Case IDF (See 2 in Figure 4). 

The Modified Baseline Case IDF and the Modified 

Proposed Case IDF are simulated on the EnergyPlus 

simulation engine. The outcomes of the Modified 

Baseline Case IDF and the Modified Proposed Design 

Case IDF are evaluated as a ratio of Energy Use Intensity 

(EUI). This ratio defines the compliance level achieved. 

Unique challenges 

The WBP Method is inspired by PRM. Although scripting 

frameworks and/or tools for PRM and Title 24 exist, 

automating the Baseline for ECBC has been a challenge 

due to several factors. Some of these challenges outline 

the novelty in this approach. 

The Baseline Automation routine is a part of an online 

compliance framework. Due to various reasons the online 

portal does not allow a user interface for building 

geometry input yet. Since the modeling environment is 

not available, the framework accepts the Proposed Design 

model created by the user as IDF. The compliance portal 

uses scripting routines to process this into a Baseline Case 

IDF. Therefore, the modeling environment and the energy 

simulation engine are essentially de-coupled. This is 

unlike other automations where both the script/plugin and 

the modeling environment reside in one system. The 

challenge in a de-coupled system is constraining the user 

input into a script-readable format. To overcome this 

challenge, a naming convention addressing the space 

types referenced in the standard has been compiled. 

Process workflows for creating ZoneList objects have 

been detailed for EnergyPlus interfaces in DesignBuilder, 

OpenStudio and native IDF Editor UI. This process has 

been explained in the Process Workflow section.  

 

Figure 4: The flowchart gives an overview of the automation process. The input file is validated and processed for 

modification. The modified files are simulated for generating output. 
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The ECBC was envisaged as an inclusive code. It 

attempts to address diversity in political, jurisdictional 

and socio-economic aspects of the commercial building 

sector in India. One unique challenge in addressing the 

jurisdictional context has been the Baseline Case Chiller 

Selection Ruleset. The ECBC mandates Water-cooled 

Chillers above a threshold capacity. However, there are 

some jurisdictions that face severe water crisis, and 

Water-Cooled Chillers are not technically feasible. To 

include such jurisdictions in the purview of the code, 

exceptions for using Air-cooled chillers have been 

outlined. Similarly, there have been provisions to include 

high performance single glazed units for 

unconditioned/naturally ventilated buildings that are 

essentially low cost. Accounting for several such 

exceptions requires complex rule sets. The compiled 

rulesets account for many such exceptions and ensure the 

intent of the code. 

Conclusions and Way Forward 

The approach demonstrates that the automation routine 

successfully builds a Baseline Case model from a 

Proposed Design model. The automation routine is 

helpful in standardizing and streamlining compliance 

workflows. The approach saves energy modeler’s time 

and effort as well. 

The ECBC has several exceptions tailored for the Indian 

context, as it is an inclusive code by design. and it has 

many instances of exceptions in the code. Addressing 

several exceptions makes the case for standardizing 

compliance processes and automation routines even 

stronger. 

This approach can be applied to Proposed Design Model 

built in IDF Editor (EnergyPlus), DesignBuilder and 

OpenStudio®. Other interfaces have not been tested for 

this routine. Further, other simulation engines such as 

DOE-2 have not been included yet. Other simulation 

interfaces and engines may be taken up for future 

upgrades.  

The Performance Rating Method – Reference Manual 

documents the rule sets and code interpretations for the 

reference of Building Simulation community (Goel, 

Rosenberg, Liu, Contoyannis, & Czech, 2016). There is 

potential to develop a similar document for the benefit of 

energy modelers and developers associated with ECBC 

compliance processes. This is expected to facilitate the 

integration of rulesets into popular software. There is 

potential to integrate existing PRM automations in the 

workflow to facilitate single models for ECBC and PRM 

compliance as well.  

It is anticipated that different states (or jurisdictions) in 

India will adopt the updated ECBC with contextual 

changes. There will be potential to integrate these 

customizations as scripts in the future. 
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Abstract 

The City of Vancouver (CoV) strives to become the 

Greenest City. This includes eliminating its dependence 

on fossil fuels. Recently, the City has introduced the new 

Green Building Policy for Rezoning (City of Vancouver, 

2018), The policy mandates that buildings must either 

meet select 3rd-party certifications (e.g. Passive House, 

Living Building) or stringent energy use and emission 

targets: Total Energy Use Intensity (TEUI), Thermal 

Energy Demand Intensity (TEDI), and Greenhouse Gas 

Intensity (GHGI) performance limits. In our work, we 

have analyzed cost-effective design solutions for 

achieving these performance limits, using Parametric 

Design Analysis (PDA), for a mixed-use recreational 

facility that includes a pool, gym, multipurpose, and 

residential spaces. This paper presents how this new 

policy has altered best practices in building design, the 

design challenges of meeting these performance limits, 

how Parametric Design Analysis was used to find optimal 

solutions, and the innovative cost-effective solutions that 

were proposed and implemented into the design. 

Introduction 

City of Vancouver’s Green Buildings Policy for 

Rezoning  

The City of Vancouver’s Green Buildings Policy for 

Rezoning is part of the Greenest City 2020 Action Plan. 

This plan was developed from 2009-2011 by local experts 

and city staff. The goal for Green Buildings is to “lead the 

world in green building design and construction” (City of 

Vancouver, 2015) with the targets of reducing energy use 

and GHG emissions by 20% (compared to 2007 levels) 

and by requiring all buildings constructed in 2020 and 

after to be carbon neutral.  

The Green Rezoning Process was first adopted in 2010. 

Since then, it has been updated with more options and 

tighter requirements. The original goals of the policy were 

to 1) increase the number of third-party certified Green 

Buildings; 2) transform the market by increasing 

consumer awareness and choice for Green Buildings; 3) 

develop a process that works for industry to rezone their 

property; and 4) nurture the growing Green Building 

industry in Vancouver.  

In 2017, there was a major overhaul of the policy, 

including an update to the name: The Green Buildings 

Policy for Rezoning. The new policy offers two paths: 

Near Zero Emissions Buildings or Low Emissions Green 

Buildings (City of Vancouver, 2018). Near Zero 

Emissions Buildings requires the project to meet and 

apply for Passive House certification or a similar net zero 

standard. Alternatively, the Low Emissions Green 

Buildings involves the following building performance 

requirements: 1) LEED Gold Certification and 2) 

Performance Limits on the TEUI, TEDI, and GHGI. Each 

limit is intended to drive the building design in a certain 

direction: The TEDI limit encourages the design to have 

a high-performance building envelope, a high level of 

airtightness, and heat recovery ventilation; GHGI favors 

building systems that use electricity over fossil fuels; and 

finally, the TEUI limit promotes overall low energy use. 

The follow equations show how each metric is calculated 

for a project: 

𝑇𝐸𝑈𝐼 [
𝑘𝑊ℎ

𝑚2𝑦𝑟
]

=  
∑ 𝑆𝑖𝑡𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝑈𝑠𝑒 [

𝑘𝑊ℎ
𝑦𝑟

] − ∑ 𝑆𝑖𝑡𝑒 𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 [
𝑘𝑊ℎ

𝑦𝑟
]

𝑀𝑜𝑑𝑒𝑙𝑙𝑒𝑑 𝐹𝑙𝑜𝑜𝑟 𝐴𝑟𝑒𝑎 [𝑚2]
 

(1) 

𝑇𝐸𝐷𝐼 [
𝑘𝑊ℎ

𝑚2𝑦𝑟
] =

∑ 𝑆𝑝𝑎𝑐𝑒 𝑎𝑛𝑑 𝑉𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑂𝑢𝑡𝑝𝑢𝑡 [
𝑘𝑊ℎ

𝑦𝑟
]

𝑀𝑜𝑑𝑒𝑙𝑙𝑒𝑑 𝐹𝑙𝑜𝑜𝑟 𝐴𝑟𝑒𝑎 [𝑚2]
 (2) 

𝐺𝐻𝐺𝐼 [
𝑘𝑔𝐶𝑂2𝑒

𝑚2𝑦𝑟
]

=  
∑ (𝑆𝑖𝑡𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝑈𝑠𝑒 [

𝑘𝑊ℎ
𝑦𝑟

] × 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝐹𝑎𝑐𝑡𝑜𝑟 [
𝑘𝑔𝐶𝑂2𝑒

𝑘𝑊ℎ
])

𝑀𝑜𝑑𝑒𝑙𝑙𝑒𝑑 𝐹𝑙𝑜𝑜𝑟 𝐴𝑟𝑒𝑎 [𝑚2]
 

(3) 

Currently, the policy has two sets of performance limits, 

those for buildings connected to a City-recognized Low 

Carbon Energy System and those not connected (Table 1), 

which is the most common.  

Table 1: Performance Limits for Buildings not 

Connected to a City-recognized Low Carbon Energy 

System. 

Building Type TEUI 

(kWh/m2) 

TEDI 

(kWh/m2) 

GHGI 

(kgCO2/m2) 

Residential 

Low-Rise 

(< 7 storeys) 

100 15 5 

Residential 

High-Rise 

(> 7 storeys) 

120 30 6 

Office 100 27 3 

Retail 170 21 3 

Hotel 170 25 8 

All Other 

Buildings 

EUI 35% better than Building By-law 

energy efficiency requirement 

 

For mixed-use buildings, the TEUI, TEDI, and GHGI 

limits are a combined area weighted average of the 

performance limits for each building type. The portions of 

the building that have a TEDI target must also meet their 

combined TEDI target (City of Vancouver, 2018).  

Parametric Simulations 

In recent years, parametric simulations have made great 

strides forward in whole-building energy simulation. 

They are now routinely used in the building design 

process for new construction. They provide an 
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opportunity to evaluate a vast array of design options and 

find the optimal solution for any given performance or 

cost targets.  

Parametric simulations have also been used to analyze 

energy efficiency measures (EEMs). For example, Attia 

et al. (2012) have developed a simulation-based decision 

support tool for the early stage design of zero-energy 

buildings. It utilizes EnergyPlus based parametric 

simulations to optimize passive (e.g. orientation, 

geometric features, envelope properties) and active (e.g. 

HVAC, ventilation, photovoltaic, solar thermal) building 

elements. Parker et al. (2014) present a workflow utilizing 

the OpenStudio Parametric Analysis tool to analyze 

EEMs. Al-ajmi et al. (2017) uses TRNSYS-PREBID to 

perform a parametric sensitivity analysis of EEMs 

relating to building envelope, window type, size and 

direction, infiltration, and ventilation. Kerdan et al. (2015) 

have used EnergyPlus based parametric simulations to 

assess the impact of retrofit measures (e.g. HVAC 

systems, insulation) for office and primary school type 

buildings. In their study, they have proposed a multi-

objective optimization method to find the optimal retrofit 

measures that minimize energy use, exergy destructions, 

and thermal discomfort. Lee et al. (2015) have created 

DEEP (database of energy efficiency performance) for 

commercial buildings in California using EnergyPlus. 

They have explored EEMs covering envelope, lighting, 

heating, ventilation, air-conditioning, plug-loads, and 

service hot water. DEEP is integrated into a web-based 

retrofit toolkit, which queries the database and returns 

recommended EEMs as well as their estimated energy 

savings and simple payback. Iqbal et al. (2007) have 

studied EEMs (i.e. HVAC systems, glazing, insulation, 

temperature setpoints, and lighting) in Visual DOE 4.0 for 

an existing office building in Saudi Arabia. Optimal 

EEMs were chosen solely based on energy conservation.  

In our work, we have developed a process for finding 

cost-effective solutions for retrofit or new construction 

projects (Chan et al., 2018). Our process is designed to 

clearly identify the tasks of the energy modeller as well as 

the inputs and deliverables for each task. It is also 

designed to provide sufficient data and recommendations 

to inform decision makers of the best design measures or 

combination of measures to implement. This process 

builds upon the use of parametric simulations to optimize 

design by adding financial analysis and a user-friendly 

and interactive interface to analyse the parametric results.  

In this paper, we have applied this process to find design 

solutions for achieving all three performance limits for a 

mixed-use recreational facility that includes a pool, gym, 

multipurpose, and residential spaces.  

Methods 

An energy model that represents the proposed form and 

geometry of the building is created, as the basis for 

applying possible mechanical, electrical and envelope 

options. The options range from typical standard 

construction to the highest passive standard. Each option 

is subject to careful analysis, modelling, life cycle 

analysis and ongoing review with the client team. The 

general process of our analysis is as follows: 

1. Energy Model of Proposed Design 

2. Design Measure Selection 

3. Parametric Design Analysis (PDA) 

Each of these steps is described in more detail in the 

following sections. Through this process, sufficient data 

and recommendations can be developed to inform 

decision makers of the best design upgrade measures or 

combination of measures to implement. 

Energy Model of Proposed Design 

Energy analysis using simulation software can be very 

valuable throughout the design of new buildings to 

estimate the energy use of a future building design based 

on the local climate characteristics, system choices, and 

geometry. The purpose of energy simulations is to 

develop an energy balance calculation of the various 

energy flows in the building. Knowing where the energy 

is used in the building allows one to identify opportunities 

to reduce the energy use in a design. Successful high-

performance buildings can only be achieved by 

understanding how building components interact under 

operating conditions.  

Our approach is to create an energy model of the proposed 

design based on the architectural, mechanical, and 

electrical drawings/documentation of the proposed 

design.  

Design Measure Selection 

The number of design upgrade measures imaginable are 

countless; however, many of them do not pass an initial 

viability test. To establish a list of plausible measures, we 

have implemented a selection strategy based on several 

objectives. The following objectives guide the measure 

selection process and form the basis of their evaluation: 

• Provide best value based on professional judgement 

and experience 

• Utilize proven technology 

• Reduce energy consumption by first focusing on large 

scale measures 

• Select measures based on ease of maintenance 

• Minimize capital investment where appropriate 

• Select measures that save energy in the largest energy 

consumers 

The energy and cost impact of these measures will be 

evaluated via Parametric Design Analysis. 

Parametric Design Analysis 

In recent years, energy simulation technologies have 

advanced to enable a review of the interactive effects of 

multiple measures implemented simultaneously. This 

process is called Parametric Design Analysis (PDA). The 

analysis consists of the following three steps: 

Parametric Simulation 

In the first step, rather than narrowing down the potential 

designs to a small subset of designs and/or energy 

efficiency measures to be analyzed through simulation, 

potential design options are created by combining all of 

the different design parameters that are conceivable for 
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the project. This means that many design iterations are 

created, typically including envelope performance, 

HVAC system, lighting design, and any other design 

consideration of interest, which are combined in various 

permutations.  Whole building energy simulations using 

each design iteration can be performed using parametric 

simulations in IES Virtual Environment (IESVE) 2015. 

Using this process of parametric simulations limits the 

need to reduce the number of simulations to a manageable 

number as the only limitation is computational power. 

This enables the design team to estimate the impact of all 

individual design decisions on the overall building energy 

performance.  

Parallel Coordinates Tool 

The parametric simulations generate a very large number 

of results data as they efficiently perform hundreds or 

thousands of full individual energy models. To be able to 

gain information from the data and draw conclusions, the 

data needs to be processed with a tool suitable for large 

sets of multi-dimensional data. The parallel coordinates 

tool can present this data in an interactive way, where sets 

of parameters can be chosen to view an outcome of 

interest such as energy use intensity (EUI), net present 

value (NPV), or payback period. The parallel coordinates 

tool utilizes the open-source JavaScript library 

d3.parcoords.js.  

Design Options Selection 

Using the parallel coordinates tool, Design Options (i.e. 

measure bundles) are selected based on the ability of a 

combination of individual measures to meet the project 

objectives, such as, for example, EUI, TEDI or GHG 

emissions targets. The power of the parallel coordinates 

tool lies in the ability to select the target outcome in the 

interactive data set and get, as a result, all the Design 

Options that would meet the performance targets. The 

most economical of these options can then be selected for 

implementation. Depending on the economic framework 

for a project, the most economically feasible option can 

be characterized by different metrics, for example, capital 

cost investment, simple payback, or a more sophisticated 

life cycle cost analysis.  

Results 

The building analysed in this study is a recreational 

facility with a residential tower. It is located in 

Vancouver, BC. The recreation building is a 14-storey 

building with a conditioned floor area of approximately 

13,220 m2. There are also 3 underground levels, which 

consists of parking stalls, mechanical/electrical rooms, 

offices, and storage.  

The building accommodates several space types such 

gymnasium, pool, fitness area, office, conference room, 

restroom, locker room, stairwell, lobby, corridors, 

residential suite, as well as other spaces to provide service 

to the building such as storage room, electrical and IT 

server room, and mechanical room.  

Energy Model of the Preliminary Design 

An energy model was created to reflect the geometry and 

key design features of the preliminary design (Table 2).  

Table 2: Key Features of the Preliminary Design. 

Building 

Component 

Preliminary Proposed Design 

Envelope Roof: R-20.8 (RSI 3.7) 

External Walls: R-15.6 (RSI 2.7) 

Windows: U-0.45 (USI 2.6) 

Lighting Fitness: 1.0 W/ft2 (10.8 W/m2) 

Gym/Multipurpose: 1.2 W/ft2 (12.9 W/m2) 

Pool: 0/8 W/ft2 (8.6 W/m2) 

Offices: 1.11 W/ft2 (11.9 W/m2) 

Residential: 0.5 W/ft2 (5.0 W/m2) 

HVAC: 

central 

system 

Cooling: heat recovery chiller 

Heating: heat recovery chiller, backup gas-

fired boiler 

HVAC: 

zone level 

Recreation centre: VAV with reheat 

Residential: Fan-coils, no cooling 

Heat 

Recovery 

Heat recovery chiller, exhaust air heat 

recovery coils 

 

Figure 1 shows a 3D rendering of the energy model. 

IESVE 2015 was the software used to model this building. 

 

Figure 1:IESVE Model of the Proposed Design. 

Pool Calculations and Modelling 

The building includes five pools: 3 whirlpools, a lap 

swimming pool, and a warm pool. In order to accurately 

model the pool spaces and their effect on the surrounding 

environment, we performed external calculations and 

adjusted model inputs to ensure that energy flows were 

represented appropriately. Evaporative, convective, and 

conductive losses of the pool water to the space above are 

included in the model. Radiation losses are assumed to be 

minimal and are therefore not included in the model. 

IESVE does not have a capability to explicitly model 

pools, but they have provided a workaround to model the 

convective heat losses from the water to the space above 

it (IES Virtual Environment, 2019). In the model, each 

pool is modelled as a separate space. To represent the 

water surface, the top of the spaces is modelled using a 

modified “window” element that acts like the surface of 

the water, with a heat transfer coefficient close to that of 

a water surface.  

The latent heat gain to the air above the pool is calculated 

based on the rate of evaporation from the water surface. 

Equation 4 from the 2011 ASHRAE Handbook – HVAC 

Applications - Section 5.6 is used to calculate the 

evaporation rate, using a typical Activity Factor of 0.5 

during unoccupied time and 1.0 while occupied. 

________________________________________________________________________________________________ 

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

 
4055

 

 
  



 

 

𝑤𝑝 = 4 × 10−5𝐴(𝑝𝑤 − 𝑝𝑎)𝐹𝑎 (4) 

Where:  

wp = evaporation of water, kg/s 

A = area of pool surface, m2 

pw = saturation vapour pressure taken at surface water 

temperature, kPa 

pa = saturation pressure at room air dew point, kPa 

Fa = typical activity factor 

The building owners expect that the lap pool to be in 

operation for 16 hours each day and the whirlpool and 

warm pool to be in operation for 15 hours a day. The 

evaporation rate is then multiplied by the heat of 

evaporation of water to get the latent heat loss. Latent 

gains in the pool space were calculated for occupied and 

unoccupied times.  These values were added as a latent 

gain to the pool space.  

To estimate the water heating energy required for the 

pools, those same evaporation rates were used to find the 

daily water loss from each pool. Using the incoming water 

temperature and the specific heat of water, we calculated 

how much energy would be required to heat the water 

used to refill the pool. The pool is also assumed to be 

emptied, cleaned and refilled once a year.  

A heater was modelled in each pool in order to estimate 

the amount of energy it would take to maintain the 

required pool water temperatures. The mass factor of the 

space was changed to the specific heat capacity of water. 

CoV Performance Limits for Mixed Use Buildings 

This building has both residential areas and non-

residential areas, so it falls under the requirements for 

mixed-use buildings. This means that the TEUI, TEDI, 

and GHGI limits are a combined area weighted average 

of the recreational spaces and residential tower limits 

(City of Vancouver, 2018). The residential tower also 

must meet the TEDI requirement for “Residential High 

Rise”. 

The recreational spaces of this building falls under the 

“All Other Buildings”. Therefore, the performance limits 

of those spaces are determined based on the Vancouver 

Building By-law (VBBL) energy efficiency requirements. 

At the time of the rezoning application, the VBBL energy 

efficiency requirement is to comply with either ASHRAE 

90.1-2010 or NECB 2011 energy code. An ASHRAE 

90.1-2010 baseline model was created to determine the 

TEUI, TEDI, and GHGI targets for the recreational 

spaces. This model only contains recreational facility 

space types and does not include the residential portion of 

the building. The TEUI performance limit for the 

recreational space types is 35% lower than the baseline 

model TEUI. The TEDI and GHGI performance limits are 

the baseline model TEDI and GHGI. Table 3 show the 

performance limits for the residential spaces, recreational 

spaces, and whole building. In summary, the proposed 

building has to meet the TEUI, GHGI, and TEDI 

requirements for the whole building, as well as the TEDI 

requirement for the residential spaces. 

Table 3: Performance Limits for the Building.  

Metric Residential 

High Rise  

Recreational 

Spaces  

Whole 

Building 

TEUI 

(kWh/m2) 
120 461 316 

GHGI 

(kgCO2/m2) 
6 96 58 

TEDI 

(kWh/m2) 
30 280 174 

Heating & Cooling Load Analysis 

The heating and cooling load breakdown of the 

preliminary design was analysed in order to determine the 

key energy consumers. Since the biggest energy use of a 

building is space conditioning, this analysis gives us a 

good understanding of where we can potentially improve 

the building design with the aim of meeting the 

performance limits.  

A significant portion of the heating and cooling load is 

attributed to the pool space in the building. A lot of energy 

is used to heat the pool water, as well as condition and 

dehumidify the space. Figure 2 shows a breakdown of the 

heating load in the building. 63% of the heating load is 

from heating the pool water and space heating for the pool 

area. The space heating load of the building directly 

relates to the TEDI and GHGI. The pool space has such a 

high thermal demand because it is a large space with high 

air change requirements (i.e. 3-5 air changes per hour). It 

also has a heating setpoint of 28°C. This high heating load 

could potentially result in a high GHGI if a natural gas 

heating system is used; the eCO2 emission factor for gas 

is significantly higher than electricity. This could make it 

potentially challenging to meet the TEDI and GHGI 

requirements for this building without some form of heat 

recovery.  

 

Figure 2: Recreation Building: Heating Load 

Breakdown. 

The pool water load is further broken down into losses 

due to convection, conduction, and evaporation (Figure 

3). Pool water is assumed to be refilled as needed due to 

overflow and evaporation, as well as a full refill once a 

year. Currently, evaporation makes up 82% of the total 

pool water load. The high evaporative losses to the pool 

space results in a high dehumidification load.  

Pool Water
25%

Space Heating (Pool)
38%

Space Heating (Other Spaces)
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13%
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Figure 3: Recreation Building: Pool Energy Breakdown. 

Figure 4 shows the breakdown of the building’s cooling 

load. As expected, the largest cooling load is the 

dehumidification and space cooling for the pool. This 

shows that there is a significant of heat recovery potential 

from cooling, where the heat rejected from cooling can be 

used for heating. The high cooling load affects the TEUI 

of the building as it results from a significant use of 

electricity. One way to minimize the load could be the 

addition of a pool cover at night, which would reduce 

evaporative losses. 

 

Figure 4: Recreation Building: Cooling Load 

Breakdown. 

Building Energy Use Breakdown 

Figure 5 show the energy use breakdown of the 

preliminary design. The TEUI of the building is 229 

kWh/m2. The largest contributors to the TEUI are electric 

heating and cooling, interior fans, and interior lighting. 

The GHGI is 5 etonnes kgCO2/m2. The TEDI for whole 

building and residential spaces are 201 kWh/m2 and 57 

kWh/m2, respectively. The preliminary design is meeting 

the TEUI and GHGI requirements, but not the TEDI 

requirements.  

 

Figure 5: Preliminary Design: Energy Use Breakdown. 

Energy Efficiency Measures 

Most of the energy efficiency measure (EEMs) (Table 4) 

that were investigated aimed to reduce the TEDI of the 

building. Additional EEMs were tested to evaluate their 

cost-benefit potential with regard to their impact on the 

TEUI, TEDI, and GHGI.  

Table 4: List of EEMs. 

Building 

Component 

EEM 

Mechanical 

 

• Electric back up boilers  

• Suite HRV (residential tower only)  

Envelope 

 

• Roof: R-40 (RSI 7.0), R-60 (RSI 10.6) 

• Walls: R-30 (RSI 5.3), R-45 (RSI 7.9) 

• Windows: U-0.33 (USI 1.9), U-0.25 (USI 

1.4) 

• Higher airtightness: 0.1 L/s-m2 facade 

(residential tower only) 

Lighting • LED lighting (excluding pool and gym) 

DHW • Low flow fixtures 

• Drain water heat recovery 

Pool • Pool cover during unoccupied hours 

 

Impact of Measures 

Figure 7 to Figure 6 shows the TEUI, GHGI, and TEUI 

savings for each EEM based on the preliminary design 

energy model. Pool cover, triple glazed windows (U-

0.25), and LED lighting provide the highest TEUI and 

GHGI savings. Pool cover, double glazed windows (U-

0.33) and triple glazed windows (U-0.25) provide the 

highest TEDI savings. 

Figure 6: EEM TEDI Savings. 

 

Figure 7: EEM GHGI Savings.
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Figure 8: EEM TEDI Savings.

 

Parametric Design Analysis Results 

Figure 9 shows a full set of results of every combination 

of EEMs possible (i.e. 1728 simulations). Figure 10 

shows the Design Options that meet the TEDI 

requirement for the whole building (i.e. 174 kWh/m2). 

Since there are still lines that go through every EEM 

option, there are no EEMs that are completely ruled out.  

only some specific combinations of EEMs. This means 

that there will be trade-off situations, where if you pick 

one EEM, you may not be able to pick another one.  

Figure 9: Parametric Design Analysis – All Results. 

 

Figure 10: Design Options - Meets TEDI Requirement. 

An Energy Workshop was held to share the results of the 

analysis with the design team and clients. At the 

workshop, the financial implications and feasibility of 

implementation for each EEM was discussed. The team 

was keen on implementing the following EEMs:  

• Double glazed windows (U-0.34, SHGC 0.4) 

• LED lighting (excluding pool and gym) 

• R-60 Roof 

Figure 11 shows the EEMs that were chosen to be 

implemented into the design. Unfortunately, based on 

their selections, the pool cover must be also implemented 

in order to meet the TEDI requirement. Pool covers can 

be expensive to implement as it requires the purchase of 

the cover system, maintenance of the system, additional 

training of the pool staff, and extra work time every day 

to deploy the cover.  

Figure 11: Design Option - Preferred EEMs. 

Based on feedback from the Energy Workshop and our 

parametric analysis, we investigated additional EEMs that 

could potentially lower the building’s TEDI without the 

use of a pool cover. The following additional EEMs were 

investigated: 

• Lower window-to-wall ratio for residential tower 

(30%) 

• Dewpoint temperature control for the pool space 

(18°C) 

Since the VBBL energy requirements will be updated 

during the design phase, the building must meet stricter 

envelope requirements. Envelope components in the 

model were updated to meet the ASHRAE 90.1-2016 

standard. This will improve the building’s TEDI as well. 

• Above ground walls: R-11 (Assembly Maximum, 

Mass, Non-residential) 

• Exposed floors: R-17.5 (Assembly Maximum, Mass, 

Non-residential) 

• Slab on grade: F-0.520 (Unheated, Non-residential) 

Final Proposed Design 

Based on the TEUI, TEDI, GHGI, financial, and 

feasibility consideration of all EEMs, the team chose the 

following EEMs to be implemented in the final design: 

• Lower window-to-wall ratio (30%) for the residential 

tower  

• Dewpoint temperature control for pool space (18°C) 

• Double glazed windows (U-0.34, SHGC 0.4) 

• LED lighting (excluding pool and gym) 

• R-60 Roof 

-5.0

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

kW
h
/m

2

________________________________________________________________________________________________ 

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

 
4058

 

 
  



 

 

Table 5 shows the TEDI, TEUI, and GHGI for final 

proposed design. Unfortunately, the building still does not 

meet the TEDI requirements.  

Before considering additional EEMs to be implemented, 

we delved deeper into how TEDI is calculated. According 

to the equation for calculating TEDI, the heat recovered 

from the exhaust air heat recovery coils is not included. 

Strictly speaking, only the effect of ventilation heat 

recovery devices is included in the TEDI. In both cases, 

heat is extracted from the exhaust air stream and is put 

back into the building, either directly into the air or via 

heating coils. Therefore, we believe that the effect of 

exhaust heat recovery coils should be included in the 

TEDI. This alternative way of calculating TEDI will be 

confirmed with the City of Vancouver upon submission 

of the rezoning application.  

Table 5 shows the adjusted TEDI in the rightmost column. 

The proposed design meets the performance limits if the 

effect exhaust air heat recovery coils are included in the 

TEDI. The final proposed design meets the performance 

limits. 

Table 5: Performance Limits and Values – Final Design. 

Metric 
Perform-

ance Limits 

Proposed 

Design 

Proposed 

Design 

(Adjusted 

TEDI) 

TEUI 

(kWh/m2) 
316 223 223 

GHGI 

(kgCO2/m2) 
58 6 6 

TEDI 

(kWh/m2) 

174 (Whole 

Building) 

30 

(Residential 

Only) 

194 (Whole 

Building) 

54 

(Residential 

Only) 

141 (Whole 

Building) 

15 

(Residential 

Only) 

 

Discussion 

The new rezoning policy requirements has significantly 

changed the building design practice in Vancouver.  

Before this policy, it was only required for the building 

design to with the ASHRAE 90.1 or NECB code. Either 

paths consist of relative comparisons to a “baseline” or 

“reference” building in terms of energy cost or energy 

savings. The new policy requires that the building design 

meet specific TEUI, TEDI and GHGI targets for 

residential, retail, hotel, and office buildings. New 

modelling guidelines (City of Vancouver, 2018) were also 

introduced by the City, which provide specific model 

inputs that are missing from the ASHRAE 90.1 or NECB 

modelling guidelines.  

Moving away from just energy or energy cost focused 

performance targets, the introduction of TEDI and GHGI 

targets have driven building design to be more envelope 

and energy source conscious. In the past, building design 

was able to get away with a mediocre envelope by 

providing an efficient mechanical system. With the mild 

climate in Vancouver, it was not necessary to design a 

high-performance envelope to meet the energy focused 

targets.   With the new TEDI requirement, the design 

approach has moved to the “passive first” approach, 

where there is more emphasis in providing a better 

insulated and sealed building with passive heat recovery 

features before efficient mechanical systems are 

considered.  

Similarly, energy sources were not considered in building 

performance before. In Vancouver, natural gas systems 

were often specified in designs as it is a low-cost fuel 

source relative to electricity. With the new GHGI target, 

designers are motivated to use cleaner energy sources, 

such as electricity, which, in British Columbia, has 

minimal associated GHG emissions since it’s generated 

from hydroelectric stations. Conversely, natural gas has 

an emission factor that is approximately 14 times higher 

than electricity. However, even though electricity may be 

better for the environment, it is a costly fuel source (i.e. 3 

times more expensive than gas). Due to GHG and cost 

considerations, the design approach has shifted to either: 

minimizing the need for fuel by using the “passive first” 

approach and/or utilizing efficient mechanical systems 

such as heat pumps.  

These new targets have added a layer complexity to the 

design process. Every measure that is considered must be 

weighted in terms of energy, thermal demand, GHG 

emissions, and financial implications. Parametric Design 

Analysis is a useful tool is determining which 

combination of EEMs are the best for the project by 

considering all those metrics and ensuring that the optimal 

design can be achieved. 

Conclusion 

In our work, we have analyzed design solutions for 

achieving the TEUI, TEDI, and GHGI performance 

targets set by the City of Vancouver’s new Green 

Building Rezoning Policy. Namely, we utilized 

Parametric Design Analysis (PDA) to investigate the best 

combination of energy efficient measures to implement 

for a mixed-use recreational facility that includes a pool, 

gym, multipurpose, and residential spaces.  

Our proposed methodology for finding cost-effective 

solutions for retrofit or new construction projects with 

complex building performance targets has proven to be 

effective by the study presented in this paper and (Chan et 

al., 2018). As performance targets become more complex 

for future building design projects, it is critical to utilize 

this method to ensure that all design options are analysed 

and optimum cost-effective solutions can be found.  
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Heating And Cooling, Internal Temperatures And Heating And Cooling Load 
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Abstract 

The set of Energy Performance of Buildings (EPB) 

standards has been published in 2017. One of the key 

EPB standards is (EN) ISO 52016-1, to calculate the 

energy needs for heating and cooling, internal 

temperatures and sensible and latent heat loads. This 

standard replaces (EN) ISO 13790:2008. Like its 

predecessor, ISO 52016-1 contains both a monthly and 

hourly method, but the hourly method in ISO 52016-1 is 

more advanced and better suited to deal with dynamic 

effects. Additional standardization work has been 

initiated to further increase the applicability: (1) to 

include the effect of adaptive façade elements and (2) to 

introduce specific criteria and validation procedures for 

alternative calculation procedures. 

Introduction 

The set of Energy Performance of Buildings (EPB) 

standards has been published in summer 2017. This set 

enables to assess the overall energy performance of a 

building. A number of key EPB standards are available 

at global level (the (EN) ISO 52000 family of standards), 

while others are for this moment only available at 

European level (CEN standard: EN xxxx).  

(EN) ISO 52016-1 (International Organization for 

Standardization, 2017), accompanied by the technical 

report (CEN) ISO/TR ISO 52016-2 (International 

Organization for Standardization, 2017)
1
, is one of the 

key standards of the ISO 52000 family. ISO 52016-1 

provides the method to calculate the energy needs for 

heating and cooling, internal temperatures and sensible 

and latent heat loads. It replaces the renowned and 

widely used ISO 13790 (International Organization for 

Standardization, 2008). Like its predecessor, ISO 52016-

1 contains both a monthly and hourly method. The 

hourly method in ISO 52016-1 is more advanced than 

the simplified hourly method in ISO 13790 and better 

suited to deal with dynamic interactions between 

building components and system elements. At the same 

time, it has been tailored in such a way that it remains 

fully transparent and requires no extra input data 

compared to the monthly method.  

1
 From here on, the addition “EN” and “CEN” will be 

omitted when referring to EN ISO standards or CEN ISO 

technical reports. 

This paper focusses mainly on the rationale behind and 

the wide applicability of the hourly calculation method 

of ISO 52016-1 and how this relates to dynamic building 

simulation tools. 

The set of EPB standards 

The set of standards and accompanying technical reports 

on the energy performance of buildings (set of EPB 

standards) have been prepared (2011 – 2016) under a 

mandate, given to CEN by the European Commission 

and the European Free Trade Association, to support the 

EPBD (Mandate M/480, 2010). 

Figure 1 shows a simplified flow chart of the main 

modules or elements in the assessment of the energy 

performance of buildings. Each of these modules is 

covered by one or more EPB standards.  

A complete overview of all EPB standards is given at the 

EPB Center website (www.epb.center, EPB Center, 

2019). More background information can also be found 

in recent articles, e.g. in the REHVA Journal (Hogeling, 

2016a and 2016b, 2017 and van Dijk and Hogeling, 

2019). 

Holistic approach: instrument for policy 

targets and driver for innovation 

In the past, energy performance requirements were set at 

component level – minimum thermal insulation levels 

and minimum efficiencies of products. However, 

nowadays this would lead to sub-optimal solutions and 

create a barrier to the necessary technology transitions. 

The set of EPB standards is based on the holistic or 

systemic approach: the assessment of the overall energy 

performance of a building. This implies that all types of 

building related energy uses (heating, lighting, cooling, 

air conditioning, ventilation) and outdoor climatic and 

local conditions, as well as indoor climate requirements 

are considered, including the sometimes complex and 

dynamic interactions between these various aspects.  

This also implies that any combination of technologies 

can be used to reach the intended overall energy 

performance level, at the lowest cost. Due to this 

'competition' between different technologies, the holistic 

approach is a key driver for technological innovation and 

change.  

Of course, to benefit optimally from the holistic 

approach the EPB standards have to be able to cope 

adequately with innovative techniques. In this respect, 
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the main distinction is between hourly and monthly 

calculation time intervals. This is explained in more 

detail further on. 

 

Figure 1: Flow chart of the set of EPB standards with 

position of the five key EPB standards (in bold). 

The five key standards mentioned in EPBD 

The revised European Energy Performance of Buildings 

Directive (EPBD, 2018), mentions explicitly five key (in 

EPBD called: ‘overarching’) standards of the EPB set: 

ISO 52000-1, 52003-1, 52010-1, 52016-1 and 52018-1. 

The EU member states are obliged to take these 

standards into account in their reports to the European 

Commission. 

Figure 1 (roughly) shows which elements are covered by 

these standards (bold and numbered). These five key 

EPB standards have in common that each of them 

describes an important step in the assessment of the 

energy performance of building. It is very fortunate that 

these five EPB standards are also available as ISO 

standards, which creates a strong basis for the roll-out of 

the other (CEN) EPB standards at worldwide level as 

well. Harmonization of EPB assessment methodologies 

at global level will strengthen innovation on EPB 

solutions and products. 

So ISO 52016-1 is one of these key EPB standards. In 

fact, the backbone of the holistic calculation is formed 

by ISO 52000-1 and ISO 52016-1, with input from the 

product-related standards and in interaction with the 

system standards. 

Hourly and monthly calculation procedures 

The overarching EPB standard ISO 52000-1 

The overarching EPB standard ISO 52000-1 

(International Organization for Standardization, 2017) 

lists different options for the time interval for the 

calculation of the energy performance: hourly, monthly, 

seasonal, yearly and bin. The choice can be made at 

national level. In most countries a choice is made 

between monthly and hourly calculation procedures.  

Balanced accuracy 

For use in the context of building regulations it is 

essential that the procedures to calculate the energy 

performance of a building are not only accurate, but also 

robust (applicable to a wide range of cases). It is also 

essential that they are reproducible (unambiguous) as 

well as transparent and verifiable (e.g. for municipalities, 

to check compliance with national or regional minimum 

energy performance requirements) and 

applicable/affordable (e.g. for inspectors, assessing the 

energy performance assessment of an existing building). 

The accuracy of the model should always be in 

proportion with the limitations and uncertainties in 

available input data and with the required robustness and 

reproducibility of the method. But at the same time the 

calculation should provide a sufficient and realistic 

appreciation of the wide variety of available energy 

saving technologies: a balanced accuracy.  

The importance of keeping a balance between accuracy 

and quality of input was introduced  more than a decade 

ago by Bart Poel (e.g.: Poel, 2007). He proved that, for a 

specific application, the most accurate, complete and 

state of the art method is not necessarily the most 

appropriate method. This is in particular true for 

calculations in the context of building regulations, and is 

very strongly true for existing buildings. 

Low energy use: strong dynamic effects 

Still keeping a balanced accuracy in mind, many 

technologies, in particular for low energy buildings 

aiming to meet today’s energy performance 

requirements, are strongly and dynamically interacting 

with the hourly and daily variations in weather and 

operation (solar blinds, thermostats, needs, occupation, 

accumulation, mechanical ventilation, night time -free 

cooling- ventilation, weekend operation, heat pump, 

solar panels, etc.). This has a strong effect on the 

calculated energy performance. 

In the past, the dynamic effects had less prominent 

effects, but in low energy buildings these effects can 

become very large (van Dijk, 2018). This strongly 

influences the pro’s and con’s of the monthly versus 

hourly calculation method. 

Building and space categorization 

Climatic data for energy calculations  

Building automation and control 

Energy needs heating & 

cooling 

and indoor temperatures 

Heating, ventilation,  

cooling, DHW & lighting 

systems 

Weighted overall 

(primary) EP, share 

of renewables, …  

Overall EP 

indicators 

and rating 

EP 

indicators 

th. energy 

balance 

and  

fabric 

ISO 52000-1 

Building elements (thermal, solar) 

Common terms, definitions, symbols 

ISO 52000-1 
ISO 52003-1 

ISO 52016-1 

ISO 52010-1 

(Standard) conditions of use 

ISO 52000-1 

ISO 52018-1 
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Monthly vs hourly method in ISO 52016-1 

ISO 52016-1:2017: successor of ISO 13790:2008 

Of all EPB standards, the choice between hourly or 

monthly calculation procedures is most prominently 

visible in the calculation of the energy needs for heating 

and cooling and indoor temperatures: ISO 52016-1. 

Monthly method in ISO 52016-1 

The monthly calculation method in ISO 52016-1:2017 

has not been fundamentally changed compared to it’s 

predecessor ISO 13790:2008. It contains correction or 

correlation factors to account, in a kind of statistical 

way, for the dynamic effects that are mentioned above. 

These factors are usually pre-calculated, based on a large 

series of building simulations with e.g. variations of 

daily weather, conditions of use and building design.  

However, for low energy buildings and buildings with 

dynamically (inter-)acting technologies, the monthly 

method is no longer the simple transparent method that it 

used to be. Due to the necessity to introduce an 

increasing number of correction factors, the original 

transparency and robustness of the monthly method has 

been lost. Moreover, a serious weakness of the monthly 

method is that the calculation of the monthly heating and 

cooling needs are done separately, without interaction. 

Hourly method in ISO 52016-1 

An hourly calculation method does not need the series of 

correction factors that the monthly method requires. It 

can directly calculate the effect of dynamic interactions. 

But the challenge for an hourly method is to avoid the 

need for too many input data from the user. As 

mentioned above (‘Balanced accuracy’), more input data 

would introduce more uncertainties that could easily lead 

to a loss of overall accuracy, or lead to significantly 

higher EP assessment costs.  

With this in mind, the hourly calculation method in 

ISO 52016-1 has been improved drastically compared to 

its predecessor (ISO 13790:2008), in two ways:  

First: ISO 13790:2008 contained a very simple, 

aggregated (few lumped parameter nodes) model in 

which all building elements enclosing a thermal zone 

(except windows) were aggregated to a single overall 

thermal transmittance, including such different elements 

as roofs, walls and ground floor (see Figure 3). This is 

actually a loss of already available information (input 

data such as the U-value, size, orientation and mass of 

each building element) and leads –consequently- to 

problems in e.g. the estimation of the effects of thermal 

mass and the effects of solar irradiation. The only 

advantage of the lumped parameter model was the 

shorter calculation time, which –of course- is now less 

relevant than 10 years ago. 

In contrast to this, ISO 52016-1 contains a full dynamic 

method, in which the U-value, size, orientation and mass 

of each building element are used directly, without 

aggregation (see Figure 3). Because each construction 

element is modelled separately, ISO 52016-1 is much 

more powerful and transparent than ISO 13790 and it 

resembles building simulation tools more closely. It also 

opens the possibility to deal with adaptive building 

elements. 

 

Figure 2. Illustration of simplified hourly method in 

ISO 13790:2008

 

Figure 3. Illustration of improved hourly method in 

ISO 52016-1:2017 

Of course, this is nothing different from conventional 

building simulation models (Loonen, 2017). The novelty 

is, that the details of this hourly method in ISO 52016-1 

have been tailored to the goal: they are spelled out 

unambiguously and transparent and, equally important: 

Second: One of the main accomplishments of this new 

hourly method is that it does not require extra input 

compared to the monthly calculation method.  
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Figure 4. ISO 52016-1: links between the hourly and the 

monthly method provided in this standard 

Hourly method in ISO 52016-1 to derive monthly 

correlation factors 

The hourly and the monthly method in ISO 52016-1 are 

closely linked: they have been developed side by side 

and they use, all together, the same input data and 

assumptions. Consequently, the hourly method is also 

very well suited for the derivation or validation of the 

correction and correlation factors of the monthly 

method. For instance, by carrying out a large number of 

hourly calculation runs for a specific range of building 

categories, with a variety of building types and designs. 

This is illustrated by the flow chart in Figure 4.  

Normally, another dynamic simulation tool is needed for 

such purpose; with the consequence that differences in 

assumed conditions and differences in model approaches 

lead to significant noise in the derivation/validation of 

the correction or correlation factors. By using the hourly 

and the monthly method both from ISO 52016-1 this 

noise is eliminated. 

Link with ISO 52010-1 for the conversion of solar 

irradiation 

One of the additional causes for the kind of “noise” 

mentioned above is the calculated solar irradiation at 

vertical and tilted planes, derived from the measured 

solar irradiation at horizontal plane. This is an important 

input for the calculation of energy needs and indoor 

temperatures, especially in case of low energy buildings.  

The main internationally available building simulation 

tools use quite similar but yet different algorithms for 

this conversion. In the so called BESTEST cases 

(ANSI/ASHRAE, 2014) this is one of the causes for 

discrepancies between building simulation tools in the 

calculation cases on the energy needs for heating and 

cooling and indoor temperatures (see Table 1). With the 

introduction of ISO 52010-1 (International Organization 

for Standardization, 2017) this conversion of the solar 

irradiation to tilted and vertical planes has now been 

harmonized which eliminates this part of the noise. This 

is explained in more detail in 7.2.1 of ISO/TR 52016-2 

(International Organization for Standardization, 2017). 

Why is “bin” not an option in ISO 52016-1? 

"Bin" refers to a statistical method, where, as step 1, for 

one or more boundary conditions, the frequency of 

occurrence of a specific value (within a given 

bandwidth) is counted over the year, using a specific 

short time interval (the "bins"). For example: the hourly 

values of the outdoor air temperature within a bandwidth 

of one or a few degrees. The result can be compared 

with a bar chart of the number of hours in a year with a 

given outdoor temperature. 

As step 2, the calculation of the energy or thermal 

performance is done bin by bin, for each boundary 

condition. And finally, as step 3, the result is summed 

over all bins, each multiplied by the frequency of the 

respective bin. 

This method is especially of value for calculations of 

technologies where the influence of the variation of a 

driving force is significant and -consequently- averaging 

is not acceptable (e.g. the outdoor temperature for air-to-

water heat pumps). 

The limitation of the bin method is that there is no 

'memory' between the bins. In case of energy storage 

systems or in case of heat accumulation in building 

elements, a bin does not know how much heat was 

accumulated or released during the previous time 

interval, because the bins are not sequential in time in 

contrast with the calculation using a sequence of (e.g. 

hourly) time intervals.  

This limitation is the reason why a bin method is not an 

option for the calculation of the energy needs for heating 

and cooling in a building: the heat accumulation in the 

building mass typically stretches over several days. 

What about building simulation tools? 

For application in the context of building regulations 

(energy label, minimum energy performance 

requirements), a calculation method has to be realistic, 

Monthly calculation 
method 
With national 
correlation factors to 
deal with dynamic 
effects 

Extra output:  

- Monthly key characteristics 

As basis for generating 

correlation factors for monthly 

method 

Output (hourly method) 

- Energy needs for (sensible 

and latent) heating and 

cooling 

- Hourly heating and 

cooling  load 

- Hourly internal 
temperatures 

Output (monthly 

method) 

- Monthly energy 

needs for 

(sensible and 

latent) heating 

and cooling 

Aggregation 

to monthly 

data 

Hourly data, conditions: 
- Weather 
- Temperature and 
ventilation settings 
- Internal heat sources 
- … 

Input data 

(same for 

monthly and 

hourly 

method): 

Hourly calculation 
method  
with model tailored to 
avoid excessive input 
data 
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sufficiently sensitive (=discriminating between 

technologies with different performance) and fair (level 

playing field). But also: affordable, reliable, verifiable 

and robust (to be trusted blindly for a wide variety of 

cases, reproducible and unambiguous). 

A detailed dynamic simulation tool introduces many 

choices, details and complexities that go beyond what is 

needed to assess the energy performance of a building in 

the context of building regulations, thus requiring extra 

input data (including detailed boundary conditions) that 

are not available or –if available- not verifiable, 

maintainable or comparable (level playing field!).  

Initiative to open up ISO 52016-1 

Within ISO and CEN, initiatives are taken to explore the 

possibilities to open up the hourly calculation method of 

ISO 52016-1 by allowing, to a certain extent, alternative 

calculation methods, while maintaining unambiguity, 

transparency, robustness, verifiability, affordability and 

reproducibility and a level playing field for different 

products and technologies. The main challenge is to find 

a good balance between opening up the calculation 

procedures, while maintaining the existing quality 

aspects mentioned above. This requires, without re-

inventing the wheel (e.g. ANSI/ASHRAE, 2014), the 

specification of carefully designed or selected test cases 

with reference results and acceptance criteria. 

ISO 52016-1 versus ISO 52017-1 

ISO 52017-1 contains a generic (reference) hourly 

calculation method for (a thermal zone in) a building. It 

is called generic as it describes the physical process 

(energy balance) without specific assumptions, boundary 

conditions, simplifications or solution techniques. 

ISO 52017-1 is based on and, together with ISO 52016-

1, it replaces ISO 13791 and ISO 13792 (International 

Organization for Standardization, 2012). The main 

changes compared to ISO 13791 are: 

(1) The energy needs for heating and cooling are added 

to the energy balance equations. This significantly 

increases the application range. is left up to the 

application standards like ISO 52016-1. 

(2) The validation cases have been omitted. Validation 

requires specification of test cases, a variety of 

assumptions & simplifications and input data and 

specification of the range of validity and accuracy. This 

makes more sense when the specific application is 

known. Ergo: to keep a clear distinction between the 

generic method and a specific application, verification 

and validation cases have been moved to ISO 52016-1.  

ISO 52016-1 replaces ISO 13790:2008. The hourly 

calculation method in ISO 52016-1 is a specific 

application of the generic method provided in 

ISO 52017-1. ISO 52016-1 further contains specific 

boundary conditions, specific simplifications and input 

data, for each of the applications that are within its 

scope. 

Design heating and cooling load in 

ISO 52016-1 

ISO 52016-1 includes specific details and boundary 

conditions for the calculation of the design heating and 

cooling load, including latent heat load, as a basis for the 

dimensioning of equipment for cooling and 

dehumidification, on zone level or on central level. It 

specifies also the methods and conditions for the 

calculation of the humidification load. The main idea is 

that there is only one method needed for load and energy 

calculations for heating and cooling in case of an hourly 

calculation interval.  

System specific calculation of the energy 

needs for heating and cooling 

In addition to the calculation of the basic energy loads 

and needs, the effect of specific system properties can be 

taken into account in ISO 52016-1. This leads to system-

specific energy loads and needs. It concerns e.g.: (1) 

undersized heating or cooling power (hourly method 

only); (2) recoverable system heat losses (dissipated 

heat: effect on the energy balance); (3) adjustment of the 

temperature set-points (value and time-schedule) due to 

imperfect system control, and (4) limitation of the 

heating or cooling season for the calculation defined by 

the operation time of the respective technical systems. 

And the other way around: in case of the hourly method, 

the hourly output of the calculation is important input for 

system standards, to assess the performance of the 

technical systems and their components as a function of 

the heating and cooling load and indoor environment 

temperature. 

Built in options to tailor the EPB standards 

to the national situation 

The set of EPB standards offers an internationally agreed 

set of methods to assess the energy performance of 

buildings in a harmonized, modular and transparent way. 

At the same time, the individual countries can tailor the 

standards to their national building regulations, building 

tradition, technology infrastructure and climate. They 

thus combine the benefits of an internationally 

harmonized approach with specific national or regional 

features. This is also the case for ISO 52016-1. More 

details can be found in van Dijk (2017) and van Dijk and 

Hogeling (2019). 

Validation of ISO 52016-1 against 

BESTEST cases 

The hourly calculation procedures on the thermal zone 

level have been validated by using relevant cases from 

the so called BESTEST series. The BESTEST cases are 

well established since decades (several IEA ECBCS 

annexes and IEA SHC tasks), widely used worldwide, 

well described (in particular in ANSI/ASHRAE, 2014) 

and regularly extended with additional cases.  

The limitation of the BESTEST series is that there is no 

single reference "true" result and no acceptance criteria. 

The hourly calculation procedures in ISO 52016-1 are 
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fully described ('prescribed'). This means that the results 

of the test cases should be the same for all users, if the 

same input data and boundary conditions are used. The 

test cases enable a verification of software tools based on 

this standard. 

Of course, even without a reference (“true”) result, it is 

interesting to compare the results with the results 

available from the renowned software tools. Some 

results are presented below.  

The same BESTEST cases are also used for the 

validation of the procedures in ISO 52010-1, to calculate 

the distribution of solar radiation on a non-horizontal 

plane based on measured hourly solar radiation data on a 

horizontal surface. These results have been presented in 

Plokker and van Dijk (2016). The results of that 

calculation, the hourly irradiation at vertical planes of 

different orientation, are input for the validation tests of 

ISO 52016-1. The following cases were selected: 

Table 1. The selected BESTEST cases  

Case 

identifier 

Continuous 

heating and 

cooling 

Intermittent 

heating and 

cooling 

No heating 

and cooling 

(free float) 

Lightweight 

construction 

600 640 600FF 

Heavyweight 

construction 

900 940 900FF 

Note that the selected BESTEST test cases do not 

include for instance: 

- Ground floor heat transfer coupled to ground. 

- Thermal coupling between two or more zones. 

- The effect of thermal bridges. 

- Sunspace or other thermally unconditioned spaces. 

- Solar shading by external obstacles (distant, remote 

or from own building elements). 

- Complex control patterns (e.g. weekend interruption 

of mechanical ventilation and/or heating and cooling 

and/or solar shading, etc.; night time ventilation as free 

cooling, heat recovery by pass, …) 

The ground floor heat transfer has been validated 

separately, as described in ISO/TR 52019-2 

(International Organization for Standardization, 2017).  

In the selected BESTEST cases the heat transfer is 

decoupled from the ground. The other features may be 

tested analytically or require dynamic links with system 

related calculation standards.  

The composite Figure 5 provides the main results of the 

Case 600 and 600FF. Note that the climate is Denver 

(Col., USA), with quite cold but sunny winter and warm 

and sunny summer. 

It also has to be taken into consideration that not each 

software program who's results are available for the 

comparison use nowadays state-of-the-art algorithms (in 

that sense these are not reference results). This is 

because these base cases of the BESTEST series were 

created and tested many years ago.  

The technical report ISO/TR ISO 52016-2 provides 

background information, explanation (including 

examples) and justification (including more validation 

cases). For example: comparison of peak hourly heating 

load against the "reference" programs for Case 940 

(heavy weight, night set back) is the only result that 

shows a significant discrepancy: ISO 52016 1, 8 kW, 

with the reference programs between 4,0 kW and 6,4 

kW. Note that in ISO 52016 1 the operative temperature 

is used for the set-point. This requires much more power 

than only heating the air. Heating up only the air 

temperature to the set point and disregarding a low mean 

radiative temperature does not lead to the thermal 

comfort that is expected by the occupants and expected 

as standard conditions for the calculation of the system 

design capacity. The peak hourly cooling load does not 

show a significant discrepancy, so it is especially for the 

fast heating up after night set back (in the given cold 

climate!) that this phenomenon occurs. 
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Figure 5. BESTESTS: Main results for Case 600 and 

600FF, ISO 52016-1 compared with the available 9 

reference tools 

Accompanying spreadsheet 

A detailed spreadsheet was produced on ISO 52016-1 in 

parallel with the standard, to test and demonstrate both 

the hourly and the monthly calculation method. With this 

spreadsheet the hourly and monthly method can be 

compared directly in the same run. This spreadsheet was 

also used for the validation cases shown above. A draft 

of the spreadsheet is publicly available since May 2015, 

based on the draft standard (www.EPB.center). An 

update will become available around May 2019. 

Adaptive facade elements 

As shown by Loonen (2017), performance prediction of 

adaptive facades can be a challenging task and the 

information on this topic is scarce and fragmented.  

A new (EN) ISO standard is in preparation (2018-2020) 

that builds on ISO 52016-1, but adds the extra elements 

in the calculation that are needed in case adaptive 

building envelope elements are involved. The advantage 

of using ISO 52016-1 is that it is fully dynamic but 

relatively simple and fully transparent.  

This facilitates linking the thermo-physical model of the 

adaptive façade elements to the hourly model of 

ISO 52016-1. This also makes the translation 

straightforward, from the physical control parameters 

(climate boundary conditions, material or zone states, 

occupant preference or even HVAC, BMS interaction) to 

the parameters in the ISO 52016-1 model.  

On the other hand, because lighting and ventilation are 

covered in separate EPB standards, it will cost extra 

efforts to ensure that these aspects are correctly 

integrated in the calculations.  

However, the main challenge will be to reach agreement 

on specific default control strategies. Without common 

assumptions on the control strategy there is no level 

playing field for the comparison of the predicted energy 

performance of products. For this new standard it is 

envisaged, starting with the most representative 

categories of adaptive façade technologies, to develop 

specific default control strategies at 3 or 4 successive 

levels of complexity.  

Conclusion 

The set of EPB standards has been published in 2017. 

One of the key EPB standards is (EN) ISO 52016-1, the 

successor of ISO 13790:2008. This paper focussed 

mainly on the rationale behind and the wide applicability 

of the hourly calculation method of ISO 52016-1 and 

how this relates to dynamic building simulation tools. 

ISO 52016-1 offers the robustness, transparency and 

reproducibility that is required for EPB calculations in 

the context of building regulations.  

The hourly method in ISO 52016-1 paved the ground for 

additional standardization work: (1) to add extra 

elements in the calculation that are needed in case 

adaptive building envelope elements are involved and 

(2) to set up specific validation cases that enable 

alternative methods for specific calculation elements in 
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ISO 52016-1. These new developments will further 

increase the applicability of the set of EPB standards. 
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