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Abstract: The purpose of this investigation is to propose a way for acquiring the foremost window
allocation scheme to have the best trade-off among energy, environmental, and comfort criteria in a
building. An advanced decision-making tool, named the technique for order preference by similarity
to ideal solution (TOPSIS), is utilized to find the best building amongst different alternatives for
having windows on the building façades. Three conditions, namely two parallel, two perpendicular,
and three façades, considered as A, B, and C types, respectively, are investigated. For each type,
four possible orientations are studied. Heating, cooling, and lighting energy demands in addition to
carbon dioxide equivalent emission and thermal and visual comfort are taken into account as the
investigated criteria, and they are all evaluated in a simulation environment. The results show that
for the modular residential buildings chosen as the case study and located in Tehran, Iran, having
windows on the north and east façades is the best scheme. This alternative, which belongs to the
B type, has about 40% and 37% lower heating and cooling energy demands than the C type’s foremost
alternative. It is also able to provide about 10% better CO2 equivalent emission and 28% higher
thermal comfort.

Keywords: building performance simulation; CO2 emission; energy saving; occupant’s comfort;
window allocation

1. Introduction

As the concern about energy and environmental crises increases, presenting solutions
and methods to cope with such issues becomes more and more important to researchers
from different fields. Since the building sector is recognized as having a huge contribution
to these crises, researchers in this field have also come up with some solutions to achieve
energy and environmental improvements, and they are trying hard to find more effective
methods as their crucial mission. Table 1 presents a list of the recent investigations in the
field as the literature in which window-related parameters in a building were evaluated,
considering the topic of this work. As the mentioned items in that table show, the previously
conducted studies can be investigated from different viewpoints, including employed
software programs and studied building aspects. The literature is reviewed from the
mentioned viewpoints in the remainder of this section.

Energies 2021, 14, 3962. https://doi.org/10.3390/en14133962 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0687-7570
https://orcid.org/0000-0002-6449-1078
https://orcid.org/0000-0003-4825-2330
https://orcid.org/0000-0003-1368-1426
https://orcid.org/0000-0003-1713-6548
https://doi.org/10.3390/en14133962
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14133962
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14133962?type=check_update&version=2


Energies 2021, 14, 3962 2 of 24

Table 1. A list of the recent works which have been carried out in the field of improving building performance.

Study Year

Discussed in Section 1.1. Discussed in Section 1.2.

Employed Software
Program

Considered Building
Aspects

The Stage at Which
the Improvements

Have Been Applied

Considered Window
Parameters

Delgarm et al. [1] 2016 EnergyPlus Energy consumption
Thermal comfort Early design stage Window size and

glazing material

Manigandan et al. [2] 2016 Computational Fluid
Dynamics approach Natural ventilation N.A. Orientation and size of

windows

Manigandan et al. [3] 2017 Computational Fluid
Dynamics approach Natural ventilation N.A. Orientation and size of

windows

Misiopecki et al. [4] 2018 THERM Energy consumption N.A. Window position in the
window opening

Azmy and
Ashmawy [5] 2018 EnergyPlus Energy consumption

Visual comfort Early design stage Window position in the
building envelope

Jafari and Valentin [6] 2018 eQuest N.A. Retrofitting stage Replacement of
windows

Selen Solmaz et al. [7] 2018 EnergyPlus Energy consumption
Economic benefits Retrofitting stage

Window properties and
configuration of
shading system

Xue et al. [8] 2019 EnergyPlus, Radiance Energy consumption
Visual comfort Early design stage

Window-to wall ratio
(WWR) and sunshade

configuration

Zhai et al. [9] 2019 EnergyPlus
Energy consumption

Thermal comfort
Visual comfort

Early design stage WWR and glazing
material

Troup et al. [10] 2019 N.A. Energy consumption Early design stage WWR

Feng et al. [11] 2019 Autodesk® Dynamo
and Revit

Environmental impact Early design stage Window size

Ashrafian and
Moazzen [12] 2019

DIALux Evo,
DesignBuilder, and

EnergyPlus

Energy consumption
Occupants’ comfort Early design stage WWR and window

configuration

Hart et al. [13] 2019 EnergyPlus Energy consumption Retrofitting stage Replacement of
windows

Rizal et al. [14] 2020 N.A. Visual comfort N.A. Window position

Kunwar and
Bhandari [15] 2020 EnergyPlus,

DIVA-for-Rhino
Energy consumption

Visual comfort N.A.
Window shading

systems and control
strategies

Elghamry and
Hassan [16] 2020 DesignBuilder

Energy consumption
Thermal comfort

Economic benefits
Environmental impact

Early design stage WWR and position on
the wall

Kaasalainen et al. [17] 2020 IDA Indoor Climate
and Energy (IDA ICE) Energy consumption Early design stage

Window area,
proportions, horizontal

position, external
shading, and glazing

properties

Al-Saggaf et al. [18] 2020 Revit and Ecotect Energy consumption Early design stage Glazing area and
percentage

Ascione et al. [19] 2020 EnergyPlus Energy consumption
Economic benefits Retrofitting stage Replacement of

windows

Zhao and Du [20] 2020 DesignBuilder Energy consumption
Thermal comfort Early design stage

Configuration of
windows and shading

system

The current work 2021 EnergyPlus

Energy consumption
Environmental impact

Thermal comfort
Visual comfort

Selection stage
Number and

combination of
building façades
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1.1. Considered Building Aspects and Employed Software Programs in the Literature

In a building, several aspects are involved, and researchers investigate a building from
different perspectives. Each of these aspects can be then evaluated by some quantitative
indicators that have been considered as the objective functions in the literature [21]. In
order to investigate these objectives in a building, depending on the considered objec-
tives, researchers usually use a variety of building simulation software programs, such
as EnegyPlus (funded by the U.S. Department of Energy (DOE)), DesignBuilder (Stroud,
Gloucestershire, UK), Radiance (developed by Greg Ward, Berkeley, CA, USA) etc.

For instance, Zhao and Du [20] presented an optimum design for an office building
using DesignBuilder in which thermal comfort and energy consumption indicators were
considered as the objectives. In another study, Delgarm et al. [1] considered the same
two building aspects as [20] and used the EnergyPlus building simulation tool to evaluate
them. Moreover, in some other works, [8,15], the impact of some design strategies, such
as window-to-wall ratio (WWR) and window shading system, on energy demand and
daylighting have been analyzed by employing EnergyPlus for energy simulation and
Radiance and DAYSIM (developed by the National Research Council Canada and the
Fraunhofer Institute for Solar Energy Systems) for daylighting analysis.

Another example that can be given is the study of Zhai et al. [9]. In this investigation,
the authors presented a three-objective optimization approach to evaluate the effect of
window design on energy demand and thermal and visual comfort by combining an
optimization algorithm with EnergyPlus. Elghamry and Hassan [16] also analyzed the
impact of window parameters on energy consumption and thermal comfort, in addition to
cost and environment. Moreover, some recent works have only considered the impact of
some design strategies on energy demand (e.g., [5,10,17]).

Reviewing the studies based on software program reveals that EnergyPlus has been
the most popular building simulation tool. In addition, analyzing the investigated building
aspects shows that, to the best of the authors’ knowledge, in a large part of the research
works, only some of the important building performance criteria have been investigated,
and others have been neglected. Since there is a trade-off among different performance
criteria in a building, not considering this interaction will lead to obtaining unfavorable
results from some viewpoints. It can be said that for having a favorable condition, different
building aspects should be considered at the same time, and not considering one will lead
to an unfavorable condition from other perspectives.

1.2. The Stages at Which the Evaluation Was Done in the Literature

Reviewing the literature demonstrates that the evaluation of the building performance
has been done at different stages during a building’s lifespan, including the early design
stage and retrofitting stage.

In the early design stage, building parameters that are not possible to change later
have been analyzed. The results help the architects to choose the appropriate building
variables in the design process.

Within this framework, Feng et al. [11] implemented a parametric design method to
improve the environmental performance of buildings in the early design phase. Moreover,
Al-Saggaf et al. [18] developed a system to analyze the impact of architectural design
features on energy consumption. The proposed system was implemented in three different
building design alternatives in a hot climate, and their impact on cooling energy demand
was assessed.

Window parameters, as a group of early design features that have a great impact
on improving building performance, have been widely considered in the previously con-
ducted studies. For instance, Ashrafian and Moazzen [12] studied the impact of WWR and
orientation on energy demand and occupants’ comfort. Moreover, Misiopecki et al. [4]
investigated different window-to-wall connections to find the most energy-efficient posi-
tion. Azmy and Ashmawy [5] also considered WWR, window position, and orientation as
different variables to optimize energy consumption.
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Inappropriate conditions in an existing building caused by inefficient design strategies
can be changed in the retrofitting stage. Despite the huge amount of cost and effort it
takes, it can sometimes be beneficial in low-performance buildings. As a few examples,
Ascionea et al. [19], Jafari and Valentin [6], Hart et al. [13], and Selen Solmaz et al. [7]
addressed the building retrofitting phase in their works.

Reviewing the investigations according to the stages at which they have been carried
out reveals that most of the studies have proposed steps to be taken in the early design
stage, and a few of them have suggested solutions for retrofitting plans. However, to the
best of the authors’ knowledge, a framework for selecting the best building among several
alternatives has not been proposed. Presenting such a method in the selection stage can
help a customer choose the best building to buy among all the existing ones.

Moreover, in the conducted studies, the analysis has usually been done by considering
a constant number for the façades on which windows are installed. This means that the
impact of changing the number and combination of building façades on the building
performance criteria and objective functions is still missing in the literature.

1.3. The Novelty of the Current Work

Despite being valuable, the literature reveals three gaps, as discussed in the final
paragraph of Section 1.1 and two last paragraphs of Section 1.2. As a result, the current
study aims to cover the gaps by considering the following items as novelties:

• This paper provides a comparative method to find the best building considering the
interaction between the top four most used building aspects, including energy con-
sumption, environmental impact, and thermal and visual comfort. The best building
is selected based on a systematic decision-making method called the technique for
order preference by similarity to the ideal solution, also known as TOPSIS.

• The framework is presented for the selection stage, in which instead of one, a num-
ber of buildings are evaluated, and the best of them is introduced as the winning
alternative for a customer.

• A number of buildings with the same characteristics, such as floor area and wall con-
struction, but different orientations, numbers, and combinations of façades have been
taken into account as the alternatives. The best one is then found in a comprehensive
comparative analysis. In this way, the foremost window allocation strategy for a
building is found.

Expressed in question format, this study aims to find answers for the following
questions as some gaps and areas of concern in the literature:

• If a customer is going to buy a new building among a set of alternatives with the same
architectural plans but different window allocation strategies, which building will
provide the most benefits to them? Is having the highest number of façades, which
is usually thought to be the best condition, really the optimal condition in terms of
different building aspects?

• Is the optimal orientation the same for different buildings with the same architectural
plans and located in the same climatic region, but with different window allocation
strategies? Or does the optimal orientation vary as the number and combination of
façades changes in buildings?

The following structure is chosen for this paper. After this part, i.e., the Introduction,
the employed methodology is presented in Section 2. Then, the details of the case study
and results are given in Sections 3 and 4, respectively. Finally, the conclusions are proposed
in Section 5.

2. Methodology

The methodology employed in this study will be described in this section. Initially,
the working principle of the proposed method is given in Section 2.1. Then, the details
about the EnergyPlus and decision-making method are given in Sections 2.2 and 2.3
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respectively. As an important point, it should be noted that in this study, a commercially
developed software is used. In such a condition, and especially for well-known software
programs such as those employed in this study, as a widely accepted assumption, it has
been considered that the results of the simulation have been validated by the software
developers, and for that reason, no further validation is done.

2.1. Working Principle Description

The research presents a comparative method, which is carried out in the selection
stage of buildings. The selection stage refers to a phase in which the building alternatives
are already designed and ready to be occupied. The method aims to select the winning
alternative among all the existing building choices based on their overall performance.
In order to observe the interaction between different aspects that define a building’s
performance, the four most important building aspects, including energy consumption,
environmental impact, thermal comfort, and visual comfort, are taken into account in this
study. These different aspects are assessed by some quantitative indicators and analyzed
with the aid of the EnergyPlus building simulation tool. The final optimal building with
the highest performance is selected using the TOPSIS decision-making method.

As shown in Figure 1, the overall framework of the proposed method consists of the
following steps:

1. Some building alternatives are selected among the existing choices. Some factors,
including the customer’s preferences and budget, also play a significant role in
choosing the appropriate alternatives.

2. Depending on the differences between the considered alternatives, some decision
criteria are taken into account.

3. A set of objective functions that contribute to the four building aspects are specified
to conduct the comparison based on them.

4. The EnergyPlus building simulation tool is used to evaluate the performance of each
alternative based on the considered objectives.

5. The Decision-making method is developed to prioritize the alternatives according to
their similarity to the ideal performance.

6. The final winning alternative is presented.
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To evaluate the proficiency of the developed method, it is applied to select the final
optimal building among 12 residential building alternatives in a small residential town.
These buildings have the same architectural plans but different orientations, numbers, and
combinations of façades. The mentioned case studies are located in Tehran, which is in the
mild climatic region of Iran. It should be underlined that other building functions with
some other decision criteria can be also assessed using the presented method in this paper.

2.2. EnergyPlus Simulation Tool

EnergyPlus is a building performance analysis software developed by the U.S. De-
partment of Energy (DOE) [22]. The findings of the review by Mousavi Motlagh et al. [21]
indicate that taking advantage of EnergyPlus to simulate building performance has been
very popular in the recent studies. Thus, this software is used in this paper to evaluate
the performance of building alternatives in terms of different objective functions. Since
EnergyPlus is a text-based file format interface, the OpenStudio SketchUp Plug-in is also
implemented as a graphical user interface to model the geometry of the buildings.

2.3. Decision-Making Method

Once the values of objective functions are calculated, a decision-making method is per-
formed to find the winning alternative. As the most efficient and popular decision-making
method for selecting the final optimal building, TOPSIS is used in this study. This method
was first introduced by Hwang and Yoon in 1981 [23]. Based on this approach, the winning
alternative is the one that has the shortest distance to the ideal condition and the longest
distance to the nonideal condition [24]. In this work, the ideal condition is a situation that
minimizes energy consumption and environmental impact while maximizes thermal and
visual comfort. In contrast, the nonideal condition is a situation that maximizes energy
consumption and environmental impact while minimizing thermal and visual comfort.

Before starting the calculations, due to the different dimensions of objective functions,
they should be normalized via Equation (1) [25]:

Fij =
Objij√

∑Numi
i=1 (Objij)

2
(1)

where i and j are the number of alternatives and objective functions, respectively. Moreover,
F is the normalized objective function, and Obj is the actual value of the objective function.

In the second step, the parameters d+ and d− are calculated for each building alterna-
tive using the Equations (2) and (3), respectively [25]. These two parameters correspond
to the spatial distance of each alternative from the ideal and nonideal conditions, respec-
tively [26].

d+i =

√√√√NumObj

∑
i=1

(Fij − Fideal
j )

2 (2)

d−i =

√√√√NumObj

∑
i=1

(Fij − Fnon−ideal
j )

2
(3)

Finally, the parameter Cl is defined for each alternative using Equation (4) [25]. This
parameter is used to rank all the existing choices. The final optimal building is the one
with the highest value of Cl.

Cli =
d−i

d−i + d+i
(4)

3. Case Study

The information about the considered case study is given here. It contains an intro-
duction of the plans and location of the buildings, considered the decision criteria, and
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definitions of the objective functions. Sections 3.1–3.4 provide information about each of
the mentioned items, respectively.

3.1. Description of the Case Study

In this section, the proposed method is applied to select the optimal building among
all the existing buildings in a small residential town, which is already designed and ready
to be occupied. The town is located in Tehran, Iran. Figure 2 shows different configurations
of the urban blocks in this town. All these blocks consist of some three-story buildings
with the same architectural plans, which is also demonstrated in Figure 2. Moreover, as
shown in Table 2, the total area of spaces with a controlled thermal condition, known
as net conditioned area, is the same in all these buildings. Other characteristics of the
residential apartments in this town are also reported in Table 2. It should be underlined
that the material properties reported in Table 2 are obtained based on the Iranian National
Building Regulations [27]. Packaged terminal heat pump (PTHP) air conditioning systems
are provided for all these apartments. The COP of the systems for the cooling and heating
operations are 3 and 2.75, respectively [28]. Moreover, the set points of the systems are
22 ◦C for heating and 26 ◦C for cooling [27]. It is worth mentioning that this study considers
a case study with all the obstructions previous works have taken into account.
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Figure 2. The considered case study: (a) different configurations of the urban blocks; (b) architectural
plan of the buildings.

Table 2. Characteristics of the residential apartments in the investigated town.

Parameter Value Unit

Net conditioned building area 86.69 m2

Building height 2.8 m
WWR 30 for each zone’s external walls %

External walls’ U-value 0.7 W/m2K
Internal walls’ U-value 2.58 W/m2K

Floors/ceilings’ U-value 1.45 W/m2K
Double-glazed windows’ U-value 2.67 W/m2K

3.2. Location of the Considered Case Study

Tehran is the capital of Iran and is located in the mild climatic region of this country.
Due to the increasing demand for residential apartments in this densely populated city,
making any improvement to the performance of the residential buildings will avoid a
significant proportion of the energy and environmental issues occurring as an impact of
the population growth. Given this, a small residential town in Tehran is investigated in
this study. The climatic properties of this city are introduced in Table 3. Moreover, the
temperature range in different months of the year for Tehran is shown in Figure 3. This
chart is obtained using the EnergyPlus weather data for Tehran.
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Table 3. Climatic properties of Tehran (reproduced with permission from Abbasi et al., Applied
Thermal Engineering; published by Elsevier, 2018 [29]).

City Climatic Type
Dry Bulb

Temperature (◦C)

Wet Bulb
Temperature

(◦C)
Latitude

(◦N)
Elevation

(m)

Summer Winter Summer

Tehran Hot Semidesert 37.8 −4.4 19.4 35.68 1190.0

Energies 2021, 14, x FOR PEER REVIEW 9 of 24 
 

 

 
Figure 3. Temperature range in different months of a year for Tehran. 

3.3. Decision Criteria 
To consider all the possible choices for a customer in the selection phase, 12 different 

building alternatives located in the second story with the same plans but different orien-
tations, numbers, and combinations of façades are taken into account. The mentioned pa-
rameters that distinguish the different alternatives are considered as the decision criteria 
in this study. 

Three variations of number and combination of façades are found in the existing 
buildings, including two parallel façades, two perpendicular façades, and three façades. 
The classification of the considered alternatives based on these three variations is shown 
in Figure 4. Sketchup 3D modeling software (developed by Trimble Inc.) is used to model 
the buildings. Then, the EnergyPlus building simulation tool is employed to analyze the 
models in different orientations based on the four objectives explained in Section 3.4. 

  

 
A-0 

 
A-90 

 
A-180 

 
A-270 

Type (A): Two Parallel Façades 

(a) 

Figure 3. Temperature range in different months of a year for Tehran.

3.3. Decision Criteria

To consider all the possible choices for a customer in the selection phase, 12 different
building alternatives located in the second story with the same plans but different orien-
tations, numbers, and combinations of façades are taken into account. The mentioned
parameters that distinguish the different alternatives are considered as the decision criteria
in this study.

Three variations of number and combination of façades are found in the existing
buildings, including two parallel façades, two perpendicular façades, and three façades.
The classification of the considered alternatives based on these three variations is shown in
Figure 4. Sketchup 3D modeling software (developed by Trimble Inc.) is used to model
the buildings. Then, the EnergyPlus building simulation tool is employed to analyze the
models in different orientations based on the four objectives explained in Section 3.4.

3.4. Definition of the Considered Objectives

In order to find the winning alternative, the effect of the decision criteria on energy
consumption, environmental impact, thermal comfort, and visual performance is taken
into account. These four aspects are defined by some indicators considered as the objective
functions, which are described in the following.
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3.4.1. Energy Consumption

In many studies (e.g., [9,30,31]), the total energy consumption has been considered
as an indicator for investigating the energy performance of a building. This indicator
is usually composed of cooling, heating, and lighting energy demand and calculated as
follows:

TEC = Qc + Qh + Ql (5)

where Qc is the annual cooling energy demand, Qh is the annual heating energy demand,
and Ql is the annual lighting load of a building.

In this paper, to present a more comprehensive method, cooling, heating, and lighting
energy consumptions are taken into account separately as three independent indicators.

3.4.2. Environmental Impact

Reviewing the literature, it can be recognized that different indicators have been
used to assess the environmental impact in a building. For instance, Sohani et al. [32]
presented a multi-objective optimization method, and considered annual carbon dioxide
emission as one of the objective functions. In another work [33], life cycle emissions have
been minimized as an environmental impact metric in addition to economic and thermal
comfort indicators. As another considered indicator in the literature (e.g., [34]), carbon
dioxide equivalent (CO2-eq) emission is taken into account in this study.

The electricity consumption in a building is consumed as one of the sources for
CO2-eq. The produced amount of CO2-eq related to heating, cooling, and lighting energy
consumption is obtained as follows [34]:

CO2 − eq =
Q·EF

η
(6)
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where Q is the total annual energy use, EF is the primary greenhouse gas factor, and η is
the average annual efficiency of the system.

3.4.3. Thermal Comfort

As the standard of living increases, designing a building that provides occupants
comfort becomes more and more important. It can be said that comfort in a building
is a condition in which occupants feel satisfied thermally and visually [35]. The consid-
ered thermal and visual comfort metrics are described in this section and Section 3.4.4,
respectively.

In this paper, the Fanger model is developed to investigate the percentage of people
dissatisfied (PPD), which is a metric to assess thermal comfort in a building. To calculate
this metric, the predicted mean vote (PMV) should first be calculated using the following
equations [36]:

PMV = [0.303× exp(−0.036×M) + 0.028]× {(M− EW)

−3.05× 10−3 × [5733− 6.99× (M− EW)− Pa]− 0.42× [(M− EW)− 58.15]

−1.7× 10−5 ×M× (5867− Pa)− 0.0014×M× (34− Tair)

−3.96× 10−8 × fcl × [(Tcl + 273)4 − (Tr + 273)4]− fcl × hc × (Tcl − Tair)

(7)

where

Tcl = 33.7− 0.028×(M− EW)

−0.155× Icl

×{3.96× 10−8 × fc; × [(Tcl + 273)4 − (Tr + 273)4] + fcl × hcl × (Tcl − Tair)}
(8)

hc =

{
2.38× |Tcl − Tair|0.25 f or 2.38×|Tcl − Tair

∣∣0.25 > 12.1×
√

Vrel
12.1×

√
Vrel f or 2.38×

∣∣Tcl − Tair
∣∣0.25 < 12.1×

√
Vrel

(9)

fcl =

{
1.00 + 1.290× Icl f or Icl ≤ 0.078 m2·K·W−1

1.05 + 0.645× Icl f or Icl > 0.078 m2·K·W−1 (10)

In Equations (7) to (10), the parameters fcl, Icl, Tcl, Tr, and M are the area of clothing
surface factor, clothing insulation, clothing surface temperature, mean radiant temperature,
and the metabolic rate, respectively. Moreover, Vrel, hc, Tair, and Pa refer to the relative
air velocity, convective heat transfer coefficient, air temperature, and the partial pressure
of water vapor, respectively. External work is introduced by EW, which is also another
parameter in Equations (7) to (10), and is related to the system.

Finally, PPD can be obtained from Equation (11) [36].

PPD = 100−
[
95 exp

(
−0.03353PMV4 − 0.2179PMV2

)]
(11)

To compare different building alternatives, the annual average PPD (AAPPD) and the
monthly average PPD (MAPPD) of the three conditioned zones, shown in Figure 5, are
used and calculated as follows [30]:

AAPPD =
1
n

n

∑
i=1

12

∑
t=1

PPDi, t (12)

MAPPD =
1
n

n

∑
i=1

m

∑
j=1

PPDi, j (13)

where PPDi,t is the PPD of the conditioned zone i in the tth month of a year, and n is the
total number of the conditioned zones. In addition, PPDi,j is the PPD of the conditioned
zone i in the tth day of a month, and m is the total number of days in a month.
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3.4.4. Visual Comfort

Visual performance as another aspect that demonstrates occupants’ comfort is con-
sidered in this study. To evaluate this aspect, the level of daylight illuminance in the four
control points shown in Figure 6 is analyzed. These points are placed 0.8 m above the floor
with a distance of 3 m from the external walls. The goal of this paper is to minimize the
ratio of hours in a year that the level of daylight illuminance falls out of the comfort range.
This metric is introduced as UDIDiscomfort in the study done by Carlucci et al. [37] and is
calculated as follows:

UDIDiscom f ort = UDIUnderlit + UDIOverlit (14)

UDI =
∑8760

i=1 vi

8760
(15)

UDIUnderlit with vi =

{
1. EDaylight < ELower limit
0. EDaylight ≥ ELower limit

UDIOverlit with vi =

{
1. EDaylight > EUpper limit
0. EDaylight ≤ EUpper limit

(16)

To describe the overall visual performance of the buildings with a single factor, the
average value of UDIDiscomfort of P1, P2, P31, and P32 is calculated using Equation (17).

AUDIDiscom f ort =
1
m

m

∑
i=1

UDIDiscom f ort (17)
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4. Results

In this section, the results of the proposed comparative method, which contributes
to the selection phase, is presented based on the following structure. First, different
orientations of the three building types, including, type A, type B, and type C, are analyzed
based on the considered objective functions, and the optimal orientation of each group is
selected by the TOPSIS decision-making method. Then, the final winning alternative is
chosen among the selected optimal orientations of the three mentioned groups.

4.1. Optimal Orientation of the Buildings Type A

The annual performance of the building alternatives with two parallel façades, classi-
fied as building type A, in four different orientations is analyzed in this part. The analysis
is done based on the six considered objective functions. The findings demonstrated in
Figure 7 indicate that there is not a single building in this group with minimum values of
all the objective functions. For instance, A-0 with the lowest annual cooling energy demand
is also one of the highest energy consumers for heating. This happens due to the high
heat loss from the large net area of the northern façade of A-0. To better understand the
interaction between these two objectives, in A-90 the annual heating energy consumption
is the lowest, while its cooling energy demand is about 23% higher than the lowest value,
which is a considerable amount. Reviewing the results, it is clear that the heating energy
demand is linked to the heat loss from the north rather than the heat gain from the south,
meaning that the lower the heat loss from the north, the less energy is consumed for heating.
In contrast, the cooling energy consumption is lower when the heat loss from the north
is higher.
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Figure 7. Annual profiles of the considered objective functions for different orientations of the building type A: (a) annual
profiles of Ql; (b) annual profiles of Qh; (c) annual profiles of Qc; (d) annual profiles of CO2-eq; (e) annual profiles of AAPPD;
(f) annual profiles of AUDIDiscomfort.

Since the values of annual lighting energy demand and AUDIDiscomfort change very
slightly from one direction to another, it can be said that they are not notably affected by
the building orientation. Moreover, the results reveal that there is less visual discomfort
in A-0 and A-180 with southern and northern façades compared to A-90 and A-270 with
east–west orientations. On the contrary, the lighting energy consumption increases in the
south–north orientations in comparison with those of east–west.

The greater amount of AAPPD in A-0 and A-180 compared to A-90 and A-270 is a
result of the discomfort caused by the high solar radiation from the southern windows in
summer. This can be due to the lack of a designed overhang for the southern windows of
A-0 and A-180, which causes overheating in the summer. It should be mentioned that the
difference between the least and the greatest values of AAPPD in the four orientations is
only about 1%.
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Given that the electricity consumption is the main source of CO2-eq, its values in
different alternatives are in line with the amount of the total energy demand. This means
that A-0, A-180, A-90, and A-270 arranged from the lowest CO2-eq to the highest value also
vary in the same order for total energy consumption.

Based on the results of the TOPSIS decision-making method reported in Table 4, A-0
is found to be the optimal alternative in this group of buildings. It is considered to have
the highest performance with the minimum values of cooling energy demand, CO2-eq, and
AUDIDiscomfort, and its values of AAPPD and lighting and heating energy consumption are
relatively close to the ideal situation.

Table 4. The TOPSIS results for different orientations of the building type A.

Alternative
Normalized Objective Functions (F)

d+ d− Cl Rank
Ql Qh Qc CO2-eq AAPPD AUDIDiscomfort

A-0 0.5009 0.5123 0.4439 0.4720 0.4987 0.4750 0.0272 0.1224 0.8181 1

A-90 0.4990 0.4866 0.5466 0.5227 0.4900 0.5126 0.1206 0.0342 0.2211 3

A-180 0.5009 0.5098 0.4527 0.4785 0.5125 0.5032 0.0443 0.1053 0.7037 2

A-270 0.4991 0.4908 0.5470 0.5244 0.4985 0.5083 0.1207 0.0260 0.1771 4

4.2. Optimal Orientation of the Buildings Type B

The annual values of the considered objectives for building type B in different orienta-
tions are reported in Figure 8. As shown in this figure, B-0 and B-270 with south-facing
glazing on one side consume less energy for heating than the two other cases. This happens
because of the higher solar radiation and heat gain in the south. Accordingly, A-270 with
the greatest area of southern glazing is recognized to demand the least heating energy. It
should be underlined that the high solar radiation in the buildings from the southern win-
dows is considered disadvantageous in terms of AAPPD. Given this, AAPPD is increased
in B-0 and B-270 compared to B-90 and B-180.
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Figure 8. Annual profiles of the considered objective functions for different orientations of the building type B: (a) annual
profiles of Ql; (b) annual profiles of Qh; (c) annual profiles of Qc; (d) annual profiles of CO2-eq; (e) annual profiles of AAPPD;
(f) annual profiles of AUDIDiscomfort.

Moreover, the overheating in B-0 and B-270 and the heat loss from the northern façade
in B-90 and B-180 result in a huge difference in the cooling energy demand of these cases.
The lowest and the highest values of this objective are seen in B-180 and B-0, respectively.

Since CO2-eq is a function of the total energy consumption, its annual value is the
highest in B-0 due to its greatest amount of total energy demand, and it is about 18% higher
than the minimum value in B-180.

Analyzing the results of AUDIDiscomfort and lighting energy demand reveal that in B-0
and B-90 with a western façade in both, the values of these objective functions are less than
B-180 and B-270, which both have an eastern façade.

As shown in Table 5, the results of the TOPSIS decision-making method point out
that B-180 is introduced as the optimal orientation. Despite a slight difference in its
AUDIDiscomfort and lighting and heating energy consumption with the lowest values, it has
the best performance in terms of CO2-eq, AAPPD, and cooling energy demand.

Table 5. The TOPSIS results for different orientations of the building type B.

Alternative
Normalized Objective Functions (F)

d+ d− Cl Rank
Ql Qh Qc CO2-eq AAPPD AUDIDiscomfort

B-0 0.4817 0.4910 0.5911 0.5383 0.5335 0.4912 0.2381 0.0570 0.1932 4

B-90 0.4952 0.5242 0.4058 0.4720 0.4965 0.4751 0.0619 0.2062 0.7692 2

B-180 0.5199 0.5027 0.3777 0.4576 0.4683 0.5175 0.0610 0.2383 0.7962 1

B-270 0.5025 0.4811 0.5858 0.5273 0.4995 0.5150 0.2263 0.0589 0.2065 3

4.3. Optimal Orientation of the Buildings Type C

Buildings categorized as type C are the ones with three façades such that their config-
uration is a combination of type A and B. Here, four alternatives of this group are analyzed.
Figure 9 shows that in buildings type C, as in types A and B, the greatest range of variation
in the values of the considered objective functions is contributed to the cooling energy
demand. The maximum annual cooling energy in C-270 is due to its highest heat gain from
the south and zero heat loss from the north. In contrast, the least annual cooling energy
demand in C-90 is a result of the highest heat loss from the north and zero heat gain from
the south. Moreover, the value of CO2-eq is also affected by this huge range of variation
in cooling energy; thus, its minimum and maximum amounts are reached in C-90 and
C-270, respectively.
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Figure 9. Annual profiles of the considered objective functions for different orientations of the building type C: (a) annual
profiles of Ql; (b) annual profiles of Qh; (c) annual profiles of Qc; (d) annual profiles of CO2-eq; (e) annual profiles of AAPPD;
(f) annual profiles of AUDIDiscomfort.

The findings also indicate that C-90 provides more thermal and visual comfort com-
pared to other cases, which means that the lowest values of AAPPD and AUDIDiscomfort are
achieved in this case. In terms of lighting and heating energy consumption, the minimum
value is reached in C-270.

Considering the conflicting relationship between the investigated objective functions,
C-90 is selected as the optimal orientation by the TOPSIS decision-making method, as
demonstrated in Table 6. Even though the heating and lighting energy demand in C-90 are
a little higher than the least values, respectively, it has the minimum amounts of cooling
energy consumption, CO2-eq, AAPPD, and AUDIDiscomfort.
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Table 6. The TOPSIS results for different orientations of the building type C.

Alternative
Normalized Objective Functions (F)

d+ d− Cl Rank
Ql Qh Qc CO2-eq AAPPD AUDIDiscomfort

C-0 0.5005 0.5110 0.4727 0.4907 0.5085 0.4838 0.0336 0.1288 0.7934 2

C-90 0.4995 0.4973 0.4552 0.4831 0.4905 0.4812 0.0071 0.1493 0.9546 1

C-180 0.5010 0.5012 0.4802 0.4837 0.4994 0.5030 0.0361 0.1205 0.7697 3

C-270 0.4991 0.4902 0.5821 0.5402 0.5015 0.5304 0.1480 0.0220 0.1295 4

4.4. The Winning Alternative

The monthly profiles of A-0, B-180, and C-90 as the optimal orientations of each
building type are compared in Figure 10. According to the results presented in Figure 10,
increasing the number of façades (larger area of external walls), as in C-90, is only favorable
to the values of lighting energy consumption, which is due to the increased daylight
availability. Moreover, in terms of visual discomfort, the values of AUDIDiscomfort in C-90
are the lowest only at the end of autumn and the beginning of winter. In the rest of the
year, because of the great range of variations in the monthly amount of AUDIDiscomfort in
A-0, the lowest values are seen in this case.

Due to the large area of external walls and windows in C-90, it is more affected by the
weather conditions. Subsequently, the range of variations in the monthly cooling energy
consumption, in this case, is very large. As a result, the values of this objective are the
maximum in C-90 in the hot months; however, in November, December, January, and
February, its values, in this case, are close to the minimum amounts. For the same reason,
the worst condition in terms of thermal comfort also happens in C-90 in all months of the
year except for August and September. In the mentioned months, the values of MAPPD in
A-0 exceed the values in C-90 because of the overheating in the south.

Since the increase in the heating energy demand is in a linear relationship with the
buildings’ heat loss from the external walls and windows, its monthly maximum and
minimum values are reported in C-90 and B-180, respectively. Moreover, the minimum
values of CO2-eq are also obtained in B-180 during the whole year except for summer. In
summer, the lowest values of this objective function are seen in A-0, which is affected by
its lowest cooling energy consumption in this season. It should be underlined that the
increase in the values of CO2-eq in both summer and winter is due to the peak energy usage
for cooling and heating energy demand in these two seasons, respectively. Furthermore,
since the values of lighting energy consumption in different alternatives vary in a small
range, it is not considered as an effective factor in the values of CO2-eq.

Finally, based on the results of the TOPSIS decision-making method shown in Table 7,
first, second, and third place go to B-180, A-0, and C-90, respectively, and B-180 with two
perpendicular façades facing north and east is selected as the winning alternative among
all the existing buildings. Even though B-180 is not the optimal alternative in terms of
lighting energy consumption and visual discomfort, the highest performance is achieved in
this case considering the trade-off between all the objective functions. As it was argued, it
has the lowest values of heating energy demand during the whole year. The cooling energy
consumption and CO2-eq in B-180 are a bit higher than the lowest values in May, June, July,
and August only. Moreover, the minimum values of MAPPD are observed in this case in
all seasons except for spring. Overall, comparing the annual results in Figures 7–9, there is
a significant decrease of about 40%, 37%, 28%, and 10% in the values of Qh, Qc, CO2-eq, and
AAPPD for B-180 compared to the highest values observed in C-90, respectively. However,
its annual values of Ql and AUDIDiscomfort are only about 7% and 14% higher than the lowest
values obtained in C-90 and A-0, respectively.
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Figure 10. Cont.
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Figure 10. Monthly results of the objective functions for the optimal orientations of the
three different building types, including, types A, B, and C: (a) monthly results of Ql; (b)
monthly results of Qh; (c) monthly results of Qc; (d) monthly results of CO2-eq; (e) monthly
results of MAPPD; (f) monthly results of AUDIDiscomfort.
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Table 7. The TOPSIS results for the optimal orientations of the three different building types, including, types A, B, and C.

Alternative
Normalized Objective Functions (F)

d+ d− Cl Rank
Ql Qh Qc CO2-eq AAPPD AUDIDiscomfort

A-0 0.5596 0.5264 0.5390 0.5361 0.5677 0.5149 0.1672 0.3567 0.6809 2

B-180 0.6141 0.4208 0.4275 0.4811 0.5311 0.6399 0.1377 0.4948 0.7824 1

C-90 0.5565 0.7388 0.7258 0.6937 0.6290 0.5704 0.4979 0.0903 0.1535 3

5. Conclusions

The results revealed some very important conclusions. First of all, the best orientation
is not necessarily the same for all the buildings located in a specific climatic region. Many
parameters can affect the selection of the optimal orientation, including the number and
combination of façades in a building. As the results show, A-0, B-180, and C-90 were
selected as the best orientations of A, B, and C building types, respectively. Moreover, as
another remarkable outcome, it is found that, despite what a customer usually selects,
when all the important building aspects are involved, the best window allocation strategy
is not having windows on the greatest number of façades, i.e., a member of C plans. Even
though this strategy enjoys a lower lighting energy demand, other criteria are not put in
a good position. Based on the TOPSIS decision-making method results and the in-depth
conducted analysis, which included a monthly comparison of the performance indicators,
B-180 was the winning alternative among the best of each type. In B-180, the annual values
of Qh, Qc, CO2-eq, and AAPPD were about 40%, 37%, 28%, and 10% lower than the highest
values observed in C-90, respectively, while Ql and AUDIDiscomfort were about 7% and 14%
higher than the lowest value achieved in C-90 and A-0, respectively. This highlighted
that to select the most appropriate building for a customer, the trade-off between all the
important performance criteria should be taken into account simultaneously.

Ranking existing buildings in the selection stage by implementing the proposed frame-
work can create a competitive environment among architects to apply the optimization
methods presented in the literature in the early design stages. Furthermore, the proposed
method can be also used by architects in the predesign phase to compare different design
strategies and select the best one.

A software program could be designed and developed based on the method, the
development of which could be followed up on in future works. In this software, the plans
of alternatives and the climatic conditions could be given, and the rank of alternatives in
addition to the values of important performance criteria could be provided as the output.
Moreover, employing the presented method in this paper to other building functions,
such as offices and schools that are not occupied during the whole day, can be taken into
account in future investigations. The results of such studies can create a new perspective
for selecting the optimal buildings for the mentioned functions. As another suggestion
for future works, the optimal direction for different plans could be selected, and the best
direction of various plans with different window setups could be evaluated.
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Nomenclature

d+
i the ith answer in Pareto optimal front distance from the ideal point

d− i the ith answer in Pareto optimal front distance from the nonideal point
F normalized objective functions
Obj objective functions
Num number
Cli decision making parameter in TOPSIS method for the ith answer in Pareto optimal front
Qc cooling energy demand (kWh)
Qh heating energy demand (kWh)
Ql lighting energy demand (kWh)
Q total annual energy use (kWh)
EF primary greenhouse gas emission factor (kgCO2 ·(kWh)−1)
η average annual efficiency of the system
fcl area of clothing surface factor
Icl clothing insulation (W·m−2·K−1)−1

Tcl clothing surface temperature (K)
Tr mean radiant temperature (K)
M metabolic rate
Vrel relative air velocity (m·s−1)
hc convective heat transfer coefficient (W·m−2·K−1)
Tair air temperature (K)
Pa the partial pressure of water vapor (Pa)

Abbreviations

TOPSIS technique for order preference by similarity to the ideal solution
DOE department of energy
PTHP packaged terminal heat pump
COP coefficient of performance
WWR window-to-wall ratio
TEC total energy consumption
CO2-eq carbon dioxide equivalent
PMV predicted mean vote
PPD percentage of people dissatisfied
EW external work
AAPPD annual average PPD
MAPPD monthly average PPD
UDI useful daylight illuminance
AUDI average UDI
Scripts
c cooling
h heating
l lighting
air air
cl clothing
rel relative
Discomfort discomfort
Underlit underlit
Upperlit upperlit
Daylight daylight
Lower limit lower limit
Upper limit upper limit
Superscripts
Ideal ideal
Nonideal nonideal
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