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a b s t r a c t

One of the top priorities in the building design process is minimizing energy consumption. Moreover,
the level of occupants’ comfort directly affects their learning ability Therefore, this paper uses a multi-
objective approach to optimize the architectural design features, including some newly examined ones,
that define the geometry of a classroom. Furthermore, to create a practical methodology for minimizing
lighting energy demand, we put the technique of dividing the class into independent, controllable
lighting zones into practice for the first time. This research aims to introduce an optimized primary
school classroom that meets both inhabitants’ comfort needs and energy efficiency. For this, we first
developed a parametric model using the Grasshopper plug-in for Rhino. Afterward, the environmental
plug-ins of Honeybee and Ladybug were employed to evaluate energy performance and thermal
comfort and find optimized solutions. The last step was assessing the occupants’ visual comfort for
each of these optimized solutions and selecting the final optimum designs. This two-phase optimization
procedure has led to the reduction of total energy demand, up to 47.92 kWh/m2, and improvement of
occupants’ thermal and visual comfort. The results show that the proposed methodology can provide
designers with a guideline for designing a sustainable classroom that fulfills their preferences as well
as encouraging them to use innovative ways for energy conservation.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Architectural design is a complicated process which involves
the integration of building, inhabitants’ requirements, and envi-
ronmental conditions (Golabchi et al., 2016; Gharouni Jafari et al.,
2020). This process requires special attention since it plays a
vital role in the development of sustainable buildings that satisfy
occupants’ demands, especially when it comes to educational
buildings where architecture directly affects children’s learning
abilities. Therefore, school buildings should put a particular focus
on occupant comfort as well as student and teacher performance,
and at the same time, use the least possible amount of energy
(Zhang et al., 2017; Lee et al., 2017).

Due to the devastations caused by Iran’s eight years of war on
one side and the rapid population growth of the 1980s on another
side, constructing schools was needed to be carried out on a
large scale and at the lowest possible cost. Such constructions
were executed regardless of climate variations, usually with low-
quality materials and construction methods. As a result, over one
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hundred thousand schools were built with energy consumption
of over 160 kWh/m2, which is about 2.5 times more than in
developed countries with an average rate of 65 kWh/m2 for their
typical schools. Even with the high energy consumption, Post-
Occupancy Evaluations (POE) report thermal dissatisfaction in
classrooms (Tahsildoost and Zomorodian, 2015).

Daylighting is an integral aspect of indoor environmental qual-
ity assessment in buildings. The usage of daylight in the built
environment not only causes the reduction of electrical energy,
but also contributes to the creation of a space that has a positive
influence on the health and well-being of building users. Several
researchers have proved that daylight affects the educational ex-
perience of the students in the way that it increases productivity,
improves human performance and has biological effects on the
production of cortisol, a hormone that regulates the day–night
cycles as well as the students’ concentration (Mangkuto et al.,
2019; Moreno and Labarca, 2015).

However, daylight can result in visual discomforts like glare
and unwanted reflections and ultimately lead to the disruption of
the thermal balance of rooms through overheating. For this rea-
son, keeping the balance between the maximization of daylight
harvesting and risk management of potential discomforts is the
most ambitious challenge for designers (Tabadkani et al., 2018).

https://doi.org/10.1016/j.egyr.2020.06.008
2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Nomenclature

ASE Annual sun exposure, %
at i Occurrence count of exceeding the illu-

minance threshold at the point i
AT(i) Function assigned to grid points
CEUI Cooling energy use intensity, kWh/m2

CTR Annual thermal comfort ratio, %
DA Daylight autonomy, %
DGP Daylight glare probability index
E Illuminance, lux
EU i Hourly energy demand, kWh
HEUI Heating energy use intensity, kWh/m2

i Point belonging to the calculation grid
L Luminance, cd/m2

LEUI Lighting energy use intensity, kWh/m2

M Conditioning area, m2

N Number of grid points
Nh Annual heating hours
Nc Annual cooling hours
Nl Annual lighting hours
P Position index
q Total hour
t Time (hour), h
T Indoor operating temperature, ◦C
Tlower Lower limits of the thermal comfort

zone, ◦C
Tupper Upper limits of the thermal comfort

zone, ◦C
Ti Annual absolute hour threshold
Tc Indoor comfort temperature, ◦C
Tr Outdoor reference temperature, ◦C
TEUI Thermal energy use intensity, kWh/m2

UDI Useful daylight illuminance, %
wf Weighting factor
WWR Window-to-wall Ratio, %
ω Solid angle, rad

Throughout the world, schools are first and foremost places
for socialization, opening up to the world, acquiring knowledge:
three fundamental principles for becoming a competent citizen
of tomorrow’s world. Since it has been scientifically proven that
the lack of comfort has negative consequences on pupils’ con-
centration and learning, comprehensive studies that take into ac-
count the meteorological parameters of the construction site, are
needed before embarking on the construction phase. So, the most
suitable design in terms of geometry and building orientation is
determined (Trachte and De Herde, 2015).

Although in recent years, the quality of construction and
school design in Iran has been enhanced, most schools in ex-
istence have built without consideration for occupants’ thermal
comfort. The leading cause is the lack of proper design guidelines
for creating comfortable and healthy indoor environments in
Iranian schools (Zahiri et al., 2011).

Using retrofitting methods after completion of the building
project is inefficient and complicated. By contrast, it has been
proven that it is more effective and economical to work with the
optimized solutions obtained by algorithm-based optimization to
achieve the ideal design (Sun et al., 2015). SPEA-2 is the im-
proved version of Strength Pareto Evolutionary Algorithm (SPEA)

and it is one of the most important multi-objective evolution-
ary algorithms that use elitism approach. Consequently, in this
paper, multi-objective optimization with the use of the SPEA-2
algorithm has been performed (Chołodowicz and Orlowski, 2016).
Afterward, the optimum designs were selected on the Pareto
front.

The objective of the paper is to introduce a beneficial layout
for designing primary school classrooms in Tehran, according to
the climate conditions and with the purpose of meeting both
energy efficiency and occupants’ satisfaction. Also, for provid-
ing more comfort while consuming less energy, the method of
considering several lighting zones has been employed for the
first time. This means that for each zone, the illuminance levels
are adjusted according to the users’ main specific task. Further-
more, the wall inclination angle has been examined as one of
the variables of the optimization process. From a more general
perspective, this research is aimed to remind architects and de-
signers of the importance of user comfort along with reducing
energy consumption as the essential sustainable design principles
that are beneficial to humans and the environment in which they
live. Developing the design process according to the principles
of sustainability significantly reduces the costs throughout the
entire life cycle of the building (Abbasi et al., 2020; Noorzai and
Golabchi, 2020) and, ultimately, contributes to the construction
of cities and buildings in a green and sustainable way (Trachte
and De Herde, 2015).

2. Literature review and background

The most crucial architectural design stage is the early design
phase, when most of the critical decisions are made and the
largest impacts on building performance and occupant comfort
are set (Taghizade et al., 2019; Konis et al., 2016). Hopefully,
nowadays, simulation software programs that are powerful tools
for studying the environmental performance of buildings, have
become widely available and specialized. Moreover, weather data
for most cities are gathered inside the weather files that are ac-
cessible to everyone. Hence, utilizing computer-simulation meth-
ods for design decision-making, especially in a country like Iran
where there is a lack of guidelines for sustainable design, enables
architects to comprehensively explore different solutions in an
efficient manner, and drive the design towards optimized alter-
natives in the initial design stages (Touloupaki and Theodosiou,
2017; Zahiri et al., 2011; Gharouni Jafari et al., 2014; Noorzai,
2020).

2.1. Parametric design

W. Jabi defined Parametric Design as ‘‘A process based on
algorithm thinking that enables the expression of parameters
and results that, together, define, encode and clarify the rela-
tionship between design intent and design response’’ (Jabi, 2013;
Touloupaki and Theodosiou, 2017). In the general architectural
design, all design aspects can be considered as parameters, such
as location, orientation, shape, and so on. In the conventional
way of design, once an initial model has been created, if the
designer wants to change any parameter, the whole process has
to be repeated. Therefore, the examination of all the possible
design alternatives to find the optimum solutions, without the
use of parametric design, is time-consuming and complicated.
As expected, the larger the project is, the more complex and
unpredictable these relations get, to the extent that it is not
feasible to analyze the project data without the help of parametric
modeling software programs. It is only through parametric design
that various design solutions can be found by using algorithmic
methods, in response to the architectural design difficulties. That
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is how the ambitious long-term goal of generating creative so-
lutions in the design process is now achievable for ideologist
architects (Eltaweel and Su, 2017; Touloupaki and Theodosiou,
2017).

2.2. Optimization of daylight, energy consumption and occupant
comfort

In general, the utilized metrics in this work fall into three main
categories. The first group includes functions that are related to
daylighting and visual comfort. The second group involves energy
consumption and the third group deals with occupants’ thermal
comfort.

2.2.1. Daylight performance and visual comfort
Many researches demonstrate that natural daylight utilization

decreases the electric lighting and, more importantly, increases
the health and productivity of the users. However, the amount
of daylight entering the room should not exceed the limit where
it would cause discomfort for occupants. Having this in mind,
the evaluation of the amount of light would be grounded on the
pragmatic factors below:

– Useful Daylight Illuminance (UDI): This indicator is the annual
time fraction that indoor horizontal daylight illuminance at a
given test point reaches in a given domain, and it was proposed
by Nabil and Mardaljevic in 2005. UDI contains lower and upper
thresholds and an acceptable range as UDI underlit , UDI overlit and
UDI useful respectively.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

UDI =

∑
i(wfi.ti)∑

i ti
∈ [0, 1]

UDIOverall with wfi =

{
1 if EDaylight > EUpper limit

0 if EDaylight ≤ EUpper limit

UDIUseful with wfi =

{
1 if ELower limit ≤ EDaylight ≤ EUpper limit

0 if EDaylight < ELower limit ∨ EDaylight > EUpper limit

UDIUnderlit with wfi =

{
1 if EDaylight < ELower limit

0 if EDaylight ≥ ELower limit

(1)

where ti is each occupied hour in a year, h;
EDaylight is the horizontal illuminance at a given point due to

the sole daylight, lux;
wf i is a weighting factor depending on values of EDaylight .
Carlucci et al. and Hafiz defined UDI as the illuminances that

fall within the range 100–2000 lux based on data from compre-
hensive field studies of occupant behavior. The higher the UDI
value between 100 and 2000 lux, the better the visual comfort
(Carlucci et al., 2015; Hafiz, 2015; Tabadkani et al., 2019).

– Daylight Autonomy (DA): This is signified as a percentage of
annual daytime hours that a given point in a space is above a
specified illuminance level. This metric has been suggested

DA =

∑
i(wfi.ti)∑

i ti
∈ [0, 1]

with wfi =

{
1 if EDaylight ≥ Elimit

0 if EDaylight < Elimit

(2)

by Reinhart and Walkenhorst in 2001.
where Elimit is the illuminance limit value, lux.

The level of illuminance is specified by any reference docu-
ment for lighting such as the IESNA lighting Handbook and is
defined as the amount of daylight illuminance required for that

specific task over the occupied times of the year (Alhagla et al.,
2019; Tabadkani et al., 2019; Carlucci et al., 2015).

– Annual sun exposure (ASE): It is the ratio of analyzed space
that receives more than a certain amount of direct sunlight in a
number of specific hours of the year. Both factors determination
(number of hours and amount of radiation) in the index definition
is required. Illuminating Engineering Society (IES) recommenda-
tion is ASE1000,250h, which is the percentage of space in which in
at least 250 occupied hours per year, the direct exposure of the
sun is more than 1000 lux. ASE1000,250h has been proposed by the
Illumination Engineering Society of North America (IESNA), as one
of the codified metrics in LEED v4 and must not exceed 10% of
floor area (Pilechiha et al., 2020; Tabadkani et al., 2018; Futrell
et al., 2015a,b; IESNA, 2012).

If we assume a grid of N points, and assign a function AT(i)
whose value becomes one for every point i in the grid getting the
minimum required illuminance for more than the given

ASE =

∑N
i=1 AT (i)
N

with AT (i) =

{
1 if at i ≥ Ti
0 if at i ≤ Ti

(3)

fraction of total occupancy time, ASE can be represented as
where at i is the occurrence count of exceeding the ASE illu-
minance threshold at the point i and Ti represents the annual
absolute hour threshold (Pilechiha et al., 2020).

– Daylight glare probability (DGP): It is the percent of people who
are irritated by the level of disturbing glare, and it has been
suggested by Wienold and Christofferson in 2006. Its formulation
is

DGP = 5.87.10−5Ev +0.098.log10

[
1 +

n∑
i=1

(
L2s,i.ωs,i

E1.87
v .P2

i
)

]
+0.16 (4)

where Ev is the vertical eye illuminance produced by the light
source, lux;

Ls,i is the luminance of the source, cd/m2;
ωs,i the solid angle of the source seen by an observer, rad;
P is the position index, which expresses the change in experi-

enced discomfort glare relative to the angular displacement of the
source (azimuth and elevation) from the observer’s line of sight.

Based on Eq. (4), the comfort criteria of glare are proposed by
four main domains as tabulated in Table 1 (Carlucci et al., 2015;
Tabadkani et al., 2018).

It is notable that because DA has no upper threshold for illumi-
nance, it does not capture whether a design is over-illuminated,
and therefore, possibly visually uncomfortable. Unlike other day-
light metrics, UDI ’s ‘‘target range’’ of illuminance captures the
daylight sufficiency and visual comfort of a design solution be-
cause values above the upper threshold are likely to cause visual
discomfort/glare. Consequently, UDI is selected as the principal
measure of daylighting performance because a good daylight-
ing solution meets both the illuminance and visual comfort re-
quirements of occupants. UDI is an excellent indicator of both
(Futrell et al., 2015a,b). Also, since ASE1000,250h is evaluated on
horizontal (floor or work) plane only, an additional metric cal-
culated through the observer’s field of view is also needed to
represent the risk of visual discomfort better. That is why it is
recommended to employ the daylight glare probability (DGP)
for daylighting cases (Mangkuto et al., 2019). Henceforth, in the
present study, the UDI, ASE, and DGP are considered as the main
indices to assess visual comfort.

2.2.2. Energy performance
This study aims to reduce annual thermal need along with

the yearly electric lighting energy demand. For thermal perfor-
mance, a heating or cooling load is defined as the amount of
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Table 1
Glare comfort criteria.
Daylight glare probability Glare comfort

DGP < 0.35 Imperceptible glare
0.35 < DGP < 0.4 Perceptible glare
0.4 < DGP < 0.45 Disturbing glare
0.45 < DGP Intolerable glare

heat required to be added to or removed from the room air mass
to maintain the room air mass temperature at the thermostat
setpoint temperature. Generally, for thermal evaluation, the sum
of annual hourly heating loads and annual hourly cooling loads
are used (Futrell et al., 2015a,b). Likewise, in this paper, thermal
performance assessment is based on the annual thermal energy
use intensity (TEUI), which is the sum of cooling energy use
intensity (CEUI) and heating energy use intensity (HEUI). Similar
to CEUI and HEUI, the lighting energy use

HEUI =

i=Nh∑
i=1

EUhi/M (5)

CEUI =

i=Nc∑
i=1

EUci/M (6)

TEUI = HEUI + CEUI (7)

intensity (LEUI), represented in Eq. (8), is used in this study.

LEUI =

i=Nl∑
i=1

EU li/M (8)

EU i is hourly energy demand, kWh;
Nh is annual heating hours;
Nc is annual cooling hours;
Nl is annual lighting hours;
M is the conditioning area, m2.

2.2.3. Thermal comfort
Comfort has a significant role in how people perceive a build-

ing, behave in the built environment and the amount of energy
they consume daily. As a result, it can be concluded that comfort
is not a product produced by the building, but it is a purpose
that residents are willing to achieve (Nicol and Stevenson, 2013;
Shove, 2003).

To accomplish this goal, providing comfort, whether from
visual or thermal perspective, was considered in this article.
Visual comfort and its related evaluation metrics have been men-
tioned previously and, in the following, the selected technique for
assessing thermal comfort in this research is explained:

‘‘Thermal comfort’’ is the term for describing a satisfactory,
stress-free thermal environment in buildings and, thus, is a so-
cially defined notion demonstrated by norms and expectations
(Nicol and Roaf, 2017).

The Primary standards of thermal comfort that were devel-
oped (such as the primary form of ASHRAE Standard 55) specifi-
cally concentrated on the heat balance models which assume that
thermal comfort is achieved if the body temperature can be held
in a narrow range, skin moisture is low and physiological effort
of regulation is minimized (ASHRAE, 2005). In these models,
environmental factors (temperature, thermal radiation, humidity,
and air velocity) and personal factors (activity and clothing) were
taken into account as influential factors for thermal comfort.
Nonetheless, soon it became clear that amendments needed to be
done since occupant behavior was different from what the Stan-
dards predicted. After hundreds of field studies in which people in
naturally ventilated buildings were asked about how comfortable
they were, adaptive thermal comfort standards were established.

Results showed that users tended to adapt themselves to the
monthly mean temperature and would be comfortable in build-
ings so long as the building temperature remained around a value
close to that monthly mean. In fact, the adaptive thermal com-
fort model concerns behavioral reactions of residents to create
suitable thermal conditions in addition to the fact that comfort
is affected by outdoor environmental conditions of the region
(de Dear and Brager, 1998). Based on ASHRAE Standard 55–2010
(ASHRAE, 2010), this model uses the relationship between the in-
door comfort temperature and the outdoor temperature to define
acceptable zones for indoor temperature in naturally conditioned
buildings (de Dear and Brager, 2002). The linear equations for

Tc = 0.31 × Tr + 17.8 ◦C (9)

calculating the indoor comfort temperature can be written as:
Tc is indoor comfort temperature, ◦C;
Tr is the prevailing mean outdoor air temperature for a time

period between the last 7–30 days before the day in question,
◦C. This equation can be used when the outdoor dry bulb tem-
perature remains above 10 ◦C and below 33.5 ◦C (de Dear and
Schiller Brager, 2001; Zhang et al., 2017; ASHRAE, 2010). Fig. 1
shows the comfort bandwidths derived from Eq. (9), based on 80%
and 90% occupant acceptability ranges. Considering 90% accept-
ability, thermal comfort fluctuates within 2.5 ◦C on either side
of neutral temperature (5 ◦C bandwidth). The upper and lower
limits (Tupper and Tlower ) are calculated based on Eqs. (10) and (11).

Tupper = 0.31 × Tr + 20.3 ◦C (10)

Tlower = 0.31 × Tr + 15.3 ◦C (11)

Based on the adaptive model, the annual thermal comfort ratio
(CTR, %) is used as a thermal comfort measure. The calculation
formula is as follows

CTR =

q∑
i=1

wfi
q

× 100/%

with wfi =

{
1 if Tlower ≤ T ≤ Tupper

0 if T < Tloweror > Tupper

(12)

where T is the indoor operating temperature, ◦C;
q represents the total hour.
The adaptive model of thermal comfort is currently sup-

ported by Standards like the International Standard ASHRAE
RP884 and the European Standard EN 15251. That is why in
this research, this model was employed for analyzing occupant
comfort (de Dear and Schiller Brager, 2001; Wang et al., 2020a,b;
Serghides et al., 2017; de Dear and Brager, 1998).

2.2.4. Previous studies related to the current research
In recent years, multiple studies have worked on the opti-

mization of daylight and energy performance. Zomorodian and
Nasrollahi (2013) optimized a constructed base case school build-
ing in Iran, through running several simulations, and they proved
that using efficient architectural strategies can have a significant
effect on the reduction of energy demand. Qingsong and Fukuda
(2016), with the combination of parametric design and genetic
algorithm, presented the optimum window dimensions to maxi-
mize useful daylight and minimize the energy demand of an office
building in China. Konis et al. (2016) introduced a workflow with
the name of the Passive Performance Optimization Framework
(PPOF), which was aimed to the optimization of the finalized
design for reaching high energy and daylight performance build-
ing. This framework includes conducting parametric analysis by
Grasshopper software and then applying multi-objective opti-
mization with the assistance of the Octopus plugin. Touloupaki
and Theodosiou (2017) proposed the use of parametric geometry



1594 P. Bakmohammadi and E. Noorzai / Energy Reports 6 (2020) 1590–1607

Fig. 1. Comfort bandwidths of ASHRAE 55–2010 (de Dear and Schiller Brager, 2001).

in the early stages of design and the implementation of optimiza-
tion for finding the most suitable designs. Tabadkani et al. (2018)
linked the parametric design to building visual environment and
energy performance, and optimized the design parameters of
an oriental responsive solar skin façade for an office unit in
Tehran. Shahbazi et al. (2019) for improving daylight and energy
performance, applied a multi-objective optimization approach to
determine the optimum percentage of the window to wall ratio
(WWR), number of windows, window height and still height for
a building façade.

The number of researches in which such optimization is em-
ployed with an emphasis on occupants’ visual and thermal com-
fort is limited, like the study that was carried out by Zhang et al.
(2017). In this work, the optimization of daylight and energy is
performed on three most common types of school building unit
models, concerning inhabitants’ comfort.

However, in this study, some of the influential parameters
affecting the optimization task, such as the number of windows
and consideration of multiple lighting zones, were not taken into
account. Considering independent lighting zones enables design-
ers to provide each zone with a suitable level of illuminance
that is required by occupants while doing a specific task. It is
noteworthy that none of the mentioned researches in the field of
daylight optimization in classrooms, have noticed the importance
of providing sufficient light levels for blackboard and they have
deployed only one set of analysis points at work plane height
(0.8 m above the floor). Moreover, due to the incredible tech-
nological advances occurring in the construction industry, now
a wide variety of building forms are buildable. Consequently,
during the concept design evolution, it is necessary to investi-
gate the impact of perhaps more influential factors, other than
elementary factors like length and width, which will determine
the building form. One of these factors is the angle between the
wall containing windows and the vertical direction. Angled walls
are commonly used in many architectural designs presented by
today’s architects. In contrast, none of the previous studies on
daylight optimization have examined the relation between the
inclination angle of the wall that contains windows and the
amount of daylight entering the room. In this research, this factor
has been put into consideration as one of the design variables
in the hope that designers pay proper attention to the influence
of the selected angle on the amount of received daylight and
accordingly on energy consumption. It is worth mentioning that
most of the optimization researches have worked on existing

buildings to use the results for finding the efficient refurbishment
strategies. However, prevention is always better than cure. So, it
is recommended to accomplish necessary and sufficient studies
during early project stages to guarantee the achievement of a
sustainable and comfortable design for occupants, throughout the
lifetime of the building.

3. Research methodology

3.1. Required software programs for parametric design

The parametric design software was first revealed in 2008 and
later developed by companies and software developers. One of
the most commonly used software in this field is Grasshopper
which is a graphical algorithm editor that serves as parametric
modeling linked to Rhinoceros 3D and helps designers with no
formal scripting background to generate parametric forms quickly
(Lagios et al., 2010; Eltaweel and Su, 2017). Grasshopper can pro-
vide robust operation in the design and optimization procedure
via developing an environmentally-conscious architectural design
(Qingsong and Fukuda, 2016).

Therefore, in this research, three-dimensional parametric
modeling of a primary school classroom was developed in
Rhinoceros with the aid of the Grasshopper plug-in. Then,
Grasshopper plug-ins, Ladybug, and Honeybee were used for the
purpose of performing environmental analysis and calculating
received daylight illuminance, energy consumption, visual and
thermal comfort. It is worth noting that different glazing mate-
rials for windows were defined by the Berkeley lab WINDOW
computer program. This software can calculate total window
thermal performance indices (i.e., U-values, solar heat gain co-
efficients, shading coefficients, and visible transmittances). After
that, the Octopus plug-in was used to apply multi-objective
genetic algorithms and find optimal design solutions (Shahbazi
et al., 2019; Eltaweel and Su, 2017). Finally, DGP and ASE, as
indicators of visual comfort, were calculated for each of the
selected solutions. In Fig. 2, a diagram of research methodology
is provided.

3.2. Classroom geometry and design variables

A typical classroom with a length of 10 m, a width of 7 m and,
a height of 4 m (the dimensions that based on experience are
usually used for a primary school classroom), was modeled in the
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Fig. 2. Research methodology.

parametric 3D environment of Grasshopper and Rhinoceros, as
shown in Fig. 3. To prevent the emergence of disturbing shadows
caused by students’ hands while writing, windows of the refer-
ence class were placed on the left side of students’ tables. The
wall on which windows are located, has been divided into three
horizontal sections: a fixed part at the bottom; a dynamic part in
the middle, with the distance of 0.8 m from floor and ceiling, and
also capable of rotating in both clockwise and counterclockwise
directions, within the limits of 0 to 30 degrees around the fixed
bottom edge; another part at the top that is attached to the
middle part and moves in a horizontal direction simultaneously

with the middle part changing rotation (Fig. 4). Afterward, a
blackboard with dimensions of 4 m × 1 m, height of 0.8 m above
the floor, and distance of 1.5 m from surrounding walls on the
left and right side, was added to the model. It is also notable that
the reference classroom was inspired by the proposed model on
page 192 of the handbook concerning the IEA SHC Programme
Task 47 Solar Renovation on Non-Residential Buildings (Trachte
and De Herde, 2015).

Generally, building orientation, the angle between the wall
containing windows, and the vertical direction and variables re-
lated to the design of windows (number of windows, WWR,
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Fig. 3. Floor plan of the reference classroom.

Fig. 4. Wall inclination angles.

Table 2
Design parameters.
Variable Attributes No. of

values

Building orientation 0, 45, 90, 135, 180, 225, 270, 315 (◦) 8
Wall inclination angle −30, −20, −10, 0, 10, 20, 30 (◦) 7
Window. Number 1, 2, 3, 4, 5, 6, 7 7
WWR 20, 30, 40, 50, 60, 70, 80 (%) 7
Glazing material 0, 1, 2 3

and glazing material) were considered as design parameters uti-
lized for the optimization process in this study. Table 2 presents
simulation variables along with their values.

3.3. Climate data

For running the simulation, the Tehran-Mehrabad 407540
(ITMY) ZIP file was download from the EnergyPlus website and
imported in the Ladybug plug-in (Fig. 5). According to the me-
teorological station statistics gathered by the International Ex-
hibition of Tehran during 18 years, 10th July to 10th August is

Table 3
Building program.
Attributes Values

Project type Medium classroom
Floor area 70 m2

Floor Exterior floor
Zones program Primary school classroom
Working hours 8 AM– 8 PM
Equipment load per area 7.6424 W/m2

Infiltration rate per area 0.0002 m3/s m2

Lighting density per area 11.8404 W/m2

Num. of people per area 0.0565 ppl/m2

Ventilation per area 0.0003 m3/s m2

Ventilation per person 0.0024 m3/s

the warmest month of the year, with an average temperature of
35.6 ◦C, and 10th January to 10th February is the coldest month
of the year, with an average minimum temperature of −0.7 ◦C.
It is necessary to pay enough attention to such information
during the design stage to avoid the disruption of occupants’
thermal comfort, for example, via maximizing daylight during the
warmest months of the year.
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Fig. 5. Tehran monthly climate data.

3.4. Annual daylight simulation

3.4.1. UDI and DA
After the completion of the modeling phase, annual daylight

simulation was carried out by Honeybee plug-in, and UDI and DA

values were calculated. Based on the established values in valid
international standards like IESNA, a minimum limit value of 300
lux is required for performing a simple task in an educational
environment. Also, according to the first UDI definition, there is
an upper limit of 2000 lux for illuminance value for the sake
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Table 4
Defined materials.
Attributes Materials U-value (W/(m2 K))

Exterior floor I02 50 mm insulation board + M15 200 mm heavyweight
concrete

0.56

Exterior wall ASHRAE 90.1-2010 EXTWALL MASS CLIMATEZONE 3: 1IN Stucco
+ 8IN CONCRETE HW RefBldg + Mass Wall + Insulation R-5.74
IP + 1/2IN Gypsum

0.78

Interior wall G01a 19 mm gypsum board + F04 Wall air space resistance +

G01a 19 mm gypsum board
2.58

Exterior roof ASHRAE 90.1-2010 EXTROOF IEAD CLIMATEZONE 2-8: Roof
Membrane + IEAD Roof Insulation R-19.72 IP + Metal Decking

0.28

Glazing
Single Clear (SHGC:0.861/ Index=2) 5.91
Double Clear Air (SHGC:0.704/ Index=1) 2.70
Triple Clear (SHGC:0.617/ Index=0) 1.74

Table 5
Recommended light levels for the specific task which is done in each zone.
Zone Attributed task Standard illuminance

The teacher The student In the class In general

Window zone Paying attention to working students/
Talking to the students

Paying attention to the teacher/
Writing, reading, drawing, etc.

300 lux 300 lux

Furniture zone Paying attention to working students/
Talking to the students

Paying attention to the teacher/
Writing, reading, drawing, etc.

300 lux 300 lux

Board zone Writing on blackboard Reading on blackboard 500 lux 300 lux

Corridor zone Walking Walking 50 lux 50 lux

Fig. 6. Annual occupancy chart for classroom.

Fig. 7. Definition of interior and exterior walls.

Fig. 8. Defined lighting zones.
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of reducing the risk of glare. Hence, an illuminance threshold of
300 lux was considered for DA calculations (Moreno and Labarca,
2015).

3.4.2. Occupancy schedule
Annual daylight simulation was conducted for Iranian school

weekdays (from Saturday to Wednesday) from 8 am to 8 pm. It
is also worth mentioning that Iranian school holidays, based on
Persian Calendar 1397 that is almost equal with the period of 21st
March 2018 to 20th March 2019, are taken into account as well. In
Fig. 6, the approximate dates of Persian holidays can be perceived.

3.4.3. Analysis grid
Daylight performance was simulated on two planes, and thus

two different sets of analysis points were created: One grid of
0.5 m × 0.5 m at a working level height of 0.8 m, with 20×14
sensor points and another grid of 0.3 m ×0.3 m on the blackboard
surface, with 20×14 sensor points.

3.4.4. Materials
In the daylighting simulation process, custom Radiance mate-

rials were assigned to classroom surfaces. As shown in Fig. 7, two
different sets of adjacent walls were defined: one set as interior
(adiabatic) walls and another set as exterior ones.

3.5. Annual heating, cooling, and electric lighting energy demand
simulation

3.5.1. Building schedules
Honeybee has a library of default building programs using

the OpenStudio’s default schedules. In order to define energy
simulation inputs including occupancy, activity, heating, cooling
schedules, lighting power density, ventilation rates, equipment
loads, etc., we extracted and utilized the present information
inside the schedule of a primary school classroom as CSV files,
categorized under default building programs presented by Hon-
eybee (PrimarySchool::Classroom). Although working hours for
each week were defined from Saturday to Wednesday, 8 am – 8
pm and also, Iranian school holidays were put into consideration
as well. According to this schedule, the setpoint temperature for
heating is set at 21 ◦C, and for cooling is at 24 ◦C. Also, the heating
set-back is 16 ◦C, and the cooling set-back is 27 ◦C. In Table 3,
defined values determining the building schedule, are listed, and
in Fig. 6, the occupancy chart is presented for a whole year.

3.5.2. HVAC
The HVAC system is selected to be the ideal loads air system

in EnergyPlus, which is most suitable in the early design stage,
considering the calculation time cost (Zhang et al., 2017).

3.5.3. Materials
According to ASHRAE Standard 169–2013 (ASHRAE, 2013), the

city of Tehran is located in climate zone 3B, assigned material
for each surface was selected accordingly from the recommended
materials offered by ASHRAE for climate zone 3. In Table 4, the
properties of chosen materials have been introduced (ASHRAE,
2010).

Additionally, as already mentioned, three different types of
glazing material were allocated to windows, with the assistance
of LBNL Window software developed by Berkeley lab.

3.5.4. Defining individually controllable lighting zones
For achieving both goals of minimizing the lighting energy

demand and meeting users’ visual comfort at the same time,
the reference classroom was divided into four lighting zones,
based on the proposed in the guidebook on IEA SHC Programme

Task 47 (Fig. 8). Given the users’ main task in each zone, the
required level of illuminance proposed by IESNA standards is
set for every zone (Table 5). As a result, the target illuminance
value was assumed to be 300 lux for the window zone and
furniture zone, 500 lux for the board zone, and 50 lux for the
corridor zone. Each zone is equipped with a dimmed lighting
system and a daylight sensor that is placed in the center of the
zone, at 0.8 m above the floor (work plane height). In each zone,
the photocell dims the activated electric lights until the total
illuminance levels (daylight and electric light) reaches the defined
minimum illuminance threshold. In other words, if the amount of
daylight exceeds the defined illuminance threshold for each zone,
lights will be dimmed, thereby reducing the energy consumption
(de Bruin-Hordijk and de Groot, 2007; Rea, 2000; Trachte and
De Herde, 2015).

3.6. Thermal comfort

As mentioned earlier, the adaptive thermal comfort model was
applied to evaluate occupants’ thermal comfort. In Fig. 9, the
adaptive chart for the city of Tehran is displayed with the help of
Ladybug. Also, the indoor comfort boundary is marked based on
the ASHRAE 55–2013 standard with the 90% acceptability limits.

3.7. Optimization process

As already stated, in this study, the main focus is on providing
occupants’ comfort along with minimizing total energy demand.
For this reason, we used a two-phase optimization method. The
first phase included the application of a multi-objective genetic
algorithm. In the second phase, the visual comfort criteria for
each of the selected solutions in the first phase were assessed
and compared.

3.7.1. First phase: multi-objective optimization
Genetic Algorithms (GA) are a specific category of evolutionary

algorithms that utilize methods inspired by evolutionary biology
such as inheritance, mutation, selection, and crossover to evolve
a solution for general or particular problems. They have been
proven to be a useful technique for addressing multi-objective de-
sign problems and calculate multiple performance criteria, find-
ing close to optimal solutions within a short period (Mahdavine-
jad and Mohammadi, 2016). In general, genetic algorithms are the
most popular algorithms for optimizing building performance and
have reliable results (Taghizade et al., 2019).

To perform the multi-objective optimization, Octopus plug-in,
which uses a genetic algorithm, was employed. Octopus is based
on SPEA-2, an improved multi-objective evolutionary algorithm
that is both user-friendly and flexible enough to integrate into
most design optimization processes. One of the advantages of
using Octopus in comparison with other similar optimization
tools in Grasshopper is the ability to define multiple objectives
that can be evaluated simultaneously, which provides optimal
solutions, presenting the best mode of objectives. This technique
of optimization enables the examination of correlations between
different objectives and provides a more comprehensive arrange-
ment of outcomes compared to single-objective optimization
analysis. The result, after several iterations and the elimination
of unfit solutions, is a pool of optimized design alternatives that
meet the objective function set. This plug-in is getting popular
and has also been verified by recent research (Zhang et al.,
2017; Shahbazi et al., 2019; Touloupaki and Theodosiou, 2017;
Mahdavinejad and Mohammadi, 2016).

– Objective Functions: To define the objective functions, we use
the outputs of daylight and energy simulations which are the an-
nual UDI, DA, thermal energy use intensity (TEUI), electric lighting
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Fig. 9. Thermal adaptive chart of Tehran.

Table 6
Settings of the optimization algorithm.
Elitism Mutation

probability
Mutation
rate

Crossover
rate

Population
size

Maximum
generation

0.510 0.050 0.05000 0.800 100 20

energy use intensity (LEUI), and occupant thermal comfort (CRT ).
In

F1:max (UDI100−2000 lux)

F2:max (DA)

F3:min (TEUI)

F4:min (LEUI)

F5:max (CRT )

(13)

conclusion, the optimization problem can be formulated as:
At first, we had included DGP into objective functions but due

to this fact that the process of computing and calculating the
image-based glare analysis for every hour of a whole year can
take very long, for even one case let alone all the approximately
2800 design options, this technique is not applicable for many
designers. So, instead, two separate phases are considered for
selecting the optimal outcomes. Not only is this technique much
less time-consuming, but also every designer can easily apply
it with the use of a typical PC or laptop. For example, the op-
timization process of our study was carried out on a computer
equipped with a Core i9-7900x processor and 16 GB of RAM, and
the optimization process took approximately three days.

Moreover, the reason for including DA as a supplementary
objective function is to challenge whether the benefits of maxi-
mizing this metric can really outweigh its drawbacks when inhab-
itants’ visual comfort is taken into account, especially in countries
like Iran, where experience shows that many schools in Iran
would probably refuse to install shading devices, either because

of not having enough budget or considering them as a useless ex-
tra expense. After analyzing hundreds of different design options,
we have concluded that in most cases without a shading system,
high amounts of DA can disturb visual comfort. This is a crucial
factor that architects should pay attention to. Furthermore, in
this paper, the method of dividing the class into independently
controllable lighting zones is carried out for the first time. Since
we wanted to carefully examine the relations between the light-
ing energy demand of all the defined zones and the amount of
other metrics such as DA, UDI, we considered them separately as
individual objective functions.

It is also worth noting that the main reason behind consider-
ing two separate objective functions as electric lighting energy
and thermal energy is to accurately analyze their fluctuations
and changes individually, focusing on the effects of putting the
method of defining controllable lighting zones into practice for
the first time, on each of thermal and lighting energy.

– Optimization settings: The parameters of the optimization algo-
rithm were set according to Table 6. The optimization procedure
was carried out for one of the glazing materials, with consider-
ation of 4 previously introduced variables. Also, since Octopus
can only solve minimization problems, UDI, DA, and CRT were
multiplied by −1.

3.7.2. Second phase: assessing visual comfort
After selecting the optimum design solutions in the first phase,

values of ASE and DGP that are considered as reliable indexes
for assessing visual comfort in international standards like IESNA,
were determined for each of the given solutions in the second
phase. The process of calculating DGP and ASE value was imple-
mented by Honeybee, which uses the most valid simulation tools,
including Radiance, Daysim, and Evalglare. In order to compute
DGP, a specific camera view at the observer’s eye height (1.1 m
height) was defined in the Rhino working environment. Then the
resulted HDR image is used for vertical illuminance measure-
ments. Afterward, the point-in-time glare analysis was done at
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Fig. 10. UDI percentage on tables and blackboard: (a) base case, (b) 1st solution, (c) 2nd solution, (d) 3rd solution, (e) 4th solution, (f) 5th solution, (g) 6th solution,
(h) 7th solution, (i) 8th solution, (j) 9th solution, (k) 10th solution.

12:00 pm of the winter solstice (21st of December), and then
the annual glare analysis was conducted, in the way that DGP
was computed for every hour of the defined occupancy schedule,
during a whole year. Finally, all the DGP values for the sunlight
hours were added together and divided by the total number of

sunlight hours during the year so that the average DGP was
obtained during one year. Additionally, ASE was simulated using
Ladybug. The last step was the comparison of ASE and DGP among
the solutions and finding the best ones in terms of visual comfort
performance.
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Fig. 11. Percentage of analyzed surfaces and number of hours in direct sunlight: (a) base case, (b) 1st solution, (c) 2nd solution, (d) 3rd solution, (e) 4th solution,
(f) 5th solution, (g) 6th solution, (h) 7th solution, (i) 8th solution, (j) 9th solution, (k) 10th solution.

4. Results

The simulation loop ran for 20 generations and with 100 indi-
vidual solutions for the third glazing material. The total number
of approximately 2800 designs were compared with each other,
and 10 of them were selected on Pareto front as optimal design
solutions.

Because Tehran and on a larger scale, Iran is positioned in
the northern hemisphere, the forms of the buildings are often
elongated along the east–west axis with windows facing North.
The reason is to prevent direct sunlight from entering the room
so that the risk of discomfort glare is reduced since experience
shows that many schools in Iran would probably refuse to install
shading devices, either because of not having enough budget or
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Fig. 12. DGP values: (a) base case, (b) 1st solution, (c) 2nd solution, (d) 3rd solution, (e) 4th solution, (f) 5th solution, (g) 6th solution, (h) 7th solution, (i) 8th
solution, (j) 9th solution, (k) 10th solution.

considering them as a useless extra expense. As a result, the floor
plan of the base case classroom was considered as shown in Fig. 3.
The three-dimensional shape of the class is also considered to be

a simple box with three windows, each with the width of 2.3 m
and the height of 1.86 m, on the northern wall; similar to the
common design of the majority of classrooms in Tehran (Fig. 10).
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Fig. 13. Assessment and comparison of objective functions for 4 randomly selected options.

Table 7
Comparison of energy demands and thermal comfort before and after
optimization.
Classroom
designs

Glazing
material

TEUI
(kWh/m2)

LEUI
(kWh/m2)

Total energy
consumption
(kWh/m2)

CTR
(%)

Base case
Index=2 125.84 44.70 170.54 85.16
Index=1 117.17 44.70 161.87 85.86
Index=0 113.07 44.70 157.77 86.16

1st solution
Index=2 97.05 25.46 122.51 86.79
Index=1 96.16 26.27 122.43 87.10
Index=0 95.77 27.07 122.84 87.39

2nd solution
Index=2 98.33 24.03 122.36 86.34
Index=1 96.74 24.29 121.03 86.71
Index=0 96.08 24.54 120.62 86.95

3rd solution
Index=2 100.06 23.81 123.87 85.71
Index=1 97.97 24.00 121.97 86.10
Index=0 97.01 24.18 121.19 86.38

4th solution
Index=2 99.18 23.92 123.10 86.93
Index=1 97.87 24.14 122.01 87.21
Index=0 97.34 24.36 121.70 87.41

5th solution
Index=2 100.21 26.55 126.76 87.16
Index=1 99.19 27.48 126.67 87.34
Index=0 98.70 28.34 127.04 87.40

6th solution
Index=2 100.27 28.62 128.89 87.43
Index=1 99.56 30.14 129.70 87.56
Index=0 99.27 31.39 130.66 87.62

7th solution
Index=2 101.90 24.15 126.05 87.03
Index=1 100.53 24.46 124.99 87.23
Index=0 99.94 24.78 124.72 87.40

8th solution
Index=2 102.28 23.59 125.87 85.99
Index=1 99.62 23.77 123.39 86.39
Index=0 98.48 23.94 122.42 86.72

9th solution
Index=2 102.30 23.57 125.87 85.96
Index=1 99.63 23.74 123.37 86.38
Index=0 98.49 23.90 122.39 86.72

10th solution
Index=2 96.48 26.14 122.62 87.33
Index=1 95.77 27.13 122.90 87.49
Index=0 95.50 28.02 123.52 87.57

Subsequently, annual energy demand and received daylight
were calculated for the base case. With comparing these amounts
between the reference model and optimum selected solutions,
designers can gain a better understanding of how an efficient
building in terms of energy performance and occupants’ com-
fort is achievable through choosing thoughtfully among various
design options. It should be noted that the most influential crite-
ria in the selection of the solutions were acquiring the highest
thermal comfort percentage at the cost of the least possible
amount of energy in the first place and receiving the largest
percentage of UDI100−2000lux and DA in the second place. As stated
earlier, in order to keep the balance between the thermal energy
demand and electric lighting energy demand, both of them were

considered as separate objective functions in the first phase of
optimization process. However, in some cases, the difference be-
tween the numbers in each category was not significant enough
to influence the selection of the best outcomes so, they were
added up together and considered as one objective indicating the
total energy consumption.

Tables 7 and 8, together with Figs. 10 to 12, are dedicated
to comparing the values of objective functions, before and after
optimization. In Table 7, values of the required annual heating,
cooling, and lighting energy required for classroom plus thermal
comfort percentage are presented. By comparing these numbers,
it can be concluded that electric lighting energy demand for the
base case and before the consideration of individually controllable
lighting zones, was about 44.7 kWh/m2 and after that, it has
reduced to 23.07 kWh/m2. This reduction of 48% can be extremely
beneficial for conserving the environment as well as decreasing
overall costs. Among the introduced solutions, the 10th one with
the total energy demand of 122.62 kWh/m2 and thermal comfort
of 87.33% had the best performance. Compared with the base
case, this solution had a reduction of 18.56 kWh/m2 in electric
energy, 29.36 kWh/m2 in thermal need, and 47.92 kWh/m2 in
the total energy consumption (electric lighting plus the amount
of energy needed for heating and cooling) during a whole year.
Moreover, thermal comfort increased by 2.17%.

In Table 8, daylight metrics for the base case and optimum
solutions are calculated. As it can be seen, 8th and 9th design
options, which have the largest WWRs among the solutions, also
have the highest amount of UDI, DA, DGP and ASE. Additionally,
the 10th one has the lowest amount of DGP and ASE, indicat-
ing a better condition for satisfying occupants’ visual comfort
(Tabadkani et al., 2018).

Fig. 10 Demonstrates that for almost all the optimum solu-
tions building orientation is 0◦, indicating that in Iran, buildings
facing south are advantageous for thermal and daylighting per-
formance along with occupant comfort. Moreover, in this fig-
ure, UDI100−2000lux percentage is displayed at the height of 0.8
m above the floor, before and after optimization. The warmer
colors represent a higher level of received daylight. It can be
indicated that the 2nd, 3rd, 8th, and 9th solutions have the
highest UDI value on both the tables and blackboard, among
others.

In Figs. 11 and 12, the values of ASE and DGP are measured
for the reference class and the selected optimal solutions. These
measurements prove that the 2nd, 3rd, 8th, and 9th solutions
with the highest amount of UDI also have the highest level of
DGP and ASE throughout the year. Nonetheless, as it is shown
in annual DGP charts, for none of the optimum solutions, the
maximum value of DGP among all the hours of a whole year
has exceeded the limit of 0.35. This implies that visual comfort
conditions are fulfilled without any need for additional tools for
controlling the amount of daylight entering the room.
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Table 8
Comparison of annual daylight performance metrics.
Classroom designs UDI100−2000 (tables) (%) UDI100−2000 (board) (%) UDI100−2000 (total) (%) DA (total) (%) ASE (%) DGP

Base case 66.88 71.31 67.36 44.28 0 0.23035
1st solution 23.03 16 22.62 7.22 0 0.19873
2nd solution 38.86 51.38 40.73 16.05 4 0.21651
3rd solution 43.09 52.36 44.02 20.45 10 0.22747
4th solution 14.69 4.20 13.16 4.05 1 0.19383
5th solution 19.64 11.79 18.90 4.28 0 0.20759
6th solution 11.41 5.92 10.24 1.16 0 0.13335
7th solution 11.22 2.87 10.30 2.33 0 0.18118
8th solution 54.67 62.41 56.10 25.94 14 0.23113
9th solution 48.64 60.08 50 24.56 14 0.22901
10th solution 19.04 12.15 17.47 4.75 0 0.16423

Table 9
Comparison of inputs and outputs for two selected options.

Inputs Outputs

Wall inclination angle WWR (%) Orientation Window. Number UDI (%) DA (%) TEUI(kWh/m2) LEUI(kWh/m2) CTR (%)

1st option 10◦ 60 0◦ 3 58.07 55.51 113.19 35.30 78.37
2nd option 10◦ 60 0◦ 5 57.91 55.38 113.21 35.31 78.38

Table 10
Impacts of wall inclination angle on design objectives.
Wall inclination
angle

UDI
(%)

DA
(%)

ASE
(%)

TEUI
(kWh/m2)

LEUI
(kWh/m2)

CTR
(%)

−30◦ 59.91 57.35 14 140.01 22.96 84.07
−20◦ 63.16 52.10 9 127.80 22.99 84.78
−10◦ 65.66 48.07 2 125.82 23.03 85.00
0◦ (base case) 67.36 44.28 0 125.84 23.07 85.16
+10◦ 68.29 39.78 0 126.56 23.11 85.03
+20◦ 67.40 34.17 0 130.56 23.20 85.09
+30◦ 64.96 27.40 0 133.97 23.27 84.86

5. Validation

Over the past years, validation of Honeybee and Ladybug plug-
ins have successfully accomplished by several papers. Therefore,
in this research, these plug-ins were utilized in daylight and en-
ergy simulation (Elwy et al., 2018; Donato et al., 2017; Aksamija,
2011).

To test the validation of carried out simulation, the first step
was to select two close solutions on the Pareto front, and their ob-
jective functions were calculated and compared with each other.
Since the input variables in both cases are similar to one another
except for the number of windows, the results are expected to
be slightly different. In Table 9, the obtained values for these two
solutions are represented.

Also, the values of the objective functions for 4 randomly
chosen solutions in the Pareto chart are assessed in Fig. 13. The
comparison of these numbers proves that the results are logically
correct.

Single clear is utilized as glazing material in Fig. 13 and Ta-
ble 9.

5.1. Sensitivity analysis

In order to carefully examine the relations between the pa-
rameters and design objectives, the amount of every variable has
been modified individually for the base case, with all the other
variables being unchanged. Tables 10–13, and 14 illustrate the
results of these analyses.

The glazing material in Tables 10–12, and 13 is considered as
single clear. Also, the base case is assumed to be divided into
multiple, independently controllable lighting zones.

It can be observed that among all the design variables, WWR
is highly influential on thermal demand, daylight metrics (UDI

Table 11
Impacts of WWR on design objectives.
WWR
(%)

UDI
(%)

DA
(%)

ASE
(%)

TEUI
(kWh/m2)

LEUI
(kWh/m2)

CTR
(%)

20% 11.74 0.63 0 103.47 31.53 85.88
30% 31.60 7.56 0 107.06 24.83 85.79
40% 50.71 18.54 0 112.00 23.52 85.65
50% 64.46 31.95 0 118.28 23.22 85.48
60% (base
case)

67.36 44.28 0 125.84 23.07 85.16

70% 65.67 55.24 1 134.54 22.99 84.39
80% 62.31 63.48 5 144.43 22.94 83.66

Table 12
Impacts of building orientation on design objectives.
Building
orientation

UDI
(%)

DA
(%)

ASE
(%)

TEUI
(kWh/m2)

LEUI
(kWh/m2)

CTR
(%)

0◦ 55.44 58.57 41 116.30 23.02 77.43
45◦ 57.02 53.68 54 130.00 23.11 80.92
90◦ 61.06 48.17 58 140.30 23.14 83.22
135◦ 65.01 43.21 19 139.29 23.13 84.50
180◦ (base
case)

67.36 44.28 0 125.84 23.07 85.16

225◦ 65.47 52.07 19 135.05 22.95 84.65
270◦ 60.74 59.60 59 137.42 22.91 82.13
315◦ 57.27 61.47 51 129.70 22.92 78.57

Table 13
Impacts of number of windows on design objectives.
Number of
windows

UDI
(%)

DA
(%)

ASE
(%)

TEUI
(kWh/m2)

LEUI
(kWh/m2)

CTR
(%)

1 65.37 43.39 0 150.46 22.89 83.27
2 67.18 44.42 0 125.84 23.08 85.16
3 (base case) 67.36 44.28 0 125.84 23.07 85.16
4 67.31 43.78 0 125.84 23.07 85.16
5 67.21 43.42 0 125.84 23.07 85.16
6 67.56 43.54 0 125.84 23.07 85.17
7 67.59 43.75 0 125.84 23.07 85.17

Table 14
Impacts of glazing material on design objectives.
Glazing
material index

UDI
(%)

DA
(%)

ASE
(%)

TEUI
(kWh/m2)

LEUI
(kWh/m2)

CTR
(%)

0 67.36 44.28 0 112.71 23.18 86.07
1 67.36 44.28 0 116.9 23.13 85.89
2 (base case) 67.36 44.28 0 125.84 23.07 85.16
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and DA), and electric lighting energy. Building orientation has the
most effect on ASE and occupant thermal comfort. Number of
windows is the least influential input variable. Also, as expected,
the wall inclination angle plays a determining role in the value of
DA.

6. Conclusion

The presented framework in this article enables architects to
access an efficient methodology for achieving a set of best design
options for a classroom from the Pareto front, with the assistance
of parametric design, and then make their final decision based
on their individual preferences by comparing the visual comfort
of optimum solutions. Therefore, there is not any finalized and
determined design solution. However, the results of this survey
can be a useful guidance for architects to select the best possi-
ble solution with regard to the specific school design objectives
and requirements, which can vary from one project to another.
Overall, the outcome of utilizing this method in initial stages of
design is a sustainable building that provides the highest level of
thermal comfort for its user in exchange for the lowest amount of
energy consumption or, in other words, the least environmental
harm.

The results of this study prove that:

– Among design options with identical conditions (building ori-
entation, WWR, glazing material and the angle between the wall
containing windows and vertical direction) and different number
of windows, the ones with more windows have less DA and DGP
values.

– Consideration of multiple zones for the purpose of controlling
the amount of illuminance in each zone based on the proper level
of light needed for the task that is performed in every zone, not
only improves occupants’ visual comfort but also reduces lighting
energy consumption up to 48%.

– Using a triple glazed window compared with doubles glazed
and single glazed window results in the reduction of consumed
energy, increase of thermal comfort, and a slight growth in elec-
tric lighting energy demand.

– Compared with other design variables, WWR can have a con-
siderable impact on cooling and heating energy, daylight met-
rics (UDI and DA), and electric lighting energy while building
orientation highly influences ASE and occupant thermal com-
fort. Additionally, the wall inclination angle plays a vital role in
determining DA levels.

In conclusion, using a strategy similar to the one that was
applied in this paper, in the design process of any building is
significantly helpful for designers, inhabitants and the environ-
ment; in the way that it saves time and money, guarantees the
supply of users’ comfort and contributes to the preservation of
the environment.

In future works, minimization of discomfort glare with the
use of various shading systems and comparison of them to find
the most suitable system can be implemented as the second
phase of optimization. Examination of this objective was not
possible in this research since the calculation concerning each of
the analyses of DGP and shading systems is compute-intensive.
Consequently, considering both of these calculations simultane-
ously, was very time-consuming. Furthermore, architects need to
notice that acoustic comfort is one of the critical aspects of users’
comfort, and it should be considered in the design procedure.
Hence, more researches are required in the field of facilitating
the evaluation of acoustic comfort for indoor environments, es-
pecially educational spaces, with the use of visualizable computer
programs.
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