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ARTICLE INFO ABSTRACT

Keywords: Energy-efficient envelopes integrated with different shading devices, as noticeable passive design
Bioshading strategies, have been of great interest for research studies. However, there is a lack of attention on
Microalgae photobioreactor optimizing envelope-integrated novel algae-based bioshading systems (ABBS) in comparison with
Multi-objective optimization other shading devices to enhance buildings’ sustainability-oriented performances. Integrating

Thermal comfort
Energy efficiency
Daylight

microalgae culture system with building facade as a state-of-the-art bioshading system is among
recent developments in high-performance architecture. Although, challenges/limitations con-
cerning different performances of this technology have not been extensively addressed. The
present study conducts a multi-objective optimization framework to investigate the Thermal
Comfort Percentage (TCP), Useful Daylight Illuminance (UDI), and Energy Usage Intensity (EUI)
in a school building to evaluate the relationship between the performance objectives and design
variables (shading characteristics, window-to-wall ratio (WWR)) through comparing different
static shading systems and ABBS in the hot (BSh) and cold semi-arid (BSk) climates. The Tech-
nique for Order of Preference by Similarity to Ideal Solution (TOPSIS) method was also applied to
determine the best design options within Pareto frontiers. Results demonstrated that horizontal
louver by 128.52 % TCP, 15.10 % UDI improvement in south-oriented facade in BSk, and
overhang with fin (OF) by 18.99 % EUI reduction in southern facade in BSh climates contribute
the most to enhance the objective metrics. Also, ABBS was not a stand-first system to enhance all
the objective metrics compared to the other shading systems in none of the examined climates.
Sensitivity analysis indicated that WWR has the most significant positive impact on EUI compared
to the other studied metrics in almost all design options.

1. Introduction

Regulating energy consumption and enhancing indoor environmental comfort are regarded as fundamental requisites for realizing
low-carbon and green buildings [1]. Hence, it is a key point to improve daylight and thermal comfort and reduce energy use in a
building. Accordingly, decisions in early-stage design play a considerable role in enhancing energy saving and user comfort, which can
be achieved through the multi-objective optimization (MOO) process [2,3]. Meanwhile, as an interface between indoor and outdoor
environments, building envelopes noticeably contributes to energy-saving in buildings and realizing sustainable architecture [4].
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Table 1

Key research on MOO of educational building.
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Ref Location Climate Type Optimization Objective Design Parameters Shading Type Simulation and
Optimization Tools and
Methods
[44]  Qeshm Island, Hot desert Total energy Building orientation, Horizontal shading device ~ Honeybee, Ladybug,
Iran climate (BWh) consumption, predicted number/depth/angle of Genetic algorithm
mean vote (PMV), shades, glazing material,
percentage of people WWR, the distance
dissatisfied (PPD), UDI, between shades
Spatial daylight
autonomy (sDA)
[29]  Tianjin, China Energy demand, summer Orientation, depth of Venetian blinds &roller Ladybug tools, Octopus
discomfort time, UDI classroom/corridor, shading
glazing ratio of the
interface, glazing
material, shading type
[24] Nanjing, Humid Annual energy Solar absorptivity/ Overhang, fin Artificial neural
China subtropical (Cfa) consumption (Artificial Thickness/Thermal network (ANN) model
lighting, Heating, conductivity of external + multi-objective
Cooling, Fresh air), wall, WWR, fin (depth/ particle swarm
thermal comfort, cost angle), overhang (depth, optimization (MOPSO)
angle/height) + NSGA-II EnergyPlus
+ Python
[28] Nanjing, Cfa Annual total power Variables pertinent to Outer Corridor/Overhang NSGA-II & Segregative
China consumption (TES), UDI, wall, photovoltaic, Genetic Algorithms -Q
Proportion of thermal window, and shading
comfort duration (PT), system
Life cycle cost
[25] Nanjing, Cfa TES, PT, UDI WWR, window type, Overhang MOPSO, MOGA, NSGA-
China Shading, wall & and roof II algorithm
thermal characteristics,
roof skylight
[30] Nanjing, Cfa Energy, Life cycle carbon Site layout, Geometry, Static (Overhang, Fin), DesignBuilder, Metha
China emissions Structure, Envelope, Moveable (Louver, model (ANN),
Shading type, Window Curtain) Segregative Genetic
glass type, WWR, Energy Algorithms
system
[45] Denver, cold, mixed- Energy use, UDI Classroom Geometry, - Ladybug, Honeybee,
Baltimore, humid, hot- (horizontal & vertical Window features, WWR, Octopus
Miami, Los humid, and hot- daylighting levels) Orientation
Angeles dry
[46] Tehran, Iran Cold semi-arid UD], DA (Daylight Orientation, Wall angle, - Ladybug, Honeybee,
(BSk) autonomy), Daylight Number of Window, Octopus
Glare Probability (DGP), WWR, Glazing material
Annual Sunlight Exposure
(ASE), Annual thermal
energy use intensity
(TEUI), Annual thermal
comfort ratio (CTR)
[26] Tehran, Iran BSk UDI, ASE, DGP, EUI, CTR, Shading characteristics Photovoltaic integrated Ladybug, Honeybee,
Electrical power produced shading device, Louver Octopus
by PVs
[3] Biskra, BWh UDI, DA, Thermal WWR, wall materials, Vertical louver Ladybug, Honeybee,
Algeria. adaptive comfort glass types, shading Octopus
percentage, EUI
[33]  Montreal, Humid Overheating hours, Shading type/ Exterior shading DesignBuilder,
Canada continental (Dfb) heating, and artificial characteristics, WWR, (overhang, screen EnergyPlus, NSGA-II
lighting energy use Window Opening Ratio, shading), Interior shading  algorithm, jEPlus + EA
night cooling, wall and (blind rolls)
cool roof U-value, roof
solar reflectance,
infiltration
[471 Warsaw, Dfb; Tropical Annual energy demand, Indoor temperature set - SketchUp, EnergyPlus,
Poland; savanna (Aw) CO, concentration, PPD points for opening NSGA-II algorithm,
Bangkok, control, thermostat set jEPlus + EA
Thailand points, window opening
area
[48] Tehran, Sari, BSk, Hot-summer  UDI, ASE, sDA WWR, Shading Light-shelf Ladybug, Honeybee,

Iran Mediterranean
(Csa)

characteristics

Octopus

(continued on next page)
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Table 1 (continued)
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Ref Location

Climate Type

Optimization Objective

Design Parameters

Shading Type

Simulation and
Optimization Tools and
Methods

[31] Sabzevar, Iran BSk DGP, UD], DA, Lifecycle Shading systems and Overhang, Louver Ladybug, Honeybee,
energy/Cost/assessment their material (vertical&horizontal), Wallacei X, OpenLCA,
LCE, LCC, LCA Annual light shelf, Egg-crate
Energy consumption
[20]  Shanghai, Cfa Spatial glare autonomy Shading type& Perforated aluminum ANN, NSGA-II,
China (sGA), Spatial daylight characteristics, sheet, slats, serrated Ladybug, Honeybee,
vote autonomy (sDVA) Orientation windows Wallacei X
[35] Nanjing, Cfa PV production, Radiation, Shading characteristics Photovoltaic shading Ladybug, Honeybee,
China Daylight system Octopus
[34] Nanchang, Cfa UDI, sDA, DGP, Window Shading, Orientation, Overhang, Vertical NSGA-II, Grasshopper,
China view satisfaction, Perforated panel-to- shading, Perforated panel Daysim, Radiance,
Luminance ratio of window ratio, EnergyPlus
blackboard and desktop, Perforated percentage,
Uniformity of ratio, and hole arrangement
illuminance
[6] Guangzhou, Cfa UD], Annual energy Building Geometry, Horizontal and vertical NSGA-II, Grasshopper,
China demand, PMV Orientation, Shading shading, Egg-crate Ladybug tools,
and Glazing type, Wall EnergyPlus
construction, WWR
[32] Tallinn, Dfb Primary energy, Spatial Shading depth, rotation Fins, Horizontal/vertical Rhinoceros,

Estonia

Disturbing Glare(sDG),
sDA Quality views

angle, Distance between
shading slats, height

louvers, Eggcrate, Light
shelf

Grasshopper, Radiance,
Opossum, Radial Basis

Multi-Objective
Optimization

Therefore, different studies have focused on optimizing building envelope characteristics and its components to improve energy ef-
ficiency, thermal comfort, and daylight level in the early design stage of a building [5-8]. Achieving a balance between daylight and
energy performance in school buildings is of utmost importance since 70 % of students’ time is spent in the classroom [9], and they are
less adaptable and more susceptible to environmental conditions than adults [10]. The direct relationship between the daylight level
and energy efficiency, as well as the impact of the indoor environment on students’ learning ability, well-being, and healthiness [10,
111, highlights the role of controlling and making a balance between building performance metrics such as daylighting, thermal/-
visual/acoustic comfort and energy efficiency in the early-stage design of school building. Regulating lighting environment is also
regarded as a key factor in classroom design due to its impact on students’ visual quality [12], learning performance [9], hormonal
production and body growth [13], and the circadian clock [14]. Moreover, different studies investigated the relationship between
students’ health, academic performance, and indoor thermal conditions [9,15,16]. Meanwhile, shading devices as key components of
the building envelope can significantly improve indoor thermal conditions, visual comfort, decreasing glare, and specifically building
energy consumption through controlling daylight level [17-19]. Hence, they are considered as noticeable passive solutions to pave the
route towards sustainable and energy-efficient buildings. Although numerous shading devices are accessible and applied to building
envelope, they cannot always perform efficiently, and it is also traditionally problematic to select the best options and strategies [20].
Accordingly, different research has performed MOO studies on building envelope characteristics and components, including fenes-
tration/glazing features, shading systems, geometry, and material [2,19,21-23], although comparing different shading devices to
achieve the most suitable passive solutions have not been addressed, comprehensively, by previous research especially in different
climate zones considering educational buildings.

Xu et al. [24] proposed a two-stage MOO procedure coupled with a meta-model to improve daylight, thermal comfort,
energy-saving, and cost of school buildings in China considering the building envelope characteristics, including shading features and
energy systems as variables. Their method brings about significant advantages considering the results’ validity, precision, and diversity
due to applying various MOO algorithms. In another study [25], they also took a three-stage MOO design process to achieve effective
and precise optimization results in the classroom considering three objective functions: energy consumption, students’ thermal
comfort, and daylighting. The research demonstrated the superiority of electrochromic windows to standard windows regarding the
studied indices. It also showed the advantages of Non-dominated sorting genetic algorithm II (NSGA-II) compared to multi-objective
particle swarm optimization (MOPSO) and Multi-objective genetic algorithm (MOGA) in most aspects. Noorzai et al. [26] proposed a
multi-objective design method to optimize a novel designed PV-integrated fixed vertical shading, which could enhance the students’
thermal and visual comfort and increase the energy efficiency of a classroom up to 20 % in Iran. Park et al. [27] explored the energy
performance of a Phase change material (PCM)-integrated shading system to improve energy efficiency and thermal comfort in an
educational building in South Korea. The results indicated 44 % cooling energy reduction and a 34 % increase in thermal comfort
hours. Moreover, different research has scrutinized the role of miscellaneous window systems and shading devices such as overhang
[28], Venetian blinds/roller shading [29], louver, fins [30], egg-crate [31,32] fixed/moveable screen shading [33], perforated panel
[34], PV shading system [35] on environmental performance of the educational building. Research also focused on adaptable shadings
[36-38], smart windows [39] like Gasochromic [40], photochromic [41], energy-generating glazing [42], microalgae bio-adaptable
windows [43] applied in various building types. Table 1 outlines key research on the MOO of school building/envelope to improve
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Fig. 2. Research framework.
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building different performance metrics. However, no previous study investigated the application of algae-based bioshading systems
(ABBS) on thermal comfort, daylight, and energy performance of a school building in an early-stage design through the MOO design
method and made a comparison with the common static shading strategies.

Accordingly, the present study is to investigate and compare the environmental performances of envelope-integrated microalgae
shading system with that of different fixed exterior shading devices (FESD) in an educational building, in the semi-arid climate of Iran,
which has not any precedent in the literature. Semi-arid climates have hot/warm summers, where shadings are critical passive
strategies for controlling sun radiation and cooling energy demand.

1.1. Algae-based bioshading system

Integrating microalgae culture system known as a photobioreactor (PBR) with building facade provides significant bilateral ad-
vantages for both the building and the culture medium through thermal symbiosis [49]. Photobioreactor Facades (PBRF), as a
state-of-the-art bio-facade technology, also potentially bestow energy saving [50], air pollution reduction [51,52], sound insulation
[53] and wastewater treatment [54] to the building. Energy efficiency in PBRF is provided by solar thermal collectors, light-to-biomass
converters that produce biofuel and heat, (adaptable) shading as well as thermal insulation [55] (Fig. 1). Microalgae, known as a
newly-emerged building biomaterial, can interact with solar radiation and COs in the air, which results in microalgae cell growth and
denser culture density. The more the PBRF is exposed to solar radiation, the more culture concentration increases, which can regulate
light transmittance through the panel. However, excessive sun radiation leads to photosaturation and photoinhibition, which is
detrimental to cell growth [56]. Hence, light control is regarded as one of the key parameters in PBR design. Besides, microalgae
growth and PBR design demand significant considerations including mixing, light, temperature, CO,, PH level and nutrients [57,58].

Different studies have focused on the thermal, energy, and daylight performances of PBRF [50,59,60]. Negev et al. [61] demon-
strated the great energy-saving potential of microalgae window (MW), especially in south- and west-oriented windows compared to
single- and double-glazed windows in the Hot-summer Mediterranean (Csa) climate. Talaei et al. [62] studied the effects of MW on the
energy and daylight metrics of an office building through MOO in BSk climate. They also proposed a novel user-friendly bio-adaptable
MW, which can regulate light transmittance through different culture medium heights [63]. Lo Verso et al. [64] presented PBRs as
translucent and responsive screening elements, which can potentially regulate daylight penetration to the indoor space by adjusting
medium concentration via a developed sensor-based control system. The proposed system provides sufficient visual comfort for a
workspace used for different purposes. In the other study [43], the shading impact of the colored MW in light and heat regulation
resulting in users thermal comfort in a Hot desert climate (BWh) was demonstrated. Despite the considerable advantages of integrating
microalgae PBR with building facade, numerous challenges remain to be addressed by future studies, such as the high cost of the
system, structure, and building regulation measurements, their environmental performances under different climate zones, etc [60,
65]. Besides, the daylight and energy performance of this innovative facade system has not been compared with single- and
double-glazing windows in combination with different FESDs as common passive shading strategies. Also, no previous studies
investigated the potential of MW in early-stage design through the MOO method to optimize daylight, energy, and thermal comfort
indices, especially in educational buildings.

2. Material and method

The process of the present study can be described based on the following steps to investigate the optimum parameters and the
studied objectives (Fig. 2):

First, the parametric simulated model was generated by Grasshopper, Rhino 3D modeling version 6 SR31, and the design variables
have been identified to achieve the optimum quantification based on the defined building performance metrics. Besides, the base
model’s thermal comfort, energy, and daylight indices (Section 2.2), including north and south window orientations in Shiraz and
Dezful, were measured. In this study, energy and daylight simulation have been conducted using Ladybug tools Version 1.6.0, which is

Table 2
Construction and reflectance value of the model structure.
Construction and Model Structure U-Factor R-Value Reflectance
Base model (W/m3K) (m2.K/W) values
Roof 0.1 m Brick+ 0.2 m Heavyweight concrete+ 0.05  0.481527 1.912975 -
m Insulation board
A Wall 0.1 m Brick + 0.2 m Heavyweight Concrete+ 0.05  0.426351 2.18173 (Interior wall)
m Insulation board -+ Generic wall air-gap_+ 50 %
_ 0.019 m Gypsum board
B kit o) Floor Acoustic tile + Generic ceiling air-gap+ 0.1 m 1.170985 0.690229 (Interior floor)
£ lightweight concrete 20 %
v ‘& Ceiling 70 %
= I Shading 80 %
e devices
Earth 20 %
surface
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Table 3
Weather data of Shiraz and Dezful.
Dry-bulb Relative Wind Direct normal Diffuse horizontal Global horizontal Horizontal infrared Total sky Latitude,
temperature (C) humidity (%) speed (m/  radiation (Wh/m?)  radiation (Wh/m?) radiation (Wh/m? radiation (Wh/m?) cover (tenth)  Longitude
s)
Dezful Hourly Min 2.4 10 0 0 0 0 239 1 32.40°N,
Max 51 100 12.9 934 409 1011 460 10 48.38° E
Average 24.69 42.46 1.82 279.36 58.11 234.68 339.76 1.82
Shiraz  Hourly = Min —9.4 10 0 0 0 0 154 0 29.62°N,
Max 38.3 929 14.4 1016 444 1053 401 10 52.55° E
Average 16.40 38.15 1.31 307.78 58.14 255.89 278.62 1.66
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based on validated tools, including Radiance [66] and Daysim [67] as daylight simulation engines and EnergyPlus [68,69] and
OpenStudio as energy simulator engines.

Second, multi-objective genetic optimization (MOGO) was applied to investigate the optimum solutions based on shading features
and WWR as independent variables in two different climates, including Hot (BSh) and Cold semi-arid (BSk), to enhance the school
building environmental performances. The TOPSIS method was applied in the next step of the MOGO to choose the absolute optimum
design solution within the Pareto fronts.

Third, the sensitivity analysis method based on linear regression was to examine and realize the relationship between the design
parameters and the studied objective metrics.

Finally, validation was conducted to examine the accuracy of the simulation model based on a comparative method [70].

2.1. Defining the base case

The study case is a single-zone educational unit (Table 2) modeled based on typical classrooms in Iran proposed by The Organi-
zation for Development, Renovation and Equipping Schools (DRES). The unit with the dimensions of 7 m x 8 m x 3.5 m is north and
south-oriented according to the DRES guidelines for Iran’s educational spaces to achieve more energy efficiency [48]. The base model
has a diabatic facade with 45 % WWR and a center-located double-glazed window and adiabatic walls, whose properties, including
thermal and reflectance features are presented in Table 2. The occupied period for the research base model is defined between 8 a.m.
and 6 p.m. during a typical year with 0.35 ppl/m? number of people per unit of area. The cooling and heating setpoints were set as 26
and 20 °C, respectively, and the Daylight Illuminance setpoint was defined as 500 Lux. The HVAC system was defined as Ideal air load
since it is the most suitable option in the early-stage design process regarding the cost of the calculation time [29,46]. Since educational

Table 4
Value range of shading features.
Shading system/Variables Variable ranges and characteristics
Depth (Increment 0.05 m) Tilt angle (Increment 5°)
V-louver I 0.1-1m 0<6(°)<180

H-louver 0.1-1m 0<0(°)<180
Overhang 0.1-1m 0<6(°)<180
Overhang + Fin (OF) = Vertical depth 0.1-1 m Vertical angle 0<6(°)<180

Horizontal angle 0<6(°)<180

Bioshading system (ABBS) Concentration U-factor (W/m?K) SHGC vT
20 % 4.9 0.40 0.45
30 % 0.30 0.33
40 % 0.20 0.17
50 % 0.16 0.14
60 % 0.13 0.11
70 % 0.11 0.08
85 % 0.09 0.06
100 % 0.07 0.04

WWR 10 %-90 % (Increment 5 %)
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buildings in Iran are not tightly built, the infiltration rate per area is 0.0003 m®/s-m? according to ASHRAE recommendation for
Average buildings.

Shading strategies in the present study are FESD, including overhang, vertical/horizontal louvers, and overhang with fins (OF)
deployed on a double-glazed window (3.2 U-value W/m?K, 0.81 % Solar heat gain coefficient (SHGC), 0.76 % Visible light trans-
mittance (VT)) as well as a microalgae biowindow shading system. The FESDs possess different depth, length, and angle dimensions
presented in Table 4 to contribute to daylight regulation. The material of static shadings is aluminum with 237W/mK thermal con-
ductivity [71], 896 J/kgK specific heat, 2740 kg/m> density, and infrared emittance 0.25 [72].

The base model is examined in two types of semi-arid or steppe climates covering about 40 % of Iran’s area based on the Koppen-
Geiger climate classification. This climate type includes Hot semi-arid “BSh” (15.70 %) and Cold semi-arid “BSk” (23.69 %), whose
representative cities in this study are Dezful and Shiraz, respectively. They are two well-known historical cities in Iran. Their climate
data are presented in Table 3.

2.2. Simulation and objective functions

In the present study, three performance metrics, including Energy Use Intensity (EUI), Useful Daylight Illuminance (UDI), and
Thermal Comfort Percentage (TCP) are selected to be optimized by investigating the optimum design options.

- Energy Use Intensity (EUD: The energy simulation examines the annual energy loads, which is a combination of Thermal energy use
intensity (TEUI), including heating EUI (EUlIpeating) and cooling EUI (EUlcooling) as well as lighting EUT (EUlghting) and equipment
EUI (EUlgquipment), Which can be concluded by the following formulas:

i=N
EUlyeaing = Y EUy; / M m

i=1

=N,
EUlcooting = Z EUL.,-/M @
p

EUlpnermat = EUlgeating + EUl cooling 3)

i=N;
EUliighing = EUy / M )

i=1

i=N,
3 EUei
EUltquipment = E ” )
py

Where EU; (kWh) indicates hourly energy demand, Ny, N, N;, N, indicate annual heating, cooling, lighting, and equipment hours,
respectively. M is the floor area of the model. Hence, the overall EUI (kWh/m?/yr), which is the calculated energy types along with
electrical equipment used within the building divided by gross floor area [73-75], can be calculated as:

EUI= EUIThermal + EUILighl[ng + EUIEqu[pmenl (6)

- Useful Daylight Illuminance (UDI): UDI is the unitless annual daylight performance metric proposed by Ref. [76] and defined as the
ratio of time number of the studied points receiving enough daylight illuminances based on the specific ranges to the total number
of operating hours. The range includes a lower threshold (UDInderlit), an upper threshold (UDIoyenit), and an acceptable range as
UDIyseful [77].

Zi:(wf,- 1)
UDI = e [0,1]

i
1 lf EDa_inghr > E Upper limit

UDIpyora With wf; = »
0 lj ED:))'[ight S E Upper limit (7)
) Vif Epower timit < E paylight < E Uppertimit
UDlysefq with wf; = )
0 lf EDa,inghI < ELower limit
1 lf E Daylight < E Lower limit

0 if E paylighi = E Lower timit

UDIUnderl[t with Wﬁ = {

Where t; indicates time fraction, Epqyiigne (Lux) is the sole daylight, and wf; is a weighting factor related to the Epgy;en; value. According

9
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to Brembilla and Mardaljevic [78], the UDI ranges for analysis can be calculated between 100 for non-sufficient, 100-300- for suffi-
cient, 300 to 3000 for autonomous, and above 3000 for exceeded.

- Thermal Comfort: This building performance metric can be characterized as an individual perception of the thermal condition [79],
and it is defined as a mind status indicating a person satisfaction with the thermal environment, which can be evaluated subjec-
tively [80]. Two methods, including static and adaptive models are present to evaluate thermal comfort, while each one has ad-
vantages and disadvantages. The first method proposed by Fagner [81] is the basis for air-conditioned buildings with PMV and PPD,
while the latter addresses naturally-ventilated ones. When PMV and PPD ignore the user’s adaptation to the thermal environment
and suffer from low accuracy [82], adaptive thermal comfort (ATC) utilized by Ref. [83] focuses on the occupants’ active reaction
to adjust themselves to the environment by using the relationship between mean monthly outdoor air temperature (OAT) and
indoor operative temperature (IOT). To measure the indoor comfort temperature (T,) according to the reference mean outdoor air
temperature (Tpy), the following formula can be applied [29]:

Ty =0.31 X Ty +17.8°C ®)

Tref is calculated based on the time (7-30 days) before the day in question. In the present study, annual TCP (%) is used, which is
examined by the formula [84]:

q "

TCP = Wi 100\ % (©)]
i=1 q

; - _J 1T, <T<Ty
With wf; = { 0if T < T,V > Ty, (10)
Where T and q indicate IOT and total hour, respectively, while Ty, and Ty, are upper and lower air temperatures calculated as:
Typ =031 x T,y +20.3° C (11)
T =031 x T,y +153° C (12)

2.3. Optimization

The optimal value of an optimization problem, which is searching for maximum/minimum values or applying one/multi-objective,
can be searched through the optimization process [85]. Though applying MOO based on Building Performance Simulation (BPS),
complicated building performance trade-offs can be investigated regarding the impact of the changing design variables on the studied
objectives and finding the optimal design solutions [86]. The MOO problem can be defined mathematically as:

Min/Max  fi(x),f2 (x), ... fu(x) (13)

Subject to: x € U.

Where x, n, U, and f(x) are MOO solutions, number of objective functions, feasible set, and objective function, respectively. Also,
min and max refer to the combined object operation.

There are two methods through which complex mathematical processes are not required to address the MOO problem, including
Pareto and scalarization. The Pareto method can be applied when the solutions and performance metrics are presented as Pareto
optimal front (POF) and are different tared-off solutions based on the concept of dominated and non-dominate solutions, which can be
mathematically presented as follows [87]:

fll)p! = mll’lf] (X) (14)

f21)p! = mlnfz (X)

fVLopr =min n (X)

Furthermore, the scalarization is based on the scalar function included in the fitness function [88] based on the following formula
[89]:

Fx)=wifi(x) + wafs () + ... + wufu (x) (15)

Where w is the weighting coefficient.
In the present study, the MOO technique is applied to find optimum design options considering minimum EUI, maximum UDI, and
TCP as follows:

F,(x) = min(EUI) (16)

10
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F,(x) = max(UDI)
F5(x) = max(TCP)

In the first step of optimization, Octopus a Grasshopper plugin for MOO was used, which is developed based on the Strength Pareto
Evolutionary Algorithm (SPEA- II) and the Hypervolume Estimation Algorithm (HypE). It possesses attributes like trade-off finding,
alteration of the objective metrics during the searching process, searching for trade-offs, forcing diversity of solutions, visualization,
and result exploration [90]. The SPEA- II is a powerful and efficient multi-objective evolution algorithm, that performs similarly to the
widely applied NSGA-II [91]. Besides, HypE as a hypervolume-based multi-objective algorithm employs Monte Carlo simulation to
estimate the exact hypervolume values [92]. The hypervolume calculates the criterion space volume dominated by the points of the
Pareto front, which make a bounded space and can illustrate the hypervolume indicator along with a reference point. The hypervolume
indicator can be presented mathematically as [93]:

Iy(PE,r)=21 ( USpace (s,r))

SEPF
r:(rl,r27...7rc)€[F\EC a7
Space (s,r)={ve Rc}r—<v<s }

Where r is a reference point, Space (s, r) is criterion space, v is criterion vector, 1 is Lebesgue measure and
PF € R€ is indicated as I;; (PF).

There are different methods to select the optimum solution among different Pareto-fronts such as technique for order of preference
by similarity to ideal solution (TOPSIS) [94,95], linear programming technique for multidimensional analysis of preference (LINMAP)
[96], faire un choix adequate (FUCA) [97], preference ranking organization method for enrichment of evaluations Il (PROMETHEE II)
[98], clustering and closest to the ideal point [99], and fuzzy membership function [100]. Among the mentioned methods, TOPSIS is
known as the common selection method based on the ideal solution [101].

In the second step of MOO, to select the absolute optimum solution within the non-dominated solutions, the TOPSIS method
adopted by Refs. [94,102,103] was used by applying an MS Excel-based program. The principle of the method is that the selected
design solution should be the nearest to the positive ideal or ideal solution while it should be the farthest from the negative ideal point.
To use the TOPSIS method, the following steps should be taken [95,103,104].

(1) Normalize the decision matrix (m rows & n column) by:
Fy= z-,-/,/Zf?, (18)
i=1

(2) Calculate the weighted normalized decision matrix by:
vy =w;xFj 19
Where w; and vy are the weight of the ith attribute/criterion and weighted normalized value, respectively.
(3)Define the positive (A") and negative (A~) ideal solutions:
A" = {07 ey = { (s () ). (i () 7)) 20)
A =, vy b= {(Min(vy) i €9), (Max; (vy) i€ ) } 21
Where J indicates the set of maximization s and J' shows the set of minimization objectives. The best values regarding maximization

and minimization objectives are defined as the largest and smallest values. In contrast the worst values for maximization and mini-
mization objectives are the smallest and largest values within the column of the objective matrix, respectively.

(4) Measure the Euclidean distance S;; and S;_ from positive and negative ideal solutions for each alternative:

(22)

11
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Si-= (23)
(5) Measure the relative closeness of each optimal solution to the ideal solution:
Ci = S,‘, /S,‘, + S,’+ (24)

Because S;; > 0,and S;- > 0, so C; € [0,1].
Accordingly, defined Pareto solutions derived from the MOO process with the best EUL, UDI, and TCP for both studied climate zones
were recommended using the mentioned method.

- Design variables

The algorithm was determined based on the window characteristics and the shading systems. In the present study, the design
parameters are WWR, dimension, and angle of FESDs, including vertical louver (V-louver), horizontal louver (H-louver), overhang,
overhang and fin (OF) as well as bioshading system. Value ranges for each shading variable are presented in Table 4. To evaluate a wide
range of shading features, shading depth is changed at 0.05 m and for the angle at 5-degree intervals. WWR ranges also change at
10-90 % at 5 % intervals.

The simulation of ABBS is based on [61] (Fig. 3), who evaluated different thermal characteristics of microalgae windows through
experimentation and examined its thermal performances when integrated with building facade by simulation research methods.
U-factor, VT, and SHGC of an ABBS, including Chlorella vulgaris species are presented in Table 4. Since the culture density of
microalgae potentially changes due to cell growth, light penetration differs based on various culture densities, resulting in different
thermal features. Accordingly, eight densities were defined [61] from 20 % to 100 % to evaluate the impact of microalgae concen-
tration on the determined objective metrics and investigate the optimum culture density considering daylight and energy performance
of the school building. Also, the U-factor was considered 4.9 W/m?K during a year, despite the small changes in summer and winter
[61]. It is noteworthy to state that although PBR density changes based on the growth rate of the microalgae, the algae concentration in

¢ A

Glass Culture medium  Glass
thickness thickness thickness

Incident solar energy

Direct+ Diffuse+ Reflected

g
§
Qg?
&

e ———————

Microalgae Photosynthesis

Fig. 3. Schematic section of microalgae window and the photosynthesis process (Authors based on [61,105,106].
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Table 5
Genomes with best TCP, best UDI, and best EUI among Pareto frontiers.
WWR Depth Angle(®) Density ~ TCP UDI EUI Heating Cooling Lighting
(%) (m) (%) (%) (kWh/ (kWh/m?/  (kWh/m?*/  (kWh/m?/
m?/yr) yr) yr) \)
Dezful
North  H-Louver B*. 85 0.50 60 90.41 76.41 187.00 3.37 129.61 13.05
TCP
B.UDI 90 0.35 -15 82.86 96.57 193.95 3.62 139.24 10.12
B.EUI 30 0.15 65 88.06 62.08 164.93 1.84 110.12 12.00
V-Louver B.TCP 55 0.55 -50 88.98 69.76 174.45 2.48 118.95 12.05
B.UDI 0.85 0.15 -30 80.98 92.64 190.18 3.57 135.12 10.52
B.EUI 20 0.6 0 88.05 25.68 163.29 1.64 106.15 14.53
Overhang  B. 15 0.7 40 74.32 37.68 169.4 0.35 111.76 16.32
TCP/
B.EUI
B.UDI 55 0.9 50 61.07 86.08 187.1 0.1 135.57 10.47
OF B.TCP 55 1.00 SA**: 85, 88.72 74.18 175.30 2.48 120.585 11.26
TA***:85
B.UDI 65 0.70 SA:10, TA: 83.23 94.61 181.45 2.827 127.282 10.367
25
B.EUI 20 0.30 SA: 40, 86.08 58.45 162.70 1.637 106.944 13.145
TA:5
ABBS B.TCP 25 40 85.82 80.64 164.44 1.79 109.87 11.81
B.UDI 50 50 83.63 93.11 176.39 2.43 122.52 10.47
B.EUI 20 30 85.67 67.48 163.54 1.64 107.84 13.10
Base 84.23 92.51 173.85 2.282 120.04 10.565
model
South  H-Louver B.TCP 75 0.70 55 85.71 52.85 194.89 2.431 130.506 20.982
B.UDI 65 0.70 0 63.35 90.32 179.51 0.942 127.48 10.119
B.EUI 30 1.00 -20 68.83 62.58 165.43 0.397 113.244 10.813
V-Louver B.TCP 10 0.60 20 75.98 15.96 169.64 0.397 110.863 17.411
B.UDI 50 0.45 -10 56.55 82.20 189.14 0.149 137.55 10.466
B.EUI 10 0.45 0 73.82 21.30 165.92 0.397 109.673 14.881
Overhang  B.TCP 10 0.40 30 72.93 30.03 169.64 0.248 111.161 17.262
B.UDI 45 0.90 20 62.18 85.93 180.80 0.099 129.117 10.615
B.EUI 15 0.50 -20 67.63 63.47 166.52 0.149 113.542 11.855
OF B.TCP 10 0.95 SA: 65, 77.49 14.15 170.98 0.397 109.97 19.643
TA:5
B.UDI 50 0.90 SA: 25, 64.89 86.21 179.56 0.149 127.778 10.665
TA:50
B.EUI 15 0.95 SA:0, TA: 69.86 55.50 163.49 0.198 110.169 12.153
25
ABBS B. 10 60 68.96 44.30 168.90 0.149 114.335 13.442
TCP/
B.EUI
B.UDI 30 40 58.38 81.26 187.80 0.05 136.359 10.417
Base 51.57 78.51 205.7 0.05 154.514 10.169
model
Shiraz
North  H-Louver B.TCP 55 0.85 65 85.25 2.39 127.58 12.153 51.538 22.917
B.UDI 80 0.25 30 71.44 97.54 121.18 14.831 55.06 10.317
B.EUI 30 0.15 60 81.20 69.07 109.47 11.458 45.188 11.855
V-Louver B.TCP 80 0.60 -80 86.28 64.25 120.39 15.129 53.571 10.714
B.UDI 80 0.60 10 77.56 96.45 119.89 15.129 53.026 10.764
B.EUI 35 0.50 0 82.62 74.52 109.33 11.954 45.337 11.062
Overhang  B.TCP 15 0.45 75 78.94 26.26 113.89 9.921 44.544 18.452
B.UDI 55 0.50 40 72.55 95.24 116.42 13.194 51.24 11.012
B.EUI 20 0.30 -80 77.73 72.20 108.93 10.714 44.345 12.897
OF B.TCP 30 0.75 SA: 30, 82.28 50.19 111.06 11.26 45.238 13.591
TA:85
B.UDI 85 0.90 SA: 10, 73.93 95.87 122.02 15.377 55.258 10.417
TA:70
B.EUI 20 0.35 SA:15, 79.47 45.45 108.09 10.714 43.502 12.897
TA:85
ABBS B.TCP 15 30 78.03 50.77 110.16 10.21 43.84 15.12
B.UDI 50 100 72.23 94.96 115.62 13.09 51.09 10.46
B.EUI 20 30 77.79 71.88 108.87 10.71 44.29 12.89
Base 73.12 94.7 114.13 12.748 49.901 10.516
model
South  H-Louver B.TCP 75 0.45 60 75.92 86.26 116.87 12.401 52.282 11.21

(continued on next page)
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Table 5 (continued)

WWR Depth Angle(®) Density ~ TCP UDI EUI Heating Cooling Lighting
(%) (m) (%) (%) (kWh/ (kWh/m?/  (kWh/m?/  (kWh/m?/
m?/yr) yr) ) yr)
B.UDI 75 0.50 30 70.11 93.41  116.67 11.657 53.075 10.962
B.EUI 40 0.20 65 52.68 81.90  105.26 4,613 49.157 10.516
V-Louver ~ B.TCP 85 0.85 80 80.71 18.56  128.87 12.649 57.54 17.708
B.UDI  0.35 0.25 0 38.18 84.61  106.65 2.679 52.53 10.466
BEUI 25 0.45 10 49.37 66.77  104.96 4911 47.966 11.111
Overhang ~ B.TCP 15 0.95 60 69.49 1877  112.00 6.399 46.032 18.601
B.UDI 55 0.90 45 40.40 89.17  108.63 2.381 54.762 10.516
BEUI 20 0.25 -15 45.89 80.76  103.22 2.629 48.611 11.012
OF B.TCP 10 0.85 A:50,TA:70 69.28 211 116.27 6.101 46.081 23.115
B.UDI 50 1 SA: 25, 47.282  90.42  106.696 4514 50.446 10.764
TA:40
BEUI 15 0.4 SA: 45,TA: 54.70 62.41  102.53 4,018 45.536 12.004
15
ABBS BTICP 10 20 54.46  45.40  105.31 3.968 46.825 13.542
B.UDI 30 40 37.33 84.74  108.98 1.24 56.25 10.516
BEUI 15 40 47.61 69.85  104.37 3.075 48.562 11.756
Base 30.68 81.15  116.56 0.595 64.732 10.268

model

*B: Best **SA: Side angle ***TA: Top angle.
NB: The value of the best TCP, best UDI and best EUI for each shading type are bold to be clearer.

the closed system PBR can be potentially regulated and kept constant when needed.

To achieve the research objective, 20 MOO processes were conducted for five studied shading systems within two selected climate
zones. Considering one orientation, there are 11,951 total possible design options for V-louver, H-louver, and overhang, separately.
Also, for OF and bioshading system number of design options are 442,187, and 136, respectively. The total numbers for all shading
systems become doubled (956,352) considering both north- and south-facing windows for each city. Accordingly, the whole number of
design solutions for both Shiraz and Dezful is 1912704, separately. Thermal comfort, daylight and energy performance objectives of
the optimum solutions were compared with those of the base model.

3. Results and discussion

The results of daylight, energy, and thermal comfort performance metrics through the MOO process are presented in this section.
First, the results of Pareto solutions for north- and south-oriented windows considering the best EUIL, TCP, and UDI in Dezful and Shiraz
are analyzed and compared with the related performance metric in the base model (Table 5). Then, the studied performance objectives
of the absolute optimum genomes selected by the TOPSIS method for each window orientation are analyzed compared to that of the
base model (Table 6). Last, the interaction between the design variables and energy, daylight, and thermal performance is investigated
through sensitivity analysis.

The performance metrics of the north- and south windows of the base models in Dezful, including TCP, UDI, and EUI are 84.23
%,92.51 %,173.85 kWh/mZ/yr, and 51.57 %,78.51 %, 205.70 kWh/mZ/yr, respectively and sequentially. The results indicate that
considering all objective metrics, the north-oriented window surpasses the south one. In Shiraz, the results of the studied objective of
the base model are the same as Dezful. In Shiraz, TCP, UDI, and EUI of the north-oriented model are 73.12 %, 94.70 %, 114.13 kWh/
mz/yr, while that of the south-oriented model are 30.68 %,81.15 %,116.56 kWh/mz/yr, respectively, which still demonstrate the
priority of the north window in both BSK and BSh climates. Accordingly, investigating the performance of applying different shading
devices is important to enhance energy, daylight, and thermal comfort indices of a school building in the studied cities.

3.1. Analysis of the pareto-frontier solutions

The results of this section are presented in Table 5. Also, to evaluate and visualize the design solutions and to illustrate Pareto fronts
more obviously, the TT toolbox, Colibri [90] and Design Explorer [107] were used to illustrates the relationship between studied
design variables and the performance metrics presented in the Supplementary material.

3.1.1. Dezful

- North orientation: In the north-oriented model, the best daylight and thermal comfort performance are dedicated to H-louver with
high WWR by 7.38 % TCP and 4.38 % UDI improvement. However, the most considerable energy performance is for the OF-
integrated model with 6.41 % EUI reduction, followed by V-louver by 6.07 %, ABBS by 5.93 %, H-louver by 5.13 % and over-
hang by 2.55 %. Meanwhile, the worst performance metrics belong to the overhang with 11.77 % TCP, and 6.95 % UDI level
reduction, with only 2.55 % EUI improvement compared to the other studied systems. The range of applied WWR is 15 and 55 % for
this system. Besides, ABBS could provide 1.89 % and 0.64 % TCP and UDI improvement, respectively. Also, the culture density for
the PBR system is between 30 % and 50 %. In general, except for the overhang, all the other applied shading systems enhance
thermal comfort and daylight level. Considering energy performance, all five shadings potentially improve energy efficiency in
school buildings.
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Table 6

Parameters and objectives of the absolute optimum genomes.

wBupg ‘H pup 1P W

WWR (%) Depth (m) Angle (°) Density TCP (%) UDI (%) EUI kWh/m2/yr Heating Cooling Lighting Fitness Function View

Dezful

North  H-Louver 40 0.10 25 85.96 90.22 169.59 2.13 115.77 10.71 0.82072
V-Louver 55 0.45 0 87.68 91.79 174.45 2.48 119.49 11.51 0.86303
Overhang 35 0.75 65 65.72 80.02 175.69 0.15 123.66 10.91 0.7832
OF 35 70 SA*: 20 TA**: 25 86.19 88.61 167.26 1.984 113.095 11.21 0.8124
ABBS 35 50 85.34 90.02 168.8 2.03 114.88 10.91 0.8024
Base model 84.23 92.51 173.85 2.282 120.04 10.565

(continued on next page)
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Table 6 (continued)

WWR (%) Depth (m)  Angle (°) Density TCP (%)  UDI (%) EUI kWh/m2/yr  Heating Cooling  Lighting  Fitness Function  View
South  H-Louver 45 0.45 30 79.31 81.15 182.99 1.042 121.577  19.395 0.7982
V-Louver 30 0.30 -10 62.65 79.25 176.64 0.149 124157  11.359 0.7964
[
Overhang 25 1.00 10 69.05 80.05 170.44 0.198 116.22 13.046 0.8648
OF 25 1.00 SA:40 TA: 10 69.1 77.49 166.62 0.198 114.484  10.962 0.8388
ABBS 20 30 63.17 77.52 176.59 0.102 124.603  10.913 0.7741
Base model 51.57 78.51 205.7 0.05 154.514  10.169
Shiraz

(continued on next page)
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Table 6 (continued)

WWR (%) Depth (m)  Angle () Density TCP (%) UDI (%) EUI kWh/m2/yr  Heating Cooling  Lighting  Fitness Function  View
North  H-Louver 45 0.45 -10 79.5 92.68 112.95 12.351 48.81 10.813 0.9198
V-Louver 70 0.95 0 84.59 94.37 117.71 14.286 51.091 11.359 0.8719
H
Overhang 35 0.40 -35 75.37 92.89 111.11 11.954 47.371 10.813 0.933
OF 40 0.65 SA:5 TA: 5 75.92 93.23 111.46 12.202 47.421 10.863 0.8526 .-'
ABBS 35 40 75.1 92.67 111.409 12.004 47.619 10.813 0.9038

(continued on next page)
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Table 6 (continued)

WWR (%) Depth (m) Angle (9) Density TCP (%) UDI (%) EUI kWh/m2/yr Heating Cooling Lighting Fitness Function View
Base model 73.12 94.7 114.13 12.748 49.901 10.516

South  H-Louver 75 0.50 30 70.11 93.41 116.67 11.657 53.075 10.962 0.7208
V-Louver 30 0.35 30 50.43 73.25 106.1 4.117 49.901 11.111 0.6902
Overhang 30 0.45 40 4455 85.84 105.01 2.728 50.198 11.111 0.7281
OF 25 0.75 SA: 30 TA: 5 53.3 80.62 102.579  4.415 46.131 11.062 0.8096
ABBS 20 30 43.06 80.21 105.31 2.331 50.992 11.012 0.7901
Base model 30.68 81.15 116.56 0.595 64.732 10.268

*SA: Side angle **TA: Top angle.
NB: The best value of each objective for each orientation is bold, and the worst value is Italic to be more explicit.
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- South orientation: In the south-oriented model H-louver surpasses the other shading systems in terms of thermal and daylight
performances. It improves TCP by 66.20 % followed by OF (50.26 %), V-louver (47.33 %), overhang (41.41 %), and ABBS (33.72
%). WWR for all the cases is 10 % except for the H-louver with 75 % WWR. Also, by 15.04 % UDI improvement, H-louver stands at
the first rank, while OF by 9.80 %, overhang by 9.45 %, V-louver by 4.70 %, and ABBS by 3.50 % stands at the second, third, fourth
and fifth ranks, respectively. Furthermore, the same as the north-oriented model, the OF-installed classroom with 15 % WWR has
the highest energy improvement of 20.52 % followed by H-louver, V-louver, and overhang by 19.57 %, 19.33 %, 19.04 %,
respectively and sequentially. Meanwhile, ABBS (10 % WWR) by 17.89 % still has the lowest contribution to the model’s energy
efficiency.

Overall, regarding only the best performance metrics, the overhang for the north and bioshading system for the south window has
the worth performance in terms of all objective metrics compared to the other studied shadings in the hot stepped climate of Dezful.
However, the H-louver is superior to the other systems regarding daylight and thermal comfort indices, while OF plays a key role in
energy use reduction of the school building compared to the other shading devices.

3.1.2. Shiraz

- North orientation: The results of the north-and south-oriented facades are almost similar in Shiraz. In both building aspects, the best
TCP, UDI, and EUI are dedicated to V-louver, H-louver, and OF models. Besides, the less favorable shading options for both TCP and
UDI are ABBS (15 % and 50 % WWR) for north orientation and ABBS (10 % WWR) and V-louver (35 % WWR) for south orientation.
Considering EUI, the less optimum shading is H-louver in two studied orientations. In the north, the greatest TCP improvement
value is dedicated to the V-louver by 17.99 %, followed by the H-louver (16.58 %), OF (12.52 %), overhang (7.95 %), and ABBS
(6.71 %). Moreover, UDI has been improved by 2.99 %, 1.84 %, 1.23 %, 0.57 %, and 0.27 % for H-louver, V-louver, OF, overhang,
and microalgae window, respectively.

- South orientation: The lowest thermal comfort level is for south-oriented classroom in Shiraz by 30.68 % TCP. However, applying
any kind of the studied shading systems can considerably enhance daylight metric. Accordingly, the highest thermal performance is
dedicated to the V-louver-installed model (85 % WWR) by 163.07 %, and the lowest still belongs to ABBS (10 % WWR) by 54.46 %.
TCP improvement. Meanwhile, H-louver by 147.45 %, overhang by 126.49 %, and OF by 125.81 % have second, third, and fourth
ranks in terms of TCP enhancement, respectively. H-louver with 93.41 % UDI can improve the index by 15.10 % as the most
suitable shading system, in comparison V-louver with 84.61 % UDI can improve daylight metrics by 4.26 %, as the least favorable
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Fig. 4. Fractional impact of thermal comfort, daylight, and energy use differences of the absolute genomes compared to the base case.
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option to control daylight level. In terms of EUI, again OF has the highest energy use reduction by 12.06 %, while the lowest energy
efficiency is for the H-louver-installed model with an EUI value of 105.26 kWh/m?2/yr resulting in 9.69 % energy efficiency.

Generally, in both BSk and BSh climates, the best genomes with the highest UDI values are for H-louver with high WWR and low
angle, and the best solutions considering EUI are OF-installed models with 15 % or 20 % WWR. Besides, the best performance to
control daylight metric is dedicated to the south-oriented V-louver with 15.10 % UDI improvement in the BSk climate. The best energy
performance of also occurs in the south-oriented window in the hot climate of Dezful by 20.52 % EUI reduction compared to the base
model.

3.2. The absolute optimum genomes

Results of the selected absolute optimum genomes based on the TOPSIS method (Section 2.3) are summarized and discussed in the
following sections. Table 6 shows the value of the performance metrics and the shading/window characteristics. Fig. 4 illustrates the
fractional impact of the shadings on each objective and Fig. 5 illustrates TCP/UDI of the absolute optimum solutions. Fig. 6, also shows
comparisons of the performance metrics of the base model, absolute optimum solutions and Pareto-fronts concerning the best single
objective.

3.2.1. Dezful

- North orientation: In the north-oriented window model, the V-louver provides the highest thermal comfort with 87.68 % TCP, which
enhances the index by 4.10 % compared to the base model. Accordingly, all the shading systems contribute to improving TCP
except for the overhang, which reduces thermal comfort by 21.98 %. Although the base model surpasses all the design options
regarding daylight, since all the shadings reduce the UDI level, overhang again has the worst performance by 13.50 % daylight
index reduction. Meanwhile, V-louver stands at the first rank by 0.78 % UDI reduction. Considering EUI, except for the overhang by
1.05 % and V-louver by 0.34 % EUI enhancements, the other shadings improve energy saving. The best design option for energy
efficiency is OF by 3.79 % contribution to EUI reduction. Compared to the other systems, the studied bioshading stands at the fourth
rank in thermal comfort, with 1.32 % TCP improvement, the third rank in daylight metrics with 2.69 % UDI reduction, and at the
second rank in energy saving by 2.90 % EUI improvement.

South orientation: In this orientation, all the shading devices enhance thermal comfort contrary to the north window, with greater
improvement in TCP level. The highest TCP enhancement is dedicated to the H-louver at 53.79 %, while the lowest is for V-louver at
21.98 %. Considering daylight, again H-louver contributes the most to UDI improvement by 3.36 % and OF the least by 1.29 % UDI
reduction. Like the north facade, the OF by 18.99 % EUI decrease has the greatest contribution to energy efficiency, while H-louver by
11.04 % plays the worst performance. The role of any shading system in energy efficiency is more acceptable in the south facade than
the north in hot stepped climate of Dezful. This can be attributed to the high sun radiation through the south-oriented window, which
the studied shading systems can control. ABBS stands at the fourth rank considering thermal comfort and daylight metrics and the third
rank regarding energy efficiency by 22.49 %, —1.26 %, and —14.15 % fractional impact, respectively.

Generally, in Dezful, the V-louver provides the highest TCP and UDI levels, and OF contributes to the energy efficiency of the
building more significantly than the other systems in both orientations. Also, overhang has the most undesirable performance
considering any objectives in the north orientation. Besides, all south-faced FESDs have greater depths and are integrated with lower
WWR compared to the north orientation due to the high solar radiation in the south aspect. However, only the H-louver can be
deployed on the more extended window by 45 % WWR compared to the H-louver in the north by 40 % WWR.

3.2.2. Shiraz

North orientation: The same as the hot climate of Dezful, V-louver has the most noticeable role in TCP improvement by 15.68 % and
the most negligible role in UDI reduction by 0.34 % in Shiraz. At the same time, the worst performance metrics are dedicated to the
ABBS. However, V-louver is the only shading device, which does not provide energy efficiency for the building owing to enhancing EUI
value by 3.13 %. Nevertheless, energy use reduction is achieved using any shading system except for the V-louver. Also, the highest EUI
value reduction is dedicated to the overhang by 2.64 %.

South orientation: Thermal comfort and daylight performance of the H-louver stands at the highest level among other systems like
the south-oriented model in Dezful. It enhances TCP and UDI indices by 128.52 % and 15.10 %, respectively. Also, the least contri-
bution to thermal and daylight metrics are for ABBS by 40.35%TCP improvement and V-louver by 9.73 % UDI reduction. Except for the
H-louver, which enhances EUI by 0.09 %, all the shadings provide energy savings for the classroom. The highest energy efficiency
belongs to OF with 11.99 %, and the lowest is for V-louver with 8.97 % EUI reduction. With the last rank in TCP, the fourth in UDI, and
the third in EUI, ABBS does not surpass the other shadings, considering any performance metrics.

Overall, in the BSk climate, the V-louver in the north and H-louver in the south have the most potential to improve the daylight and
thermal performance of a school building. Besides, overhang and OF perform the most considerable role in energy saving in the north
and south, respectively. Except for the H-louver, WWR in the south facade integrated with any shading systems is reduced compared to
the north. This can highlight the potential of the H-louver in controlling solar radiation to improve the studied objective in the south-
oriented window. Also, the depth of all FESDs is smaller in the north than south, which can be attributed to the lower sun radiation.
However, the only shading, with more extensive northern depth, is V-louver. WWR of the bioshading system in north and south
orientations in BSk and BSh climates are the same equal to 35 % and 20 %, respectively. Besides, the microalgae culture density in the
south orientation in both climates is 30 %, while in the north, it is 50 % and 40 % in Dezful and Shiraz, in order.

Generally, the results can be summarized and discussed as follows.
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Dezful
H-Louver V-Louver Overhang

TCP

Fig. 5. TCP and UDI of the absolute optimum solutions.
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Fig. 7. SRC for design variables including shading characteristics and window size on TCP, UDI and EUL
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Fig. 8. In-situ measurements and simulation results based on point-by-point illuminance level.

- Thermal and daylight performances of all the studied shading systems are more effective in the south-oriented classroom in the BSk
climate compared to the other orientations and locations. At the same time, the worst performance happens in the north orientation
in Dezful. The only exception is the V-louver installed model, which has the lowest daylight performance by 9.73 % UDI reduction.
Accordingly, the least TCP improvement is devoted to the ABBS by 40.35 %, which is still considerably higher than the performance
of the other shadings in the north orientation and BSh climate.

- The highest energy improvement is assigned to the shadings deployed on the south-oriented facade in the hot climate of Dezful,
where the cooling load is greater than the BSk climate. Furthermore, OF plays the most noticeable role in providing energy effi-
ciency for all the cases studied compared to the other shading strategies, except for the north-oriented model in Shiraz, where
overhang has the highest energy use reduction.

Considering bioshading strategy, ABBS has no superiority over the other shading systems in terms of the studied objective metrics.
It is also not recommended to be applied in the north orientation in Shiraz, considering its weak performance in enhancing thermal and
daylight indices. However, it always contributes to improving the energy efficiency of the educational building in both climate zones.

LUX

391
352
313
274

117

Fig. 9. Validation of the simulated model against in-situ measurement.
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3.3. Sensitivity analysis

Sensitivity analysis is a validated tool [108] applied to investigate the most dominant and contributing variables to the objectives
and can define some interactivity within the model [109]. As a common method in building energy studies [110], sensitivity analysis is
applied in this research to investigate the significance of the design variables, including shading features and WWR on the thermal
comfort, daylight, and energy performance of a classroom in stepped climate zones. Hence, multiple linear regression (MLR) as a
common method of sensitivity analysis is applied, which uses Standardized Regression Coefficients (SRC) and Unstandardized
Regression Coefficient (USRC) to analyze the relationship between variables and the objectives. The value of SRC expresses the sig-
nificance of the relationship between the variables and the objectives, and positive/negative signs show their direct/indirect rela-
tionship. SRC calculation is based on the following formula:

_ Var(X,-)
SRG; =5, Var (Y) (25)

Where X; and Y are variable and the output respectively, and f; is linear regression coefficient related to X;. Besides, SRCj2 indicates the
share of variance (Fig. 7). The results can be expressed as:

- H-louver: The depth of the H-louver has the highest positive impact on TCP and UDI in the north- and south-oriented model in
Dezful, respectively. However, in Shiraz, its depth has the greatest positive impact on only TCP with the lowest positive effect on
EUI in north orientation. The angle of the H-louver also plays a less effective role in UDI and EUI metrics in the north-oriented
facade and has the greatest impact on TCP in the south model in Dezful and Shiraz.

V-louver: The depth of the V-louver-installed model, as the most influential parameter, positively impacts TCP considering the north
orientation in Dezful and Shiraz. However, its angle is regarded as the least effective variable on all the studied objective functions
in the north model in Dezful and Shiraz’s north and south model.

Overhang: Overhang depth has a positive impact on TCP and a negative relationship with UDI and EUI in Dezful. Besides, in Shiraz,
it negatively affects energy performance in the north and all performance metrics in the south orientation. Overhang depth and TCP
relationship is always positive, except for the south model in Shiraz. It is also considerable that the overhang angle is the least
influential parameter on all the studied objectives in the south model in Dezful.

OF: While OF depth positively influences the thermal comfort of all the design options, it always negatively impacts daylight and
energy performance, considering both studied climate zones and orientations. The only exception is the positive impact on EUI in
Shiraz’ north facade. Side and top angles are also the least dominant variables on TCP and UDI, respectively, in Dezful’ north and
south orientations compared to the other variables.

ABBS: In all studied models, the concentration of the bioshading system has less influence on thermal, daylight, and energy metrics
compared to WWR. The microalga density has a positive impact on thermal and daylight and a negative impact on energy indices in
Dezful. Hence, the denser culture medium results in higher TCP and UDI and lower EUI values. However, in the north-oriented model
in Shiraz, density negatively impacts TCP and UDI and positively influences EUI Though, in the south orientation, it has a negative
relationship with TCP and EUI and a positive correlation with UDI.

4. Validation

Honeybee v.0.0.64 [111], v.0.0.65, v.1.4.0 [112], v.0.0.69 [62], and HoneybeePlus v.0.0.04 [113] plugins have been already
evaluated by previous studies. In the present study, to evaluate the accuracy of the simulation, the results of the daylight simulation by
Honeybee of LBT v.1.6.0 based on Daysim and Radiance engines are compared with a real building. The in-situ measurement was
carried out by Refs. [113,114] based on comparing the point-by-point illuminance results. In this study, the error of average illu-
minance result is below 3 %, which is in accordance with the previous studies [113,115]. The difference between the simulation model
and the experimental data can be attributed to the data of the weather files and the real condition of the field measurement [31], and
the restriction of the software to estimation, calculation, and simulation of the building thermal behavior [116]. Accordingly, the
results of this paper are presented based on a validated model. Figs. 8 and 9 illustrate the results of the simulation and measurement.

5. Conclusion and future research

Through developing a MOO framework and sensitivity analysis, the present study bridges the knowledge gap in applying shading
strategies to address the environmental performance of a school building by making a comparison between a novel bioshading system
and common shading devices in stepped climate zones. To achieve this goal the microalgae culture system as an avant-garde bio-
shading strategy is compared with vertical/horizontal louvers, overhang, and combination of overhang and fines integrated with the
north and south school facade to improve daylight, thermal comfort, and energy performance metrics. MOO framework can examine
the studied objective metrics of the school building while proposing optimized design solutions for each orientation and climate zone.
Furthermore, sensitivity analysis is applied to investigate the relationship between the variables of interest, including shading char-
acteristics (dimension, angle, density) and WWR, and the design objectives. The simulator engine Honeybee was also validated by
evaluating its results’ accuracy by comparing it with the in-filed measurement. The results of this research indicate that.
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- Microalgae bioshading does not stand at the first rank to enhance all the objective metrics compared to the other shading systems in
none of the examined climates. Its best thermal comfort performance is demonstrated in the south-oriented window in Dezful by
4.035 % TCP improvement. Considering daylight, all the absolute optimum design solutions with bioshading slightly reduce UDI
level by 1.15 %-2.69 %. Besides, the best energy performance of the school facade integrated with ABBS is dedicated to the south
orientation in Dezful by 14.15 % EUI reduction. Results also present that the WWR of solutions with ABBS is almost the lowest
compared to the other systems in the south orientation of both climates. This can be attributed to the lower sun radiation control of
the bioshading compared to the static shadings.

All the studied shading devices greatly improve thermal comfort when integrated with the southern aspect of the school building in
the stepped climate. The most noticeable thermal performance refers to the H-louver-installed south-oriented facade in Shiraz by
128.52 % TCP augmentation. It also dedicates the first rank in boosting daylight metric by 15.10 % within all the studied shading
systems. Except for the north V-louver in Shiraz/Dezful, the south H-louver in Shiraz, and the north overhang in Dezful, all the
other design solutions contribute to improving the energy efficiency of the school building. However, shadings’ role in controlling
energy consumption is more considerable in the south orientation in stepped climate. Nevertheless, applying any shading system
has more favorable impact on energy saving in the hot climate of Dezful than Shiraz, due to the higher need for sun radiation
control. OF-integrated southern facade in Dezful shows the greatest energy improvement by 18.99 % EUI reduction, while the V-
louver on the north-oriented facade in Shiraz increases energy consumption by 3.13 %.

WWR in all absolute optimum design options negatively impacts thermal comfort except for the positive relationship in Dezful’
north H-louver as well as Shiraz’ north V-louver, and south overhang. On the contrary, sensitivity analysis demonstrates the positive
impact of WWR on daylight metric. The only negative relationships are dedicated to south overhang and ABBS in Dezful and south
ABBS in Shiraz. Considering the energy metric, the greater the WWR, the higher the energy consumption in all design options. It is also
demonstrated that WWR has the highest SRC on EUI compared to the other metrics. The only exceptions are the north V-louver in
Dezful and Shiraz as well as north ABBS and north/south H-louver in Shiraz. In general, microalgae bioshading system has advantages
and disadvantages compared to FESDs, considering the studied objective metrics. However, integrating microalgae PBR as newly-
emerged facade technology has further noticeable advantages like CO, sequestration, O, and biofuel production as significant
added values to the building, while other shading systems lack such environmental potentials. Future research should consider not
only the thermal, daylight, and energy metrics of the ABBS system in other climate zones, but also its noticeable potential to improve
buildings’ environmental impact compared to and in integration with other shading systems like smart glasses, photovoltaic panel
shading, adaptable shadings, etc. Furthermore, further studies need to be conducted on the other objective metrics including more
daylight factors like sDA, ASE, Daylight Factor (DF), visual comfort indexes, cost, life cycle impact etc. Studies can also focus on more
design variables such as shading/wall materials, different HVAC systems, building geometry, proportions, and facade type. Besides, the
MOO framework can be developed for more building types in different geographical locations.
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Cfa: Humid subtropical

Csa: Hot-summer Mediterranean

CTR: Annual thermal comfort ratio

DA: Daylight Autonomy

Dfb: Humid continental

DGP: Daylight Glare Probability

Epayiigh: : Daylight

EU;: Energy demand

EUI: Energy Usage Intensity

EUl¢ooting: Cooling EUT

EUlgquipmen: Equipment EUI

EUlyeqting: Heating EUL

EUIighiing: Lighting EUI

f(x): Objective function

FESD: Fixed exterior shading device
FUCA: Faire un choix adequat

HypE: Hypervolume Estimation Algorithm
IOT: Indoor operative temperature

J: Set of maximization objective

J': Set of minimization objective

LINMAP: Linear programming technique for multidimensional analysis of preference
MLR: Multiple linear regression

MOO: Multi-objective optimization
MOGA: Multi-objective genetic algorithm
MOPSO: Multi-objective particle swarm optimization
MW: Microalgae window

n: Number of objective functions

N, Annual equipment hours

N.: Annual cooling hours

Np: Annual heating hours

Ni: Annual lighting hours

NSGA-II: Non-dominated sorting genetic algorithm II
OAT: Outdoor air temperature

OF: Overhang with fin

PROMETHEE II: Preference ranking organization method for enrichment of evaluations II

PCM: Phase Changing Material

PBR: Photobioreactor

PBRF: Photobioreactor Facades

POF: Pareto optimal front

PT: Proportion of thermal comfort duration
PMV: Predicted mean vote

PPD: Percentage of people dissatisfied

q: Total hour

r: Reference point

SA: Side angle

Si;: Euclidean distance from positive ideal solutions
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Si-Euclidean distance from negative ideal solutionssDA: Euclidean distance from negative ideal solutionssDASpatial daylight autonomy

sDG: Spatial Disturbing Glare

sDVA: Spatial daylight vote autonomy
sGA: Spatial glare autonomy

SHGC: Solar heat gain coefficient

SPEA-II: Strength Pareto Evolutionary Algorithm
SRC: Standardized Regression Coefficients
SRC}: Share of variance

T: Indoor operative temperature (I0T)
Teo: Indoor comfort temperature

t;: Time fraction

Tro: Lower air temperature

Trer: Mean outdoor air temperature

Typ: Upper air temperature

TA: Top angle

TCP: Thermal Comfort Percentage

TES: Annual total power consumption
TEUI: Thermal energy use intensity
TOPSIS: Technique for Order of Preference by Similarity to Ideal Solution
U: Feasible set

UDI: Useful Daylight Illuminance
UDlIyerir: Upper thresholds

UDIynderiiv' Lower threshold

UDIysefui: Acceptable range

USRC: Unstandardized Regression Coefficient
v: Criterion vector

viji: W eighted normalized value

VT: Visible light transmittance

w: Weighting coefficient

wj: Weight of the ith attribute/criterion
wfi: Weighting factor

WWR: Window-to-wall ratio

x: MOO solutions
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Xj: Variable
Y: Output
p;: Linear regression coefficient

A: Lebesgue measure
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