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ABSTRACT 
The increasing demand for energy and the impact of climate change underscore the necessity of energy-efficient 
building designs. This study optimizes atrium skylights as a passive design solution for Yazd, Iran aiming to enhance 
thermal and visual comfort. The research team used simulation tools, including Rhino 8, Grasshopper, Ladybug, and 
Honeybee, to model key design parameters: skylight geometry, skylight-to-roof ratio, and material properties. The 
study applied multi-objective optimizations to four key metrics: Daylight Glare Probability (DGP), Annual Sunlight 
Exposure (ASE), Predicted Mean Vote (PMV), and Spatial Daylight Autonomy (sDA). The A-3A configuration, with 
the highest length-to-width ratio of 3, provided the best thermal comfort (PMV = -0.49), optimal daylight distribution 
(sDA = 98.4%), minimal glare (DGP = 29.6%), and a moderate ASE (29.6%), demonstrating superior comfort and 
reduced solar heat gain. The sensitivity analysis showed that the A-3A model outperformed other configurations, 
improving thermal comfort (PMV) by 24% and sDA by 7.2% over the base model. The Morris method identified 
skylight geometry and SRR as most influential for solar exposure and daylight distribution. This study offers clear 
guidance for optimizing atrium skylight designs in to enhance thermal and visual comfort, laying the groundwork for 
further research, including the integration of renewable energy, to enhance performance in hot climates. 

Keywords: daylight performance, atrium configuration, thermal comfort, multi-objective optimization, skylight's 
geometry

1. INTRODUCTION 
Buildings designed with high energy performance in mind are not 
just a theoretical concept, but an essential step towards a net-zero 
future [1]. The use of daylight as a means of reducing energy loss 
is an integral part of energy-efficient architecture [2]. Among 
numerous methods for providing thermal comfort, those using 
passive systems utilizing natural energy streams such as solar 
radiation and ventilation have a historical past and remain highly 
relevant today. The integration of passive design principles into 
building design has become increasingly important due to 
increasing concerns over fuel shortages, rising energy costs, and 
environmental degradation. Such systems draw strongly on the 
initial and fundamental design choices of the architect, namely 

deciding on the form of the building and its structural organization 
so that architectural elements can effectively contribute to passive 
heating and cooling. Atria, as a significant architectural element, 
plays a central role in enhancing daylighting and solar gain in 
interior spaces [3]. The optimization of buildings, using intelligent 
technologies, is critical to achieving energy efficiency by 
minimizing energy loss and maintaining occupant comfort [4–5]. 
A building's solar comfort during the winter months can be 
improved, and heating costs can be reduced by utilizing direct 
solar radiation that comes through windows. As natural sunlight 
provides warmth and brightness, it is said to give a feeling of solar 
comfort. During the summer, the opposite effect takes place, as 
uneven sunlight distribution leads to overheating and increased 
cooling requirements [5]. Single-glazed windows have the 
primary disadvantage of not providing adequate heat resistance in 
a window system design, resulting in substantial cooling energy 
losses during the summer [6]. The use of large glass areas by 
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architects enhances aesthetic qualities and provides expansive 
views [7].  
Nevertheless, some fail to consider the amount of energy 
consumed, as well as visual and thermal comfort. Office buildings 
are subjected to very high cooling loads in the summer because of 
substantial solar gains [8]. Controlling glare in a clear sky is 
challenging, and it is mainly managed through window shades [9]. 
However, the right skylight shape not only provides ample 
daylight but also has the potential to alleviate visual discomfort, 
offering a promising solution that can inspire hope in the field 
[10]. As a result of the prolonged operation of active systems in 
highly glazed buildings, overheating poses a significant challenge 
to energy regulations. It is preferable to use passive HVAC 
systems to reduce overheating because they maximize interior 
daylighting and minimize energy consumption [11].  

The design of daylight-rich spaces is a continuous challenge for 
architects and building researchers. Architects often incorporate a 
large amount of glazing to maximize natural light [12]. However, 
glare, which can significantly impact occupant satisfaction, often 
drives the need for artificial lighting during daytime hours. As a 
result, architects require straightforward and validated evaluation 
metrics that can help them determine which methods are most 
effective in reflecting the actual performance of buildings, as well 
as identify the most reliable techniques for measuring and 
reporting them [13]. Defining thermal comfort as a state of mind 
resulting from satisfaction with the surrounding thermal 
environment is an essential aspect of building design [14]. The 
characteristics of the environment influence the exchange of heat 
between the human body and its surroundings. Thermal comfort 
assessment is typically based on air temperature, relative 
humidity, air velocity, and average radiant temperature. 
Physiological mechanisms such as sweating, shivering, and blood 
flow regulation maintain thermal equilibrium in the body [15]. The 
efficiency of these mechanisms decreases with age, making it 
increasingly difficult for older individuals to adjust their core body 
temperature in response to changed environmental conditions 
[16]. Considering the impact of age on thermal comfort in 
sustainable building design should lead to empathy and 
understanding among the audience towards the varied needs of 

occupants. Through windows, visible sunlight is directed into 
interior spaces, lighting energy is reduced, and solar heat is 
captured during the winter [17]. By reducing the thermal energy 
consumption of buildings and increasing visual comfort, they 
contribute to decreased energy consumption. As window systems 
are typically established during the early stages of design, 
modifying them later can be difficult. About 80% of the total 
building costs are determined during this initial phase of the design 
process [18]. Although optimizing window designs can enhance 
occupant comfort, it may not be sufficient to achieve optimal 
comfort. To improve comfort and minimize energy consumption, 
advanced daylight control systems must ensure more uniform light 
distribution [19]. Additionally, researchers have investigated the 
optimization of shading system designs and configurations [20–
21], In addition, the window-to-wall ratio (WWR) and other 
elements of the building envelope are also considered [22], 
orientation [23], geometry [24], and types of glazing materials 
[25,26]. Building designers should integrate these factors during 
the early design stage of a building to improve its thermal, visual, 
and energy performance [27].  Thermal comfort and aesthetics 
often clash in office buildings with extensive glass facades [28]. 
To enhance accessibility, many developers have incorporated 
sunshades into buildings as a means of increasing indoor comfort, 
rather than solely considering energy consumption [29,30]. 
According to research, solar radiation cooling and window heat 
loss account for a significant portion of energy loss in offices [25–
31]. Buildings can benefit from skylights by maximizing daylight 
and reducing electrical lighting demand. As a result of excessive 
sunlight, they can pose problems in tropical climates [32]. The 
integration of key performance indicators into the design of atrium 
skylights in office buildings, particularly in regions with extreme 
climatic conditions, is clearly lacking, as evidenced by existing 
literature and practical implementations. 
 
2. LITERATURE REVIEW 
A variety of strategies can be used to maximize the benefits of 
skylights [33]. There are many daylighting techniques, but 
skylights are among the best. They enhance daylight entry, 
uniformity, and reduce the need for artificial light [34,35]. In low-
rise structures with expansive floor plans, they are especially 
suitable [14]. The incorporation of daylight through skylights also 
promotes comfort, productivity, and health [36] as well as 
occupant well-being [36–39]  Skylights can, however, be 
problematic in tropical regions due to the risk of excessive sunlight 
exposure [32–40]. Skylights should therefore be explored in 
climates like Yazd further, particularly through further research. 
Buildings with skylights often assess daylight performance 
through modeling and simulation methods, among others [41]. 
Skylights are openings or apertures on the roof of a building; their 
relative size is typically determined by their proportion to the 
building's total floor area (SFR). Skylights can be classified into 
various types according to their performance characteristics [41–
42]. To promote deeper daylight penetration, clerestory skylights 

Nomenclature 
PMV Predicted Mean Vote 
SRR Skylight to Roof Ratio 
ASE Annual Sunlight Exposure 
MOO  Multi-objective optimization 
sDA Spatial Daylight Autonomy 
U-Value Thermal transmittance 
BWh Refers to a Hot Desert Climate 
WWR Window-to-Wall Ratio 
EPW Energy Plus Weather File 
NSGA-II Non-dominated sorting genetic algorithm II 
𝜇𝜇 Mean of elementary effects 
Σ Standard deviation 
DGP Daylight glare probability 
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can be aligned with the room's wall. Depending on the trajectory 
of the sun, a sawtooth skylight can follow its path. In comparison 
to other types of skylights, monitor skylights typically offer more 
consistent performance throughout the year. On the other hand, 
flat skylights are effective for expansive areas in any climate and 
can provide bright, low-glare lighting [43]. Several studies have 
evaluated daylight performance in buildings with skylights, 
although most have been conducted in subtropical or temperate 
climates [41,42]. Due to geographical factors, the apparent 
position of the sun (solar radiation) changes consistently in these 
regions. In contrast, tropical regions experience relatively high 
levels of solar radiation throughout the year since they are located 
close to the equator [44]. 

In low-rise buildings, skylights and similar top lighting methods 
can pose challenges due to excessive direct sunlight and heat 
buildup; furthermore, Li et al. [21], Marzouk and ElSharkawy 
[22], and Motamedi [42] Performed parametric modeling and 
optimization studies on skylights. Optimization techniques are 
generally limited by specific cases, variables, and parameters, 
which are not necessarily applicable to different building types, 
climate conditions, and floor areas. There is a lack of research 
regarding how to optimize skylight designs for atriums in office 
buildings based on geometry, materials, and skylight-to-roof 
ratios. In hot and dry climates such as Yazd, where annual daylight 
penetration is relatively high, this gap is particularly significant for 
office buildings. 

Energy consumption is the primary objective in envelope design 
during early stages of building design, according to literature. 
Several energy consumption goal functions have been identified, 
including heating, cooling, and total consumption [23,24]. As part 
of the global initiative to reduce carbon emissions, the building 
industry must undergo a low-carbon revolution. Recent studies 
have increasingly focused on carbon emissions as an objective 
function of architectural design [45]. The prediction of mean vote 
(PMV), the duration of thermal discomfort (TDH), and the 
percentage of thermal discomfort are other objective measures of 
thermal comfort [23]. In their study, Mohsenin et al. [46] The 
energy consumption of the atrium was examined not just as a 
function of its geometry, but also as a function of various design 
parameters. In addition to climate, building thickness, material 
reflectance, material transmittance, furniture arrangement, and 
monitor roof glazing height, these parameters also need to be 
considered. According to Huang et al.'s research [47] Solar heat 
gain through windows accounts for 65-80% of the cooling load in 
buildings in Hong Kong's cooling-dominant climates. During the 
hottest months of the year, air-gel glazing reduces cooling loads 
by only 3.5-4% on a commercial building model with 16,000 
square meters of air-conditioned space and 3,200 square meters of 
windows (excluding atriums and skylights). Babak R. et al. [48] 
Found that four design parameters affect high-rise office building 
energy consumption sequentially: building orientation, plane 
shape (aspect ratio), plane depth, and window-to-wall ratio. Aram 
and Alibaba [49] Identified the optimal single-story office 
building model with a corner atrium, according to Abdulsalam.et 

al. Atrium plane geometries and components can significantly 
impact a building's thermal performance, according to Nasrollahi 
et al. Narrow, elongated, or rectangular atriums with a high length-
to-width ratio consume considerably more energy than square-
shaped atriums[50]. Energy performance, lighting, and thermal 
comfort are optimal when the atrium area ratio is 1:4. However, 
there has been limited research on the influence of complex atrium 
vertical dimensions, including platform position, profile shape, 
and height. Interaction with energy and thermal performance. 
Based on Haoyi L. et al. in their study [51] Building with an atrium 
that reaches [52] deeper than 0.183 meters should keep the 
atrium's ABAR as low as possible, according to Zhen Zhong G. et 
al. [53] The optimal atrium design parameters include height-to-
span ratios, atrium volume ratios, skylight area ratios, and width-
to-depth ratios of atria. It is concluded that these parameters have 
optimal values as DSR = 2, VR = 0.13, SR = 0.1, and FDR = 2.5. 

As Wang et al. [36] found, minimizing section aspect ratio 
(SAR) can reduce energy consumption in cold climates. A study 
was conducted by Fei Xu et al. and Peihao W. et al. [37], which 
examined how SAR, transmittivity, and absorption of membrane 
roofs were affected by the openings at the top of the roof. The 
thermal performance of Chinese buildings is affected by the top-
to-bottom area ratio of their atria (TBAR) [38]. Studies have 
shown that increasing the span-to-height ratio (SHR) benefits the 
thermal environment and lowers air temperature. The study by 
Geng et al. [39], found that maximizing solar heat ratio (SHR) in 
atriums of office buildings reduces energy consumption within the 
typical range of 1 to 3. According to a review of atrium design 
studies, several key parameters are heavily considered, including 
the building's orientation, plane shape, area ratio, ventilation 
strategies, skylight configurations, and glazing components. 
Laouadi et al. [54] investigated the impact of various skylight 
types, glass types (double gray, double clear, and triple clear low 
e), and atrium plane shapes (three-sided and linear atria) on 
thermal and energy performance in cold climates. According to 
Dai et al. [55], four typologies were compared in terms of cooling 
and heating loads in nearby air-conditioned zones. Pan et al. [56] 
examined the effects of non-uniform thermal conditions in the 
atrium on HVAC load using EnergyPlus and CFD. According to 
Wang et al. [36], atriums with different section aspect ratios (SAR) 
and skylight area ratios (AR) perform differently in terms of 
energy performance. Using their research, they determined the 
optimal size of atriums to minimize annual energy consumption. 
Beyraghshamshir et al. [57] investigated the energy efficiency of 
courtyards and atriums in Iran, finding that converting a courtyard 
into an atrium resulted in reduced heating and lighting 
consumption. Further, a canopy can be lowered. Additionally, 
building shapes can be optimized for energy conservation. Using 
a genetic algorithm, Jin et al. [58], proposed an initial assessment 
method for thermal load characteristics using a free-form 
optimization method. According to Freewan's study, buildings 
sloped inward and outward in south and north directions showed 
differing energy use and thermal performance. To determine how 
vertical facades affect energy efficiency and thermal dynamics in 
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buildings, these results were compared to those observed for 
horizontal facades [59,60]. The impact of skylights on offices has 
been investigated in a few studies. A study by Erica Cochran et al. 
examined the effects of dynamic shading on office skylights [61]. 
Various researchers, such as Karam et al., believe that skylights 
may help reduce load and energy consumption. Based on this 
hypothesis, designers will be able to successfully balance 
architectural environments at the initial design stage [62].  Recent 
research has emphasized the importance of visual comfort [63–
64]. Zhengshu et al. [65] conducted an initial analysis using Rhino, 
Honeybee, and Ladybug software, followed by a multi-objective 
optimization that evaluated energy use, light comfort, and thermal 
comfort through indicators such as EUI, UDI, and PMV. 
Zhengshu Chen et al. [66] utilized a four-directional office atrium 
as the case study in their study. The research team developed a 
base model using Rhino and Grasshopper, which are parametric 
modeling software platforms. Ladybug and Honeybee, 
environmental simulation plugins, were employed to assess 
daylighting, energy consumption, and thermal comfort. The 
atrium featured a net height of 18 meters, a skylight-to-roof ratio 
of 0.6, and a flat roof. The skylight glazing exhibited a U-value of 
2.0, a solar heat gain coefficient (SHGC) of 0.35, and a visible 
transmittance (VT) of 0.6. These tools and parameters facilitated 
the analysis of energy performance and environmental impact. 
Multi-objective optimization was applied to enhance energy 
efficiency, visual comfort, and thermal performance. Wei Xiao et 
al. [67] Within this research framework, sensitivity analysis is 
conducted using the Extended Fourier Amplitude Sensitivity Test 
(EFAST) method. Following the control of geometric parameters, 
parametric modeling is performed with Rhinoceros and the 
Grasshopper plug-in. The geometric model is then integrated with 
EnergyPlus and Radiance, two widely recognized simulation 
engines, through Ladybug Tools plug-ins. The optimization 
process is subsequently carried out using Octopus, a multi-
objective optimization (MOO) plug-in, to determine optimal 
solutions. Yibing Xue et al. [39] use advanced design and 
simulation tools to optimize daylight quality in commercial 
atriums. They use digital modeling software, including Rhino and 
Grasshopper. They utilize environmental analysis tools, such as 
Ladybug and Honeybee, to simulate daylight and glare for each 
design parameter. These tools enable a thorough analysis of 
geometric factors, such as shape and size, as well as material 
properties, including surface type and reflectance. Table 1 shows 
a literature review of studies in this field. 

In the reviewed literature, the software tools Rhinoceros and 
Grasshopper, as well as Ladybug Tools, have been the most 
widely used among researchers for parametric design and 
environmental simulations. These tools have been extensively 
applied in evaluating energy performance, visual comfort, and 
thermal comfort in buildings. They have been used to simulate 
energy consumption, daylighting, and thermal comfort in various 
indoor and outdoor spaces. These tools enable researchers to 
conduct accurate analyses of geometric factors and material 
properties, facilitating optimizations that improve energy 

performance and occupant comfort. A considerable amount of 
research has focused on optimizing daylighting systems in 
buildings, particularly in hot, dry regions. However, few studies 
focus on optimizing multiple daylighting parameters at once. 
These include Predicted Mean Vote (PMV), Annual Sunlight 
Exposure (ASE), Spatial Daylight Autonomy (sDA), and Daylight 
Glare Probability (DGP) in office buildings. Most existing studies 
focus on individual parameters, leaving a gap in understanding 
joint optimization, particularly for atrium skylights, which are 
crucial for daylighting. Research is also limited on balancing these 
parameters for Yazd’s specific climate. 

This study seeks to answer the following research questions: 
1. How can multi-objective optimization be used to improve 

the design of atrium skylights and daylighting performance 
in office buildings simultaneously? 

2. What are the most effective ways to balance Predicted 
Mean Vote (PMV), Annual Sunlight Exposure (ASE), 
Spatial Daylight Autonomy (sDA), and Daylight Glare 
Probability (DGP) in Yazd's hot and dry climate? 

3. How can atrium skylights enhance the performance of 
office buildings while addressing Yazd's unique climatic 
challenges? 

The main objectives of this study are: 
1. This study aims to develop a new multi-objective 

optimization strategy. It seeks to optimize PMV, ASE, 
sDA, and DGP for office buildings with different atrium 
skylight geometries. 

2. This study examines the impact of atrium skylight 
geometries on thermal comfort, energy consumption, and 
daylighting in Yazd’s climate. 

3. This study will guide architects and engineers to design 
atrium skylights. It targets maximizing daylight, reducing 
energy use, minimizing solar radiation, and enhancing 
thermal comfort and spatial daylight autonomy in office 
buildings. 

By addressing these questions and objectives, this study aims to 
fill the research gap in optimizing atrium skylights and daylighting 
in hot, dry climates. The findings will inform sustainable building 
design in Yazd and similar regions. 
 
2.1. Daylight and thermal comfort simulation 
2.1.1. Annual sunlight exposure (ASE) 
As a complement to sDA, ASE measures annual sunlight 
exposure. During the course of the year, it measures the percentage 
of an analysis area that exceeds a specified direct sunlight 
illuminance level (e.g., 1000 lux) for more than a specified number 
of hours. To obtain meaningful results, it's best to use a full year 
(365 days). It's essential to recognize that ASE cannot provide a 
definitive assessment of the glare or discomfort you are 
experiencing. However, it's not foolproof, and its primary purpose 
is to help designers limit excessive daylight in a space. A space's 
brightness is measured by ASE, which plays a vital role in  
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Table 1. Literature review. 
Reference  Year Type of 

building 
Variables Approach Simulation tools Case study 

location 
Optimization 
objective 

[66] 2025 Public buildings 
(Atriums) 

Atrium form, 
Skylight, PV 
system, 
Fenestration 
factors 

Daylight factor 
and daylight 
glare 

Rhinoceros, 
Grasshopper, 
Ladybug 
tools, 

different regions 
in China 

CER, EROI, DF, 
and DGP 

[65] 2024 A college 
teaching 
building 

WWR and SRR 
in atrium 

energy 
consumption, 
light, and 
thermal comfort 

Rhinoceros, 
Grasshopper, 
Ladybug 
tools, 

Jinan, Shandong 
Province, China 

EUI, UDI, PMV 

[68] 2023 Public buildings 
(Atriums) 

SAR, VR, earth 
sheltering 

energy and 
lighting 
performance 

Rhinoceros, 
Grasshopper, 
Ladybug 
tools, 

Mashhad, Iran (sDA), EUI 

[67] 2023 Public buildings 
(Atriums) 

Form variables 
in atrium 
buildings 

daylighting, 
energy, and 
thermal 
performance 

Rhinoceros, 
Grasshopper, 
Ladybug 
tools, 

Changsha, China UDI, EUI, TDP 

[53] 2023 office building in 
China 

Geometric 
Parameters of 
Atrium, Skylight 
Area Ratio 

Energy 
Consumption, 
Carbon 
Emission, and 
Cost 

Rhinoceros, 
Grasshopper, 
Ladybug 
tools, Radiance 

Jinan, China Heating, 
Cooling, CO2 

[39] 2022 Commercial 
Building 

Skylight visible 
light 
transmittance 
(VT), AR, 
atrium 
inclination, 
fabric 
coverage, fabric 
VT, wall 
reflectivity, roof 
reflectivity 

Daylight Rhinoceros, 
Grasshopper, 
Ladybug 
tools, 

Jinan, China sDA, daylight 
glare 
probability 
(DGP) 

[69] 2022 - Dimensions, 
balcony type, 
wall system, 
window-to-wall 
ratio (WWR), 
glazing 
system, shading 
board 

Thermal comfort 
evaluation, 
energy 
consumption 

Rhinoceros 
Grasshopper, 
Ladybug 
tools, Octopus, 
Energy Plus, 
Radiance 

Hangzhou, 
China 

UDI 

[70] 2022 Underground 
commercial 
spaces (Atriums) 

Shape, Number, 
Profile 
inclination, 
Skylight aspect 
ratio 

daylight Ecotect Chongqing, 
China 

Daylight factor 

[71] 2020 atrium office 
buildings 

WWR, 
geometry, and 
inner surface 
reflectance 

Daylight and 
energy 
consumption 

Design Builder Saudi Arabia DF and sDA, 
Heating, Cooling 

[72] 2020 office buildings Rotation, width, 
length, 
height, 
movement along 
the 
X-axis, 
movement along 
the 
Y axis, retreat, 
WWR 

reduced thermal 
load, and 
improved natural 
light 

Rhinoceros 
Grasshopper, 
Ladybug 
tools, Octopus, 
Energy Plus, 
Radiance 

Tehran, Iran Heating load, 
cooling load, 
UDI 

[73] 2018 Public buildings 
(Courtyards, 
Atriums) 

geometry and 
reflectance of the 
inner surfaces 

lighting comfort 
and energy 
efficiency 

Experimental by 
Mavo-Spot 2 
luminance meter, 
Leica Disto 
X310 laser 
meter, 

in Seville, Spain Maximize 
daylight factor, 
minimize energy 
consumption in 
electric lighting 
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determining whether it is overlit. In contrast to sDA, it does not 
model blinds or shades. Accordingly, ASE1000,250 indicates the 
percentage of area that exceeds 1000 lux for more than 250 hours 
per year. Furthermore, this metric may indicate that a space is 
prone to excessive solar heat gain [74]. ASE was introduced in 
2012 by the Illuminating Engineering Society as part of LM-83-
12 and measures the percentage of floor area that exceeds a 
specified level of direct sunlight illumination for a specified 
number of hours to determine whether direct sunlight can cause 
visual discomfort. In smaller areas that receive direct sunlight for 
more than 250 hours per year, the IES recommends a relative value 
of 1000 lux. Based on supporting research, the standard indicates 
that there is no clear threshold for this metric [75], The visual 
comfort of spaces with at least 10% direct sunlight exposure is 
considered unsatisfactory, spaces with 7% direct sunlight are 
deemed neutral, and spaces with 3% direct sunlight are considered 
acceptable [76]. The following: Eq. (1) was applied: 

𝐴𝐴𝐴𝐴𝐴𝐴 =  ∑ 𝐴𝐴𝐴𝐴𝑁𝑁
𝑖𝑖=1
𝑁𝑁

 with 𝐴𝐴𝐴𝐴(𝑖𝑖) =  �1,   𝐴𝐴𝐴𝐴𝑖𝑖  ≥  𝑇𝑇𝑖𝑖
0,   𝐴𝐴𝐴𝐴𝑖𝑖  ≤  𝑇𝑇𝑖𝑖

� (1) 

𝐴𝐴𝐴𝐴𝑖𝑖 Refers to the frequency at which the illumination occurs. 
The value of  T_iIs the absolute threshold for that measurement, 
which represents how many hours are over the ASE threshold at 
an explicit point (i). N refers to points in a network and indicates 
a function. 
 
2.1.2. Spatial daylight autonomy (sDA) 
To evaluate daylight balance within interiors, various metrics are 
typically assessed using mathematical formulas, including 
Daylight Illuminance (DI), Daylight Coefficient (DC), and 
Daylight Autonomy (DA). The role of architects and engineers in 
this process is crucial. DA is a measurement of the percentage of 
time a space relies solely on natural light to meet its lux 
requirements [77]. There are various ways of calculating DA, 
including monthly, quarterly, or periodic durations. Calculating 
DA requires determining hourly illuminance values for an entire 
year at a given location. Illuminance levels between 100 and 2000 
lux are considered optimal. It is considered extremely dark when 
a space receives less than 100 lux, while it is considered extremely 
bright when a space receives more than 2000 lux. A UDI of 100-
2000 lux is used in this analysis as a daylight standard because it 
has been proven to be the most accurate measure of daylight [78–
79]. The DA helps architects estimate the potential energy savings 
from artificial lighting by measuring how effectively light 
penetrates a space. As a result, when spaces are exposed to 
excessive sunlight, DA fails to establish an upper limit for daylight 
illuminance, putting visual comfort at risk [79]. In accordance 
with dynamic climate data, credit is awarded when illuminance is 
greater than the specified threshold for a specific period [80]. 

sDA stands for Spatial Daylight Autonomy [81]. During at least 
50% of the annual hours that the space is occupied, a minimum of 
300 lux must be achieved on the floor area. The vision simulator 
defines the working area, but the overall space is typically 
considered when analyzing the data. Imagine a network of N 

points with a function S.T. (i). Each point has the function S.T. (i). 
The function, S.T. (i), is involved in calculating sDA because it 
determines the minimum amount of data to be used. Time spent in 
illumination Exceeds the specified portion. Eq. (2) represents the 
calculation of sDA [81]. 

𝑠𝑠𝑠𝑠𝑠𝑠 =  ∑ 𝑠𝑠𝑠𝑠𝑁𝑁
𝑖𝑖=1
𝑁𝑁

 with 𝑆𝑆𝑆𝑆(𝑖𝑖) = �
1,   𝑠𝑠𝑠𝑠𝑖𝑖  ≥  𝜏𝜏𝜏𝜏𝑦𝑦
0,   𝑠𝑠𝑠𝑠𝑖𝑖  ≤  𝜏𝜏𝜏𝜏𝑦𝑦

�  (2) 

 
2.1.3. Daylight glare probability (DGP) 
The term "Daylight Glare Probability" (DGP), which expresses 
the probability of daylight in the scene, was first used by Wienold 
and Christoffersen [82]. The discomfort glare formula for 
daylighting incorporates both the glare source and the sky's 
brightness distribution. As a result, the Daylight Glare Probability 
(DGP) offers a more comprehensive prediction of glare compared 
to other indices, such as the Daylight Glare Index (DGI), because 
it considers a broader range of factors that influence visual 
discomfort [83]. The formula is presented in Eq. (3). 

𝐷𝐷𝐷𝐷𝐷𝐷 =  5.8710−5𝐸𝐸𝑣𝑣 + 0.098 log10 �1 + ∑ �𝐿𝐿𝑠𝑠𝑠𝑠
2 𝜔𝜔𝑠𝑠,𝑡𝑡

𝐸𝐸𝑣𝑣1.87𝑃𝑃𝑡𝑡
2�𝑛𝑛

𝑖𝑖=1 � + 0.16 

(3) 
𝐸𝐸𝑣𝑣: The vertical illuminance at the observer’s eye (Lux). 
𝐿𝐿𝑠𝑠 : The luminance of the glare source at time t (cd⁄m). 
𝜔𝜔𝑠𝑠  : The solid angle subtended by the glare source at the 
observer’s eye at time t. 
𝑃𝑃𝑡𝑡: The Guth position index at time t. 
daylight metric for evaluating the quality of natural lighting [84]. 
This study’s evaluation criteria were based on Wienold’s proposed 
DGP evaluation method [85]. Four DGP thresholds were utilized 
to perform a dynamic analysis of DGP throughout the year: 
imperceptible glare (DGP<0.35), perceptible glare (0.35≤DGP 
<0.4), disturbing glare (0.4≤DGP<0.45), and intolerable glare 
(DGP≥0.45) [86]. 
 
2.1.4. Predicted mean vote (PMV) 
According to Fanger, who developed the influential heat balance 
model of thermal comfort [87] Thermal comfort occurs when skin 
temperature and sweating are within specific, limited ranges. 
Based on theoretical models of how the human body exchanges 
heat with its surroundings, international standards for defining 
comfortable indoor thermal environments have been developed 
[87]. Experiments conducted in climate-controlled labs or 
chambers have rigorously validated these models, including 
Fanger's Predicted Mean Vote (PMV) model. These models meet 
the ISO 7730 standard, which proves their accuracy and reliability. 
In accordance with the ASHRAE scale, the PMV model [88], a 
cornerstone of thermal comfort research, provides numerical 
values that indicate how people perceive their surroundings. As 
part of this calculation, six key factors are considered: metabolic 
rate (M), clothing insulation (Icl), air temperature (ta), mean 
radiant temperature (tr), water vapor pressure (pa), and air velocity 
(var) [89]. PMV is based on research conducted at Kansas State 
University and the Technical University of Denmark in the 1960s. 
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Buildings with natural ventilation, as well as air-conditioned ones, 
can have PMV values. However, variations in air-conditioned  
buildings are usually less noticeable, as the environment in these 
buildings is more controlled in terms of the range of conditions 
that can be measured. Equations [90]. Table 2 illustrates the 
ASHRAE comfort scale [14], which assesses indoor thermal 
comfort based on temperature, humidity, air velocity, and physical 
activity. PMV is represented by Eqs. (4) to (10). 

𝑃𝑃𝑃𝑃𝑃𝑃 = 0.303 𝑒𝑒−0.036𝑀𝑀 + 0.028   (4) 
{[(𝑀𝑀−𝑊𝑊) − 3.05𝑥𝑥10−3[5733 − 6.99(𝑀𝑀 −𝑊𝑊) − 𝑃𝑃𝑃𝑃] −

0.42{(𝑀𝑀 − 𝑉𝑉) − 5815 − 1.7𝑥𝑥10−5𝑀𝑀(5867 − 𝑃𝑃𝑃𝑃) −
0.0014𝑀𝑀(34 − 𝑡𝑡𝑡𝑡) − 3.96𝑥𝑥10−8𝑓𝑓𝑓𝑓𝑓𝑓{𝑡𝑡𝑡𝑡𝑡𝑡 + 272)4 − (𝑡𝑡𝑡𝑡 +

273)4} − 𝑓𝑓𝑓𝑓𝑓𝑓 × ℎ𝑐𝑐(𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑡𝑡𝑡𝑡)}]}  (5) 
𝑡𝑡𝑡𝑡𝑡𝑡 = 35.7 − 0.028(𝑀𝑀 −𝑊𝑊) − 𝐼𝐼𝐼𝐼𝐼𝐼[3.96𝑥𝑥10−8 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓[(𝑡𝑡𝑡𝑡𝑡𝑡 +

273)4 − (𝑡𝑡𝑡𝑡 + 274)4] + 𝑓𝑓𝑓𝑓𝑓𝑓.ℎ𝑐𝑐(𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑡𝑡)]  (6) 
ℎ𝑐𝑐 = �2.38(𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑡𝑡𝑡𝑡)

1
4,ℎ𝑐𝑐 > 12.1√𝑉𝑉𝑉𝑉�  (7) 

ℎ𝑐𝑐 = �12.1√𝑉𝑉𝑉𝑉,ℎ𝑐𝑐 < 12.1√𝑉𝑉𝑉𝑉�   (8) 
𝑓𝑓𝑓𝑓𝑓𝑓 = {1.00 + 1.290𝐼𝐼𝐼𝐼𝐼𝐼, 𝐼𝐼𝐼𝐼𝐼𝐼 ≤ 0.078}  (9) 
𝑓𝑓𝑓𝑓𝑓𝑓 = {1.05 + 0.645 𝐼𝐼𝐼𝐼𝐼𝐼, 𝐼𝐼𝐼𝐼𝐼𝐼 ≤ 0.078}  (10) 

Table 3 illustrates the PMV (Predicted Mean Vote) Factors [93], 
which outlines the key variables influencing thermal comfort, 
including air temperature, radiant temperature, air velocity, 
humidity, clothing insulation, and metabolic rate. 
 
2.2. Multi-objective optimization (MOO) 
Multiple-objective optimization provides profitable options 
among single and multiple environmental performance models by 
measuring the amount of daylight accessible inside and outside a 
structure. As a result of the building optimization approach, 
previously opposite goals, such as studying energy and daylight, 

can be reconciled, and the practical implications of this approach 
are broad. The importance of this research in terms of architecture, 
environmental design, and energy efficiency cannot be overstated. 
Zhai [91] A team of researchers utilized NSGA-II to optimize 
window-related design factors, including energy consumption, 
thermal comfort, and visual comfort. Based on the Pareto Set, 
which describes a multi-objective optimization problem, the 
results were visualized using a graphical representation, because 
of a horizontal surface that reflects sunlight inside the workspace, 
as described by Cheong et al. [90] Maximized the benefits of 
thermal comfort and daylighting inside a modern workplace. It is 
necessary to install a lighting sensor in the structure to control 
energy savings from daylighting. Simulating the performance of 
buildings is the basis for the approach. It is necessary to develop a 
daylighting scheme annually. As part of the energy model, electric 
lights are monitored, temperatures are maintained, and daylighting 
demand is adjusted. A comprehensive explanation of the methods 
is provided by Marzouk et al. [22] And Ylmaz et al. [92]. These 
review literature studies have demonstrated that increasing the 
usable daylight in buildings has a significant impact on energy 
efficiency and visual comfort, highlighting the accuracy and 
sensitivity of investigations in this area and their practical 
relevance to building design.  To achieve non-dominated solutions 
(Pareto Optimal), a Non-dominated Sorting Genetic Algorithm 
(NSGA-II) is proposed. Using this algorithm, multi-objective 
optimization problems can be efficiently solved. In this case, none 
of the solutions is better than the others across all objectives, 
unless the performance of one objective is compromised to 
improve the performance of another. The following Eq. (11) is for 
multi-objective optimization [93]: 

𝑚𝑚𝑚𝑚𝑚𝑚�𝑓𝑓1(→𝑥𝑥),𝑓𝑓2(→𝑥𝑥), . . . , 𝑓𝑓𝑛𝑛(→𝑥𝑥)�𝑠𝑠. 𝑡𝑡(→𝑥𝑥) ∈ 𝑋𝑋 (11) 
 

Table 2. The ASHRAE comfort scale [14]. 
Description Numerical value 

Hot 3 
Warm 2 
Slightly warm 1 
Neutral 0 
Slightly Cool -1 
Cool -2 
Cold -3 

 
Table 3. PMV Factors [14]. 

Factor Description Unit Factor Description Unit 

M The metabolic rate �𝑤𝑤 𝑚𝑚2� � 𝑡𝑡𝑟̅𝑟 The mean radiant 
temperature 

(℃) 

W The adequate 
mechanical power 

�𝑤𝑤 𝑚𝑚2� � 𝑣𝑣𝑎𝑎𝑎𝑎 The relative air velocity (𝑚𝑚 𝑠𝑠⁄ ) 

𝐼𝐼𝑎𝑎 The clothing insulation �𝑚𝑚
2. 𝑘𝑘

𝑊𝑊� � 𝑃𝑃𝑎𝑎 The water vapour partial 
pressure 

𝑃𝑃𝑎𝑎 

𝐹𝐹𝑐𝑐𝑐𝑐 The clothing surface 
area factor 

 ℎ𝑐𝑐 The convective heat 
transfer coefficient 

 

𝑇𝑇𝑎𝑎 The air temperature (℃) 𝑡𝑡𝑐𝑐𝑐𝑐 The clothing surface 
temperature 

(℃) 
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Table 4. Summary of the relevant studies. 
Authors Variables Objective Discuss Typology 

[94] SWRR (Sidewall Window-
to-Wall Ratio), Atrium 
Width and Depth 

TCP (Thermal Comfort 
Performance), UDI (Useful 
Daylight Illuminance) 

Adjusting these variables 
maximizes natural light 
while minimizing heat gain 
and cooling demands. 

 
[95] Atrium form parameters 

(height, width, skylight ratio, 
(sDA), (UDI) Parameters were adjusted to 

enhance daylight access 
while lowering cooling 
loads, revealing a nonlinear 
relationship between 
geometry and performance.  

[67] Orientation, south façade 
inclination, roof inclination 

daylighting, energy 
efficiency, and thermal 
comfort 

The study confirms that 
subtle changes in atrium 
proportions have a 
significant impact on light 
distribution, energy use, and 
thermal stability in mixed 
climates. 

 

[96] WWR, SRR Cooling, Heating, Thermal 
Environment (Atrium 
Temperature) 

The atrium's design, 
particularly the interplay 
between its shape and 
skylight area, significantly 
reduces energy consumption. 
Positioning the platform on 
the second floor enhances 
ventilation and thermal 
comfort throughout the year. 

 

[97] SRR, Louver Size, Skylight 
Glazing Type 

Optimize daylight 
performance, visual comfort, 
and energy 

SRR (Skylight Roof Ratio) 
has the most significant 
impact on sDA, DGP, and 
EUI. SGT (Skylight Glazing 
Type) meaningfully affects 
EUI  

[35] Skylight shape, glazing type, 
size, and mullion depth 

To enhance daylight quality This confirms comfort and 
reduces dependence on 
artificial lighting in a 
sensitive historic context, 
such as Tosson Palace.  

[53] SR (Skylight Ratio), FDR 
(Width-Depth Ratio) 

As a means of reducing 
energy consumption and 
carbon emissions 

The body shape coefficient 
had the highest influence on 
energy performance. Pareto 
analysis yielded optimal sets 
balancing energy, cost, and 
emissions. 

 

[98] Atrium dimensions: height 
(H), width (W), length (L), 
ratio 

(DA), (UDI) Architectural adjustments to 
the atrium’s geometry 
directly impact daylight 
distribution. In warm 
climates, a properly 
configured atrium supports 
solar control and ventilation. 

 

[71] WWR (Window-to-Wall 
Ratio) 

daylighting and energy 
performance 

A WWR of 30%, when 
appropriately shaded, was 
found to be the optimal 
balance between daylight 
availability and glare. This 
reassures us of the 
practicality of this design 
approach. 

 

[99] Atrium structure types, 
design parameters 

daylight and visual comfort Simulations highlight the 
crucial role of well-designed 
atria in enhancing natural 
lighting, reducing energy 
consumption, and promoting 
user well-being. This 
highlights the need for 
meticulous planning and 
execution in sustainable 
building design. 
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If any objective is to be increased, it corresponds to reducing its 
adverse effects. Y represents the concept of X. ∈ 𝑅𝑅𝑛𝑛. A component  
(→𝑥𝑥) ∈ 𝑋𝑋  A feasible solution is referred to as the objective vector. 
(→𝑧𝑧) ∶= →𝑓𝑓 (→𝑥𝑥) ∈ 𝑅𝑅𝑛𝑛  Pareto optimal solutions →𝑥𝑥  Hose that 
cannot be improved in any objective without degrading the 
performance of at least one other objective. Solutions that cannot 
be improved in any of the objectives, unless at least one of the 
others is reduced, are referred to →𝑥𝑥1∈ 𝑋𝑋. Start as Pareto optimal 
solutions if: →𝑥𝑥2∈ 𝑋𝑋, according to the following Eq. (12): 

�𝑓𝑓𝑖𝑖(→𝑥𝑥1) ≤ 𝑓𝑓𝑖𝑖(→𝑥𝑥2) 𝑖𝑖 ∈ {1,2,3, . . . ,𝑛𝑛}
𝑓𝑓𝑖𝑖(→𝑥𝑥1) ≤ 𝑓𝑓𝑖𝑖(→𝑥𝑥2) 𝑗𝑗 ∈ {1,2,3, . . . ,𝑛𝑛}�  (12) 

To provide architects with optimal choices for addressing unique 
challenges, an effective search technique is essential for 
identifying solutions that are balanced along the Pareto front. 
Table 4 summarizes the findings from several relevant studies. 

In theory, the ideal point would maximize each objective 
separately. An NSGA-II algorithm is designed to produce well-
distributed solutions that closely align with the Pareto optimal 
front. As a result of optimizing atrium skylight designs, various 
aspects of energy consumption (heating and cooling), daylight 
performance (sDA), and Visual comfort (DGP) can be optimized 
simultaneously. Considering daylight quality, energy demand, and 
thermal comfort when designing office buildings is crucial, 
especially in unusual climates like Yazd. Additionally, the NSGA-
II algorithm generates a set of Pareto-optimal solutions, allowing 
architects and engineers to select design solutions tailored to 
specific project requirements. Wallacei enhances this optimization 
approach [100], which is an analytical engine for Grasshopper. For 
better results, it is crucial to evaluate a point set's proximity to the 
Pareto front, as well as to ensure a diverse selection process. In 
addition to allowing for lower accuracy, the method also enables 
the use of non-dominated solutions with Monte Carlo techniques. 
A research gap led the authors to optimize atrium skylight design 
in Yazd office buildings, thus enhancing their performance. The 
use of skylights has been studied in various ways to improve 
daylight and visual comfort, but most studies treat them as merely 
light sources. Especially in regions with extreme climatic 
conditions, such as Yazd, skylight design presents unique 
challenges. Using this study, a skylight configuration optimization 
system will be developed for office buildings in Yazd, enhancing 
daylight reception while minimizing cooling needs. In addressing 
these issues, the research aims to improve the performance and 
sustainability of office buildings in hot, arid climates, thereby 
contributing to a novel approach to sustainability. As shown in 
Table 5, the NSGA-II algorithm’s parameter configurations 
include key factors such as elitism, mutation probability, crossover 

rate, and population size, which play a crucial role in the 
optimization process. 

The NSGA-II algorithm's parameters are as follows: Elitism is 
set to 0.5, representing the proportion of the best solutions retained 
for the next generation. Mutation probability is 0.2, specifying the 
likelihood of an individual mutating to introduce variation. The 
mutation rate is 0.5, defining the extent to which a mutated 
individual changes. Crossover rate is 0.9, indicating the 
probability of combining two individuals to produce offspring. 
The population size is 625, reflecting the number of individuals in 
each generation. Iteration is 50, denoting the total number of 
evolution steps for optimization. The random seed is set to 1, 
enabling reproducibility. Crossover distribution is 20, designating 
how crossover points are distributed. Number of generations is 3, 
indicating cycles during parent selection and evolution. The 
number of values is 77, referring to the variables optimized. 
Generation size is 25, clarifying the number of new individuals 
evaluated per generation. Generation count is 25, specifying the 
number of groups of individuals produced and assessed during the 
algorithm's run. 
 
3. MATERIALS AND METHODS 
Several atrium geometries were investigated in this study to 
identify optimal skylight resolutions. The findings of this research 
contribute to the enhancement of visual comfort, daylight 
performance, and thermal comfort in office spaces, all of which 
are crucial design and performance factors. A square configuration 
was used as a base model, which was then expanded to rectangular 
forms at ratios of 1.5, 1.75, 2, 2.5, and 3 times its length. To find 
the best skylight solutions, a rigorous six-stage multi-objective 
optimization process was undertaken. To comprehensively assess 
the climatic effects, Honeybee tools were used for thermal comfort 
simulations and daylight performance simulations, while Ladybug 
(LBT 1.8.3) was employed for climatic studies. In addition to DGP 
(Daylight glare probability) in Celsius, Annual Sunlight Exposure 
(ASE), Spatial Daylight Autonomy (sDA), and PMV (Predicted 
Mean Vote), these tools provided a comprehensive framework for 
evaluating how central atrium skylights affect performance, 
daylight quality, and thermal comfort, in addition to visual 
comfort. Multi-objective optimization was performed using the 
Wallacei plugin in accordance with the research process. A 
thermal comfort objective, daylight quality objective, and visual 
comfort objective were considered when selecting the solutions. 
Based on this analysis, six different configurations of atriums were 
subjected to sensitivity analysis. To evaluate the effectiveness and 
robustness of the optimization results, a thorough approach was  

Table 5. The NSGA-II algorithm’s parameter configurations. 
Elitism Mutation probability Mutation rate Crossover rate Population size Iteration 

0.5 0.2 0.5 0.9 625 50 
Random Seed Crossover Distribution No.  of Gens No. of Values Generation Size Generation Count 
1 20 3 77 25 25 
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Fig. 1. Research tools. 

 
Fig. 2. Location of Yazd. 

 
Fig. 3. Meteorological data generated by the Climate Studio plugin, shown from Up to Down: Wet bulb Temperature and Direct Normal Radiation. 
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essential. According to Fig. 1, the Non-Dominated optimization 
research steps are illustrated. 
 
3.1. Climate analysis of Yazd 
A variety of climatic systems influence Yazd throughout the year 
due to its location in the central part of Iran. Due to its geographic 
area within the global dry belt, it experiences cold winters and hot, 
dry summers. As with most desert regions, temperature 
fluctuations in Yazd are quite significant, even daily. Yazd station, 
for example, registers an absolute minimum temperature of -
3.2°C, and an absolute maximum temperature of 41.28°C. The 
climate of this region is accurately depicted in Fig. 2, Which 
Shows the Location of Yazd, in Fig. 3, which presents Yazd's 
Climate Analysis by using direct normal radiation. The climate in 
this city is hot and arid, similar to that found in many parts of Iran. 
It has been reported that 98.2% of the country's area has climates 
like "Bwh" (35.98%), "BSk" (23.69%), "Csa" (17.03%), "BSh" 
(15.70%), and "BWk" (5.94%) [101]. This research aims to 
address daylight quality, thermal comfort, and visual comfort in 
hot and arid climates, which may also be helpful to others working 
in similar climates worldwide.  

Table 6 shows the climate parameters in Yazd. also, Yazd 
experiences significant variations in thermal comfort throughout 
the year. In spring, around 598 hours (27.1% of the month) are 
comfortable. In summer, despite high temperatures, 578 hours 
(26.2%) offer some comfort. Winter also has 578 hours (26.2%) 
of comfort due to cooler temperatures. 

Autumn is the least comfortable, with only 546 hours (25.0%) 
of the year. Overall, thermal comfort fluctuates across the seasons, 
with autumn seeing fewer comfortable hours (Fig. 4). According 
to Table 7, the average, minimum, and maximum temperatures of 
Yazd are shown. 
 
3.2. Base model features 
According to Table 8, the study was conducted on one floor of an 
office building, where the default room dimensions were 5 meters 
long, 5 meters wide, and 3 meters high. The atrium is assumed to 
be located slightly above the office space at the top of the building.  
Ceilings on each floor are 25 centimeters thick, and window 
frames in all rooms are 25 centimeters thick.  

According to ASHRAE standards, the proportion of window 
openings to facade area of the office rooms in the main building 
facade is 40% [102]. Atrium windows are usually open by default, 
allowing natural ventilation to exit through the atrium windows 
with no HVAC systems running. In Table 9, the model's materials 
are listed. 

The study employs 5x5 modules, each divided into nine equal 
sections, with a central atrium. In winter, the model focuses on 
heat retention and minimizing heat loss. Convective currents 
transfer warm air downward, reducing the intake of cold air. The 
configuration of the openings distributes heat evenly throughout 
the interior, preventing accumulation on upper floors. As a result, 
reliance on heating systems decreases and overall thermal 

efficiency increases. In this study, an indirect connection model is 
used for the central atrium. Fig. 5 depicts the thermal performance 
of the atrium via indirect channel connections during both warm 
and cold seasons. 

By designing this way, air and thermal energy can flow freely 
between the two rooms without interfering with each other 
directly. In addition to promoting natural ventilation which refers 
to the movement of fresh air through a building without the use of 
mechanical devices the channel also regulates temperature. The 
atrium and office zones have different air pressures and 
temperatures. By improving both thermal comfort and airflow, the 
indirect connection enhances the building's energy efficiency. 
Maintaining an optimal indoor climate can be achieved by 
reducing reliance on mechanical HVAC (Heating, Ventilation, 
and Air Conditioning) systems. An indirect connection between 
the atrium and office zones is provided by a channel, as shown in 
Fig. 6. In this context, a channel refers to a dedicated air 
passageway between spaces. 
 
3.3. Atrium geometric configuration 
To create five new shapes for the atrium, we started with a base 
design where the length and width are equal. Because the atrium 
requires constant sunlight, it should be oriented east to west to 
receive the sun throughout the day. So, we take the square base 
and make it longer. The new length-to-width ratios are chosen 
based on the design. In the first new shape, called "a-1.5a," we 
make the base model longer by adding two sections on each side. 
This grid measures 5 meters by 5 meters, with each module being 
1 meter. For the "a-1.5a" configuration, one module is added to 
each side of the base, resulting in a total of two modules added in 
the east-west direction. For the "a-1.75a" configuration, 1.5 
modules are added to each side. In the "a-2a" configuration, two 
modules are added to each side. For the "a-2.5a" configuration, 2.5 
modules are added to each side. Finally, in the "a-3a" 
configuration, three modules are added to each side, resulting in a 
length-to-width ratio three times that of the original base 
configuration. 

Figure 7 illustrates that the base model geometry is square. The 
research model is subdivided into nine equal modules. A channel 
connects the atrium to its adjacent space through the roof, which 
enhances the atrium's performance. The baseline model includes a 
central atrium and four interconnected spaces, designed to 
optimize visual comfort, daylight availability, and thermal 
comfort. Adjacent spaces are incorporated to complete the square 
geometry, enabling a more accurate simulation, as shown in Table 
10. 

To enhance architectural design and performance analysis, glare 
levels, measured by Annual Sunlight Exposure (ASE) and 
Daylight Glare Probability (DGP), should be minimized, while 
Predicted Mean Vote (PMV) and spatial Daylight Autonomy 
(sDA) values should be maximized. 
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3.4. Multi-objective optimization parameters 
Optimization is the process of identifying the most effective 
solution(s) that satisfy specific criteria or constraints. Based on the 
defined goals and limitations, methodologies such as the MOO 
approach are crucial for selecting solutions that offer optimal 
performance or efficiency. An optimization process compares and 
evaluates various alternatives to ensure that the chosen solution is 
optimal [103,104]. Using the MOO approach, this study aims to 
identify design options that increase spatial Daylight Autonomy 
(SDA) values and minimize glare levels (ASE, DGP), which are 
crucial to improving architectural design and performance 
analysis. The effect of solar radiation on a building's heating and 
cooling was considered to enhance the overall solution across all 
targeted objectives. Showed in Equation (13). 

�𝑓𝑓
(𝑥𝑥1)𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓(𝑥𝑥2) = min(𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑎𝑎𝑎𝑎𝑎𝑎 𝐴𝐴𝐴𝐴𝐴𝐴)
𝑓𝑓(𝑥𝑥3)𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓(𝑥𝑥4) = max(𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎 𝑃𝑃𝑃𝑃𝑃𝑃)�  (13) 

Multi-objective optimization (MOO) involves balancing 
multiple conflicting objectives simultaneously, adding another 
layer of complexity to single-objective optimization. A Pareto 
front is developed, where each solution represents a trade-off 
between various objectives [105]. Multi-objective optimization is 
typically defined as a search for solutions across multiple 
dimensions guided by goals, constraints, and preferences. Multi-
objective optimization provides decision-makers with the ability 
to navigate trade-offs and come up with optimal solutions that 
accommodate additional conditions and priorities, placing them in 
control [106]. Using Equation 14  [107–109], A MOO problem is 
implemented. As shown in Table 11, the characteristics of the 
skylight in the atrium configuration are provided for optimization 
purposes. 

Table 6. The climate parameters in Yazd. 
Koppen Climate Zone Arid Desert cold (BWk) Coldest month January 

ASHRAE Climate Zone Hot (2) Coldest week 12/22-1/5 
Average annual temperature 19 ℃ Typical winter week 2/10-2/16 
Annual total solar radiation 2030 𝑘𝑘𝑘𝑘ℎ

𝑚𝑚2�  Hottest month July 

Average annual wind speed 2 m/s Hottest week 7/13-7/19 
 Typical Summer week 8/17-8/23 

 

 
Fig. 4. Psychrometric Chart in Yazd. 

Table 7. The summery of Yazd climate.  
Climatic Parameter Unit  Average Min Max 

Dry Temperature ℃ 20.89 -3.2 41.28 
Relative Humidity % 44.38 10 78.76 
Wind Speed 𝑚𝑚 ⁄ 𝑠𝑠 4.07 0 8.14 
Direct Normal Radiation 𝑊𝑊ℎ

𝑚𝑚2�  13271.5 0 26543 

Diffuse Horizontal Radiation 𝑊𝑊ℎ
𝑚𝑚2�  299.9 209.8 390 

Horizontal Radiation 𝑊𝑊ℎ
𝑚𝑚2�  18487.4 0 36974.8 

Sky Cover  4.5 0 9 
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�
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑓𝑓(𝑥𝑥) = [𝑓𝑓(𝑥𝑥1), 𝑓𝑓(𝑥𝑥2), … , 𝑓𝑓𝑀𝑀(𝑥𝑥)]𝑇𝑇 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠:𝑔𝑔𝑖𝑖(𝑥𝑥) ≤ 0,    𝑗𝑗 = 1,2, … , 𝐽𝐽 
𝑎𝑎𝑎𝑎𝑎𝑎: ℎ𝑘𝑘(𝑥𝑥) = 0, 𝑘𝑘 = 1,2, … ,𝐾𝐾

� (14) 

Atrium skylights were optimized by analyzing three key 
parameters. The purpose of this was to improve the energy 
efficiency and performance of office buildings.  The skylight 
geometry, skylight-to-roof ratio (SRR), and skylight glass material 
are among these parameters. 

Skylight geometry: The shape or geometry of the skylight plays 
a critical role in determining how natural light is distributed within 
the interior spaces and how much energy the building consumes 
for lighting, heating, and cooling. In this analysis, skylight 
geometries included polygons with varying numbers of sides: 
square, pentagon, hexagon, heptagon, and octagon. The number of 
sides and resulting shape affect how evenly daylight is spread 
across the space, influencing factors such as daylight levels, 

potential solar heating, and overall thermal performance. An 
optimal geometric shape can maximize daylight distribution while 
minimizing unwanted solar heat gain or loss, thereby enhancing 
both energy efficiency and occupant comfort. 

Skylight-to-Roof Ratio (SRR): The skylight-to-roof ratio (SRR) 
measures the proportion of a roof's area that is occupied by 
skylights. Daylighting and solar heat gain through skylights are 
significantly affected by this ratio. A range of SRR values between 
20% and 90% was considered in this study. 
• As a result of a low SRR, less daylight enters the building, 

reducing lighting energy consumption. 
• An increased SRR allows more daylight into the building 

but may lead to overheating indoors. The SRR increases the 
amount of daylight admitted, which can lead to higher 
internal temperatures. 

Table 8. Values during the simulation.  
Parameter Value 

Location / Climate zone Yazd, Iran/BWh 
Floor area 225.00 𝑚𝑚2 (15.00 m× 15.00 m) 
Channel 0.5×5 𝑚𝑚2 
Zones height 3.50 m 
Room Window 0.9×1.92 𝑚𝑚2 
Atrium height 5.00 m 
Schedule Saturday to Wednesday (9:00 to 17:00) 
HVAC settings Always off 
Infiltration rate per area 0.0003 𝑚𝑚

3

𝑠𝑠.𝑚𝑚2�  
Number of people per unit of area 0.10 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

𝑚𝑚2�  
Output intervals Annual 

 
Table 9. The model's materials. 

 Structure (m) Thickness Thermal Conductivity 
(W/m. K) 

Specific Heat (J/kg. K) Density (kg/m³) 

External Wall Plaster 0.025 0.7 1000 1400 
Brick 0.2 0.39 840 866.67 
Uninsulated Lecca 
Block 

0.05 0.0229 923 520 

Plaster 0.025 0.7 1000 1400 
Internal Wall Brick 0.03 0.39 840 866.67 

Plaster 0.025 0.7 1000 1400 
EPS Insulation 0.07 0.0385 1200 30 
Plaster 0.025 0.7 1000 1400 

Floor Heavy Concrete 0.15 1.06 1000 2000 
Ceramic Tiles 0.01 1.3 840 2300 
EPS Insulation 0.1 0.0385 1200 30 
Plaster 0.025 0.7 1000 1400 

Roof EPS Insulation 0.03 0.0385 1200 30 
Asphalt 0.05 0.7 1000 1200 
Plaster 0.2 0.0385 1000 1400 
Heavy Concrete 0.02 1.06 1000 2000 

Window U 0.5 SHGC 0.34 
Simple 

0.01 520 2297 923 
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Fig. 5. The Base Model thermal performance. 

 
Fig. 6. The base model geometry. 

 
Fig. 7. Atrium Configuration Development. 
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Skylight glass material: The properties of skylight glass 
significantly influence a building's thermal and luminous 
performance. This study assessed glass types with various Solar 
Heat Gain Coefficients (SHGC) and U-values. 
• U-values measure heat transfer; lower values indicate better 

insulation. SHGC reflects the amount of solar heat 
admitted. The glass options studied varied in both aspects. 

• Glass types ranged from high insulation/low SHGC to 
lower insulation/higher SHGC. 

• U 0.55 SHGC 0.64 (high thermal property glass) 
• (Details on glass specifications omitted for brevity) 

These glass variables affect light entry, internal temperature, and 
thermal comfort, all of which contribute to building energy 
efficiency. Where, 𝑥𝑥 = (𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑑𝑑)𝑇𝑇  represents the vector of 
decision variables within the search space 𝐹𝐹 = 𝑅𝑅𝑑𝑑. In addition, (j) 
indicates the number of inequality constraints, 𝑔𝑔(𝑥𝑥) and the vector 
of these constraints. As well, "k" refers to the number of equality 
constraints and ℎ(𝑥𝑥) resents their corresponding vectors. 
  

Table 10. Atrium geometric Configuration in this study. 
Atrium configuration a-a a-1.5 a a-1.75 a 

Atrium length 5 7 9 
 

  
 

Plan a-2a a-2.5 a a-3a 
 

   
Atrium length 11 13 15 

 

 
Fig. 8. Illustrates the assessment of the DF using various tools in the CIE Test Case for a 4-meter by 3-meter unglazed opening [103].   
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3.5. Software validation 
Validation of Honeybee and Ladybug plugins, which are widely 
used in daylighting simulations, was conducted in this study. A 
standard lighting analysis tool is operated by these plugins, 
integrated within the Grasshopper environment [110,111]. 
Numerous studies have demonstrated the reliability of these tools 
in different research contexts (Fig. 8). 

By comparing Honeybee's results with a recognized benchmark, 
specifically the CIE 171:2006 Test Cases, this research validated 
the latest version of Honeybee from Ladybug Tools (1.8.0). Based 
on this comparison, the simulation results demonstrated high 
accuracy and alignment with set standards, which have significant 
implications for daylighting simulations [103]. Additionally, the 
validation demonstrated the reliability of the parametric 
workflows used in the study, with minimal errors, indicating the 
effectiveness of the plugins for daylighting simulations [112,113]  

This study thoroughly and comprehensively compared the two 
methods. The simulation results from various programs and 
workflows were compared to the reference values of the CIE Test 
Cases. In addition to comparing the results obtained from each 
lighting program with the CIE Test Cases, these results were also 
compared with one another. In addition to evaluating the accuracy 
of the tools through this comparison process, we also analyzed the 
input and use of boundary parameters through updates of each 
tool, including Honeybee, which has been updated to version 1.4.0 
from version 0.0.65, and Solemma, which has been upgraded to 
Climate Studio from DIVA  [111]. 

Table 11. Skylight characteristics in Atrium configuration to optimization. 
Atrium 
configuration 

a-a a-1.5 a 1-1.75 a a-2a a-2.5 a a-3a 

 

 
  

   
Polygons 4 sides to 
8 sides 

 
Square, Pentagon, Hexagon, Heptagon, Octagon 
SRR (Skylight to 
Roof Ratio) 

 
20% to 90% 
Skylight Glass 
Material 

U 0.55 SHGC 0.64 Simple Glazing Skylight 
U 0.58 SHGC 0.19 Simple Glazing Skylight 
U 0.58 SHGC 0.36 Simple Glazing Skylight 
U 0.61 SHGC 0.77 Simple Glazing Skylight 
U 0.65 SHGC 0.35 Simple Glazing Skylight 
U 0.65 SHGC 0.3 Simple Glazing Skylight 
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4. RESULTS AND FINDINGS 
A discussion of how the atrium skylight configuration works with 
respect to materials, skylight-to-roof ratio (SRR), and skylight 
geometry is presented in this section. This study encompasses six 
multi-objective optimization stages, ranging from square to 
rectangular geometries, and considers the selected ratios. 
Predicted Mean Vote (PMV) and Spatial Daylight Autonomy 
(sDA) are maximized by minimizing Annual Sunlight Exposure 
(ASE) and DGP. Utilizing advanced tools such as Ladybug Tools 
and the Wallacei plugin, along with refined Python programming 

for visualizing multidimensional data, analyzing data, and 
comparing results, our research demonstrates a high level of 
technical expertise. Additionally, in this section, data was 
analyzed using the Design Explorer A tool. The results of the 
analysis are summarized in Table 12, which presents a 
combination of various variables with specific objectives. 

PMV Max: Model A-3A with PMV = -0.49 demonstrates the 
best thermal comfort among all models.  

Table 12. A combination of various variables with specific objectives. 
Atrium 
configuration 

Skylight characteristics 

a-a 

 
a-1.5 a 

 
a-1.75 a 

 
a-2a 

 
a-2.5 a 

 
a-3a 
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This means occupants experience a consistently comfortable 
indoor temperature, a key factor for well-being. Model A-3A 
stands out for consistently providing an optimal thermal 
environment. 

sDA Max: Models A-2.5A (98.8%) and A-3A (98.4%) achieve 
the highest Spatial Daylight Autonomy (sDA), ensuring excellent 
natural lighting throughout the space. This supports a uniformly 
bright environment and significantly reduces the need for artificial 

lighting. Model A-2.5A has a negligible sDA advantage over A-
3A for maximizing daylight. 

ASE Min: Model A-1.5A with ASE = 25.71% achieves the 
lowest Annual Sunlight Exposure (ASE), offering the best 
protection against excess solar gain and potential overheating. 
This model is ideal in situations where regulating internal heat and 
preventing discomfort due to overexposure are key requirements.  

Table 13. Performance metrics of optimized solutions. 

Atrium 
Type 

Results Skylight configuration Plan Figure 
ASE  
(%) 

DGP 
(%) 

PMV sDA 
(%) 

Ratio 
(%) 

Polygon 
sides 

Material  

a-a Base 
model 
(Square) 

29.6 40.63 -0.60 91.2 90 5 U 0.61 
SHGC 
0.77 
Simple 
Glazing 
Skylight 

  
a-1.5 a 25.71 37.15 -0.68 97.7 60 7 U 0.61 

SHGC 
0.77 
Simple 
Glazing 
Skylight 

 
 

a-1.75 a 29.5 36.88 -0.65 98 60 7 U 0.61 
SHGC 
0.77 
Simple 
Glazing 
Skylight 

  
a-2a 35.77 33.04 -0.63 98.6 70 7 U 0.61 

SHGC 
0.77 
Simple 
Glazing 
Skylight 

  
a-2.5 a 39.6 31.18 -0.59 98.8 70 4 U 0.58 

SHGC 
0.19 
Simple 
Glazing 
Skylight 

 
 

a-3a 25.64 29.6 -0.49 98.4 80 7 U 0.55 
SHGC 
0.64 
Simple 
Glazing 
Skylight 
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DGP Min: Model A-3A with DGP = 29.6% provides the best 
control of glare, reducing the likelihood of visual discomfort for 
occupants. This model is ideal for maintaining visual comfort, 
where minimizing glare is a top priority. 

By balancing all four objectives (PMV, sDA, ASE, and DGP), 
Model A-3A is the optimal choice for both thermal and visual 
comfort, excelling in PMV and DGP, and performing strongly in 
sDA. Model A-1.5A is preferable if the primary design goals are 
to maximize daylight autonomy and minimize solar gain, as it 
excels in ASE and sDA, though it is slightly less effective in 
thermal comfort and glare control. Thus, Model A-3A is generally 
suited for projects seeking a high overall performance, while 
Model A-1.5A is better when daylight and heat management take 
precedence. The results and performance metrics of the optimized 
solutions are summarized in Table 13, which presents the key 
performance indicators for each atrium configuration. 

The A-3A atrium model, with a length-to-width ratio of 3:1, 
incorporates several key design features that optimize both 
thermal comfort and visual comfort, as well as daylight quality. 
This model’s geometry and materials play a significant role in 
controlling solar heat gain, daylight distribution, and glare, 
providing an efficient and comfortable interior environment. The 
following provides an in-depth analysis of its design 
characteristics based on critical performance parameters: PMV 
(Predicted Mean Vote), sDA (Spatial Daylight Autonomy), ASE 
(Annual Sunlight Exposure), and DGP (Daylight Glare 
Probability). The Model A-3A ratio of the atrium creates an 
elongated space that promotes even daylight distribution and 
limits excessive solar gain—key for energy efficiency and 
comfort. The seven-sided heptagonal shape minimizes sharp 
angles, which helps reduce glare and improves overall daylight 
quality while enhancing occupant comfort by diffusing sunlight. 
The Model A-3A’s glazing design offers two primary benefits: 
enhanced thermal efficiency and optimal daylighting. With a U-
value of 0.55, the glazing helps reduce heat loss, thereby 
supporting energy efficiency. The Solar Heat Gain Coefficient 
(SHGC) of 0.64 allows moderate solar heat entry, balancing 
effective daylight penetration with controlled solar gain to 
maintain occupant comfort. 
 
4.1. DGP 
Daylight Glare Probability (DGP), a metric quantifying the 
likelihood of visual discomfort from natural daylight glare, was 
calculated to assess visual comfort. This analysis aimed to validate 
the accuracy of previous daylight analysis methods and to 
determine whether glare has an adverse effect on visual comfort. 
The worst-case viewing position, located near the atrium skylight, 
was objectively analyzed. Table 14, which shows the Glare 
Probability (DGP) for optimized solutions, clearly analyzes the 
impact of different atrium geometries and design features on 
daylight glare in indoor spaces.   

The analysis was performed at 9:00 AM and 3:00 PM on both 
December 21 and June 21, representing the coldest and hottest 
days of the year, respectively, using optimized atrium models. The 

results are summarized in the following table. On June 21, the 
hottest day of the year, Model A-A exhibited a DGP of 71.93% at 
3:00 PM, which is classified as intolerable glare. This outcome 
demonstrates that the square atrium geometry (1:1 ratio) permits 
excessive direct sunlight, resulting in significant glare. In contrast, 
Models A-3A and A-2.5A, which have higher length-to-width 
ratios, recorded substantially lower DGP values (28.35% and 
31.37%, respectively), both within the unnoticeable glare range. 
These results indicate superior performance in maintaining visual 
comfort. 

On December 21, the coldest day of the year, glare levels across 
all models decreased significantly. Model A-A at 3:00 PM showed 
a DGP of 27.34%, which falls within the unnoticeable glare range. 
Other models, such as A-1.5A and A-1.75A, showed similarly low 
DGP values (under 35%) in both morning and afternoon, 
indicating reduced glare and improved visual comfort. This trend 
aligns with the lower solar angles during the winter months, which 
naturally reduce the risk of glare. These results support the 
conclusion that atriums with higher length-to-width ratios, such as 
Models A-3A and A-2.5A, are more effective at reducing glare, 
particularly in the afternoon on the hottest day of the year. In 
contrast, shorter geometries, such as Model A-A, permit more 
direct sunlight and result in higher glare probabilities. Increasing 
the length-to-width ratio in atrium design reduces visual 
discomfort and contributes to thermal comfort by minimizing 
excessive solar heat gain. Model A-3, with a 3:1 length-to-width 
ratio, demonstrated the lowest DGP values in both summer and 
winter, indicating the most effective reduction of visual 
discomfort. Although natural light levels increase in summer, this 
model consistently minimizes glare and maintains visual comfort 
throughout the year. Model A-2.5A (2.5:1 Length-to-Width Ratio) 
also demonstrated good performance, maintaining low glare 
levels; however, its DGP values are slightly higher compared to 
Model A-3A. This model is suitable for conditions where more 
natural light is desired; however, it is less effective at controlling 
glare in the summer compared to the A-3A. Model A-A (1:1 
Length-to-Width Ratio), with its square geometry, has the highest 
DGP values, especially at 3:00 PM on the hottest days of the year. 
This model allows more direct sunlight into the space, resulting in 
higher glare levels that can negatively impact visual comfort. 
Based on these analyses, models with higher length-to-width 
ratios, such as A-3A and A-2.5A, are optimal for enhancing both 
visual and thermal comfort. These configurations maximize 
natural light while minimizing glare, thereby improving comfort 
in interior spaces. 
 
4.2. ASE 
The ASE for the base model with square geometry (a-a) is 29.6%, 
indicating that a significant portion of the building’s interior 
receives direct sunlight year-round. This high solar exposure can 
cause glare and discomfort for occupants, emphasizing the need to 
refine atrium designs to address these problems. Atriums that 
admit intense sunlight often produce notable visual and thermal 
discomfort due to excessive daylight.  
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With a length-to-width ratio of 1.5:1 (a-1.5a), ASE drops to 
25.71%, reflecting reduced solar exposure. This reduction, 
particularly in high-exposure areas, improves occupant comfort 

and lessens glare, highlighting the importance of controlling 
sunlight. Designing the atrium with a 1.5 ratio limits solar 
exposure, improving both thermal and visual comfort. For the 

Table 14. Glare probability for optimized solutions. 
Atrium 
configuration 

June 21, 9:00 AM June 21, 15:00 December 21, 9:00 December 21, 15:00 

a-a 

    
DGP 45.10% 71.93% 38.07% 27.34% 
a-1.5 a 

    
DGP 38.10% 43.76% 33.25% 23.53% 
a-1.75 a 

    
DGP 36.81% 22.25% 30.71% 22.25% 
a-2a 

    
DGP 34.42% 36.91% 31.00% 22.20% 
a-2.5 a 

    
DGP 31.46% 31.37% 28.64% 20.23% 
a-3a 

    
DGP 29.51% 28.35% 26.73% 19.33% 
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length-to-width ratio of 1.75:1 (a-1.75a), the ASE rises slightly to 
29.5%, indicating that this geometry allows more sunlight to pass 
despite a similar SRR (Skylight-to-Roof Ratio). The combination 
of direct solar angles and atrium shape increases sunlight 
penetration. Consequently, occupants may face greater discomfort 
due to higher solar exposure. In the case of the length-to-width 
ratio of 3:1 (a-3a), the ASE decreases slightly to 29.6%, 
representing a marginal reduction compared to the previous 
model. This decrease in solar exposure shows that the geometry of 
this model is capable of reducing sunlight penetration, although a 
substantial amount of direct sunlight remains. Despite the increase 
in length, the ASE value suggests that the geometry can partially 
mitigate the effects of solar gain, although it still allows a 
significant amount of natural light to pass through. When the 
length-to-width ratio increases to 2.5:1 (a-2.5a), ASE rises to 
39.6%, indicating enhanced solar exposure. This higher exposure 
results from the deeper atrium’s geometry, which allows more 
sunlight to enter. Accordingly, occupants may experience 
heightened glare and discomfort, showing that excessive ratios 
negatively affect solar and visual comfort. Model A-3A, with a 
length-to-width ratio of 3:1, is identified as the most effective 
geometry for reducing solar exposure based on its ASE value of 
29.6%. This model's atrium design provides an optimal balance 
between daylight distribution and minimizing excessive direct 
sunlight. The geometry specifically allows for control over the 
solar angles at different heights and times of day, resulting in more 
even daylight and less glare. Therefore, the 3:1 ratio offers the best 
solution for enhancing visual and thermal comfort by mitigating 
direct sunlight exposure while maintaining adequate natural 
lighting in the building. 
 
4.3. PMV 
The ASHRAE 55 standard [14] defines optimal thermal comfort 
as a PMV (Predicted Mean Vote) value between -0.5 and +0.5, 
achieved without the use of heating or cooling systems. Within 
this range, most occupants experience comfort, avoiding 
discomfort from excessive heat or cold. Within this context [114], 
the analysis that follows compares PMV values across various 
atrium configurations. For the base model (a-a), the PMV value is 
-0.60, indicating a moderate level of thermal discomfort. Although 
the model provides good daylighting, the thermal comfort is not 
optimal. This is likely due to the square geometry, which does not 
provide optimal control over solar heat gain, resulting in 
temperature imbalances within the space. The model results in 
slightly cooler indoor conditions, but it doesn’t offer the best 
thermal comfort compared to other configurations. With a length-
to-width ratio of 1:1.5 (a-1.5a), the PMV improves to -0.68 
compared to the base model, enhancing thermal comfort. This 
more negative PMV means the interior is cooler and offers greater 
comfort for occupants. The design reduces sunlight exposure, 
leading to improved visual and thermal comfort without 
compromising either aspect. For the length-to-width ratio of 
1:1.75 (a-1.75a), the PMV value is -0.65, which is slightly better 
than the base model but not as good as the a-1.5a model. This 

configuration increases solar exposure, allowing more sunlight 
into the building and enhancing daylighting. However, the higher 
solar gain can raise indoor temperatures, impacting thermal 
comfort. Compared to the base model, this design maintains a 
cooler environment while providing more daylight, but it does not 
achieve optimal thermal comfort. For the length-to-width ratio of 
1:2 (a-2a), the PMV value improves to -0.63, indicating better 
thermal conditions than those of a-1.75a, but not as favorable as 
those of the a-1.5a configuration. While increased solar exposure 
might reduce thermal comfort, this model excels at daylight 
distribution and provides a balanced solution for both lighting and 
comfort. Its primary advantage is achieving strong daylighting 
with reasonable thermal results, though it does not minimize solar 
gain as effectively as models with smaller length-to-width ratios. 
For the length-to-width ratio of 1:2.5 (a-2.5a), the PMV value 
improves to -0.59, indicating moderate comfort. The key 
advantage here is its strong daylighting performance, making it 
suitable for areas where natural light is prioritized. However, there 
is a risk of increased discomfort during warmer periods due to 
higher solar gain. Finally, the length-to-width ratio of 1:3 (a-3a) 
offers key advantages: it achieves the best PMV value of -0.49, 
ensures the coolest indoor environment, and, due to its geometry, 
effectively balances solar heat gain with daylight distribution. 
These factors together provide the highest levels of both thermal 
and visual comfort among all models evaluated. The PMV 
analysis indicates that the A-3A model (1:3 ratio) provides the 
most comfortable thermal conditions, striking a balance between 
solar heat gain and daylighting. While the A-2.5A and A-2A 
models have stronger daylighting performance, A-3A remains the 
best overall option for both thermal and visual comfort in atrium 
design. 
 
4.4. sDA 
The higher the sDA value, the more the space benefits from natural 
daylight, reducing the reliance on artificial lighting and 
contributing to an energy-efficient and comfortable indoor 
environment. The following analysis presents the sDA values for 
various atrium configurations and interprets their implications for 
daylighting performance. For the base model (a-a), with a square 
geometry, the sDA is 91.2%. This indicates that most of the space 
receives sufficient natural light; however, the square geometry can 
limit solar exposure control, potentially leading to thermal 
discomfort. In comparison, the 1:1.5 ratio (a-1.5a) increases sDA 
to 97.7%, showing improved daylight uniformity and better 
thermal comfort due to reduced solar exposure. The 1:1.75 model 
(a-1.75a) yields an sDA of 98%, allowing for even more daylight, 
albeit with a higher ASE of 29.5%, resulting in greater solar heat 
gain. These comparisons show that elongating the atrium increases 
sDA and improves light distribution, but can lead to increased 
solar exposure that may affect comfort.For the 1:2 length-to-width 
ratio (a-2a), the sDA increases to 98.6%, further enhancing 
daylight compared to previous models. However, with an ASE of 
35.77%, the increased solar exposure surpasses that of the 1:1.75 
configuration, suggesting a greater risk of thermal discomfort. 
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While daylighting is highly effective, solar heat management 
becomes more challenging in models with longer dimensions. The 
1:2.5 length-to-width ratio (a-2.5a) shows the highest sDA at 
98.8%, making it the top performer for daylight. However, its ASE 
of 39.6% is also the highest, indicating much greater solar 
exposure than the other configurations; this could compromise 
thermal comfort if not managed. By contrast, the 1:3 model (a-3a) 
achieves nearly as high an sDA at 98.4%, but has the lowest ASE 
(25.64%), which means it minimizes solar exposure better while 
still offering excellent daylight. Comparing these two, a-2.5a 
maximizes daylight but requires stronger thermal strategies, while 
a-3a better balances daylight and comfort. The sDA values 
indicate how each atrium configuration compares in terms of 
daylighting effectiveness, with changes in geometry directly 
affecting both daylight quality and solar exposure. Base Model (a-
a): 91.2% – Good daylighting but with higher solar exposure, 
leading to potential thermal discomfort. 
• a-1.5a: 97.7% – Excellent daylighting with reduced solar 

exposure, providing a good balance between daylighting 
and thermal comfort. 

• a-1.75a: 98% – Optimal daylighting performance but with 
higher solar exposure. 

• a-2a: 98.6% – Excellent daylight distribution, but potential 
thermal discomfort due to increased solar gain. 

• a-2.5a: 98.8% – Maximum daylight exposure, but high 
solar exposure could lead to thermal discomfort. 

• a-3a: 98.4% – Balanced daylighting and solar exposure, 
providing both visual comfort and thermal comfort. 

In conclusion, Model A-3a offers the optimal balance of 
daylighting and thermal comfort, making it the best choice for a 
comfortable and energy-efficient indoor environment. 
 
5. SENSITIVITY ANALYSIS 
In reality, sensitivity analysis is not just a hypothetical concept; it 
identifies how a model responds to changes in its inputs. Basically, 
it estimates the propagation of variation from the inputs to the 
outputs. According to Saltelli [115], sensitivity analysis 
determines the relative importance of each input in contributing to 
the variability of the production. This makes sensitivity analysis 
an essential tool in statistics and data analysis. An important aspect 
of Morris' method is that it is specifically designed to estimate the 
impact of different parameters on the model's output. By 
simulating and analyzing various parameters in the input space 
simultaneously, this strategy is referred to as a "one-factor-at-a-
time" approach. To observe the impact of changes in each 
parameter on the output, paths are randomly set in the input space. 
The difference between the two models is referred to as an 
elementary effect, and the sensitivity of the model is derived from 
the elementary effect. As a result of this method, It is possible to 
understand how each parameter contributes to the output and its 
variability [116]. To evaluate the sensitivity of key input 
parameters, including DGP, PMV, ASE, and sDA, the robust 
Morris method was used. In this approach, each input parameter is 

systematically run in isolation, which allows significant factors, 
such as skylight-to-roof ratios, polygon side lengths, and material 
effects, to be identified. The sensitivity effects of six different 
atrium geometries were analyzed in comparison to other models. 
The Morris method provides two fundamental metrics for 
sensitivity evaluation: 𝜇𝜇 (the mean of elementary effects), which 
quantifies the overall impact of each parameter on the model's 
performance, and σ (the standard deviation), which captures the 
variability and uncertainty in these results. Additional atrium 
models and their parameters, including Ratio, Polygons, and 
Material, were evaluated to understand their impact on the 
building's performance metrics. 

The sensitivity parameters, namely mu (a measure of the 
average change in performance per unit change in the atrium 
parameter) and mu_star (a similar measure considering data 
variability), were estimated and approximated for each of these 
factors. This study examines the effect of various atrium 
geometries on thermal and visual comfort. Six different atrium 
models, each with varying length-to-width ratios from 1:1 to 3:1, 
were analyzed. To optimize environmental conditions in building 
interior spaces, these models were assessed for μ* (visual 
comfort), σ (sensitivity to light changes), and μ* error values. The 
following provides a scientific interpretation and analysis of these 
parameters for each model. Model A-A (1:1) has μ* values of 
[0.05, 0.04, 0.04], indicating suitable natural light distribution. σ 
values [0.08, 0.08, 0.06] suggest moderate sensitivity to light 
changes. The lowest μ* error shows minimal sensitivity to 
geometric changes and consistent performance across conditions. 
This model maintains a balance between visual and thermal 
comfort. Model A-1.5A (Length-to-Width Ratio 1.5:1) 
demonstrates μ* values of [0.03, 0.02, 0.03], indicating reduced 
light input compared to Model A-A, which can enhance visual 
comfort. Transitioning from Model A-A, the σ values of [0.06, 
0.04, 0.07] demonstrate lower sensitivity to light changes. The 
minimized μ* error (between 0.01 and 0.02) indicates stable 
performance against geometric changes. This model maintains 
both thermal and visual comfort more effectively than models with 
more complex geometries. Moving to Model A-1.75A (Length-to-
Width Ratio 1.75:1), this design presents μ* values of [0.02, 0.02, 
0.03], indicating increased light input compared to Model A-1.5A, 
which can improve visual comfort. The 𝜎𝜎 values of [0.06, 0.05, 
0.06] reflect higher sensitivity to light changes. The μ* error is 
higher than in previous models (between 0.01 and 0.01), indicating 
greater sensitivity to geometric changes. This model is suitable for 
applications that require increased light input, although it may 
negatively impact thermal comfort. Continuing to Model A-2A 
(Length-to-Width Ratio 2:1), this model has μ* values of [0.02, 
0.03, 0.02], indicating good natural light distribution. σ values of 
[0.04, 0.06, 0.04] show less sensitivity to light changes. With the 
lowest μ* error (between 0.01 and 0.01), this model provides 
stable performance against geometric changes and is well-suited 
for situations that demand a precise balance between visual and 
thermal comfort.  
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Table 15. Morris method for design variables. 
Atrium type a-a a-1.5 a 

DGP 

  
PMV 

  
ASE 

  
sDA 

  
Atrium type a-1.75 a a-2 a 
DGP 

  
PMV 

  
ASE 

  
sDA 
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In subsequent comparisons, Model A-2.5A (Length-to-Width 
Ratio 2.5:1) exhibits μ* values of [0.04, 0.03, 0.03], indicating 
increased light input that can enhance visual comfort. The σ values 
of [0.11, 0.08, 0.07] indicate higher sensitivity to light changes and 
a greater risk of thermal comfort issues. The higher μ* error 
(between 0.01 and 0.02) demonstrates increased sensitivity to 
geometric changes, necessitating precise adjustments. This model 
is suitable for spaces that require high light input, but thermal 
comfort must be carefully managed. Lastly, in the series, Model 
A-3A (Length-to-Width Ratio 3:1) has μ* values of [0.03, 0.04, 
0.03], reflecting increased light input. The σ values are [0.07, 0.08, 
0.08], indicating a higher sensitivity to light changes and an 
increased likelihood of thermal comfort issues. The μ* error is also 
higher (between 0.01 and 0.02), showing high sensitivity to 
geometric changes. While this model can improve visual comfort 
due to increased light, thermal comfort may be compromised. This 
analysis reveals that higher length-to-width ratios enhance light 
entry but also exacerbate thermal comfort challenges. Simpler 
geometries and lower ratios, such as A-A and A-1.5A, better 
balance thermal and visual comfort. Therefore, choosing the right 
geometry and ratio is crucial for optimizing interior environmental 
conditions. Table 15, which shows the Morris method for design 
variables, presents the analysis conducted using this method to 
assess the significance of design variables in atrium optimization. 
 
 

6. DISCUSSION 
The proximate analysis highlights the significance of recent 
research in relation to prior studies, setting the stage for a more 
comprehensive discussion of how these results relate to and 
contradict existing research. In the following sections, we focus 
on the improvements and unique contributions of this study to the 
field of atrium optimization. Zhengshu Chen et al. [36] studied 
occupant comfort and energy efficiency. Beyraghshamshir et al. 
[57], investigated the impact of incorporating atriums as a passive 
design strategy in buildings in Yazd's hot-arid climate. In an 
elementary school, two passive systems were compared: central 
courtyards and atriums. Atriums significantly improve natural 
daylighting and reduce heating energy consumption, but they also 
tend to increase cooling demands due to excessive solar heat gain, 
especially in the summer. According to the research, optimizing 
atrium designs, along with natural ventilation and shading, could 
mitigate the increased cooling load, improving the overall energy 
efficiency of buildings in Yazd. Rastegari et al. [98] investigated 
the effect of atrium geometry on daylight performance for 
Tehran's hot-arid climate. Researchers evaluated the optimal 
configuration for daylighting in office buildings by varying the 
height, width, and length of atriums. As previous studies have 
confirmed, the best daylighting conditions occur when the Well 
Index (WI) approaches one. Furthermore, matching the atrium's 
layout to the building's footprint significantly improved daylight 
metrics. Kaveh's optimal building dimensions were 31.5 meters 

Atrium type a-2.5 a a-3 a 
DGP 

  
PMV 

  
ASE 

  
sDA 
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long, 10 meters wide, and 20 meters high, yielding a WI of 1.3. A 
study conducted by Shaeri et al. [117] investigated the thermal 
comfort of low-rise buildings with various atrium roof shapes in 
Bushehr's coastal areas, which have a hot desert climate and dry 
summers. In BWh climates, solar radiation and sea breezes 
influence optimal atrium roof designs for enhancing cooling. 
Natural ventilation is improved by the aerodynamic design of the 
atrium roof. Low-rise coastal buildings can benefit from these 
strategies, along with the proposed atrium shapes. As a result of 
the correlation between PMV/PPD and other environmental 
parameters, designers and researchers can better predict indoor 
thermal comfort in low-rise buildings with atriums. Thus, 
sustainable buildings with natural ventilation and improved 
thermal comfort can be built and CO2 emissions can be reduced. 
Asfour [71], examined atrium buildings in Saudi Arabia's hot and 
dry climate in his study "A Comparison Between the Daylighting 
and Energy Performance of Courtyard and Atrium Buildings". 
Five different WWR values were examined, ranging from 10% to 
50%. According to the Saudi Building Code, this is the maximum 
height for commercial buildings. A reference case with no 
courtyard or atrium, a courtyard building, and an atrium building 
were considered for each WWR value. WWR increases natural 
daylight and reduces artificial lighting energy consumption, 
according to the study. As solar heat gains and the exposed 
external wall area increase, this also leads to higher cooling energy 
consumption. With shading devices and a WWR of 30%, the most 
optimal and balanced configuration between courtyard and atrium 
buildings was achieved. According to Lili Dong et al. [70], The 
atrium is a typical natural daylighting system in underground 
commercial spaces. By using orthogonal analysis, they simulated 
the effects of four factors (shape, number, profile inclination, and 
skylight aspect ratio) on lighting. According to their findings, two-
story atriums with 1–3 square-shaped atria and an inclination of 
5°–10° are the most efficient, reducing electricity consumption by 
almost 50%. A variation in these factors resulted in 1.2 to 1.3 times 
more energy savings. Sustainable lighting for underground spaces 
can be developed with the help of this analysis. A study by Chen, 
Zhengshu et al. [118] examined four different models of atria in 
college buildings located in cold regions. To set daylight comfort 
and energy consumption, they used the Grasshopper simulation 
platform (Ladybug Tools). The Octopus plugin was utilized for 
multi-objective optimization, resulting in a Pareto-optimized 
solution set following a field study of less significant variables. 
Atrium types were optimized to achieve energy efficiencies of 
10.3%, 17.6%, 37.2%, and 30.5%, while daylight comfort was 
improved by 4.4%, 10.4%, 44.7%, and 34%. In the early stages of 
the design process, designers can use this research as a complete 
reference to optimize atrium parameters. According to Wei Xiao 
et al.[67], many design variables have a significant impact on 
implementation, including orientation, south facade inclination, 
roof inclination, the aspect ratio of the atrium's south and north 
sections (SARs and SARn), its east-to-west section aspect ratio 
(SARe/SARw), and its top-to-floor area ratio (TFAR). 

This study provides a comprehensive analysis of Yazd's BWh 
climate, considering skylight geometry, skylight-to-roof ratio 
(SRR), and skylight glass material to optimize atrium designs. 
Building on previous research in hot and dry climates, this study 
presents an innovative approach by examining the impact of three 
key parameters geometry, SRR, and glass material on building 
performance in Yazd. Natural ventilation and daylighting remain 
critical for reducing energy consumption and improving occupant 
comfort in hot, arid regions. Optimizing atrium and courtyard 
designs in Yazd is essential due to the high temperatures and 
intense solar radiation characteristic of its BWh climate. This 
study examines the impact of atrium geometry, SRR, and various 
skylight glass types with differing U-values and SHGCs on 
thermal and luminous performance and occupant comfort. Unlike 
previous studies, this work focuses on a detailed assessment of 
SRR and skylight geometry for enhancing Yazd's performance. 
The findings provide valuable insights for enhancing daylighting 
and thermal comfort, emphasizing the significance of skylight 
geometry and glass type in hot, arid climates. 
 
7. CONCLUSION 
A multi-objective analysis has been conducted in this study to 
enhance visual and thermal comfort in office buildings within the 
BWh climate zone in Yazd, Iran. As a result of this study, six 
different atrium configurations are evaluated, highlighting how 
various geometries, skylight-to-roof ratios (SRRs), and material 
properties impact daylighting and thermal comfort in atria. By 
optimizing these variables, the research provides practical insights 
for enhancing daylight quality and energy performance in offices, 
particularly in hot desert climates. 

The results of the study suggest that the A-3A model, with its 
3:1 ratio of length to width, is the most effective option for 
utilizing daylight while maintaining a comfortable temperature for 
its occupants. As a result of this configuration, solar heat gain is 
effectively mitigated, and a large amount of daylight is spread 
throughout the building. This is shown by its sDA of 98.4% and 
exemplary PMV of -0.49. As a result of its minimal glare, the A-
3A model delivers the best indoor quality and reduced solar heat 
by maintaining optimal climatic and visual conditions. Compared 
to A-2.5A and A-2A, configurations such as A-2.5A and A-2A 
offer better daylighting performance; however, their higher ASE 
values indicate increased sun exposure for the occupants of the 
structure, which can lead to thermal discomfort. There is a clear 
trade-off here: designs that maximize natural light can 
inadvertently result in increased solar heat gain, which in turn may 
lead to a reduction in overall occupant comfort within the building. 
As a result, it is essential to consider both daylight access and 
thermal management when designing an atrium to ensure they are 
balanced. 

Furthermore, the study highlights the critical role that skylight 
geometry and SRR play in the performance of the atrium as well. 
Both of these elements are pivotal for maintaining a balance 
between daylight distribution and solar heat gain, which in turn 
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impact the comfort of occupants and the building's efficiency. 
While the study focuses on fixed skylight systems and the use of 
simplified simulation tools, such as Honeybee and Ladybug, the 
analysis still presents some limitations due to the study's focus on 
fixed skylight systems. It is essential to keep in mind that these 
tools are based on assumptions that may not accurately represent 
dynamic, real-world scenarios, such as fluctuating occupant 
behavior or changing environmental conditions. It would be 
beneficial for future studies to investigate dynamic skylight 
systems that adapt to changing daylight conditions and consider 
incorporating renewable energy solutions to enhance energy 
efficiency and comfort further. In conclusion, this study offers 
practical, evidence-based guidance for optimizing atrium designs 
in hot desert climates. This model is the best available solution for 
balancing daylight and thermal comfort, forming the basis for 
future sustainable building innovations in terms of daylighting and 
thermal comfort. 
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