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Abstract

Solar energy, which is widely acknowledged for its economic feasibility and sustainable nature, functions
as a critical substitute for finite fossil fuels, effectively alleviating ecological consequences. The purpose of
this study is to investigate the implementation of solar collectors as a means of harnessing the ample and
unaltered solar radiation in Iran, specifically in locations situated within the solar belt. The incorporation of
solar energy not only aids in the expansion of energy sources through diversification but also mitigates the
rising expenses linked to fossil fuels. The preservation of natural resources, coupled with limited renewable
energy options, further accentuates the importance of solar energy. The optimization of solar panel collector
angles in photovoltaic systems assumes paramount importance for maximizing energy efficiency. This
study, conducted in Yazd, Iran, utilized innovative mathematical and particle swarm optimization (PSO)
models to assess ideal inclination angles. Results indicate peak solar energy absorption during June and July,
contrasting with minimal absorption in January. The Klein model prescribes inclination angles based on
y values, while the PSO algorithm determines optimal slope and azimuth angles across various periods.
Significant enhancements in energy generation, ranging from 23.24 to 25.02% across optimization models,
were observed compared to a horizontal surface. These findings underscore the imperative of optimizing
solar panel placement in urban settings to augment energy generation. Utilizing the optimal orientation
for the photovoltaic power supply system can result in an annual reduction of 1169.6 kg of CO, emissions
in the building, emphasizing the positive environmental impact achievable through strategic solar panel
configurations.
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1. Introduction in vehicles, buildings and other areas can effectively decrease the
) release of environmental pollutants, specifically CO, [11-15].

The ongoing concern pertains to the depletion of fossil energy The utilization of novel energy systems as a sustainable and

sources [1, 2]. The increasing worldwide need for energy con- cost-effective power source has been a longstanding practice
sumption, combined with the decreasing availability of fossil fuels, ~among human beings, despite its detrimental impact on the
requires the adoption and enlargement of innovative methods ~environment [16-20]. The utilization of solar collectors has
to reduce energy consumption [3-7]. In addition, the sun has a enabled the increased utilization of an abundant, unaltered
significant effect on human health and can prevent a variety of dis- and cost-free energy source, thereby reducing the reliance on
eases [8-10]. Utilizing fossil fuel alternatives, such as solar energy, fossil fuels [21-24]. Iran is located within the solar belt and
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is acknowledged as one of the countries that experiences a
significant influx of solar radiation annually [25, 26]. Based on
the evaluations, it seems that the general populace has exhibited a
favorable response to it. The utilization of multiple energy sources
is crucial in the event of unforeseen incidents [27, 28]. Therefore,
the adoption of solar energy serves as an additional incentive to do
so. The significance of solar energy for the island is multifaceted,
with one of the reasons being its natural resource scarcity and
the need to safeguard them for posterity [29, 30]. Another factor
contributing to the adoption of alternative energy sources is the
comparatively elevated expenses associated with the utilization of
fossil fuels, which are on the rise [31-33].

Solar energy has emerged as a crucial player in addressing
global energy needs, offering a sustainable and environmentally
friendly alternative to conventional fossil fuels [34, 35]. Solar
radiation is the primary source of solar energy that the Earth
receives. The quantity of radiant energy emitted by the sun is
contingent upon two primary factors: The temporal dimensions
under consideration are the hour, day and season and the location
is determined by the geographical latitude [36-38]. The sun’s
perpetual movement across the sky and its daily varying trajectory
necessitate directional adjustments to optimize the reception of
radiant energy, owing to the differing radiation angles in each
region [39, 40]. The efficient utilization of solar power is con-
tingent upon the proper adjustment and optimization of solar
collectors within photovoltaic systems [41, 42]. Solar collectors
play a pivotal role in harnessing sunlight for energy conver-
sion [43]. Proper adjustments, including inclination angles and
azimuth orientation, significantly influence the amount of solar
radiation captured. Studies indicate that precise alignment with
the sun’s path enhances energy absorption, ensuring maximum
utilization of available solar resources [44]. The optimization of
solar collector adjustments contributes to increased energy yield,
making it a crucial aspect of photovoltaic system design.

The efficiency of photovoltaic systems is intrinsically linked to
the alignment of solar collectors. Appropriate adjustments miti-
gate energy losses caused by suboptimal orientation, shading or
misalignment. By fine-tuning these parameters, system efficiency
is optimized, resulting in higher energy output and improved
overall performance. Solar collector adjustments influence the
economic feasibility of photovoltaic installations. By maximizing
energy production, proper alignment enhances the return on
investment for solar projects. The reduction in operational costs
and increased energy output contribute to the long-term eco-
nomic viability of solar energy systems, making them attractive
options for both residential and commercial applications.

Benghanem [45] determined the optimal angle for maximizing
received energy during a shot test conducted in Madinah. The
researcher arrived at the determination that the optimal angle of
inclination for a given year is nearly equivalent to the geographic
width of the area. Additionally, the energy yield resulting from
a monthly slope is eight times greater than that of an annual
slope. Lahjouji and Darhmaoui [46] used a mathematical model
for the calculation of radiation on a sloping surface in Morocco.
The researchers acquired the seasonal inclination of 5.21° dur-
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ing spring, 6° in summer, 2.51° in autumn and 8.62 degrees in
winter. They proposed that the yearly inclination is equivalent
to the geographic latitude. According to Lubitz [47] findings,
under favorable weather conditions and for geographic latitudes
of 65°, the annual ideal slope angle is roughly 0.9 times the
geographical latitude of the location. In certain regions, main-
taining a consistent slope angle throughout the year may be
optimal, while in other cases, altering the slope angle periodi-
cally can enhance operational efficiency. According to Moghadam
et al. [48] research conducted in the urban areas of Zahedan and
Bandar Abbas, adjusting the optimal angle of inclination twice
a year results in an 8% increase in energy usage compared to
maintaining a constant system throughout the year. The variable
azimuth angle has been obtained. Lv et al. [49] introduced a
mathematical framework for determining the optimal orientation
and inclination angle of solar collectors in Lhasa throughout the
heating season. A discrepancy of 5° exists between the optimal
orientations determined by total solar radiation and those deter-
mined by effective solar heat collection. Alharbi et al. [50] present
a model designed to integrate models of total irradiance with the
solar panels temperature model. The purpose of this integration
is to determine the optimal solar collector module installation
parameters throughout the year. In order to optimize energy
output, the study analyzed the integration between installation
parameters and annual average solar energy. Al-Ghussain et al.
[51] employed ground-level meteoro-solar data to assess and
compare different models used for calculating diffuse irradiance.
The researchers also analyze the influence of operating temper-
ature, wind speed and dust deposition on energy generation.
Additionally, they examine the most favorable tilt and azimuth
angles of the panels in three cities located in Egypt, Tunisia and
Jordan. The results suggest that the isotropic model generated
energy production estimates that were 1.5% higher than those
of the anisotropic model in the summer season. Yoon et al. [52]
propose a mathematical approach to optimize the positioning
of solar panels on multi-apartment buildings. Presently, the use
of photovoltaic power generating has progressively emerged as
a highly efficient approach. Although this technique does not
cause environmental pollution, its efficiency in generating power
is quite low.

To achieve optimal solar energy efficiency in a photovoltaic
system, solar panels must be optimally placed and collector angles
calibrated in respect to sunlight. Undoubtedly, understanding the
ideal location of solar panel collectors at right angles has the
potential to improve energy efficiency. As a result, verifying such
information can be extremely useful for stakeholders participat-
ing in decision-making processes. The purpose of this study is
to determine the optimal angle of solar panel collectors in a
photovoltaic system for the Yazd urban region in Iran. This study
focuses on the creation of an optimization model to address the
difficulty of establishing the best angle of orientation for solar
panel collectors during different seasons of the year. The goal
is to improve the efficiency and effectiveness of solar energy
extraction. In addition, a comparative analysis was performed
to compare the results of several optimization strategies to the
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current model. The evaluation uses a mathematical model and
a particle swarm optimization (PSO) optimization methodology.
Meanwhile, an evaluation has been made of the annual reduction
in CO; emissions in the atmosphere caused by the installation of
a photovoltaic system in a typical building.

2. Mathematical optimization model

The analysis of data pertaining to the received energy on the
horizontal surface (H) for modeling the sun radiation of Yazd
was conducted over the period spanning from 2012 to 2022. The
net coefficient of air can be determined by utilizing mathematical
relationships through the process of data averaging, with the
ultimate goal of ascertaining the quantity in energy evaluation.
Mathematical models have been developed to analyze the trans-
mission of energy to a horizontal surface using radiation energy
data (Eq. 1).

Hr = Hy + Hg + H;, (1)

where Hy, is the total direct radiation, Hq is the transmitted
radiation and H, is the reflected radiation.

One of the mathematical models for evaluating the Hr is
Liu and Jordan method [53]. Using this method, the amount of
monthly average radiation on the sloping surface is calculated as
Eq. 2:

Hy =H(1 - %)Rb+Hd (—Hgosﬁ) + Hp (—1 ;osﬁ),

)
where B is the slope angle, p is the ground reflection coeflicient
and H is the level of radiation on the horizontal surface, and
Ry, is the ratio of the average amount of direct radiation on the
inclined surface to the average amount of direct radiation on the

flat surface (see Eqs. 3 and 4).

cos (¢ — B) cos b sin wg + (1%) ws sin (¢ — B) sin§

€os ¢ cos § sin wg + (%) ws Sin @ sin §

ws = cos”! (—tan ¢- tan §)
, cos~! (— tan ¢- tan §) . @
@s = Mmin [ cos™! (—tan (¢ — B) - tand) ]

Egs. 3 and 4 are for the Northern Hemisphere in the context
of their respective associations. The aforementioned equation
involves the utilization of various parameters, namely the geo-
graphic latitude of the location denoted by ¢, the angle of the
earth’s axis deviation during the relevant time represented by §
(Eq. 5). The angle of sunrise on the horizontal plane indicated by
ws, and the angle of sunrise on the plane of the horizon expressed
in degrees as ws (Eq. 5).

5 = 23.5sin [360 x i] . (5)
365

How can solar panels collectors enhance energy efficiency?

The clear air coeflicient (Ky,) is a mathematical representation
of the proportion between the overall radiation received on a
horizontal plane and the radiation received on the same plane in
the absence of the Earth’s atmosphere, as denoted by Eq. 6.

H
Ky = —. 6
th = (6)

Eq. 7 provides a means for extracting trans atmospheric radia-
tion Hy.

Ho = 2 (14 0.033 cos 2"
= — . COS
L 365

Tw
X [cos @ cos § sin wg + KOS sin ¢ sin 8] . (7)

Isc is a solar constant whose value is 1367 W/m?. Several math-
ematical models exist to estimate the ratio of scattered radiation
to total radiation (Kgp). For the Middle East region, the Orgill
and Hollands [54] model is deemed to be more appropriate. This
model takes into account the proportion of scattered radiation
in relation to the overall radiation. Equation 8 yields the net
coefficient of air.

Kan = 1.557 — 1.84 Ky, 0.35 < Kth<0.75

Kapn = 1 — 0.249 Ky, Kth<0.35 .8
Kagn = 0.177 Kw) 0.75

Klein has proposed a methodology known as the Kt model,
which incorporates an assessment of the impact of azimuth angles.
The relevant mathematical expressions are denoted as Egs. 9 to 18
[55].

1+ cos 1 — cos
Hr = HD + Hy (Tﬂ) + Hpg (Tﬂ) ;9

if wss > wsr 3
if wgr > wsg
(10)

D= | max (0, G (wss, wsr) }

max (0, [G (wss, —ws) + G (s, wgr)]

Gnon = 2| (2~ aB) @ —wp) - + (a4 - bB)
PLe) =4\ T A7) T @) gy T

- (sinw; — sinwy) — a’'C (cos w1 — cos wy)

A
+ (7) (cos w; sin w; — cos w» sin w»)

+ (bTC) (sin2w1 — sinzwz) ];
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where,
Hy4
ad=a——; 12
I (12)
a = 0.409 + 0.5016 sin (ws — 60) ; (13)
(14)

b = 0.6609 — 0.4767 sin (ws — 60) °

The angles of sunrise ws, and sunset wgs are calculated based
on Egs. 15-18:

, _1AB+ CVA? — B2+ (C?

|wsr| = min |:a)s, cos™! JERrS ; (15)

_ | —lwgl if (A >0andB > 0) or (A > B)
@sr = + |wsr| otherwise

:|; (16)

|wss| = min |:ws, cos_lAB — CAZA_T_ 2232 + C2:| ; (17)
— |wss| if (A > 0and B > 0) or (A > B)
@ss = [ + |wss| otherwise > (18)
where,
A =cosB +tan¢ cosy sin B (19)
B = cosws cos B+ tan  cos y sin B (20)
C— % . (21)

The mathematical expressions denoted as Eq. 9-Eq. 18 are
commonly referred to as the Kt model. The present model
employs Eqs. 22 and 23 for the computation of Hy.

for ws < 81.4°,; (22)

for Ky < 0.715

for K+ > 0.715

Hg [ 1 — 0.2727Ky + 2.4495K% — 11.9514K + 9.3879KL.
- 0.143

for wg > 81.40,

for Kt < 0.715

My | 1+0.2832Kr + 2.5557K% — 0.8448K; 23)
- for Kt > 0.715

N 0.175

Given the variability of received energy standard deviation
across different days of a month, it is imperative to ensure the
accuracy and generalizability of the optimal angle derived from
the Gaussian regression model and two controls for estimating the
total radiation amount. It was utilized on a daily basis. The Gaus-
sian model’s parameters associated with the Eq. 24 are equivalent
to the two parameters of the model linked to Eq. 25. The regres-
sion coeflicients, denoted by a1, a2, and a;1, along with the day
number of the year, represented by #, are included in the model.

H=a;exp| — y
as

(24)
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H= a4n3 + a5n2 + agn + a;n < 182 95
H = agn® + agn® + ajon + ayn > 182 - (25)
In order to assess the model’s efficacy and conduct a statistical
comparison between the actual and predicted data, the employ-
ment of the root mean square error (RMSE) and the mean abso-
lute percentage of the error (MAPE) was undertaken, as described
in Egs. 26 and 27.

1 H,_H,
MAPE =13 |t

x 100 , (26)

2
RMSE — > (HaHp) ,
n

27)

where H, is the actual radiation value and Hj, is the predicted
radiation value.

3. PSO

The concept of the interest-based particle community approach
was initially developed to facilitate the graphical representation
of the captivating and erratic flight patterns exhibited by avian
species [56]. The spatial arrangement of particles is subject to
alterations based on their individual encounters and those of their
proximate counterparts. The position and velocity of particle i are
designated by the following parameters:

—

Xit+D=7Vi¢t+1)+ X0, (28)

7,-7 (t+1) =07Vit)+an (Pgbesti — 71') + ey (G— 7;‘) .
9

(29)

The % ;(¢) and 7 ;(t) are utilized to display the position and
velocity of the i-th particle at a given time t. The variable w
represents inertia, while r; and r, are random numbers that
fall within the range of (1 and 0). The acceleration coeflicients,
denoted as C; and C,, are considered to be fixed and positive.
Pgpesti represents the maximum spatial value attained by parti-
cle i, whereas G represents the maximum spatial value attained
overall. The objective of this study was to determine the optimal
panel angle for maximizing solar radiation. To achieve this, the
radiation function was utilized as the merit function and the
panel angle was considered as the optimization variable [57-59].
Figure 1 shows the flowchart of the PSO algorithm.

4. Results and discussion

4.1. Optimal angel prediction

To assess the viability of solar panel collectors in enhancing energy
efficiency, our study leveraged data spanning a decade (2012-
2022) procured from the Meteorological Organization, focusing
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Figure 1. PSO flowchart.

on the urban locale of Yazd, Iran. Situated in a desert region at
an elevation of 992 m above sea level (longitude 41.72°, latitude
27.51°), Yazd benefits from an arid climate, ensuring a consistent
influx of sunlight throughout the year. The monthly average daily
data on the horizontal surface, used as input for our models, aimed
to capture the nuanced variations in solar radiation.

The importance of ground reflection in solar energy absorption
was factored into our analysis, assuming a reflection coeflicient
of 0.2 (Figure 2a). Figure 2b visually presents the solar radiation
energy received on a horizontal surface across different months
in Yazd. Notably, June emerges as the peak month, witnessing the
highest solar energy input at an impressive 28 150 kJ/m*. Con-
versely, January exhibits the lowest solar energy input, recording
a value of 13 152 kJ/m>.

This detailed examination emphasizes the dynamic nature of
solar energy availability, displaying the significant fluctuations
that occur throughout the year. Understanding these variations
becomes pivotal in identifying optimal angles for solar panels,
particularly in the context of solar-powered systems catering to
the energy demands of urban areas. Our findings underscore the
importance of not only capturing peak solar months but also
strategizing for periods of lower solar input to ensure a resilient
and efficient solar energy system for Yazd.

In this study, we introduced and rigorously assessed two mod-
els: Gaussian models (Eq. 20) and regression models of the third
and fourth orders (Eq. 21) for estimating annual radiation levels.
The investigation delved into the fundamental importance of
determining the ideal collector angle within the studied region

How can solar panels collectors enhance energy efficiency?

Table 1. The regression and two-control fitted model performance

Model Mean Variance RMSE MAPE
Eq. 24 0.83 0.81 0.59 188
Eq. 25 0.87 0.68 0.51 8.11

to establish a robust framework for accurately approximating
the quantity of radiation. The principles or values guiding these
models’ development were grounded in the overarching goal of
improving solar panel efficiency.

Figure 3a and 3b present compelling insights into the perfor-
mance of the Gaussian and two-control models by showcasing
the frequency distribution of errors over the course of the year.
The value of the error range for horizontal radiation estimation
consistently falls within the range of —0.5 to 0.5 in more than
78% of days, indicating a high level of accuracy. Notably, the
distribution of errors demonstrates a striking proximity to the
normal distribution, underscoring the reliability and consistency
of both models in estimating radiation levels.

The Gaussian model and two-control model exhibit robust-
ness, capturing the dynamics of solar radiation variation through-
out the year. These findings underscore the effectiveness of our
proposed models in providing accurate estimates, contributing
to the overarching goal of enhancing energy efficiency through
optimal solar panel orientation. Moreover, the evaluation of error
distributions over an annual cycle allows us to draw insightful
conclusions about the models’ performance under varying solar
conditions. The consistency observed in error ranges emphasizes
the reliability of our models across different periods, providing
valuable information for practical applications in solar energy
systems.

The statistical analysis conducted to evaluate the dependability
of the Gaussian regression model and the fitted two-control model
is summarized in Table 1. This analysis compares the anticipated
radiation values with the observed values at a significance level of
one percent. The table presents key performance metrics for both
models.

The results indicate that both models perform well in capturing
and predicting radiation values. Eq. 24 demonstrates a mean of
0.83, a variance of 0.81, a RMSE of 0.59 and MAPE of 10.38.
Similarly, Eq. 25 exhibits a mean of 0.87, a variance of 0.68, an
RMSE of 0.51 and a MAPE of 8.11. These metrics collectively
attest to the reliability and accuracy of both models in estimating
radiation levels.

As previously discussed, the calculation of radiation energy
reaching an inclined surface relies on the radiation energy
received on a horizontal surface. It is important to note that the
negative values assigned to the tilt angle indicate that the collector
is oriented toward the northern direction. Conversely, when the
slope angle exhibits a negative sign, the collector is oriented
toward the south. This statistical analysis not only reinforces the
robustness of the Gaussian regression model and the fitted two-
control model but also provides quantifiable metrics for their
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performance. The low values of RMSE and MAPE underscore the
models’ ability to closely approximate observed radiation values,
further validating their utility in practical applications within the
context of solar energy systems.

Table 2 provides a comprehensive comparison of optimal tilt
angles for solar panels between the present study and the Nije-
gorodov et al. [61] study. The equations determining these angles
based on latitude (¢) for the northern hemisphere are high-
lighted in the second column. The third column displays the
values derived by Nijegorodov et al. [61], while the fourth column
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Table 2. Comparison between present study and [61] for monthly values
of optimal angle

Month Equation B opt m) [61]1 B opt (m) (present
study)

January ,Bopt(m) =0.89¢ + 29 57.38 55.11
February Boptimy =0.97¢ +17  47.93 44.34
March Boptomy = ¢ + 4 35.89 29.82
April Boptim) = ¢-10 21.89 17.84
May Bopt(my =0.93¢-24 5.66 3.88
June Boptimy = 0.87¢-34 -6.26 -7.09
July Boptm) =0.89¢-30 -1.62 2.88
August Bopt(m) =0.97¢-17 13.93 12.11
September Bopt(m) = $-2 29.89 23.71
October Bopt(m) = ¢ + 12 43.89 42.41
November Bopt(m) =0.93¢ + 25 54.66 55.69
December Bopt(m) =0.87¢ + 34 61.74 59.12

presents the values obtained through the mathematical optimiza-
tion technique in the present study.

The outcomes reveal a close alignment between the two
approaches, with minimal disparities. These optimal tilt angles are
crucial for maximizing solar panel efficiency and energy capture
throughout the year in the specific geographic location of Yazd.
This comparative analysis further substantiates the effectiveness
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Table 3. The optimal angle and average daily and monthly energy values attained by the solar panel surface determined by the monthly, seasonal, and

annual optimal angles

Month .B opt(m)average H opt (m) (kI/mz) ﬁ opt(s)average H opt (s) (k]/mz) ﬁ opt(y)average H opt (y) (k]/mz)
January 54.31 18851 47.14 18910 25.15 18 255
February 43.24 20643 20233 20916
March 27.67 24166 24352 24138
April 15.84 25522 5.59 25942 25492
May 2.98 28134 27919 26 689
June -8.29 31069 30454 26930
July 1.18 30331 10.16 30275 28821
August 12.84 27447 27230 27443
September 22.71 29618 28496 29813
October 40.73 26189 53.62 27099 25991
November 55.61 25082 25671 24 387
December 57.11 21923 22321 22978

and reliability of the optimization technique proposed in this
study.

Upon comparison, a minor discrepancy is observed between
the optimal angles obtained through mathematical optimization
and those derived by Nijegorodov et al. [61]. This discrepancy is
attributed to the distinct mathematical approaches employed in
both techniques and the functional trajectory of radiation energy
values specific to the geographic region of Yazd.

Table 3 presents the optimal tilt angles and the corresponding
radiation energy values on the slope surface for each month,
season and the entire year. Notably, optimal angles exhibit neg-
ative values during May, June and July, indicating a tilt toward
the northern direction, while positive values are observed in
other months. Seasonal averages and an annual overview further
provide insights into the dynamic nature of solar panel orientation
requirements for optimal energy capture in the unique climatic
conditions of Yazd.

It is evident from Figure 4 that the maximum solar energy
intake occurs in June, reaching 30 331 kJ/m?, while the minimum
is recorded in January, with a value of 18 851 kJ/m’. The seasonal
optimization approach highlights these months as periods of peak
and nadir in received radiation energy, with recorded values of
30454 kJ/m® and 23233 kJ/m’, respectively. When optimizing
the annual radiation energy intake, it is advisable to consider
September and January, associated with the highest (29 813 kJ/m?)
and lowest (18 255 kJ/m?*) energy intake, respectively.

The average annual solar energy obtained using ideal angles
for each month, season and the entire year exhibits a significant
increase of 23.24% compared to energy obtained at the horizon’s
surface (Figure 4).

The isotropic model, applicable when y equals zero, is con-
trasted with non-isotropic and optimization models in Figure 5,
presenting radiation energy values for different inclinations of
the steep side (y). The Klein model specifies the use of values
of ¢, ¢ £10, ¢ £20 for the respective months of January and
July. This analysis underscores the importance of considering
optimal angles derived through mathematical optimization, par-
ticularly when aiming to enhance annual radiation energy intake.

The diverse climatic conditions and geographical parameters of
Yazd make the optimization models crucial for accurate solar
panel orientation and, consequently, improved energy efficiency.
According to the findings of Klein’s model (Figure 5a), it has been
observed that the energy receives the highest daily amount when
the angle of inclination is ¢ 420 for y <55. Conversely, for
y > 55, the optimal angle of inclination is ¢ — 20. According to
Figure 5b, the outcomes indicate that the model demonstrates the
maximum energy level for July when the slope angle is at ¢ — 20
(Figure 5b).

The annual average solar energy quantities, acquired at opti-
mal angles through the PSO algorithm, showcase a substantial
increase of 24.47% compared to solar energy obtained at the
surface of the horizon (Figure 6).

Figure 6a illustrates the outcomes of the PSO algorithm, indi-
cating that in January, the highest energy yield is achieved at
a slope angle of ¢ + 16, with the optimal azimuth angle for
maximizing energy throughout the year is equal to 78. Similarly,
in June, the maximum energy is attained at a slope angle of ¢
— 23, with the optimal azimuth angle being zero. The calcula-
tions consider optimal daily, monthly, seasonal and annual angles.
The detailed results highlight that the energy intake through-
out the year experiences a steady increase, averaging at 25.02%
(Figure 6b).

4.2. Electricity production and CO; emission
mitigation
This section assesses the utilization of the photovoltaic system,
taking into account the ideal positioning determined before, to
provide electricity to a standard building in Yazd, Iran. This
evaluation aims to assess the influence of utilizing this electricity
source on the mitigation of CO, emissions. By evaluation of the
consumer electricity bills of Yazd in 2022, the average monthly
consumption of a typical building is about 183.9 kWh, which is
equivalent to 2206.8 kWh annually (Table 4).

Taking into account the findings of the prior section and assum-
ing that all six modules of the photovoltaic system are operating at
their peak levels, it is possible to supply the entire amount of elec-
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trical power required by the aforementioned building throughout
the entire year. According to the findings of a study carried out by
AlMallahi et al. [62], the production of a kilowatt-hour of electric-
ity using a source of power other than renewable energy results
in the release of ~0.53 kg of CO, into the atmosphere. Figure 7
illustrates how the building in question has contributed to a lower
overall level of CO, emissions into the atmosphere throughout
the course of the year. Because this building unit makes optimal
use of solar energy to produce electricity, the overall amount of
CO; emissions that are released into the atmosphere is cut down
by 1169.6 kg/year.

1056 International Journal of Low-Carbon Technologies 2024, 19, 1049-1059

5. Conclusions

Solar panels are an extremely promising type of renewable energy
technology for building energy supply. The optimal tilt angle is an
important consideration when installing solar panels on building
rooftops because it has a direct impact on the amount of energy
generated annually, seasonally, monthly or daily. The effectiveness
of the liquid that rises to the surface of the panels is notable.
As demonstrated in this study, achieving maximum solar energy
efficiency in a photovoltaic system requires optimizing solar panel
orientation and collector angle in relation to sunlight. The goal of
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Table 4. Electricity load consumption in the studied building in Yazd, Iran
in 2022

Billing No Billing Total electrical load
period (days) consumption (kWh)

1 57 129
2 62 502
3 63 589
4 61 567
5 61 302
6 61 118
Total 365 2207
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Figure 7. CO; emission mitigation annually using optimal photovoltaic system
in Yazd, Iran.

this study is to determine the best inclination angle for solar panel
collectors in a photovoltaic system designed for the urban region
of Yazd, Iran. This will be accomplished by utilizing the isotropic,
Kelin and PSO models.

The findings of the isotropic model from 2012 to 2022 show
that the months of June and July have the highest daily, monthly
and annual solar energy absorption. The city of Yazd in Iran
receives the least amount of solar energy during the specified
periods in January, as determined by its geographical location.

Klein’s model suggests that for y values less than 55, the angle
of inclination is ¢ + 20, which maximizes daily energy intake.
When y exceeds 55, the optimal inclination angle is ¢ — 20. The
results indicate that the model has the highest level of energy
in July. The PSO algorithm produces the highest energy output
in January at a slope angle of ¢ 4 16. Furthermore, the optimal
azimuth angle for achieving the highest energy yield over the
course of a year is determined to be 78. In June, the slope angle
reaches its maximum potential energy output at ¢ — 23. Further-
more, the ideal azimuth angle for maximizing energy absorption
over the course of a year is zero. The optimal daily, monthly,
seasonal and annual angles were used to calculate the received
energy quantity.

The annual average solar energy quantities obtained using
the optimal angles for isotropic, Kelin, and PSO models show a
significant increase when compared to solar energy obtained at
the horizon’s surface. The percentage increases are 23.24, 24.47
and 25.02%, respectively. According to the results of an energy

International Journal of Low-Carbon Technologies 2024, 19, 1049-1059
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consumption analysis of a typical building in Yazd, using the
optimal orientation for the photovoltaic power supply system can
reduce the building’s annual CO, emissions by 1169.6 kg.
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