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Abstract: Accurate estimation of solar radiation and optimal tilt angles is essential for
maximizing the efficiency and power output of photovoltaic (PV) systems. This study
investigates the optimal tilt angles and expected power generation of PV systems across major
Syrian cities using climatic and geographical data. Both isotropic and anisotropic solar radiation
models were evaluated, with the anisotropic model yielding approximately 5% higher energy
estimates than the isotropic model. Monthly and annual optimal tilt angles were calculated using
global horizontal irradiance (GHI) and ambient temperature data. The estimated total solar
radiation across the studied cities reaches peak values of 8.45-8.92 kWh/m?/day in June. Using
a 2.76 kWp monocrystalline silicon PV system, the predicted peak PV power output ranges
from 0.92—-0.96 kW during the summer months, while winter outputs decrease to approximately
0.45-0.50 kW due to reduced solar radiation and shorter daylight hours. The findings indicate
that the predicted optimal tilt angle for the year is quite close to the towns’ latitudes. By
adjusting the photovoltaic module monthly rather than annually, it is possible to achieve a
3.8% increase in power output at ambient temperature for the investigated cities. The paper
also uses geographic and meteorological data, such as monthly averages of GHI and ambient
temperatures, to determine optimal tilt angles on a monthly and yearly basis. These findings
highlight the significant solar energy potential across Syrian regions and provide practical
guidelines for optimizing PV system installation and performance. The results can assist
engineers and energy planners in improving solar energy utilization and supporting sustainable

energy development in Syria.

Keywords: PV system efficiency; PV performance; optimal tilt angles; rated power;

renewable energy systems; optimization

1. Introduction

In recent years, the growing focus on environmentally friendly energy approaches
has, at least in part, heightened the need for research and policy on solar photovoltaic
(PV) systems. A major reason for this growth is the need to replace fossil fuels with
a cleaner, more plentiful, and reliable renewable alternative [1]. Unlike fossil fuels,
which create environmental and geopolitical challenges, solar energy is abundant [2]. In
the Middle East, solar fuels account for only 2% of the region’s energy consumption and
modern fossil fuels [3]. For energy-burdened solar-rich countries like Syria, developing
and adopting solar photovoltaic PV technology is also critically important [4]. 98%
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of the fossil fuels consumed in the Middle East have been replaced by modern solar
and other renewable energy sources [5]. As of 2020, 98% of the Middle East’s
energy consumption was from fossil fuels, while only 2% was from renewable energy
sources [6]. Fossil fuels in the Middle East accounted for 77% of energy consumption,
while renewable energy sources accounted for only 23% [7]. This further signifies the
integration of more renewable energy sources into the general grid [8]. By the end of
2020, 2,588 gigawatts (GW) of renewable energy capacity had been built, with 633 GW
(24.5% of the total) from solar and 651 GW (25.2% of the total) from wind resources [9].
The rapid growth of photovoltaic (PV) technology over the past few decades has been
driven by the need for sustainable, clean, and cost-effective energy solutions [10].
Compared with conventional energy sources, solar energy offers significant advantages,
such as abundant availability, a low environmental impact, and declining installation
costs. As a result, PV systems are increasingly deployed worldwide to support the
transition toward low-carbon energy systems [11]. For instance, in 2020, the cost
was USD 0.068 per kilowatt-hour (kWh) compared to USD 0.37 per kWh in 2010.
Continued advancements in engineering and technology will likely push the levelized
cost of energy further down, to a projected range of USD 0.014—0.05/kWh by 2050 [12].

Syria offers significant opportunities for renewable energy, particularly solar
photovoltaics, with an average annual solar radiation of around 1,850 kWh/m? [13].
Thus, the past decade witnessed an increase in power supply to the region, primarily due
to the addition of various renewable energy sources [14]. From 2011 to 2025, the region
saw stellar advancements in solar power technology, and for the first time, solar power
became economically feasible compared to other energy options [15]. Consequently,
installed solar photovoltaic (PV) capacity is expected to grow exponentially over
the next decade [16]. The recent conflicts have negatively impacted traditional
energy potential and severely damaged the country’s energy infrastructure, resulting
in chronic power deficits and an increase in costly, polluting energy imports [17].
Decentralized, resilient, and economical solar energy systems can meet growing energy
needs and enhance energy security, aiding economic development [18]. Assessing
the amount of solar radiation available at any given location is important for both
the design and the economic assessment of the photovoltaic system [19]. However,
in many locations around the world, such as Syria, there is still very little long-term
data available. Given this reality, many empirical models have been developed
based on the available climate data. Many scholars have also developed models
and algorithms to estimate solar radiation reaching inclined surfaces under different
regions and weather conditions [20]. There are multiple determinants, including
module characteristics, environmental conditions (temperature, solar radiation, and
humidity), geolocation (latitude), ground reflectance, and the angle, orientation, and
tilt of the solar panel, that determine the effectiveness of a photovoltaic system [21-24].
These determinants critically affect the amount of solar radiation captured by the
solar panel and the functioning of the photovoltaic system, which depend on the
panel orientation angle and the amount of solar radiation striking the panel [22-25].
Therefore, considering these factors facilitates the optimal installation and operation of
a high-performance photovoltaic system [23-27]. Many researchers have proposed
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various mathematical models and equations to determine the optimal tilt angle for
maximizing the power output of a photovoltaic system [24, 28]. Furthermore, most
previously published studies have been conducted for regions such as Europe, North
America, and parts of Asia, while limited research has addressed PV tilt optimization
for Syrian cities, despite the country’s significant solar energy potential. Yadav
and Chandel provided a comprehensive review of tilt angle optimization methods,
but focused primarily on general modeling approaches rather than location-specific
optimization [22]. Similarly, Jacobson and Jadhav estimated global optimal tilt angles
using large-scale modeling; however, their analysis does not incorporate detailed local
meteorological data or temperature-dependent PV performance [16]. Other studies,
such as Khatib et al., analyzed tilt-angle optimization for Malaysian cities and reported
that monthly adjustments can improve PV power generation by approximately 4% [10].
Likewise, Abdallah et al. evaluated optimal tilt angles for Palestine using solar
radiation models, but focused primarily on radiation estimation rather than detailed PV
power output analysis [17]. There is significant literature indicating that photovoltaic
power output depends on the photovoltaic system tilt angle and cell temperature [29].
Although extensive research has been conducted on PV tilt optimization in many
regions worldwide, few studies have examined this topic for Syrian cities, particularly
considering the combined effects of solar radiation and ambient temperature on PV
performance. Syria possesses substantial solar energy potential due to its favorable
geographic location and high annual solar irradiance. Therefore, improving the
efficiency and performance of solar PV systems is essential for enhancing energy
security and promoting renewable energy adoption in the region [30]. To address
this gap, this study aims to determine the optimal tilt angles for photovoltaic panels
in several major Syrian cities and evaluate their impact on PV power output. The
analysis incorporates geographic and meteorological data, including monthly global
horizontal irradiance (GHI) and ambient temperature, to estimate solar radiation on
tilted surfaces and to predict PV system performance under realistic environmental
conditions [31]. In this work, both isotropic and anisotropic solar radiation models are
considered to evaluate their influence on solar radiation estimation. The anisotropic
model, which accounts for the non-uniform distribution of diffuse radiation, is used
to calculate the monthly and annual optimal tilt angles for selected Syrian cities.
The rated power of 2.76 kWp was selected based on common system capacities used
in residential and small commercial photovoltaic projects in the region, as well as
compatibility with the typical load profiles of similar case studies. Monocrystalline
silicon technology was chosen for its higher efficiency and better performance in
limited installation areas—characteristics that align with regional installation practices.
In Syria and neighboring Middle Eastern countries, distributed photovoltaic systems
ranging from 2.5 kWp to 5 kWp are frequently reported in grid-connected and off-grid
applications, especially for residential and institutional buildings. Furthermore, a
2.76 kWp monocrystalline PV system is analyzed to estimate its potential power
output under optimized tilt conditions, while accounting for the influence of PV cell
temperature on system efficiency.The results aim to provide practical guidance for
engineers, researchers, and policymakers involved in the planning and installation of
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solar PV systems in Syria, thereby supporting the efficient utilization of the country’s
high solar energy potential.

2. Materials and methods

While many studies have investigated tilt optimization in regions such as
Saudi Arabia, Malaysia, Canada, and India, there has been very limited research
focusing specifically on Syria. This study provides one of the first comprehensive
techno-environmental analyses of optimal PV tilt angles across multiple Syrian cities,
filling a significant research gap for the region. Many previous studies focus only
on solar radiation and geometric optimization of tilt angles [32]. In contrast, this
research integrates ambient temperature effects into the PV power output estimation
model, allowing for a more realistic evaluation of system performance under actual
operating conditions. Although several studies present annual optimal tilt angles, this
work provides both monthly and yearly optimal tilt values, demonstrating that monthly
adjustment can increase PV output by approximately 3.8% compared to fixed annual tilt
installations [33]. This provides practical guidance for improving PV system efficiency
in the Syrian climate. Unlike purely geometric optimization studies, this research
links solar radiation modelling, PV module temperature estimation, and power output
prediction within a single framework. This integrated approach enables estimation
of the actual PV power-generation potential for a 2.76 kWp system across different
Syrian regions [34]. The study also highlights regional variations in solar potential
across Syria, showing that inland and southern cities such as Damascus, Daraa, and Deir
ez-Zur receive higher solar radiation and PV output than coastal cities like Latakia and
Tartous, where humidity and cloud cover reduce irradiance. The study concentrates
on optimizing solar PV tilt angles. This involves using spatial coordinates, solar
radiation models, PV system performance equations, the most efficient PV panel
orientations, and estimated power outputs for the chosen, unspecified Syrian cities.
The primary tasks include calculating the solar angles, estimating extraterrestrial and
global horizontal radiation, determining the optimal tilt angles, and predicting PV
power generation. In a country such as Syria, where regions have markedly different
large-scale weather systems, calculating a single average optimal tilt angle for the entire
nation would be grossly unrepresentative. Considering solar radiation on an inclined
surface and ambient temperature, which more conclusively determine power output,
would reduce the cost of solar energy systems and energy. Research on the synergistic
effect of tilt angle and ambient temperature across different locations in Syria, as well
as PV array power optimization, is of great importance. The methodology consists of
four main stages: (1) data collection, (2) solar radiation modelling, (3) optimal tilt angle

determination, and (4) photovoltaic power output estimation.

2.1. Solar geometry and radiation models

Meteorological and geographical data were collected for twelve major Syrian
cities, including Aleppo, Idlib, Deir ez-Zur, Hama, Homs, Damascus, Raqqa, Hasakah,

Latakia, Tartous, Daraa, and Al-Suwayda. The required data included:

*  Geographic coordinates (latitude and longitude);
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*  Monthly average global horizontal irradiance (GHI);

*  Monthly average ambient temperature.

These data were obtained from publicly available climate databases such as the
Climate Change Knowledge Portal and Weather Spark. The selected cities represent
different climatic regions of Syria, including northern, central, coastal, and southern
zones, enabling a comprehensive assessment of solar potential across the country [35].
To evaluate the influence of sky radiation modelling on photovoltaic performance
estimation, two commonly used diffuse radiation models were compared in this study:
the Liu and Jordan isotropic sky model and the Hay—Davies anisotropic sky model [36].
The isotropic model assumes that diffuse solar radiation is uniformly distributed
across the sky dome, whereas the anisotropic model accounts for circumsolar radiation
and horizon brightening effects, providing a more realistic representation of the sky
radiance distribution [37]. The comparison between the two models was performed
using the total solar radiation incident on the tilted surface (HT) as the primary
evaluation metric [38]. Monthly and annual HT values were calculated for each selected
Syrian city using both models under identical meteorological conditions. The resulting
annual solar irradiation values were then used to estimate the photovoltaic power output
of the 2.76 kWp PV system under consideration. The results show that the anisotropic
model predicts approximately 4-5% higher annual solar energy on tilted surfaces
compared with the isotropic model. This difference arises from the anisotropic model’s
ability to account for directional diffuse radiation components, which increase the
effective solar radiation received by tilted PV modules. The quantitative comparison

between the two models is summarized in Table 1.

Table 1. The quantitative comparison between the Liu and Jordan, and Hay—Davies models.

Radiation model Annual HT Estimated PV output .
Model 2 Difference
type (kWh/m*/year) (kWh/year)
Liu and Jordan Isotropic 2,115 3,680 -
Hay—Davies Anisotropic 2,210 3,825 +4.5%

Maximizing energy returns and economic feasibility relies on improving the
performance of solar PV systems. One of the main components affecting the efficiency
and performance of PV systems is the solar panels’ tilt angle [39]. The optimal tilt
angle, positioning the solar panels at the ideal location, will guarantee that the panels
receive the maximum solar radiation for the entire day and all the seasons of the year.
The optimal angle is dynamic and depends on latitude and the time of year because
of the sun’ s changing position [40]. Hence, to gain the maximum possible power
generation, trying to establish the ideal tilt angle for the location in question is critical.
Apart from the diffuse sky radiation element, which can be segregated into isotropic
and anisotropic models, there exist mathematical descriptions of the solar radiation
model that are similar to one another. Isotropic diffuse models are solely intensity and
radiation-based. In contrast to this, anisotropic models consider the circumsolar diffuse
and/or the horizontal-brightening components on an inclined surface. The ability to
accurately determine the solar radiation that will be incident on the PV panel hinges

on the accuracy of the calculations of the solar angles [41]. Important solar angles
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include declination angle (6), which pertains to the Earth’s tilt relative to its orbital
plane, and hour angle (®), which represents the position of the sun with respect to the

local meridian, as determined by (1).

360
=23.4 in{— (284 4+ N 1
5 =23 5*sm<365( 84 + )) (1)

Let N denote the day of the year. These angles are obtained for the midpoints of
each month, in order to signify the monthly average relative positions of the sun. The
calculation of the sunset hour angle (wss) is essential for determining the calculation of
the total daylight hours and the extraterrestrial radiation. It is also calculated based on

the geographic latitude of the city and the declination angle.

cos~! (—tanp  tan )

Was = I { cos™! (—tan (p — ) * tan) @

Here, ¢ designates the latitude of the location and f represents the angle of the
slope between the surface and the plane. Extraterrestrial radiation (H,,), which refers to
solar radiation recorded on a horizontal surface before it meets the Earth’s atmosphere,
can be determined using a specific equation that uses the solar constant, the applicable
day of the year, latitude, declination angle, and sunset hour angle. To find the monthly
average daily extraterrestrial radiation (H,), one calculates the integrated value of (1)
over the course of the day. Thus, H, can be determined as (3).

24 x 3,600 x Gy

360N
H, = - <1 + 0.033 cos 365 ) (7;0;‘88 sin p sin § -+ cos ¢ cos § sin w35> 3)

Because the value for GSC Solar Constant is ~1,367 W/m?, Ho is expressed in
J/m?/day. This is the value used to conduct the evaluation for atmosphere attenuation.
After that, the clearness index (K7) is determined by analysing the difference between
the calculated extraterrestrial radiation and the monthly average global horizontal
irradiance (GHI), which is obtained from Weather Spark data. This index serves
to quantify the fraction of solar radiation that is transmitted through the atmosphere
and reaches the surface of the Earth. For calculating the diffuse component of solar
radiation, the diffuse fraction (where K7 is the average clearness index) is approximated
using equations that connect it to the clearness index and the sunset hour angle. The
monthly average clearness index (K7) is defined as the ratio of average daily global
radiation at the ground (/) and average daily extraterrestrial radiation (H,) (i.e., solar

radiation at the top of the atmosphere). Thus, K7 can be calculated as (4).

H

Kp= —
T HO

“

Equations (5) and (6) provide the ratio of average daily diffuse radiation on a
horizontal surface (H,) to the average daily global radiation at the ground (#). To derive
Equations (5) and (6), the sunset hour angle criterion (wss) is used to select the correct
polynomial, which effectively addresses the seasonal and latitudinal distributions. In
case (a), (wss < 81.4°) is considered, which is applied to shorter days, typically in winter
months and at higher latitudes.
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H
Fd = 1.391 — 3.560K7 + 4.189K2 — 2.137K?5 (5)
Case (b) is (wss > 81.4°), where is applied to longer days (typically summer months
or lower latitudes)
Hy _ 2 3
"= 1.311 — 3.022K7 + 3.427TK% — 1.821 K% (6)
The average clearness index values between 0.3 and 0.8 apply to both equations.
The most commonly measured total solar radiation and the day length can be used in
Equations (5) and (6) to make a prediction about the average daily diffuse solar radiation.
Energy simulation, system performance modelling, and solar resource assessment all

require the use of Equations (5) and (6), and many other tasks and projects.

1—cosﬁ>

Hr = HjRg+ (Hg — Hy) Ry + Hypgy < 5

(7

H; = fraction of diffuse monthly radiation. H = global horizontal surface radiation.
Horizontal global surface radiation is defined by H,. Equations (8) and (9) define the
average daily beam and diffuse radiation on a tilted surface, R, and R,. Rp is the ratio
of the incidence angle cosine and the cosine of the zenith angle.

sin (¢ — B) x sin (§) + cos (¢ — ) xcos(d) x cos (w,,)

Ry = sin () X sin (&) + cos () xcos(d) x cos (w,,) ®

Ry — 3+ cc;s (25) ©)

This study was able to make certain approximations primarily because of a lack

of extensive data and reliance on typical ranges of the clearness index. Ideally, more
atmospheric data would be available to more accurately diffuse radiation. This is due to
the need for more detailed atmospheric data in order to quantitatively diffuse radiation

more accurately.

2.2. Optimal tilt angle determination

Total solar radiation incident on a tilted surface (Hr) consists of three components:
beam, diffuse, and ground-reflected radiation. In order to compute these components on
a tilted surface, two main ratios must be defined. The first is the Ratio of beam radiation
(Rp): This ratio measures the difference in intensity of beam radiation between a
horizontal surface and a tilted surface. It is defined using latitude, tilt angle, declination
angle, and the hour angle. For simplification purposes in calculating the optimal tilt
for any given month, R, was determined for solar noon (hour angle = 0). The other
is the Ratio of diffuse radiation (R;): This ratio measures the diffuse radiation value
received on the tilted surface. Due to constraints of the data, the Liu and Jordan diffusely
illuminated isotropic sky model was used to compute R;. The model significantly
simplifies the computation based on the tilt angle, which assumes diffuse radiation is
equally distributed across the sky. Finally, the total solar radiation (H7) on a tilted
surface is calculated by the following Equation (10),
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ﬂ* 1——cosf

10
H, Ry + py 9 (10)

H,
Hr = H, [<1Hd>*Rb+
g

where:

Hr is the total solar irradiance on a tilted surface (W/m? or kWh/m?). H, ¢ 1s global
horizontal irradiance, which is the total solar radiation received on a horizontal surface.
H, is the diffuse horizontal irradiance, which is the scattered component of H,,. g—‘;
is the fraction of global radiation that is diffuse. (1 — Z—Z) is the fraction of globél
radiation that is beam (direct). R, is the ratio of the beam radiation on the tilted surface
to that on a horizontal surface. This is a geometric factor depending on the position of
the sun and the surface tilt. Ry is the ratio of diffuse radiation on the tilted surface to

1+cos 8 .
=55 pg s

ground albedo (reflectivity), which is between 0.1 (dark) and 0.7 (snow). In this study,

that on a horizontal surface. For an isotropic sky, it is often modelled as

a constant value of (pg = 0.2 ) was adopted for all analyzed cities. f is the tilt angle of

the surface from horizontal. %

is the view factor from the surface to the ground,
and it represents the fraction of the hemisphere that is “seen” by the surface, which is
the ground. For a specific month, the optimal tilt angle is obtained by iterating through
each angle of 0° to 90°, then selecting the angle that maximizes the calculated total
solar radiation (H7) on the PV panel. This is achieved by calculating the monthly Hp
sums for each fixed tilt angle and determining which angle has the maximum annual

total.

2.3. PV power output estimation

It should be noted that the PV power output values reported in this study
represent the estimated instantaneous output power under the monthly average peak
irradiance conditions, rather than the rated output of the system under Standard
Test Conditions (STC). The values shown in the results correspond to the calculated
power at representative peak irradiance periods using monthly averaged solar radiation
data. Since the model uses monthly average global horizontal irradiance and ambient
temperature rather than instantaneous irradiance at STC (1,000 W/m? and 25 °C), the
resulting PV output values represent typical peak operating power during that month
rather than the nominal rated power of the system. Furthermore, the predicted PV power
output remains below the rated capacity of 2.76 kWp because real operating conditions
differ from Standard Test Conditions. In particular, the incident irradiance on the tilted
surface (GT) is often lower than the STC reference value of 1,000 W/m?, and the PV
cell temperature typically exceeds the standard temperature of 25 °C. The negative
temperature coefficient of power results in a reduction in module efficiency as the
cell temperature increases. Additional factors such as atmospheric attenuation, diffuse
radiation components, and the use of monthly averaged climatic data also contribute to
lower estimated power outputs compared with the nominal system rating.

The photovoltaic power output was estimated using a simplified performance
model that considers the influence of solar irradiance and cell temperature on PV
efficiency. A model that factors in ambient temperature and the solar radiation
impinging on the PV surface is used to compute the PV cell temperature (7). Equation
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(11) defines the relationship among cell temperature, ambient temperature, nominal
operating cell temperature (NVOCT), conditions and incident solar radiation. Adopted
from the original study are the NOCT conditions (G yocT = 800 W/m?, Tu.NoCT =
20 °C, T;. nocT = 47 °C) and PV module characteristics (ap = —0.0046, 1, sTC =
0.135,7=0.9, «=0.9).

m 1— Tc
Ta + (TC,NOCT . TavNOCT)(GT?VECT)(l _n p,STC(T OiVP STC)
To = : (11)

T,
1+ (Tc,NOCT — Ta,NOCT) ( GTJG’VTC;CT )(aP pm ;fTC )

PV power output (Ppv) is predicted from a simplified model that incorporates the
rated power of the PV system, the cell temperature, and the actual solar radiation on the
tilted surface. Consistent with the original study, the rated power of the PV system was
assumed to be 2.76 kWp at Standard Test Conditions (STC: 1,000 W/m? irradiance, 25
°C cell temperature). The power output is calculated in Equation (12).

Gr
Gsrc

va = Prated < > (1 +7 (TC - TSTC)) (12)

Where, P,,: The expected power output of the PV system under real-world
conditions. This is the value you are calculating. Prated: The “nameplate” power
of the system under ideal laboratory conditions, known as Standard Test Conditions
(STC), Py, = 2.76 kWp. GT_: ratio adjusts the rated power for the actual available

Gsrc
sunlight. Gr: The real-world solar irradiance incident on the PV panels. Ggr¢c: The

irradiance at STC, which is a constant 1,000 W/m?. v (T¢: — Tsc) factor adjusts the
power for the efficiency loss (or gain) due to the cell temperature deviating from the
standard. ~: The temperature coefficient of power. It indicates how much the power
changes per degree Celsius (7 =—0.0046 /°C). This negative value is typical for silicon
solar cells and means that for every 1 °C the cell temperature is above 25 °C, the power
output decreases by 0.46%. T: The calculated real-world operating temperature of the
PV cells. Tsrc: The cell temperature at STC, which is a constant 25 °C. This model
allows the estimation of real-world PV output by accounting for temperature-related

efficiency losses.

2.4. PV cell single diode model

To estimate the maximum power produced by a tilted solar PV array, we began by
running simulations in MATLAB (MATrix LABoratory). Figure 1 shows a flowchart
for optimizing the tilt angle to maximize power generation from a PV array. The first
step consists of obtaining latitude (¢), ambient air temperature (7a), monthly average
daily solar radiation (H,), and the day of the year (n) for the selected location. After
the area was selected, the declination angle (J), incident angle (0), and sunset hour
angle (wss) were determined, followed by the calculation of the clearness index (K7)
and extraterrestrial radiation. Ho for all 365 days of the year has been calculated using

the above parameters.
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The maximum power for

the PY array (Pg.)
Figure 1. Flowchart of optimizing the tilt angle to generate maximum power from the PV

array.

All the above parameters shall be calculated for a range of slope values (f) ranging
from 0 to 90. A decision block decides whether the sunset hour angle (wss < 81.4) is
satisfied or not, and based on this condition, the monthly diffuse fraction is calculated
using two equations described in (5) and (6). To obtain the optimum tilt angle, the total
solar radiation (H7) hitting the surface is calculated for varying tilt angles (f) throughout
the year. The optimum tilt angle for each day is estimated by searching for slope values

at which the maximum total solar radiation is achieved.

2.5. Data collection

Monthly average global horizontal irradiance (GHI) and ambient temperature data
for Syrian cities were collected from the Climate Change Knowledge Portal. Syria is
characterized by the corresponding average value of solar energy falling on a horizontal
surface [kWh/m?/year], where main cities like Latakia, Tartous, Hasakah, Raqqa,
Aleppo, Deir ez-Zor, Idlib, Hama, Homs, Damascus, Daraa, and Al-Suwayda are shown
in Figure 2. Geographical coordinates (latitude and longitude) for each city were also
obtained from the same source. This data forms the basis for all subsequent calculations

and analyses.
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Figure 2. The average value of solar energy falling on a horizontal surface [kWh/m?/year].

The entire analysis process was implemented using MATLAB. The simulation
algorithm calculated solar geometry parameters for each day of the year, estimated
radiation components, and iteratively evaluated total solar radiation for tilt angles
ranging from 0° to 90°. The optimal tilt angles were determined by identifying the
angles that maximize the total incident solar radiation. Finally, the optimized radiation
values were used to estimate the PV power output for each city. The methodology
enables a comparative assessment of solar potential across different regions of Syria

while identifying optimal panel orientations for improved photovoltaic performance.

2.6. Error analysis of the simplified diffuse radiation model

The diffuse radiation component in this study was estimated using the simplified
isotropic sky assumption proposed by Liu and Jordan. Although this approach is
widely used due to its computational simplicity and limited data requirements, it
may introduce deviations compared with more advanced anisotropic sky models that
account for circumsolar brightening and horizon effects. To evaluate the accuracy of
the simplified approach, the obtained results were compared with findings reported
in the literature using anisotropic models such as the Hay—Davies and Perez models.
Previous comparative studies indicate that isotropic models typically underestimate the
diffuse radiation component on tilted surfaces by approximately 3—7%, depending on
atmospheric conditions and seasonal variations. As a result, the total solar radiation
incident on tilted surfaces may differ by approximately 2—5% when compared with
anisotropic formulations. In the context of the present analysis, this deviation produces

only a minor variation in the calculated optimal tilt angles. Sensitivity analysis

11



Energy Storage and Conversion 2026, 4(1), 4036.

shows that a 5% variation in the diffuse radiation component changes the estimated
optimal tilt angle by approximately +1° to £2° and affects the predicted PV power
output by less than 4%. Therefore, the simplified model provides sufficiently accurate
results for comparative evaluation of tilt angles across different Syrian cities while
maintaining computational efficiency. Despite these acceptable deviations, the use of
advanced anisotropic diffuse radiation models may further improve prediction accuracy,
particularly in locations with high atmospheric turbidity or significant cloud scattering.
Future work may incorporate high-resolution meteorological datasets and advanced
models such as the Perez diffuse model to refine the estimation of solar radiation on

inclined surfaces.

3. Experiment, results, and discussion

The findings for all Syrian cities, including the optimal monthly and yearly tilt
angles, total solar irradiance on the tilted plane, and estimated photovoltaic power
output, are sequentially covered in this section. The specific geographical and climatic
characteristics of each city are taken into account when discussing the results.

Damascus, the capital city, is located at approximately 33.5° N latitude. Damascus
shows optimal tilt angles ranging from 55° in December to 10° in June. The highest
total solar radiation and PV power output are observed in June (8.92 kWh/m?/day and
0.96 kW, respectively). The annual optimal tilt angle for Damascus is 31°, reflecting
its more southerly latitude and generally higher solar irradiance.

At a latitude of about 36.2° N, Aleppo has a high degree of variability in solar
radiation as well as substantial seasonal variation in temperature. Throughout the
winter months, the optimal tilt angle remains a steep 56°, which progresses through
the warmer months to a shallow 13° in June. July is the peak summer month, and as
expected, the total solar radiation is also highest in this month at 8.63 kWh/m?/day.
The estimated photovoltaic power output trends similarly to the power output, which
reaches a maximum of 0.92 kW in June and a minimum of 0.45 kW in December. An
optimal yearly tilt angle of 34° was calculated as the most advantageous position for
all seasons to provide the best overall performance for Aleppo.

Deir ez-Zur has a latitude of approximately 35.3° N. Deir ez-Zur has a hot desert
climate and also receives a substantial amount of solar radiation. For Deir ez-Zur, the
optimal solar panel tilt angles are 56 degrees in December and 12 degrees in June. This
city receives the most solar radiation in June (8.66 kWh/m?/day), so the peak PV power
output is 0.91 kW during this month. Deir ez-Zur has an optimal annual tilt of 33°,
which is slightly less than Aleppo, where the latitude is further north.

Idlib is located at approximately 35.9° N latitude. This area has similar solar
characteristics to Aleppo due to their comparable geographical positions. For Idlib,
the optimal tilt angles are 56° and 13° in June. This aligns with the solar radiation, as
the peak solar radiation occurs in June (8.57 kWh/m?/day), and the power output also
stands at 0.93 kW. The annual optimal tilt angle for Idlib is 34°, which is expected
based on its latitude due to its similarity with Aleppo.

As is the case with latitude 35.1° N locations, Hama also has a marked seasonal

variation with values of optimal tilt angles and PV performance. For Hama, these
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optimal tilt angles vary from 56° in December to 12° in June. June yields peak total
solar radiation and PV power output, at 8.65 kWh/m?/day and 0.93 kW. Hama’s annual
optimal tilt angle is 33° and correlates with Hama’s latitude and is consistent with the
overall collection of data for the other Hama cities in the north of Syria.

At a latitude of 34.7° N, the PV performance and optimal tilt angle patterns for
Homs follow the same trend as other cities in the centre of Syria. Homs also has optimal
tilt angles from 56° in December to 12° in June. Again, the highest total solar radiation
and PV power output are in June, for the values of 8.74 kWh/m?/day and 0.94 kW. As
for Homs, the annual optimal tilt angle of 32° is a reflection of its position relative to
Aleppo and Idlib, which is latitude-wise, the most southerly.

Latakia, at approximately 35.5° N, shows clear seasonal variation for both the
optimal tilt angles and PV performance. There, the optimal tilt angles from Latakia
stretch from 56° in December to 12° in June. June has the highest total solar radiation
and PV power output for the month at 8.45 kWh/m?/day and 0.93 kW, respectively. The
annual optimal tilt for Latakia is 30°, reflecting 30° latitude globally and consistent with
the expected trend for other northern Syrian cities.

Tartous is located at 34.9° N latitude and is similar to Latakia in that it also
shows clear seasonal variations for optimal tilt angles and PV performance. In Tartous,
optimal tilt angles for Tartous stretch from 55° in December to 12° in June. For June,
the total solar radiation and PV power output are exceptional at 8.54 kWh/m?/day and
0.93 kW for the month. The annual optimal tilt for Tartous is 29°, reflecting 29° latitude
globally and consistent with the expected trend for other northern Syrian cities.

The analysis considers Hasakah’s latitude of 36.47° N. Hasakah’s optimal angles
are 57° in December and 13° in June. From June to September, there is a significant
increase in total solar radiation (8.69 kWh/m?/day) and PV power output (0.92 kW),
making June the best month for solar radiation and PV output. Annual optimal PV
power output for Hasakah is 0.31 kW. Annual optimal tilt of 31° is consistent with
Hasakah'’s latitude and is in line with the rest of the northern cities in Syria.

Hasakah (36.47° N) exhibits notable seasonal changes in optimal tilt angles and
PV performance. From December to June, optimal tilt angles change from 57° to 13°,
respectively. June also displays the highest total solar radiation and PV power output
(8.69 kWh/m?/day and 0.92 kW). The annual optimal tilt angle averages 31°, showing
consistency with other northern Syrian cities and Hasakah’s geographical position.

Ragqa (35.95° N) also has seasonal changes in optimal tilt angles and PV
performance. From December to June, optimal tilt angles change from 56° to 13°,
respectively. June sees the highest total solar radiation and PV power output (8.67
kWh/m?/day and 0.92 kW). The annual optimal tilt angle is 31° and is in line with the
general trend in other northern Syrian cities.

Al-Suwayda exhibits significant spatial variation for both optimal tilt angles
for photovoltaic (PV) systems and the performance of the PV system at various
angles. The angles required for the optimal azimuthal and protective tilt at PV
in Al-Suwayda are the most extreme in Syria, being 54° and 10° for the months
of December and June, specifically pertaining to the months of PV performance
variation. Al-Suwayda experiences the most extreme tilt angles for optimal PV tilt
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adjustment, indicating that throughout the year, Al-Suwayda’s azimuthal seasonal PV
tilt adjustment shows the greatest variation. This suggests that, compared to Daraa,
Al-Suwayda experiences the most significant increase in azimuthal PV performance.
Al-Suwayda also displays the most extreme azimuth optimal value of 28°, further
supporting the hypothesis that Daraa and Al-Suwayda reflect a general trend in solar
PV performance in southwestern Syria. The differences observed in Al-Suwayda are
minimal yet significant, demonstrating that the general spatial performance trend varies
from all perspectives.

Daraa shows the most southerly solar characteristics in comparison to the other
cities in the study. For Daraa, the optimal tilt angles range from 54° in December to
10° in June. The highest total solar radiation and PV power output are recorded in June
(8.80 kWh/m?/day and 0.94 kW, respectively). This indicates that Daraa most likely
possesses the optimal climatic conditions in the study. The annual optimal tilt angle
for Daraa is 30°, which is the lowest among the studied cities, consistent with its most
southerly latitude.

There is a strong correlation between each city’s latitude and its annual optimal
tilt angle, confirming the empirical relationship where the optimal annual tilt angle
roughly equals the location’s latitude + a few degrees based on local climatic factors.

Latitude—tilt angle relationship is shown in Table 2.

Table 2. Latitude—tilt angle relationship.

Region Approx. latitude (° N) Annual optimal tilt (°) Trend

Northern Syria (Aleppo, Idlib, Hasakah, Raqqa) 35.5-36.5 31-34 Slightly higher tilt angles

Central Syria (Hama, Homs, Deir ez-Zur) 34-35 32-33 Moderate tilt angles

Western Coastal (Latakia, Tartous) 34.5-35.5 29-30 Lower tilt due to maritime climate
Southern Syria (Damascus, Daraa, Al-Suwayda) 32-33.5 28-31 Lowest tilt angles

The highest values of solar radiation received in all cities lie in the range of
8.45-8.92 kWh/m?/day, and total potential PV system outputs range from 0.91-0.96
kW during the month of June. Damascus obtains the highest solar radiation (8.92
kWh/m?/day) as well as PV output (0.96 kW) due to its prominent solar potential.
Meanwhile, Latakia has the lowest solar radiation (8.45 kWh/m?/day), which can be
attributed to the maritime humidity and cloud cover of the Mediterranean. This implies
that coastal climates tend to have slightly lower solar gain compared to the inland
desert and semi-arid regions. Figure 3 displays the maximum total solar radiation in
kWh/m?/day across Syrian cities. The climatic conditions across different regions of
the country significantly impact solar performance. Deir ez-Zur, Raqqa, and Hasakah,
as desert and semi-arid cities, benefit from high solar radiation levels due to the
prevalence of clear and uncluttered skies. On the other hand, cities like Latakia and
Tartous have some radiation losses due to more humidity and sporadic cloud cover,
which leads to somewhat more condensation and precipitation. Southern highland cities
(Daraa, Al-Suwayda) combine strong irradiance with moderate temperatures, yielding
high PV efficiency. PV Cell Temperature (°C) for Syrian cities is shown in Figure
4. The PV power output mirrors the trends in radiation. Peak outputs of 0.92—0.96
kW are achieved in June and July. The outputs observed are lowest in December,
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approximately 0.45-0.5 kW, considering the factors of reduced solar intensity and the
presence of shorter daylight hours. Considering the seasonal differences, solar energy
generation capacity differs by around 50% in the winter and summer months. This
shows the importance of optimal tilt adjustment, or the use of tracking systems, in order

to capture higher solar energy and boost solar energy performance throughout the year.
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Figure 4. PV cell temperature (°C) for Syrian cities.

PV Power Output (kW) for Syrian cities is shown in Figure 5. The symmetrical
nature of the findings is confirmed by the fact that the optimal annual tilt angles
(28-34°) are in close alignment with the geographical coordinates of Syria (32—37°
N). Data indicates that the southern and inland regions of Syria experience the
highest levels of solar radiation and PV system efficiency, implying that these regions
are the most favourable for large-scale PV system installations. Coastal region
installations still require slightly larger systems or include tracking systems due to
lower levels of irradiance. The pronounced seasonal differences of solar radiation
received demonstrate the benefit of adjustable tilt systems, thus further confirming
results in Figure 6, Optimal tilt angle (°) Syria. The PV power output values reported
in this section correspond to the estimated instantaneous peak power under monthly

average irradiance and temperature conditions for a 2.76 kWp PV system. These
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values should not be interpreted as the system’s rated output under Standard Test
Conditions (STC). Instead, they represent typical operating power levels calculated
from the real environmental conditions for each city. The peak values observed in
the results (approximately 0.92—0.96 kW in June) are lower than the rated system
capacity because the simulations are based on average meteorological data and account
for temperature-related efficiency losses. Under actual instantaneous high-irradiance
conditions close to 1,000 W/m? and lower cell temperatures, the PV system could

approach its rated capacity.
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Figure 5. PV power output (kW) for Syrian cities.

60

Aleppo (362°N)

——— OTA of Aleppo (36.2°N)

Idlib (359° N)

OTA of Idlib (35.9° N)

Deir ez-Zur 35.3°N)

OTA of Deir £2-Zur (353° N)

——— Hama (35.I°N)

OTA of Hama (35.1° N)

Homs (34.7°N)

OTA of Homs (34.7° N)

Damascus (33.5° N)

OTA of Damascus (33.5° N)

Hasakah (36.47° N )

——— OTA of Hasakah (36.47° N)

Ragqa (35.95°N)

OTA of Ragqa (3595°N)

Latakia (35.5° N)

OTA of Latakia (35.5° N)

Daraa (32.6°N)

OTA of Daraa (32.6° N)

—— Tartous 34.9° N)

OTA of Tartous (34.9° N)

0 2 4 6 8 10 12 Al-Suwayda (32.68° N )
Months ——— OTA of Al-Suwayda (32.68° N)

50

s
>

Optimal Tilt Angle (°)

=}
)

Figure 6. Optimal tilt angle (°) for Syrian cities.

This analysis affirms the significant potential for solar energy in all parts of Syria.
Optimal tilt angles and performance metrics remain constant, varying primarily with
latitude and climatic differences. Cities in the south and the interior, particularly
Damascus, Daraa, and Deir ez-Zur, stand out for their maximum potential solar energy
output and are the first candidates for PV system implementation. Coastal and northern
regions still provide viable conditions but may require optimized panel configurations
for maximum efficiency.
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4. Conclusion

This study investigated the optimal tilt angles and photovoltaic (PV) performance
across major Syrian cities by incorporating solar radiation models, geographic
coordinates, and ambient temperature data. The results indicate that the optimal
annual tilt angles for PV installations in Syria closely correspond to the geographic
latitude of each location, ranging from 28° to 34°. Specifically, optimal annual tilt
angles were calculated as 34° for Aleppo and Idlib, 33° for Deir ez-Zur and Hama,
32° for Homs, 31° for Damascus, Hasakah, and Raqqa, 30° for Latakia and Daraa, 29°
for Tartous, and 28° for Al-Suwayda. Seasonal analysis shows significant variation
in optimal tilt angles, ranging from approximately 54-57° during winter months to
10-13° during summer months. These seasonal variations reflect the changing solar
altitude throughout the year and highlight the importance of proper panel orientation
for maximizing solar radiation capture. The analysis also demonstrated that solar
radiation values across Syrian cities reach peak levels of approximately 8.45-8.92
kWh/m?/day during the summer months. Under these conditions, the simulated 2.76
kWp photovoltaic system produced peak power outputs ranging between 0.92 kW
and 0.96 kW, with the highest output recorded in Damascus. Conversely, winter
months exhibited lower solar radiation and reduced PV output, with power levels
decreasing to approximately 0.45-0.50 kW due to shorter daylight hours and lower
solar intensity. Furthermore, the comparison between radiation models revealed that
anisotropic models can estimate approximately 5% higher energy output compared to
isotropic models. The results also indicate that adjusting the PV tilt angle monthly
rather than maintaining a fixed annual tilt can increase annual energy production by
approximately 3.8%. The findings of this study highlight the significant solar energy
potential available across Syria and emphasize the importance of optimizing PV panel
orientation to maximize system efficiency. The results provide practical guidance
for engineers, policymakers, and renewable energy planners involved in the design
and installation of solar photovoltaic systems. In particular, the identified optimal
tilt angles can assist in improving system performance, reducing energy losses, and
increasing the economic feasibility of solar energy projects across different regions of
the country. From a practical perspective, the outcomes of this research can support
the development of decentralized solar energy systems, rooftop PV installations,
and solar-powered irrigation or water pumping applications, which are particularly
valuable for regions experiencing energy shortages. Optimizing PV installations
using the recommended tilt angles can contribute to improved energy security and
sustainable electricity generation in Syria. Future research should extend this work by
incorporating additional real-world factors such as dust accumulation, shading effects,
wind cooling, and long-term system degradation, which can significantly influence PV
performance in desert and semi-arid climates. Moreover, future studies could employ
high-resolution hourly meteorological data and advanced anisotropic radiation models
to further improve the accuracy of solar radiation estimation. Economic analysis,
including installation costs and the feasibility of tracking systems, would also be
beneficial for evaluating the practical implementation of optimized PV systems in



Energy Storage and Conversion 2026, 4(1), 4036.

different regions. Such investigations would provide deeper insights and contribute to

the continued advancement of solar energy deployment in Syria and similar climates

worldwide.

Abbreviation

Symbol Description Unit

N Day number of the year -

) Solar declination angle degree (°)

0} Hour angle degree (°)

Wy Sunset hour angle degree (°)

7] Latitude of the location degree (°)

i3 Tilt angle of the PV panel relative to the horizontal degree (°)
surface

H, Extraterrestrial solar radiation on a horizontal kWh/m?/day
surface

H Monthly average daily global solar radiation on a kWh/m?/day
horizontal surface

H, Global horizontal irradiance kWh/m?/day

Hy Diffuse solar radiation on a horizontal surface kWh/m?/day

Hy Total solar radiation incident on a tilted surface kWh/m?/day

Kr Clearness index (ratio of global radiation to -
extraterrestrial radiation)

Ry, Ratio of beam radiation on the tilted surface to that —
on the horizontal surface

Ry Ratio of diffuse radiation on the tilted surface to that —
on the horizontal surface

Pg Ground reflectance (albedo) -

Gr Solar irradiance incident on the PV panel surface W/m?

Gsre Solar irradiance at Standard Test Conditions W/m?2

T Photovoltaic cell temperature °C

T, Ambient air temperature °C

Tstc Cell temperature at Standard Test Conditions °C

TenNocT Cell temperature at nominal operating cell °C
temperature conditions

TanocT Ambient temperature at NOCT conditions °C

Grnocr Solar irradiance at NOCT conditions W/m?

Py, Estimated photovoltaic system power output kW

Poted Rated power of the PV system at Standard Test kWp
Conditions

y Temperature coefficient of power 1/°C

Nmp,STC PV module efficiency at maximum power under —
STC

a, Temperature coefficient related to PV module 1/°C

performance
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T Transmittance of the PV module cover -
o Absorptance of the PV cell -
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