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The optimal integration of Photovoltaic (PV) systems into an electric grid is dependent upon the total 
output power of the PV system. To optimize the output power of a PV system, the modules must be 
positioned at an optimal tilt angle (OTA) to maximize the absorption of solar radiations. This research 
focused on a mathematical model to optimize incident solar radiation. The proposed model is used to 
determine the OTA and evaluate its impact on the optimum configuration and power output capacity 
using MATLAB for six cities located in different temperature zones across Pakistan. The isotropic and 
anisotropic models have been used to calculate the total solar radiations (HT) on a sloped surface. 
During the summer season, all four selected models present similar findings in terms of the monthly 
average daily solar radiations on the tilted surface. During the winter season, the anisotropic models 
performed better than the isotropic models. The anisotropic model achieved a 14.82% energy increase 
in January and a 0.16% increase in June compared to the isotropic model. We present monthly and 
annual OTA calculated from the anisotropic model. The OTA has been determined for the HT across 
slope values ranging from 0° to 90° with a 1° resolution. The monthly OTA using anisotropic model for 
the Faisalabad, Lahore, Multan, RYK, Islamabad and Karachi ranges from 7° to 54°, 7° to 53°, 6° to 
52°, 5° to 52°, 10° to 58° and 1° to 50° and the annual OTA for cities has been calculated to be 30.5°, 
30.25°, 29.33°, 28.66°, 33.34° and 25.5° respectively. Utilizing the OTA calculated from the selected 
model, a PV array with a rated power of 52.200 kW has been used to analyze the system performance. 
The annual average output power at the monthly OTA results in gains of 8.83%, 9.40%, 9.78%, 
9.77%, 9.82%, and 9.91% compared to the annual OTA. This research study is particularly beneficial 
for researchers and the industry in deploying PV systems across different climatic zones of Pakistan, 
intending to maximize output power while minimizing energy costs.

Keywords  Photovoltaic system, Optimal tilt angle, Total solar radiations, Isotropic and anisotropic, Cell 
temperature, Array power

Fossil fuels continue to be the predominant energy source consumed globally, and their combustion is the 
primary driver of greenhouse gas emissions that contribute to climate change1. The ongoing exploitation of 
conventional fossil fuels at the current rate will eventually lead to their depletion2. Consequently, there is an 
immediate need to adopt renewable resources for energy generation. Meanwhile, the global ecosystem is at 
risk due to the significant emissions of pollutants and greenhouse gases (GHG) generated by fossil fuels3. The 
efficient use of renewable energy is a critical approach to reducing the consumption of fossil fuels and associated 
GHG4,5. Solar energy is considered the most abundant and readily accessible source of renewable energy, and it 
also offers significant environmental advantages6. Photovoltaic (PV) energy generation technology has emerged 
as one of the most crucial solutions to the global energy crisis and the attainment of carbon neutrality7. These 
benefits have been achieved due to the substantially reduced cost of solar PV modules8. Thus, the assessment 
of the energy generation potential and spatial distribution of solar energy resources is an important basis for 
countries around the globe for planning, decision-making, and installation of this sustainable form of energy. 
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This also significantly impacts the development and formulation of legislation as well as regulations for the use 
of renewable energy, which aims to enhance the adoption of reliable and economically favorable energy sources9.

The low maintenance and operating costs of PV systems, the prolonged lifespan of approximately 25 years, 
and the ubiquitous features of solar radiation have made them an attractive source of energy for adaptation10. 
Nevertheless, a single PV module cannot generate a significant amount of power enough to meet a specific 
demand due to losses that occur throughout the physical process, which also hampers conversion efficiency11.. 
Furthermore, the output of the PV system is primarily influenced by ambient temperature, environmental 
conditions, and radiations12. PV systems are confronted with partial shading conditions (PSCs) circumstances 
due to the unpredictable nature of weather, the irregularity in sunlight accessibility, and the existence of physical 
obstacles (e.g., overhead cables, and trees)13–15. Hotspots are generated under non-homogeneous irradiance 
conditions, resulting in persistent damage to PV modules and significant voltage drops on the terminals of the 
shaded module16,17. The extraction of the utmost available power becomes challenging due to the presence of 
numerous peaks in the power-voltage curve of a PV module18. In addition, the need for PSCs is inevitable as a 
result of mutual shading between adjacent PV modules and limited available space19.

The possibility of improper interconnections in series or parallel configurations among modules in the 
photovoltaic system can reduce its expected lifespan, cost-effectiveness, efficiency, and performance reliability. 
Additionally, the installation cost of the system increases due to the requirement of additional wires20. However, 
maximum power point trackers (MPPTs) can enhance the efficiency of PV arrays in converting sunlight into 
power, but this is only possible under uniform shading conditions21,22. MPPTs cannot extract the maximum 
available power when multiple local peaks are found in the power-voltage (P–V) curve. The Global Maximum 
Power Point Trackers (GMPPTs) approach has been used to overcome this problem. GMPPTs identify the peak 
point on the P–V curve with the highest value among numerous points, thus optimizing the performance of 
the PV array23–26. Despite the fact that GMPPTs handle the problem of low efficiency in the PV modules, they 
continue to be considered a costly solution that involves additional circuitry and the implementation of complex 
algorithms27.

Another research approach to improve the efficiency and reduce the impact of PSCs has been proposed28. 
The authors introduced the adoption of either double-axis or single-axis sun tracking as a feasible option. These 
techniques offer benefits but also impose significant financial burdens, especially for utility-scale solar PV 
projects, and require sophisticated control systems and optimization algorithms to handle weather fluctuations. 
The combination of PSCs and the low efficiency of the modules needs larger areas to achieve higher energy 
generation. This emphasizes the significance of meticulous PV system installation to maximize power production 
and minimize expenses29. The tilt angle of the photovoltaic modules is the primary factor contributing to the 
optimization of power production. However, if the photovoltaic modules are not appropriately tilted and 
oriented, a significant quantity of energy may be lost30,31. The current studies on optimizing tilt angle exclude 
essential parameters. Therefore, their results are unsatisfactory and undermine the validity of their findings32. In 
addition, several methods for optimizing the tilt angle of photovoltaic modules are season-specific and do not 
consider the entire calendar year33.

Researchers from multiple countries conducted studies to determine the OTA. The research34examined the 
tilt angle (TA) of photovoltaic modules in low-latitude regions. The authors develop a strategy to enhance solar 
photovoltaic efficiency for sites located near the Tropic of Cancer35. The yearly energy increase has been calculated 
to be 18.35%, which subsequently improved to 34.16%. A study has been performed to establish a correlation 
between economics and the TA, aiming to decrease energy costs and installation expenses simultaneously36. The 
authors37conducted research in China to calculate tilt angle using collected data but did not provide specific 
numbers for OTA. The study38introduces a regression model that determines the OTA for flat-plate fixed-mode 
solar collectors at numerous places throughout Libya. The suggested model adjusts the OTA by considering the 
three different components of solar radiations: direct-beam radiations, diffuse radiations, and ground-reflected 
solar radiations. A technique has been proposed in39to determine the OTA of a PV module at the equator which 
calculates the optimal monthly TA based on the equatorial declination angle. The authors determined that the 
absence of a monthly tilt angle for the PV module would result in a power loss of 12%. The researchers developed 
a mathematical model using MATLAB software to calculate the OTA and sun radiations for a south-facing 
surface in the United Arab Emirates over various periods. The analysis concludes that using a fixed annual OTA 
of 23° results in approximately 8% more energy gain compared to using a horizontal photovoltaic array40. The 
authors41 proposed a method to calculate the OTA in hilly regions. The monthly and annual OTA enhanced the 
solar energy collections by 398.3 kWh/m2 and 238.7 kWh/m2 per year respectively.

A mathematical model to assess the OTA for Baghdad, Iraq has been introduced in42and the OTA for the 
whole year has been calculated to be 30.6°. A study was conducted in Senegal to determine the OTA43and 
demonstrated that the maximum potential energy production was not achieved by maintaining the tilt angle 
the same as the latitude. Optimizing the TA of solar energy conversion systems monthly is more beneficial than 
keeping it fixed, as it allows for more electricity generation. The study44was conducted in Basra city and the 
authors performed a computational and experimental investigation to assess the impact of changing TA of PV 
modules on their energy generation. The findings demonstrate that this model is highly precise in determining 
tilted angles and suggest that the annual OTA for a PV system in Basra city is 28°. Multiple techniques for 
determining the OTA have been proposed in45. The authors claimed that solar radiations will also increase 
as the number of variations in the tilt angle increases. A similar research study conducted in Turkey46 found 
that the annual average fixed monthly OTA is 38.14°, with solar radiations around 6866.12 Mj/m2per year. A 
technique for calculating the OTA while considering the shadow cast by nearby buildings has been proposed 
in47. Similar objectives can be mentioned in references48–51. The OTA for the PV systems for several countries 
was determined using HelioScope software29, NREL’s PVWatts, and PVGIS52–54.
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Assessing the quantity of solar radiation (SR) at a specific geographical site is crucial for the planning and 
financial evaluation of photovoltaic systems. However, long-term data are often unavailable in numerous 
regions worldwide. Researchers have developed multiple empirical models using climate data to estimate 
the availability of solar energy. These empirical algorithms and models aim to estimate SR on a tilted surface 
for different geographical regions and varying atmospheric conditions55. The mathematical methodologies 
used to calculate solar radiation in these models are similar, except for the diffuse radiation component. This 
component is typically divided into the isotropic as well as anisotropic models. Isotropic diffuse models solely 
examine the intensity of solar radiations and do not consider orientation. In contrast, anisotropic models 
incorporate the horizontal-brightening or/and the circumsolar diffuse components on an inclined surface56–58. 
Several studies59–62have been reported in the literature on isotropic models (Badescu, Karonakis, and Liu and 
Jordanmodels) and anisotropic models (Hay and Davies, Reindle, and Hay Davies Klucher Reindle (HDKR)) 
models. The research63demonstrated that while determining the OTA for Canada, the isotropic model provided 
lower tilt angle predictions compared to the location’s latitude. On the other hand, the anisotropic model 
provided comparatively greater tilt angle values. In the same manner, the anisotropic model attained a higher 
TA for different sites in India64. Researchers have developed many mathematical models and correlations to 
determine the OTA of PV systems in order to achieve optimum power production65. Multiple mathematical 
models of diffuse solar irradiance were considered to find the OTA of PV modules that would maximize the 
amount of solar radiation they receive66,67.

The majority of researchers focus on determining the annual OTA for a particular location and then using 
it as a benchmark for the entire country. Due to the substantial variation in weather conditions across various 
geographic regions in Pakistan, it is not appropriate to estimate a single average OTA that accurately represents the 
entire country. The literature comprehensively demonstrates that the power production of photovoltaic systems 
depends on the tilt angle and the temperature of the solar PV cells. By considering both the solar radiations 
incident on the inclined surface and the temperature implications, it is possible to improve power production 
and decrease the expenses associated with PV energy systems and the cost of energy produced. Therefore, it is 
highly significant to conduct comprehensive research that examines the combined impact of TA and ambient 
temperature on optimizing the output power of photovoltaic arrays in different locations in Pakistan.

Methodology
Solar photovoltaic modules directly convert solar energy into electric energy. The quantity of power produced 
by a module is directly related to the amount of solar energy that reaches or strikes its surface. Therefore, it is 
crucial to comprehend the correlation between the position of the sun and the angle at which the PV module 
is tilted29. Various approaches to optimizing the tilt angle (TA) of photovoltaic modules have been suggested 
in28,29, such as manual and automatic sun-tracking techniques that utilize different mathematical models. In the 
proposed research a concise description of a mathematical model used to optimize the TA of PV modules has 
been presented.

Mathematical model of solar angles
Photovoltaic arrays mounted on tracking systems follow the trajectory of the sun. However, fixed systems need 
to be kept at a specific angle relative to the horizontal plane to maximize the utilization of sunlight at the given 
position. Accurate estimation of the slope angle increases both the amount of sunlight received (radiations) 
and the amount of energy generated. The solar constant GSC  refers to the amount of solar energy received per 
unit time and per unit area, which is derived from the SR released by the sun. The World Radiation Centre has 
established a solar constant value of 1367 W/m268.

The declination angle formed between the earth’s equator and a line drawn from the center of the earth 
toward the center of the sun . The main reason for the variation in solar declination is the rotation of the Earth 
on an axis. The declination angle varies within the range of −23.45 degrees to + 23.45 degrees, as shown in Fig. 1. 
The equation of Cooper (1) can be used to determine the fluctuation of the declination angle throughout the 
year69.

	
δ = 23.45sin(360(284 + n)

365 )� (1)
 

Fig. 1.  Declination angle maximum and minimum value.
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The number “n” represents the specific (nth) day in the calendar year i.e. when n = 1, it corresponds to the 1st of 
January. During equinox days (Mar 20 and Sep 23), the declination angle is zero as the incident light is parallel 
to the equator. Furthermore, the declination angle has a value of + 23.45° at the summer solstice and −23.45° 
during the winter solstice.

Incidence angle refers to the angle formed between the solar radiations and the perpendicular line to the 
surface at the specific point where the radiations strike. The incidence angle that occurs on the flat horizontal 
plane is calculated by using Eq. (2)70.

	 cos (θ) = cos(δ)cos(∅)cos (ω) + sin (δ) sin(φ)� (2)

where ω represents the hour angle and ∅ represents the latitude of the site. For an inclined surface in the 
northern hemisphere oriented towards the south (as Pakistan is located in the northern hemisphere), Eq. (2) 
can be rewritten as Eq. (3).

	 cos (θ) = cos(δ)cos(∅ − β)cos (ω) + sin (δ) sin(∅ − β)� (3)

where β represents the angle of inclination between the horizontal plane and the surface where the radiation is 
being captured.

Solar hour angle is the angular distance between the sun’s position at solar noon and local solar time. This angle 
is precisely 0° at the solar noon. The earth completes a full rotation of 360° in one day, which means it rotates 
at a rate of 15° per hour (360° divided by 24 h equals 15°). The hour angle is expressed by using Eq. (4) and is 
derived from Atlantic Standard-Time (AST). A positive value indicates afternoon-hours, whereas a negative 
value indicates morning-hours70.

	 ω = 15 × (AST − 12)� (4)

Azimuth angle γS  is the angle formed by the projection of the radiation on a flat horizontal surface. The azimuth 
angle has been determined by using Eq. (5). The given equation is utilized to compute the azimuth angle, which 
depends upon the solar hour angle, declination angle, and zenith angle (θzen)70,71.

	
γS = sign (ω)

∣∣∣∣cos−1( sin (∅) cos (θzen) − sin (δ)
cos (∅) sin (θzen) )

∣∣∣∣ � (5)

Solar zenith angle θzen is the angle formed between the sun and the vertical plane. The zenith angle resembles the 
altitude angle; however, it is measured with respect to the vertical instead of the horizontal plane. The calculation 
for the zenith angle is described by Eq. (6)71.

	 cos (θzen) = cos(δ)cos(∅)cos (ω) + sin (δ) sin(∅)� (6)

Solar altitude angle (SAA) is a key indicator used to determine the optimum inclination of a PV module. The 
SAA provides a visual representation of the sun’s height at any given time. To determine the solar altitude angle, 
it is necessary to compute both the declination angle and the hour angle. Solar altitude angle can be calculated 
using the Eq. (7 & 8) which establishes a relationship between the solar altitude and zenith angles72.

	 cos (θzen) = sin(αs)� (7)

	 αs = arcsine(cos (θzen))� (8)

The sunrise and sunset angles for the northern hemisphere have been calculated using Eq. (6) when the zenith-
angle on the horizontal plane is zero θzen = 0. The sunset hour angle ωsunset is computed using Eq. (9)65.

	
ωsunset = min

{
cos−1(−tan (∅) .tan(δ))

cos−1(−tan (∅ − β) .tan (δ) � (9)

The following Eq. (10) is used to calculate the sunset time tsunset
65.

	
tsunset = [cos−1(−tan (φ) .tan(δ))] 2

15◦ � (10)

The sunset and sunrise times of an inclined surface may be shorter than those for the same events on a flat 
horizontal plane. For the surface that faces south, the tsunset.south can be calculated using Eq. (11)65.

	
tsunset.south = min[{ωsunset × cos−1(−tan (φ − β) .tan (δ)}] × 2

15◦ � (11)

Mathematical model of solar radiation
The solar radiation model comprises a collection of mathematical equations for total solar radiation on sloped 
surfaces. The surface area of the SR for photovoltaic modules involves calculations of integrated modeling, 
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dynamic solar inclination on surfaces with varying orientations, TAs, and diverse geographical locations with 
diverse foreground surfaces. Factors like the geographical location, solar time model, time data, and solar 
geometry model determine the total solar radiation. Total solar radiation that strikes on the inclined surface is 
the combination of three types of SR: direct-beam radiation (HB), diffuse radiation (HD), and ground reflected 
radiation (HR) as shown in Fig. 2. Total SR are calculated by using Eq. (12)73.

	 HT = HB + HD + HR� (12)

Approximately, direct-beam radiation consists of the largest proportion of total radiation, whereas diffuse 
radiation represents the second largest proportion. Typically, the percentage of ground-reflected radiation is 
fairly minimal, except for places surrounded by extremely reflecting surfaces. The Eq.  (12) could have been 
rewritten as Eq. (13).

	
HT = (Hg − Hd) Rb + RdHd + ρgHg[ 1 − cos (β)

2 ]� (13)

Hg  defines the monthly averaged daily solar radiation that is incident on a global horizontal plane. The value 
of Hd can be determined using the equation (HB/Ho) that relates to the monthly fraction of diffuse radiation. 
The parameters Rb and Rd represent the ratio of the mean daily beam as well as diffuse radiations on an inclined 
surface, respectively. Rb is determined by the Eq. (14)73.

	 Rb = cos(θ)/cos(θzen)� (14)

The Eq. (14) has been modified using the incidence angle Eq. (3) and zenith angle Eq. (6) for the surface inclined 
towards the equator in the northern hemisphere region, described in Eq. (15).

	
Rb = cos(δ)cos(∅ − β)cos (ω) + sin (δ) sin(∅ − β)

cos(δ)cos(∅)cos (ω) + sin (δ) sin(∅) � (15)

Isotropic and anisotropic models are used to describe the models that have been used to calculate the ratio of 
diffused solar radiations Rd on an inclined surface compared to that on a horizontal surface. The hourly sky-
diffuse solar radiation incident on an inclined surface is determined by multiplying the hourly diffuse solar 
radiation incident on a flat horizontal surface by the surface-sky configuration factor. Numerous anisotropic and 
isotropic models can be utilized to describe Rd. The isotropic model presented by Liu and Jordan is represented 
by Eq. (16)74,75.

	
Rd =

[
1 + cos(β)

2

]
� (16)

The isotropic model proposed by Badescu is represented by Eq. (17)74,75.

	
Rd =

[
3 + cos(3β)

4

]
� (17)

Hay and Davies (HD) introduced an anisotropic indicator which is determined by the transmittance of the 
atmosphere for beam radiation and the anisotropic index is denoted as HB/Ho. HD model calculates the 
proportion of the diffuse component, which typically refers to the sunlight scattered by the atmosphere, and 
assumes that it is in the same direction as direct beam radiations. The expression for HD is represented by 
Eq. (18), where Horepresents the daily average mean extraterrestrial radiations74,75.

Fig. 2.  Main components and pattern of total solar radiation.
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Rd =

[{
1 + cos(β)

2

} {
1 − HB

Ho

}
+

{
HB

Ho
× Rb

}]
� (18)

Reindel et al. improved the HD model by incorporating a horizontal-brightening component, denoted as 
f =

√
HB/Hgas recommended by Klucher. The model had been considered as a combination of HD, Klucher, 

and Reindel models referred to as the HDKR model. HDKR model was formulated using SR equations for, 
reflected beam and diffuse radiation terminologies, such as isotropic, circumsolar, and horizontal-brightening. 
The anisotropic model known as HDKR, which is a modified version of the HD model, is expressed by 
Eq. (19)74,75.

	
Rd =

[
1 +

√
HB

Hg
× sin3

(
β

2

)]
×

[{
1 + cos(β)

2

} {
1 − HB

Ho

}
+

{
HB

Ho
× Rb

}]
� (19)

 

Extraterrestrial radiation refers to the hypothetical quantity of SR that would reach the Earth’s surface without 
atmospheric attenuation. The alteration in extraterrestrial radiation is attributed to fluctuations in SR and 
variations in the earth’s distance from the sun. The incident solar radiations Io on a flat horizontal plane outside 
the earth’s atmosphere, arising between sunrise and sunset is calculated by dividing the normal incident SR by 
the average daily beam (Rb). Extraterrestrial radiation at the top of the earth’s atmosphere can be determined 
using Eq. (20)72,75.

	
Io =

[
1 + 0.003cos

(
D × 360

365

)]
� (20)

D indicates the calendar day in a year ranges from 1 to 365, while GSC  refers to the solar constant. Ho indicates 
the horizontal extraterrestrial radiations expressed in joule per square meter per day and can be calculated by 
Eq. (21).

	
Ho =

(
GSC × 24 × 360

π

)
× (Io) ×

(
cos (δ) cos (∅) sin (ω) + πω

180 sin (δ) sin (∅)
)

� (21)

Liu and Jordan determined the monthly average clearness index Kt, which is calculated as the ratio of monthly 
average daily total radiations on the horizontal surface H  to the monthly averaged daily extraterrestrial radiations 
Ho. The Kt fluctuates with global irradiance, indicating the variation in meteorological conditions across 
different areas. Therefore, the Kt can be considered an atmospheric characteristic that reduces the radiation 
intensity and is represented by the Eq. (22)76.

	 Kt = H/Hos� (22)

The monthly average percentage of the diffuse component has been estimated using the correlations established 
in Eq. (23) and Eq. (24).

	
Hd

H
=

{
1.39 − 3.56Kt + 4.19K2

t − 2.14K3
T

for 0.3 ≤ Kt ≤ 0.8 and ωsunset ≤ 81.4◦ � (23)

	
Hd

H
=

{
1.31 − 3.02Kt + 3.43K2

t − 1.82K3
T

for 0.3 ≤ Kt ≤ 0.8 and ωsunset > 81.4◦ � (24)

PV array output power
The power output of a PV array is determined as the product of current and voltage. This output is influenced by 
factors such as the amount of SR striking a tilted or inclined surface, specific features of the photovoltaic module, 
and ambient temperature.

Temperature model of PV cell
The operational temperature of the PV module is estimated by the energy balance equation. A certain amount 
of solar energy absorbed by the PV module is transformed into thermal energy, while the rest is converted into 
electrical energy. The module’s temperature is expected to peak at midday while the temperature in the evening 
is expected to be equivalent to the ambient temperature. The present research study aims to determine the PV 
module/cell temperature by considering factors such as electricity conversion efficiency, ambient temperature, 
fluctuations in irradiance, and heat dissipation to the environment. The calculation is derived by utilizing the 
energy balance Eq. (25) to the specific area of the PV module that cools as a result of environmental losses76.

	 GT (τα) = GT ηc + Ul (Tcell − Tamb)� (25)

where τ  represents the solar transmittance of PV modules, α represents the solar absorbing capacity of PV 
modules, and ηc represents the efficiency of the module in transforming incident radiations into electric energy. 
Depending on how close the PV module is to the maximum power point (MPP) at which it is operating, the 
efficiency of the module can range from 0 to the maximum module efficiency. Convection and radiation losses 
from the top and bottom surfaces, as well as conduction through the related mounting system, are all taken 
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into account by the loss coefficient Ul in relation to the ambient temperature Tamb. If the PV cells have not 
been installed under the same conditions as when they were tested, the nominal operating cell temperature 
(NOCT) condition may have a significant impact on their performance. The data of cell temperature, ambient 
temperature, and solar radiation under NOCT circumstances can all be incorporated into Eq. (25) and rewritten 
as Eq. (26)77.

	 GT.NOCT (τα) = Ul (Tcell.NOCT − Tamb.NOCT )� (26)

By adding the established values for NOCT (800 W/m2 incident radiations, AM 1.5G, wind speed 1 m/s) in 
the above equation and considering the efficiency changes linearly with cell temperature, expressed as Eq. (27).

	

Tcell =




Tamb +
(

GT
GT.NOCT

)
(Tcell.NOCT − Tamb.NOCT )

{
1 − ηmp.ST C(1−αρTCell.ST C)

τα

}

1 +
(

GT
GT.NOCT

)
(Tcell.NOCT − Tamb.NOCT )

( αρηmp.ST C

τα

)

� (27)

where α represents the solar absorbing capacity of PV modules (α = 90%) and τ  represents the solar 
transmittance of PV modules (τ = 90%). Tamb.NOCT  refers to the surrounding ambient air temperature at 
NOCT of 20℃. TCell.ST C  represents the PV module’s temperature in standard test conditions (STC) which is 
25℃. Tcell.NOCT  refers nominal operating temperature range spans from 45℃ to 48℃ and GT.NOCT  refers to 
the solar irradiances level of 800W/m2 as specified by NOCT. GT  refers to global solar irradiations on the tilted 
surface of the PV module, αρ represents the temperature coefficient of the power (–0.350%/℃ to –0.29%/℃) 
and ηmp.ST C  represents the efficiency at the MPP (22.45%).

Power output model of PV module
A PV cell can be represented by a simplified model known as a single-diode model. This model consists of a 
current source and a diode connected in parallel. The I-V and P–V curves of the photovoltaic cell demonstrate 
the non-linear correlation due to variations in cell temperature and radiations intensities. In this research study, 
a single-diode method has been utilized for assessing the I-V curves due to its simplicity and high level of 
accuracy. Eq. (28) accurately represents the I-V curve of a single diode cell under constant solar radiations and 
temperature78..

	
IP V = Iph − Io

[
exp

{
(IP V RS + VP V ) e

kTcellNseries

}
− 1

]
−

[
IP V RS + VP V

RP

]
� (28)

Iph represents the current produced at incident light, Io represents the reverse saturation current, Nseries 
represents series-connected solar cells per module, k represents the Boltzmann constant (1.381 × 10–23  J/K) 
and e represents the charge of an electron (1.6022 × 10–19C). RP  and RS  denotes a parallel resistor and series 
resistor respectively. Iph and IP h.n are both influenced by the SR and temperature. This relationship can be 
mathematically explained using the Eq. (29)78.

	
Iph = {IP h.n + ki(T − Tn)} × GT

GT.ST C
� (29)

The variable IP h.n represents the current produced by the light under nominal conditions. GT.ST C  indicates 
the radiations at STC, whereas GT  refers to global solar radiations on the tilted surface of the PV module. Tn and 
T  represents nominal and actual temperatures (kelvin), whereas ki is a coefficient for short circuit current. The 
output power is defined as the multiplication of voltage and current and is represented by Eq. (30).

	 PP V = [VP V × IP V ]� (30)

The output of the PV module has been determined by utilizing parameters included in the datasheets issued 
by the manufacturers. The parameters normally include the number of the PV cells, maximum power Pmax, 
maximum power voltage Vmp, open-circuit voltage Voc, maximum power current Imp, short-circuit current 
Isc, efficiency at STC (%), the operating temperature ℃, temperature coefficients for Pmax, Isc, and Voc and 
power tolerance. These parameters are provided in accordance with STC, as demonstrated in Table 1. Eq. (31) 
represents the general I-V relationship at maximum power as shown below78.

	
Pmax =

[
IP V − Io

[
exp

{
(ImaxRS + Vmax) e

kTcellNseries

}
− 1

]
−

[
ImaxRS + Vmax

RP

]]
Vmax� (31)

The MATLAB tool has been used for the simulations in the proposed research to determine the optimum 
power produced by a PV array installed at an OTA for any specified location. Figure 3 presents a flow chart 
that summarizes the fundamental steps needed to calculate the optimum output power of a PV array. The 
initial step includes finding the latitude, calculating the ambient temperature Tamb, monthly global horizontal 
irradiance Hg  and monthly diffuse horizontal irradiance Hd of the desired location. After selecting a location, 
declination angle δ, incidence angle θ, and sunset hour angle ωsunset have been determined. Following that, the 
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extraterrestrial radiation Ho and clearness index Kt has been calculated for each of the 365 days in a year. The 
range of slope values β from 0 to 90° is computed using the above-specified parameters.

A decision block evaluates if the sunset hour angle meets the specified criteria or not (ωsunset ≤ 81.4). The 
monthly diffuse fraction is determined based on this condition and by utilizing Eqs.  (23) and (24). In order 
to determine the OTA, the total solar radiation HT that strikes the module surface for different tilt angles β 
throughout the calendar year has been calculated. The OTA for every single day is determined by calculating/ 
measuring the slope values that maximize the total solar radiation. The tilt angle that maximizes the average total 
radiation is referred to as the average monthly optimal tilt angle (βm.opt) and annual optimal tilt angle (βa.opt). 
The monthly averages for twelve months have been used to estimate the HT and the OTA.

The PV system consists of five strings, with each string consisting of 18 modules in series. This configuration 
results in a rated peak power of 52.200 kWp. The power output of the PV array is determined for both the 
monthly OTA and the annual OTA until the array’s optimum output is achieved. Finally, the energy generation 
and losses of PV systems for a single location have been analyzed.

Results and discussion
A MATLAB-based mathematical model has been developed to optimize incident solar radiations by determining 
the OTA. This leads to the generation of maximum power by the photovoltaic array. The monthly average daily 
solar radiation data, including global and diffuse horizontal irradiance (GHI and DHI), ambient air temperature, 
linke turbidity factor, wind speed, latitude and longitude, and relative humidity have been obtained from the 
meteonorm database29. The data obtained from the meteonorm database assisted in the estimation of many 
factors related to total solar radiations HT on a tilted surface, direct-beam radiation HB , diffuse radiation HD

, ground-reflected radiation HR, and the OTA for every single day of the year. The initial case study examined 
the city of Faisalabad, where the monthly average daily direct-beam, diffuse, and ground-reflected radiations 
have been evaluated using two isotropic and two anisotropic models. The most precise model has been selected 
as a framework for a subsequent case study, aiming to conduct a thorough comparison of six different locations 
in Pakistan.

Optimal tilt angle and power for single location
This section presents a case study to estimate the maximum power generation of a photovoltaic array in 
Faisalabad, a city situated in the center of the largest province of Pakistan. The meteorological station situated 
on the campus of GC University Faisalabad at coordinates 31.4161° N, 73.0700° E. Table 2 presents the monthly 
irradiances data (GHI and DHI), ambient air temperature, wind speed, linke turbidity factor, and relative 
humidity for the proposed location. Table 2 indicates that the SR level reaches its peak during the summer 
season, particularly in the months from May–July. The proposed location has an annual average GHI of 1558.4 
kWh/m2/month and a DHI of 902.2 kWh/m2/month. The maximum monthly GHI is 181.9 kWh/m2 for May 
and DHI is 106.7 kWh/m2 for June. Table 2 also shows that the ambient air temperature increases during the 
summer season and declines during the winter season. The monthly average ambient temperature is 24.4 °C. The 
proposed location has usually moderate winds, with annual average wind speeds of 1.4 m/s. Relative humidity 
levels are consistently high throughout the winter months and low during the summer season, with an increase 
during the monsoon season. The monsoon season spans from July to September with humidity levels ranging 
from 71% to 73.5%. The data analysis suggests that there is a substantial and reliable availability of solar energy 
that is captured by a PV system.

Table 3 demonstrates the average monthly daily global and diffuse horizontal irradiance (Hg and Hd 
respectively), ambient air temperature Tamb, and annual and monthly OTA determined for the proposed 
location (Faisalabad) using four mathematical models (two isotropic as well as two anisotropic). The monthly 
average daily SR for Faisalabad as shown in Fig. 4 varies between 2.18 and 5.89 kWh/m2 throughout the year. The 
maximum Hg is recorded for June. However, the models used in this research provide a more accurate estimation 
of total solar radiations HT on tilted or inclined surfaces compared to total solar radiations on flat horizontal 
surfaces. This can be seen in Fig. 4 and Table 3.

Maximum power of module (Pmax) 580Wp

Maximum power voltage (Vmp) 42.59 V

Open-circuit voltage (Voc), 51.47 V

Maximum power current (Imp), 13.62A

Short-circuit current (Isc), 14.37A

Module efficiency STC (%) 22.45%

Operating temperature(℃) – 40℃ ~ + 85℃

Power tolerance 0 ~ + 3%

Temperature coefficients for Pmax – 0.29%/℃

Temperature coefficients for Isc 0.045%/℃

Temperature coefficients for Voc – 0.25%/℃

Table 1.  Specification of PV module at STC.
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During the summer season, it is determined that all four selected models present similar findings in terms 
of the monthly average daily solar radiations on the tilted surface. During the winter season, the anisotropic 
models (HD and HDKR) performed better than the isotropic models (LJ, Badescu models) as shown in Fig. 4. 
In January, the Liu and Jordan (LJ) model anticipated a monthly average total solar radiations of 2.70 kWh/
m2, however, the HDKR model estimated 3.17 kWh/m2, resulting in a 14.82% increase compared to isotropic-
model. In June, the LJ model anticipated a monthly average total solar radiations of 5.91 kWh/m2, however the 
HDKR model estimated 5.92 kWh/m2, resulting in a 0.16% increase compared to the isotropic model. Similarly 

Fig. 3.  Flowchart demonstrating the fundamental steps needed for calculating the optimum output power of 
an array of photovoltaic modules.

 

Scientific Reports |        (2024) 14:30197 9| https://doi.org/10.1038/s41598-024-81826-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 4.  Monthly Hg and HT indicators using isotropic and anisotropic mathematical models for Faisalabad.

 

Month Daily Global Horizontal Irradiance (Hg) Daily Diffuse Horizontal Irradiance (Hd)
Ambient Temp
(°C)

Isotropic Models Anisotropic Models

Liu-Jordan Badescu Hay-Davies HDKR

HT OTA HT OTA HT OTA HT OTA

1 2.25 1.3 12.2 2.7 42 2.59 35 3.14 50 3.17 52

2 3.35 1.89 16.1 3.78 35 3.66 28 4.2 43 4.23 44

3 4.22 2.39 21.9 4.49 25 4.41 18 4.75 31 4.77 33

4 5.29 2.96 27 5.42 16 5.38 11 5.55 20 5.55 21

5 5.87 3.19 32.8 5.91 9 5.9 6 5.96 11 5.96 12

6 5.89 3.56 32.8 5.91 5 5.9 4 5.92 7 5.92 7

7 5.5 3.33 31.4 5.52 7 5.51 4 5.55 9 5.55 9

8 5.39 3.21 30.7 5.47 12 5.44 8 5.55 16 5.55 17

9 4.95 2.61 29 5.21 23 5.14 17 5.45 28 5.46 29

10 3.75 2.25 25.8 4.11 30 4.01 22 4.48 38 4.51 40

11 2.56 1.65 19.2 2.9 37 2.79 28 3.29 46 3.33 48

12 2.18 1.29 14 2.66 44 2.54 36 3.12 52 3.15 54

Year 4.27 2.46 24.4 4.51 23.75 4.43 18.08 4.75 29.25 4.77 30.5

Table 3.  Monthly and annual OTA for Faisalabad calculated by utilizing all models.

 

Month
GHI
(kWh/m2/m)

DHI
(kWh/m2/m) Ambient Temp (°C) Wind Speed (m/s) Linke Turbidity Factor Relative Humidity (%)

Jan 69.9 40.2 12.2 1.09 5.14 71.8

Feb 93.9 53.1 16.1 1.4 5.232 65.5

Mar 130.7 74 21.9 1.59 5.892 57.4

Apr 158.7 88.8 27 1.9 7.406 45.4

May 181.9 99 32.8 2 8.666 36.5

Jun 176.6 106.7 32.8 2.1 9.911 51

Jul 170.6 103.3 31.4 1.8 10.256 70.2

Aug 167 99.6 30.7 1.5 8.605 73.5

Sep 148.5 78.4 29 1.21 7.05 71

Oct 116.3 69.8 25.8 0.9 8.104 61.1

Nov 76.7 49.4 19.2 0.81 7.602 63.8

Dec 67.6 40.1 14 0.8 6.1 68.8

Year 155.4 902.2 24.4 1.4 7.497 61.3

Table 2.  Meteorological statistics of the single location (Faisalabad).
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in November, the LJ model anticipated a monthly average total SR of 2.90 kWh/m2, however the HDKR model 
estimated 3.33 kWh/m2, resulting in a 12.91% increase compared to the isotropic model. The isotropic diffuse 
models by Badescu estimated the lowest annual average total SR at 4.43 kWh/m2/day. This is followed by Liu 
and Jordan’s models at 4.51 kWh/m2/day. On the other hand, the anisotropic models indicated higher annual 
HT values of the HD model 4.75 kWh/m2/day, and the HDKR model 4.77 kWh/m2/day, resulting in energy 
gains. The inclusion of the horizontal brightening and circumsolar components into the isotropic-diffuse model 
accounts for this phenomenon. The impact of these components is particularly noticeable on global SR during 
the winter season when the atmosphere is cloudy. In clear summer weather situations, assuming that the diffused 
component of SR is scattered. Anisotropic models provided identical results to the isotropic model. The highest 
temperature is measured in May and June at 32.8 °C, while the lowest temperature is measured in January at 
12.2 °C. The annual average ambient air temperature is 24.4 °C as shown in Table 3.

The monthly OTAs, which are derived from using isotropic as well as anisotropic models, indicate that the 
total solar radiations reaches its maximum in May–June and it is lowest in December-January. The OTA varies 
from 4° (June) to 54° (December) as indicated in Table 3 and Fig. 5. Anisotropic models generated a slightly 
higher OTA in comparison to isotropic models. The monthly OTA for the LJ model ranges from 5° to 44°, 
ranges from 4° to 36° for the Badescu model, ranges from 7° to 52° for the HD model, and ranges from 7° to 
54° for HDKR model as shown in Fig. 5. The HDKR, HD, LJ, and Badescu models generated annual OTAs of 
30.5°, 29.25°, 23.75°, and 18.08°, respectively. In addition, the isotropic models estimated an annual OTA that is 
significantly lower than the latitude of Faisalabad, whereas the anisotropic model estimated a slightly lower TA 
than the latitude.

After conducting a comparative assessment of four models, the HDKR anisotropic model was selected for 
further investigation. Although isotropic models are simplistic and provide conservative estimates, numerous 
experimental and theoretical research have indicated that HDKR-generated findings are more closely aligned 
with experiment data. The estimated radiation results and OTA for Faisalabad city, calculated with the HDKR 
anisotropic model, are presented in Figs. 6 and 7. The bar graph (Fig. 6) displays the average monthly daily 
direct-beam radiations HB , diffuse radiation HD , and ground-reflected radiation HR. The direct-beam 
component is the main component in determining the total solar radiations HT strikes on the tilted surface. 
Figure 7 demonstrates that to maximize the amount of available energy, OTA during the summer season might 
be lower in comparison with the latitude of the proposed location, whereas during the winter it might be higher. 
In addition, the annual calculated TA for the Faisalabad city is 30.5°, which is lower than the latitude of the city.

The relationship between the PV cell temperature and its ambient temperature for each month is described 
in Fig. 8 and Table 4. The highest calculated temperature of the photovoltaic cell is 39.982 °C in June, with an 
ambient temperature of 32.8 °C. The lowest calculated temperature of PV cell is 14.943 °C in January, with an 
ambient temperature of 12.2 °C. The average annual PV cell temperature is calculated to be 29.61 °C, indicating 
a 17.56% rise in temperature relative to the average annual ambient temperature.

The present research study also investigated the power produced by the proposed PV system that consisted 
of ninety (PV) modules (580W monocrystalline bifacial). The average power production of the installed PV 
system at the monthly OTA and annual OTA is indicated in Table 4 and Fig. 9. The PV system generates its 
highest power output during the summer season and has a decline in power output during the winter season. 
The maximum power production of 37.1334 kW has been achieved in June with a monthly tilt angle, marking 
the highest level reached during the year. The maximum power production of 35.2031 kW has been achieved 
with Annual TA. When comparing the percentage gain in power production between monthly and annual tilt 
angles, in May, the power output reached its highest level at the monthly OTA, resulting in a 29.21% increase in 
power compared to the annual OTA. Despite the fact that the radiation is at its highest level in June (5.89 kWh/
m2/day), the PV cell temperature is also at (39.982 °C) during that month. Therefore, June produced the most 
amount of PV power compared to any other month.

Fig. 5.  Monthly OTA for all models.
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The difference between the monthly OTA and annual OTA in September and March is low. The power output 
in September is approximately equivalent, with minor difference in OTA, whereas in March, there is a variation of 
23.67%. Despite the nearly similar OTA (monthly OTA of 33° and annual OTA of 30.5°), a significant difference 
in power output has been observed for March, due to several technological and geographical factors, including 

Fig. 8.  PV Cell and ambient air temperature in Faisalabad city.

 

Fig. 7.  Monthly OTA and Annual OTA for Faisalabad.

 

Fig. 6.  Average monthly daily direct-beam diffuse and ground-reflected radiations calculated for Faisalabad.
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declination and incidence angle sensitivity. The declination angle in March fluctuates substantially as the sun 
approaches the equinox. Additional factors include the influence of direct and diffuse SR, variations of solar 
altitude angle, temperature coefficients, and atmospheric impacts, as well as daytime duration and distribution 
of SR. The high sensitivity of PV module efficiency to small alterations in OTA during March is the result of 
the relationship among the dynamic ranges of declination angle, enhanced diffuse SR, fluctuation in climatic 
conditions, and solar elevation. The OTA is nearly the same, but these parameters correlate non-linearly with 
the OTA, which causes a substantial difference in power output. The stable atmospheric and solar conditions 
in September significantly reduce climate sensitivity, leading to a much lower output power difference. Table 4 
shows that the annual average output power of the PV system installed at a monthly OTA is 26.19 kW and the 
annual average output power of the PV system installed at an annual OTA is 23.63 kW. Based on the research 
investigation, the optimal monthly tilt angle of the PV system increased output power by 9.77% when compared 
to the annual OTA.

Optimal tilt angle and power for multiple locations
This section aims to examine how climatic conditions, such as temperature, SR, and latitude impact the OTA of 
PV modules in various locations across Pakistan, as well as the associated maximum output power. Six locations 
are selected that represent a range of climate conditions in the central, eastern, western, southern, and northern 
areas of the country. Pakistan occupies an extensive land area and comprises regions with diverse climatic 
conditions, including variations in ambient temperature and humidity. For instance, Faisalabad and Lahore 
represent hot and humid climates, Islamabad demonstrates comparatively low temperatures, while Multan and 
RYK have hot and dry weather. The geographical coordinates of the locations under the proposed research in 
Pakistan are as follows:

Fig. 9.  Monthly output power of PV array inclined at monthly OTA and annual OTA.

 

Month
Monthly Average Daily Solar 
Radiations (kWh/m2/day) Ambient Temp (°C) Cell Temp (°C)

PV Output Power with 
Monthly OTA (kW)

PV Output Power with 
Annual OTA (kW)

Percentage Gain 
in Output power 
B/W Monthly and 
Annual OTA (%)

1 2.25 12.2 14.943 12.9909 11.682 11.20%

2 3.35 16.1 20.185 19.9471 17.0867 16.74%

3 4.22 21.9 27.045 25.998 21.0226 23.67%

4 5.29 27 33.45 33.2925 25.7663 29.21%

5 5.87 32.8 39.957 36.7464 34.7706 5.68%

6 5.89 32.8 39.982 37.1334 35.2031 5.48%

7 5.5 31.4 38.106 34.8204 33.0788 5.26%

8 5.39 30.7 37.272 33.7867 32.4687 4.05%

9 4.95 29 35.035 29.9333 29.7378 0.66%

10 3.75 25.8 30.372 22.1509 18.4698 19.93%

11 2.56 19.2 22.321 15.1327 13.0461 15.99%

12 2.18 14 16.658 12.4064 11.2603 10.18%

Table 4.  PV output power (kW) and percentage gain in output power B/W monthly and annual OTA using 
the HDKR model.
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	1.	� Location 1 (Faisalabad 31.4161° N, 73.0700° E)
	2.	� Location 2 (Lahore 31.4790° N, 74.2662° E)
	3.	� Location 3 (Multan 30.2606° N, 71.5071° E)
	4.	� Location 4 (Rahim Yar Khan (RYK) 28.3808° N, 70.3744° E)
	5.	� Location 5 (Islamabad 33.6995° N, 73.0363° E)
	6.	� Location 6 (Karachi 24.9389° N, 67.1237° E)

The monthly fluctuations in the average monthly daily GHI, Tamb, and PV cell temperatures for the different 
research locations are presented in Table 5. The average monthly daily total solar radiations on the flat horizontal 
plane is shown in Fig. 10. Table 5 and Fig. 10 demonstrate that among all the locations examined, Karachi city 
received the highest average monthly daily GHI during the month of April-June, reaching up to 6.71 kWh/m2/
day in May. Conversely, Karachi has the most modest GHI during the winter season, with a value of 3.84 kWh/
m2/day. Faisalabad, Multan, and Islamabad have the highest average monthly daily GHI in June. The values for 
Faisalabad, Multan, and Islamabad are 5.89 kWh/m2/day, 5.96 kWh/m2/day, and 6.22 kWh/m2/day, respectively. 
Lahore, RYK, and Karachi have the highest average monthly daily GHI in May. The values are 5.68 kWh/m2/day, 
6.49 kWh/m2/day, and 6.71 kWh/m2/day, respectively. The cities of RYK, Multan, Lahore, Faisalabad, Islamabad, 
and Karachi experienced their highest average monthly ambient temperatures in June, with measured values of 
34.6 °C, 34.1 °C, 33.3 °C, 32.8 °C, 31.7 °C and 31.6 °C respectively. The PV cell temperature variation in relation 
to the ambient temperature for the six locations under research is presented in Fig. 11. In the hottest month 
of June, RYK experienced the highest PV cell temperature of 42.343 °C, leading to a reduction in maximum 
power efficiency. However, Islamabad has the lowest photovoltaic cell temperature among all the locations. The 

Fig. 10.  Monthly total solar radiations (HT) for selected locations.
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Multan (30.2606° N, 
71.5071° E)

RYK (28.3808° N, 
70.3744° E)

Islamabad (33.6995° N, 
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Jan 2.25 12.2 14.943 2.25 12.5 15.243 2.32 12.3 15.129 3.06 12.7 16.431 2.25 9.9 12.643 4.03 18.6 23.514

Feb 3.35 16.1 20.185 3.27 16.5 20.487 3.42 16.1 20.27 4.27 16.3 21.506 2.91 12.9 16.448 4.9 21.5 27.475

Mar 4.22 21.9 27.045 4.22 22.5 27.645 4.28 22.3 27.519 5.15 22.8 29.079 3.88 18.8 23.531 5.85 26.3 33.433

Apr 5.29 27 33.45 5.34 27.3 33.811 5.36 28.7 35.235 5.97 29.1 36.379 5.26 23.9 30.313 6.57 29.2 37.211

May 5.87 32.8 39.957 5.68 33.3 40.226 5.93 33.9 41.13 6.49 34.3 42.213 6.01 30 37.328 6.71 31.3 39.481

Jun 5.89 32.8 39.982 5.65 33.3 40.189 5.96 34.1 41.367 6.35 34.6 42.343 6.22 31.7 39.284 6.16 31.6 39.111

Jul 5.5 31.4 38.106 5.17 31.8 38.104 5.57 33.6 40.391 5.61 34.1 40.94 5.83 30.7 37.808 4.78 30.7 36.528

Aug 5.39 30.7 37.272 4.88 31.1 37.05 5.45 31.9 38.545 5.53 32.4 39.143 5.24 29.3 35.689 4.66 29.4 35.082

Sep 4.95 29 35.035 4.72 29.4 35.155 5.02 30.1 36.221 5.41 30.2 36.796 5.04 27.1 33.245 5.32 29.1 35.587

Oct 3.75 25.8 30.372 3.73 26.4 30.948 3.82 26.3 30.958 4.48 26.5 31.962 3.94 22.9 27.704 5.01 29.3 35.409

Nov 2.56 19.2 22.321 2.56 19.5 22.621 2.62 19.1 22.295 3.47 19.6 23.831 2.67 15.9 19.156 4.4 24.7 30.065

Dec 2.18 14 16.658 2.21 14.5 17.195 2.25 14.1 16.843 2.96 14.3 17.909 2.39 11.3 14.214 3.84 20.1 24.782

Table 5.  Monthly statistical analysis on SR, ambient temperature, and photovoltaic cell temperature for various 
selected locations.
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measured PV cell temperature for the cities of RYK, Multan, Lahore, Faisalabad, Islamabad, and Karachi are 
42.343 °C, 41.367 °C, 40.226 °C, 39.982 °C, 39.284 °C and 39.481 °C respectively.

Table 6 presents the power production of the PV array using both the monthly and annual OTA. Figure 12 
shows the monthly TAs of the researched locations in Pakistan. The OTA for Faisalabad city ranges from 7° 
to 54°, for Lahore city it ranges from 7° to 53°, for Multan city it ranges from 6° to 52°, for RYK city it ranges 
from 5° to 52°, for Islamabad city it ranges from 10° to 58° and for Karachi it ranges from 1° to 50° as shown in 
Fig. 12. The annual OTA for Faisalabad, Lahore, Multan, RYK, Islamabad, and Karachi has been calculated to 
be 30.5°, 30.25°, 29.33°, 28.66°, 33.34° and 25.5° respectively. Figure 13 exhibits the output production of the PV 
array achieved by utilizing the monthly OTA for the locations under research. In Faisalabad, the highest power 
generated by the PV array is 37.13 kW, 35.55 kW for Lahore, 37.39 kW for Multan, 40.52 kW for RYK, 39.2 kW 
for Islamabad, and in Karachi it is 42.58 kW. These maximum power outputs for four locations were measured 
in June. However, in RYK and Karachi, the highest output power is obtained in May. The annual average output 
power generated by the PV array installed at monthly OTA in Karachi, RYK, Multan, Faisalabad, Islamabad, 
and Lahore is 31.01  kW, 29.56  kW, 26.59 KW, 26.19  kW, 26.12  kW, and 25.42  kW respectively. The annual 
average PV array output power at monthly OTA in Karachi is 15.74% higher than that of Islamabad. Specifically, 
Karachi produces 31.01 kW while Islamabad produces 26.12 kW. The primary factor behind this is that Karachi 
experiences a higher annual average solar radiations, measuring at 5.19 kWh/m2/day, whilst Islamabad has a 
lower solar radiations of 4.30 kWh/m2/day.

The annual average output power at the monthly OTA results in gains of 8.83%, 9.40%, 9.78%, 9.77%, 
9.82%, and 9.91% compared to the annual OTA. A monthly OTA generates more output power relative to the 
annual OTA, which makes it a technically as well as financially viable option. Even though adjustments made 
monthly generally require additional labor as well as installation efforts, recent advancements in adjustable 
technology have mitigated particular expenses. Especially considering the typical 20–25-year lifespan of a PV 
system installation, this upfront energy expenditure, and operational efforts are negligible in comparison to the 
substantial excess power the system produces over time. The enhanced power generation translates into a higher 
ROI as it shortens the payback period and enhances power-generating efficiency.

Energy generation and losses of PV system for single location
The PV system that has been installed for Faisalabad city with monthly OTA generates an annual energy output 
of 76.17 MWh. The specific energy yield, which is the amount of energy produced per unit of installed capacity, 
is 1,407.2 kWh/kWp. The performance ratio (PR), which measures the efficiency of the system, is 83.3%. PV 
system that has been installed with annual OTA generates an annual energy output of 73.18 MWh. The specific 
energy yield is 1,401.9 kWh/kWp, whereas PR is 81.7%. Figure  14 presents the monthly energy generation 
(kWh) of the PV system that has been installed with monthly and annual OTA.

The results have indicated that the PV system achieves peak energy generation from April to August while 
experiencing a decline in energy generation from November to February. The PV system installed with monthly 
and annual OTA generates a maximum energy of 7,951.7 kWh and 7,401.2 kWh in May respectively, while 
in January, it generates a minimum energy of 4,349.3 kWh and 4,195.5 kWh respectively. The annual energy 
generation of PV systems with nameplate capacity installed at monthly OTA, measured under STC, is 86,463.40, 
as shown in Table 7. PV system generates an output of 85,944.6 kWh at the total-collector radiation level (with 
0.5% losses). After accounting for PV cell temperature losses of 6.0% and mismatch losses of 3.8%, the output 
has been decreased to 80,787.9 kWh and 77,717.9 kWh, respectively. The optimal DC output of the PV system 
is 77,484.7 kWh. The annual energy generated by the PV system after inverter losses (1.2%) is 76,554.68 kWh, 
whereas the total energy supplied into the national utility grid is 76,171.9 kWh. For the annual OTA, the annual 
energy generation of the PV system with nameplate capacity is 83,300.5 kWh. After accounting for temperature 
losses of 6.0% and mismatch losses of 4.1%, the output has decreased to 77,904.9 kWh and 74,674.3 kWh, 

Fig. 11.  Photovoltaic cell and ambient air temperature data for selected locations.
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respectively. After inverter losses (1.2%) the output energy is 73,545.3 kWh, whereas the total energy supplied 
into the national utility grid is 73,177.6 kWh.

The performance efficiency and output energy are significantly influenced by losses in a PV system. For the 
PV system installed at monthly OTA, irradiation losses attributed to shading are 0.9%, irradiations losses due 
to the reflection are 3.2%, irradiations losses as a result of soiling are 2.0%, and module low irradiations energy 
losses are 0.5%. The PV module also incurs energy losses of 6.0% due to temperature, losses due to mismatch are 
3.8%, and DC wiring I2R losses are 0.3%. The clipping losses in the system are negligible at 0.0%, and losses due 
to inverters efficiency are 1.2%. The AC system losses due to AC transformers and conductors are 0.5% as shown 

Fig. 14.  Monthly energy supplied to the utility grid with monthly and annual OTA.

 

Fig. 13.  Monthly average output power of PV array for selected locations.

 

Fig. 12.  Monthly OTA for six locations.
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in Fig. 15. For the PV system installed at annual OTA, shading causes losses of 2.2%, losses due to reflection 
amount to 2.9%, soiling leads to losses of 2.0%, while the PV module experiences low irradiation energy losses 
of 0.5%. The PV module also incurs energy losses of 6.0% due to temperature, energy losses of 4.1% due to 
mismatch, and DC wiring I2R losses account for 0.3%. The clipping losses are negligible at 0.0%, and inverter 
efficiency results in energy losses of 1.2%. Lastly, AC system losses due to AC transformers and conductors are 
0.5% as shown in Fig. 16.

Conclusion
This research study is proposed to determine the monthly and annual OTA to optimize power output from a 
PV array, considering GHI, DHI, ambient air temperature, and total solar radiation (HT) for multiple locations 
in Pakistan. A MATLAB-based mathematical model has been developed to maximize incident solar radiations, 
determine the OTA, and assess its impact on the power output capacity for 6 cities located in different temperature 

Fig. 16.  Losses in PV system installed at annual OTA.

 

Fig. 15.  Losses in PV system installed at monthly OTA.

 

Description

Monthly OTA Annual OTA

Output % Delta Output % Delta

Annual energy Generation (kWh)

Energy at nameplate capacity 86,463.40 83,300.5

Output energy on irradiation levels 85,944.6 – 0.5% 82,848.4 – 0.5%

Output energy after PV cell temperature losses 80,787.9 – 6.0% 77,904.9 – 6.0%

Output energy after the mismatch loss 77,717.9 – 3.8% 74,674.3 – 4.1%

Optimal output energy (DC) of the system 77,484.7 – 0.3% 74,439.2 – 0.3%

Constrained energy output (DC) of the system 77,484.5 0.0% 74,439.0 0.0%

Output energy (AC) after Inverter losses 76,554.68 – 1.2% 73,545.3 – 1.2%

Total energy supplied into utility grid 76,171.9 – 0.5% 73,177.6 – 0.5%

Table 7.  Energy supplied into the utility grid at monthly and annual OTA.
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zones in Pakistan. The initial case study analyzed monthly radiations in Faisalabad using two isotropic and 
two anisotropic models. During the summer season, all four selected models present similar findings in terms 
of the monthly average daily solar radiations on the tilted surface. During the winter season, the anisotropic 
models (HD and HDKR) performed better than the isotropic models (LJ, Badescu models). After conducting 
a comparative assessment of four models, the HDKR anisotropic model was selected for further investigation.

Utilizing the selected model, an analysis has been conducted for six locations. The measured PV cell 
temperature for the cities of RYK, Multan, Lahore, Faisalabad, Islamabad, and Karachi are 42.343 °C, 41.367 °C, 
40.226 °C, 39.982 °C, 39.284 °C and 39.481 °C respectively. The monthly OTA for Faisalabad city ranges from 7° 
to 54°, for Lahore city it ranges from 7° to 53°, for Multan city it ranges from 6° to 52°, for RYK city it ranges from 
5° to 52°, for Islamabad city it ranges from 10° to 58° and for Karachi it ranges from 1° to 50°. The annual OTA 
has been calculated to be 30.5°, 30.25°, 29.33°, 28.66°, 33.34° and 25.5° respectively. The annual average output 
power generated by the PV array installed at monthly OTA in Karachi, RYK, Multan, Faisalabad, Islamabad, and 
Lahore is 31.01 kW, 29.56 kW, 26.59 KW, 26.19 kW, 26.12 kW, and 25.42 kW respectively. The annual average 
output power at the monthly OTA results in gains of 8.83%, 9.40%, 9.78%, 9.77%, 9.82%, and 9.91% compared 
to the annual OTA. The PV system that has been installed for Faisalabad city with monthly OTA generates an 
annual energy output of 76.17 MWh. The specific energy yield is 1,407.2 kWh/kWp and the PR is 83.3%. At 
annual OTA, the annual energy output is 73.18 MWh, the specific energy yield is 1,401.9 kWh/kWp, whereas 
PR is 81.7%.

This research study introduces an innovative way of predicting the output power of a PV system, which leads 
to a comprehensive and improved forecasting model by incorporating OTA and ambient temperature. Previous 
research studies primarily focused on solar radiation, however, this research identifies temperature as another 
crucial factor that affects PV performance. Although the solar radiation patterns are similar in the two cities, 
Lahore and Multan, inconsistencies in power generation occur due to temperature fluctuations. Future research 
studies have to broaden this research and incorporate economic assessments, particularly regarding the impact 
of OTA on the levelized cost of energy (LCOE). Minimizing LCOE is crucial for improving the economic viability 
of PV systems through the optimization of energy capture and efficiency. Additional research investigating the 
impact of automated tilt adjustment systems on reducing LCOE and optimized operating expenses (OPEX) is 
recommended. Research methodology is further optimized by analyzing the significance and interaction of 
shading, dust deposition, and other environmental variables, which could result in a more accurate evaluation 
of power output and related system costs.

Data availability
Data generated or analysed during this study is provided within the manuscript.
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