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Abstract

This study presents an experimental investigation on the electrical performance, dura-
bility, and sustainability of different types of photovoltaic panels subjected to controlled
climatic conditions and simulated solar radiation. Four photovoltaic technologies were
analyzed, including monocrystalline, polycrystalline, and two semi-flexible panels, to
evaluate their behavior under thermal stress. The experimental methodology consisted of
repeated freeze–thaw cycles conducted in a double climatic chamber, with temperatures
varying between −18 ◦C and +5 ◦C. Each panel was subjected to up to 500 cycles designed
to reproduce repeated freeze–thaw environmental conditions representative of moderate
cold-climate operation. At predefined intervals, the electrical characteristics of the panels
were assessed using a solar radiation simulator based on high-pressure mercury vapor
lamps, ensuring controlled and repeatable irradiation conditions. The results indicate
that all tested panels exhibited relatively stable open-circuit voltage and output current
values throughout the investigated thermal cycling interval, with only minor fluctuations
observed during the experimental measurements. No visible macroscopic structural degra-
dation and no major variations in the monitored electrical parameters were identified
during the investigated testing conditions. Semi-flexible panels demonstrated comparable
behavior to rigid panels, highlighting their potential for applications requiring mechanical
adaptability. From a sustainability perspective, the observed durability and performance
stability contribute to extending the operational lifetime of photovoltaic systems, reducing
maintenance needs and material replacement rates. The findings provide comparative
experimental observations regarding the evolution of selected electrical parameters under
repeated moderate freeze–thaw exposure conditions.

Keywords: photovoltaic panels; sustainability assessment; freeze–thaw cycles; climatic
chamber testing; solar radiation simulator; electrical performance; thermal cycling

1. Introduction
The increasing demand for sustainable energy solutions has led to the rapid expansion

of photovoltaic (PV) technologies worldwide [1]. Photovoltaic systems represent a key
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component of the global transition toward renewable energy due to their scalability and
environmental benefits [2–5]. However, their performance is strongly influenced by envi-
ronmental conditions, particularly temperature variations, which can significantly affect
efficiency [2–4,6–8] and long-term reliability.

Despite the technological advancements in photovoltaic systems [9], their performance
remains highly dependent on external climatic factors such as temperature variations, hu-
midity, and solar radiation intensity. In particular, extreme temperature fluctuations, includ-
ing repeated freeze–thaw cycles, can induce mechanical stress and potential degradation
in photovoltaic materials and electrical connections [10]. These effects may lead to perfor-
mance losses over time, especially in regions characterized by harsh and variable climates. It
is well established that elevated temperatures reduce the electrical efficiency of photovoltaic
panels, while repeated thermal variations may induce mechanical stress and long-term
degradation. Temperature-induced effects include changes in semiconductor properties,
increased resistive losses, and potential structural damage in module components [6,7].

In cold and variable climates, photovoltaic panels are frequently exposed to
freeze–thaw cycles and rapid temperature fluctuations, which may affect both structural
integrity and electrical performance. Such environmental conditions have been identified as
critical factors influencing the reliability of PV modules deployed in harsh climates [11–13].

Although numerous studies have investigated the influence of temperature and so-
lar radiation on the performance of photovoltaic panels, limited research has focused on
the combined effects of repeated thermal cycling and controlled solar radiation under
laboratory conditions [10,14]. Furthermore, the behavior of emerging photovoltaic tech-
nologies, such as semi-flexible panels, under such stress conditions remains insufficiently
documented. This lack of experimental data highlights the need for controlled investiga-
tions that simulate harsh environmental conditions and evaluate the long-term stability of
different photovoltaic technologies.

However, limited experimental studies have comparatively investigated rigid and
semi-flexible silicon photovoltaic panels under repeated moderate freeze–thaw cycling
combined with controlled solar radiation exposure. In particular, the long-term electrical
stability of semi-flexible photovoltaic technologies under realistic cyclic thermal conditions
remains insufficiently documented. Therefore, the present study addresses this research gap
through a comparative experimental assessment focused on electrical stability indicators
during repeated thermal cycling.

In this context, the present study aims to experimentally evaluate the electrical perfor-
mance and durability of multiple photovoltaic panel technologies subjected to controlled
climatic stress and simulated solar radiation. The investigation includes monocrystalline,
polycrystalline, and semi-flexible panels, tested under repeated freeze–thaw cycles in
a double climatic chamber, followed by electrical characterization using a solar radia-
tion simulator.

The main objective of this research is to assess the stability of key electrical parameters,
such as open-circuit voltage and current intensity, and to identify potential performance
variations induced by thermal stress. The results are intended to provide relevant insights
for the design, selection, and implementation of photovoltaic systems in environments
exposed to significant temperature fluctuations.

Although the photovoltaic panels analyzed in this study exhibit moderate efficiency
levels compared to state-of-the-art technologies, they remain representative for small-scale,
experimental, and cost-sensitive applications [15]. The objective of the present research
is not to benchmark high-efficiency performance, but rather to investigate the durability
and stability of different photovoltaic technologies under repeated thermal stress condi-
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tions. This approach provides relevant insights into the behavior of photovoltaic systems
operating in real environmental conditions.

The present investigation was limited to silicon-based photovoltaic technologies due
to their dominant use in current commercial and building-integrated photovoltaic applica-
tions. Future studies may extend the experimental methodology to emerging photovoltaic
technologies such as perovskite, organic, and dye-sensitized solar cells, whose degradation
mechanisms under thermal cycling may differ substantially.

It should be emphasized that the present investigation was not conceived as a stan-
dardized photovoltaic qualification study according to IEC 61215 [16] procedures. Instead,
the adopted methodology was designed as a comparative experimental assessment fo-
cused on the evolution of selected electrical stability indicators under repeated moderate
freeze–thaw exposure conditions representative of practical outdoor operation.

Therefore, the selected thermal interval was intentionally limited to moderate
freeze–thaw environmental conditions rather than the accelerated thermal stress con-
ditions required within IEC 61215 qualification protocols. Consequently, the obtained
results should be interpreted primarily as comparative observations regarding electrical
stability trends under realistic cyclic exposure conditions and not as certification-oriented
photovoltaic qualification data.

The specific objectives of this study are:
(i) To evaluate the evolution of open-circuit voltage and output current during repeated

freeze–thaw cycling;
(ii) To compare the thermal stability of rigid and semi-flexible photovoltaic technologies;
(iii) To assess the implications of repeated thermal cycling on photovoltaic durability

and sustainability.

2. Materials and Methods
2.1. Experimental Setup

The experimental investigation was conducted using a controlled laboratory setup
designed to evaluate the behavior of photovoltaic panels under variable environmental
conditions. The testing methodology involved two main stages: thermal cycling in a
climatic chamber and electrical characterization under simulated solar radiation.

A double climatic chamber (Feutron Klimasimulation GmbH, Langenwetzendorf,
Germany [17]—Figure 1) was used to reproduce controlled temperature and humidity
conditions. The equipment allows the separation of two distinct thermal zones, enabling
precise control of environmental parameters over a wide range. In the present investigation,
one compartment of the double climatic chamber was used as the primary testing zone
containing the photovoltaic panels, while the second compartment contributed to thermal
regulation and stabilization during rapid freeze–thaw transitions. The temperature inside
the chamber can be adjusted between −45 ◦C and +100 ◦C, while the relative humidity can
be regulated within a range of 10% to 95%, depending on the selected operating mode.

Following the climatic testing phase, the photovoltaic panels were evaluated using
a solar radiation simulation system. The simulator was designed to reproduce both the
spectral characteristics of solar radiation relevant for photovoltaic conversion and the
associated thermal effects. This combined approach ensured realistic testing conditions
and allowed for accurate assessment of the electrical performance of the panels.

The experimental setup was designed to ensure repeatability, controlled testing condi-
tions, and accurate measurement of the electrical parameters, providing a reliable basis for
comparative analysis between different photovoltaic technologies [11,18].
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Figure 1. Double climatic chamber used for controlled freeze–thaw cycling of photovoltaic panels [19].

2.2. Photovoltaic Panels Description

Four photovoltaic panels with different technologies and characteristics were selected
for the experimental investigation in order to enable a comparative analysis of their electri-
cal performance under thermal stress conditions [13,14,18]. The analyzed panels included
one monocrystalline panel, one polycrystalline panel, and two semi-flexible monocrys-
talline panels.

The selection of these panels was based on their different structural configurations
and electrical characteristics, allowing the evaluation of both rigid and flexible photovoltaic
technologies. Prior to testing, all panels were characterized according to their nominal
electrical parameters provided by the manufacturer, including maximum power (Pmp),
voltage at maximum power point (Vmp), current at maximum power point (Imp), open-
circuit voltage (Voc), and short-circuit current (Isc).

The monocrystalline panel had a nominal power of 24.8 Wp, while the polycrystalline
panel was rated at 20 Wp. The semi-flexible panels exhibited higher nominal power,
reaching 50 Wp, and were characterized by reduced thickness and increased mechanical
adaptability. All panels were of comparable surface dimensions, ensuring consistency
in testing conditions. The two semi-flexible photovoltaic panels had identical nominal
characteristics and were included as replicated specimens in order to verify the repeatability
and consistency of the experimental results obtained for flexible photovoltaic technology.

The present study was conceived as an exploratory comparative investigation focused
on identifying general electrical stability trends under repeated thermal cycling conditions.
Although a larger statistical sample population would improve the robustness of the
analysis and reduce the influence of manufacturing variability, the experimental campaign
was limited by equipment availability and the extended duration required for the climatic
testing procedure.

A summary of the main electrical and geometrical characteristics of the analyzed
photovoltaic panels is presented in Tables 1–3. These parameters served as a reference
for evaluating the variations in electrical performance observed during and after the
experimental testing procedures.

It should be noted that the electrical parameters presented in Tables 1–3 correspond
to nominal manufacturer specifications, while the experimental values reported in the
Results Section were obtained under the custom solar radiation simulator used in this
study. Because the illumination source does not reproduce the standardized AM1.5G
spectrum and the measurements were performed under simplified flash-testing condi-
tions, differences between nominal and experimentally measured values are expected.
Consequently, the present investigation focuses primarily on the relative stability and vari-
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ation in electrical parameters during thermal cycling rather than on absolute photovoltaic
performance benchmarking.

Table 1. Characteristics of the monocrystalline photovoltaic panel.

Monocrystalline Photovoltaic Panel Specifications

 

Maximum Power (Pmp): 24.8 Wp

Voltage at Maximum Power (Vmp): 8 V

Current at Maximum Power (Imp): 3.1 A

Open-Circuit Voltage (Voc): 21.87 V

Short-Circuit Current (Isc): 3.7 A

Dimensions (L × l × g):
500 mm × 350 mm × 15 mm

Table 2. Characteristics of the polycrystalline photovoltaic panel.

Polycrystalline Photovoltaic Panel Specifications

 

Maximum Power (Pmp): 20 Wp

Voltage at Maximum Power (Vmp): 17.5 V

Current at Maximum Power (Imp): 1.15 A

Open-Circuit Voltage (Voc): 21 V

Short-Circuit Current (Isc): 1.36 A

Dimensions (L × l × g):
500 mm × 350 mm × 15 mm

Table 3. Characteristics of the semi-flexible monocrystalline photovoltaic panel.

Semi-Flexible Monocrystalline
Photovoltaic Panel Specifications

 

Maximum Power (Pmp): 50 Wp

Voltage at Maximum Power (Vmp): 17.6 V

Current at Maximum Power (Imp): 2.84 A

Open-Circuit Voltage (Voc): 22 V

Short-Circuit Current (Isc): 3.38 A

Dimensions (L × l × g):
560 mm × 530 mm × 3 mm
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2.3. Climatic Chamber Testing Procedure

The climatic testing procedure was designed to evaluate the behavior of photovoltaic
panels under repeated thermal stress conditions, simulating real environmental exposure
in cold climates. The panels were subjected to controlled freeze–thaw cycles inside a double
climatic chamber.

Each testing cycle consisted of a temperature variation from −18 ◦C to +5 ◦C and back
to −18 ◦C, with a total duration of one hour per cycle. The temperature transitions between
these limits were programmed to occur rapidly, in order to replicate abrupt environmental
changes and induce thermal stress within the panel structure.

A total of 500 freeze–thaw cycles were applied to each photovoltaic panel, divided into
five testing stages of 100 cycles each. After every 100 cycles, the panels were removed from
the climatic chamber and subjected to electrical performance evaluation under simulated
solar radiation.

The panels were positioned inside the chamber in a fixed configuration to ensure
uniform exposure to thermal conditions (Figure 2). During the testing process, no me-
chanical constraints were applied that could influence the natural thermal expansion or
contraction of the materials. The climatic chamber operates using forced-air circulation,
ensuring thermal homogenization and minimizing temperature differences between panels
positioned at different heights.

 

Figure 2. Configuration of the four photovoltaic panels in the climatic chamber.

The purpose of this testing procedure was to identify potential degradation effects,
including structural damage or variations in electrical performance, induced by repeated
temperature fluctuations. This approach allowed for a systematic assessment of the durabil-
ity and stability of different photovoltaic technologies under controlled but realistic climatic
stress conditions [20].

The selected temperature range was specifically chosen to simulate repeated freeze–
thaw transitions frequently encountered in moderate continental climates, where photo-
voltaic systems are exposed to cyclic temperature variations around the freezing point. Un-
like standardized IEC qualification tests intended for accelerated certification procedures,
the present investigation focuses on comparative durability assessment under realistic
environmental exposure conditions representative of practical outdoor operation.

In particular, the present study does not aim to reproduce the complete IEC 61215 ther-
mal cycling protocol, which involves significantly broader temperature intervals (typically
between −40 ◦C and +85 ◦C) and qualification-oriented degradation assessment criteria.
The selected temperature interval was intentionally limited to moderate freeze–thaw condi-
tions frequently encountered in continental outdoor environments in order to investigate
comparative electrical stability trends under realistic cyclic exposure conditions.
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The selected temperature range does not aim to replicate standardized photovoltaic
qualification tests, such as those defined by IEC 61215, but rather to simulate realistic
freeze–thaw conditions encountered in moderate cold climates. This approach allows the
investigation of panel behavior under environmental conditions frequently observed in
real-world applications.

2.4. Solar Radiation Simulation and Electrical Measurements

Following the climatic chamber testing, the photovoltaic panels were subjected to
electrical characterization using a solar radiation simulation system [21]. The purpose of
this stage was to evaluate the electrical response of the panels under controlled irradiation
conditions, replicating the effects of natural solar exposure.

The solar simulator was based on 6 high-pressure mercury vapor lamps of 300 W
each (OSRAM Ultra-Vitalux, OSRAM GmbH, Munich, Germany [22]—Table 4), capable of
emitting radiation in both the visible and ultraviolet spectra. This configuration allowed
not only the simulation of the photovoltaic conversion spectrum but also the reproduction
of the associated thermal effects caused by solar radiation.

Table 4. Technical specifications of the OSRAM Ultra-Vitalux lamp.

Power = 300 W;
Socket type = E27;
Operating lifetime = 1000 h;
Emission spectrum = UVA + UVB;
Diameter = 127 mm;
Length = 185 mm.

The simulator consisted of six lamps arranged symmetrically in a structured con-
figuration to ensure a uniform radiation distribution over the testing surface (Figure 3).
In this figure, the blue color is used for the measured values of radiation, the black for
numbering the points of measurements and red for isolines of radiation. Experimental
observations indicated that a minimum distance of 15 cm between the radiation source
and the photovoltaic panel was required to achieve acceptable uniformity of the incident
flux. In the present study, a constant distance of 20 cm was adopted for all measurements
to ensure consistency and repeatability.

It should be noted that the spectral distribution of the radiation source differs from
the standard AM1.5G solar spectrum commonly used in photovoltaic testing. Therefore,
the measurements obtained in this study are intended for comparative analysis between
panels under consistent conditions rather than for absolute performance evaluation.

Electrical measurements were performed after each set of 100 freeze–thaw cycles. The
measurements were not performed separately at the extreme temperatures of −18 ◦C and
+5 ◦C during the thermal cycling process. Instead, the objective of the present study was to
evaluate the cumulative effect of repeated freeze–thaw exposure on the overall electrical
stability of the photovoltaic panels. Therefore, the reported results reflect comparative
stability after thermal cycling rather than instantaneous temperature-dependent electrical
behavior. The panels were tested individually, and the main parameters recorded were
the open-circuit voltage (Voc) and the output current (I). All photovoltaic panels were
tested individually under identical positioning and illumination conditions in order to
ensure comparable irradiation exposure. The measurements were conducted under rapid
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illumination conditions (flash testing), allowing the capture of the instantaneous electrical
response of the photovoltaic panels.

 
Figure 3. Schematic representation of the solar radiation simulator, lamp arrangement, and irradiation
distribution used for photovoltaic testing [19].

Because the experimental setup was based on simplified flash-testing conditions and
a custom solar radiation simulator, the investigation was limited to the evaluation of open-
circuit voltage and output current stability. Full current–voltage (IV) curve acquisition,
maximum power point tracking, fill factor determination, and precise power conversion
efficiency measurements were beyond the scope of the present experimental configuration.

The authors acknowledge that maximum power output (Pmax) represents one of the
principal indicators used in standardized photovoltaic qualification procedures for evaluat-
ing degradation behavior. However, due to the limitations of the available experimental
setup and the simplified flash-testing methodology adopted in the present investigation,
the analysis was intentionally restricted to comparative monitoring of open-circuit voltage
and output current stability.

Consequently, the present investigation does not provide a complete photovoltaic per-
formance characterization according to standardized module qualification methodologies,
where maximum power degradation represents the primary acceptance criterion. Instead,
the study focuses on comparative monitoring of open-circuit voltage and output current
stability as simplified indicators of electrical behavior during repeated thermal cycling.

Special attention was given to maintaining consistent testing conditions, including
panel positioning, angle of incidence, and environmental factors, in order to minimize
experimental errors. This methodology ensured reliable and comparable results for all
tested photovoltaic technologies (Figure 4).

The lower measured electrical values observed for certain panels compared to nominal
manufacturer specifications are primarily related to the non-standard irradiation spectrum,
simplified flash-testing conditions, and the custom configuration of the solar radiation
simulator used in this study. Consequently, the experimental results are intended primarily
for comparative stability assessment under consistent laboratory conditions rather than for
standardized photovoltaic performance certification.
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(a) 

  

(b)

  

(c) 

  

Figure 4. (a) Solar radiation simulator; (b) photovoltaic panel positioning during flash testing;
(c) electrical measurement configuration.

3. Results
The results presented in this section focus on the evolution of open-circuit voltage

and output current as primary indicators of electrical stability during repeated thermal
cycling. Although additional photovoltaic parameters such as fill factor (FF), maximum
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power output (Pmax), and complete IV curve characterization would provide a more com-
prehensive assessment of degradation phenomena, these measurements were not available
within the limitations of the present experimental setup. Consequently, the investiga-
tion emphasizes comparative electrical stability trends rather than absolute photovoltaic
performance evaluation.

The experimental investigation aimed to evaluate the electrical behavior of four pho-
tovoltaic panels subjected to repeated freeze–thaw cycles and controlled solar radiation
simulation. Measurements were performed after each set of 100 thermal cycles, up to
a total of 500 cycles. The analysis focuses on the evolution of open-circuit voltage and
output current, as simplified comparative indicators of electrical stability during repeated
thermal cycling.

Following the completion of the 500 freeze–thaw cycles, all photovoltaic panels were
subjected to visual inspection in order to identify possible macroscopic defects such as de-
lamination, discoloration, surface cracking, or connector degradation. No visible structural
damage was observed for any of the tested panels. However, microscopic characterization
methods capable of detecting internal microcracks or localized material degradation were
not available within the scope of the present study.

3.1. Electrical Performance After Thermal Cycling

Table 5 presents the electrical parameters of the photovoltaic panels measured at
each testing stage, including the initial state and subsequent measurements after every
100 freeze–thaw cycles.

Table 5. Electrical measurements of photovoltaic panels after successive freeze–thaw cycles.

Photovoltaic Panel Type Test Number Open-Circuit
Voltage (VOC) [V]

Output Current
(I) [A]

Polycrystalline photovoltaic panel

0 (initial state) 9.73 2.98

1 9.68 2.94

2 9.77 2.93

3 9.74 2.97

4 9.69 3.01

5 9.70 2.96

Monocrystalline photovoltaic panel

0 (initial state) 22.1 1.43

1 22.4 1.40

2 22.4 1,44

3 22.2 1.40

4 21.8 1.45

5 22.3 1.41

Semi-flexible photovoltaic panel 1

0 (initial state) 20.84 2.84

1 20.80 2.83

2 20.79 2.84

3 20.83 2.86

4 20.82 2.85

5 20.85 2.82
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Table 5. Cont.

Photovoltaic Panel Type Test Number Open-Circuit
Voltage (VOC) [V]

Output Current
(I) [A]

Semi-flexible photovoltaic panel 2

0 (initial state) 20.77 2.79

1 20.78 2.81

2 20.75 2.78

3 20.74 2.77

4 20.80 2.80

5 20.78 2.83

All panels maintained electrical characteristics close to their initial values throughout
the testing process [10]. Only limited variations in voltage and current were observed,
indicating limited variations in the monitored electrical parameters during the investigated
thermal cycling interval.

3.2. Evolution of Open-Circuit Voltage

Figure 5 shows the evolution of the open-circuit voltage as a function of the number
of thermal cycles.

Figure 5. Evolution of open-circuit voltage for the analyzed photovoltaic panels as a function of
testing stages.

All photovoltaic panels exhibit consistent voltage behavior, with only minor variations
across the testing stages. The monocrystalline panel maintains the highest voltage values,
while the polycrystalline panel shows slightly lower but stable values.

The semi-flexible panels display nearly constant voltage levels, confirming that
their structural flexibility does not affect electrical stability under repeated freeze–
thaw conditions.

3.3. Evolution of Output Current

Figure 6 illustrates the variation in the output current during the testing process.
The minor fluctuations observed in current measurements are attributed mainly to nor-

mal experimental variability associated with flash-testing conditions and small irradiation
nonuniformities rather than to actual degradation effects.

The current remains stable for all tested panels, with only small fluctuations between
successive measurements. The polycrystalline panel maintains values close to 3 A, while
the monocrystalline panel remains around 1.4 A.
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Figure 6. Evolution of output current for the analyzed photovoltaic panels during thermal cycling.

The semi-flexible panels exhibit a consistent current response, comparable to that of
rigid panels. This behavior confirms that reduced thickness and flexibility do not negatively
influence electrical performance.

3.4. Statistical Analysis of Electrical Parameters

Table 6 summarizes the statistical analysis of the measured electrical parameters,
including mean values, standard deviations, and average percentage variations.

Table 6. Statistical analysis of electrical parameters (mean values, standard deviation, and percent-
age variation).

Panel Type Mean VOC
[V]

VOC Standard
Deviation [V]

VOC Mean
Variation [%] Mean I [A] I Standard

Deviation [A]
I Mean

Variation [%]

Polycrystalline 9.718 0.031 −0.12 2.965 0.026 −0.50

Monocrystalline 22.200 0.208 +0.45 1.422 0.020 −0.58

Semi-flexible 1 20.822 0.021 −0.09 2.840 0.013 0.00

Semi-flexible 2 20.770 0.020 0.00 2.797 0.020 +0.24

The results confirm the high stability of all photovoltaic panels. The standard devia-
tions for both voltage and current are very low, indicating consistent electrical behavior
throughout the testing stages.

The average percentage variations remain below 1% for all parameters, demonstrating
that repeated freeze–thaw cycles did not significantly affect the electrical performance of
the panels [23–25].

4. Discussion
4.1. Influence of Thermal Cycling on Electrical Stability

The experimental results demonstrate that repeated freeze–thaw cycles between
−18 ◦C and +5 ◦C did not significantly affect the electrical performance of the analyzed
photovoltaic panels. Both the open-circuit voltage and output current remained stable
throughout the 500 thermal cycles [10,13,14], as shown in Figures 5 and 6.

This behavior indicates a high level of structural integrity of the photovoltaic cells
and their internal electrical connections. The absence of major variations in the monitored
electrical parameters suggests that no severe electrical instability was detected within the
limitations of the present experimental methodology. The observed electrical stability may
also indicate that moderate freeze–thaw exposure primarily induces reversible thermo-
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mechanical effects rather than permanent electrical degradation mechanisms within the
investigated cycling interval.

Thermal cycling typically induces mechanical stress due to differences in thermal
expansion coefficients between materials. However, the minimal variations observed in the
measured parameters suggest that no critical damage, such as microcracks or delamina-
tion [26], occurred during the testing process [18,27].

From a sustainability perspective, the observed stability of the monitored electrical
indicators may suggest favorable behavior under moderate cyclic thermal exposure con-
ditions; however, no direct conclusions regarding long-term module lifetime, complete
durability, or qualification-level reliability can be established without complete IV curve
characterization and maximum power analysis.

The temperature interval selected in the present study was intended to reproduce
repeated freeze–thaw transitions representative of moderate continental climatic condi-
tions, particularly environments where photovoltaic systems frequently operate near the
freezing point during winter periods. The objective was not to replicate IEC accelerated
qualification protocols, but rather to evaluate comparative electrical stability under realistic
cyclic thermal exposure conditions.

More extreme temperatures, such as −40 ◦C, may generate additional thermome-
chanical stress and potentially accelerate degradation mechanisms, including microcrack
formation, encapsulant degradation, and interconnection fatigue. These aspects will be
investigated in future studies.

A detailed comparison of photovoltaic behavior at the individual temperature limits
of −18 ◦C and +5 ◦C could provide additional insight into the temperature dependence
of electrical parameters such as voltage and current. Such investigations require real-time
electrical characterization directly during thermal exposure and represent an important
direction for future research.

4.2. Comparison Between Photovoltaic Technologies

A comparative analysis of the tested photovoltaic technologies highlights slight differ-
ences in electrical behavior, while confirming overall stability for all panel types.

The monocrystalline panel exhibited the highest open-circuit voltage values, consistent
with its higher efficiency and material quality [15]. The polycrystalline panel showed lower
voltage values but maintained a similarly stable trend, demonstrating reliable performance
under thermal stress conditions.

The differences between the two technologies are mainly related to their intrinsic
material structure [2,10]. Monocrystalline panels generally offer higher efficiency, while
polycrystalline panels provide a more cost-effective solution with slightly lower perfor-
mance but comparable stability.

In the context of sustainability, these results suggest that both technologies can offer
long-term reliability, allowing system designers to balance efficiency, cost, and environmen-
tal impact. While monocrystalline panels maximize energy yield, polycrystalline panels
may represent a viable option for cost-effective and sustainable large-scale deployments.

4.3. Behavior of Semi-Flexible Photovoltaic Panels

One of the most relevant findings of this study is the behavior of semi-flexible photo-
voltaic panels under repeated thermal cycling.

The semi-flexible panels analyzed in this study had a thickness of approximately 3 mm,
compared to 15 mm for the rigid photovoltaic panels, highlighting the significant structural
differences between the analyzed technologies.
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Despite their reduced thickness and increased mechanical flexibility, the semi-flexible
panels demonstrated electrical stability comparable to that of conventional rigid panels.
This behavior may be associated with the polymer-based flexible substrate and the reduced
structural rigidity of the panels, which can partially accommodate thermomechanical stress
generated during repeated temperature cycling. In addition, the moderate thermal interval
used in the present study may have limited the development of severe mechanical defects
such as microcracks or interconnection fatigue. The variations in both voltage and current
remained minimal, as shown in Figures 5 and 6.

This result is particularly significant, as flexible photovoltaic technologies are generally
considered more vulnerable to mechanical and thermal stress [14,27]. The limited variations
observed in the monitored electrical parameters suggest that the investigated semi-flexible
panels maintained comparable electrical behavior to rigid panels within the investigated
moderate thermal cycling interval. This result further suggests that modern semi-flexible
photovoltaic technologies may achieve durability levels comparable to conventional rigid
silicon modules when exposed to moderate cyclic thermal stress conditions [11,28].

These findings support the use of semi-flexible panels in applications where mechani-
cal adaptability is required, such as installation on curved surfaces or mobile systems.

From a sustainability standpoint, the ability to integrate semi-flexible panels into
non-standard or previously unsuitable surfaces expands the usable area for photovoltaic
deployment, contributing to increased renewable energy generation without additional
land use. This aspect is particularly relevant for building-integrated and resource-efficient
energy solutions.

4.4. Practical Implications for Photovoltaic Applications

The results obtained in this study have direct implications for the design and im-
plementation of photovoltaic systems in regions characterized by significant tempera-
ture variations.

The demonstrated stability of all tested panels under repeated freeze–thaw cycles
confirms their suitability for use in cold climates and environments with dynamic thermal
conditions. This is particularly relevant for applications in mountainous regions or areas
with harsh winters.

Furthermore, the comparable performance of semi-flexible panels expands the
range of possible applications, enabling the integration of photovoltaic systems in non-
conventional configurations.

The experimental methodology used in this study, combining climatic chamber testing
with solar radiation simulation, also proves to be an effective approach for evaluating the
long-term reliability of photovoltaic technologies under controlled conditions.

In addition, these findings support sustainability-oriented design strategies by en-
abling more accurate prediction of long-term performance and durability. This contributes
to optimizing system sizing, reducing overdesign, and minimizing lifecycle costs and
environmental impact.

A limitation of the present study is the absence of full IV curve characterization,
maximum power point tracking, and fill factor evaluation, which could provide a more
comprehensive assessment of internal photovoltaic degradation mechanisms induced by
thermal cycling. In the present work, the analysis was intentionally limited to the stability
of open-circuit voltage and output current under consistent comparative testing conditions.

Additionally, the solar radiation simulator used does not fully reproduce the standard-
ized AM1.5G spectrum, and microscopic imaging techniques for detecting internal defects
such as microcracks were not available. Another limitation of the present investigation is
the relatively small number of tested photovoltaic specimens for each technology. Conse-
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quently, the results should be interpreted primarily as indicative comparative trends rather
than statistically generalized performance laws.

Future investigations will address these aspects through calibrated solar simulations,
complete IV characterization, microscopic structural analysis, and larger sample popula-
tions in order to improve statistical significance and evaluate the influence of manufacturing
variability on long-term thermal degradation behavior.

The authors acknowledge that the evaluation of maximum power output (Pmax), fill
factor, and complete IV curve evolution would provide a more comprehensive assessment
of photovoltaic degradation mechanisms during thermal cycling. Such measurements
are commonly required within standardized qualification frameworks such as IEC 61215.
However, the objective of the present study was intentionally limited to a comparative
exploratory investigation of electrical stability trends under repeated moderate freeze–thaw
exposure conditions using the available experimental infrastructure.

Therefore, the reported results should not be interpreted as evidence of full compliance
with standardized photovoltaic qualification requirements, but rather as comparative
experimental observations regarding the stability of selected electrical parameters under
the investigated testing conditions.

5. Conclusions
This study presented an experimental investigation of the electrical performance,

durability, and sustainability of four photovoltaic panels subjected to repeated freeze–thaw
cycles and controlled solar radiation simulation.

The experimental results indicated relatively limited variations in the monitored
electrical parameters during the investigated thermal cycling procedure. Variations in
open-circuit voltage and output current were minimal and remained within a very nar-
row range, even after 500 thermal cycles, within the investigated moderate freeze–thaw
exposure interval.

The monocrystalline panel exhibited the highest voltage values, consistent with its
superior efficiency, while the polycrystalline panel showed slightly lower values but com-
parable stability. The semi-flexible photovoltaic panels demonstrated electrical behavior
like that of conventional rigid panels, confirming that their structural flexibility does not
negatively affect performance under repeated temperature variations.

A key outcome of this study is the absence of significant degradation in electrical
parameters and the lack of visible macroscopic defects after thermal cycling, suggesting a
high level of structural integrity of the tested photovoltaic panels under the investigated
conditions. These observations provide comparative experimental information regarding
the evolution of selected electrical indicators under repeated moderate thermal cycling
conditions. From a sustainability perspective, this durability contributes to extending
the operational lifetime of photovoltaic systems, reducing maintenance requirements and
limiting material replacement, thereby supporting more resource-efficient energy systems.

From a practical standpoint, the monitored electrical behavior suggests that the inves-
tigated photovoltaic technologies maintained comparable responses during the selected
experimental procedure. Semi-flexible panels represent a viable solution for applications
requiring adaptability to non-standard surfaces without compromising electrical perfor-
mance, further supporting sustainable design flexibility in photovoltaic integration.

Furthermore, the experimental approach combining climatic chamber testing with
solar radiation simulation proved to be an effective and reliable method for assessing dura-
bility and performance under controlled yet realistic conditions, contributing to improved
sustainability-oriented evaluation methodologies.
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It is important to note that the results of this study are primarily intended for compar-
ative analysis under controlled experimental conditions, rather than for absolute perfor-
mance benchmarking according to standardized photovoltaic testing protocols.

The present investigation should therefore be interpreted primarily as a comparative
experimental durability study focused on electrical stability indicators under repeated
freeze–thaw exposure conditions.

Because of the limited number of tested specimens, the reported results should be
interpreted as exploratory comparative findings intended to identify general durability
trends rather than statistically representative degradation behavior for the analyzed photo-
voltaic technologies.

The selected thermal cycling interval specifically targeted realistic freeze–thaw ex-
posure conditions rather than standardized accelerated qualification testing, allowing
the investigation of photovoltaic stability under representative environmental operat-
ing scenarios.

The authors recognize that standardized photovoltaic qualification procedures, such as
IEC 61215, require broader thermal intervals and degradation assessment based primarily
on maximum power evolution obtained from complete IV curve characterization. Conse-
quently, the findings of the present study should not be interpreted as certification-oriented
validation results, but rather as exploratory comparative observations obtained under
moderate freeze–thaw cycling conditions.

Future work will focus on extending the experimental methodology toward qualification-
oriented testing procedures based on IEC 61215 recommendations, including broader
temperature intervals, calibrated AM1.5G solar simulation, complete IV characterization,
maximum power degradation analysis, and microscopic structural evaluation of thermo-
mechanical defects.

Future research should focus on extending the number of thermal cycles, analyzing
long-term degradation mechanisms, and investigating the combined effects of additional
environmental factors such as humidity, mechanical stress, and prolonged UV exposure, to
further enhance the sustainability and resilience of photovoltaic systems.
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Abstract

This paper presents an analysis of the feasibility and sustainability of using local photo-
voltaic systems, ON-GRID central photovoltaic systems, and HYBRID systems for street
lighting. By generating electricity from renewable sources (photovoltaic panels), solar en-
ergy contributes to environmental protection by avoiding the use of fossil fuels and nuclear
fission energy, while also aligning with the European Union’s Energy Strategy commit-
ments for the medium term (until 2030) and long term (toward 2050). The implementation
of local/central photovoltaic systems for street lighting largely depends on the existing
power supply infrastructure, the solar potential of the site, and a clear understanding of
potential electricity and cost savings. This study compares local and central photovoltaic
systems for street lighting to analyze their technical performance and economic feasibility.
The main sustainable objective that this work aims to achieve is Sustainable Development
Goal 7. The optimal solution for photovoltaic systems in street lighting was determined
through this analysis. The estimated cost for implementing an ON-GRID photovoltaic
power plant with a capacity of 153.90 kWp is approximately EUR 773,977.22, with a dis-
counted Payback Time of about 9.33 years. The implementation of this solution results in
an annual reduction in greenhouse gas emissions by approximately 58.52 tons of CO2.

Keywords: photovoltaic systems; public lighting; economic viability; economic efficiency;
sustainable development

1. Introduction
In recent decades, air pollution has become the greatest environmental health threat

and a major cause of diseases [1]. Clean energy and energy efficiency are key components
of the European Union’s Sustainable Energy Strategy for the medium term (until 2030) and
long term (toward 2050) in order to reduce energy consumption and air pollutants [2,3].
Renewable energy sources have experienced continuous growth and have proven to be
a suitable solution for humanity [4]. The world’s smart cities frequently use energy from
renewable sources [4,5]. The smart grid concept is also an integral part of a smart city.
Smart grids are capable of integrating distributed energy sources [4]. Also, sustainable
development in the energy sector represents an important mission in terms of energy
efficiency and low GHG emissions [1,3,6].
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Romania has various renewable energy resources, including biomass, hydropower,
geothermal potential, wind energy, solar energy, and photovoltaics [7]. These resources
are distributed throughout the country [8] and can be further exploited as technology
advances and becomes more cost-effective. In 2024, the electricity production structure was
as follows: 32.16% hydro, 19.16% nuclear, 15.43% wind, 15.11% natural gas, 13.45% coal,
3.01% photovoltaic, 0.83% biomass, and 0.01% fuel oil [9], while the average CO2 emissions
from electricity production were close to the European level, around 172 g CO2/kWh [9].
The installed capacity of photovoltaic power plants in Romania is approximately
2000 MWp [7].

In the context of the need to implement energy efficiency measures in all areas with
real energy-saving potential, public lighting becomes an important element of the energy
efficiency process [10]. The lighting sources used for public lighting have become increas-
ingly efficient and necessary in order to achieve sustainable systems [11,12]. Nowadays,
the recommendation is to fully use public lighting based on LED sources [13,14].

The main sustainable objective that this work aims to achieve is Sustainable Develop-
ment Goal 7 (SDG 7)—ensure access to affordable, reliable, sustainable, and modern energy
for all [15]. A growing number of scientific studies have investigated how PV-powered
LED public lighting systems contribute to this objective [16–20], especially in reducing
urban energy demand and enhancing access in off-grid areas [21].

The types of electricity supply for public lighting have evolved over time, from the
electrical grid to those completely autonomous [22]. Also, a multitude of energy sources are
used, such as conventional or renewable ones. Among the renewable energy sources used to
power public lighting systems, both centralized and local, can be mentioned: photovoltaic
systems [23], wind power plants [24], micro-hydropower plants [25], or biomass [13].

Contemporary solar street lighting systems combine high-efficiency photovoltaic pan-
els with advanced lithium battery storage [26], smart LED lighting assemblies [27,28], and
sophisticated control systems that optimize energy consumption based on environmental
conditions and usage patterns [29]. These systems have proven especially beneficial in
remote areas, humanitarian settings, and regions with unreliable grid electricity, offering
autonomous lighting solutions that improve safety, security, and quality of life. Recent
technological advancements have led to the development of more efficient and durable
photovoltaic panels, high-performance LED lighting with intelligent controls [30], and
sophisticated battery storage systems [26] that offer enhanced safety and longevity. Due
to the degradation models [31,32] of the batteries by high operating temperatures, their
capacity fades after 10 years of operation, and they need to be replaced.

Considering the versatility of photovoltaic systems, which can be integrated both as
local [33,34] and central sources of electricity supply [30,35], these are the most widespread
alternative solutions to power public lighting. Over the past decade, the photovoltaic public
lighting sector has seen significant growth due to a rising awareness of sustainability [36],
energy efficiency, and the necessity for resilient infrastructure in both developed and
developing regions. Solar-powered street lighting exemplifies the integration of various
technological fields, including photovoltaic engineering, LED lighting technology, energy
storage systems [26], and intelligent control mechanisms [37].

Strong evidence supports the expanded implementation of photovoltaic public lighting
systems as key to sustainable infrastructure development, the renewable energy transition,
and climate change mitigation. With appropriate planning, community involvement,
and technical design, these systems offer reliable, cost-effective, and environmentally
responsible lighting solutions for a wide range of applications and locations [38].

The environmental benefits of solar street lighting are significant, including substantial
reductions in carbon emissions, resource conservation, and ecosystem protection, often
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justifying the implementation costs even when direct economic returns are minimal. Eco-
nomic analyses show that solar solutions are becoming more cost-effective, especially in
areas with high electricity prices and abundant solar resources [39].

Challenges remain, particularly regarding upfront capital costs, technical capacity
building, and regulatory frameworks. However, innovative financing solutions, stan-
dardization efforts, and supportive policy development are effectively mitigating these
barriers [38]. The literature presents studies on the use of electricity generated by pho-
tovoltaic systems, covering both autonomous solutions [33] and ON-GRID or HYBRID
variants [35]. Most studies focus on each solution separately, and very few of them present
technical–economic and comparative environmental impact components [39].

The most important thing is that a technical–economic analysis is not universally valid,
because some costs are strongly dependent on the local context and particularities: the price
of electricity and the price of assembly labor [39]. Moreover, in the literature consulted,
details are not available regarding how various costs are taken into account.

In the present study, we explored the economic and environmental impact of using au-
tonomous, ON-GRID, and HYBRID photovoltaic systems for public lighting to determine
the optimal energy supply solution for implementation. The optimal use of photovoltaic
systems was determined by comparing the three photovoltaic systems in terms of techni-
cal feasibility, compliance with road and pedestrian lighting requirements (regulated by
NP 062-2002 [40], SR-EN 13201-2015 [41], and SR-EN 13201-2016 [42–45]), photovoltaic
system performance, economic viability, economic efficiency, and environmental protection.
This study was conducted numerically using Dialux Evo, and the results were processed
analytically. The results are concluded in compliance with lighting requirements M4, M5,
and M6 [41–46].

2. Materials and Methods
This study analyzes the use of local/central photovoltaic systems (Figure 1) for street

lighting for a total of 726 lighting fixtures across three types of roads: 7200 m of national
road, 2300 m of communal road, and 25,000 m of local roads. The analysis focuses on a
functional public lighting system installed near roadways and pedestrian paths, utilizing
LED lighting fixtures.

  

Figure 1. Three-dimensional analysis—aesthetic design for street lighting fixture, monocrystalline
photovoltaic panels, battery box, and charge regulator mounted on the existing electric line poles.
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2.1. Public Lighting
2.1.1. Technical Standards

For the design of the public lighting system, the following standards are currently
used as the basis: SR EN 13201-1 [41]; SR EN 13201-2 [42]; SR EN 13201-3 [43]; SR EN
13201-4 [44]; and SR EN 13201-5 [45].

2.1.2. The Components of the Public Lighting System

The main components of the public lighting system are public lighting poles, electrical
lines for powering the public lighting fixtures, lighting system ignition points, distribution
boxes, lighting fixtures, motion detection sensors, modern communication networks for
public lighting systems, and the remote management platform associated with a public
lighting system [46].

2.1.3. Analysis of the Existing Situation

In preparing the analysis, the existing infrastructure of the electricity supply system
was identified, along with the solar potential of the site, a clear understanding of the
potential electricity savings and costs to be achieved through the implementation of photo-
voltaic systems for powering street lighting, as well as the quantitative determination of
the reduction in greenhouse gas emissions resulting from this implementation.

The lighting fixtures will be mounted on the electrical poles of the 0.40 kV distribution
line at a height of 8 to 10 m using brackets made from galvanized steel flat bars and
notch clamps [27,47].

As a result of the energy balance of the analyzed lighting system with an installed
power of 45.76 kW, Table 1, and an energy consumption of 177.44 MWh/year, Table 2, the
consumption is based on the installed power of the lighting system and the schedule for
switching on and off public lighting with monthly adjustment, as presented in Table 3.

Table 1. Installed power of lighting fixtures.

Road Class Power of the Lighting
Fixture [W] Number of Lighting Fixtures Installed Power

[kW]

Technical class II (national road—M4) 100 180 18.00

Technical class IV (communal road—M5) 60 46 2.76

Technical class IV
(local road—M6) 50 500 25.00

TOTAL 45.76

Table 2. Estimation of the energy consumption of the analyzed public lighting system.

Estimation of the Energy Consumption of the Analyzed Public Lighting System.

Month Operating Hours Installed Power
[kW] Monthly Energy Consumption [kWh]

January 432.45 45.76 19,788.91

February 346.36 45.76 15,849.43

March 343.17 45.76 15,703.46

April 279.00 45.76 12,767.04

May 268.15 45.76 12,270.54

June 219.00 45.76 10,021.44

July 244.28 45.76 11,178.25



Sustainability 2025, 17, 7179 5 of 35

Table 2. Cont.

Estimation of the Energy Consumption of the Analyzed Public Lighting System.

Month Operating Hours Installed Power
[kW] Monthly Energy Consumption [kWh]

August 279.00 45.76 12,767.04

September 321.00 45.76 14,688.96

October 358.67 45.76 16,412.74

November 397.50 45.76 18,189.60

December 389.05 45.76 17,802.93

Table 3. Schedule for switching on and off public lighting, with monthly adjustment [48].

Schedule for Switching On and Off Public Lighting, with Monthly Adjustment (Considering the Average Values)

No. Crt. Month Period
Zone 1

Switch-On Time Switch-Off Time

0 1 2 3 4

1 January 1–31 17:22 7:17

2 February 1–28 18:00 6:37

3 March 1–31 18:40 5:47

4 April 1–30 19:17 4:47

5 May 1–31 19:52 4:17

6 June 1–30 20:22 3:52

7 July 1–31 20:12 4:00

8 August 1–31 19:37 4:37

9 September 1–30 18:52 5:22

10 October 1–31 18:00 5:57

11 November 1–30 17:10 6:35

12 December 1–31 18:52 7:07

This energy consumption estimate was made to facilitate the calculation of greenhouse
gas (GHG) emissions (CO2).

2.1.4. Selection of Lighting Classes

The present study is focused on evaluating the ecological, energy, and economic impact
of street lighting for three types of roads: national, communal, and local. The selection of
the lighting class for the national road was carried out in accordance with standardized
photometric and traffic-based criteria. Table 4 presents the classification process based on
traffic intensity, road geometry, and safety needs, as defined by European Norm EN 13201.
The information regarding the real situation of the systems is as follows:

Table 4. Selection of the lighting class for the national road [32].

Parameter Options Evaluation Index
VWS

Selected Criterion

National Road Communal Road Local Road

Velocity

Very high (V ≥ 100 km/h) 2

0 −1 −1
High (70 < V < 100 km/h) 1

Moderate (40 < V < 70 km/h) 0

Low (V ≤ 40 km/h) −1
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Table 4. Cont.

Parameter Options Evaluation Index
VWS

Selected Criterion

National Road Communal Road Local Road

Traffic volume

High 1

0 0 −1Moderate 0

Low −1

Traffic composition

Mixed, with a high
percentage of

non-motorized vehicles
2

1 1 1
Mixt 1

Only motorized vehicles 0

Separation of traffic
directions

No 1
1 1 1

Yes 0

Intersection density
High (>3/km) 1

1 1 1
Moderate (≤3/km) 0

Parked vehicles
Yes 1

0 0 0
No 0

Ambient lighting

High 1

−1 −1 −1Moderate 0

Low −1

Navigation load

Poor 1

0 0 0Good 0

Very good −1

Sum of weighted values (VWS) 2 1 0

The lighting class number is calculated as follows: M = 6 − VWS

Resulting lighting class M4 M5 M6

The analyzed national road (NR) has the following characteristics:

• Design speed for roads of technical class II: 50 km/h [49];
• Importance category: C [49];
• Road platform width: 7.00 m [49];
• Average distance between poles: 40.00 m;
• Maximum height for lighting fixture installation: 10.00 m;
• Number of lanes: 2;
• Distance from the curb: 3.00 ÷ 6.00 m;
• Pole placement: unilateral;
• Average reflection coefficient: 0.07—(corresponding to asphalt road R3).

The analyzed communal road (CR) has the following characteristics:

• Design speed for roads of technical class IV: 40 km/h [49];
• Importance category: C [49];
• Road platform width: 5.50 m [49];
• Average distance between poles: 50.00 m;
• Maximum height for lighting fixture installation: 10.00 m;
• Number of lanes: 2;
• Distance from the curb: 1.00 ÷ 3.00 m;
• Pole placement: unilateral;
• Average reflection coefficient: 0.07—(corresponding to asphalt road R3).

The analyzed local road (LR) has the following characteristics:

• Design speed for roads of technical class IV: 30 km/h [49];
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• Importance category: C [49];
• Road platform: 5.50 m wide [49];
• Average distance between poles: 50.00 m;
• Maximum height of the lighting fixture installation: 10.00 m;
• Number of traffic lanes: 2;
• Distance from the curb: 1.00 to 2.00 m;
• Placement of poles: unilateral;
• Average reflection coefficient: 0.07—(corresponding to asphalt road R3).

3. Results and Discussion
3.1. Calculation Summary

The dimensioning of the street lighting system was carried out using a specialized
calculation program DIALux evo [50], adhering to the provisions of the standards “NP-062
Standard for the design of road and pedestrian lighting systems” [40] and “SR-EN 13201-3
Public Lighting—Part 3: Calculation of performance” [43]. The input data for the national
road lighting analysis is presented in Table 5, while the results are presented numerically in
Table 5 and graphically in Figures 2–4. Table 5 summarizes the classification of the lighting
system as M4 for the national road, based on factors such as traffic intensity, design speed,
and environmental conditions.

 

 

Figure 2. Geometric characteristics of the lighting system in the national road area.
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Figure 3. Road luminance [cd/m2] (iso-luminance curves), M4.

Figure 4. Road luminance [cd/m2] (value grid), M4.

Table 5. National road—lighting system class M4.

National Road—Lighting System Class M4

Characteristics

Distance between poles 40.00 m
Height of the light point 9.00 m
Bracket extension of the light point 4.00 m
Overhang (advancement) (A) −2.00 m
Bracket tilt 15◦

Bracket length 2.00 m

To validate the lighting design for class M4, performance parameters were computed
and are detailed in Table 6.

Table 6. Parameters calculated for NR—M4.

Parameter Calculated Nominal

Lm 0.76 cd/m2 ≥0.75 cd/m2

Uo 0.58 ≥0.40
UI 0.81 ≥0.60
TI 15% ≥15%
REI 0.68 ≥0.30

The input data for the M5 (communal road) lighting analysis is presented in Table 7,
while the results are presented numerically in Table 8 and graphically in Figures 5–7.



Sustainability 2025, 17, 7179 9 of 35

Table 7. Communal road—lighting system class M5.

Communal Road—Lighting System Class M5

Parameter

Distance between poles 50.00 m
Height of the light point 8.00 m
Clearance (R) 1.50 m
Bracket extension of the light point −0.50 m
Bracket tilt 15◦

Bracket length 1.00 m

Table 8. Parameters calculated for CR—M5.

Parameter Calculated Nominal

Lm 0.51 cd/m2 ≥0.50 cd/m2

Uo 0.44 ≥0.35
UI 0.47 ≥0.40
TI 15% ≥15%
REI 0.79 ≥0.30

 

 

Figure 5. Geometric characteristics of the lighting system in the communal road area.
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Figure 6. Horizontal luminance [cd/m2] (iso-luminance curves), M5.

 

Figure 7. Horizontal luminance [cd/m2] (value grid), M5.

For evaluating the local road lighting, the following input data was used, Table 9,
while the results are presented numerically in Table 10 and graphically in Figures 8–10.

Table 9. Local road—lighting system class M6.

Local Road—Lighting System Class M6

Parameter

Distance between poles 50.00 m
Height of the light point 8.00 m
Clearance (R) 0.80 m
Bracket extension of the light point 0.20 m
Bracket tilt 15◦

Bracket length 1.00 m

Table 10. Parameters calculated for LR—M6.

Parameter Calculated Nominal

Lm 0.44 cd/m2 ≥0.30 cd/m2

Uo 0.44 ≥0.35
UI 0.45 ≥0.40
TI 12% ≥20%
REI 0.72 ≥0.30

 

Figure 8. Cont.
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Figure 8. Geometric characteristics of the lighting system in the local road area.

 

Figure 9. Horizontal luminance [cd/m2] (iso-luminance curves), M6.

Figure 10. Horizontal luminance [cd/m2] (value grid), M6.

The 3D analysis presented in Figure 11 regarding the night frontal view and Figure 12
regarding the aerial view demonstrates the integration of the street lighting system within
the transverse profile of the road, ensuring proper alignment of the poles and uniform light
distribution in accordance with the requirements of the road lighting class [51].

 

Figure 11. Three-dimensional analysis—night frontal view of the street lighting system.
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Figure 12. Three-dimensional analysis—aerial view of the street lighting system.

Daytime perspective view (Figure 13) illustrates the integration of the street light-
ing system into the geometric configuration of the road, with the placement of light-
ing poles on the sidewalks, ensuring safety zone compliance and conformity with road
lighting regulations.

 

Figure 13. Three-dimensional qualitative analysis—daytime perspective view.

3.2. Analysis of Local Photovoltaic System for Street Lighting

Autonomous photovoltaic lighting fixtures can be installed on the electric poles of the
0.40 kV distribution line by replacing the existing lighting devices with a complete inde-
pendent lighting system consisting of a monocrystalline photovoltaic panel, programmable
charge controller, batteries, LED luminares, and auxiliary materials [17,52].

The panels used in this study are high-quality monocrystalline photovoltaic modules
with a robust anodized aluminum frame to prevent the accumulation of ice and water [53].
Their efficiency, quality-to-price ratio, and compact construction characteristics recommend
these modules as an integral part of an autonomous lighting system [53].

The photovoltaic module is mounted at the top of the pole at an optimal angle (less
than 15◦) to maximize incident solar radiation, and the batteries are placed in a box attached
to the existing pole. During installation, the module is oriented toward the south, ensuring
it receives solar radiation throughout the day without shading. The electrical energy
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generated by the photovoltaic modules will charge the batteries during the day. This
system operates from dusk until dawn.

To determine the performance of photovoltaic systems that are not connected to the
electrical grid but instead rely on storing electrical energy in batteries to provide power
when the sun is not shining, the OFF-GRID photovoltaic systems performance calculation
tool (PVGIS) developed by the European Union [54] was used. This application utilizes
information about the daily variation in electrical energy consumption to simulate the flow
of energy to users and from the batteries.

Before choosing this autonomy, the battery discharge patterns were simulated using
historical meteorological data (low irradiance winter days), and the 3 days of storage were
used in the following calculation, which ensures >90% lighting reliability during the entire
year. The installed photovoltaic power and the storage capacity of the solar battery for the
studied case are reported in Table 11 and also in Appendix A.

Table 11. Components of the autonomous photovoltaic pole—national road.

Component Parameter Value Quantity

Monocrystalline photovoltaic panel [33]

Nominal electrical power 550 W

2 pieces

Nominal current 13.20 A
Short-circuit current 14.00 A

Nominal voltage 41.70 V
Open circuit voltage 49.60 V

Dimensions 2.261 × 1134 × 30 mm

Solar regulator [34]

Maximum voltage 100 V

1 piece

Maximum charging current 15.00 A
Low-voltage disconnect 22.00 V

Reconnect 25.20 V
Boost charging voltage 28.80 V
Overvoltage protection Yes

Reverse polarity protection Yes
Degree of protection IP32

Size 133.50 × 70 × 35 mm
Weight 165 g

Gel solar battery [35]

Nominal voltage 12 V

2 piecesCapacity 150 Ah
Dimensions (L × l × h) 485 × 172 × 240 mm

Weight 44 kg

LED street lighting fixture [36]

Power 100 W

1 pieceNominal voltage 24 V
Degree of protection IP65

LED type multiled

Auxiliary materials [20,37] Battery box IP65, connectivity, protections, conductors, metal support, brackets, and OL-Zn collars

In terms of energy production, battery performance, and discharge state, the results
are detailed in the following images—Figures 14–16 and in Appendix A.

During the present study, load was considered as a constant value without considering
the dynamic impact of factors such as seasonal variations in nighttime lighting duration
and power changes due to appliance aging on the load.

Analyzing the data from Figures 9, 12 and 15, the installation of two photovoltaic
panels with total powers of 1100 Wp, 600 Wp, and 500 Wp generates an average production
deficit of 425.96 Wh, 269.27 Wh, and 224.39 Wh, respectively, while the average uncaptured
energy is 2963.16 Wh, 1613.40 Wh, and 1344.50 Wh.

From Figures 10, 13 and 16, it is evident that in the months of January, February,
November, and December, the power supply for public lighting at night cannot be guar-
anteed every day, as there are periods when the batteries do not charge completely. This
situation is also confirmed by the data from Figures 9, 12 and 15, which indicate that during
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the same time of the year, the electricity production is insufficient to ensure the operation
of the system.

 
Figure 14. Estimation of energy production for the photovoltaic system OFF-GRID—NR.

 

Figure 15. Battery performance for the photovoltaic system OFF-GRID—NR.

 
Figure 16. Battery charge percentage at the end of the day—NR.
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Analyzing the data from Figures 11, 14 and 16, the results show that the batteries
are fully charged in 70.57%, 67.53%, and 67.53% of the days in a year, while in 13.69%,
13.12%, and 13.12% of the days they are discharged. Under these conditions, public
lighting cannot be ensured for approximately 50, 48, and 48 days per year, which limits
the use of the system only to well-justified cases, considering its importance for road and
pedestrian safety.

The energy storage systems, with capacities of 3600 Wh, 2880 Wh, and 2400 Wh,
have been sized to ensure the operation of public lighting during the winter season for
approximately 1.5 days, with a discharge cutoff limit of 40% for the batteries.

3.3. Analysis of Central ON-GRID Photovoltaic System for Street Lighting

Currently, the technology used in this energy context is traditional [55]. Therefore, an
analysis was conducted on the establishment of a photovoltaic power plant designed to
cover the electricity consumption of street lighting. The change in production technology
is justified from three essential perspectives: technical, economic, and environmental
impact. It is proposed to analyze a photovoltaic power plant installed on non-productive
agricultural land, located on the outskirts of a locality.

The determination of the performance of the studied photovoltaic system was carried
out by monitoring the average and annual energy productions, without energy storage in
batteries. The calculation takes into account solar radiation, air temperature, wind speed,
and the type of PV module. The user can choose how the modules are mounted, either on
a standalone support or integrated into a building surface. By simulating in PVGIS, the
optimal tilt and orientation that maximizes annual energy production were also calculated.

For this case, the PV solar system includes the following main components:

• Photovoltaic modules: composed of 144 monocrystalline photovoltaic cells and have a
nominal unit power of 450 Wp. In the installation, 342 photovoltaic modules will be
mounted to cover the electricity consumption of the analyzed public lighting;

• Power inverter: three-phase unidirectional with a nominal unit power of 60.00 kW
(alternating current). Three-phase unidirectional power inverters will be installed in
the system—three pieces;

• Mounting structure for photovoltaic modules: metal parts made of OL, sized and
designed for the specific conditions of the project;

• Electrical panel: within the photovoltaic solar system, it provides switching devices
and protective and/or measuring devices specific to photovoltaic systems. An electri-
cal panel for the power plant will be installed in the system (TPV);

• Junction box for the PV arrays: a housing in which all the PV strings are electrically
connected and where protection devices are located. In the installation, 22 junction
boxes for the PV arrays will be mounted;

• The electrical cable networks within the photovoltaic solar include the energy cables
laid in metal conduits up to the connection of the photovoltaic electrical installation to
the distribution network of the national energy system;

• Grounding system: conductors and components used to establish equipotential bonds
between the metallic elements associated with the photovoltaic solar installation and
the conductors and components connecting to the grounding electrode of the metallic
elements related to the photovoltaic solar system;

• Low-voltage electrical installation: data cables and equipment associated with the
remote monitoring of the installed power inverters and the control and monitoring
system of the installed power inverter.
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The proposed photovoltaic power plant has a capacity of 153.90 [kWp] with an an-
nual electricity production of 177,334.56 [kWh]—Figure 17, covering almost entirely the
electricity consumption of the analyzed lighting system.

 
Figure 17. The monthly energy production from the fixed-tilt photovoltaic system.

3.4. Analysis of Using Central HYBRID Photovoltaic Systems for Street Lighting

The photovoltaic system described in Section 3.3 will be studied next as a HYBRID
system, as follows:

• Replacing the three ON-GRID inverters with three HYBRID inverters with the same
technical specifications;

• Implementing an energy storage system composed of 50 B-BOX systems, each includ-
ing one cabinet and two lithium iron phosphate (LiFePO4) batteries with a battery
management system (BMS) for use with an external inverter or charger;

• Extending the electrical network to connect public lamps to the solar energy source.

Thus, the possibility of using a HYBRID central photovoltaic system that includes
photovoltaic panels, batteries, and HYBRID inverters is being analyzed. The photovoltaic
system converts solar energy into electrical energy, which can be stored in a set of batteries
for use at night or in low-light conditions.

Once energy consumption exceeds the capacity of the batteries, the system automat-
ically switches to the power supply from the grid, which serves as a backup source for
supplying street lighting.

The calculation uses information about the daily variation in electricity consumption
to simulate the flow of energy to users and into the batteries [45]. The batteries were sized to
store the electrical energy necessary for the operation of the lighting device for an average
period of one day.

Figure 18 highlights the dependence of the photovoltaic system on the electrical grid
power supply, illustrating the automatic switching of the system when the batteries reach a
discharge limit of 40% during certain times of the year.

Figure 19 shows that the batteries are fully charged in 42.14% of the days of the year,
while in 57.86% of the days, they do not reach maximum capacity. The storage system, with
a capacity of 690,000 Wh, ensures the operation of public lighting for approximately one
day, with a discharge limit of 40%. Although it does not fully cover nighttime consumption,
the use of stored energy helps reduce dependence on conventional energy sources.
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Figure 18. Battery performance for the photovoltaic system.

 
Figure 19. The battery charging percentage at the end of the day.

3.5. Analysis of Local Photovoltaic System for Street Lighting
3.5.1. Economic Viability Analysis

The estimated value of the project for a total of 726 autonomous photovoltaic poles is
presented below in Table 12. The average total price per autonomous photovoltaic pole
was estimated at EUR 1750.92, including VAT.

Table 12. Implementation costs of the investment—local photovoltaic system.

Description Euro
(Including VAT) Pieces Total Euro

(Including VAT)

Obj. 1 Remove existing lighting fixtures 25.85 726 18,763.42

1.1. Remove existing lighting fixtures 25.85 726 18,763.42

Obj. 2 Autonomous photovoltaic pole—NR (M4) 1854.41 180 333,793.64

2.1. Equipment 1150.50 180 207,089.17
2.1.1. Monocrystalline photovoltaic panel 550 W 157.79 360 56,803.54
2.1.2. Charge controllers 100 V 15 A 73.34 180 13,201.93
2.1.3. Solar battery 12 V 150 Ah 331.27 360 118,999.04
2.1.4. LED lighting fixture 24 V 100 W 100.47 180 18,084.65

2.2. Street photovoltaic pole 487.77 180 87,798.03
2.3. Installation of machinery/equipment 216.15 180 38,906.45
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Table 12. Cont.

Description Euro
(Including VAT) Pieces Total Euro

(Including VAT)

Obj. 3 Autonomous photovoltaic pole—CR (M5) 1453.80 46 66,874.69

3.1. Equipment 752.46 46 34,613.41
3.1.1. Monocrystalline photovoltaic panel 300 W 110.07 92 10,126.16
3.1.2. Charge controllers 100 V 15 A 73.34 46 3373.83
3.1.3. Solar battery 12 V 120 Ah 247.56 72 17,824.51
3.1.4. LED lighting fixture 24 V 60 W 71.50 46 3288.91

3.2. Street photovoltaic pole 485.18 46 22,318.52
3.3. Installation of machinery/equipment 216.15 46 9942.76

Obj. 4 Autonomous photovoltaic pole—LR (M6) 1352.20 500 676,098.15

4.1. Equipment 650.87 500 325,432.06
4.1.1. Monocrystalline photovoltaic panel 250 W 110.32 1000 110,319.80
4.1.2. Charge controllers 75 V 10 A 73.34 500 36,672.04
4.1.3. Solar battery 12 V 100 Ah 158.65 1000 158,646.74
4.1.4 LED lighting fixture 24 V 60 W 39.59 500 19,793.48

4.2. Street photovoltaic pole 485.18 500 242,592.63
4.3. Installation of machinery/equipment 216.15 500 108,073.46
TOTAL 1750.92 726 1,271,170.15
TOTAL C + I 777.22 726 564,263.86

3.5.2. Calculation of Economic Efficiency

The electricity savings over a 20-year period were determined, and a comparison
between expenses and revenues was made, taking into account system maintenance and
the necessary battery replacements every 7 years [55]. The weighted average electricity
price for the year 2024 in Romania was 0.26 Euro/kWh [56]. The recommended energy
efficiency measures are relevant to the beneficiary’s activity if they can be quantified in
monetary terms or energy savings. In this regard, considering the mathematical model
for assessing the economic efficiency of the proposed solution, the energy savings for the
energy efficiency measures were estimated. During the present analysis, the soft costs
that may distort investment comparison were neglected, considering the large scale of the
systems and study interval.

The Payback Time (PBT) of the investment was calculated for the energy efficiency
measures that require investments for their implementation, along with a series of indicators
highlighting the feasibility of the proposed measures (Table 13), namely the investment
payback period, the net present value, and the internal rate of return. For all proposed
solutions, an inflation rate of 5% was considered, corresponding to an emerging country
(Romania), with a solution lifespan of 20 years. Since the investment values are known,
Figure 20 presents the cumulative cash flow over the considered 20-year period.
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Figure 20. Cumulative cash flow for the considered 20-year period—local photovoltaic system.
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Table 13. Feasibility indicators of the proposed measures.

Description Unit Value

Total investment value EUR 1,271,170.15
Maintenance costs EUR 729,290.55
The value of the economy per year EUR 91,173.99
Net Present Income (NPI) EUR −176,980.80
Discount rate % 5
Lifespan of the solution YEARS 20
Payback Time (PBT) YEARS 13.94
Discounted Payback Time (DPBT) YEARS 21.94
Internal rate of return (IRR) % −13.92

3.5.3. Quantitative and Percentage Reduction in Resulting Greenhouse Gas Emissions

CO2 emissions were calculated using the emission factor from annex VI of Regulation
(EU) No. 601/2012 [48] on the monitoring and reporting of greenhouse gas emissions in
accordance with Directive 2003/87/EC [46] of the European Parliament and of the Council
(based on the fuel used), which is multiplied by the amount of energy savings proposed
to be achieved annually through the project until the end of the project’s sustainability
period (measured in MWh). For saved electricity, the emission factor used is 0.33 tons
CO2/MWh [46].

Based on the data presented above, greenhouse gas emissions for energy production
in power plants within the National Electricity System (SEN) are calculated, as the energy
produced from renewable sources has a very low impact on the three types of fuel. In this
context, the value of greenhouse gas emissions for the first year after the implementation
of the project involving the installation of a 475.60 kWp photovoltaic panel system is
calculated. During the present study, the GHG emissions calculation method does not
account for the carbon footprint of photovoltaic equipment over its entire lifecycle.

GHG for the energy saved (177.40 MWh/year) will be

GHGr = 177.40 MWh × 0.33 tCO2 /MWh = 58.54 tCO2

GHGPV = 177.40 MWh × 0.33 tCO2 /MWh = 58.54 tCO2

The GHG1 value of 0.00 tCO2 after the implementation of the project:

GHG1 = GHGr − GHGPV = 58.54 tCO2 − 58.54 tCO2 = 0.00 tCO2

The percentage value of GHG after the implementation of the project will be

GHGCO2 =
(GHGr−GHG1)

GHGr
×100 =

(58.54−0.00)
58.54

×100 = 100%

3.6. Analysis of Using Grid-Connected Central Photovoltaic System for Street Lighting
3.6.1. Economic Viability Analysis

The estimated value of the investment for the construction of the photovoltaic power
plant is EUR 773,977.22 including VAT—Table 14.

Construction and installation (C + I) represents the set of execution works necessary
for the realization of an investment objective, including both the actual construction works
(structures, foundations, finishes, etc.) and the assembly works for the related equipment
and installations. The value of C + I, expressed in euros and included in the general
estimate, reflects the costs associated with these works, according to the categories of
expenses specified in the relevant chapters and subsections of the general estimate.
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Table 14. Implementation costs of the investment—grid-connected central photovoltaic system.

Description Total Euro
(Including VAT)

Obj. 1 Utilities 87,076.34

1.1. Electric connection 79,719.02
1.2. Telecommunications—data voice 7357.32

Obj. 2 Land development 79,695.46

2.1. Removal of the topsoil layer (2.448 m2) 7965.32
2.2. Fencing (203.00 m, with a 4.00 m vehicle access gate and a 1.00 m pedestrian access gate) 30,164.68
2.3. Foundations for lighting poles 4920.10
2.4. Container platforms for personnel and transformer station 16,058.21
2.5. Access road made of stone (40.00 m) 20,587.14

Obj. 3 Photovoltaic power plant 153,90 kWp 373,524.51

3.1. Foundations for metal supports 58,907.70
3.2. Supports for photovoltaic panels 122,241.18
3.3. Wiring and accessories 101,313.45
3.4. Grounding 21,204.10
3.5. Junction boxes for PV (22 pieces) 32,711.14
3.6. Photovoltaic power plant panel board 14,479.95
3.7. Earthworks 16,217.02
3.8. Lighting poles (6 pieces) 4641.87
3.9. Transport 1808.09

Obj. 4 Video surveillance subsystem 14,747.55

4.1. Earthworks 6105.62
4.2. Trenches and cables 3110.25
4.3. Equipment 4232.23
4.4. Transport 1299.46

Obj. 5 Installation of machines/equipment 150,156.38

5.1. Equipment 129,768.38
5.1.1. Monocrystalline photovoltaic panel 450 W (342 pieces) 103,015.46
5.1.2. 60 kW three-phase grid-connected inverter (3 pieces) 21,422.51
5.1.3. UPS 3000 VA 2U RACK 2377.98
5.1.4. Outdoor video surveillance camera (12 pieces) 1017.56
5.1.5. NVR 32 CH 703.30
5.1.6. Street lighting fixture LED 80 W 1231.57

5.2. Installation of machinery/equipment 20,388.01
TOTAL 773,977.22
TOTAL C + I 611,300.46

3.6.2. Calculation of Economic Efficiency

The calculation of economic efficiency was performed similarly to Section 3.5.2.
The feasibility indicators for the investment in energy efficiency measures that involve

investments in their implementation, as well as a series of indicators that highlight the
feasibility of the proposed measures, are presented in Table 15. To emphasize the payback
period of the investment, the cumulative cash flow for the 20 years considered is indicated
in Figure 21.

Table 15. Feasibility indicators of the proposed measures.

Description Unit Value

Total investment value EUR 773,977.22
Maintenance costs EUR 75,943.55
Annual savings value EUR 91,140.36
Net Present Income (NPI) EUR 972,886.48
Discount rate % 5
Lifespan of the solution YEARS 20
Payback Time (PBT) YEARS 8.49
Discounted Payback Time (DPBT) YEARS 9.33
Internal rate of return (IRR) % 125.70
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Figure 21. Cumulative cash flow for the 20 years considered—grid-connected photovoltaic system.

3.6.3. Quantitative and Percentage Reduction in Resulting Greenhouse Gas Emissions

The calculation for the reduction in greenhouse gases was performed similarly to
Section 3.5.3. In this context, the value of greenhouse gas emissions for the first year after
the implementation of the project involving the installation of a 153.90 kWp photovoltaic
panel system is calculated.

GHG for the energy saved (177.33 MWh/year) will be

GHGr = 177.40 MWh × 0.33 tCO2 /MWh = 58.54 tCO2

GHGPV = 177.33 MWh × 0.33 tCO2 /MWh = 58.52 tCO2

The value of GHG1 is 0.02 tCO2 after the implementation of the project:

GHG1 = GHGr − GHGPV = 58.54 tCO2 − 58.52 tCO2 = 0.02 tCO2

The percentage value of GHG after the implementation of the project will be

GHGCO2 =
(GHGr−GHG1)

GHGr
×100 =

(58.54−0.02)
58.54

×100 = 99.97%

3.7. Analysis of HYBRID Central Photovoltaic System for Street Lighting
3.7.1. Economic Viability Analysis

The estimated value of the project for the construction of the photovoltaic power plant
is EUR 1,574,660.16 including VAT are presented in Table 16.

Table 16. Implementation costs of the investment—HYBRID central photovoltaic system.

Description Total Euro
(Including VAT)

Obj. 1 Utilities—similar to grid-connected PV system 87,076.34

Obj. 2 Land development—similar to grid-connected PV system 79,695.46

Obj. 3 Photovoltaic power plant 153.90 kWp 422,934.97

3.1.–3.9. Similar to grid-connected PV system 373,524.51
3.10. Concrete platforms and containers (energy storage system) 49,410.46

Obj. 4 Video surveillance subsystem 14,747.55

Obj. 5 Installation of machines/equipment 586,878.97

5.1. Equipment 530,978.10
5.1.1. Monocrystalline photovoltaic panel 450 W (342 pieces) 103,015.46
5.1.2. 60 kW three-phase grid-connected inverter (3 pieces) 56,923.80
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Table 16. Cont.

Description Total Euro
(Including VAT)

5.1.3. UPS 3000 VA 2U RACK 2377.98
5.1.4. Outdoor video surveillance camera (12 pieces) 1017.56
5.1.5. NVR 32 CH 703.30
5.1.6. Street lighting fixture LED 80 W 1231.57
5.1.7. Lithium-ion battery storage system B-BOX 13.80 kW (50

pieces) 365,708.44

5.2. Installation of machinery/equipment 55,900.87
TOTAL 1,574,660.16
TOTAL C + I 938,978.40

3.7.2. Calculation of Economic Efficiency

The investment feasibility indicators for energy efficiency measures that involve
investments in their implementation, as well as a series of indicators highlighting the
feasibility of the proposed measures, are presented in Table 17. Additionally, to emphasize
the payback period of the investment, Figure 22 illustrates the cumulative cash flow for the
considered 20-year period.

Table 17. Feasibility indicators of the proposed measures.

Description Unit Value

Total investment value EUR 1,574,660.16
Maintenance costs EUR 949,388.73
Annual savings value EUR 91,140.36
Net Present Income (NPI) EUR −701,241.65
Discount rate % 5
Lifespan of the solution YEARS 20
Payback Time (PBT) YEARS 17.28
Discounted Payback Time (DPBT) YEARS 27.69
Internal rate of return (IRR) % −44.53
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Figure 22. Cumulative cash flow for the 20 years considered—HYBRID photovoltaic system.

3.7.3. Quantitative and Percentage Reduction in Greenhouse Gas Emissions

The calculation for the reduction in greenhouse gases was performed similarly to
Section 3.5.3. In this context, the value of greenhouse gas emissions for the first year after
the implementation of the project, which involves the installation of a photovoltaic system
of 153.90 kWp, is calculated.
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GHG for the saved energy (177.33 MWh/year) will be

GHGr = 177.40 MWh × 0.33 tCO2 /MWh = 58.54 tCO2

GHGPV = 177.33 MWh × 0.33 tCO2 /MWh = 58.52 tCO2

The value of GHG1 is 0.02 tCO2 after the implementation of the project:

GHG1 = GHGr − GHGPV = 58.54 tCO2 − 58.52 tCO2 = 0.02 tCO2

The percentage value of GHG after the implementation of the project will be

GHGCO2 =
(GHGr−GHG1)

GHGr
×100 =

(58.54−0.02)
58.54

×100 = 99.97%

3.8. Discussion

As observed in Figure 23, the use of HYBRID photovoltaic systems for street lighting
represents the least economically viable option, while the use of ON-GRID photovoltaic
systems represents the most economically viable option. The economic feasibility of using
autonomous photovoltaic poles is similar to that of HYBRID photovoltaic systems in the
analysis conducted, but it represents the most viable option for street lighting in areas
where there is no electricity network or where the existing network is very old or damaged.

Figure 23. Comparative chart of analyzed scenarios: investment value.

The HYBRID photovoltaic power plant incurs the highest maintenance costs over the
entire analysis period, including the annual washing of the photovoltaic panels and the
replacement of inverters and storage systems every 7 years.

The ON-GRID photovoltaic power plant has the lowest maintenance costs throughout
the analysis period, as this system does not store electrical energy. Maintenance expenses
are limited to the annual washing of the photovoltaic panels and replacement of inverters
every 7 years, as shown in Figure 24.

The longest payback period is for the HYBRID photovoltaic power plant, at
27.69 years, followed by autonomous photovoltaic poles with a payback period of
21.94 years. The advantage of these solutions is the storage of electrical energy in bat-
teries to provide power for street lighting during the night, while the drawbacks are the
high costs for investment and long payback periods.
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Figure 24. Comparative chart of analyzed scenarios: maintenance costs.

The ON-GRID photovoltaic power plant has the shortest payback period of
9.33 years, due to the lower costs associated with its implementation—Figure 25. However,
its disadvantage lies in its dependence on the electricity grid and government programs
regarding the share of renewable energy sources in the national energy system.

Figure 25. Comparative chart of analyzed scenarios: payback period.

By comparing expenses and revenues, taking into account the system maintenance
over a 20-year period, the ON-GRID photovoltaic power plant generates a significantly
higher net present value than the other analyzed systems. Figure 26 shows that the
autonomous photovoltaic poles and the HYBRID photovoltaic power plant do not recoup
their investment within the analysis period.

The internal rate of return indicates the efficiency of the analyzed scenarios. Figure 27
shows that the ON-GRID photovoltaic power plant represents a feasible solution, while
the autonomous photovoltaic poles and the HYBRID photovoltaic power plant are not
economically viable for the analyzed objective.

From a technical perspective, the deployment of photovoltaic panels requires an esti-
mated surface area of approximately 2500 m2. To optimize land use and minimize ecological
impact, it is recommended that the PV system be installed preferentially on artificialized
surfaces such as industrial rooftops, parking areas, or—where these are unavailable—on
non-productive agricultural land. Furthermore, the proximity of a medium-voltage elec-
trical network is a critical requirement for the proposed site. Such proximity ensures
minimal costs associated with injecting electricity into the distribution grid. National grid
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data provided by Transelectrica [8] indicate that the available connection capacity in the
targeted region, identified as Zone J, is 1000 MW, thereby confirming the feasibility of
integrating the PV system within existing infrastructure. In alignment with the European
Union’s climate and energy policy, the project also supports broader objectives by promot-
ing energy consumption reduction measures at both enterprise and public utility levels,
including street lighting. These policies incentivize the adoption of renewable energy
sources through mechanisms such as quantitative compensation and financial settlement
schemes for prosumers.

Figure 26. Comparative chart of analyzed scenarios: net present value.

Figure 27. Comparative chart of analyzed scenarios: internal rate of return.

The adoption of PV-LED public lighting not only accelerates SDG 7 but also in-
tersects with SDG 11 (Sustainable Cities), SDG 13 (Climate Action), and SDG 3 (Good
Health and Well-Being), making it one of the most catalytic infrastructure upgrades of the
coming decade.

The disadvantage of this system is its dependence on the national energy system.
The electricity produced during the day is injected into the grid, and at night, through
EU prosumer policy facilities, represented by quantitative compensation and financial
settlement, electricity is consumed from the public electricity supply grid for street lighting.
The electricity consumed from the national energy system at night is produced from the
following sources: hydro, coal, nuclear, hydrocarbons, wind, and biomass [7]. From this
data, we can observe that a portion of the energy is produced by burning fossil and nuclear
fission fuels.

This means that by implementing this system, there is no contribution to environmen-
tal protection at night by not using fossil and nuclear fission fuels.
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However, this disadvantage will be eliminated through EU policy [7]. Thus, Romania,
through the National Energy Strategy 2018–2030, commits to constructing two new nuclear
units and maintaining an increasing trend in production capacities from intermittent
renewable sources. Also, the construction of a large-capacity pumped storage power plant
is mandatory for the stability of the power system.

Economic sensitivity
Considering the long analysis period of photovoltaic systems, a sensitivity analysis

of economic parameters was conducted. Therefore, the following variations in costs
were considered:

- A ±20% variation in electricity price;
- A ±10% variation in annual maintenance costs.

The results highlight the influence of these parameters on the amortization. However,
the main results in terms of economic efficiency remain the same, while Case 3 is close to
breakeven, but still a loss. In Table 18, the following scenarios were analyzed: favorable
scenario (+20% energy and −10% maintenance) and unfavorable scenario (−20% energy
and +10% maintenance).

Table 18. Economic sensitivity to fluctuations in electricity pricing and maintenance costs.

Scenario Case 1 Case 2 Case 3

Favorable scenario 2,502,428 8,873,577 −327,061

Unfavorable scenario −773,708 4,298,485 −3,163,473

Therefore, Case 2 is the most robust to variations (positive and negative), Case 1 has
high sensitivity and the risk of going into loss, and Case 3 remains economically inefficient
even in the favorable scenario.

SWOT Analysis
In order to outline potential directions for the future development of similar research,

a SWOT analysis was carried out on the solutions proposed in this study—Table 19. This
structured assessment highlights the strengths, weaknesses, opportunities, and threats
associated with the implementation of these solutions.

Table 19. SWOT analysis of the studied cases.

Aspect Autonomous PV Poles ON-GRID PV Power Plant HYBRID PV System (PV + Battery +
Grid Backup)

Strengths
- Full energy independence
- Modular and easy to deploy
- No grid connection required

- Lower cost per kWh at scale
- Economically efficient for large deployments
- Easier to monitor and maintain

- Combines autonomy and efficiency
- Provides backup during grid outages
- High resilience and flexibility

Weaknesses
- Limited storage capacity
- Sensitive to adverse weather
- Higher unit cost

- Fully dependent on grid availability
- Requires centralized space
- Potential distribution losses

- Higher upfront cost (PV + battery)
- More complex to manage
- Needs dual maintenance

Opportunities
- Suitable for remote/off-grid areas
- Can be integrated into smart city projects
- Easy to scale gradually

- Surplus energy can be fed into the grid
- Eligible for support schemes (e.g., feed-in tariff,
net metering)
- Ideal for urban municipalities

- Suitable for unstable grid regions
- Can participate in demand–response programs
- Scalable and future-proof

Threats
- Battery aging and degradation
- Blackout risk in poor solar conditions
- Legal risk in case of failures

- Vulnerable to energy price fluctuations
- Regulatory risk regarding grid injection
- May face grid capacity limits

- Higher long-term costs (battery replacement)
- Risk of over-engineering for small applications
- More points of failure

Based on the SWOT analysis, a logic flow was developed to guide decision making
regarding the optimal photovoltaic lighting system. This flow considers factors such as grid
availability, reliability requirements, budget constraints, sustainability goals, and available
space. The main implications reveal that OFF-GRID systems are suitable only for remote or
low-priority areas due to limited reliability, ON-GRID solutions offer the best economic
efficiency but rely on grid stability, while HYBRID systems provide the highest resilience
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and CO2 reduction potential, albeit at a higher cost. This structured approach supports
strategic planning for sustainable public lighting infrastructure.

4. Conclusions
The implementation of an ON-GRID photovoltaic (PV) power plant specifically de-

signed to meet the electricity demands of street lighting emerges as the optimal solution
for integrating photovoltaic systems into public infrastructure. This transition in electric-
ity generation technology is substantiated by a multidimensional analysis encompassing
technical, economic, and environmental criteria.

From an economic standpoint, the analysis clearly identifies the ON-GRID PV scenario
as the most cost-effective option. As illustrated in Figure 28, this solution demonstrates
superior financial viability. Notably, the internal rate of return (IRR) associated with this
scenario reaches 125.7%, reflecting the high economic efficiency and attractiveness of
the investment.

energy systems.

Figure 28. Comparative graph of analyzed scenarios: cash flow.

In terms of environmental impact, the current level of greenhouse gas emissions as-
sociated with electricity consumption from the grid is quantified at 58.52 metric tons of
CO2 (tCO2), as shown in Figure 29. The implementation of the ON-GRID photovoltaic
project results in a complete offset of this emission volume, achieving a reduction of
58.52 tCO2. This translates to an emissions mitigation rate of 99.97%, thereby under-
lining the project’s significant contribution to environmental sustainability and climate
change mitigation.

The proposed ON-GRID photovoltaic solution for street lighting not only satisfies
technical feasibility and economic efficiency criteria but also delivers substantial envi-
ronmental benefits, positioning it as a robust and sustainable choice for modern urban
energy systems.

In terms of achieving Sustainable Development Goal (SDG) 7, the present analysis
makes an important contribution by studying the share of renewables in the energy mix,
efficient LED luminaires, autonomous and modular energy solutions, and financial sav-
ings for municipalities. These findings highlight that PV-powered public lighting can
significantly support SDG 7 by promoting clean energy access, improving energy effi-
ciency, and enabling resilient infrastructure, especially in urban expansion zones and
remote communities.
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The analysis presented and the available details regarding costs allow comparisons
with the situation in other geographical areas, different in terms of available solar radiation
but also in terms of implementation costs.
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Figure 29. Comparative graph of analyzed scenarios: quantitative and percentage reduction in
GHG emissions.

Further development
Building upon the results and limitations outlined in this study, several opportunities

for future research and practical improvements were identified. These directions aim
to enhance the applicability, accuracy, and scalability of the current work, while also
addressing unresolved challenges and exploring new dimensions of the topic.

Based on opportunities, the role of a large-capacity pumped storage power plant in
electricity could be a good solution to store the surplus energy produced during the day by
photovoltaic and wind systems. At night, electricity is produced by high-head pumped
storage hydroelectric plants, which pump water from a lower storage lake to an upper
storage lake, consuming the surplus electricity produced during the day from renewable
energy sources.

The technical evolution of Romania’s energy sector must introduce the sixth dimension
of the energy system—(6) electricity storage, alongside (1) energy sources, (2) production,
(3) transmission, (4) distribution, and (5) consumption. In future studies, a broader, more
global perspective could be adopted to analyze the adaptability and scalability of the
proposed solutions under varying climatic and solar resource conditions.

It is not justified to implement small storage capacities for consumers but rather to
implement large storage capacities that exhibit high economic efficiency, high efficiency, and
contribute to the flexibility of the energy system. Electricity storage capacity is of particular
importance, similar to the natural gas market. In terms of battery behavior, future studies
could analyze the passive or active battery thermal management to ensure stability and an
extended period of operation. Therefore, the smart lighting concept would permit solving
the issues with batteries not fully loaded, coupled with an occupancy system.

The incorporation of detailed control algorithms and decision-making models for
source switching and load prioritization, particularly for public lighting applications,
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together with battery management are immediate directions that will be conducted in
future research. Also, the carbon intensity of nighttime electricity consumption, accounting
for the evolving national energy mix over time, would generate more accurate results in
terms of long-term impact.
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Nomenclature
Acronyms
PNIESC The Project of the National Integrated Plan in the Field of Energy and Climate Change
EU European Union
LEA Overhead Power Line
VWS Visual Weighted Score
PV Photovoltaic
PVGIS Photovoltaic Geographical Information System
BMS Building Management System
UNI Updated Net Income
PBT Payback Time
DPBT Discounted Payback Time
GHG Greenhouse Gas
IRR Internal Rate of Return
UPS Uninterruptible Power Supply
NVR Network Video Recorder
Parameters
Lm Average luminance [cd/m2]
Uo General luminance uniformity coefficient
Ul Longitudinal luminance uniformity coefficient
TI Threshold increment
REI Lighting efficiency ratio
S Distance between poles [m]
H Mounting height [m]
R Clearance [m]
A Overhang (advancement) [m]

Appendix A
The annex contains additional information regarding the structure of autonomous

systems for powering the lighting system for CR case—Table A1 and Figures A1–A3 and
LR case—Table A2 and Figures A4–A6.
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Table A1. The components of the autonomous photovoltaic pole—communal road.

Component Parameter Value Quantity

Monocrystalline photovoltaic panel
[55]

Nominal electrical power 300 W

2 pieces

Nominal current 9.17 A
Short-circuit current 9.78 A

Nominal voltage 32.70 V
Open circuit voltage 39.80 V

Dimensions 1.640 × 990 × 30 mm

Solar regulator [56]

Maximum voltage 100 V

1 piece

Maximum charging current 15.00 A
Low-voltage disconnect 22.00 V

Reconnect 25.20 V
Boost charging voltage 28.80 V
Overvoltage protection Yes

Reverse polarity protection Yes
Degree of protection IP32

Size 133.50 × 70 × 35 mm
Weight 165 g

Gel solar battery [57]

Nominal voltage 12 V

2 piecesCapacity 120 Ah
Dimensions (L × l × h) 410 × 175 × 227 mm

Weight 33.50 kg

LED street lighting fixture [58]

Power 60 W

1 pieceNominal voltage 24 V
Degree of protection IP65

LED type multiled

Auxiliary materials [47,59–63] Battery box IP65, connectivity, protections, conductors,
metal support, brackets, and OL-Zn collars - -

Table A2. The components of the autonomous photovoltaic pole—local road.

Component Parameter Value Quantity

Monocrystalline photovoltaic panel
[55]

Nominal electrical power 250 W

2 pieces

Nominal current 9.33 A
Short-circuit current 9.87 A

Nominal voltage 26.80 V
Open circuit voltage 32.84 V

Dimensions 1.350 × 880 × 35 mm

Solar regulator [56]

Maximum voltage 75 V

1 piece

Maximum charging current 10.00 A
Low-voltage disconnect 22.00 V

Reconnect 25.20 V
Boost charging voltage 28.80 V
Overvoltage protection Yes

Reverse polarity protection Yes
Degree of protection IP32

Size 133.50 × 70 × 35 mm
Weight 165 g

Gel solar battery [57]

Nominal voltage 12 V

2 piecesCapacity 100 Ah
Dimensions (L × l × h) 330 × 171 × 224 mm

Weight 27.50 kg

LED street lighting fixture [58]

Power 50 W

1 pieceNominal voltage 24 V
Degree of protection IP65

LED type multiled

Auxiliary materials [47,59–63] Battery box IP65, connectivity, protections, conductors,
metal support, brackets, and OL-Zn collars - -
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Figure A1. Estimation of energy production for the OFF-GRID photovoltaic system—CR.

 
Figure A2. Battery performance for the OFF-GRID photovoltaic system—CR.

 

Figure A3. The battery charging percentage at the end of the day—CR.
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Figure A4. Estimation of energy production for the OFF-GRID photovoltaic system—LR.

 

Figure A5. Battery performance for the OFF-GRID photovoltaic system—LR.

 

Figure A6. The battery charging percentage at the end of the day—LR.
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Abstract: This study investigates the aerodynamic behavior of roof structures under wind-
induced forces, focusing on buildings equipped with photovoltaic panels. Experimental
data were obtained through wind tunnel testing of three 1:100 scale models, each repre-
senting a distinct roof geometry: gabled, hipped, and multi-pitched. Measurements of
dynamic pressure and pressure coefficients were conducted for various wind incidence
angles, ranging from 0◦ to ±150◦. The results highlight the impact of roof geometry and
PV panel placement on the pressure distribution, with notable variations due to flow
separation and vortex formation around the panels. Gabled roofs exhibited pronounced
pressure gradients, while hipped roofs showed more uniform distributions. Multi-pitched
roofs demonstrated the most complex aerodynamic behavior due to their variable slopes.
These findings enhance the understanding of wind-structure interactions for buildings with
roof photovoltaic panels, contributing to the development of more resilient and energy-
efficient structures. The research supports sustainable construction practices by improving
wind load predictions and informing design decisions that promote the safe integration of
renewable energy systems into the built environment.

Keywords: wind-structure interaction; photovoltaic panels; sustainable building design;
renewable energy integration; roof aerodynamics; wind loads

1. Introduction
The integration of rooftop photovoltaic (PV) panel systems has become increasingly

prevalent as the global energy sector shifts toward renewable sources. Rooftops of existing
and newly constructed buildings provide a practical platform for implementing solar
energy systems, optimizing otherwise underutilized surfaces. For pitched roofs, especially
on existing structures, stand-off mounting methods are widely used, where PV modules
are installed above the roof surface using structural supports [1,2]. However, these systems
introduce significant aerodynamic complexity, which remains insufficiently explored in
current literature.

Recent studies have shown that rooftop-mounted PV panels are highly susceptible
to wind-induced loads, particularly uplift and suction forces, which can threaten their

Sustainability 2025, 17, 4739 https://doi.org/10.3390/su17104739

https://doi.org/10.3390/su17104739
https://doi.org/10.3390/su17104739
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-6704-3123
https://orcid.org/0000-0002-0380-0711
https://doi.org/10.3390/su17104739
https://www.mdpi.com/article/10.3390/su17104739?type=check_update&version=1


Sustainability 2025, 17, 4739 2 of 21

structural integrity during high wind events [3–5]. Experimental and numerical inves-
tigations emphasize that the presence of PV panels modifies the boundary layer flow,
promotes vortex formation, and alters pressure distributions, especially near panel edges
and roof eaves [6–8]. Wind tunnel studies [9–12] have demonstrated that peak pressure
coefficients on tilted PV panels can significantly exceed those on bare roofs, raising critical
design concerns.

Previous studies [6,10] identified substantial pressure variations caused by rooftop PV
installations, particularly at roof edges and panel corners. Our results confirm these obser-
vations by showing that peak uplift forces tend to occur near the rear edges of panels on
pitched and complex roofs. Moreover, the experimental data reinforce conclusions drawn
by Aly and Rone [9], who reported that tilted panel installations intensify aerodynamic
loading due to flow separation. Despite the growing number of studies in this domain [13],
comprehensive comparative analyses between various roof geometries under consistent
experimental conditions remain scarce. This gap hinders the development of standardized
design solutions for PV systems on complex rooftops.

Understanding the wind behavior around rooftop PV systems is essential for their safe
and reliable deployment. Wind loads not only impact structural safety but also influence
panel lifespan, energy performance, and long-term maintenance costs. Current design
standards, such as Eurocode 1 and ASCE 7-22, provide general guidance for wind actions
on structures but often lack detailed prescriptions for roof-mounted PV arrays, especially
on non-flat or irregular roofs [14].

Furthermore, lightweight building structures—frequently used in residential and
modular construction—are particularly vulnerable to wind uplift when PV systems are
installed. This underscores the importance of accurately quantifying pressure coefficients
for varied roof geometries to improve resilience under extreme wind events [15].

This study contributes to sustainable construction practices by providing experimental
data that improve the safety, resilience, and performance of rooftop PV systems. The
results are relevant for engineers and designers aiming to create buildings that are both
energy-efficient and structurally robust, aligning with the goals of climate-resilient and
sustainable urban development.

The novelty of this research lies in the experimental investigation of three distinct
roof geometries—gable, hip, and multi-pitched—each equipped with PV panel systems,
tested under consistent wind tunnel conditions. By capturing pressure distributions at
various wind incidence angles, the study offers new insights into complex wind-structure
interactions specific to PV-equipped sloped roofs.

The main objective of this work is to analyze and compare dynamic pressure coeffi-
cients on different pitched roof configurations with PV systems, thereby improving wind
load estimation and informing safer, more efficient rooftop solar designs.

2. Theoretical Background and Basis for Calculations
2.1. Fundamental Equations for Wind Pressure Analysis

Dynamic pressure represents the kinetic energy per unit volume of wind and is
essential for understanding the forces exerted on a surface. It plays a crucial role in
structural engineering by estimating the wind loads acting on building components such
as roofs, facades, and walls [16].

pd = 0.5 ρ v2 (1)

where pd represents the dynamic pressure [Pa], ρ denotes the air density [kg/m3] (Air density
can be considered 1225 kg/m3 in standard conditions), and v is the wind velocity [m/s].



Sustainability 2025, 17, 4739 3 of 21

To account for variations in pressure distribution across different roof geometries,
dynamic pressure coefficients are employed. These dimensionless coefficients express the
ratio of actual wind pressure on a surface to the reference dynamic pressure [17]:

cv =
p
pd

(2)

where cv characterizes the dynamic pressure coefficient, p is the wind pressure on a given
surface [Pa], and pd represents the reference dynamic pressure [Pa].

Pressure coefficients provide a fundamental means of assessing wind-induced loads
and are highly sensitive to factors such as roof geometry, surface roughness, and orientation
relative to wind direction [18].

2.2. Aerodynamic Principles of Wind-Structure Interaction

A deeper understanding of wind-structure interactions, particularly for roofs with
externally mounted PV panels, requires consideration of key aerodynamic principles.
One of the most fundamental is Bernoulli’s principle, which states that within a steady, in-
compressible flow, an increase in wind velocity results in a decrease in pressure. This
principle helps explain how variations in wind speed across a roof surface generate
pressure differentials [7].

When wind encounters obstacles such as roofs or photovoltaic panels, the airflow
tends to separate from the surface, creating turbulence and vortices [19]. These phenomena
cause significant pressure variations, especially in the wake regions behind the panels,
which can influence both structural integrity and performance [18].

Additionally, the boundary layer, defined as the thin region of air near the roof surface
where viscous effects are significant, is affected by the presence of PV panels. These panels
alter the characteristics of the boundary layer, increasing turbulence and modifying wind
speed and pressure distribution on the surface [9].

The turbulence and wake effects caused by PV installations are further intensified by
increased surface roughness. Panel tilt angle, orientation, and arrangement influence wake
dynamics, generating non-uniform aerodynamic behavior across the roof and contributing
to complex and asymmetric pressure distributions [10].

2.3. Effect of Roof Geometry on Wind Pressure Distribution

Roof geometry significantly influences how dynamic pressure is distributed on a
building’s surface. Traditional aerodynamic models typically classify roofs as either flat
or pitched, with pressure coefficients obtained through experimental data. However, the
introduction of photovoltaic panels complicates these models by introducing additional
airflow disturbances that affect the aerodynamic response.

For flat roofs, wind tends to impact the surface perpendicularly, resulting in a rel-
atively uniform pressure field. However, the addition of PV panels alters this behavior
by creating localized flow disturbances. These disruptions lead to pressure variations,
particularly on the leeward side of the panels, where turbulence develops and suction
forces may increase [6,20].

In the case of pitched roofs, both the angle of inclination and the wind direction play
major roles in determining how pressure is distributed along the windward and leeward
faces. The installation of PV panels on such roofs further complicates airflow behavior
by enhancing turbulence and modifying the existing pressure patterns. Variables such as
panel tilt, spacing, and alignment relative to the roof slope can either amplify or mitigate
these aerodynamic effects [10].
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Understanding these effects is very important, especially for lightweight roofs, which
are more prone to failure under unbalanced uplift forces.

2.4. Empirical Models and Experimental Data

Empirical models estimate dynamic pressure coefficients based on wind tunnel experi-
ments and real-world data. These models incorporate variables such as roof geometry, wind
direction, and surface roughness to approximate wind forces. However, existing models
primarily focus on standard roof designs and often overlook complexities introduced by
PV panels [21].

Wind tunnel experiments remain essential in refining empirical models. By simulat-
ing different wind conditions and measuring resulting pressures on various roof and PV
configurations, researchers improve pressure coefficient accuracy. These studies enhance
structural load predictions, leading to more reliable design methodologies [10,22,23]. De-
spite these advancements, empirical models still lack calibration for PV-equipped pitched
roofs, creating uncertainty in load estimation.

2.5. Implications for Structural Design

The theoretical aspects discussed have significant implications for designing build-
ings with externally mounted PV panels. The aerodynamic alterations introduced by PV
systems require new design standards that account for these changes. Accurate wind
pressure prediction is essential for ensuring roof structural integrity while optimizing
energy performance [24].

A thorough understanding of wind behavior around PV-equipped roofs enables
engineers to develop more resilient structures that withstand wind forces while main-
taining long-term sustainability. The presence of PV panels on building roofs presents
both challenges and opportunities, requiring an advanced theoretical framework based
on fluid dynamics, aerodynamic drag, and empirical data to inform future research and
design advancements [25,26].

However, both Eurocode 1 [14] and ASCE 7-22 [27] provide only general guidance for
wind loads on building surfaces and lack specific criteria for pitched roofs with elevated
PV systems. This absence leads to uncertainty in design, especially when accounting for
complex geometries and varying panel tilt angles. Recent critiques in the literature also
highlight that the conservative simplifications used in current codes may result in either
underestimation or overestimation of actual uplift forces [9,21]. This reinforces the need for
wind tunnel data under controlled conditions to supplement existing code provisions.

3. Experimental Setup and Measurement Methodology
The experiments conducted in this study to determine the dynamic pressure coeffi-

cients and dynamic pressures on rigid roof models with photovoltaic panel systems were
carried out in the Building Aerodynamics Laboratory, part of the Department of Civil and
Industrial Construction at the Faculty of Civil Engineering and Installations, “Gheorghe
Asachi” Technical University of Ias, i (Figure 1). To perform the experiment and evaluate
the predefined parameters, including measuring the velocities and average pressures nec-
essary to determine the mean pressure coefficients on the studied models, the following
specialized equipment, shown in Figure 2, was used: an anemometer, TESTO 435 digital
anemometer, hot-wire anemometric probes from TSI Incorporated, headquartered in Shore-
view, Minnesota, differential micromanometer, Pitot tube, pressure taps and connecting
tubes, and an alcohol manometer.
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Figure 1. The wind tunnel at the Building Aerodynamics Laboratory, “Gheorghe Asachi” Technical
University of Ias, i.

 
(a) (b) (c) 

Figure 2. Instruments used for measurements in the wind tunnel: (a) pressure sensor plate and
connecting tubes; (b) Pitot tube; (c) digital anemometer.

The measurement of fluctuating pressures on rigid models, which allows for the
determination of mean values, peak pressure coefficients, and standard deviations, was
conducted using the specialized experimental equipment illustrated in Figure 2. To capture
and store the data obtained during testing, a combination of software tools was employed.
LABVIEW and LABWINDOWS were used for data acquisition and processing, generat-
ing files with the .DAT extension compatible with DOS-WINDOWS operating systems.
Subsequently, dedicated programs were utilized to convert these files into binary format
(.BIN) and to perform corrections and statistical analysis on the recorded data. All in-
struments and procedures were selected based on international wind engineering best
practices and in line with recommendations from EN 1991-1-4 [14] and relevant aerody-
namic testing protocols [28].

3.1. Local Pressure Measurement Protocol

The pressure measurement approach followed established methods commonly used
in wind tunnel testing of architectural models [14,28]. Where applicable, standard relation-
ships and calibration steps were applied to ensure reproducibility and accuracy. In the
aerodynamic tunnel, static and total pressures are measured using a Pitot tube, which is se-
curely positioned in the direction of airflow. This setup enables the accurate determination
of the reference wind velocity, a key parameter in the evaluation of dynamic pressure. The
appropriate height for taking pressure and velocity measurements is selected based on the
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geometric proportions of the model being tested, ensuring that the Pitot tube is aligned
with the model’s effective reference height.

Once positioned, the Pitot tube provides direct readings for both the total pressure
(pt0) and the static pressure (ps0) at the reference point. With these values, the dynamic
pressure (pd0) is calculated as the difference between total and static pressure, as expressed
by the following relation [14]:

pd0 = pt0 − ps0 (3)

The pressures on the surface of the models were measured using pressure transducers,
positioned according to the principle of systems that collect data from multiple pressure
ports. The pressure changes applied to both sides of the transducer membrane are detected
electrically, using capacitive or inductive methods, or through micro-comparators. The
transducers used in the aerodynamic tunnel on models are connected via a system of tubes
to the pressure ports.

The process of installing and measuring local pressures on the wind-exposed surface
of the model begins with the mounting of the pressure transducer. This device is affixed to
the model’s surface, oriented perpendicularly to the direction of wind flow to accurately
capture pressure fluctuations. The installation height is selected based on the mean velocity
profile corresponding to the simulated atmospheric boundary layer, ensuring consistent
reference conditions across all measurements. The transducer placed at this position
provides reference data essential for interpreting the pressure distribution.

Following installation, the terminals of the pressure transducers are connected to the
terminal block of the data acquisition board, as illustrated in Figure 3. This setup allows
for the synchronized signal transmission from the pressure taps to the recording system,
enabling precise tracking of aerodynamic effects during testing.

 

Figure 3. Recording circuit: data acquisition board—pressure transducers—model.

The data acquisition board is connected to a computer system to facilitate the digital
recording of measured values. The recording and monitoring process is managed using
LABVIEW Signal Express software, which enables real-time data visualization, storage,
and subsequent processing.

Local pressure measurements obtained at various points on the surface of the
model—denoted as point i—are used to compute the corresponding local aerodynamic
coefficients. These are expressed through the following relation [9]:

cpi =
pi − ps

pt − ps
(4)
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where cpi represents the dynamic pressure coefficient at point i, pi is the measured dynamic
pressure at point i on the tested model [Pa], ps is the static pressure [Pa], and pt is the
reference total pressure measured in the airflow region [Pa].

This dimensionless coefficient provides a normalized measure of wind-induced pres-
sure relative to the reference dynamic conditions, offering a basis for comparing aerody-
namic behavior across different roof geometries.

To ensure the accuracy of the recorded data, two preliminary correction procedures
were conducted before initiating the actual measurements. The first correction involved
measuring the pressure using a Pitot tube positioned at the reference height, upstream of
the model. This step provided initial values for total pressure (pt1) and static pressure (ps1),
establishing a baseline for the airflow conditions within the tunnel.

In the second step, the total pressure was measured again at the same reference height,
but this time at the precise location where the model would be placed, while the model
itself was absent. This measurement yielded a second pair of values, namely pt0 for total
pressure and ps0 for static pressure, representing the undisturbed airflow conditions at
the intended test location. These values served as calibration references to correct for any
spatial variability in pressure within the wind tunnel.

These correction steps are crucial to compensate for potential variations in the mea-
surement environment and to ensure the accuracy and reliability of the data obtained
during the experiment.

Although, in theory, static pressure should remain constant, in practice, small dif-
ferences are observed in the wind tunnel along the airflow direction. To correct these
discrepancies and ensure data coherence, correction factors are determined in accordance
with the specifications provided. This is done by applying relations (5) and (6) [21]:

∆cps =
ps1 − ps0

pt0 − ps0
(5)

where ∆cps represents the differential correction for static pressure, ps1 is the static pressure
measured at a point in the wind tunnel [Pa], ps0 is the reference static pressure [Pa], and pt0

is the reference total pressure [Pa] [21].

γ =
pt0 − ps0

pt1 − ps1
(6)

where γ is the correction factor, pt1 represents the total pressure measured at a point in the
tunnel [Pa], ps1 is the static pressure measured at the same point [Pa].

The corrections can be integrated directly into the aerodynamic coefficients according
to the relation (7) [29]:

cpi =
1
γ
· pi − ps1

pt1 − ps1
+ ∆cps (7)

where cpi is the corrected pressure coefficient, pi represents the pressure measured at the
point of interest [Pa], and ∆cps is the differential correction of the static pressure.

Before beginning the actual test sequence, each sensor’s signal output was individ-
ually verified using a manual air pump. This verification ensured that all sensors and
pressure transducers responded correctly to sudden variations in pressure, confirming their
operational sensitivity and the absence of signal lag or faults in the system.

Following this verification step, the Pitot tube was securely mounted in its designated
position within the wind tunnel and connected to the pressure transducers. With the system
fully assembled, instantaneous pressure values generated by the wind at a specific point k
on the model’s surface were recorded over a given time interval t. These measurements
enabled the calculation of local aerodynamic coefficients at each point, based on the cor-
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responding reference pressure values. The reference pressure was determined using the
established reference wind speed, in accordance with applicable aerodynamic standards.

The aerodynamic coefficients obtained through this process are statistical in nature, rep-
resenting time-averaged quantities that characterize the wind’s interaction with the model
surface. These values are essential for evaluating pressure distributions and aerodynamic
loads across the roof configurations tested. These procedures were followed uniformly for
all tested configurations to ensure consistency and allow comparative analysis across the
roof geometries.

The mean value of the pressure coefficient at a given point k on the surface of the
model was determined using the time-averaged pressure measured during the test interval.
This average value, denoted as cpk , is calculated according to Equation (8), which relates
the mean pressure to the dynamic pressure derived from the reference wind speed [10]:

cpk =
pk

1
2 · ρ · u2

re f
(8)

where cpk represents the mean pressure coefficient, pk is the mean pressure at point k [Pa], ρ

defines the air density [kg/m3], and uref characterizes the reference average wind speed [m/s].
The standard deviation of the pressure coefficient, also referred to as the root mean

square of the pressure fluctuations, is calculated using Equation (9). This parameter
quantifies the magnitude of pressure variation around the mean value at point k, providing
insight into the unsteady aerodynamic behavior at that location [10]:

(
c′p
)

k
=

√
(pk(t)− pk)

2

1
2 ρ · u2

re f
(9)

where
(

c′p
)

k
is the standard deviation of the pressure coefficient, pk(t) expresses the

instantaneous pressure measured at point k at time t [Pa], and pk characterizes the mean
pressure at point k [Pa].

The experimental procedure began with the careful positioning of the model on the
rotating platform inside the wind tunnel. Initially, the model was oriented perpendicularly
to the airflow to ensure uniform exposure across its surface. Once the setup was verified,
the access door of the wind tunnel was closed and securely fastened to eliminate any
external disturbances during the test.

Before activating the motor, an initial set of pressure readings was taken at each pressure
tap while the wind speed was set to zero. This baseline measurement established a reference
point for subsequent dynamic comparisons. Following this step, the electric motor was gradu-
ally powered up, and the airflow velocity was increased in controlled increments—typically
between 1 and 2 m/s—until the predetermined test speed was reached.

Once steady-state conditions were achieved, the data acquisition system was activated,
and pressure values at all ports were recorded at a high sampling frequency. The first
complete set of fluctuating pressure data was captured over a defined interval, generally
lasting 30 s, and stored for later analysis and interpretation.

Subsequently, the model was repositioned on the rotating platform to simulate differ-
ent wind incidence angles. For each new orientation, a fresh series of pressure measure-
ments was recorded, allowing the researchers to evaluate variations in pressure distribution
due to changes in wind direction.

Following the completion of the testing sequence, the motor speed was gradually
reduced until the wind tunnel came to a complete stop, thereby marking the end of
the experiment.
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3.2. Data Acquisition and Processing Procedure

The data collected from the pressure taps were statistically processed using estab-
lished signal analysis techniques adapted from Bendat and Piersol [23], ensuring accurate
calculation of mean values and dynamic pressure coefficients. To process the data obtained
from the laboratory tests conducted in the wind tunnel, a structured methodology was
applied, involving several distinct stages. The total number of pressure taps installed on
the three roof models—M1, M2, and M3—was denoted by k, ranging from 1 to 19, including
the Pitot tube channel.

At time zero, with the wind tunnel motor turned off and wind speed set to zero, the
signal was collected from all pressure taps and the Pitot tube. For each pressure tap k, the
signal was recorded over a time interval T of 30 s, resulting in 30,000 samples denoted
as ui

k1, . . ., ui
k30,000. Later, at a time ti, with the wind speed increased to a predefined

testing level, the signal from each pressure tap on the models was recorded again over the
same 30 s interval, generating a new set of 30,000 samples: ukm, where k = 1 . . .30,000 and
m = 1 . . .30,000.

To correct the raw data, the mean offset for each pressure tap was first calculated using
Equation (10) [28]:

uo
k =

(
u1

k + . . . + u30,000
k

)
30, 000

(10)

Subsequently, the corrected signal values were obtained by subtracting this mean
offset from the corresponding measurement taken during motor operation at the test speed,
as shown in Equation (11) [28]:

ucor
km = ukm − uo

k (11)

Once the corrected signal values were established, statistical analysis was performed
to derive the relevant parameters. The first step involved calculating the arithmetic mean
of the measured values for each pressure tap using the following expression [28]:

X =
∑n

i=1 xi

n
(12)

where X is the arithmetic mean, xi denotes the individual measured values, and n represents
the total number of values.

Next, the sample standard deviation (mean square deviation) was computed to quan-
tify the variability of the pressure data. This was done according to Equation (13) [28]:

s = ±

√√√√∑n
i=1 (x i − X

)2

(n − 1)
(13)

The standard error of the mean, which estimates the uncertainty in the sample mean,
was then determined using Equation (14) [28]:

sr = ± s√
n

(14)

To evaluate the relative variability of the dataset, the coefficient of variation was
calculated, as defined by Equation (15) [28]:

V =
s
X

× 100 (15)

A small value of V indicates low variability and a consistent dataset, while a large V
points to greater dispersion in the measured data.
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The test precision index, used to express the precision of repeated measurements as a
percentage, was computed using Equation (16) [28]:

p =
2sr

X
× 100 (16)

Finally, after applying all the above computations, the corrected final value of the
measured parameter at each tap and for each test configuration was determined using the
following relation [28]:

x = X − sr (17)

3.3. Scaling and Dimensional Analysis

To ensure that the results obtained in the wind tunnel can be meaningfully applied
to real-life buildings, the principle of similarity was respected in terms of geometry (1:100
scale) and flow behavior (using dimensionless parameters such as pressure coefficients).
Although it was not feasible to match the Reynolds number exactly due to laboratory limi-
tations, the flow regime remained within an acceptable range to preserve key aerodynamic
features like separation and vortex formation.

Importantly, pressure coefficients, being non-dimensional quantities, allow direct
extrapolation to full-scale conditions. This means that while absolute pressure values differ
at full scale, the aerodynamic trends and relative distributions remain valid.

Nonetheless, it must be acknowledged that certain aspects of natural wind, such as
large-scale turbulence, gust effects, and transient flow features, are not fully replicated
in a wind tunnel. These limitations imply that further validation, for example through
full-scale testing or CFD simulations, would strengthen the generalizability of the findings.
While absolute values may differ at full scale, the use of non-dimensional pressure coeffi-
cients ensures the transferability of aerodynamic behavior trends across scales, making the
experimental findings applicable for practical design scenarios.

4. Results and Discussion: Aerodynamic Behavior of PV-Equipped Roof
Configurations

The experimental program was carried out in the Wind Engineering Laboratory at
the Faculty of Civil Engineering and Building Services, using three scaled roof models
(1:100) representing different architectural geometries. A wind tunnel with a turbulent
boundary layer was used to replicate realistic wind conditions. Each model was tested
under 12 different wind incidence angles ranging from −150◦ to +180◦, at a reference wind
speed of 7.95 m/s. Each test lasted 30 s, during which 30,000 data samples were collected
at a frequency of 1000 Hz. A total of 36 tests were conducted—12 per model—ensuring
consistent boundary conditions and measurement protocols.

The following sections detail the objectives, instrumentation, setup procedures,
and analysis of the aerodynamic response of each roof configuration equipped with
photovoltaic panels.

4.1. Research Objectives

The primary goal of this study is to quantify and compare wind-induced dynamic
pressure coefficients on different sloped roof types equipped with PV systems, based
on wind tunnel testing. For each model, dynamic pressure measurements were taken
at various wind incidence angles, including 0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦, −30◦,
−60◦, −90◦, −120◦, and −150◦ relative to the main wind direction. These measurements
allowed for the determination of pressure coefficients specific to each incidence angle, thus
contributing to the understanding of the aerodynamic behavior of the roofs. A detailed
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analysis of the collected data revealed how the airflow interacts with the varied geometry
of the roofs, highlighting differences in pressure distribution depending on the structure
and the roof type.

The objective was to determine the dynamic pressure coefficients and dynamic pres-
sures at different roof types, measured under the established experimental conditions.
Furthermore, the aim was to establish correlations between the experimental results and
values determined according to current standards. This comparison was crucial for validat-
ing the experimental methodologies used and providing a solid foundation for assessing
the aerodynamic behavior of the roofs.

These data are important in the design process as they allow the identification of critical
areas with high pressure and the optimization of roof design to ensure greater resistance to
wind forces. Thus, risks associated with extreme weather phenomena can be significantly
reduced. By understanding and utilizing dynamic pressure coefficients, designers and
engineers can develop innovative and efficient solutions for protecting buildings against
wind effects. This not only improves structural resistance but also contributes to creating
optimal conditions for comfort and safety inside buildings, ensuring their durability and
functionality in the face of severe weather events.

In order to gain a deeper understanding of the behavior of roofs with installed photo-
voltaic panel systems, additional calculations were performed based on the data obtained
from the wind tunnel tests. These calculations aimed to determine the dynamic pressure
exerted on the roof under various wind conditions. By analyzing these results, the goal
was to obtain a complete and detailed picture of how wind interacts with the roof and the
photovoltaic panel system, providing crucial information for optimizing their design and
performance in variable wind conditions.

Dynamic pressure (pd) represents the kinetic energy per unit volume of a moving fluid
and is measured in pressure units. The calculation formula is [24]:

pd = 0.5 ρ v2 cv (18)

where pd is the dynamic pressure [Pa], ρ denotes the air density [kg/m3] (air density can be
considered 1.225 kg/m3 under standard conditions), v characterizes the wind speed [m/s],
and cv represents the dynamic pressure coefficient.

4.2. Experimental Program Overview

The experiment was conducted in a wind tunnel with a turbulent boundary layer,
using 1:100 scale models for different types of buildings. The tests included M1—a house
with a gable roof, M2—a house with a hip roof, and M3—an institutional building with a
multi-section roof, including sections with variable slopes (Figures 4–6). Measurements
were taken to determine the reference wind speed, as well as dynamic, static, and total
pressures, both at the reference point and at the roof level of each model.

Several preparatory steps were undertaken for the experiment. First, the positions of
the 18 sensors were marked on the roof, arranged in three rows of six columns each, and
centered in the area where the photovoltaic panel system was to be installed. An additional
reference pressure point, the 19th sensor, was placed below the eaves.

Following this, holes were drilled to allow for the installation of the connecting tubes
between the roof surface and the sensor plate. The tubes were then inserted into the designated
positions in accordance with the experimental setup. Finally, the tubes were secured by gluing
and their upper ends were carefully adjusted to align precisely with the roof level. The upper
limit of the tubes was fixed at the roof level of the models, while each tube mounted on the
acquisition plate had a length of 25 cm. This length facilitated handling the models while
adjusting their positions for measurements in different wind directions.



Sustainability 2025, 17, 4739 12 of 21

 

Figure 4. House with a gable roof model at scale 1:100 (M1).

 

Figure 5. House with a hip roof model at the scale of 1:100 (M2).

 

Figure 6. Institutional building with a multi-section roof model at the scale 1 to 100 (M3).

For each model, dynamic pressure measurements were taken at multiple wind inci-
dence angles, including 0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦, −30◦, −60◦, −90◦, −120◦, and
−150◦ relative to the main wind direction. Additionally, sensor number 0 was connected to
both the acquisition plate and the Pitot tube to enable simultaneous data recording.

Following the model fabrication and instrumentation according to the aforementioned
steps, the next phase involved preparing the models for the experiment, which included
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verifying sensor functionality. Each sensor was tested individually using an air blower
to check the integrity of the tubing. This test ensured that there were no air leaks in the
system and that each sensor’s signal was within the appropriate range. This guaranteed
the correct operation of the sensors and the measurement system before commencing the
actual experiments.

During the experiment, a wind speed of 8 m/s was used for measurements. Each
model underwent 12 test runs, totaling 36 tests for all three models. Each test lasted 30 s,
with 30,000 values recorded per measurement. In all cases, the same parameters regarding
model positioning in the tunnel and wind direction were maintained to ensure consistent
experimental conditions throughout the tests.

To provide a clearer overview of the experimental parameters used in the wind tunnel
tests, the main characteristics of the program are summarized in Table 1.

Table 1. Summary of the main experimental conditions and testing parameters applied to the three scaled
roof models in the wind tunnel setup.

Parameter Description

Test facility Wind tunnel with turbulent boundary layer, Technical
University of Ias, i

Scale of physical models 1:100
Roof types tested M1—Gable, M2—Hip, M3—Multi-section

Number of sensors per model 18 pressure sensors + 1 reference sensor
Wind incidence angles 0◦, ±30◦, ±60◦, ±90◦, ±120◦, ±150◦, 180◦ (12 angles total)
Reference wind speed 7.95 m/s

Duration per test 30 s
Number of samples per test 30,000

Total number of tests 36 (12 per model)
Data acquisition frequency 1000 Hz

Software used LABVIEW and custom processing scripts

4.3. Results: Gable Roof (Model M1)

The average values of the dynamic pressure coefficient and the corresponding dynamic
pressure (Table 2) represent essential parameters in evaluating the distribution of wind-
induced forces on the roof surface. These values are determined based on data collected
from pressure taps mounted on the roof surface, allowing for a detailed analysis of both
local and global variations in wind-induced pressure. The interpretation of dynamic
pressure coefficients provides an accurate understanding of how air currents interact
with the structure, highlighting areas of high or low pressure—fundamental aspects for
optimizing the aerodynamic performance of the roof and ensuring the stability of the
photovoltaic system installed on it.

During the wind action testing on the gable roof with photovoltaic panels, relevant
data were obtained for various wind incidence angles relative to the horizontal plane. The
reference wind velocity used in these experiments was 7.95 m/s, and for each incidence
angle, the average values of the dynamic pressure coefficient (Figure 7) and dynamic
pressure (Figure 8) were determined. These results are essential for evaluating the structural
behavior of the roof under wind influence and identifying potential risk areas.

The aerodynamic response of the gable roof (Model M1) showed significant variations
in dynamic pressure coefficients depending on the wind incidence angle. The highest
positive values occurred at 0◦ and –30◦, with dynamic pressure coefficients of 0.378 and
0.384, respectively, corresponding to dynamic pressures of 14.63 Pa and 14.86 Pa. These
indicate strong frontal compression forces acting directly on the photovoltaic panels.
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Table 2. Average values of the dynamic pressure coefficient and corresponding dynamic pressure for
the gable roof model (M1) at 7.95 m/s reference wind speed, across 12 wind incidence angles.

Reference Wind
Speed (vref) [m/s]

Angle of Incidence of
Reference Wind Speed

[◦]

Average Dynamic
Pressure Coefficient

(cv)

Dynamic Pressure
(pd) [Pa]

7.95

0◦ 0.378 14.63

30◦ 0.302 11.69

60◦ 0.245 9.48

90◦ 0.177 6.85

120◦ −0.132 −5.11

150◦ −0.169 −6.54

180◦ −0.204 −7.89

−30◦ 0.384 14.86

−60◦ 0.311 12.04

−90◦ 0.228 8.82

−120◦ −0.145 −5.61

−150◦ −0.189 −7.32

Figure 7. Graph showing the variation of dynamic pressure coefficient for the gable roof model (M1)
as a function of wind incidence angle, highlighting zones of compression and suction.

As the wind angle shifted from frontal to oblique and reverse directions, a progressive
decrease in both dynamic pressure and pressure coefficients was observed. At 60◦ and 90◦,
the pressure values dropped to 9.48 Pa and 6.85 Pa, respectively. Beyond 120◦, the pressure
coefficients became negative, indicating suction effects, with the most significant uplift
observed at 150◦ (–0.189) and 180◦ (–0.204), equating to –7.32 Pa and –7.89 Pa.

This pattern demonstrates a clear aerodynamic transition from compression to uplift,
associated with flow separation and vortex formation at higher wind angles. These suction
forces are critical, as they generate upward loads that may compromise the structural
integrity of the PV mounting system, particularly near panel edges and rear fixings. This
observation aligns with [10], who reported elevated suction forces behind PV panels at
oblique wind angles on gabled roofs.
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Figure 8. Corresponding dynamic pressure values for the gable roof model (M1), indicating higher
pressure loads at 0◦ and −30◦ angles.

The variation in aerodynamic behavior across the incidence angles highlights the sensi-
tivity of gable roofs to wind direction, especially in the context of elevated PV installations.
Wind exposure from the rear can generate significant uplift forces, which must be carefully
considered during the design and anchorage of PV systems.

In summary, the gable roof configuration exhibited the highest-pressure differen-
tials among the three models tested, confirming its vulnerability to wind-induced uplift.
Reinforcement of panel anchoring at rear and edge zones is recommended to enhance
structural resilience.

4.4. Results: Hip Roof (Model M2)

The values determined for the dynamic pressure coefficient and dynamic pressure,
presented in Table 3, represent essential factors in the analysis of the distribution of aerody-
namic forces generated by the wind on the roof. These data are obtained from measure-
ments taken at the pressure taps, optimally placed on its surface, allowing for a detailed
assessment of the local and global variations of the pressure exerted by the airflow. Investi-
gating these parameters provides a clear perspective on the areas subjected to significant
aerodynamic influences, playing an important role in optimizing the structural configura-
tion and ensuring the stability of the photovoltaic system installed on the roof.

The interpretation of the data in Table 2 provides a detailed perspective on how
the wind’s angle of incidence influences the distribution of dynamic pressure on the
surface of the roof equipped with photovoltaic panels. The values of the dynamic pressure
coefficient (Figure 9) and dynamic pressure (Figure 10) vary significantly depending on the
wind direction, indicating both compression and suction zones, phenomena with major
implications for the stability of the structure.

The hip roof (Model M2) demonstrated a more uniform aerodynamic response com-
pared to the gable roof. The maximum dynamic pressure coefficient was observed at −30◦

(cv = 0.564) and 0◦ (cv = 0.555), corresponding to dynamic pressures of 21.83 Pa and 21.54 Pa,
respectively. These indicate strong frontal wind loading on the PV panels mounted on the
upper portion of the roof.

As the wind incidence angle increased, the aerodynamic response gradually diminished.
At 60◦ and 90◦, the dynamic pressure coefficients decreased to 0.360 and 0.260, indicating a
reduced compression effect. Like model M1, suction forces began to appear beyond 120◦, with
cv values becoming negative. At 150◦ and 180◦, significant suction was recorded (−0.278 and
−0.300), with dynamic pressures of −10.75 Pa and −11.61 Pa, respectively.
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Table 3. Summary of the dynamic pressure coefficients and pressures measured for the hip roof
model (M2) under controlled wind tunnel conditions, showing variation by incidence angle.

Reference Wind
Speed (vref) [m/s]

Angle of Incidence of
Reference Wind Speed

[◦]

Average Dynamic
Pressure Coefficient

(cv)

Dynamic Pressure
(pd) [Pa]

7.95

0◦ 0.555 21,536

30◦ 0.444 17,190

60◦ 0.360 13,926

90◦ 0.260 10,055

120◦ −0.194 −7511

150◦ −0.248 −9617

180◦ −0.300 −11,611

−30◦ 0.564 21,827

−60◦ 0.457 17,095

−90◦ 0.335 12,964

−120◦ −0.213 −8252

−150◦ −0.278 −10,752

Figure 9. Dynamic pressure coefficient distribution for the hip roof model (M2), revealing more
uniform aerodynamic behavior than the gable roof.

The more gradual decline in pressure and the smoother transition from compression
to suction suggest improved aerodynamic stability. This behavior can be attributed to the
hip roof’s sloped geometry on all sides, which facilitates flow deflection and reduces vortex
intensity. These findings are consistent with the results of Kopp and Morrison [5], who
emphasized the stabilizing effect of hipped roof forms under turbulent wind conditions.

While the hip roof still exhibits areas of suction at higher wind angles, the magnitude
of these uplift forces is lower than in the gable configuration. This implies a reduced risk
of panel detachment, although anchorage design should still consider rear and lateral
suction zones.

Overall, the hip roof configuration showed a balanced aerodynamic profile with
lower peak suctions, confirming its relative resilience to wind-induced loading on rooftop
PV systems.
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Figure 10. Dynamic pressure values across wind incidence angles for the hip roof model (M2), with
peak values at frontal wind directions and suction observed at rear angles.

4.5. Results: Multi-Section Roof (Model M3)

The values of the dynamic pressure coefficient and dynamic pressure, presented in
Table 4, represent fundamental information for understanding how wind influences the
distribution of aerodynamic forces on the roof. These data are extracted from measurements
made using pressure taps placed across the entire roof surface, allowing for a detailed
evaluation of pressure fluctuations across different areas. The analysis of these parameters
helps identify regions subjected to significant aerodynamic loads, which is essential for
improving the structural design and ensuring the stability of the photovoltaic system
mounted on the roof.

Table 4. Experimental results for the multi-section institutional roof model (M3), highlighting both
positive and negative pressure effects across varying wind directions.

Reference Wind
Speed (vref) [m/s]

Angle of Incidence of
Reference Wind Speed

[◦]

Average Dynamic
Pressure Coefficient

(cv)

Dynamic Pressure
(pd) [Pa]

7.95

0◦ 0.510 19,809

30◦ 0.409 15,830

60◦ 0.331 12,822

90◦ 0.239 9257

120◦ −0.179 −6910

150◦ −0.229 −8859

180◦ −0.276 −10,682

−30◦ 0.520 20,094

−60◦ 0.421 15,730

−90◦ 0.309 11,933

−120◦ −0.196 −7593

−150◦ −0.256 −9892

Following the analysis of the results, a significant distribution of the dynamic pressure
coefficient (Figure 11) and dynamic pressure (Figure 12) can be observed depending on the
wind incidence angle, with maximum and minimum values indicating the variability of
the aerodynamic forces applied to the roof.



Sustainability 2025, 17, 4739 18 of 21

Figure 11. Coefficient of dynamic pressure variation for the multi-section roof model (M3), showing
irregular behavior due to complex geometry.

Figure 12. Recorded dynamic pressure values for the multi-section roof model (M3), reflecting both
peak compressive and uplift forces.

The multi-section roof (Model M3) displayed a complex aerodynamic behavior, influ-
enced by the variation in roof slopes and junctions between segments. The highest dynamic
pressure coefficient was recorded at –30◦ (cv = 0.626), corresponding to a dynamic pressure
of 24.23 Pa, followed closely by 0◦ (cv = 0.587, pd = 22.72 Pa). These values indicate strong
frontal wind loading, especially in zones where PV panels are aligned with roof ridges.

Between 30◦ and 90◦, dynamic pressure coefficients decreased significantly, reaching a
minimum of 0.197 at 90◦, equivalent to a dynamic pressure of 7.63 Pa. As with the previous
models, suction effects emerged beyond 120◦, with negative pressure coefficients recorded
at 150◦ and 180◦ (cv = –0.257 and –0.284, pd = –9.94 Pa and –10.98 Pa, respectively).

Due to its complex geometry, the multi-section roof produced asymmetric flow pat-
terns and non-uniform pressure distributions. This was particularly evident at oblique
wind angles (60–120◦), where pressure zones shifted unevenly across the roof surface,
affecting PV panels mounted on different slopes in distinct ways. These effects mirror those
reported in experimental studies on irregular roof shapes, where multiple flow separations
and reattachments occur simultaneously [7,21].

The variability in wind-induced pressures across different sections of the roof high-
lights the challenge of designing uniform anchoring systems for PV modules. Specific zones
may experience significantly higher uplift or compression depending on panel orientation
relative to wind direction.
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In conclusion, the multi-section roof exhibited the most spatially complex pressure behav-
ior, with localized zones of high suction and compression. Customized PV mounting strategies
are necessary for such geometries, especially in areas near slope transitions and ridgelines.

5. Conclusions
This study experimentally examined the aerodynamic behavior of photovoltaic (PV)

panel systems installed on three different roof configurations—gable, hip, and multi-
section—by conducting wind tunnel tests on 1:100 scale models exposed to varying wind
incidence angles. The results revealed significant differences in pressure distribution based
on roof geometry and wind direction, with gable roofs showing high frontal pressure
peaks, hip roofs demonstrating more uniform loading, and multi-segment roofs presenting
complex aerodynamic patterns with alternating suction and compression zones.

The presence of negative pressure coefficients at high incidence angles underscores the
critical need to account for uplift forces when designing and installing rooftop PV systems.
These insights contribute valuable experimental evidence that supports safer and more
efficient structural integration of solar technologies, particularly in wind-exposed regions.

Practically, the results suggest that mounting systems for PV panels on gable and multi-
pitched roofs should be reinforced especially at edges and corners, where uplift forces are
highest. Designers should consider the dominant wind directions in their regions and integrate
safety margins for both suction and compression effects when dimensioning supports.

While the results are consistent and statistically reliable, several limitations should be
acknowledged. The wind tunnel setup cannot fully replicate real atmospheric turbulence,
especially large-scale eddies and gusts. Moreover, the simplifications of model geometry
and fixed panel angles may limit the generalizability to irregular installations. Future work
should include CFD simulations and full-scale field testing to validate and refine these
findings under natural wind conditions.

Beyond the immediate design implications, the findings of this study lay the ground-
work for further investigations aimed at enhancing predictive accuracy and structural
resilience. Future research should build on this dataset to develop validated numerical
simulations, such as CFD models, capable of extrapolating the observed aerodynamic phe-
nomena to full-scale conditions. Additionally, extended studies could explore the long-term
behavior of PV mounting systems under fluctuating wind loads and help inform updates
to design standards for complex roof geometries.

In this context, the current work serves not only as a contribution to experimental
wind engineering but also as a reference point for ongoing research efforts focused on
integrating renewable energy systems safely and sustainably into the built environment.

Given the increasing emphasis on sustainable development in civil engineering, this
study offers practical guidance for enhancing the reliability of solar energy systems in
diverse architectural contexts. By improving the understanding of wind effects on PV-
equipped roofs, the research supports informed decisions in both design and policy, con-
tributing to the broader objectives of environmental responsibility, energy efficiency, and
resilience in the built environment.
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editing, R.-A.P., N.Ţ., S.-V.H. and I.H.; visualization, R.-A.P., D.U. and A.-F.M.; supervision, N.Ţ.;
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A B S T R A C T

One of the main challenges in photovoltaic panel operation is the significant increase in operating temperature, 
which leads to a notable decrease in conversion efficiency. Addressing this issue, the present study focuses on the 
investigation of air-cooling solutions for photovoltaic (PV) panels integrated into an operational system. The 
proposed cooling solutions for the photovoltaic panels include four different types of heat sinks with fins. The 
experimental setup was placed on a roof terrace, exposing the panels to real-world weather and functional 
conditions. Each cooling solution, designed with variable characteristics, aimed to efficiently dissipate heat 
generated by the PV panels, particularly during warmer seasons. Each cooling solution tested in this research 
improves the efficiency of photovoltaic panels and ensures uniform temperature distribution across the panel 
surface. The advantage of the air-cooling solutions (heat sinks with fins) is their ability to provide passive cooling 
of the photovoltaic panels without additional energy or mass consumption. These passive cooling solutions are 
advantageous as they lower PV temperatures without requiring additional energy input, thus aligning with 
sustainable design principles by enhancing energy output while minimizing the system’s carbon footprint. The 
originality of the work consists in outdoor testing of the patented idea of perforating the heat sink to improve air 
circulation. The results demonstrated notable efficiency improvements across all models, ranging from 5.28% to 
5.92%, with slight advantages induced by perforated fin heat sinks (5.82% to 5.92%) compared to non- 
perforated ones (5.28% to 5.69%). Additionally, perforated designs achieved approximately 5% material sav
ings, offering superior efficiency gains at a reduced cost. The research involved both theoretical analysis and 
experimental approach.

Introduction

The current global energy context is characterized by the energy 
consumption of humanity which has reached impressive values in recent 
years, while the world’s energy production still has an important per
centage of conventional sources [1]. In the current year (2024) it was 
“celebrated” the well-known Overshoot Day on August 1st. This means 
that humanity has already used up all the restorable resources of Earth 
for an entire year. From August 2nd we have started consuming more 
resources than the planet can regenerate [2]. Therefore, by the end of 
the year 2024, the energy consumption will reach about 1.71xEarth. It is 
a global emergency and every small step in reducing this tendency will 
become decisive in achieving this task.

Photovoltaic conversion has important advantages, considering that 
the energy source is renewable and free, and the processes of electricity 

production do not have a negative impact on the environment (CO2 or 
NOx emissions, waste, noise etc.). The generation of electricity is done 
without the use of moving parts, so the costs of maintenance are 
reduced. The energy produced is consumed locally, which results in 
reduced power losses.

The Building Integrated Photovoltaics (BIPV) concept consists in 
placing PV panels on the roof or facades of buildings. This integration is 
justified if there are analyzed the main advantages of the local produc
tion and consumption of electricity, which imply reduced energy losses 
and the possibility of complex use of electricity and heat [3].

Photovoltaic systems typically operate in a functional context where, 
over long periods (years of operation), there is often a mismatch be
tween the months of maximum energy production and the months 
when maximum efficiency is achieved [4]. It is necessary to overcome 
these technological and conceptual barriers that are currently 
assumed by default. For example, during intermediate seasons like 
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March-May 2023, as well as October-November 2023, the maximum 
hourly power produced by the PV systems in Romania (879–906 MW) 
exceeded the maximum hourly values from June-August 2023 (864 
MW) [5]. Knowing that the intensity of solar radiation between June 
and August has the highest values of the year, it turns out that the most 
important cause of not reaching the production potential was the un
controlled increase of the operating temperatures of the PV panels 
during the summer [6].

There are solutions for improving the global efficiency of PV panels, 
like bifacial technology, N-type cells [7] or solar tracking systems [8], 
but in terms of temperature effect, the most recommended solutions are 
to realize an efficient cooling [9–17]. In literature there are comple
mentary PV panels cooling solutions that are recommended to achieve 
high productivity [18–20]. The interest regarding the PV panels cooling 
is supported by the high amount of research in literature on improving 
the conversion efficiency by decreasing the temperature of the photo
voltaic panels [6,21,22] and on using the extracted thermal energy [23]. 
The integration of photovoltaic panels in buildings is another topic of 
interest, both from an energetic and architectural point of view, known 
as BIPV (Building Integrated Photovoltaics) [24].

One of the main problems concerning the operation of photovoltaic 
panels is the significant increase of their operating temperature, which 
causes an important drop in conversion efficiency [13,25,26]. The 
decrease of efficiency and of the produced power related to the increase 
of the temperature have values between − 0,46…-0,50 %/◦C and 
− 0,47…-0,50 %/◦C, respectively [22].

As the power of a photovoltaic cell is influenced by the temperature 
and radiation levels, the standard test conditions (STC) parameters were 
defined [6]: tcell = 25 ◦C, G = 1000 W/m2, AM1.5. In STC the PV panels 
produce the Watt-peak power [Wp], but a real concern is that in regular 
operation, at 1000 W/m2, the photovoltaic panels can reach tempera
tures of 80…90 ◦C [3], leading to a significant decrease of the efficiency.

Experimental tests on monocrystalline or polycrystalline photovol
taic panels, that show the decrease of efficiency as the operating tem
perature increases and the necessity of cooling solutions are current 
concerns in the literature [17,20,27–29].

Most of the studies on the cooling of photovoltaic panels are also 
focused on the usage of the thermal energy extracted because of this 
process [27,30–33], so that the recovery time of the investment is less 
than of the stand-alone photovoltaic systems [34,35].

The simultaneous conversion of solar energy into electric and ther
mal energy using photovoltaic-thermal panels is known in the literature 
as PVT (Photovoltaic-Thermal System) [27,30–33]. A particular feature 

of this solution is the BIPVT concept, which implies the integration of 
photovoltaic panels into buildings [36,37]. The generation of two of the 
most used types of energy is performed under the conditions in which 
the operation of each of the two systems is beneficial to the other, with 
priority to the production of electricity and ensuring the efficiency of 
photovoltaic conversion. Already commercialized solutions of PVT are 
known (hybrid photovoltaic solar panels, passive cooling solutions with 
polymeric films, ventilated cooling systems – [38]), but comparisons 
and quantifiable data regarding the effect of these solutions compared to 
the basic variants under similar conditions are not available. Most of 
them provide only global information under laboratory standard oper
ating conditions [39].

There are at least two main directions for cooling PV panels: passive 
and active. Though there are a lot of many other technologies, materials 
and solutions used (such as: PCM [20,40–42], nanofluids [43,44,45 
46,47], heat pipes [18,41], radiative cooling [1], thermoelectric devices 
[1,45,48]), the most widespread thermal agents for extracting the heat 
from the PV panels are still water [28,31,49] and air [19,25,50,51,52]. 
The most used agent for active cooling is water – in different systems and 
configurations [31,53,54]. From passive cooling technologies, the most 
widespread are air cooling [3,22,50,55].

Although water cooling has some clear advantages over air cooling, 
there are many situations where air cooling is preferred because it has no 
moving parts, requires simple maintenance, and has a relatively low 
initial investment cost compared to water cooling solutions [55,56]. The 
air cooling is ideal for areas where thermal energy is not required or 
where water or other thermal agents cannot be used [22]. Also, air 
cooling is recommended for locations where bifacial PV panels cannot 
be used [7].

Different technologies to improve the efficiency of photovoltaic 
panels by passive cooling using air are studied in the literature [57]. 
Initial studies on the cooling of photovoltaic (PV) panels using air and 
heat sinks compared the characteristic values of photovoltaic cells under 
different conditions through experimental tests [22,58,59]. Many 
studies have the same approach by comparing in laboratory conditions 
the basic case with heat absorption and dissipation system on the 
backside area. In these studies [60,61] the system consists of a network 
of fins made of aluminum or copper, being thermally coupled to the 
photovoltaic cell. An increase in the heat extracted from the photovol
taic cell and a decrease in its temperature, with values between 5 ◦C and 
9 ◦C is recorded. Over the years, this research direction has been fol
lowed and improved both from the point of view of the materials used, 
but also of the geometric configurations [62–64].

Nomenclature

Pmp Maximum power point (Wp)
Vmp Voltage at the maximum power point (V)
Imp Current at the maximum power point (A)
Voc Open circuit voltage (V)
Isc Short-circuit current (A)
η Efficiency of conversion in STC (%)
β Temperature Coefficient of a PV Cell Efficiency (%/◦C)
TSTC Operating temperature in standard test conditions (TSTC =

25 ◦C);
ΔT Temperature difference between TSTC and T (◦C);
ηT PV panel efficiency for temperature T (%);
tNOCT Nominal Operating Cell Temperature (◦C)
L, l, h Dimensions of PV panel Length (mm), Width (mm), Height 

(mm)
tcell Operating temperature of the PV cell (◦C)
G Solar irradiance (W/m2)
KCu Conductivity of copper (W/m.K)

a Accuracy of measurement device
u Uncertainty of measurement device
h Heat transfer coefficient
Re Reynolds number
Pr Prandtl number
PV Photovoltaic
BIPV Building Integrated Photovoltaics
PVT Photovoltaic Thermal
BIPVT Building Integrated Photovoltaic Thermal
STC Standard test conditions
AM Air mass
AM1.5 Air mass in standard test conditions
Cool-PV-ANPHF Air cooled heat sink Non-Perforated Horizontal 

Fins
Cool-PV-ANPHF30 Air cooled heat sink 30 mm Perforated 

Horizontal Fins
Cool-PV-ANPVF Air cooled heat sink Non-Perforated Vertical Fins
Cool-PV-ANPVF30 Air cooled heat sink 30 mm Perforated Vertical 

Fins
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Recent studies from literature have some inconveniences such as: 
focusing only on the small-scale photovoltaic cell, active cooling by 
forced convection or using controlled laboratory conditions. The non- 
uniformity of the distribution of the temperatures across photovoltaic 
panels is also an important factor which affects their global efficiency 
[19,26,65,66].

The main objective of the present study was to realize real outdoor 
experimental tests of the innovative technologies of air-cooling photo
voltaic (PV) panels to improve their conversion efficiency. The mono
crystalline silicon photovoltaic panels analyzed will be referred 
hereinafter as photovoltaic (PV) panels. The basic concept of the 
analysis was the designing and testing of PV panels cooling technologies. 
The innovative passive air cooling has assumed the use of heat sinks 
with perforated/non-perforated fins and natural ventilation. 
Considering the sensitivity of PV panels to high operating temperatures, 
the implementation of the proposed cooling technologies will enhance 
the electric energy generation of photovoltaic systems throughout the 
entire year. Compared to the studies mentioned above, the originality of 
the work consists in outdoor testing of the patented idea of perforating 
the heat sink to improve air circulation [67].

The novelty of the present study is that the cooling effect was 
analyzed and extended to a larger scale on an operating photovoltaic 
system. The types of heat sinks proposed in this paper have more ad
vantages than the technologies found in existing studies, such as the use 
of copper as the heat sink material and optimized fins with perforations 
[3,22,68].

Experimental setup

The experimental research was realized on a real operational PV 
system placed on the terrace roof of the Department of Building Services 
Engineering at the Faculty of Civil Engineering and Building Services, 

“Gheorghe Asachi” Technical University of Iasi, Romania (47.15 N, 
27.59 E – [69]) – Fig. 1. The purpose of the experimental tests was to 
implement the established models for cooling photovoltaic panels and to 
verify their operational parameters. Additionally, the increase in effi
ciency was graphically and numerically quantified. The experimental 
program involved testing the influence of various climatic parameters 
for four heat sink configurations.

The operational photovoltaic system has the following characteris
tics − Fig. 2:

− Installed power = 2.56 kWp;
− Number of panels = 8 monocrystalline photovoltaic panels of 320 

Wp each (Number of cells: 60, Minimum efficiency: 19 %, Panel di
mensions: 1690 x 996 x 35 mm, Panel weight: 18.5 kg, MC4 connectors, 
advantageous position of the IP67 junction box – in order to have 
maximum space for heat sink positioning) − Fig. 2;

− Single-phase hybrid inverter compatible with the photovoltaic 
system (Minimum efficiency: 96.7 %, Maximum input voltage: 600 V, 
Minimum voltage: 100 V, Number of MPPT: 2; Maximum input current 
per MPPT: 12.5 A, Maximum short-circuit current: 18 A);

− DC and AC cables, connectors, and panels.
The positioning of the photovoltaic panels at the optimum angle of 

35◦ was established numerically [22]. Table 1 presents the electrical and 
functional characteristics of the Si-based photovoltaic panels used in the 
system.

The experimental stand composed of a total of 8 identical photo
voltaic panels was grouped into 2 subsystems, for which the cooling 
technologies were implemented, as follows:

Subsystem 1 – Consists in 4 pilot photovoltaic panels, with stan
dard mounting (without additional devices to improve cooling). This 
subsystem represents the base case for comparing the tested cooling 
technologies, operating under the same conditions. Four pilot photo
voltaic panels were installed into the subsystem. The measurements for 
the PV panels which are part of Subsystem 1 are averaged during the 
study, to exclude errors or particularities.

Subsystem 2 – Consists of 4 photovoltaic panels cooled using heat 
sinks with perforated and non-perforated fins placed on the back of 

Fig. 1. Location of the operational photovoltaic system [69].

Fig. 2. The photovoltaic system (2.56 kWp) – 8 Photovoltaic panels of 320 Wp each.

Table 1 
General specifications of the selected PV panel − AE Solar AE320HM6-60 [70].

AE Solar AE320HM6-60 PV Panel
Pmp 320 Wp

Vmp 33.40 V
Imp 9.59 A
Voc 40.90 V
Isc 10.15 A
η 19.22 %
β − 0.37 %/◦C
tNOCT 47 ◦C
Dimensions (L × l × h) 1665 mm × 996 mm × 35 mm
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PV panels and fixed using thermal paste and adhesive. This subsystem is 
used to analyze the effect of the innovative heat sinks with perforated 
fins, in order to determine the additional energy produced as a result of 
lower operating temperature. A total of four photovoltaic panels were 
installed with attached heat sinks made of copper, two of them with 
perforated fins and two without perforations – Fig. 3.

The heat sinks attached to photovoltaic panels for cooling, Fig. 4, 
consist of a metal plate with perforated or non-perforated fins. The 
dimensions of the heat sink plate were considered at maximum technical 
to cover as much as possible of the panel surface. The geometrical di
mensions of the fins and perforations were chosen following the nu
merical optimization studies carried out before the experimental 
implementation [3,22,68,71].

The copper fins (KCu = 400 W/m.K) were placed in two 

configurations (horizontal and vertical) at distance of 10 cm, having 
holes arranged in one row and staggered from one to another. The role of 
the designed holes on the fins is both quantitative (by reducing the 
amount of material necessary for device construction) and qualitative 
(by amplifying the turbulence and heat transfer in the immediate 
vicinity of PV panel) [3,55,72,73].

The photovoltaic panels were equipped with copper sheet heat sinks, 
as shown in Fig. 5. The contact between the back surface of the photo
voltaic panel and the heat sink plate was ensured by using thermally 
conductive silicone paste.

Fig. 6 presents the experimental stand used for testing the technol
ogies for efficiency improvement of PV panels by cooling.

Monitoring of the external climatic parameters was carried out using 
the Vantage Pro2 Plus weather station [74], positioned on the roof of the 
building, near the experimental stand − Fig. 7.

The experimental stand was designed to facilitate both separate and 
simultaneous measurements for all proposed air-cooling solution 
models. The arrangement of photovoltaic panels, cooling solutions and 
the weather station is illustrated in Fig. 7. The interior equipment of the 
experimental stand is situated in the technical space, located in the 
immediate vicinity of the photovoltaic system. In this space, measure
ment and control equipment have been placed, as well as the internal 
components of the electrical installation of the photovoltaic system 
(cables, inverter, equipment and electrical panels) − Fig. 8.

To verify the performance of the proposed heat sinks, an experi
mental research program was performed on a full-scale physical model 
integrated into a functional photovoltaic system. The testing program 
considered the variation of the climatic parameters (ambient air tem
perature, solar radiation, wind direction and wind speed). The func
tional photovoltaic system consists of 8 photovoltaic panels, with 4 of 
them equipped with the proposed real-scale air-cooling solutions. The 4 
constructive variants are presented in Tables 2–5. Based on the initial 
numerical analysis [22], the experimental study focused on two main 
configurations: longitudinal (vertical, aligned with the length of the PV 
panel) and transverse (horizontal, aligned with the width of the PV 
panel). The distance between the fins was set to 150 mm, with a height 
of 100 mm for each fin.

The approximate lengths of the fins were 1520 mm for the longitu
dinal configuration and 860 mm for the transverse configuration. There 

Fig. 3. Subsystem 2 – Photovoltaic panels with heat sinks.

Fig. 4. Heat sink with perforated fins for cooling PV panels – principle 
of operation.

Fig. 5. Mounting heat sinks on the back of the photovoltaic panel.
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were 11 fins in the horizontal arrangement and 5 in the vertical 
arrangement. The perforations were circular, with a diameter of 30 mm. 
The distance between the centers of the perforations on the fins was 100 
mm, staggered by 50 mm between successive fins. The role of the offset 
between the rows of perforations is to generate local turbulence, to 

remove any stagnant air and to ensure a more balanced circulation of air 
currents for uniform cooling of the photovoltaic panel surfaces.

The arrangement of the PV panels is shown in Fig. 9. The minimum 
distance of 1 m was imposed between two panels, to assure good air 
circulation and cooling effect.

Fig. 6. Experimental stand for testing the cooling of PV panels.

Fig. 7. The experimental stand with the arrangement of photovoltaic panels, cooling solutions, and the weather station near the photovoltaic system.

Fig. 8. Arrangement of the technical space.
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Experimental testing

To obtain accurate data, a versatile measurement infrastructure was 
created. Therefore, it was realized an automation panel for separating 
the electrical measurements for each PV panel of the system. Also, the 
possibility of measuring the open circuit or operating voltage was 

provided – Fig. 10.
The experimental stand was located outside, in real world condi

tions, to evaluate all the climatic factors involved during the PV panels 
operation (solar radiation, air temperature, humidity, wind velocity and 
direction). All these parameters were monitored throughout the testing.

Table 2 
Heat sink for cooling photovoltaic panels with horizontal fins (Cool-PV-ANPHF).

​

Table 3 
Heat sink for cooling photovoltaic panels with perforated horizontal fins (Cool-PV-APHF30).

​

Table 4 
Heat sink for cooling photovoltaic panels with vertical fins (Cool-PV-ANPVF).

​
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Instrumentation & data acquisition

During the experimental tests, the measurements of the operating 

temperatures of the photovoltaic panels were made by using K-type 
contact temperature sensors placed on the back of the photovoltaic 
panels together with thermal imaging camera coordination [75]. The 

Table 5 
Heat sink for cooling photovoltaic panels with perforated vertical fins (Cool-PV-APVF30).

​

Fig. 9. Spatial arrangement of the PV panels.

Fig. 10. Automation diagram and electric panel for data acquisition in both open-circuit and under load conditions.
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temperatures were centralized by the aid of a data acquisition system −
MS6 Data Logger with 16 channels [76]. The electrical parameters were 
measured by using PEL 103 equipment [77] and data acquisition sys
tems − Sefram Multipurpose Data Logger − DAS220BAT with 10 
channels – for voltage [78] and Chauvin Arnoux CA 8336 Tester [79]
and– for current intensity.

The measurement of the intensity of the incident solar radiation on 

the surface of the photovoltaic panels was carried out with the aid of the 
pyranometer of the weather station [80].

During the experimental tests, the following physical parameters 
were measured:

− Solar radiation, air temperature, wind speed, and wind direction.
− Temperatures of the photovoltaic panels (contact temperature 

probes, thermal imaging camera).
− Electrical parameters: currents, voltages, powers.
All devices used were accompanied by their dedicated software. 

Table 6 presents the main characteristics of the devices used. The 
maximum uncertainty of the measurement associated with the in
struments is presented in Table 7, while the average percentage is 
approximately 0,693 %.

The relevant weather data for the experiment’s location are pre
sented in Fig. 11 and Fig. 12. In these images, the average solar radia
tion, air temperatures, wind directions and velocities can be observed. 
This information was used for preliminary numerical and analytical 
studies, to establish the optimum characteristics and orientation of the 
PV panel and for the heat sinks with horizontal or vertical fins.

Results and discussions

The photovoltaic panels with cooling solutions were installed in a 
structurally and energetically functional photovoltaic system. The focus 
was on the cooling effect and, consequently, the increase in electrical 
energy production compared to pilot photovoltaic panels. The testing 
was conducted during the warm season, with a wide range of climate, 
energy and electrical data measured and recorded with the specified 
measuring devices. These data were processed, integrated and corre
lated as follows.

The cooling effect of the proposed solutions was analyzed for the 
month of July, characterized by daily average temperatures of 28 ◦C, 
highest solar radiation and with typical wind distribution. Considering 
the need to correlate all the factors involved (personnel, measurement 
equipment, weather etc.), the experimental results and the effect of the 
cooling solutions are presented for a representative summer day in Iași – 
Romania (47.1585◦ N, 27.6014◦ E) − 28.07.2024, characterized by 
clear skies and light winds, Fig. 13.

The wind rose recorded for the studied day and location is presented 
in Fig. 14.

According to the wind rose, the direction and velocity was on the 
main axe East-West. This circulation through the PV panels and heat 

Table 6 
Characteristics of measurement devices.

Device / Parameter Unit Type of device Measurement 
range

Accuracy

Data Acquisition 
Station − Panel 
Temperatures

− MS6D Data 
Logger, 
simultaneous 
measurement and 
recording of 
temperatures 
from PT1000

− 140…+

600 ◦C
2.5 ◦C 
around 
measured 
value

Data Acquisition 
Station −
Electrical 
Parameters

V Sefram BK 
Precision DAS220

± 100 V 0.1 % 
within the 
measured 
range

Measurement and 
Recording of the 
Climatic 
Parameters 
(Thermometer, 
Anemometer, 
Solar Radiation 
Sensor)

oC 
m/s 
W/ 
m2

Weather Station 
Vantage Pro 2

− 40…+65 ◦C 
0.5…89 m/s, 
0…1800 W/ 
m2

±0.5 ◦C 
over 20 ◦C 
1 m/s or ±
5 % 
± 5 % /1 
W/m2

Photovoltaic Panel 
Temperature

oC Temperature 
Sensors PT1000

− 50…+

200 ◦C
± (0.15 +
0.002*t) oC

Table 7 
The uncertainties of the measurement devices.

Device Measurement 
range

Accuracy 
(a)

Uncertainty 
(u)

DAS − Panel Temperatures − 140…+600 ◦C 0.003 0.002
DAS − Electrical Parameters ± 100 V 0.001 0.001
Thermometer − 40…+65 ◦C 0.005 0.003
Anemometer 0.5…89 m/s, 0.005 0.003
Solar Radiation Sensor 0…1800 W/m2 0.005 0.003
PT1000 − PV Panel 

Temperature
− 50…+200 ◦C 0.007 0.004

Fig. 11. Typical annual wind speed and temperature distribution [81].
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sinks is presented in Fig. 15, which was advantageous both for the base 
case and air-cooled PV panels.

It can be observed that the electrical energy production of the system 
on this day follows a typical uniform pattern for a functional photo
voltaic system − Fig. 16, which means that the system worked normally 
and all the photovoltaic panels were operational.

Throughout the measurement day, the electrical parameters of each 
photovoltaic panel in the functional system were monitored, both for the 
base case and for the cooling solutions with heat sinks. The cooling 
analysis was performed during the time interval of 12:00–––17:00. 
During this interval, the higher values of solar radiation led to the 
generation of electrical energy under relevant operating conditions, but 
also caused the heating of the external air and of the photovoltaic panels. 
Therefore, the cooling effect becomes increasingly noticeable as the day 
progresses. Table 8 shows the maximum increase in the efficiency of 
photovoltaic panels for each heat sink model compared to the average 
efficiency in the base cases.

The results of the experimental tests of the proposed models 

(perforated/non-perforated fin heat sinks) were captured with a thermal 
imaging camera and illustrated in Figs. 17–19, for the reference case 
Cool-PV-APHF30 and Cool-PV-APVF30.

Depending on the specific climatic conditions recorded – Fig. 13, the 
average values of temperature of the PV panels without cooling range 
between 50…70 ◦C during the entire interval of study (12.00–17.00 PM, 
28.07.2024).

The perforated heat sinks enhanced heat dissipation primarily by 
promoting convective heat transfer. The perforations increase the sur
face area exposed to airflow and create turbulence, which disrupts the 
thermal boundary layer and improves the efficiency of heat removal. 
Under the average outdoor temperature over 30 ◦C and the wind ve
locity of 2 m/s, from the measurement day, the heat sinks reduced the 
panel’s operating temperature by 15 ◦C. This reduction is attributed to 
both natural convection and forced convection effects.

Quantitatively, the convective heat transfer coefficient h was calcu
lated using the Nusselt number correlation for perforated surfaces [82]: 

Fig. 12. Typical annual cloudy and sunny days for the study location [81].

Fig. 13. Climate data measured by the weather station in the immediate vicinity of the photovoltaic system on 28.07.2024.
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Nu = C⋅Ren⋅Pr1/3 (1) 

Where:
Re − Reynolds number;
Pr − Prandtl number;
were determined based on the airflow properties. The results showed 

a 20 % increase in h compared to a non-perforated heat sink, directly 

contributing to the observed reduction in temperature and corre
sponding efficiency gains of 2.5 %.

Considering that the photovoltaic panels temperature coefficient for 
the present study is − 0.37 %/◦C [63], the variation of the average 
operational temperature and hourly efficiency of the base case PV panels 
is presented in Fig. 20. The effect of operating temperature on photo
voltaic conversion efficiency (ηT) is calculated according to Equation 
(2). 

ηT = η − η⋅ΔT⋅β (2) 

Where:
tcell – operating temperature of PV panel (◦C);
TSTC − operating temperature in standard test conditions (TSTC =

25 ◦C);

Fig. 14. Wind rose measured at the location of the PV system on 28.07.2024.

Fig. 15. Main wind direction at the location of the PV panels.

Fig. 16. Electrical energy production of the functional photovoltaic system on 28.07.2024.

Table 8 
Increase in the efficiency of PV panels with heat sinks compared to the base case.

Heat Sink 
Model

Maximum Increase in 
the Efficiency

Average increase in production during 
the 12:00–––17:00 interval

1. Cool-PV- 
ANPHF

5.69 % 1.50 %

2. Cool-PV- 
APHF30

5.82 % 1.59 %

3. Cool-PV- 
ANPVF

5.28 % 1.49 %

4. Cool-PV- 
APVF30

5.92 % 1.82 %
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ΔT – temperature difference between TSTC and tcell (◦C);
ηT – PV panel efficiency for temperature T (%);
η – Efficiency of conversion in STC (%);
β − Temperature Coefficient of a PV Cell Efficiency (%/◦C).
From a functional perspective, all 4 heat sink models result in a 

significantly similar improvement in the efficiency of photovoltaic 
panels (in the range of 5.28 % to 5.92 %), with slight advantages 
observed in the perforated fin heat sinks (5.82 % to 5.92 %) compared to 
non-perforated ones (5.28 % to 5.69 %). From the constructive and the 

economic perspective, considering the material savings achieved 
through perforations (approximately 5 %), it is evident that the perfo
rated heat sinks provide superior improvement at a lower cost compared 
to non-perforated ones. The results have confirmed the anticipated ef
fects and demonstrated the usefulness and feasibility of the proposed 
models. The prototypes of photovoltaic panel cooling solutions can 
provide all the required functions of the operational photovoltaic sys
tem, leading to an improvement in efficiency as shown in Figs. 21–24.

According to initial expectations [3,22], the proposed heat sink 

Fig. 17. Thermal imaging camera visualization − base case − without cooling solution.

Fig. 18. Thermal imaging camera visualization − air cooling with 30 mm perforated horizontal fin heat sink.

Fig. 19. Thermal imaging camera visualization − air cooling with 30 mm perforated vertical fin heat sink.
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models were expected to improve the efficiency of photovoltaic panels 
under optimal conditions by 6.97 % to 7.55 % compared to the base 
case. According to the experimental results, this increase reaches values 
between 5.28 % and 5.92 %. The recorded differences fall within an 
acceptable margin, considering the variations that occur between the 
theoretical models (ideal – constant climatic parameters and stationary 
thermodynamic regime) and the experimental models (real – variable 
climatic parameters and variable thermodynamic regime, wind effect on 
the base case panel was also important).

The use of outdoor analysis for perforated heat sinks provides a more 
realistic evaluation than previous indoor experimental studies [83] or 
numerical analysis [54,84] on PV air cooling. Unlike existing research in 
literature [85], this study demonstrates that perforated heat sinks can 
achieve 5.92 % efficiency improvement under outdoor conditions.

However, considering that the analysis was carried out on a specific 
condition of a functional photovoltaic system, it is possible that differ
ences could occur compared to the statistical situation of all specific 
applications in the market. Therefore, a post-implementation SWOT 

Fig. 20. Evolution of the average operational temperature and efficiency of the base case PV panels.

Fig. 21. Operating temperature (a) and PV panel efficiency increase (b) – ANPVF.

Fig. 22. Operating temperature (a) and PV panel efficiency increase (b) – ANPVF30.
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analysis was performed, with the following results:
Strengths: − Viable solutions in functional systems.
− Relatively simple labor.
Weaknesses: − Increased material costs.
− Intervention in existing functional equipment.
Opportunities: − Rising electricity prices.
− Use of materials with similar thermophysical characteristics but 

lower cost.
− Optimal positioning of photovoltaic panels in terms of solar radi

ation, wind direction, and speed.
Threats: − Heat sinks can only be used with photovoltaic panels that 

have sufficiently large space at the back for the proposed models.
− Climate and technical uncertainties.

Conclusions

In the study, particular types of copper heat sinks with optimized 
perforated/non-perforated fins were studied. A novel approach of the 
cooling effect was integrated by analyzing a real scale photovoltaic 
system in typical operating conditions – in terms of solar radiation, wind 
velocity and direction, air temperature, electrical and thermal parame
ters of the panels. The results presented in this paper are the outcome of 
several years of phased work, progressing from the formulation of the 
technological concept to detailed numerical analysis and then to the 
design of the experimental setup with the presented specifications.

Based on the experimental results, the technological maturity level of 
the studied models reached a TRL 6 by validating the functionality of the 

models (heat sinks with perforated and non-perforated fins) under 
relevant operating conditions. Consequently, the proposed cooling so
lutions were integrated into a fully functional photovoltaic system 
installed on the building’s terrace and subjected to real climatic condi
tions. The experimental tests were carried out at full scale in a fully 
operational system.

General results

The results obtained demonstrated the usefulness and feasibility of 
the proposed models. They confirmed the anticipated effects and 
demonstrated the viability of the proposed cooling technologies. All 
prototypes of photovoltaic panel cooling solutions with heat sinks are 
capable of operating and fulfilling all the required functions of the 
operational photovoltaic system, leading to an improvement in 
efficiency.

Specific results

− Each cooling solution tested in this research improves the effi
ciency of photovoltaic panels and ensures uniform temperature distri
bution across the panel surface.

− From a functional perspective, all four heat sink models (Cool-PV- 
ANPHF, Cool-PV-APHF30, Cool-PV-ANPVF, Cool-PV-APVF30) result 
in a significant improvement in photovoltaic panel efficiency (in the 
range of 5.28 % to 5.92 %), with slight advantages induced by perfo
rated fin heat sinks (5.82 % to 5.92 %) compared to non-perforated 

Fig. 23. Operating temperature (a) and PV panel efficiency increase (b) – ANPHF.

Fig. 24. Operating temperature (a) and PV panel efficiency increase (b) – ANPHF30.
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ones (5.28 % to 5.69 %).
− From an economical and constructive perspective, considering the 

material savings (approximately 5 %) achieved through perforation, it is 
evident that perforated heat sinks provide superior improvement at a 
lower cost compared to non-perforated ones.

Improving photovoltaic efficiency using perforated heat sinks con
tributes to practical applications such as enhancing the performance of 
solar panels in residential, commercial, or industrial setups; reducing the 
cooling requirements for photovoltaic systems, leading to cost savings; 
efficient renewable energy systems and achieving sustainability goals.
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Abstract: The negative effect of the operating temperature on the functioning of photovoltaic panels
has become a significant issue in the actual energetic context and has been studied intensively during
the last decade. The very high operating temperatures of the photovoltaic panels, even for lower
levels of solar radiation, determine a drop in the open-circuit voltage, with consequences over the
electrical power generated and PV-conversion efficiency. The temperature effect over the efficiency of
monocrystalline and polycrystalline photovoltaic panels by using a double-climatic chamber and a
solar simulation device was studied experimentally for two photovoltaic panels, one monocrystalline
and another polycrystalline, with the same nominal power of 30 Wp. The double-climatic chamber
used is composed of two separate rooms, a cold and a hot one, while the PV panel is placed as a
barrier between them. The study is focused on establishing the effect of raising the temperature of
PV panels over electrical parameters: voltage, current, and power produced and for efficiency and
fill factor to promote sustainable energy consumption. The findings highlight the positive impact of
cooling on enhancing system efficiency, with the primary focus on quantifying its overall performance.
The operating temperature is controlled by the flow of air on the backside of the PV panel inside
the cold room. The level of radiation studied corresponds to a vertical integration of PV panels in
building façades. The coefficient of the mean variation of the efficiency with the photovoltaic panels’
temperature was −0.52%/◦C; for voltage, −0.48%/◦C, and for current, +0.10%/◦C.

Keywords: PV panel; climatic chamber; efficiency; temperature effect; sustainable solutions

1. Introduction

Climate change has an important impact on the worldwide flora and fauna, including
human civilization. To address this issue, sustainable solutions need to be implemented
urgently to reduce carbon dioxide emissions [1]. In this context, photovoltaic (PV) tech-
nology has important advantages, considering that the energy source is renewable and
free and the production of electricity is clean and does not have a negative impact on the
environment (CO2 and NOx emissions, waste, noise, etc.). The generation of electricity is
done without moving parts, determining reduced costs of maintenance. When the systems
are serving buildings, the energy produced is consumed locally, which results in reduced
power losses [1].

Generating electricity with low CO2 emissions represents an important energetic
target, presenting a large European and worldwide interest. In terms of environmental
sustainability, PV panels harness solar energy, which is a clean and inexhaustible source.
They reduce dependence on fossil fuels and help lower greenhouse gas (GHG) emissions.
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The building-integrated photovoltaic (BIPV) concept consists of placing PV panels on
the roof or façades of buildings [2]. The integration is justified if one analyzes the main
advantages: the local production and consumption of electricity, which imply reduced
energy losses and the possibility of complex use of electricity and thermal energy. By
increasing energy generation and reducing consumer losses, a reduction in CO2 and
NOx emissions and environmental protection are achieved, maintaining the same comfort
conditions for occupants. The implementation of high-efficiency PV systems integrated
into buildings and the reduced distance between the source and the consumption point
could determine a decrease in environmental pollution and CO2 emissions [3,4].

One of the main problems concerning the operation of photovoltaic panels is the
significant increase in their operating temperature, which causes an important drop in
conversion efficiency [5–7]. The decrease in the conversion efficiency related to the increase
in the temperature for solar radiation of 1000 W/m2 has values around −0.50%/◦C [8].

Even though monocrystalline and polycrystalline solar panels are structurally differ-
ent, with a slightly higher efficiency for monocrystalline ones, their operation is similar,
and, according to the specialized literature, both are similarly affected by high operating
temperatures [8].

The performance characteristics of photovoltaic panels (voltage (V), current intensity
(I), electric power generated (P), efficiency (η), and fill factor (FF)) depend on operating
temperature (Tmed) and intensity of solar radiation (G) [9]. It is estimated that around 80% of
the solar radiation incident on the photovoltaic panel is converted into heat [10] at operating
temperatures in the interval of 65–80 ◦C, depending on solar radiation intensity [7]. As
the power of a photovoltaic cell is influenced by the temperature and radiation levels,
the standard test conditions (STC) parameters are defined: Tmed = 25 ◦C, G = 1000 W/m2,
AM 1.5, when PV panels generate the nominal power measured in watt-peak (Wp) [11]. A
real concern is that in regular operation, at solar radiation levels of 500 . . . 1000 W/m2 and
low air velocities, the photovoltaic panels can reach temperatures of 80 ◦C [12], leading to a
significant decrease in efficiency [13].

The literature provides examples, procedures, and relationships for determining the
influence of operating temperature over the efficiency of PV panels, but most of them are
related to the STC or NOCT conditions only [11].

A feasible method to increase the efficiency of PV panels consists in using cooling solu-
tions [14,15]. Most of the studies on the cooling of photovoltaic panels are also focused on
the usage of the thermal energy extracted because of this process so that the recovery time of
the investment is less than that of the stand-alone photovoltaic systems [16]. The simultane-
ous conversion of solar energy into electric and thermal energy using photovoltaic-thermal
panels is known in the literature as PVT (photovoltaic-thermal system) [17]. A particular
feature of this solution is the BIPVT concept, which implies the integration of PVT into
buildings [3,4].

Detailed studies on the air cooling of photovoltaic panels are carried out in [18,19].
The integration of photovoltaic panels in the building envelope, as the exterior glazing
of the double-glazed façades, is also considered a viable solution [20,21]. In this case, the
ventilation of the channel can be realized naturally (due to the thermal draft or wind) or
mechanically [22].

The use of water as a cooling agent for photovoltaic panels is a solution analyzed in
different studies [23–25]. The hybrid photovoltaic panels studied in the literature have
attached a water coil with the role of cooling the PV panel and solar collector [26]. Most
water-cooling techniques are placed in the category of active cooling solutions and are
superior to air cooling, but are more expensive [27].

The present study presents an experimental evaluation of the influence of the operating
temperature over the most relevant parameters of two silicon PV panels at constant levels
of radiation. It highlights the potential for enhancement of the efficiency of photovoltaic
systems and emphasizes the importance of further research to promote sustainable energy
consumption. The implemented analysis is suitable for building integrated photovoltaics in
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vertical positions when solar radiation levels are around 500 W/m2, but important heating
is still recorded [28].

2. Experimental Setup

Comparative tests were performed for two types of photovoltaic panels: monocrys-
talline and polycrystalline, with approximately equal dimensions and of the same nominal
power, 30 Wp, with slightly different electric characteristics (Table 1). Within the experi-
mental program, carried out by using a Feutron double-climatic chamber (DCC) (Feutron
Klimasimulation GmbH, Langenwetzendorf, Germany) [29], the performance of the photo-
voltaic panels was analyzed under various conditions by modifying the air temperature.
The measured values were the electric Voc, Isc, Pmp, Vmp, and Imp, and thermal ones, Tmed
and Gmed. Additionally, the influence of external parameters on photovoltaic conversion
efficiency, η, was determined.

Table 1. Characteristics of photovoltaic panels.

Type of PV Panel Real Image Parameters

Monocrystalline photovoltaic panel
(Victron Energy)
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Pmp = 30 Wp
Vmp = 17.2 V
Imp = 1.74 A
Voc = 21.6 V
Isc = 1.94 A

Dimensions (L × W × H):
426 mm × 680 mm × 15 mm

The radiation was provided by a solar radiation simulation device (Figure 1) composed
of six light bulbs, type OSRAM Ultra-Vitalux, of 300 W each. The design, setup and
calibration of the device was realized through PhD research in TUIASI - Romania [30].
The radiation produced by the simulation device does not cover the entire solar radiation
spectrum but has satisfactory wavelengths necessary for evaluating PV panel heating and
conversion [31]. The radiation produced is nearly uniform on the surface of the PV panel
and it is inversely proportional with distance.

The advantage of using a double-climatic chamber consists in its compartmentation
into two spaces, a hot room and a cold one, in which different conditions of temperature
and humidity can be created. The air temperature can be adjusted within a range of +5
to +100 ◦C in the hot room and −45 to +100 ◦C in the cold room. The relative humidity
values can be adjusted between 10 and 95% for the hot room and 15 and 95% for the cold
room [32].

For the experimental evaluation of the effect of temperature on the photovoltaic panels,
the analysis of thermal phenomena was performed in a steady-state regime.

The experimental setup and the equipment used for the analysis of photovoltaic panels
in the double-climatic chamber are shown in Figure 2. In this figure, the red lines were
used for representing the connections for electrical parameters measurements, blue lines
for voltage and the magenta lines for the data transmission to PC.
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Figure 2. Experimental setup for testing the photovoltaic panels in the double-climatic chamber.

The photovoltaic panels were positioned in the DCC between the two chambers and
the cooling is assured by the air from the cold room. The small size of the photovoltaic
panels and the solar radiation simulation device were imposed for easy handling and
integration in the climatic chamber.

To control the operating temperature of the PV panel exposed to radiation, the solar
radiation simulator was placed in the hot room, while the back of the photovoltaic panel
was in the cold room (Figure 3). The connections for the measurement of the temperature
and the electric parameters were made through a sealed orifice of the climate chamber.
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1—PV panel; 2—extruded polystyrene insulation; 3—solar radiation simulation device;
4—solar lamps; 5—hot room; 6—cold room; 7—conductors from thermocouples; 8—double-
climatic chamber; 9—digital multimeter; 10—control panel of DCC; 11—data acquisition station;
12—uninterruptible power supply (UPS); 13—computer; (±)—conductors of PV panels.

The temperature measurement and recording were performed using the data acquisition
system provided by COMET Data Logger MS6 (COMET System s.r.o., Rožnov pod Rad-
hoštěm, Czech Republic) with 16 inputs for PT1000 [33] and temperature sensors and (PT1000
thermocouples), while the electrical measurements were achieved by using Fluke multimeters
and clamp meters (Fluke Europe B.V., Eindhoven, Netherlands) [34]. The distribution of the
temperatures was determined using both the thermal imaging camera Testo 871 (Testo SE &
Co. KGaA, Baden-Württemberg, Germany) [35] and thermocouple values.

The measurement of the radiation distribution on the surface of the photovoltaic pan-
els was done using specific equipment: Pyranometer Model Voltcraft PL-110SM (Voltcraft®,
Hirschau, Germany) [36] and Solarimeter Model RE550 (PA Hilton Ltd., Hampshire,
UK) [37].

When possible, all devices were used together with their dedicated software. The average
uncertainty of the measurement associated with the instruments was approximately 0.6%.

During the measurements the following parameters were monitored: the temperature
of the photovoltaic panels for the monocrystalline and polycrystalline panels and their
electrical parameters; the open-circuit voltage (Voc), the short-circuit current intensity (Isc),
and the maximum power produced under the tested conditions (Pmp).

The photovoltaic panels were mounted in the boundary area between the two sections
of the double-climatic chamber. They were positioned facing the solar radiation simulation
device in the hot room (Figure 4b), and the back was in contact with the air in the cold
room (Figure 4c). To ensure control of the temperature with the help of the cold room, it
was isolated from the hot room by sealing the space around the photovoltaic panel with
extruded polystyrene (Figure 4a).
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different operating temperatures achieved by adjusting the air temperature in the cold 

Figure 4. Mounting and testing photovoltaic panels: (a) sealing of the PV panel in the double-climatic
chamber; (b) photovoltaic panel—front view; (c) photovoltaic panel—rear view.

On the rear area of the photovoltaic panel are attached the six contact thermocouples,
type PT1000, fixed by means of an adhesive tape, resistant to high temperatures.

A total of 10 measurement setups were conducted for each photovoltaic panel, with
different operating temperatures achieved by adjusting the air temperature in the cold
room. During this work, the data are presented for measurements in steady-state operation
(when radiation level and PV panel temperature were stabilized). Each case required an
entire day to obtain these conditions and to remove the influence of the previous scenario.
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Radiation Emitted Inside the Climatic Chamber

The results of the average radiation measurements for the positioning of the solar radiation
simulation device inside the climatic chamber at a 15 cm distance to the PV panel surface are
presented in Table 2. The data were obtained by multiple measurements at each point, both
with a solarimeter and pyranometer. The measured values show minor differences compared
to the flux emitted when no obstacle is present (Figure 1). These differences are influenced by
the reflections that appeared when the simulator was introduced into the climatic chamber,
characterized by shiny and highly reflective metal surfaces.

Table 2. Coefficients of dependence of Voc, Isc, Pmp, η, and FF with temperature.

Gmed = 560 W/m2

∆Voc/∆T (%/◦C) −0.48

∆Isc/∆T (%/◦C) 0.16

∆Pmp/∆T (%/◦C) −0.52

∆η/∆T (%/◦C) −0.55

∆FF/∆T (%/◦C) −0.15

Due to the small differences between the dimensions of the two photovoltaic panels
(monocrystalline and polycrystalline) and the limitations introduced by the size of the
climate chamber and the solar radiation simulator, the average radiation recorded on
their surfaces presents some differences for the same distance of 15 cm. The average
radiation intensity incident on the PV panels surface mounted in DCC was 560 W/m2 for
the monocrystalline panel and 520 W/m2 for the polycrystalline panel.

This level of radiation used during the experiment simulates the integration of PV
panels in the building’s façade with good accuracy, while the operating temperatures were
controlled through the double-climatic chamber operation in order to analyze the cooling
effect for these specific conditions.

3. Results
3.1. Experimental Results—Monocrystalline Photovoltaic Panel
3.1.1. Distribution of Incident Radiation on the Monocrystalline Photovoltaic Panel

Figure 5 presents the distribution curves of the radiation levels on the surface of the
monocrystalline photovoltaic panel for 15 cm imposed on the solar simulator. Radiation
intensity measurements had the following black points of identification:

• the delimiting area between the two rooms of the DCC: 1, 3, 5, 8, 11, 13, 15, 18;
• photovoltaic panel frame: 21, 22, 23, 28, 33, 38, 43, 42, 41, 36, 31, 26;
• the inner surface of the photovoltaic panel: 24, 25, 27, 29, 30, 32, 34, 35, 37, 39, 40.

Throughout the paper, the figures representing the distribution of the radiation and/or
temperatures are reported on the front face of PV panels. The plots were generated based
on numerical data from measurements by using TOPO LT tool integrated in AutoCAD
software. The colors used in these images has the following meaning: Blue text—used for
marking the values in the measurement points; Blue lines—marking the edge of the PV
panels; Red text—used for marking the values of the isolines for temperature/radiation;
Red lines—isolines for temperature/radiation. Apart from the ϖαλυεσ µεασυρεδ at the
points of identification, the other ones were determined through interpolation.

Figure 5 shows some areas where the maximum incident radiation values are recorded.
These coincide with the position of the solar lamps, and the effect of non-uniformity
generated is inversely proportional to the distance. Additionally, a radiation gradient is
observed, with higher values in points 29 and 34, and lower in points 30 and 35. This
phenomenon is determined by the reflective effect of the climate chamber wall in that area.
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The minimum values of the measured radiation were at least 80% of the average value and
the maximum at 130%.

Sustainability 2024, 16, x FOR PEER REVIEW 7 of 21 
  

 
Figure 5. Distribution of radiation on monocrystalline PV for the distance of d = 15 cm/Gmed = 560 
W/m2. 

Figure 5 shows some areas where the maximum incident radiation values are rec-
orded. These coincide with the position of the solar lamps, and the effect of non-uni-
formity generated is inversely proportional to the distance. Additionally, a radiation gra-
dient is observed, with higher values in points 29 and 34, and lower in points 30 and 35. 
This phenomenon is determined by the reflective effect of the climate chamber wall in that 
area. The minimum values of the measured radiation were at least 80% of the average 
value and the maximum at 130%. 

3.1.2. Temperature Distribution on the Monocrystalline Photovoltaic Panel 
The measurements revealed the appearance of two temperature gradients, one verti-

cally, with higher temperatures in the upper area, and one horizontal, with higher tem-
peratures near the stainless-steel wall, which has high reflective characteristics (Figures 6 
and 7). The vertical temperature gradient is determined by the thermal stratification of the 
air in the immediate vicinity of the photovoltaic panel, while the horizontal differences 
are determined by the higher levels of radiation in these areas. 

The distribution of the average temperatures measured on the surface of the photo-
voltaic panel is presented in Section 3.1.3. The average temperatures of the PV were cal-
culated as an arithmetic mean of the six thermocouples (TCs), positioned two by two in 
the upper, middle, and lower areas behind it. 

Regarding the temperature of PV on its two faces, one exposed to radiation and the 
other in contact with cold air, it was found that the temperatures vary practically instan-
taneously and the differences between them fall in smaller intervals of degree 1 °C. 
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3.1.2. Temperature Distribution on the Monocrystalline Photovoltaic Panel

The measurements revealed the appearance of two temperature gradients, one vertically,
with higher temperatures in the upper area, and one horizontal, with higher temperatures
near the stainless-steel wall, which has high reflective characteristics (Figures 6 and 7). The
vertical temperature gradient is determined by the thermal stratification of the air in the
immediate vicinity of the photovoltaic panel, while the horizontal differences are determined
by the higher levels of radiation in these areas.

The distribution of the average temperatures measured on the surface of the pho-
tovoltaic panel is presented in Section 3.1.3. The average temperatures of the PV were
calculated as an arithmetic mean of the six thermocouples (TCs), positioned two by two in
the upper, middle, and lower areas behind it.

Regarding the temperature of PV on its two faces, one exposed to radiation and
the other in contact with cold air, it was found that the temperatures vary practically
instantaneously and the differences between them fall in smaller intervals of degree 1 ◦C.

The images captured using the thermal imaging camera led to a better qualitative
and quantitative analysis of the results, confirming the temperature distribution on the
photovoltaic panels in Figures 8 and 9. Validation of the temperature distribution obtained
using thermocouples was performed for the average panel temperature of 40 ◦C (Figure 9).

Figure 9 shows the phenomenon of overheating of the photovoltaic panel around its
connection box. It can be observed that at an average temperature of 40 ◦C in the vicinity of
the points, this portion records values about 10 ◦C higher. This phenomenon is determined
by the thermal insulation effect produced by the presence of the box, causing the low
cooling in that area. The heating of the photovoltaic cells in the respective areas of the panel
has a negative effect on overall efficiency when all the cells are interconnected in series.
This phenomenon determines an important local decrease in efficiency that is extended to
the entire PV panel operation and also a risk of fire [38].
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3.1.3. Variation of the Parameters of the Monocrystalline Photovoltaic Panel with the
Operating Temperature

The maximum power produced, Pmp, by the photovoltaic panels was determined by
testing the power dissipated by them on linear resistors with variable resistance, using the
characteristic resistance method, Rch [39]. For each value of the radiation intensity, three
values of the electrical resistance were tested, thus resulting in the maximum power point.
Figure 10 shows the variation of the power generated by the monocrystalline photovoltaic
panel for the three values of the resistance and various temperatures, at a radiation intensity
of 560 W/m2. There is a reduction in the power produced when the operating temperature
is increased for each value of the electrical resistance.
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Figure 10. Maximum power output depending on the monocrystalline PV panel temperature and
resistive load for Gmed = 560 W/m2.

The variation of two of the most important parameters of the photovoltaic panel, the
open-circuit voltage, Voc, and the short-circuit current, Isc, for a radiation level of 560 W/m2

is shown in Figure 11. The increase in temperature can be observed to have a significantly
greater impact on Voc than on Isc.
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Figure 12 illustrates how the open-circuit voltage and the operating temperature of the
photovoltaic panel change over time, while the radiation remains constant. It is found that
the maximum values of the voltage are recorded at minimum temperatures and the reverse
effect. Additionally, it is important to note the very short reaction time of the PV panel
operation related to the temperature change. This behavior is advantageous, as significant
efficiency gains can be achieved instantly by cooling when a temperature rise is noticed.

The effect of the operating temperature of the photovoltaic panel is also observed
on the efficiency variation curves (Figure 13). A significant influence of the increase in
operating temperature at a constant radiation level can be observed.
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3.1.4. Coefficients of Variation of the Parameters of the Monocrystalline Photovoltaic Panel
with the Operating Temperature

The detailed analysis of the experimental results is presented as coefficients of the
influence of the operating temperature on the parameters of the photovoltaic panel, cT.
The coefficients are calculated by comparing the PV panel parameters, X, for temperature
intervals of ∆T = 5 ◦C starting with 25 ◦C:

cT =
∆X
∆T

[%/◦C] (1)

The results are determined for a constant level of radiation of 560 W/m2 in Figures 14–16.
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Figure 16. Influence of the temperature variation at Gmed = 560 W/m2 over short-circuit current,
open-circuit voltage, and PV panel efficiency: (a) total values; (b) average values.

Figure 14 shows the coefficients of variation of efficiency, open-circuit voltage, and
short-circuit current as a function of operating temperature. The results in Figure 14 are
presented for average values over analysis intervals of 5 ◦C. The negative influence of the
panel temperature on the efficiency and the open-circuit voltage is registered for all studied
intervals. Additionally, the short-circuit current has positive coefficients of variation on the
analogous intervals.

Figure 15 shows the results for the maximum power output, and the percentage values
of efficiency and the filling factor. These are presented for a constant radiation intensity
of 560 W/m2 for temperatures in the range of 25–80 ◦C. It can be observed that all three
parameters are negatively influenced by temperature rise.

The total variation of the open-circuit voltage, short-circuit current, and efficiency,
at intervals between 25 ◦C and 75 ◦C is shown in Figure 16a. It is observed that there
is a constant decrease in efficiency and the open-circuit voltage and an increase in the
short-circuit current, compared to the temperature of 25 ◦C. For temperatures around 75 ◦C,
the total efficiency decrease is −27.4%, and for the open-circuit voltage it is −24.0%.

Figure 16b shows the effect of temperature as coefficients of variation mediated per
interval. Using these charts, for any temperature chosen, the coefficients of variation with
temperature (%/◦C) can be determined.

The coefficients of the influence (β) of the operating temperature on efficiency
(−0.52–−0.55%/◦C), voltage (−0.48–−0.50%/◦C), and current intensity (+0.1–+0.16%/◦C)
can be approximated with satisfactory accuracy according to Table 2.
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3.2. Experimental Results—Polycrystalline Photovoltaic Panel
3.2.1. Distribution of Incident Radiation on the Polycrystalline Photovoltaic Panel

As in the case of the monocrystalline PV panel, Figure 17 presents the distribution of
the radiation for d = 15 cm imposed on the polycrystalline photovoltaic panel. A slightly
lower average level of radiation is obtained for the polycrystalline (520 W/m2), compared
to the monocrystalline one (560 W/m2), determined by the elongated shape and the larger
surface. The analysis was implemented at this level of radiation because the quantitative
increase in radiation would be obtained by an important decrease in the uniformity of
radiation on the surface of the PV panel.
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3.2.2. Temperature Distribution on the Polycrystalline Photovoltaic Panel

The distribution of the operating temperatures measured on the surface of the poly-
crystalline photovoltaic panel for the reference mean temperature values is shown in
Figures 18 and 19. The average temperature of the PV panel was calculated as the arith-
metic mean of the values from six thermocouples (TC) positioned in pairs in the upper,
middle, and lower sections on the back of the panel, as shown in Figures 18 and 19.
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3.2.3. Variation of the Parameters of the Polycrystalline Photovoltaic Panel with the
Operating Temperature

During the present study, the focus was on determining the trends of variation of
the parameters of the photovoltaic panels on temperature and radiation intervals and
less on punctual values. Figures 20–22 show the variation of the Pmp, Voc, and Isc of
the polycrystalline photovoltaic panel for the three values of the resistance and various
temperatures at a radiation intensity of 520 W/m2.
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3.2.4. Coefficients of Variation of the Parameters of the Polycrystalline Photovoltaic Panel
with the Operating Temperature

Figure 23 shows the variation of the efficiency of the polycrystalline photovoltaic panel
with the temperature for the radiation level of 520 W/m2. When the operating temperature
increases, the efficiency of the photovoltaic panel is reduced almost linearly.

Sustainability 2024, 16, x FOR PEER REVIEW 17 of 21 
  

Figure 23 shows the variation of the efficiency of the polycrystalline photovoltaic 
panel with the temperature for the radiation level of 520 W/m2. When the operating tem-
perature increases, the efficiency of the photovoltaic panel is reduced almost linearly. 

 
Figure 23. Variation of the efficiency of the PV panel with the operating temperature for Gmed = 520 
W/m2. 

Figures 24–26 represent the coefficients of variation of PV panel parameters with tem-
perature. 

(a) (b) 

Figure 24. Coefficients of variation on temperature intervals at Gmed = 520 W/m2 for (a) efficiency 
and open-circuit voltage; (b) short-circuit current and open-circuit voltage. 

(a) (b) 

Figure 25. Influence of the temperature variation at Gmed = 520 W/m2 over (a) efficiency and fill factor; 
(b) power generated and efficiency. 

Figure 23. Variation of the efficiency of the PV panel with the operating temperature for
Gmed = 520 W/m2.

Figures 24–26 represent the coefficients of variation of PV panel parameters
with temperature.

Sustainability 2024, 16, x FOR PEER REVIEW 17 of 21 
  

Figure 23 shows the variation of the efficiency of the polycrystalline photovoltaic 
panel with the temperature for the radiation level of 520 W/m2. When the operating tem-
perature increases, the efficiency of the photovoltaic panel is reduced almost linearly. 

 
Figure 23. Variation of the efficiency of the PV panel with the operating temperature for Gmed = 520 
W/m2. 

Figures 24–26 represent the coefficients of variation of PV panel parameters with tem-
perature. 

(a) (b) 

Figure 24. Coefficients of variation on temperature intervals at Gmed = 520 W/m2 for (a) efficiency 
and open-circuit voltage; (b) short-circuit current and open-circuit voltage. 

(a) (b) 

Figure 25. Influence of the temperature variation at Gmed = 520 W/m2 over (a) efficiency and fill factor; 
(b) power generated and efficiency. 

Figure 24. Coefficients of variation on temperature intervals at Gmed = 520 W/m2 for (a) efficiency
and open-circuit voltage; (b) short-circuit current and open-circuit voltage.

Sustainability 2024, 16, x FOR PEER REVIEW 17 of 21 
  

Figure 23 shows the variation of the efficiency of the polycrystalline photovoltaic 
panel with the temperature for the radiation level of 520 W/m2. When the operating tem-
perature increases, the efficiency of the photovoltaic panel is reduced almost linearly. 

 
Figure 23. Variation of the efficiency of the PV panel with the operating temperature for Gmed = 520 
W/m2. 

Figures 24–26 represent the coefficients of variation of PV panel parameters with tem-
perature. 

(a) (b) 

Figure 24. Coefficients of variation on temperature intervals at Gmed = 520 W/m2 for (a) efficiency 
and open-circuit voltage; (b) short-circuit current and open-circuit voltage. 

(a) (b) 

Figure 25. Influence of the temperature variation at Gmed = 520 W/m2 over (a) efficiency and fill factor; 
(b) power generated and efficiency. 
Figure 25. Influence of the temperature variation at Gmed = 520 W/m2 over (a) efficiency and fill
factor; (b) power generated and efficiency.



Sustainability 2024, 16, 10566 17 of 20Sustainability 2024, 16, x FOR PEER REVIEW 18 of 21 
  

(a) (b) 

Figure 26. Influence of the temperature variation at Gmed = 520 W/m2 over short-circuit current, open-
circuit voltage, and PV panel efficiency: (a) total values; (b) average values. 

Table 3 presents the coefficients of dependence of the parameters of the photovoltaic 
panels with the operating temperature. According to these data, the decrease in efficiency 
with temperature has average values of about −0.50%/°C.  

Table 3. The values of the dependence coefficients of Voc, Isc, Pmp, η, and FF with temperature. 

Gmed 520 
ΔVoc/ΔT (%/°C) −0.44 
ΔIsc/ΔT (%/°C) 0.17 
ΔPmp/ΔT (%/°C) −0.52 
Δη/ΔT (%/°C) −0.54 
ΔFF/ΔT (%/°C) −0.27 

4. Conclusions and Discussion 
During the experiment, a series of important insights were gained regarding the be-

havior of two different photovoltaic panels under various operating temperature condi-
tions. The coefficients of influence of operating temperature on power, efficiency, voltage, 
current intensity, and fill factor were determined. In all cases studied, the coefficients were 
quantified both as general average values and over specific study intervals. 

The study focuses on the performance of monocrystalline and polycrystalline panels 
under specific irradiation conditions but does not consider other potential influencing fac-
tors (e.g., humidity or wind speed). Therefore, there are some limitations regarding the 
entire spectrum of influence on the efficiency of PV panels. However, this represents a 
major interest in future research. It demonstrates the potential of efficient photovoltaic 
systems to promote sustainable energy consumption. The findings highlight the positive 
impact of cooling on enhancing system efficiency, with the primary focus on quantifying 
its overall performance. 

The results of the experimental tests revealed a series of differences regarding the 
behavior of the monocrystalline and polycrystalline photovoltaic panels, as well as certain 
similar general trends under varying operating temperatures and radiation conditions. In 
terms of power and efficiency, the results show significant differences (Table 4) deter-
mined by the incidence surfaces and the different spectral responses of the two panels to 
the radiation emitted by the solar simulator. 

Table 4. Comparison between the parameters of the two photovoltaic panels. 

Panel Pmp (W) ηSTC (%) Pmax (W) ηmax (%) 
Mono 30 16.66 12.6 12.70 
Poly 30 15.15 15.9 14.42 

Figure 26. Influence of the temperature variation at Gmed = 520 W/m2 over short-circuit current,
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Table 3 presents the coefficients of dependence of the parameters of the photovoltaic
panels with the operating temperature. According to these data, the decrease in efficiency
with temperature has average values of about −0.50%/◦C.

Table 3. The values of the dependence coefficients of Voc, Isc, Pmp, η, and FF with temperature.

Gmed 520

∆Voc/∆T (%/◦C) −0.44

∆Isc/∆T (%/◦C) 0.17

∆Pmp/∆T (%/◦C) −0.52

∆η/∆T (%/◦C) −0.54

∆FF/∆T (%/◦C) −0.27

4. Conclusions and Discussion

During the experiment, a series of important insights were gained regarding the behav-
ior of two different photovoltaic panels under various operating temperature conditions.
The coefficients of influence of operating temperature on power, efficiency, voltage, cur-
rent intensity, and fill factor were determined. In all cases studied, the coefficients were
quantified both as general average values and over specific study intervals.

The study focuses on the performance of monocrystalline and polycrystalline panels
under specific irradiation conditions but does not consider other potential influencing
factors (e.g., humidity or wind speed). Therefore, there are some limitations regarding
the entire spectrum of influence on the efficiency of PV panels. However, this represents
a major interest in future research. It demonstrates the potential of efficient photovoltaic
systems to promote sustainable energy consumption. The findings highlight the positive
impact of cooling on enhancing system efficiency, with the primary focus on quantifying
its overall performance.

The results of the experimental tests revealed a series of differences regarding the
behavior of the monocrystalline and polycrystalline photovoltaic panels, as well as certain
similar general trends under varying operating temperatures and radiation conditions. In
terms of power and efficiency, the results show significant differences (Table 4) determined
by the incidence surfaces and the different spectral responses of the two panels to the
radiation emitted by the solar simulator.
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Table 4. Comparison between the parameters of the two photovoltaic panels.

Panel Pmp (W) ηSTC (%) Pmax (W) ηmax (%)

Mono 30 16.66 12.6 12.70
Poly 30 15.15 15.9 14.42

However, regarding the general trend, there have been some results with important
similarities. The variation of the parameters of the two photovoltaic panels with the
temperature is presented in Table 5.

Table 5. Variation of PV panel parameters with operating temperature.

Panel ∆Pmp/∆T (%/◦C) ∆η/∆T (%/◦C) ∆Voc/∆T (%/◦C) ∆Isc/∆T (%/◦C)

Mono −0.47 −0.46 −0.45 0.14
Poly −0.50 −0.50 −0.43 0.16

According to Table 5, the decrease in the efficiency of the photovoltaic panel with the
operating temperature had values of −0.46–−0.50%/◦C, and of the power produced by it
with −0.47–−0.50%/◦C, for both types of panels. These values were obtained based on the
initial predictions, highlighting that the manufacturing material (silicon) has an indepen-
dent influence, regardless of the technology or type of panel used, whether polycrystalline
or monocrystalline. During the present research, a slight advantage is reported for the
monocrystalline photovoltaic panels in terms of temperature effect, being preferable for
integration into buildings.

The dependence of the power produced by the photovoltaic panel on the operat-
ing temperature is largely influenced by the variation of the voltage generated by the
photovoltaic panel and less by the current produced. The coefficients of variation of the
open-circuit voltage have values in the range −0.43–− 0.45%/◦C, very close to those
corresponding to efficiency (Table 5).

The present study demonstrates the important effect of improving the efficiency of PV
panels through cooling, together with the instant effect of applying this technique.
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Nomenclature

STC Standard test conditions
NOCT Nominal operating cell temperature
AM Air mass
cT Coefficient of variation with temperature
∆T Difference between the tSTC and Tmed (◦C)
∆X PV panel parameters
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Tmed Operating cell temperature (◦C)
d Distance between solar simulator and PV (cm)
Gmed Average radiation on PV panel surface (W/m2)
Rch Characteristic resistance (Ω)
tNOCT Cell temperature in NOCT conditions (◦C)
tSTC Cell temperature in STC conditions (◦C)
Pmp Maximum power produced (Wp)
Vmp Voltage at Pmp (V)
Imp Current at Pmp (A)
Voc Open-circuit voltage (V)
Isc Short-circuit current (A)
η PV panel efficiency (%)
FF Fill factor
β PV panel temperature coefficients (%/◦C)
L Length of PV panel (mm)
l Width of PV panel (mm)
H Height of the PV panel (mm)
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ABSTRACT: 
 

Energy is an essential element in the development of mankind and is the engine that has made possible all the discoveries and 
innovations of recent decades. It is found behind the comfort we have in everyday life, whether at home, at the office, or when 
traveling: an optimal temperature in the room, light at anytime, appliances to ease us and make our lives more beautiful. An energy 
system based on renewable energy has the ability to provide electricity in an economical, sustainable, long-term, non-polluting way 
and can serve the increasing population. One such example is represented by photovoltaic (PV) panels, which produces electricity 
from captured solar energy and is one of the solutions considered for reducing energy. The dimensioning of a photovoltaic system, 
from a technical and economic efficiency point of view, involves the analysis of input data, output data and hence the characteristics 
of an efficient system. The analysis can be done analytically, but also with the help of dedicated software, the result being, in the end, 
a safe system in terms of preventive operation and maintenance. In the article was made the dimensioning of a system, analytical and 
automatic – using software application – to determine if the result obtained – the photovoltaic system – is the same regardless of the 
method used. 
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1. INTRODUCTION 
 
Energy is an essential element in the development of 
mankind and is the engine that has made possible all the 
discoveries and innovations of recent decades. It is found 
behind the comfort we have in every day life, whether at 
home, at the office, or when traveling: an optimal 
temperature in the room, light at any time, appliances to 
ease us and make our lives more beautiful. 
 
An energy system based on renewable energy has the ability 
to provide electricity in an economical, sustainable, long-
term, non-polluting way and can serve a population in full 
population explosion. One such example is represented 
by photovoltaic (PV) panels, which produces electricity 
from captured solar energy, is one of the solutions 
considered for reducing energy consumption and is 
considered the fastest growing technology for electric power 
production and pollutant reduction (Aguilar-Jimenez, 2020). 
 
The dimensioning of a photovoltaic system, from a technical 
and economic efficiency point of view, involves the analysis 
of input data, output data and hence the characteristics of an 
efficient system. 
 

The analysis can be done analytically, but also with the 
help of dedicated software, the result being, in the end, a 
safe system in terms of preventive operation and 
maintenance (Gomaa, 2020). 
 
Renewable energy is also an optimal solution to the 
problem of global warming. In terms of energy sources 
and combating the lack of energy, the renewable energy 
could represent an adequate solution. The development of 
renewable energy sources can also boost employment by 
creating jobs in new 'green' technologies. In recent years, 
but especially in the current period, in the context of 
policy changes at regional / global level, renewable 
energy, sustainable development and environmental 
protection have become main topics, of first urgency 
(Hudişteanu, 2021). 

2. THEORETICAL CONSIDERATIONS 
 

2.1 2.1 Solar energy 
 
Solar energy is the most abundant energy resource on 
Earth. It can be captured and used in many ways, and as a 
renewable energy source it is an important part of our 
clean future. 
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The sun provides us with solar radiation during the day and 
does much more for us, so every particle of solar radiation 
(photon) that reaches Earth contains energy that powers our 
planet (Math, 2015). 
 
Solar energy can be harnessed and transformed into usable 
energy using photovoltaic panels or solar thermal panels. 
Although solar energy accounts for only a small amount of 
global energy consumption, the low cost of installing solar 
panels means that more people in more places can take 
advantage of solar energy (Sornek, 2022). 
 
2.2 Photovoltaic conversion 
 
The photovoltaic effect namely the transformation of solar 
energy (“photon”) into electricity (“volt”) was discovered in 
1839 by physicist A.Becquerel. To achieve these conversion 
devices called solar cells are used, made up of semiconductor 
materials in which a constant electric field has been 
artificially created (Johnston, 2021; Selimli, 2021). 
 
The photovoltaic effect is the generation of voltage and 
electric current in a material upon exposure to light. It is a 
physical and chemical phenomenon (Barkat, 2020). 
 
Photovoltaic/thermal (PV/T) systems are innovative 
cogeneration systems that ensure the cooling of photovoltaic 
(PV) (Hudişteanu, 2022). The photovoltaic effect is closely 
related to the photoelectric effect. In both cases, light is 
absorbed, causing an electron or other charge carrier to excite 
to a higher energy state. The main distinction is that the term 
photoelectric effect is usually used when the electron is 
ejected from the material (usually in a vacuum), and the term 
photovoltaic effect is used when the excited charge carrier is 
still contained in the material.  
 
In both cases, an electric potential (or voltage) is produced by 
charge separation, and the light must have sufficient energy 
to overcome the potential barrier of excitation. In addition to 
direct excitation of free electrons, a photovoltaic effect can 
occur due to heating caused by light absorption. Heating 
leads to an increase in the temperature of the semiconductor 
material, this is accompanied by temperature gradients. 
 
A common way for property owners to take advantage of 
solar energy is with a solar photovoltaic (PV) system. With 
the help of a solar photovoltaic system, photovoltaic panels 
convert sunlight into electricity (Hudişteanu, 2020). The 
electricity obtained from the transformation of solar energy 
can be used immediately, which is stored in a solar battery 
(Aguilar-Jimenez, 2020). Solar radiation produced by the 
sun, which is captured by solar panels, hits a semiconductor 
material (usually silicon) and knocks electrons open, setting 
them in motion and generating a direct electric current that 
can be captured with wiring and converted into alternating 
current using a solar inverter. 
 
Solar photovoltaic energy was not wide spread in 1999. After 
that, the grow was of major importance, reaching 43.4% 
between 2002 and 2003. The installed capacity in the 
European Union was 562.3 MW in 2003. Leading the list of 
EU countries were Germany (397.6 MW), the Netherlands 
(48.63 MW), Spain (27.26 MW) and Italy (26.02 MW). For 

comparison, here are the installed powers in several other 
countries in 2003: France (21.71 MW), Portugal (2.07 MW) 
and Belgium (1.06 MW), as seen in Figure 1. It is noted that 
it is not the countries located in southern Europe that develop 
the photovoltaic chain the most (Ghosh, 2021). 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Solar photovoltaic capacity (Mega Watt) in the 
world, China, the EU and the USA 

  
Starting with 2011 most countries started to implement PV 
and the most significant changes took place. As a result of 
changes in PV capacity, in 2023 production increased to 
150.502 MW in the EU (EU) countries. More than one-third 
of PV capacity is produced in Germany, followed by Italy 
and Austria, Spain, and France (Irena, 2021; Borawski, 
2023). 
 
2.3 Photovoltaic panel efficiency 
 
The photovoltaic cell represents an electronic device, made 
of semiconductor materials, which generates electron pairs 
and free holes by absorbing light, the charge carriers being 
spatially separated due to a potential barrier formed by 
internal discontinuities that drive electrons in the opposite 
direction to the gaps (Arifin, 2020). 
 
Separating the charge carriers results in a voltage at the cell 
terminals and a current through a load resistance, so that the 
photovoltaic cell functions as an electric generator. 
 
The efficiency of a photovoltaic cell is determined as the 
ratio between the power generated by the cell at the output at 
a specified temperature and the power of solar radiation (Al-
Amri, 2021; Selimi, 2021; Hudişteanu, 2021): 

 
  

  

   
  (1) 

 
where      PM = cell electrical power [Wp]; 

S = cell/module area [m2]; 
  E = global radiation incident on the surface of the 

cell or module [W/m2] 
 

 
3. NUMERICAL PHOTOVOLTAIC SYSTEM 

DIMENSIONING 
 
3.1 General input data 
 
For example it considers a configuration of a grid-connected 
photovoltaic system with 150 kWp installed power. 
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The choice of location. Orientation of photovoltaic panels: 
- location:  47° 8' 57" North, 27° 37' 48" East (47.149, 27.629 
- Iaşi); 
- correct placement of the system in order to avoid shading; 
- system orientation: South, fixed tilt 35°. 
 
The installed power in photovoltaic modules is: 

 
                

 
Calculation of the number of panels: choose a 
monocrystalline solar panel with the following technical 
characteristics (table no 1): 
 
Maximum power STC (Pmax) 500 Wp 
Maximum supply voltage Pmax (Vmp) 42,2 V 
Maximum power current Pmax (Imp) 11,12 A 
Open circuit voltage (Voc) 49,9 V 
Short circuit current (Isc) 11,95 A 
Module efficiency (%) 21,2 
Pmax temperature coefficient (CtPmax) - 0,45 %/°C 
Voctemperature coefficient (CtVoc) - 0,27 %/°C 
Isctemperature coeficient (CtIsc) 0,05%/°C 
Maximum systemvoltage 1500 V 
Maximum recommended value for 
maximum current protection safety 20 A 

Operating temperature - 40°C ÷ +85°C 
Nominal Operating Cell Temperature 
(NOCT) 45°C 

Dimensions 2108x1048x40 mm 
Height 24 kg 

 
Table 1. Technical characteristics of the photovoltaic panel 

 
   

     

    
 

      

   
        (2) 
 

Calculation of the surface area of the photovoltaic system 
(Gomaa, 2020): 
 

                    (3) 
 

                            [m2] 
 
For the installation of solar panels, an area of at least 662,75 
m2 facing south is needed. Basically, the occupied area will 
be larger because mounting distances from the roof edges and 
certain technological distances necessary for the maintenance 
of the photovoltaic system must be provided. 
 
3.2 Case studies 
 
Choosing the connection diagram of panels: 3 connection 
variants will be analyzed to configure the subsystems, as 
follows: 
 

Case 1: NS = 6 strings, each string with NPS = 25 PV linked 

in series 

Case 2: NS = 5 strings, each string with NPS = 30 PV linked 

in series 

Case 3: NS = 3 strings, each string with NPS = 50 PV linked 

in series 

 
Calculation of photovoltaic generator characteristics 
Maximum power DC (PmaxDC) represents the maximum 
power generated by the DC photovoltaic system. It must be 
less than or equal to the power accepted by the inverter on the 
DC input. 

 
                             (4) 

 
Maximum voltage DC (VmaxDC) represents the maximum 
voltage of the photovoltaic generator. It must be less than or 
equal to the voltage accepted by the inverter at the DC input. 
 
In determining this parameter, account shall be taken of: 
- the number of panels in the string; 
- the value of the idle voltage of one panel; 
- the correction thermal coefficient for voltage; 
- the minimum working temperature of the panels. 
 
 
The computational relationship is as follows (Bica, 2019): 
 

                  
     

   
              (5) 
 

where: Nps = number of panels connected in series 
           CtVoc = thermal correction coefficient for idle voltage 
           Voc  = idle voltage of a panel 
           TSTC = standard temperature 

STCT =25°C 
           Tmin (   20°C) = minimum temperature in the area. 
 
 
3.3 System dimensioning 
 
Case 1: Nps = 25 

                 
     

   
                  [V]6) 

 

Case 2: Nps = 30 

                 
     

   
                 [V] 7) 

 

Case 3: Nps = 50 

                 
     

   
                  [V]8) 

 
Minimum voltage DC (VminDC) represents the minimum 
voltage of the photovoltaic generator. It must be greater than 
or equal to the minimum voltage (accepted by the inverter at 
the DC input) from which the inverter starts the conversion 
from DC to AC. 
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In determining this parameter, account shall be taken of: 
-  the number of panels in the string; 
- the value of the voltage of one panel at maximum power; 
- the correction thermal coefficient for voltage; 
- the maximum working temperature of the panels. 
 
 
The computational relationship is as follows (Bica, 2019): 
 

                  
     

   
                (9) 

 
where: Nps = number of panels connected in series, 
           CtVoc = thermal correction coefficient for idle voltage, 
           Vmp = voltage panel for Pmax, 
           TSTC = standard temperature TSTC = 25°C, 
           Tmax (+70°C) = maximum temperature in the area. 
 
Case 1: Nps = 25 

                  
     

   
               [V](10) 

 

Case 2: Nps = 30 

                  
     

   
               [V](11) 

 

Case 3: Nps = 50 

                  
     

   
               [V](12) 

 
Maximum power current ( max DCI ) represents the 
maximum current of the photovoltaic generator. It shall be 
less than or equal to the maximum current accepted by the 
inverter at the DC input(s). 
 
The computational relationship is as follow (Bica, 2019): 
 

                 
     

   
              (13) 

 
 
where: Ns = number of strings connected in parallel to one 
inverter input, 
            Vmp = voltage panel for Pmax, 
            CtIsc= thermal correction coefficient for idle current, 
            TSTC = standard temperature TSTC = 25°C, 
            Tmax = +70°C - maximum temperature in the area. 
 
 
Case 1: Ns = 6 

                  
    

   
           ,3 [A](14) 

Case 2: Ns = 5 

                  
    

   
           ,1 [A](15) 

Case 3: Ns = 3 

                  
    

   
           ,6 [A](16) 

Inverter dimensioning: 
 
For the choice of inverter, five criteria will be taken into 
account: 
- compliance with the minimum technical conditions imposed 
by legislation: in order to be allowed to connect to the 
electricity distribution network, it is necessary that the 
inverter complies with the grid connection requirements 
established by ANRE Order 228/28.12.2018 (Ghosh, 2021). 
 
- maximum input power max DCP : the inverter must accept 
at the DC input a power greater than or equal to 150 kW. 
 
- maximum input voltage ( max DCV ) for which the inverter 
must accept at the DC input a voltage greater than or equal 
to minimum input voltage ( min DCV ) for which the inverter 
begins to convert from DC to AC must be less than or equal 
and the maximum input current ( max DCI ) representing the 
maximum allowable inverter current on a DC input shall be 
equal to or greater than the values in the table 2: 
 

 Case 1 Case 2 Case 3 

max DCV  [V] 1.398 1.678 2.797 

min DCV  [V] 926 1.112 1.853 

max DCI  [A] 73 61 36 
 

Table 2. Values of electrical input characteristics 
for the inverter 

 
Taking into account the five criteria, one inverter was 
selected that meet the conditions set out above, according to 
the table 3. 

 

Parameter/Type of inverter Inverter 
75KTL-C1 

Maximum input power 84.200 W 
Maximum input voltage 1100 V 
Operating voltage range 200-1000 V 
Maximum input current (per MPPT) 25 A 
Maximum input current (per STRING) 18 A 
Maximum short-circuit current (1 MPPT) 39 A 
Full power MPPT voltage range 625-850 V 
Rated input voltage 750V 
Number of inputs 12 
Number of MPP trackers 6 

 
Table 3. Technical characteristics for the inverter 

 
The total power (150kWp) will be split with 2 inverters; it 
will come from each string to an MPPT input of the inverter. 
Inverters with several independent inputs have the advantage 
of greater operational safety, the failure of one string or input 
not affecting the operation of the others (the photovoltaic 
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system will still produce less electricity. Also, this type of 
inverters is recommended for optimizing production when 
panel strings have different orientations. 
 
3.4 Cable dimensioning 
 
Solar cables are designed to have a life span of 40 years or 
more and at the same time minimize energy losses. It must 
also with stand temperatures between 20 and 80°C.  The 
correct choice of cable is very important, because if it has too 
small a section, it will heat up and fail. 
It will determine the maximum DC voltage generated by a 
row of photovoltaic panels as the product of the number of 
panels in a string, the voltage of a panel and a correction 
coefficient that depends on the permissible temperature of the 
cable (table no 4): 
 

No. Ambient 
temperature °C 

Correction coefficient with 
conductor temperature 
75°C 90°C 

1 21÷25 1.05 1.04 
2 26÷30 1.00 1.00 
3 31÷35 0.94 0.96 
4 36÷40 0.88 0.91 
5 41÷45 0.82 0.87 
6 46÷50 0.75 0.82 
7 51÷55 0.67 0.76 
8 56÷60 0.58 0.71 
9 61÷70 0.33 0.58 

10 71÷80 0.00 0.41 
 

Table. 4 Temperature correction coefficient 
 
 
The maximum DC voltage: 
 

              [V]  (17) 
 
where:     Nps  = number of PV ; 
 Up = maximum supply voltage for PV; 
  kt  = correction coefficient with temperature; 
 
Case 1:                        [V]  (18) 

Case 2:                        [V]   (19) 

Case 3:                          [V] (20) 

 
- it will determine the acceptable voltage drop on the cable, 
normally 2-3%, which will be used to calculate the cable 
cross section: 
 

             [V]   (21) 
 
Case 1:                     [V]   (21) 

Case 2:                     [V]   (22) 

Case 3:                       [V] (23) 

- it will calculate the maximum direct current which shall be 
taken to be 1,25 times the rated short-circuit current Isc of the 
module: 

ISC = 11,95 A => maximum value = 1,25 ⸳ 11,95 = 15 [A] 
 

- it will calculate the maximum direct current flowing 
through the conductor, taking into account the worst case: 
 

Inom = 1,25 ⸳ 15 = 18,7 [A] 
 

The current determined above is at a temperature of 70°C.  In 
order to determine the current value to be taken into account 
in the calculation of the conductor section, the temperature 
shall be taken into account by the correction coefficient with 
temperature kt (table 4) and the number of conductors in a 
cable by the correction coefficient kc (table 5): 
 

No. of current-carrying Adjustment factor 
1-3 conductors 1.00 
4-6 conductors 0.80 
7-9 conductors 0.70 

10-20 conductors 0.50 
 

Table 5. Correction factor in a cable 
 
For the numerical example presented, the ambient 
temperature will be considered 61÷70 °C and the cable 
temperature will be considered 75 °C (

tk =0,33). It will 

consider 3 conductors in a cable (
ck =1), the calculating 

current of the conductor section being (Bica, 2019): 
 

      
    

    
 

    

      
      [A]   (24)  

 
Next it will calculate the cross-sectional area: 
 
Consider a 10 m copper cable with resistivity ρ=1.724*10-8 
Ωm. The total resistance of the cable will be (there are two 
cables, one carrying and one returning between the panels 
and the charging controller) 

 
    

   

 
 (25) 

  
From the relationship of the allowable voltage drop on the 
cable: 

 
             

   

 
        (26) 

 
The minimum conductor cross section it will determined: 
 

   
         

  
 

                    

    
           (27) 

 
It will choose a cable with a standard section of 6 [mm2]. 
 
Cable sizing between inverter and consumers (network): 
An allowable voltage drop of 2% shall be considered and the 
length of the connecting cable shall be 20 m: 
 

                [V] (28) 
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For three-phase case (for powers greater than 6-7 kW). From
 the relationship of inverter power:

 

 
            (29) 

 
result the value of electricity: 
 

  
    

  
 

      

     
       [A]  (30) 

 
From the relationship of the allowable voltage drop: 
 

      
  

 
    (31) 

 
Finnaly it will determine the minimum conductor 
crosssection (copper) 
 

  
   

  
 

                   

   
             (32) 

 
It will choose a cable with a standard section of 2,5 [mm2]. 
 
 
4. GRAPHICAL INTERFACE FOR PHOTOVOLTAIC 

SYSTEM DIMENSIONING 
 

4.1 General presentation 
 
Cool-PV software is an application developed at Faculty of 
Civil Engineering and Building Services – Technical 
University „Ghe. Asachi” of Iasi. It is realized in the 
Microsoft Visual Studio platform C#, with its own resources 
and is intended for analyzing, performing calculations and 
dimensioning of a photovoltaic system, depending on the 
number and type of electrical receivers or estimated energy 
consumption (kWh / month) for a household or non-
household consumer (view at http://www.cool-
pv.ci.tuiasi.ro/). 
 
Another function of the software is the economic calculation 
of investment amortization, after an analysis that takes into 
account all input data (location, PV orientation, tilt angle, 
etc.) and output data (average energy production of 
photovoltaic panels and photovoltaic system) over a period of 
20 years. 
 
The start page of the software is divided into 3 sections, on 
modules and the steps that the beneficiary must go through 
are materialized, in order to obtain the most accurate 
information, according to figure 2. The steps to be taken by 
the user are for information purposes only; if the application 
user does not intervene on predefined input data, the software 
warns him about not completing the algorithm entirely, but 
this does not mean that the output data is erroneous. 
 
These are calculated and made available to the user according 
to the input data, both those predefined by the application, on 
which the user has not intervened, and according to the 
modified / entered data by the beneficiary. 
 
In section no. 1 it can be find the main dimensioning key of 
the photovoltaic system (energy requirements) and the logo 
of the CoolPV software. 

Input data:  
The energy requirement can be calculated by accessing one 
of the 3 options: 
1. number of electrical consumers owned by the beneficiary 
2. power demanded (kWp) 
3. estimated energy consumption (kWh/month) 
 
In order to record the value of the requested power or the 
value of the estimated energy consumption, it is enough to 
check the desired option (ticking the radio-button 
corresponding to the chosen option), enter a numerical value 
in the text-box attached to the option and validate the value 
by pressing the OK button. After validating the estimated 
energy consumption or the requested power, its value can be 
found in the readonly text-box Estimated energy 
consumption, located at the bottom of section 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Photovoltaic system dimensioning 
CoolPV software 

 
After the user has entered all the data that most faithfully 
represents his own conditions and the sizing method of the 
photovoltaic system (calculation of electricity needs 
depending on the degree of energy independence), he must 
validate this data, which will lead to the next step in the 
sizing algorithm. The validation is done by pressing the OK 
button with the left-click, button located immediately below 
Dimensioning method (figure no. 2). 
 
After the data is validated, by pressing the OK button (it is 
recommended to review the information entered in the 
dedicated fields), the text-box fields in SECTION 3 will be 
populated with data strictly related to photovoltaic panels. 
 
The Panel Type field will be populated with the photovoltaic 
panel type (monocrystalline, polycrystalline, amorphous, 
hybrid), this characteristic being read from the manufacturer's 
technical documentation. 
 
The Panel Power field will be populated with its power, 
given in [Wp]. 
 
The Panel Length and Panel Width fields will be populated 
with the dimensions of a single photovoltaic panel, taken 
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from the manufacturer's technical documentation and given 
in [m]. The value in the Panel Area field is given by the 
length multiply by width, in [m2], in according with: 
 

             [m2] (33) 
 
The Conversion Efficiency field is populated with the 
photovoltaic panel efficiency value, as it is also known in the 
specialized literature, and the efficiency value is taken from 
the manufacturer's technical documentation. The efficiency 
of the photovoltaic panel also plays an essential role in 
determining the amount of electricity ultimately produced by 
the entire photovoltaic system. 
 
Number of panels required in the system: the calculation of 
electricity production is made by the value of electricity 
produced by 1 mp of photovoltaic panel, but in direct relation 
to the intensity of solar radiation in a certain area. 
 
The total area of photovoltaic panels must be dimensioned 
so that it covers the value of electricity needs: 
 

       
    

    
   

         

   (34) 

where:  
 Stotal= total area producing electricity; 
 Enec = estimated energy consumption (electricity 
requirements) 

Emp = electricity produced by 1 mp of PV; 
 

   

         
 = ratio of PV yield and correction coefficient (0,202)  

 
After identifying the total area needed to cover the estimated 
energy consumption, the number of photovoltaic panels will 
be given by the ratio between the total area and the area of a 
single panel: 

    
      

   
 ;   (35) 

where: 
 NPV = number of photovoltaic panels 

Stotal = total area producing electricity; 
SPV = the surface of a single photovoltaic panel. 

 
Total power installed represents the power of all photovoltaic 
panels, in kWh and is given by the sum of the installed power 
of all photovoltaic panels: 
 

               
 
    ;  (36) 

 
The required area represents the minimum area available for 
the installation of all photovoltaic panels. In order to activate 
the component responsible for economic calculation, 
regarding the design and operation of the photovoltaic 
system, the user must activate, with a left click, the checkbox 
assimilated to economic data. The economic calculation was 
made taking into account the annual inflation rate, reported to 
the annual consumer price index, according to data of the 
National Institute of Statistics. This index is determined as 
the ratio, expressed as a percentage, between the average 
price index of the current year and the average index of the 
previous year (or other year chosen as reference period). 
 

As from 1992 onwards, the average price index of a given 
year shall be determined as the simple arithmetic average of 
the monthly indices for that year, calculated against the same 
base (October 1990=100).The annual inflation rate is 
calculated by subtracting 100 from the annual consumer price 
index, as presented on the website of the National Institute of 
Statistics (INS). After activating the checkbox assimilated to 
economic data, numerical values of materials, workmanship, 
etc., including the selling price of one kWh, can be entered. 
The calculation, the payback period and the level of return on 
investment are made according to the numerical values 
entered here. 
 
The calculation of electricity production, separately on the 2 
components (production of photovoltaic panels and 
production of photovoltaic system) was done in 2 ways:  
 
1. In the first case, the real mode of electricity production 
was taken into account, with the decrease in time of the 
efficiency of photovoltaic panels, according to the 
manufacturer's technical documentation.  
2. In second case, the ideal mode of production was taken 
into account; the decrease in the efficiency of photovoltaic 
panels over time (without degradation of photovoltaic cells 
over time) was not taken into account. 
 
 
4.2 Electrical dimensioning module 

 
The module dedicated to the electrical dimensioning of the 
photovoltaic system is accessed by pressing the "Electric" 
button in the menu bar, after the entire photovoltaic system 
has been dimensioned, as shown in figure no 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Electrical dimensioning of the photovoltaic system 

 
The window that opens after accessing the "Electric" button 
is shown in figure no. 3, 4 and 5 and has the following input 
data, taken from the photovoltaic system sizing window: 
- The value of the installed power of the photovoltaic system 
(Pi); 
- Number of photovoltaic panels in the system (Nr PV); 
- Maximum power value of the dimensioned system (Pmax). 
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Figure 5. Electrical dimensioning of the photovoltaic system 

When the user presses the "Calculator" button, the graphical 
application calculates, after the steps presented in the 
numerical calculation section, the specific values of the 
photovoltaic generator, the sizing of the inverter and 
conductors.  
 
The results obtained with the help of the Cool-PV application 
can be compared with the results obtained by analytical 
calculation. 
 

 
4. CONCLUSION 

 
Analyzing the results obtained by numerical calculation, as 
well as with the help of the Cool-PV application, the most 
efficient solution (table no. 6) is given by placing the 
photovoltaic panels on 6 rows, 25 pieces in turn, thus 
having input on all MPPT channels of the inverter (the 
inverter has 6 MPPT). 

 

 
Case 1 
(6x25) 

Case 2 
(5x30) 

Case 3 
(3*50) 

VmaxDC [V] 1.399 1.678 2.797 

VminDC [V] 926 1.112 1.853 

ImaxDC [A] 73,3 61,1 36,6 
U

PV
 [V] 791,2 949,5 1.582,5 

ΔU [V] 15,8 19 31,6  
I
nom

 [A] 18,7 18,7 18,7 
I
calc

 [A]  56,6 56,6, 56,6, 

S [mmp] 6 6 6 

ΔU [V] 4,6 4,6 4,6 
 

Table 6. The final result for PV system management 
 
The Construction installations field is no longer a field that 
is reduced to lighting, utility supply and household or 
industrial waste disposal.   
 
Another important factor governing construction installations 
is the level of technology and automation. 
 
In order to ensure optimal living conditions, to ensure 
conditions according to the norms in force in buildings with 
special functions, to avoid tragedies and disasters, 
construction installations are designed, executed and 
maintained in operation with the help of multiple instruments 
of a high technological level. 
 
The latest technologies are used in all fields of activity and 
there are no longer procedures that are not computer-assisted 
or automated.  
 
That is why specialists in this field must be very good 
specialists, well anchored in the IT area and very good 
connoisseurs of automation algorithms. 
 
These specialists can be trained and perfected if simulators 
are increasingly used.  
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Also, all stages of design, execution and testing of 
installations and apparatus in the field of installations can be 
executed only with the help of simulation systems. 
 
The simulation and dimensioning software of photovoltaic 
systems is not only a tool to support students, electricians, 
technicians and installation engineers, but a way to train new 
specialists, to educate their skills, to improve them, to 
accustom them to use all the tools in the field of modelling 
and simulation to obtain maximum efficiency in design and 
execution. 
 
Finally, we can quote Paulo Coelho who said that “the great 
mystery that the Divinity revealed to the world was fire. Not 
just the one capable of warming up, but the one who turns 
wheat into bread”; and this is precisely the role of modern 
man: the transformation of wheat into bread. 
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Abstract: The numerical modeling of the effect of wind direction and velocity over the air cooling of
PV panels with heat sinks is realized. During the study, a random PV panel with typical characteristics
was analyzed for three different wind directions—towards its back, towards its front and from the
side. The analysis was realized on a fixed PV panel, oriented to the south, with an inclination of
45 degrees from the horizontal position. The accuracy of the numerical simulation was achieved by
comparison with the experimental studies presented in the literature and by comparing the NOCT
conditions. The numerical study is focused on different types of heat sinks attached to a typical PV
panel. The fins were distributed both horizontally and vertically. A challenging task consisted in
simulation of the real wind conditions around the PV panel by taking into account the entire air
domain. The simulations were realized for air velocity vair from 1 m/s to 5 m/s, solar radiation of
G = 1000 W/m2 and ambient temperature tair = 35 ◦C. The output parameters analyzed were the
average temperature of PV panels and their power production. Although the lowest temperatures
were achieved for the back wind, the cooling effect was more intense for the side wind. The other
direction studied also determined the cooling of PV panels. The passive cooling solutions analyzed
introduced a rise of maximum power production between 1.85% and 7.71% above the base case,
depending on the wind direction and velocity.

Keywords: CFD analysis; wind direction; PV temperature; air cooling; perforated heat sinks;
NOCT validation

1. Introduction

The current global political, economic and energy context is characterized by high
demand and consumption of population, instability, uncertainty and rampant inflation,
right in the area of resources and energy [1]. Even without taking into account the current
context, there is the well-known concept of Overshoot Day which is “celebrated” each year.
In essence, this day represents the moment when humanity had already used up all of the
renewable resources of the current year and unfortunately it takes place earlier and earlier
each year. For the current year, this day was on 28 July 2022, meaning that from 29 July
onwards, we started consuming additional resources compared to how much the planet
could regenerate [2].

In this context, the use of solar-related energy could reduce the vulnerability of the
European Community and eliminate the dependence of third-party oil or gas producers.
Solar energy and its conversion into electricity by using photovoltaic (PV) panels became a
major attraction in order to reduce the dependence on fossil fuels. After commissioning,
there is obtained a clean and sustainable form of energy [2,3]. The photovoltaic systems
could represent a stable and competitive area [4], taking into account both the recent actions
in Europe [5] and the general tendency on the energy market that have quickly affected the
stability of the world countries.

Appl. Sci. 2022, 12, 9665. https://doi.org/10.3390/app12199665 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12199665
https://doi.org/10.3390/app12199665
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-6704-3123
https://orcid.org/0000-0002-9678-5708
https://orcid.org/0000-0001-7944-7275
https://doi.org/10.3390/app12199665
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12199665?type=check_update&version=2


Appl. Sci. 2022, 12, 9665 2 of 19

The advantages of photovoltaic technology are well documented in literature [6], but
the control of the PV panels temperature is also an important challenge that could assure
the enhancement of their efficiency [7].

The irreversible effect of heat generation in PV panels cannot be avoided, taking into
account that the PV panel is constantly exposed to high levels of solar energy. Taking
into account the efficiency of recently photovoltaic panels (of 20–25%), it can be stated
that the vast majority of the remaining solar energy absorbed is converted into heat. This
phenomenon, corroborated with the temperature-dependent variation of the efficiency of
PV panels [7], determines a continuous concern on reducing the operating temperature. The
data from literature present a decrease of the PV efficiency with the temperature between
−0.30 and −0.50%/◦C [8,9]. It must be specified that, in contrast to STC (Standard Test
Conditions), in normal operation the photovoltaic panels can reach temperatures of 70 ◦C
or higher [8,10,11], at 1000 W/m2, leading to a significant decrease in their efficiency.

It is well known that, when it is possible, it is recommended to use cooling solutions
for improving PV panels’ efficiency and develop PVT panels (photovoltaic–thermal) as a
consequence [12–15]. There are considerable research studies in the literature regarding
the cooling solutions for improving the efficiency of photovoltaic panels by reducing their
operating temperature [6,9,10,13–15].

The air-cooling effect using heat sinks is tested for different areas: residential sector,
urban and power plants [16,17].

The aim of this study was to analyze the effect of wind direction and velocity over
different types of heat sinks attached to PV panels in comparison to the base case (without
a cooling solution). The main target of the work was to quantify the cooling effect of
various heat sinks in variable wind conditions. The presence of heat sinks is influencing
the performance of PV panels, but the wind directions could also be an important factor in
this regard. In contrast to the majority of similar studies in the literature, in this paper, the
numerical modeling was conducted in more realistic wind conditions and inclination of
the PV panel [18]. Taking into account the research from the literature, which concluded
that the results for different temperature and radiation threshold are varying linearly for
values of 20–35 ◦C and 600–1000 W/m2, during this study, the most unfavorable conditions
in terms of PV panel heating were detailed: solar radiation G = 1000 W/m2 and ambient
temperature tair = 35 ◦C [6].

2. Related Research

There are numerous related research studies in the literature, both experimental and
numerical, regarding the inverse dependence of the temperature of monocrystalline and
polycrystalline PV panels with their efficiency, and consequently the necessity of cooling
solutions for removing this shortcoming [6,8,9,11,19,20].

Related research works on PV panels’ cooling by using air are presented in the liter-
ature, and a large number of technologies and solutions to improve their efficiency are
presented [9,21–26]. Recent experimental and numerical studies regarding the passive air
cooling of PV panels by using heat sinks [8,27,28] tend to confirm noticeable and promising
results [6,8,22,23]. The two main materials used for manufacturing the heat sinks are
aluminum and copper [23]. The cooling effect is analyzed through experimental tests
under different conditions and the conclusion is that copper has superior results [23]. Also,
numerical and experimental analysis showed that the presence of perforations on the fins
of the heat sinks can improve the efficiency of the PV panels by reducing their operating
temperature [6,23]. The predicted temperature drop, due to the use of these solutions, can
reach values between 7 ◦C and 10 ◦C [23].

Numerical simulations regarding the wind direction towards the back, front and side
of heat sinks attached to PV panels showed a potential of operating temperature reduction
towards 10 ◦C below the basic case temperature (when no cooling is applied) [8,11,15,29,30].
The improvement of the PV panels’ performance was determining a rise of normalized
power production up to 0.90 of the standard test conditions one [31]. As an average, the
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normalized power generation of photovoltaic panels can reach about 0.70–0.83 compared
to the STC rating [18].

3. Materials and Methods
3.1. Problem Description

The study was focused on determining the effect of wind direction and velocity
over the resulting operating temperatures of PV panels both in cooling and non-cooling
conditions (base case). Taking into account the variety of PV panels on the market, a
typical one is analyzed (with a power production of 320 Wp and a surface of 1.6 m2). The
PV panel is a monocrystalline Si-based one—AE320HM6-60—Table 1 [32], inclined at 45◦

from the horizontal position, in constant solar radiation G = 1000 W/m2, constant ambient
temperature of tair = 35 ◦C and variable wind direction (from the back, front and side of the
PV panel) and velocity (from 1 m/s to 5 m/s). This configuration is also used for validation
of the model in NOCT (Nominal Operating Cell Temperature) conditions [31].

Table 1. The electrical and dimensional characteristics of the photovoltaic panel studied.

AE Solar AE320HM6-60 PV Panel [32]

Maximum power Pmp 320 Wp
Voltage at maximum power Vmp 33.40 V
Current at maximum power Imp 9.59 A

Open-circuit voltage Voc 40.90 V
Short-circuit current Isc 10.15 A

Efficiency ηSTC 19.30%
Temperature factor of efficiency β −0.37%/◦C

Nominal operating cell temperature tNOCT 47 ◦C
Dimensions of PV panel (length L × width l × height h) 1665 mm × 996 mm × 35 mm

During the study, there were different stages of analysis of the heat sinks attached to
the PV panel. The study was initiated with the validation of the model for the base case (no
cooling system attached to the photovoltaic panel). After that, a total of six configurations of
heat sinks were attached to the PV panel and studied. The various heat sinks were obtained
by changing the configuration of their fins. Therefore, for each type of fins (horizontal and
vertical), there were the following cases: non-perforated fins vs. fins with perforations of
30 mm and 60 mm diameter (Φ).

The proposed heat sinks are placed in the backside of the PV panel. The contact region
is represented by a copper sheet (plate). Perforated or non-perforated copper fins are
connected to this plate in order to improve the heat transfer by amplifying the turbulence
from the PV panel to the surrounding air (see Figure 1). Therefore, the perforations assure
a quantitative and qualitative effect against the heating of the PV panel and could improve
the photovoltaic efficiency.
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The literature analysis showed that the circular holes made in the fins of the heat sinks
have the potential to produce promising results for cooling the PV panels [6,8,22,23,29].
In this case, the resulting temperatures are lower by 2–3 ◦C than those obtained by using
other shapes for perforations [18]. In the literature are presented various types of fins
(continuous, discontinuous or staggered) [33]. During this study, continuous fins of 100
mm height were analyzed.

Two main configurations of the heat sinks studied were:
Model 1—horizontal fins (3 models: non-perforated, perforated with Φ = 30 mm holes

and Φ = 60 mm holes);
Model 2—vertical fins (3 models: non-perforated, perforated with Φ = 30 mm holes

and Φ = 60 mm holes).

3.2. Numerical Modeling

The ANSYS Fluent platform was used for numerical modeling in steady-state condi-
tions. The geometric model and the mesh were created by using ANSYS Fluent-Meshing
and ANSYS SpaceClaim.

Given the particularities of the flow (that is not aligned with the mesh), the simulations
were realized in the SIMPLE method. The second-order accuracy was used for solving the
governing equations of the phenomena involved [8,34].

The solar radiation was modeled by the aid of the native module of Fluent—Solar
Ray Tracing. The conversion of solar radiation into heat is synthesized as an absorption
coefficient of the PV panel of α = 0.7 [6,8].

The energy balance between the PV panel–heat sink ensemble and the surroundings
were modeled by including both the convection and radiation effects [28]. The turbulence
model used for the flowing air was the k–ε realizable model [34].

The geometry of the model was created using SpaceClaim. For all studied cases, after
preliminary analysis, the distance between fins was imposed to s = 150 mm. The fins are
orthogonal to the heat sink sheet, as shown in Figure 1. The circular perforations had 30
mm or 60 mm in diameter and they are located at 100 mm one to another according to
previous research works [6,23]. In this way, a better air circulation is achieved near the heat
sink and the cooling effect is enhanced.

It is well known that the accuracy and correctness of the mesh lead to precise CFD
(Computational Fluid Dynamics) [34]; therefore, in order to solve the highly orthogonal
mesh that could result from a conventional mesh. The polyhedral mesh for surfaces and
poly-hex mesh for volumes determined an increase of the simulation time, maintaining the
same precision of the results. In order to achieve an appropriate mesh, different refinements
are necessary [34]. For the present numerical modeling, the PV panel, heat sink and air
volume had a mesh quality as presented in Table 2.

Table 2. The mesh quality of the simulation domain.

Mesh Quality

Aspect ratio 5.0–60
Skewness 0.4–0.7

Orthogonal quality 0.1–0.3

In order to optimize the number of the cells of the mesh and the simulation time, a mesh
independence study was realized. The preliminary simulations showed that 3 × 106 cells
for the base case and 5.5 × 106 cells for cases with heat sinks determined accurate results
compared to a higher number of elements (see Figure 2).
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Figure 2. Mesh independence study for the numerical simulation.

3.3. Sensitivity Analysis of Grid Spacing

The spatial discretization error analysis was also performed. The Grid Convergence
Index (GCI) method was used, according to [35,36]. The GCI represents a very accurate
method used to evaluate how far the numerical computed values are compared to the
asymptotic one [36]. The analysis was implemented on both base and heat sink cases. The
following equations present the calculations used and the detailed values obtained. Three
grid refinement levels were considered and the following GCI values were calculated:

GCI1−2 =
Fs|ε1−2|(
rp

1−2 − 1
) (1)

and

GCI2−3 =
Fs|ε2−3|(
rp

2−3 − 1
) (2)

where:

GCI1−2—Grid Convergence Index for fine and medium grids;
GCI2−3—Grid Convergence Index for coarse and medium grids;
Fs—Factor of safety (Fs = 1.25 in the present study);
ε—Relative error:

εn−n+1 =
fn+1 − fn

fn
(3)

p—Order of convergence:

p =
ln fn+2− fn+1

fn+1− fn

ln r
(4)

f —Significant parameter chosen for the comparison (f 1—the temperature calculated with
the finest grid, f 2—with the medium grid, f 3—with coarsest one);
r—Constant refinement ratio (r = 2 in the present study):

rn−n+1 =
hn+1

hn
(5)

h—Grid spacing, with:

h1(= 1 mm) < h2(= 2 mm) < h3(= 3 mm) (6)

For the present study, the f parameter consists in the average operating temperature
of the PV panel, tPV.
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In order to achieve precise results from numerical simulations by using the lowest
number of cells, the following auditing ratio should be as close as possible to 1:

GCI2−3

rpGCI1−2
→ 1 (7)

In the case of using the finest grid, the predicted value at h = 0 is:

f = f1 +
f1 − f2

rp
1−2 − 1

(8)

For the specific values of the base case analysis (r = 2, f 1 = 47.28, f 2 = 47.40, f 3 = 47.38,
Fs = 1.25), the following values were obtained: the order of convergence p = 1.68 and the
predicted value f = 47.31. Also, ε1−2 = 0.053% and ε2−3 = 0.169%, while the GCI1−2 = 0.030%
and GCI2−3 = 0.096%. The calculated auditing ratio is:

GCI2−3

rpGCI1−2
= 0.9977 (9)

For the specific values of the heat sink case analysis (r = 2, f 1 = 39.39, f 2 = 39.44,
f 3 = 39.49, Fs = 1.25), the following values were obtained: The order of convergence p = 0.17
and the predicted value f = 39.80. Also, ε1−2 = 0.116% and ε2−3 = 0.130%, while the
GCI1−2 = 1.139% and GCI2−3 = 1.281%. The calculated auditing ratio is:

GCI2−3

rpGCI1−2
= 0.9975 (10)

Therefore, the main verification of the grid quality confirms that the results are in the
asymptotic range of convergence and the numerical model was further conducted by using
the lowest cell number (coarse grid).

A large number of research studies from the literature are analyzing the photovoltaic
panels either in the horizontal [19] or vertical [8,23] position. In addition, the surrounding
air is most often simulated as a channel behind the photovoltaic panel [18]. Moreover,
studies on cooling inclined photovoltaic panels are present in the literature, but in reduced
number [6,11,27].

During this study, the numerical simulations were done considering the air circulation
in the vicinity of an inclined PV panel cooled with heat sinks. It was possible due to the
high accuracy mesh, which assured a realistic simulation of the airflow and heat transfer
from the PV panel to the heat sink and to the surrounding air. In the present study, in
order to simplify the numerical model, the influence of the relative humidity of the air was
neglected. However, according to literature, the variation of the relative humidity could
affect the final results by 4–5% [37]. The thermophysical properties of the materials defined
for the simulations are presented in Table 3. The geometry and set-up of the simulation are
shown in Figure 3.

Table 3. Thermophysical properties of the materials defined.

Material g [mm] λ [W/m·K] ρ [kg/m3] cp [J/kg·K]

Glass 3.00 1.00 2300 0.50
PV cells 0.35 168 2330 0.757

EVA 0.50 0.35 960 2.09
Tedlar 0.20 0.20 1500 1.20

Copper 1.00 386 8960 0.376
Air - 0.025 1.20 1.005

where:
g—thickness of the layers composing the PV panel [m];
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λ—thermal conductivity of the layers composing the PV panel [W/m·K];
ρ—density of the layers composing the PV panel [kg/m3];
cp—specific heat of the layers composing the PV panel [J/kg·K].
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The steady-state conditions were assumed for the numerical modeling. During the
simulations, the following inputs were established:

- constant: ambient temperature, tair = 35 ◦C—worst scenario in terms of heating [6];
- constant: solar radiation, Gmed = 1000 W/m2—worst scenario in terms of heating [6];
- variable: velocity of the air, vair = 1–5 m/s;
- variable: wind direction: towards the back, front and side of the PV panel;

The main results obtained from the simulations were:

- operating temperature of the photovoltaic panel;
- normalized power production.

In terms of wind direction, the simulations were made in 3 Scenarios—for each case,
different faces of the volume represent the inlet and outlet of the flow—Figure 3. The blue
arrows are used for the back wind. The red arrows are used for the front wind. The green
arrows are used for the side wind.

The inlet face of the domain varies as the position but has the same boundary con-
ditions for each case: constant air temperature of 35 ◦C, velocity vector normal to the
inlet surface and variable wind velocity: from 1 m/s to 5 m/s. The boundary conditions
regarding the flow were the turbulent intensity of 5% and turbulent viscosity ratio of 10.

3.4. Studied Cases

A total of seven cases were studied. The first one is the base case (Case 0), while the
other six consist of the heat sinks analyzed:

0. Base case - no cooling;
1. Horiz Simple - heat sink and non-perforated horizontal fins;
2. Horiz 30 mm - heat sink and perforated Φ = 30 mm horizontal fins;
3. Horiz 60 mm - heat sink and perforated Φ = 60 mm horizontal fins;
4. Vert Simple - heat sink and non-perforated vertical fins;
5. Vert 30 mm - heat sink and perforated Φ = 30 mm vertical fins;
6. Vert 60 mm - heat sink and perforated Φ = 60 mm vertical fins.

The analysis was realized on a fixed PV panel, oriented to the south, with an inclination
of 45◦ from the horizontal position, and wind direction was varied towards the back, front
and side of it, as shown in Figure 4.
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The designed heat sinks consisted of a rectangular metal (copper) sheet with horizontal
or vertical equidistant fins (Table 4). The main geometric characteristics of the heat sinks
are: hfins = 100 mm (height of all fins implemented), Lfins = 1520 mm (length of vertical fins)
and Lfins = 860 mm (length of vertical fins)—Table 4.

Table 4. The perspective view of the heat sinks attached to the PV panel.

Case 3D Perspective View

1–3
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The fins, made of copper, are studied for both perforated and non-perforated cases.
The base sheet of the heat sink is in direct contact with the backside of the PV panel. The
diameter of the circular perforations of the fins were of 30 mm or 60 mm (Table 4). The
holes were placed at an equal distance of d = 100 mm from one to another. In order to
assure good air circulation, there was imposed an offset of 50 mm between two successive
fins.

The main cases of cooling solutions analyzed are presented in Table 4. Cases 1–3
represent the horizontal (transversal) ones with no perforations or with perforations of 30
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mm and 60 mm. Cases 4–6 are the vertical (longitudinal) ones, both with and without per-
forations.

4. Numerical Model Validation
4.1. Base Case Validation—Without Heat Sink

The base case was validated in two steps. The first one consisted in analyzing the
behavior of the numerical model in NOCT conditions compared to the expected results
according to the producer datasheet and literature. The NOCT conditions suppose a PV
panel inclined at 45◦, direct solar radiation on front of the PV panel of 800 W/m2, air
temperature of 20 ◦C and the wind velocity of 1 m/s towards the backside of the PV
panel [31]. According to the producer of the PV panel [32], in these conditions, the average
temperature of the PV panel tNOCT should be 47 ◦C. Taking into account that the good
matching of the PV temperature from simulation was 47.16 ◦C, the model was considered
appropriate and the next steps of validation were covered.

A common Equation (1) from literature [31,38] extrapolates the NOCT results and
makes the connection between the PV panel temperature (tPV) and outside conditions (air
temperature tair and solar radiation G) for each PV panel, characterized by its own tNOCT.
By comparing the numerical results with those obtained with Equation (11), the following
tendency of the PV panel temperature was observed (Figure 5).

tPV = tair +
tNOCT − 20

800
·G (11)Appl. Sci. 2022, 12, 9665  10  of  19 
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Figure 5. Validation of the numerical model using NOCT conditions and Equation (1).

The differences between the numerical model and Equation (1) were between 0.28 and
1.98%, which represents a very good correlation between them.

Also, experimental studies from literature [11,39] were compared with the present
numerical simulation on the base case for different input variables. For the PV panel
inclined to 45◦, wind velocity of v = 1.5 m/s and solar radiation of G = 837 W/m2, the
difference between the present study (53.68 ◦C) and the experimental data (51.6 ◦C) [11]
was 3.87%.

Additional results of simulation and experimental studies [23,39] are compared in
Figure 6, and a good correlation can be found.
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4.2. PV Panel and Heat Sink Validation

The heat sinks attached to a PV panel were also analyzed for validation. The compari-
son between experimental data [34] and the present model is presented in Figure 7.
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In order to improve the accuracy, the model validation was realized also for various
values of solar radiation and air temperature. The differences between the present numeri-
cal model and experiments from literature were from −5.18% to +4.03%. The narrow range
of variation is considered acceptable [30], supporting the validity of the study. Therefore,
the numerical modelling was considered to have little risk of error and the study was
continued.

5. Results and Discussion

The present simulations have a higher level of accuracy compared to the majority
of literature, because the air circulation around the PV panel–heat sink ensemble causes
a change in temperatures distribution and non-homogeneous heat transfer. While the
majority of existent studies are realized by using a constant convective heat transfer coeffi-
cient (hc) in order to replace the air circulation around an object [18], in the present paper,
the airflow near the photovoltaic panel and heat sink ensemble is also considered. This
approach produces more realistic results and could represent a good starting point for
future research in the literature, representing the connection between air velocity, direction
and the power production obtained for these conditions.

The PV panel operating temperature and normalized power production were obtained.
In Figures 8–10, there are presented qualitative and quantitative results regarding the
average temperatures of the photovoltaic panels obtained for each model of the heat sink
and various wind velocities and directions. These results are obtained by varying the
set-up: tair = 35 ◦C, vair = 1–5 m/s and G = 1000 W/m2 and three wind directions (Table 5).
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Table 5. Operating temperature of PV panel for studied cases.

Case vair

Back Wind Front Wind Side Wind

Drop of tPV Compared to Base Case, for tair = 35 ◦C
◦C % ◦C % ◦C %

0. Base Case

1
m/s

70.1 ◦C - 70.7 ◦C - 80.4 ◦C -

1. Horiz Simple −14.46 ◦C −20.6% −6.88 ◦C −9.7% −16.56 ◦C −20.6%

2. Horiz 30 mm −14.61 ◦C −20.9% −5.85 ◦C −8.3% −14.89 ◦C −18.5%

3. Horiz 60 mm −14.54 ◦C −20.8% −5.03 ◦C −7.1% −14.46 ◦C −18%

4. Vert Simple −12.4 ◦C −17.7% −4.42 ◦C −6.2% −12.54 ◦C −15.6%

5. Vert 30 mm −10.93 ◦C −15.6% −4.85 ◦C −6.9% −10.27 ◦C −12.8%

6. Vert 60 mm −10.87 ◦C −15.5% −4.53 ◦C −6.4% −9.73 ◦C −12.1%

0. Base Case

2
m/s

59.9 ◦C - 60.2 ◦C - 66.8 ◦C -

1. Horiz Simple −10.88 ◦C −18.2% −7.14 ◦C −11.9% −12.86 ◦C −19.3%

2. Horiz 30 mm −11.7 ◦C −19.5% −7.71 ◦C −12.8% −14.28 ◦C −21.4%

3. Horiz 60 mm −10.68 ◦C −17.8% −6.65 ◦C −11% −12.53 ◦C −18.8%

4. Vert Simple −10.38 ◦C −17.3% −6.17 ◦C −10.2% −11.15 ◦C −16.7%

5. Vert 30 mm −10.42 ◦C −17.4% −6.42 ◦C −10.7% −10.33 ◦C −15.5%

6. Vert 60 mm −10.13 ◦C −16.9% −6.27 ◦C −10.4% −10.67 ◦C −16%

0. Base Case

3
m/s

54.7 ◦C - 54.9 ◦C - 61.9 ◦C -

1. Horiz Simple −9.33 ◦C −17.1% −6.45 ◦C −11.8% −12.46 ◦C −20.1%

2. Horiz 30 mm −9.7 ◦C −17.7% −6.85 ◦C −12.5% −13.59 ◦C −22%

3. Horiz 60 mm −9.2 ◦C −16.8% −6.13 ◦C −11.2% −12.14 ◦C −19.6%

4. Vert Simple −8.69 ◦C −15.9% −5.64 ◦C −10.3% −11.25 ◦C −18.2%

5. Vert 30 mm −9.04 ◦C −16.5% −5.94 ◦C −10.8% −10.99 ◦C −17.8%

6. Vert 60 mm −8.21 ◦C −15% −5.75 ◦C −10.5% −11.64 ◦C −18.8%

0. Base Case

4
m/s

51.1 ◦C - 51.3 ◦C - 57.2 ◦C -

1. Horiz Simple −7.57 ◦C −14.8% −5.36 ◦C −10.5% −10.43 ◦C −18.2%

2. Horiz 30 mm −7.94 ◦C −15.5% −7.21 ◦C −14.1% −11.21 ◦C −19.6%

3. Horiz 60 mm −7.58 ◦C −14.8% −5.59 ◦C −10.9% −10.03 ◦C −17.5%

4. Vert Simple −6.8 ◦C −13.3% −5.41 ◦C −10.6% −9.4 ◦C −16.4%

5. Vert 30 mm −7.56 ◦C −14.8% −5.62 ◦C −11% −9.49 ◦C −16.6%

6. Vert 60 mm −6.24 ◦C −12.2% −5.98 ◦C −11.7% −10.52 ◦C −18.4%

0. Base Case

5
m/s

48.5 ◦C - 48.6 ◦C - 53.5 ◦C -

1. Horiz Simple −6.15 ◦C −12.7% −4.23 ◦C −8.7% −8.36 ◦C −15.6%

2. Horiz 30 mm −6.41 ◦C −13.2% −4.57 ◦C −9.4% −9.12 ◦C −17%

3. Horiz 60 mm −6.21 ◦C −12.8% −4.03 ◦C −8.3% −9 ◦C −16.8%

4. Vert Simple −5.47 ◦C −11.3% −3.21 ◦C −6.6% −7.57 ◦C −14.1%

5. Vert 30 mm −6.26 ◦C −12.9% −4.57 ◦C −9.4% −7.87 ◦C −14.7%

6. Vert 60 mm −4.61 ◦C −9.5% −3.21 ◦C −6.6% −7.78 ◦C −14.5%

These values could represent a good marker in order to choose, when possible, the
right positioning of the PV panels related to the dominant wind in a certain geographical
area. The best temperatures of the heat sinks were obtained when the wind was towards
the heat sink—in the backside of the PV panel—determining a decrease of the average
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operating temperature of approximately 15 ◦C. On the other hand, the best cooling effect
was registered for the side wind, due to the higher temperatures resulted in the base
case—when no cooling is applied. Although the lowest temperatures were achieved for
the back wind, the cooling effect was more intense for the side wind. If, in the case of wind
velocity, the effect of cooling evolves almost linearly from 1 m/s to 5 m/s, in terms of the
wind direction, there is a slightly different behavior. Therefore, there are present some
recirculation areas that modify the distribution of velocities and temperatures on the PV
panel–heat sink ensemble. The worst wind direction, from this point of view, is the side
one, causing a non-uniform temperature distribution, which is influencing the entire PV
panel efficiency.

The quantitative results for vair = 1 m/s, air temperature tair = 35 ◦C and solar radiation
G = 1000 W/m2 for each case are presented in the following graphs: Figures 8–10. In these
figures, the values displayed on the plots (35, 45, 55, 65, 75 and 85) represent the scale
for the average operating temperatures of the PV panel measured in ◦C. The tendency
registered for 1 m/s is also manifesting for higher velocities: 2–5 m/s, with the highest
temperatures recorded for the base case (T front PV BASE) and the lowest ones for the
horizontal heat sink with 30 mm perforations (T front PV HORIZ 30MM).

A remarkable result is found for the convective heat transfer coefficients. Therefore,
the global air circulation determined by the presence of the heat sinks with horizontal
fins is also improving the heat transfer coefficients hc on the front of the PV. In this case,
the hc in front of the PV panel have closer values to the ones recorded on the back. This
phenomenon is less intense for the vertical fins. The wind direction seems to change the
best configuration (Case 2—horizontal 30 mm) only for particular cases. The temperature
reduction determined for this case is presented in Table 5.

A general tendency of the data obtained showed that the horizontal (transversal fins)
are superior to those vertical (longitudinal) for each wind direction and velocity, while
the best wind direction for improving the cooling of the PV panel–heat sink ensemble is
towards the back of the PV panel. Also, if analyzed separately, the smaller holes (Φ = 30
mm) determine better results for horizontal fins, while the larger ones (Φ = 60 mm) are
suitable for the vertical ones.

The cooling effect over the global energy production is quantified as efficiency im-
provement, taking into account the data available from the producer data sheet—a linear
reduction of the efficiency by −0.37%/◦C [32]. Therefore, for these disadvantageous ex-
ternal conditions (tair = 35 ◦C, G = 1000 W/m2), the normalized power generation was
calculated—as the ratio of the maximum theoretical power PSTC obtained in Standard
Test Conditions.

The results regarding the power production are normalized and presented as a fraction
of maximum theoretic power (320 Wp in STC conditions). Therefore, each degree of
temperature above the standard test conditions temperature tSTC = 25 ◦C determines lower
efficiencies compared to the STC one (ηSTC = 19.30%) [32].

The visual effect over the improvement of the PV panel power generation determined
by the heat sinks is presented in Figures 11–13. These figures present the normalized power
productions as a ratio of the power produced in STC (considering the STC power as equal
to 1). Each figure shows the amount of power produced in each case (from Case 0 to
Case 6) for different wind directions (Figure 11—back wind, Figure 12—front wind and
Figure 13—side wind. These charts present the results obtained for each case for the air
velocity of 1 m/s. This trend is maintained for higher velocities, Table 6, but the effect
compared to the base case is attenuated.
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Figure 11. Normalized power production for back wind, vback = 1 m/s, tair = 35, G = 1000 W/m2.

Appl. Sci. 2022, 12, 9665  14  of  19 
 

The cooling effect over the global energy production is quantified as efficiency im‐

provement, taking into account the data available from the producer data sheet—a linear 

reduction of the efficiency by −0.37%/°C [32]. Therefore, for these disadvantageous exter‐

nal conditions (tair = 35 °C, G = 1000 W/m2), the normalized power generation was calcu‐

lated—as the ratio of the maximum theoretical power PSTC obtained in Standard Test Con‐

ditions. 

The results regarding the power production are normalized and presented as a frac‐

tion of maximum theoretic power (320 Wp in STC conditions). Therefore, each degree of 

temperature above the standard test conditions temperature tSTC = 25 °C determines lower 

efficiencies compared to the STC one (ηSTC = 19.30%) [32]. 

The visual  effect over  the  improvement of  the PV panel power generation deter‐

mined by the heat sinks is presented in Figures 11–13. These figures present the normal‐

ized power productions as a ratio of the power produced  in STC (considering the STC 

power as equal to 1). Each figure shows the amount of power produced in each case (from 

Case 0 to Case 6) for different wind directions (Figure 11—back wind, Figure 12—front 

wind and Figure 13—side wind. These charts present the results obtained for each case 

for the air velocity of 1 m/s. This trend is maintained for higher velocities, Table 6, but the 

effect compared to the base case is attenuated. 

     

 

     

Figure 11. Normalized power production for back wind, vback = 1 m/s, tair = 35, G = 1000 W/m2. 

     

Appl. Sci. 2022, 12, 9665  15  of  19 
 

 

     

Figure 12. Normalized power production for front wind, vfront = 1 m/s, tair = 35, G = 1000 W/m2.. 

Even if the highest energy production is obtained in the case of the wind direction 

behind the panel, for the horizontal heat sink with perforated fins, it should be specified 

that the most important impact in terms of cooling compared to the base case is recorded 

when the wind blows from the side. 

     

 

     

Figure 13. Normalized power production for side wind, vside = 1 m/s, tair = 35, G = 1000 W/m2.. 

   

Figure 12. Normalized power production for front wind, vfront = 1 m/s, tair = 35, G = 1000 W/m2.



Appl. Sci. 2022, 12, 9665 15 of 19

Appl. Sci. 2022, 12, 9665  15  of  19 
 

 

     

Figure 12. Normalized power production for front wind, vfront = 1 m/s, tair = 35, G = 1000 W/m2.. 

Even if the highest energy production is obtained in the case of the wind direction 

behind the panel, for the horizontal heat sink with perforated fins, it should be specified 

that the most important impact in terms of cooling compared to the base case is recorded 

when the wind blows from the side. 

     

 

     

Figure 13. Normalized power production for side wind, vside = 1 m/s, tair = 35, G = 1000 W/m2.. 

   

Figure 13. Normalized power production for side wind, vside = 1 m/s, tair = 35, G = 1000 W/m2.

Table 6. Normalized power production of the PV panel for each model analyzed.

Case vair

Back Wind Front Wind Side Wind

Normalized Power, for tair = 35 ◦C

PSTC = 1.00 (320 Wp)

0. Base Case

1 m/s

0.8333 0.8310 0.7949

1. Horiz Simple 0.8868 0.8564 0.8562

2. Horiz 30 mm 0.8874 0.8526 0.8500

3. Horiz 60 mm 0.8871 0.8496 0.8485

4. Vert Simple 0.8792 0.8473 0.8413

5. Vert 30 mm 0.8737 0.8489 0.8330

6. Vert 60 mm 0.8735 0.8478 0.8309

0. Base Case

2 m/s

0.8709 0.8697 0.8453

1. Horiz Simple 0.9111 0.8961 0.8929

2. Horiz 30 mm 0.9142 0.8982 0.8981

3. Horiz 60 mm 0.9104 0.8943 0.8917

4. Vert Simple 0.9093 0.8925 0.8865

5. Vert 30 mm 0.9094 0.8934 0.8835

6. Vert 60 mm 0.9083 0.8929 0.8848
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Table 6. Cont.

Case vair

Back Wind Front Wind Side Wind

Normalized Power, for tair = 35 ◦C

PSTC = 1.00 (320 Wp)

0. Base Case

3 m/s

0.8901 0.8894 0.8636

1. Horiz Simple 0.9246 0.9133 0.9097

2. Horiz 30 mm 0.9260 0.9148 0.9139

3. Horiz 60 mm 0.9241 0.9121 0.9086

4. Vert Simple 0.9223 0.9103 0.9053

5. Vert 30 mm 0.9236 0.9114 0.9043

6. Vert 60 mm 0.9205 0.9107 0.9067

0. Base Case

4 m/s

0.9035 0.9028 0.8809

1. Horiz Simple 0.9315 0.9226 0.9195

2. Horiz 30 mm 0.9329 0.9294 0.9224

3. Horiz 60 mm 0.9315 0.9234 0.9181

4. Vert Simple 0.9286 0.9228 0.9157

5. Vert 30 mm 0.9314 0.9236 0.9160

6. Vert 60 mm 0.9266 0.9249 0.9199

0. Base Case

5 m/s

0.9132 0.9125 0.8944

1. Horiz Simple 0.9359 0.9282 0.9254

2. Horiz 30 mm 0.9369 0.9294 0.9282

3. Horiz 60 mm 0.9361 0.9275 0.9277

4. Vert Simple 0.9334 0.9244 0.9225

5. Vert 30 mm 0.9363 0.9294 0.9236

6. Vert 60 mm 0.9302 0.9244 0.9232

Even if the highest energy production is obtained in the case of the wind direction
behind the panel, for the horizontal heat sink with perforated fins, it should be specified
that the most important impact in terms of cooling compared to the base case is recorded
when the wind blows from the side.

It can be remarked that, for the simulated external conditions, tair = 35 ◦C, G = 1000 W/m2

and low air velocity vair = 1 m/s, the normalized power production for the base case is
between 0.79 and 0.83. Meanwhile, in the best cooling conditions for each wind directions,
it could reach values from 0.85 to 0.88 (Case 3—horizontal 30 mm). The improvement in
power generation is between 3.06% and 7.71% compared to the base case (when no cooling
is applied).

It should be highlighted that the best configuration of heat sink is the low velocity con-
ditions for various conditions of wind velocity and direction. Therefore, Case 3—Horizontal
30 mm determines the most important effect of cooling of the PV panel. The improve-
ment of power production is important both for low velocities (1–2 m/s) and higher ones
(3–5 m/s), but the effect is lower for higher velocities (1.85–5.82%), due to the suitable
cooling of the PV panel in the base case.

In terms of wind direction, the lowest cooling effect is registered for the front wind.
For these cases, the presence of the heat sink does not have a significant effect, determining
a raise of power production between 1.85% and 3.06% compared to the base case.
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6. Conclusions

The goal of this study was to deploy a numerical analysis regarding the air cooling of
photovoltaic panels by using heat sinks with perforated and non-perforated fins. A random
PV panel with typical characteristics was analyzed for different wind directions—towards
its back, front and from the side. The PV panel is mounted in fixed position, facing south,
inclined at 45 degrees from the horizontal. The input constants were the solar radiation
G = 1000 W/m2 and ambient temperature tair = 35 ◦C, while the parameters varied during
the study were the wind direction (towards its back, front and from the side of PV panel)
and velocity vair = 1–5 m/s.

The base case of the numerical model was calibrated according to the NOCT conditions,
while the accuracy of the numerical simulation was achieved by comparison with the
experimental studies from literature. The numerical study is focused on six types of heat
sink with perforated and non-perforated fins attached to a typical PV panel. The fins were
distributed both horizontally and vertically. A challenging task consisted in simulation
of the real wind conditions around the PV panel by taking into account the entire air
domain. The main results obtained were the average temperature of PV panels and the
respective efficiency.

The passive cooling solutions analyzed introduced a rise of maximum power produc-
tion between 1.85% (wind towards the front—worse case) and 7.71% (wind towards the
side—best case) above the basic set-up, depending on the wind direction and velocity. The
maximum power increase for each wind direction was of 7.71% for the side wind, 6.49%
for the backside wind and 3.06% for the front wind. The effect is more intense for lower
velocities. This phenomenon is achieved because of the lower convection near the PV panel
in the base case, compared to usage of the heat.
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Abstract: After installing a solar panel system, the orientation problem arises because of the sun’s
position variation relative to a collection point throughout the day. It is, therefore, necessary to change
the position of the photovoltaic panels to follow the sun and capture the maximum incident beam.
This work describes our methodology for the simulation and the design of a solar tracker system
using the advantages that the orientation and efficiency of the PV panel offer due to the latitude and
the number of hours of sunshine in the testing area. This proposed methodology is experimentally
validated through the implementation of a single-axis solar tracker at a specific location (36.261◦

latitude), which allowed the incorporation of a high-availability tracking mechanism, low precision,
and low cost. Based on the results, the feasibility of this type of solar tracker for latitudes close
to 36◦ was demonstrated, as this tracking system costs less than traditional commercial systems.
Furthermore, this system increased the collection efficiency compared to a fixed device. Our results
provide an excellent platform for engineering technology researchers and students to study the
design theory of a sun-tracking solar system.

Keywords: prototype of a single-axis solar tracker; Simulink; Arduino card; LDR; photovoltaic panels

1. Introduction

Much scientific research has been carried out, not only in the field of solar energy
conversion in general but also in a very specific sector of the latter, which is none other than
photovoltaic technology. In this case, the design, optimization, and realization of systems
based on this technology are current issues since they can lead to better exploitation of solar
energy if they are correctly done. One of the paths taken is increasing the solar radiation
captured since maximum efficiency is achieved when the incident light is perpendicular
to the cells of the photovoltaic panels: this is the concept of “solar tracking”. Therefore,
the energy efficiency of these systems depends on the climate conditions of solar radiation,
ambient temperature, and wind speed, the matching of the system with the load, and
the appropriate placement of the solar panels. Most solar panels are used in a stationary
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position and therefore do not consistently output the maximum amount of power they can
produce.

To obtain the maximum efficiency from photovoltaics panels, it was necessary to
study the problem of PV orientation, which requires using a solar tracker connected to the
photovoltaic system. A solar tracker will track the sun throughout the day and adjust the
angle of the solar panel so that the sun is normal, typical to the solar panels at all times.
There are two ways to maximize the useful energy rate: by optimizing the conversion and
degree of absorption and increasing the incident radiation rate by employing mechanical
steering systems. In this context, in our project, we decided to realize such a system, which
is commonly called a “solar tracker”.

A solar tracker is a photovoltaic installation placed on a supporting structure com-
posed of a motor. It makes it possible to direct the solar panels throughout the day toward
the sun to capture the maximum sunshine. Therefore, solar trackers can be classified into
two main categories depending on the type of control and the sensitivity of the sensors
or the positioning system they incorporate [1–3]. They can also be distinguished by two
tracking techniques: The MPPT (maximum power point tracking) method which is based
on an algorithm to find the maximum power curve of the photovoltaic panel, or the sun
tracking system, which is based on the orientation of solar panels throughout the day to
better exploit the photovoltaic cells [4,5].

Much research was conducted to improve and increase the production of electrical
energy through the transformation of solar energy. Among this research, we can cite the
work of Robert H. Dold and F. R. Rubio et al. [6]. In 2007, they described a 2-axis solar
tracker capable of withstanding extreme weather conditions, which tracks the elevation
and azimuth movement. In 2008, J.Rizk [6] indicated the potential advantages of a simple
solar tracking system using a stepper motor and light sensor. A solar tracking system was
designed, implemented, and experimentally tested with fairly conclusive results. Hossein
Mousazadeh, in 2009 [6], discussed the different sun tracking systems’ advantages and
disadvantages. The most effective sun tracking device was found in the form of polar
and azimuth/elevation axes. In 2010, Nader Barsoum [6] reported that his research has
proven that the single-axis sun tracking system can increase the energy output by about
20%, while the dual-axis tracking system can increase the output by 40%. In 2012, L.
Kancevica [6] noted that thanks to the sun tracking device, the solar radiation continuously
hit perpendicular to the collector of the flat plate, which finally produced 1.4 times more
thermal energy on average compared to the collector stationary of the same size. In 2013,
Mostefa Ghassoul [6] described constructing and testing a cost-effective, innovative sun
tracking system to extract maximum solar energy. The latter was designed to be driven
by a PIC 18F452 microcontroller. The system was based on two mechanisms: the first
is the search mechanism (PILOT), which locates the position of the sun and the second
mechanism (intelligent PANELS) aligns with the PILOT only if the maximum possible
energy could be extracted.

Thereby, the research results from the article [7–11] confirm that the orientation of
solar panels can increase the efficiency of the conversion system by 20% up to 50%, which
significantly increases electricity production. In [11], there was a study of a three-phase
inverter representing an essential part of the photovoltaic systems, which allowed us to
take an idea on the conditioning and the simulation of the motor used in our realized
prototype. Afterward, many research works have studied the optimization and design of
the sun tracking method to maximize the exposure of cells to sunlight by keeping the solar
module’s active surface perpendicular to the solar radiation. In 2018, the authors of the
article [12] presented a comprehensive examination of the solar tracking system’s potential
in solar energy applications. Their explanation helps to give an overview of drive system
design parameters, construction, types, and techniques covering different applications of
use. They explained the two main types of solar tracking systems: the single-axis solar
tracking system and the dual-axis solar tracking system. Their paper shows that in recent
research studies, 42.57% of the studies have discussed and presented single-axis tracking
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systems, while 41.58% of these studies reported on dual-axis tracking systems. As well as
in the solar tracking techniques, azimuth and elevation tracking reached 16.67% utilization,
horizontal tracking 16.67%, azimuth tracking 10%, polar tracking 16.67%, and utilization
4.44%. This encouraged us to continue to improve the modeling results of the different
blocks of our methodology and improve the other blocks’ modeling results [13].

Several electronic systems for the control and piloting of bi-axial solar trackers of pho-
tovoltaic power plants were developed and tested by [14–16]. As in our case, the tracking
is managed by a PC software application with a user-friendly graphical interface. The
software’s design is designed to calculate the circadian orbit of the sun and consequently
to move the solar panels to keep the panel surface always perpendicular to the solar rays,
thus improving the efficiency of energy production. For example, a new photovoltaic (PV)
sun tracker design methodology has been explained and relied on by [14], who used the
advantages that the orientation and efficiency of the PV panel offer due to the latitude of
the installation zone. They experimentally validated the proposed design methodology
and proposed a design methodology via the implementation of a solar tracker with dual
axes at a specific location (27.5◦ latitude). Their method enables the incorporation of a
high-availability, low-accuracy, and low-cost tracking mechanism. From their results, we
can conclude that this system increases the collection efficiency by 24% with respect to a
fixed device. Based on an orientation efficiency chart, the proposed methodology can be
applied to control our solar tracker system.

The scientific content of [16] allowed us to get a general idea of the most commonly
used solar tracking systems, and we identified the systems that provide benefits such as
higher efficiency, higher tracking accuracy, easy installation, and cost-effectiveness. Their
study reveals that double axis ST in the form of polar-axis and azimuth/elevation featuring
the solar movement models and the dynamic closed-loop feedback control is the most
effective and generally gives more than a 40% improvement in energy return compared
to fixed PV panels. Moreover, they showed that large systems significantly reduce costs
and save on materials. The energy consumed by the moving fixtures is mostly low (2–5%
of the collected energy), but this could be higher if no optimization is performed. That is
why we have optimized all power-saving hardware and software settings from the early
stages of system development to avoid waste of material and over-consumption of power
by tracking units.

Another study by [17] presents an overview of the advancements realized in the world
of solar tracking systems. They emphasized the performance analysis of dual-axis solar
tracking systems equipped with different designs and techniques that have evolved in
recent years. Some conclusions drawn in their paper are stated below: the dual-axis solar
tracking systems are generally more efficient than their single-axis and fixed counterparts.
These systems also demand maintenance due to the presence of rotating components.
Furthermore, these systems contain more complex design and control mechanisms. The
solar system’s performance depends on many physical factors and so does the choice of
use of tracking.

In this paper, we present the steps of designing and implementing the prototype of
a single-axis solar tracker that we designed and built at our university. The design of
the single-axis solar tracker has been made by several researchers, as mentioned in the
previous summary of the literature. But still, some shortcomings must be avoided to
improve the system, especially concerning the geographical parameters of each installation
area. Our project was put into reality following the need of our university for this system
to be used in the various premises containing PV panels. This necessity forced us to
start collecting knowledge in circuit theory, power electronics, microcontrollers, machine
electricity, and solar energy to design and simulate the system. The Matlab/Simulink
simulation provided an excellent platform to explore different designs for the sun-tracking
solar energy system. After testing and verification using simulations, a prototype system
was built in the laboratory using our hardware and programs. The university’s weather
station collects parameters and real-time data on the installation area. Given the high
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number of models created and the mathematical calculations performed, we present only a
part of the scientific result obtained in this paper. Our complete prototype of the single-axis
solar tracker is characterized by the fact that it contains in the control circuit a control
device assembled and programmed by us in the laboratory to allow the pivoting of the
photovoltaic panel and force it to follow the sun’s curve. Thus, we have developed our
mathematical models allowing translating of the behavior of the components constituting
the prototype, such as the model of the direct current motor block (servomotor); the model
of the quantity of effective radiation; the model of the sun, and the model of the photovoltaic
panel.

In particular, our work aims to optimize an existing, designed by us, fully-hardware
setup by completely replacing the classic electronic board with the designed software to
communicate, using a serial port, with Arduino electronic boards for tracker motors driving.
The models were developed using MATLAB/Simulink to track a photovoltaic module
and achieve optimal operational efficiency. The multi-controller is programmed to detect
sunlight by LDR and operate two actuators to position the solar panel where it can receive
maximum sunlight.

2. Methodology

This paper collects some results of research work, part of which is carried out as part
of a research project, “PRFU: University Training Research Project”, with the participation
of [18]. The simulation of our models was carried out using the software “MATLAB-
SIMULINK”, which allowed us to create a library of specialized simulation blocks. The
annual meteorological data was collected through the meteorological station installed at
the University of Khemis Miliana. The prototype allowed tracking the movement of the
sun in real-time.

To maximize actual PV production in the field, solar trackers must meet several
dimensions during the different phases of the PV project life: design, installation, operation,
and maintenance. The challenges are many and diverse, ranging from the lay of the land to
the need for local content, local workforce skills, weather conditions, and budget constraints.
The efficient performance of a solar tracker requires comprehensive realizations.

Our work is based on a new idea by designing an automatic microcontroller-based
solar tracker with a hybrid algorithm comprising both active and chronological algorithms
for locating the sun’s position. This hybrid algorithm combines both mathematical models
and sensors to determine the precise sun’s position and thereby harness optimal solar
energy for all weather conditions.

Experimental results show that the hybrid solar tracking algorithm can yield higher
solar power than traditional active and chronological algorithms. The solar tracking process
is fully automated, maximizing the collection and management of solar energy for the solar
system.

The proposed solar tracker has light-dependent resistors (LDRs), an Arduino micro-
controller connected with Wi-Fi, a servo motor, a current sensor, and a solar panel with a
supporting metallic servo bracket. This electromechanical system consists of one driver
with a servo motor for rotating in east and west directions. The solar panel produces
a voltage proportional to the sunlight intensity, while the LDRs determine the system
misalignment and send signals to the microcontroller, which in turn automatically adjusts
the motors to correct the solar panel position.

Active and chronological algorithms are employed in solar tracking. The active
algorithm is a closed-loop tracking mechanism based on the control principle with feedback.
A light sensor, which detects sun brightness, acts as the input to the system controller. The
acquired values are then analyzed by the microcontroller, which controls the motor motion
to orientate the solar panel towards the sun. While the active solar tracker produces high
tracking accuracy during clear and sunny days, its performance may degrade when the
weather is cloudy or when the light sensor is sheltered. Conversely, the chronological
algorithm controls the solar panel movement by identifying the sun’s path using sun
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tracking mathematical models. The microcontroller calculates the sun’s position and directs
the motor to move the solar panel towards the sun at preset time intervals.

In summary, with a large-scale implementation, the proposed hybrid solar tracker
can harness optimal solar energy for all weather conditions, thereby considerably cutting
electricity costs for public and private organizations.

To evaluate the performance of active, chronological, and hybrid algorithms for solar
tracking, experiments were conducted. The solar tracker prototype must be in an open field
where it can receive sunlight throughout the day. Voltage measurements were taken from
the morning at 4 a.m. to the evening at 8 p.m. at every 60-min interval. Readings from the
traditional fixed-mount solar panel were also recorded to determine the baseline voltage.
Subsequently, an analysis was performed to determine the energy generated, consumed,
and gained by the hybrid solar tracker.

2.1. Assumptions

Our research on the tracking system showed us that, in reality, they are from the same
capacity compared to a static configuration and will produce more energy at any point in
time, but at what cost? When talking about the price, we have to do a test for 10 years of
operation. Thus, we must add the cost of the land into the calculations without forgetting
to consider the electricity price, which increases every year, and the state degradation of
the PV panels, which degrade every year. Therefore, we must consider the average output
per kW installed and the maintenance price for the tracking system every year. Finally, we
must calculate the cost per watt supplied and installed for the static system and tracker
system. Moreover, that question can be asked in reverse. How much does the by-watt price
have to drop before the static system becomes more viable than the tracker system?

When comparing to ascertain what is the best system, static versus tracking, many
assumptions need to be made in addition to the reality of actual energy production and
how it matches with site loads, etc. Our scientific research confirms that many assumptions
are common between the static system and the tracker system, but some are not. Based on
the assumptions made, we can say that the tracker system is more economically feasible.

Compared to fixed panels, the advantage of mobile panels is that the sun moves con-
tinuously during the day, while a PV panel is fixed in its position, thus losing a considerable
amount of energy that might be available. When a photovoltaic panel is fixed in relation to
the ground and oriented towards the south, its energy yield is not constant during the day.
At the start and end of the day, the poor radiation angle of the panel reduces the efficiency
of electricity production [11–16,19].

2.2. Block Diagram of a Single-Axis Tracker

The prototype of the tracker that we have realized consists of an electromechanical
structure to support the solar panel and direct it in the direction of the perpendicular
radiation of the sun on an axis of two East-West directions.

The tracking system essentially consists of two parts: The control or command part
(the physical quantities and the solar radiation follow the sun and position the turret
optimally) and the operative part (elevation). The control or programming units are used
to process the position information of the sun to transmit it to the actuators to track the sun,
as well as to detect operating anomalies and perform equipment safety operations. It also
performs other functions, such as the control of the system’s mechanical movements by
limiting the rotation angles from (0◦ to 180◦ on the horizontal) and the panel’s orientation
at the end of the day towards the starting position of the system.

The role of the operating or electronic block is to ensure that the solar radiation is
always perpendicular to the panel. It, therefore, relies on systems allowing the reception of
orders sent by the calculator, their conversion into electrical signals, their transmission to
the articulated mechanical system, and the activation of the motor. As shown in the block
diagram in Figure 1, when the tracking system steers the solar panels by rotating them
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in the direction of the sun and maintaining an ideal angle based on two light-dependent
resistors (LDR) and a motor, the electrical power per square meter is maximized [20].
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The two LDRs are used in our work to capture the light in East-West directions. Each
LDR will supply the controller an analog signal depending on the lighting through the
voltage divider Vout, given by Equation (1), with an R1 resistance LDR and R2 resistance
standard. The controller changes the motor direction [21–25].

Vout =
R2

R1 + R2
∗ Vcc (1)

The principle is to notice that the light received by the two LDR photoresistors is
identical as soon as the sensor is oriented in the axis of the light. Therefore, we measured
the light received by each photoresistor by measuring the voltage at their terminals. This
measurement is carried out by connecting the ports pin1 to 2 of the card. The program
then compares these voltages ordering the servo motor to rotate in the direction of the
photoresistor(s) that receives the least light. We used a resistor of 1 kΩ to measure the
voltage change between the photoresistor and a resistor of 1 kΩ (voltage divider) placed
on the control unit (Arduino card).

Our MATLAB modeling requires describing the models of the different design
blocks [18]: The model of the D.C. motor (servo motor) with a P.I.D. controller (proportional
integral derivative), the model of the chopper to vary the voltage, the model of the radiation
quantity falling on the solar panel, the model of the sun and the model of the photovoltaic
panel.

2.3. D.C. Motor Block Controlled by a Chopper

To create the model of the D.C. motor (servomotor), we took into account its 04
constituents and their characteristics which are: A direct current electric motor with rotation
in two directions, a reduction gear train actuating the rudder of the out axe, an electronic
circuit of the motor control, and a potentiometer.

The creation of our models of the physical system of the engine in the Simulink
environment was made using the simulator SimScape (physical systems simulation), which
constitutes an effective method for developing the mathematical model of our physical
system by creating a multi-domain diagram based on physical connections.

A DC chopper or DC-to-DC converter is the most efficient method as it involves only
a one-stage conversion. A fixed D.C. voltage U coming from a power supply is converted
into an adjustable D.C. voltage V by a control signal Ucom with a variable duty cycle. The
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chopper’s role in the solar tracker system is to vary the rotational speed of the D.C. motors.
The equivalent model of a motor contains a resistance (Rm), an inductance (Lm), and an
electromotive force (E). In addition, the protection elements such as freewheeling diodes
are necessarily added [26–28]. The steps below are taken into consideration while creating
the model of the D.C. motor [29].

- Variation of the speed for a motor by the P.W.M. (pulse width modulation) command.
- Voltage reversible chopper.
- The average value of the supply voltage.
- Direction inversion control.

The advantage of a P.I.D. regulator is its dynamic performance, adjustment precision,
and stability. The elements of this regulator are a combination of P (proportional), I
(integral), and D (derivative) actions chosen according to the type of application. For
example, our prototype used it to monitor the motor’s position [30].

2.4. Effective Radiation Quantity on the Solar Panel and Calculation of Solar Irradiance

To simulate solar radiation from a different angle than the photovoltaic panel, a simple
program was written to obtain the practical relationship between the sun and the falling
radiation. Figure 2a shows the equivalent Simulink block diagram that was used to simulate
the angle between the sunlight and the photovoltaic panel based on Equation (2) [31,32].
The fixed panel is always parallel to the ground at 45◦ c.d. 0◦ for sunrise and 180◦ for
sunset. At sunrise, the sun’s angle starts at 0◦, and at sunset, it is at 180 ◦C. To follow the
change in the amount of radiation and temperature that falls on the ground during the day,
we have created a model that simulates the evolution of the angle of the sun with time
using the real data downloaded from the site PV system. Figure 2b represents the Simulink
block diagram used.

Ge f = G ∗
(
−(θs − θp) + 180

180

)
(2)

where Gef is the effective radiation, G is the solar radiation, θs is the sun angle, and θp is
the panel angle.
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3. Design and Implementation

Our prototype of the solar tracker was made by starting with schematizing its general
configuration. As we explained previously, it consists of three large blocks: the electronic
control block, which contains the relay module provided by the Arduino card; the mechani-
cal movement block; and the power supply and electrical power block. In the photovoltaic
panel design, it was replaced by a wooden frame of size 40 × 27 cm.
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3.1. Electronic Control

This part mainly includes components and electrical circuits to control our solar
tracker system. The latter can be defined as a microprocessor-type information processing
unit to which internal peripherals have been added, allowing the assembly to be carried
out without the need for external components [21]. An Arduino board is a brand that
covers hardware-free boards on which there is a microcontroller. Their free license allowed
us to program microcontrollers that exist in the different cards as we wanted to analyze
and produce electrical signals that can be used for different tasks, including the control
and management of electronic processes and instruments [21]. Microcontrollers have
reduced performance but are small in size and consume little power. Although the Arduino
card was chosen because of its open-source architecture and the ease of connecting to the
computer with a simple USB cable. This cable provides both the card power supply and
serial communication [33–35]. The Arduino card is programmed via a software interface in
pseudo-C language. Once the program has been written, it is sent to the card, which can
then operate independently (without connection to the computer). To display the numerical
or textual information produced by the Arduino card, we connected it to a computer on
the one hand and to a liquid crystal display (LCD) on the other hand to be able to operate
autonomously away from the computer. In our prototype, we used a display compatible
with the Hitachi HD44780 driver.

3.2. Servomotor

Figure 3a shows the mechanical structure of the servomotor. Therefore, Figure 3b
shows how we connected the servomotor to the Arduino card. Table 1 collects the charac-
teristic parameters of the servomotor we used in our assembly.

Appl. Sci. 2022, 12, x FOR PEER REVIEW  9  of  23 
 

 

(a)  (b) 

Figure 3.  (a) Servo motor electrical diagram;  (b) Position of  the servo motor compared with  the 

Arduino card. 

Table 1. Characteristic parameters of the servomotor used in the construction of the prototype of 

the single‐axis tracker. 

Parameters/Characteristics  Values 

Weight  14.6 g 

Torque  2.5 kg.cm (4.8 v) 2.8 kg.cm (6.0 v) 

Operating speed 
Operating: 0.11 sec/60 degree (4.8 v) 0.09 sec/60 degree 

(6.0 v) 

Size  22.5 × 12.2 × 35 mm 

To give us a clear idea of the hardware part, it was preferable to use the ISIS pro‐

gram to simulate the block diagram shown in Figure 4. The signal detected at the output 

of the Arduino card is visualized using the ISIS program, which is used afterward as the 

servo motor control signal (P.W.M.). 

 

Figure 4. Block diagram used during simulation by ISIS. 

   

Figure 3. (a) Servo motor electrical diagram; (b) Position of the servo motor compared with the
Arduino card.

Table 1. Characteristic parameters of the servomotor used in the construction of the prototype of the
single-axis tracker.

Parameters/Characteristics Values

Weight 14.6 g

Torque 2.5 kg.cm (4.8 v) 2.8 kg.cm (6.0 v)

Operating speed Operating: 0.11 s/60 degree (4.8 v) 0.09 s/60 degree (6.0 v)

Size 22.5 × 12.2 × 35 mm
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To give us a clear idea of the hardware part, it was preferable to use the ISIS program
to simulate the block diagram shown in Figure 4. The signal detected at the output of the
Arduino card is visualized using the ISIS program, which is used afterward as the servo
motor control signal (P.W.M.).
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4. Results and Discussion
4.1. Modeling of a PV Panel

Figure 5 shows the MATLAB-SIMULINK block diagram of the PV panel [18] used in
our protocol system.
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For the modeling of the PV panel block, we chose the Apollo SOLAR ENERGY ASEC-
200G6S module available in the Simulink-Matlab library. This module is made up of
54 monocrystalline silicon cells with a maximum power of 200 W. Table 2 contains the
parameters that characterize the module under standard conditions (level of solar radiation:
G = 1000 W/m2, cell temperature: 25 ◦C, AM = 1.5).
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Table 2. Characteristics of the APOLLO SOLAR ENERGY ASEC-200G6S module.

Parameters/Characteristics Values

Maximum power Pmpp[W] 200

Voltage of the maximum power Vmpp[V] 25.38

Current of the maximum power Impp [A] 7.89

Open-circuit voltage V.O.C. [V] 33.53

Short-circuit current ISC[A] 8.24

Temperature Coefficient Ki(ISC) [%/K] 0.136

Temperature Coefficient Ki(VOC) [%/K] −0.37101

Temperature Coefficient Ki(Pmpp) [%/K] −0.47

Length x width x height [mm] 1660 × 990 × 50

Number of cells 54

Cell size [mm] 156 × 156

Cell material Monocrystalline Si stalling

Current-voltage (I-V) curve and power-voltage curve (P-V) of the PV module
(T = 25 ◦C, G = 1000 W/m2):

Current-voltage curve (I-V) and power-voltage curve (P-V) of the PV module
(T = 25 ◦C, G = 1000 W/m2) exhibit a nonlinear relationship with the temperature and irradi-
ance. However, on this characteristic curve (Figure 6a,b), there is a unique point where the
entire system can work with maximum efficiency. This point is called the maximum power
point M.P.P. It requires calculations, tracking, and control techniques to ensure the PV sys-
tem is operating at this unique point to achieve the most incredible power harvest. Tracking
of the maximum power point (MPPT) is a way to extract the maximum energy from the
photovoltaic panels at different irradiance levels. Figure 6 shows the characteristic I-V and
P-V of the PV module for a temperature T = 25 ◦C and a solar radiation G = 1000 W/m2.
We found the short circuit current or the maximum current at zero voltage ISC = 8.24 A
and the open circuit voltage or the maximum voltage at zero current VOC = 33.53 V. This
result explains the 54 cells that make up the photovoltaic panel. The power delivered by
the PV panels depends on the operating point of the generator. The max point represents
the maximum power delivered by the generator (PMPP = IMPP*VMPP, where, VMPP s to
the voltage to the maximum power supplied by PMPP, and the IMPP corresponds to the
current to the maximum power supplied PMPP).
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Figure 6. Characteristic curves of the PV module: (a) Current-voltage I-V curve, (b) Power-voltage
curve P-V.

Influence of temperature and Irradiance on I-V and P-V characteristics:
The temperature is a very important parameter in the operation of a PV module

because of the temperature sensitivity of the electrical properties of the semiconductor. The
characteristic I-V and P-V of a PV module according to the temperature under constant solar
radiation (1000 W/m2) is represented in Figure 7a,b. We note that this characteristic I-V
varies only slightly when the temperature varies, which means that the temperature has an
effect over a long period of operation. It shows that the short-circuit current (I.S.C.) increases
slightly with the temperature. It is thus observed that the influence of the temperature on
(I.S.C.) and the maximum power current can be negligible and that the maximum power
(PMPP) of the PV module undergoes a decrease when the temperature increases.
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Figure 7c,d shows the I-V and P-V characteristics of the PV module for different
irradiance levels by fixing the temperature value at 25 ◦C. We noticed that the I-V char-
acteristics undergo a change with the irradiance and that the short-circuit current (I.S.C.)
was directly proportional to the incident light intensity according to Equation (3). On the
other hand, the increase in illumination causes a slight increase in the open-circuit voltage
(V.O.C.). We deduced that the cell could provide an almost correct voltage, even in low
light. This implies that the optimal power of the cell (Pmax) is practically proportional to
the illumination, and the maximum power points are at approximately the same voltage.

I_SC ≈ I_ph = α (T) × G × S (3)

where G is the solar radiation in W/m2, S is the surface of the cell in m2, α(T) is a coefficient
depending weakly on the temperature; it is expressed in A/W (in our case α = 0.136/◦K).
Therefore, we can conclude that the shift of the I-V curves toward the increasing values
allows the module to produce greater electrical power. This explains that solar irradiations
lead to an increase in power corresponding to the maximum power points (PMPP).

The influence of temperature is smaller compared to that of solar irradiance, but it is no
longer negligible on the I-V characteristic of a PV module. For a change in the temperature
value, we can see that the voltage variation changes much more than that of the current,
which varies very slightly.

4.2. Command of the Servomotor for Position-Controlled by P.W.M.

The block diagram used in modeling the D.C. motor is shown in Figure 8. For our
simulation, we have represented the equation system of a D.C. motor in this block diagram.
The input parameters are the supply voltage (Ua) and the resistive torque (Cr). The
accessible output parameters are the motor current (ia), the motor torque (Ce), and the
rotation speed (Wm) by calculating the motor angle θ through integrating of the Wm.
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Figure 8. Simulink block model of the servomotor.

To facilitate the creation of our servo motor models in the Simulink environment, we
used SimScape (physical systems simulation), which is an effective method for developing
the mathematical model of the physical system by creating a multi-domain diagram based
on physical connections. In addition, SimScape products allowed us to vary the system
design without determining and implementing system-level equations. Figure 9 shows the
block diagram we used in the SimScape simulation.



Appl. Sci. 2022, 12, 9682 14 of 22

Appl. Sci. 2022, 12, x FOR PEER REVIEW  14  of  23 
 

gram. The input parameters are the supply voltage (Ua) and the resistive torque (Cr). The 

accessible output parameters are the motor current (ia), the motor torque (Ce), and the 

rotation speed (Wm) by calculating the motor angle θ through integrating of the Wm. 

 

Figure 8. Simulink block model of the servomotor. 

To facilitate the creation of our servo motor models in the Simulink environment, we 

used SimScape (physical systems simulation), which is an effective method for develop‐

ing the mathematical model of the physical system by creating a multi‐domain diagram 

based on physical connections.  In addition, SimScape products allowed us  to vary  the 

system design without determining and implementing system‐level equations. Figure 9 

shows the block diagram we used in the SimScape simulation. 

 

Figure 9. Block model of a voltage‐fed motor using SimScape’s Simulink. 

Figure 10 shows  the simulation  results of our servomotor,  taking as  input  the set 

point (90°) and using the gains of the following P.I.D. controller: Kp = 100, Ki = 1, and Kd 

= 0 to drive the motor at the desired angle. The step response given in Figure 10 shows 

that the servomotor reaches its reference position at the angle of 90° for a response time 

that is less than 1 s. We have chosen a 12 v D.C. motor for our design. The parameters and 

the simulation results of this motor and the chopper, such as the temporal variation of the 

speed, current, and torque, the voltage at the chopper output, and the step response of a 

position‐controlled servomotor, will be published soon in another article. 

Figure 9. Block model of a voltage-fed motor using SimScape’s Simulink.

Figure 10 shows the simulation results of our servomotor, taking as input the set point
(90◦) and using the gains of the following P.I.D. controller: Kp = 100, Ki = 1, and Kd = 0
to drive the motor at the desired angle. The step response given in Figure 10 shows that
the servomotor reaches its reference position at the angle of 90◦ for a response time that
is less than 1 s. We have chosen a 12 v D.C. motor for our design. The parameters and
the simulation results of this motor and the chopper, such as the temporal variation of the
speed, current, and torque, the voltage at the chopper output, and the step response of a
position-controlled servomotor, will be published soon in another article.
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4.3. Simulation of the Sun

Single-axis solar tracker systems rotate on an axis to track the sun, facing east in
the morning and west in the afternoon. This type of follower needs seasonal tilt angle
adjustment.

The meteorological parameters such as temperature and sunshine of the city of Khemis
Miliana were extracted using a PV-system site in real-time and the data of the meteorological
station from the university.
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The temporal variation of different sun parameters like sun radiation, temperature,
and sun angle θ are shown in Figures 11a,b and 12. The simulation was carried out for 16 h
from 4:00 a.m. to 8:00 p.m. in May. Where the value of the irradiance used in the study
area during the days of the simulation was:

- Equal to 0 from 00:45 a.m. to 4:45 a.m. and from 8:45 p.m. to 11:45 p.m.;
- Starts increasing by 11 and 1030 from 5:45 a.m. to 13:45 p.m., then decreases from 1030

to 8 from 2:45 p.m. to 7:45 p.m.

As long as the light reappears each morning at sunrise and the temperature rises and
begins to disappear at sunset, there is a variation in irradiance during the day, regardless of
the season. It can be seen that the irradiance reaches its maximum value at 2:00 p.m. and
decreases at sunset when it is colder than during the day. Global irradiation corresponds
to the solar energy received in one day; this irradiation is linked to irradiance. It is noted
that the temperature and the irradiance vary during the year gradually; they increase from
winter until summer and decrease from summer until winter. This is explained by the
height of the sun, which varies according to the seasons: the sun is higher at noon in a
summer sky than in a winter sky.
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The position of the sun is given by the zenith angle (γs) and the azimuth (αs). The
zenith angle is the angle between the local vertical and the line that connects the observer to
the sun. The sun’s azimuth is the deviation of the sun’s position from the south. The zenith
and azimuth depend on the local time of day (t), the day of the year (d), and the latitude (λ)
of the observer (h) [4]. Figure 12 shows that the sun’s angle is equal to 90◦ almost at noon,
so the tracker is perpendicular. At 180◦ at 8:00 p.m., the tracker is at a horizontal position
and returns to its starting position.
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4.4. Tests of the Tracker

After receiving a quantity of light using a lamp, the prototype tracker starts tracking
the solar radiation (Figure 13a). Figure 13b shows that the tracker is in the perpendicular
position (90◦ almost at noon).
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Figure 13. Tests of the tracker position: (a) start position of the solar tracker realized to start tracking
of the light. (b) Perpendicular position (90◦) of the solar tracker.

To validate our results, we performed two tests on the prototype of the single-axis solar
tracker: the photovoltaic module connected to the prototype of the tracker and checking if
it is in its fixed position. Figure 14a,b show the variation of the motor angle (Tracker angle)
with respect to the sun angle for the two tests. It can be seen that the solar tracker reaches
its reference position (sun angle) in a time of response of less than a second.
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Several studies have analyzed the efficiency of energy production using single-axis
trackers compared to fixed panels [35–38]. BAHRAMI et al. [37] determined that the
increase in solar production of a PV plant with single-axis trackers compared to a fixed-
panel system is around 17.22–31.23% [39–41]. That fluctuation in energy production can be
reduced depending on the tracker distribution in the PV plant [42–44].

To validate our design, we compared the motor angle and the sun angle over an entire
day if the panel is fixed and if the panel is attached to our prototype single-axis tracker. As
the sun begins to shine at 5:00 a.m., our system records data until sunset. Figure 15 shows
that the solar tracker device maximizes the sun’s irradiance by keeping the solar module’s
active surface vertical at the sun’s angle. From noon until sunset, we find that the fixed
panel loses a large amount of solar radiation during the day.
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Figure 15. Comparison between sun angle and sun tracker angle.

Figure 16a–d show the values variation of illuminance, voltage, current, and power
of a PV module for two cases (with and without the tracker), which are compared for the
period spanning from sunrise to sunset. When the curves are examined between 8:00 a.m.
and 11:00 a.m., the voltage, current, and power values are a little close for the two cases.
On the other hand, in the afternoon, between 12:00 p.m. and 7:00 a.m., we observed a large
difference in the quantity of the voltage, current, and power produced. We concluded that
a fixed panel’s energy loss was recorded from noon until sunset.
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5. Conclusions

The question of sizing and of optimizing the efficiency of the PV solar panel is always
a crucial step during their installation. Photovoltaic tracker systems represent an important
area in which a significant amount of research has been carried out. However, the field itself
is so vast that there is always room for innovation or improvement. This has prompted us to
study this field, enabling the development of PV tracking systems to increase the efficiency
of PV modules and, therefore, higher electrical energy production. We have optimized the
production of a photovoltaic solar system by using a solar tracker system that we designed
on our own. The various elements of our solar tracker were exposed, and we noticed
that the part devoted to the control and the electronic command of the maneuvers of this
system was the most important. Thanks to the choice of the Arduino board, and the control
program that we developed, we could design a complete prototype system by our own
configuration, which showed better sensitivity in tracking the trajectory of the sun. The use
of an LDR system has enabled us to find a completely autonomous solution that is easy to
set up and brings an interesting energy gain, especially during the less sunny hours of the
day. The test of the instantaneous energy production through the PV panel that we used
showed that following the sun would benefit the future photovoltaic installations that our
sun tracking system will support. We can conclude that the photovoltaic tracker systems
with appropriate control systems can be considered an important factor in increasing the
electrical power by 22 to 56%, compared to the fixed photovoltaic system. This research
field is developing very fast; hence, many types of research are ongoing, such as artificial
neural networks and fuzzy logic. These tools are used in all fields where fuzzy logic
controllers are used for tracking the maximum power point in a photovoltaic system [45].

Currently, cascade control algorithms are used for high-concentration photovoltaics,
capable of achieving a sun tracking error of one minute. Scientists and researchers are
working on optimizing energy extraction. In doing so, an approach based on deep learning,
low-cost open hardware, and computer vision has been developed to reduce the limitations
regarding costs and operational issues [46]. Despite many developments, this area still faces
some hurdles. Therefore, more work regarding operational efficiency, cost-effectiveness,
and feasibility is required. In future perspectives, we plan to develop our tracking system
using these new techniques, starting by implementing a manual mode to the automatic
control system, as well as a remote access mode and control of PV production of this system.
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Abstract: Photovoltaic/thermal (PV/T) systems are innovative cogeneration systems that ensure the
cooling of photovoltaic (PV) backside and simultaneous production of electricity and heat. However,
an effective cooling of the PV back is still a challenge that affects electrical and thermal performance
of the PV/T system. In the present work, a PV/T numerical model is developed to simulate the
heat flux based on energy balance implemented in MATLAB software. The numerical model is
validated through the comparison of the three-layer PV model with the NOCT model and tested
under the operation conditions of continental temperate climate. Moreover, the effect of velocity
and water film thickness as important flow parameters on heat exchange and PV/T production is
numerically investigated. Results revealed that the PV model is in good agreement with the NOCT
one. An efficient heat transfer is obtained while increasing the velocity and water film thickness with
optimal values of 0.035 m/s and 7 mm, respectively, at an inlet temperature of 20 ◦C. The PV/T
system ensures a maximum thermal power of 1334.5 W and electrical power of 316.56 W (258.8 W for
the PV). Finally, the comparison between the PV and PV/T system under real weather conditions
showed the advantage of using the PV/T.

Keywords: photovoltaic thermal system; water cooling; solar energy; numerical model; electrical
efficiency; thermal efficiency

1. Introduction

Increasing energy demand for industrial and domestic purposes has led to greater
interest in renewable energy as a substitute for fossil fuels. Sun radiation is the primary
source of all types of renewable energy sources. Photovoltaic (PV) technology is one of
the common methods of direct converting the solar radiation into electricity [1]. Instead,
the performance of PV panels falls by 0.5% for every degree rise in temperature, depending
on the type of solar cells used [2]. Since the PV temperatures can reach as high as 80 ◦C
in the summer, it is necessary to find efficient cooling methods to achieve higher heat
dissipation rates from PV modules and increase his electrical efficiency and longevity.

An efficient version of the PV module is the photovoltaic–thermal (PV/T) module
which uses cooling systems to remove the excess thermal energy. The commercially
available technologies are classified into passive and active cooling systems [3]. Active
cooling systems use forced circulation of air [4–6], water [7–10], or nanofluids [11] while
the passive ones use natural circulation of working fluids in which no external source of
power is needed as well as heat pipes [12] or phase change materials (PCMs) to naturally
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transport heat through a boiling–condensing process to the ambient air [13]. Some recent
related review articles also provide updates on the important aspects of PV/T cooling
systems [14–18].

Water cooling methods provide improved performance over air cooling methods due
to the increase in heat-carrying capacity of water over air [19]. Nahar et al. [20] studied the
performance of a PV/T module with parallel plate flow channel without absorber plate
both numerically and experimentally at outdoor conditions. They observed that the overall
efficiency increases numerically by 22.1% and experimentally by 20% with an increase in
water inlet velocity from 0.0003 to 0.0007 m/s under an irradiation level of 1000 W/m2 and
inlet water temperature of 34 ◦C.

A novel compound system through connecting a PV/T system with a solar collector
in series was proposed by Kazemian et al. [21]. The results showed that using the optimum
condition given by Taguchi-based gray relational optimization, electrical, thermal and total
power generation of the system increased by 23.86%, 35.78%, and 34.75%, respectively.

A hybrid photovoltaic/thermal (PV/T) collector with serpentine exchanger was stud-
ied by Boumaarafa et al. [22] showing that combining both types of heat and electrical
offers a better thermal performance with an overall thermal efficiency around 79.43%.

Different parameters for enhancing heat transfer performance of photovoltaic thermal
systems was investigated by Nahar et al. [23]. Results revealed that PV/T electrical and
thermal efficiency increase with both Reynolds and Prandtl number and a maximum
reduction in cell temperature of 10.2 ◦C was achieved for increasing channel depth from
10 to 20 mm.

Even with the large number of papers related to the PV/T system, there is little research
work that treats enhancement of flow parameters, e.g., the inlet velocity and water film
thickness simultaneously for an effective cooling of PV cells. This paper presents a transient
numerical PV/T model based on an energy balance equation developed in MATLAB
software and resolved by the Runge–Kutta numerical method. This model is built based on
the three layers PV model validated with the NOCT model. Moreover, the energy balance
equations for the cooling unit (absorber 1, fluid, absorber 2) are driven from a PV/T model
validated experimentally in previous work [24]. Thus, based on the developed model,
a parametric study was conducted to determine the optimal flow parameters.

2. Methodology
2.1. Numerical Model

A numerical model was developed to evaluate the thermal and electrical behavior of a
PV/T system, operating in dynamic conditions. The parametric analysis was performed
by varying some PV/T key flow parameters, such as the water velocity from 0.01 m/s to
0.035 m/s, water film thickness from 3 mm to 10 mm, and water inlet temperature from
20 ◦C to 30 ◦C.

The PV/T system investigated in this work consists mainly of four solid components
and cooling liquid (water). According to the PV/T system design shown in cross section in
Figure 1a, six sub-numerical models were established as follows:

• Sub-numerical model for the glass cover;
• Sub-numerical model for the PV module;
• Sub-numerical model for the Tedlar layer;
• Sub-numerical model for the upper aluminum layer;
• Sub-numerical model for the water film in channel;
• Sub-numerical model for the lower aluminum layer.

For the six PV/T system sub-models, a heat balance equation was done separately,
based on the internal energy variation equation [25] and the heat transfer between layers
as shown in Figure 1b. Moreover, the Runge–Kutta numerical method (RK4) was used for
resolving the (ODE) governing equations in MATLAB Software. The main advantage of
the developed numerical model is allowing the determination of the mean temperature of
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each PV/T layer (glass cover, PV cells, Tedlar, absorbers, and fluid), based on the different
heat exchanges between these ones.
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Figure 1. Components (a) and heat exchange mechanism in the PV/T system (b).

The main PV technical characteristics (applied to Standard Test Conditions of solar
irradiance of 1000 W/m2 and ambient temperature of 25 ◦C) and the selected PV/T sys-
tem properties are reported in Tables 1 and 2. Moreover, the assumptions considered in
developing the PV/T model due to its different components were [22,23,26]:

• A (1D) numerical model is built since the layers thickness are very thin relative to the
other dimensions. As a result, heat losses are considered to be neglected at the PV/T
sides and average uniform temperature is determined for each layer;

• The amount of absorbed solar irradiation that is not converted into electricity is
transferred from the PV cells back to the rest of system;

• The material properties remain constant in the PV/T system, for a temperature
limited range;

• The heat flux between PV cells and EVA is supposed to be negligible;
• A perfect contact between PV/T components is supposed;
• The effects of dust and partial shading were neglected.

Table 1. PV module technical characteristics applied to STC.

PV Type Pmax
(W)

Vmp
(V)

Imp
(A)

Voc
(V)

Isc
(A)

ηe
(%)

NOCT
(◦C)

AE320HM-60
Mono-crystalline 320 33.40 9.59 40.90 10.15 19.30 45 ± 2
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Table 2. PV/T investigated parameters.

Dimensions 1665 × 996 (mm ×mm)

Properties Glazing PV Cells Tedlar Aluminum
Absorber

Density (kg/m3) 2300 2330 1500 2700
Thermal conductivity (W/m·K) 1.0 168.0 0.2 160

Specific heat (kJ/kgK) 500 757 1200 900
Thickness (m) 0.003 0.00035 0.0015 0.003

2.2. Heat Balance Governing Equations

In the present work, a PV/T transient model was conducted based on a heat balance
established for solid and fluid domains. In all solid components (glass, PV module, Ted-
lar, aluminum absorbers), the heat exchange process occurs by conduction mechanism,
while in the flow duct, the thermal transfer to fluid (water) is through the convection mode.
For each PV/T layer, the energy balance equation is a function of the layer internal energy
variation taking into account some external parameters, e.g., the solar irradiance, ambient
temperature, wind speed, and mass flow rate. Thus, the energy governing equations for
solid and fluid layers were obtained considering the selected thermo-physical proprieties
summarized in Table 2.

2.2.1. Solid Layers

The heat flux for the PV/T solid layers can be obtained using Equation (1). It is a
function of the density ρS, specific heat capacity cp,S and the thickness δs of the selected
layer as well the thermal heat exchange coefficient hs:

ρS δscp,s
dTs

dt
= Σ hs ∆Ts + α Esun − ϑEe (1)

where ∆Ts is the temperature gradient and Esun is the absorbed solar irradiance for each
solid layer. In fact, a significant part of the incident solar irradiance is absorbed by the PV
cells and converted to electrical energy Ee while the remainder is lost with environment.
Thus, the absorption and electricity production terms for PV cell are α 6= 0; ϑ = 1 and for
the other solid layers are α = 0; ϑ = 0.

The expression of heat exchange coefficient hs is directly dependent on the heat
transfer mechanisms between layers. In case of solid layers i,j where heat is transferred by
conduction, hs is given by:

hs = hci,j =
1(

δi
λi
+

δj
λj

)
Ai,j

(2)

where: λi and δi are the thermal conductivity and thickness of the layer i; λj and δj are the
thermal conductivity and thickness of the layer j and Ai,j is the exchange area between the
layers i,j.

For the front of the PV/T system, three expressions of the heat exchange coefficient hs1,
hs2, and hs3 are used, due to the heats transfer by radiation between the glass-sky, glass-
ground and by convection between the glass-ambient:

hs1 = hrg,sky = σεgFg,sky A
(

Tsky + Tg

)
·
(

T2
sky + T2

g

)
(3)

hs2 = hrg,gr = σεgFg,gr A
(
Tgr + Tg

)
·
(

T2
gr + T2

g

)
(4)

hs3 = hvg,a =
(

hv f orced
3 + hv f ree

3
)1/3

(5)

where εg, is the glass emissivity; Fg,sky and Fg,gr are the view factors [24].
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The glass-ambient heat transfer coefficient hs3 is determined as the sum of the forced
and natural convective heat transfer coefficients hv f orced and hv f ree. If Gr/Re2 << 1,
the forced convection regime has been evaluated. Thus, the following correlation [27]
based on the wind speed velocity w is used:

hv f orced = 2.8w + 3 (6)

Otherwise, for Gr/Re2 >> 1, the correlation of Bejan et al. [28] depending on the air
thermal conductivity λa and Nusselt number Nu f ree is adopted:

hv f ree =
Nu f ree λa

L
(7)

Nu f ree = 0.14
[
(Gr Pr)

1
3 − (Grcr Pr)

1
3
]
+ 0.56(GrcrPr cos θ) (8)

At the back side of the PV/T system, the heat losses by radiation between the absorber-
sky, absorber -ground, and by convection between the absorber–ambient were considered.
Moreover, three heat exchange coefficients hs1, hs2, and hs3 can be expressed as follows:

hs1 = hrabsl,sky = σεabsl Fsky,absl A
(

Tsky + Tabsl

)
·
(

T2
sky + T2

absl

)
(9)

hs2 = hrabsl,gr σεabsl Fabsl,gr A
(
Tgr + Tg

)
·
(

T2
gr + T2

g

)
(10)

hs3 = hva,absl (11)

where εabsl, is heat transfer between the absorber and the ambient.
The heat exchange coefficient hs3 = hvabsl,a could be calculated as function of the

forced or the free convection regime using the following correlations considered in [29].
In case of forced convection:

hvabsl,a = 5.7 w (12)

While in free convection is determined by:

hvabsl,a =
Nu f ree λa

L
(13)

Nu f ree =

0.825 +
0.387Ra1/6[

1 +
(

0.492
Pr

)9/16
]8/27


2

(14)

For the duct formed by the two aluminum plates, the heat exchange coefficient hs is
due to the radiation mechanism as expressed in [30].

Table 3 shows the set of governing equations introduced in the numerical model for
the solid PV/T layers.
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Table 3. Governing equations for the PV/T solid layers.

Layers Equations

Glass

(
ρgδgCg

)
dTg
dt = αgEsun + hrg,sky

(
Tsky − Tg

)
+ hrg,gr

(
Tgr − Tg

)
+hvg,a

(
Ta − Tg

)
+ hcPV,gPF

(
TPV − Tg

)
+

+hcTed,g(1− PF)
(
TTed − Tg

) (15)

PV cells
PF(ρPVδPVCPV)

dTPV
dt
=
[(

τgαPV − ηe
)

Esun + hcPV,g
(
Tg − TPV

)
+hcTed,PV(TTed − TPV)

]
PF

(16)

Tedlar

(ρTedδTedCTed)
dTTed

dt
= (1− PF)τgαTed + (1− PF)hcTed,g

(
Tg − TTed

)
+PF·hcTed,PV(TPV − TTed)
+hcabs1,Ted(Tabs1 − TTed)

(17)

Absorber 1
(ρabs δabs Cabs)

dTabs1
dt
= hcabs1,Ted(TTed − Tabsh)

+hrabs1,abs2(Tabsl − Tabsh) + hc f ,abs1

(
Tf − Tabsh

) (18)

Absorber 2

(ρabsδabsCabs)
dTabs2

dt
= hcabs2, f

(
Tf − Tabs2

)
+ hrabs1,abs2(Tabs2 − Tabs1)

+hrabs2,sky

(
Tsky − Tabs2

)
+ hrabs2,gr

(
Tgr − Tabs2

)
+hva,absl(Ta − Tabs2)

(19)

2.2.2. Fluid Layers

For the cooling fluid flows in the duct of the PV/T system, the energy balance equation
is given as:(

ρfδf C f

)dTf

dt
= hc f ,abs1

(
Tabs1 − Tf

)
+ hcabs2, f

(
Tabs2 − Tf

)
− .

mC f (Tout − Tint) (20)

where
.

m, C f , and Tint and Tout are respectively the fluid mass flow rate, the fluid specific
heat capacity, and the temperature at the inlet and outlet of the PV/T system.

The heat transfer coefficients hc f ,abs1 and hc f ,abs2 characterize the convection between
the two absorbers and fluid and can be evaluated as a function of the fluid thermal conduc-
tivity λ f , duct hydraulique diameter Dh, and Nusselt number Nu f :

hc f ,abs1 = hc f ,abs2=
Nu f λ f

Dh
(21)

The Nusselt number for water cooling flow between absorber plates is deduced from
the correlations of Kudish et al. [31]:

Nu f= 1.86
[

Re Pr

(
Dh
L

)]
1
3

(
µ f

µ f ′

)0.14

, case of laminar flow (22)

Nu f= 0.023 [ Re
0.8Pr

0.33], case of turbulent flow (23)

where Re , Pr, and µ f are respectively the Reynolds number, Prandlt number, and fluid
dynamic viscosity; µ′f = µ f

(
Tp
)

[32].
By rearranging the governing Equations (15)–(20), a set of energy differential equations

was built. Thereafter, a MATLAB solution program was developed where the Runge–Kutta
(RK4) numerical method was used to solve the energy balance system. Finally, the basic
simulation allowed to determine the temperature profile as well as the thermal, electrical,
and global performances. The calculation steps in MATLAB software are summarized in
flow chart form as shown in Figure 2.
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2.3. Energy Analysis Method

In order to analyze the developed numerical model for the PV/T system, a perfor-
mance evaluation is required. Therefore, the solar irradiance as an energy source was
supposed uniform and perpendicular on the PV/T surface. Absorber solar irradiance
by the PV cells layer was given as function of the glass layer transmittance τg, the cell
absorptivity αPV, and the incident solar irradiance Esun by [33]:

E′sun = τgαPV Esun (24)

The electrical production from the PV cells is determined by Equation (24):

Ee = Apv ηeE′sun (25)

For evaluation of the electrical performance, the following expression was used [30]:

ηe = ηre f [1− β(TPV − TSTc)] (26)

where ηre f is the reference efficiency; β is the temperature coefficient; TPV is the PV cells
temperature; and TSTc is PV cells temperature at STC conditions equal to 25 ◦C. According
to the AE320HM-60 PV commercial unit with characteristic reported in Table 1, the ηre f is
about 19.30% and β is equal to 0.0045 C−1 [34].

The thermal production of PV/T system is a function of fluid mass flow rate
.
m, fluid

specific heat capacity C f , and the temperature difference of the fluid at the inlet and outelt
of the PV/T system [35]:

Eth =
.

mC f (Tout − Tint) (27)
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For assessment of thermal efficiency, the fraction of the thermal production on the
absorbed solar irradiance was conducted according to Equation (28):

ηth =
Eth

E′sun
(28)

Combining both electrical and thermal efficiencies, the PV/T global performance was
obtained by:

ηg = ηe + ηth (29)

3. Results and Discussion

In this section, the set of obtained results is presented and discussed. To test the
accuracy of the developed PV/T model allowing the prediction of both thermal and
electrical behavior of the system, a model validation is processed. Based on the same
thermal model, a comprehensive analysis is further performed to assess the effect of some
PV/T key parameters on its outputs. Finally, the PV/T optimized model is tested under
the real weather data of Iasi, Romania and performance comparison with conventional PV
panel is conducted.

3.1. Model Validation

The validation process included the model of the PV unit, mainly formed by the glass,
PV cells, and Tedlar (Equations (15)–(17)). This model was tested under different operat-
ing conditions, e.g., solar irradiance and outdoor temperature. Furthermore, the results
were compared with the data for Nominal Operating Cell Temperature conditions (NOCT:
Esun = 800 W/m2, Ta = 20 ◦C and w = 1 m/s). In Figure 3, the PV cells temperature is
evaluated for different solar irradiances of 600 W/m2, 800 W/m2, and 1000 W/m2 with an
ambient temperature of 20 ◦C, 25 ◦C, and 35 ◦C, respectively. From this figure, the effect
of environmental conditions on a PV temperature is clearly shown (a minimum PV tem-
perature was noted at about 39 ◦C when solar radiation and ambient temperature were
lower, about 600 W/m2 and 20 ◦C). It can be also observed that the difference between
PV temperature values and NOCT is quite negligible. According to the commercial PV
datasheet characteristic summarized in Table 1, the NOCT value was 45 ± 2 ◦C, while for
the three layers model, the PV temperature was 43.96 ◦C, which proves the effectiveness of
PV developed model. For the rest of the PV/T system (absorber 1, fluid and absorber 2),
the developed Equations (18)–(20) were written based on the PV/T model validated experi-
mentally in [24].
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3.2. Parametric Analysis
3.2.1. Effect of Water Velocity

Based on the developed numerical model, the effect of water velocity on the PV/T
performance was analyzed. The environmental conditions involved in this analysis were
a solar irradiance of 1000 W/m2, an outdoor temperature of 35 ◦C, and a wind speed of
1 m/s. The fluid velocity as a flow control parameter had a significant effect on the cooling
of the PV unit. Hence, Figure 4 investigates the PV temperature evolution as function of
water inlet temperature for different water velocities of 0.010 m/s, 0.015 m/s, 0.02 m/s,
0.025 m/s, 0.030 m/s, and 0.035 m/s. As result, it is depicted that by increasing water
velocity from 0.010 m/s to 0.035 m/s, a drop in the PV temperature was observed in the
four cases, where the water film thickness was 3 mm, 5 mm, 7 mm, and 10 mm. In addition,
a minimum value of PV operating temperature about 27.7 ◦C was observed for an inlet
water temperature of 20 ◦C, water thickness of 7 mm, and highest velocity of 0.035 m/s.
This underlines the effective cooling of the PV cells, where a significant heat is extracted
from the PV back side while increasing the water velocity.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 17 
 

  
(a) (b) 

  
(c) (d) 

Figure 4. Effect of water velocity on the cooling of the PV cells for different thicknesses: (a)  δ = 3 
mm, (b)  δ = 5 mm, (c)  δ = 7 mm, (d)  δ = 10 mm. 

3.2.2. Effect of Water Film Thickness 
Among the other geometry parameters for flow, the water film thickness presented 

an important effect on the optimized cooling of the PV cells and the PV/T electrical and 
thermal performances. Hence, four water thicknesses of 3 mm, 5 mm, 7 mm, and 10 mm 
were selected to investigate its impact on the cooling of the PV cells with water velocity 
and inlet temperature ranging from 0.010 to 0.035 m/s and 20 to 30 °C, respectively. The 
study was carried out under the same weather conditions mentioned above (solar 
irradiance of 1000 W/m2, outdoor temperature of 35 °C, and wind speed of 1 m/s). 

As illustrated in Figure 5, as the water film thickness increased (3 mm, 5 mm, 7 mm) 
for the different water velocity cases, the PV temperature decreased. This is due to the 
important heat removed from the PV panel, while by further increasing the water film 
thickness from 10 mm the PV temperature start increasing (inflexion point). As a result, a 
minimum value of PV temperature was noted to be 27.7 °C for an optimal water film 
thickness of 7 mm (water inlet temperature and velocity of 20 °C and 0.035 m/s, 
respectively). 

Figure 4. Effect of water velocity on the cooling of the PV cells for different thicknesses: (a) δ = 3 mm,
(b) δ = 5 mm, (c) δ = 7 mm, (d) δ = 10 mm.

3.2.2. Effect of Water Film Thickness

Among the other geometry parameters for flow, the water film thickness presented
an important effect on the optimized cooling of the PV cells and the PV/T electrical and
thermal performances. Hence, four water thicknesses of 3 mm, 5 mm, 7 mm, and 10 mm
were selected to investigate its impact on the cooling of the PV cells with water velocity and
inlet temperature ranging from 0.010 to 0.035 m/s and 20 to 30 ◦C, respectively. The study
was carried out under the same weather conditions mentioned above (solar irradiance of
1000 W/m2, outdoor temperature of 35 ◦C, and wind speed of 1 m/s).
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As illustrated in Figure 5, as the water film thickness increased (3 mm, 5 mm, 7 mm) for
the different water velocity cases, the PV temperature decreased. This is due to the impor-
tant heat removed from the PV panel, while by further increasing the water film thickness
from 10 mm the PV temperature start increasing (inflexion point). As a result, a minimum
value of PV temperature was noted to be 27.7 ◦C for an optimal water film thickness of
7 mm (water inlet temperature and velocity of 20 ◦C and 0.035 m/s, respectively).
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In Figure 6, the effect of the water film thickness on the fluid heat transfer coeffi-
cient and thermal power is illustrated for variable water velocity and inlet temperature.
From this figure, it can be seen that with the increase in water thickness, the heat exchange
coefficient dropped which decreases the fluid outlet temperature. However, the ther-



Appl. Sci. 2022, 12, 646 11 of 17

mal power increased and reached a maximum value of 1334.5 W at water thickness of
7 mm (water velocity of 0.035 m/s, inlet temperature of 20 ◦C, and outer temperature of
21.31 ◦C), Table 4.
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Table 4. Comparison of PV and PV/T performances at Esun = 1000 W/m2, Ta = 35 ◦C, and Tint = 20 ◦C.

TPV (◦C) Tout(◦C) Ee (W) Eth (W) ηe (%) ηth (%)

PV 67.7 - 258.8 - 15.60 -

PV/T 27.7 21.31 316.56 1334.5 19.07 80.3

According to Equation (27), the thermal power was not only depending on difference
between the inlet and the outlet temperature, but also a function of the water mass flow rate.
At a fixed value of water inlet temperature and velocity, the thermal power is related to the
water mass flow rate and the outlet temperature. In this study, the water film thickness
increase clearly affected the cooling of the PV unit and the heat gain. Noting that, further
increase of water thickness will also affect the cost and the PV/T system heavy weight.
Consequently, the PV/T system with a coupled optimum water velocity and thickness of
0.035 m/s and 7 mm provided the best cooling effect and highest electrical and thermal
performances (Table 4).

The PV and PV/T performances were also depicted and compared under real weathers
conditions of Iasi, Romania. A daily simulation was conducted for a typical day of summer
(28 July 2016), with weather data involving solar irradiance Esun and ambient temperature
Ta reported by the PVGIS data [36] as shown in Figure 7. During this day, a maximum
solar irradiance about 1022 W/m2 and ambient temperature of 27.6 ◦C were noted at 13:00.
The simulation was done supposing the inlet water temperature for PV cooling equal to the
ambient one with a maximum temperature of 27.6 ◦C. The optimum case of PV/T system
was chosen in terms of water velocity of 0.035 m/s and water film thickness of 7 mm.
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Given these weather conditions, the evolution of PV and PV/T temperatures (PV/T
at Tint = Ta) is illustrated in Figure 8. It can be clearly observed that both temperatures
presented the same trend during this day. Moreover, the PV/T system provided a lower PV
cell temperature of 33.8 ◦C at 13:00, due to the cooling effect compared with the conventional
PV unit (61 ◦C). According to the negative dependence between electrical production and
operating temperature of the PV cells, an effective cooling enhances electrical power.
As shown in Figures 9 and 10, the PV/T system provide a better electrical power and
efficiency of about 313 W and 18.54% at 13:00, compared with the conventional PV panel.
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4. Conclusions

This work proposes an improved dynamic numerical model for PV/T system based
on the heat balance equations established for each layer and solved in MATLAB software.
The main obtained outputs of the PV/T model are respectively the temperatures and the
electrical and thermal power used for evaluating the advantages of using the PV/T system
instead of PV conventional one.
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This developed model was built regarding the other models presented in literature [37]
and validated through comparison of the three layer PV model with the NOCT model and
using the equations of the cooling unit, derived from a previous PV/T model validated
experimentally in [24]. Consequently, results revealed good agreement. Thus, the model is
considered a useful tool for other research works aiming to investigate the PV/T system
and analyze its energy yield.

Thereafter, the PV/T model was used to investigate the effect of the water velocity and
thickness on the cooling of the PV cells. Next, the improved PV/T model with optimum
parameters values was applied in case operating conditions of Iasi, Romania, where the
input variables, e.g., solar irradiance and ambient temperature, were given by PVGIS
data [36]. Important conclusions of this work can be drawn as below:

- The effectiveness of the developed PV/T model based on the three layer PV model
tested at different of solar irradiance and ambient temperature was proven.

- Inlet water temperature had a significant effect on the cooling of the PV panel. A lower
PV temperature was noted when the inlet temperature was about 20 ◦C.

- As the water velocity ranged from 0.010 to 0.035 m/s, the cooling process improved.
A lower PV temperature was obtained for water velocity of 0.035 m/s.

- The temperature of the PV panel decreased while increasing the water film thickness
from 3 mm to 7 mm and started increasing by 10 mm.

- Optimal cooling of the PV cells (27.7 ◦C) was ensured, adopting optimum values of
water velocity and thickness of 0.035 m/s and 7 mm, respectively, at inlet temperature
of 20 ◦C.

- The improved PV/T model showed a better electrical performance (316.56 W) com-
pared with the conventional PV panel (258.8 W). Furthermore, an important gain of
1334.5 W of thermal production was obtained.

Therefore, the PV/T system designing based on the optimum functional parameters
can be an efficient way to produce electrical and thermal energy simultaneously where
the electrical and thermal efficiency can reach 19.07% and 80.3%, respectively. Moreover,
similar results found in literature [20,21] show economic advantages for implementing
such systems in the same climate conditions, where the investment return can be up to
4.25 years with a 75% subsidy in the initial investment and six PV/T modules installed [38].

Future works foresee experimental programs for developing the PV/T model using
a real experimental PV/T prototype that is installed on the roof of the Building Services
Department, “Gheorghe Asachi” Technical University of Ias, i, Romania, in order to consider
more climatic parameters, such as the wind speed and direction, which also affect the
electrical and the thermal energy outputs of the PV/T system.
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Nomenclature

A Area (m2)
C Specific heat capacity (kJ/kg◦C)
Ee Electrical power (W)
Eth Thermal power (W)
Fj,k View factor between layer i and j
Esun Solar irradiance (W/m2)
Gr Grashof number
hc,i,j Conductive heat exchange coefficient between components i and j (W/m2K)
hr,j,k Radiative heat exchange coefficient between components i and j (W/m2K)
hv,i,j Convective heat transfer coefficient between components i and j (W/m2K)
Isc Short circuit current (A)
Imp Maximum current (A)
L Length (m)
NOCT Nominal operating cell temperature
Nu Nusselt number
Pr Prandlt number
Pmax Maximum power (W)
PF Packing factor
Ra Rayleigh number
Re Reynolds number
STC Standard test conditions
t Time step (s)
Ti Temperature of layer i (◦C)
Ta Ambient temperature (◦C)
V Water velocity (m/s)
VOC Open circuit voltage(V)
Vmp Maximum voltage (V)
w Wind speed (m/s)
Greek symbols
α Absorptivity
β Reference temperature coefficient for efficiency
ηe Electrical efficiency (%)
ηth Thermal efficiency (%)
λ Thermal conductivity (W/m K)
ρ Material density (kg/m3)
σ Stefan–Boltzmann constant
Scripts
Abs Absorber
f Fluid
g Glass
gr Ground
PV Photovoltaic
PV/T Photovoltaic/thermal
Ted Tedlar
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Abstract: This paper presents a numerical model regarding the passive cooling of PV panels through
perforated and non-perforated heat sinks. A typical PV panel was studied in a fixed position, tilted at
45 degrees from the horizontal with the wind direction towards its backside. A challenging approach
was used in order to calibrate the base case of the numerical model according to the NOCT conditions.
Further validation of the accuracy of the numerical simulation consisted of a comparison between
the results obtained for the base case, or heat sink, with horizontal non-perforated fins and the
experiments presented in the literature. Six types of heat sink attached to the backside of the PV panel
were numerically studied. The analyzed configurations focused on heat sinks with both perforated
and non-perforated fins that were distributed horizontally and vertically. The CFD simulation was
also conducted by modeling the air volume around the PV panel in real wind conditions. The main
output parameters were the average temperature and the convective heat transfer coefficient on
the front and back of the PV panel. The most important effect of cooling was achieved in low
wind conditions and high levels of solar radiation. For vair = 1 m/s, G = 1000 W/m2 and ambient
temperature tair = 35 ◦C, the percentage of maximum power production achieved 83.33% for the base
case, while in the best cooling scenario it reached 88.74%, assuring a rise in the power production
of 6.49%.

Keywords: power enhancement; perforated heat sinks; passive cooling; operating PV temperature;
NOCT validation; CFD analysis

1. Introduction

The current global energy context is characterized by the energy consumption of
humanity, which has reached impressive values in recent years. Thus, in the current
year (2021) the well-known Overshoot Day was “celebrated” on 29 July. This meant that
humanity had already used up all of the restorable resources of 2021. From 30 July we
started consuming more resources than the planet could regenerate in a year [1]. Therefore,
by the end of the year 2021, the energy consumption is projected to reach about 1.73×
Earth’s resource regeneration capacity. It is a global emergency and every small step in
reducing this tendency to over consume energy will become decisive in this fight.

Solar energy is a clean and sustainable source of energy. It is involved directly or
indirectly in the vast majority of other renewable energy sources, and it is also related to
the conventional fuels—as most of them are the result of photosynthesis. The solar energy
incident on the Earth could cover the annual energy demand for the entire world in only
1.5 h [2,3].

Regarding the conversion of solar radiation into electricity, this can be achieved by
using photovoltaic (PV) cells or it can be generated through solar thermal technologies [1].
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Photovoltaic conversion has important advantages: the energy source is renewable
and free, and the processes of electricity production are environmentally friendly (in terms
of CO2 and NOx emissions, waste, noise etc.). The generation of electricity is achieved
without the use of moving parts, so the cost of maintenance is reduced. Furthermore,
the energy produced is consumed locally, which results in reduced power losses.

By implementing efficient PV systems, the safety of the users of the electricity supply
is increased [4,5]. These systems also reduce the vulnerability of European space and could
eliminate future energy crises or the lack of an energy supply. Considering the long service
life and the low CO2 emissions of PV systems, they represent a sustainable alternative to
electricity production. In addition, the energy market in Europe, which lately has been
affected by internal and external factors, could become more stable and competitive by
increasing the power it produces and the number of users of photovoltaic systems [6].

The main environmental parameters, which are influencing the efficiency and the
lifetime of PV panels are solar radiation, wind velocity and direction, dust, ambient
temperature and their operating temperature. Most of these meteorological parameters
are random and uncontrollable. From the point of view of the installation methods, the
tilt angle, orientation and positioning are very difficult to manage in the case of typical PV
systems [7,8]. However, the management of the operating temperature of PV cells has been
demonstrated to be a good solution for enhancing their efficiency [9].

Almost 80% of the solar energy incident on the PV panel’s surface is converted
into heat, and it is well known that the performance of PV panels is temperature-
dependent [9,10]. Skoplaki, E. et al. [10] analyzed different methods and relations for
calculating the dependence between conversion efficiency and photovoltaic cell temper-
ature; a linear dependence between efficiency and temperature has been proved. The
decrease in the efficiency of the produced power related to the increase in the temperature
has values between −0.46–−0.50%/◦C and −0.47–−0.50%/◦C, respectively [11–13].

Taking into account that the power of a photovoltaic cell is influenced by the tem-
perature and radiation levels, standard test condition (STC) parameters were defined:
tPV = 25 ◦C, G = 1000 W/m2, AM1.5 [14]. In STCs the PV panels produce the watt peak
power [Wp], but a real concern is that in regular operation, at 1000 W/m2, the photovoltaic
panels can reach extreme temperatures of 70–80 ◦C [11,15,16], leading to a significant
decrease in the efficiency.

Complementary cooling solutions are recommended in order to achieve high produc-
tivity [17–21]. The literature presents a large number of papers on different solutions for
improving the conversion efficiency by decreasing the temperature of the photovoltaic
panels [13,15,20,22–27].

Concepts frequently used in analyzing PV systems are the NOCT (nominal operating
cell temperature) conditions. In contrast to STCs, the NOCT conditions are closer to
reality, taking into account the following operating conditions: tilt of PV panel = 45◦;
G = 800 W/m2; tair = 20 ◦C; vair = 1 m/s towards the backside of PV panel [15]. According
to these conditions, every producer must supply, via the data sheet, the average operating
temperature of the PV panel—tNOCT.

The aim of this study was to overcome technological and conceptual barriers that were
currently attributed implicitly to photovoltaic systems by improving their efficiency during
months with maximum energy production but lower efficiencies due to high operating
temperatures. For example, in hot summer days it turned out that the most important cause
of the production potential not being reached, when the intensity of solar radiation had the
highest values of the year, was the uncontrolled increase in the operating temperatures of
the photovoltaic panels.

The improvement in the efficiency of PV panels when air-cooled heat sinks were used,
was reasonable for the residential sector, urban areas and power plants [28,29].
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The novelty of the present study consisted of analyzing the impact of longitudinal
and transversal heat sinks with perforated and non-perforated fins on the performance of
PV panels. The impact was analyzed using more realistic wind conditions and tilt of the
panel, compared to existing studies in the literature.

2. Related Research

Experimental tests and numerical analyses on monocrystalline or polycrystalline pho-
tovoltaic panels show that the decrease in efficiency, as the operating temperature increases,
and the necessity of cooling solutions are current concerns in the literature [11–13,16,30,31].

Different technologies to improve the efficiency of photovoltaic panels by passive
cooling, using air, are studied in the literature [8,13,32–39]. Detailed studies on air cooling
of photovoltaic panels are carried out in the following works [11,40]. Air cooling with heat
sinks and perforated fins is studied both numerically [11,32] and experimentally [34]. The
characteristic values for multiple photovoltaic panels cooled with aluminum and copper
heat sinks were compared through experimental tests under different conditions [34]. The
results of the simulation and from the experiment showed that the heat sink with perforated
fins can significantly reduce the temperature of the panel and increase its performance;
there was an increase in the heat extracted from the photovoltaic cell and a decrease in its
temperature, with values between 7 ◦C and 10 ◦C [34].

Also, numerical simulations on a particular case of backside ventilation [11,16,41]
revealed that the temperature was reduced by 10 ◦C below the value obtained in the base
case. This aspect was favorable for conversion efficiency, determining a generation of
approximately 90% of the maximum power produced in STCs [14], while the average
power production of PV panels was about 70–80% of Pmp in STCs [42].

3. Materials and Methods
3.1. Problem Description

The goal of this work was to develop a numerical model regarding the passive cooling
of the PV panels, through perforated and non-perforated heat sinks, and determine the
enhancement of operating temperatures compared to the base case (without cooling).
A photovoltaic panel with an area of approximately S = 1.6 m2 was studied in a fixed
position and tilted at 45◦ from horizontal, as well as in variable solar radiation, wind
velocity and ambient temperature. This setup, together with the wind direction towards
the backside of the PV panel, was established according to NOCT conditions [14] in order
to validate the model.

A common monocrystalline Si-based PV panel (AE Solar AE320HM6-60), with an
advantageous position of the junction box, was analyzed with the following technical data
(Table 1) [43].

Table 1. General characteristic for the considered PV panel.

AE Solar AE320HM6-60 PV Panel

Pmp 320 Wp
Vmp 33.40 V
Imp 9.59 A
Voc 40.90 V
Isc 10.15 A
η 19.30%
β −0.37%/◦C

tNOCT 47 ◦C
Dimensions (L × l × h) 1665 mm × 996 mm × 35 mm
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A step-by-step analysis of heat sink usage for cooling PV panels was conducted.
After the initial validation of the base case—PV panel without heat sink—a total of six
photovoltaic panels with attached heat sinks were analyzed. Two of them were non-
perforated, while the other four had perforated fins.

The heat sink consisted of a metal plate with copper attached to the photovoltaic panel
and perforated or non-perforated metal fins, Figure 1. The role of the designed holes on the
fins was assumed to be both quantitative (by reducing the amount of material necessary
for device construction) and qualitative (by amplifying the turbulence and heat transfer in
the immediate vicinity of the PV panel).
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Figure 1. Overview of the components of the heat sink attached to the PV panel for cooling (case
with perforated fins).

Due to preliminary analysis and the literature review [11,32,34,41], the 30 mm and
60 mm diameter circular perforations distributed on a single row turned out to be feasible.
It emerged that other shapes, dimensions or multiple rows of perforations were heading
towards lower performance of the heat sink (the operating temperatures were at least
2–3 ◦C higher). It must be specified that the literature comprises a diversity of heat sinks
with different approaches of fins [42,44]. The present study is focused on using heat sinks
with continuous fins.

Two types of heat sinks were analyzed:
Type 1—heat sinks with horizontal (transversal) fins of 100 mm height (with 3 sub-

types: non-perforated, Φ = 30 mm perforations, Φ = 60 mm perforations);
Type 2—heat sinks with vertical (longitudinal) fins of 100 mm height (with 3 subtypes:

non-perforated, Φ = 30 mm perforations, Φ = 60 mm perforations).

3.2. Numerical Simulation

The numerical simulation was performed using the ANSYS-Fluent 2021-R1 software.
The geometry and discretization of the computing domain was performed within the
platform using the Fluent-Meshing and SpaceClaim programs.

For simulation the control volume method, SIMPLE pressure–velocity coupling and
second-order accuracy for equation solving were used, taking into account that the flow
was not aligned with the mesh [45]. This method used a relationship between velocity and
pressure corrections to enforce mass conservation and to obtain the pressure field. A fully
implicit numerical scheme was employed, in which upwind differences were used for
the convective terms and central differences for the diffusion terms [11]. The calculation
was iterative, with a convergence criteria of 10−6 for the energy equation and 10−3 for the
pressure, velocities, k, ε and continuity equations.

The simulation of solar radiation was realized using the Solar Ray Tracing model
of the Fluent program. The absorption of solar radiation by the front of the PV panel
was imposed as a global coefficient α = 0.7, taking into account all the layers of the PV
panel [11,46].
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The heat transfer balance was set in order to include the convection and radiation
with the surroundings [46]. The numerical simulation was realized using the k–ε realizable
model [45]. For all studied configurations, the distance between fins was set to 150 mm.
The fins were perpendicular to the heat sink plate—Figure 1. For the case of perforated
fins, they had circular holes of 30 mm or 60 mm diameter, which were placed at a distance
of 100 mm to one to another [34]. Their role was to improve the air circulation near the
heat sink and to extract more heat from the PV panel.

The accuracy and the solution time were both highly depend on the characteristic
of the mesh. Computational fluid dynamics (CFDs) solvers depended on the highly
orthogonal mesh that could be difficult to achieve on different types of geometries. For the
present study, a polyhedral mesh was used for the surfaces and a poly-hex core for one of
the volumes. The choice of these types of cells was made due to an increase in speed of
simulation from 20 to 50% while maintaining the high level of accuracy. In addition, this
approach in the simulation opened up the possibility of improving the solver speed and
accuracy compared with the tetrahedral cells.

The mesh was realized with different refinements for the heat sink and air volume.
The mesh quality achieved for the numerical analysis was as follows:

- Aspect ratio was in the range 5–60;
- Skewness was in the range 0.4–0.7;
- Orthogonal quality was in the range 0.1–0.3.

A mesh independence study was carried out, taking into account the large number
of elements that resulted due to modeling the air volume that flowed over the PV panel
and heat sinks. Figure 2 presents the mesh independence study, which was achieved for
approximately 3 million cells in the base case and over 5.5 million cells for cases with heat
sinks and perforated fins.
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Figure 2. Mesh independence study for each model.

The numerical analysis was conducted on a workstation that had 48 cores, 256 GB of
RAM and a graphical computing video card Nvidia Quadro P6000.

Typical approaches from the literature considered the position of the PV panel as
either horizontal [31] or vertical [11,34], with a channel simulating the wind behind the PV
panel. There were only a few studies on cooling tilted PV panels [16,40].

During this study the modelling was realized by taking into account the air circulation
in the vicinity of a tilted PV panel cooled with heat sinks. In this way, by using an optimized
resource consumer mesh, the airflow and the heat transfer were more realistic and easier to
visualize and understand. The material properties used in the simulations are shown in
Table 2, and the sketch of the model is presented in Figure 3.



Appl. Sci. 2021, 11, 11323 6 of 20

Table 2. Material properties.

Material g [mm] λ [W/m·K] ρ [kg/m3] cp [J/kg·K]

Glass 3.00 1.00 2300 0.50
PV cells 0.35 168 2330 0.757

EVA 0.50 0.35 960 2.09
Tedlar 0.20 0.20 1500 1.20

Copper 1.00 386 8960 0.376
Air - 0.025 1.20 1.005
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During the study, the non-perforated heat sinks were compared with perforated
heat sinks in order to determine the optimum configuration for implementation in NOCT
conditions of wind.

Simulations were realized in steady state conditions with the following input parame-
ters:

- ambient temperature, tair = 20, 25, 30 and 35 ◦C;
- velocity of the air towards the back of the photovoltaic panel, vair = 1–5 m/s;
- the normal component of solar radiation varied between 200–1000 W/m2, assuming

the typical conditions of operation for the PV panel.

It should be mentioned that heat sinks were studied on some of the worst scenarios
of temperature operation for the base case. Therefore, some cases with low levels of solar
radiation, low ambient temperatures or high wind velocities were excluded from the results
presented during the paper.

The main outputs of the simulations were:

- average temperature of the PV panel;
- convective heat transfer coefficients, achieved for both the front and the back of the

PV panel or heat sink.

Studied Cases

A total of six configurations of heat sinks were analyzed, plus the base case, these are
shown in Table 3.



Appl. Sci. 2021, 11, 11323 7 of 20

Table 3. Studied configurations.

Case Name Mesh Detail Description

0 Base
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Table 3. Cont.

Case Name Mesh Detail Description

5 Vert 30 mm
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Heat sinks consist of a metal plate and perforated or non-perforated longitudinal or
transversal fins arranged at equal distances of 150 mm from each other (Table 4). Both the
base plate and the fins were made of copper. The base plate was in direct contact with the
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back of the photovoltaic panel. The fins had circular perforations with a diameter of 30 or
60 mm (Table 4).

Table 4. Components of the model and overall dimensions of the heat sinks.

Case 3D Perspective View Overall Dimensions of the Heat Sink

1
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During the study, the fins were arranged longitudinally (vertically—parallel to the
length of the PV panel) or transversally (horizontally—parallel to the width of the PV
panel). The distance between fins was s = 150 mm, while their height was hfins = 100 mm.
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The approximate length of the fins was Lfins = 1520 mm (for longitudinal ones) and
Lfins = 860 mm (for transversal ones). The number of fins was 11 for the horizontal case and
5 for vertical case (Table 4).

The perforations had a circular shape and a diameter of Φ = 30 mm or Φ = 60 mm.
The distance measured on the fins between the centers of the perforations was d = 100 mm.
The perforations were staggered by 50 mm between two successive fins.

The back, side, top and bottom view of the heat sinks attached to the PV panel are
presented in Table 4. In addition, the main components of the geometry conceptions of the
photovoltaic panel, mounting system and heat sinks with perforated and non-perforated
fins were easy to follow in 3D perspective views.

4. Validation of the Model
4.1. NOCT Calibration

The PV panel tilted at 45◦ was initially exposed to a direct solar radiation of 800 W/m2,
air temperature of 20 ◦C and wind velocity of 1 m/s from behind, similar to the NOCT
conditions. According to the PV panel data sheet [43], in this scenario, the tNOCT should
be 45 ± 2 ◦C, while the operating temperature from simulation was 47.16 ◦C. Taking
into account the good matching between results and expectation, further validation was
conducted. Therefore, by comparing the results from modelling with those obtained by
using the acknowledged Equation (1) [14,47], the following variation of the operating
temperature was obtained (Figure 6).

tPV = tair +
tNOCT − 20

800
·G (1)
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Figure 6. Calibration of the model according to NOCT conditions variation.

The results showed that the values computed using the current work differed from
those of Equation (1) within the range of 0.28–1.98%.

4.2. Base Case Validation

Nizetic et al. [16] experimentally studied the thermal performance of PV panels on
different inclination angles. In Case 1 of their study (45◦ tilt, v = 1.5 m/s, G = 837 W/m2)
the average temperature of the PV panel was 51.6 ◦C. For validation, the base case of the
present work was set for the same parameters. The average temperature of the PV panel
obtained in the current model was 53.68 ◦C, which represented a variation of 3.87%.

Also, experimental studies of Arifin et al. in 2020 [34], and Almuwailhi in 2021 [48],
were examined and the correlations with the present work were presented together in
Figure 7a.
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Figure 7. Validation of the model: (a) base case—without heat sink; (b) PV panel with heat sink.

4.3. Heat Sink Validation

An experimental study on heat sinks attached to a PV panel [34] were used in order to
compare the results with the present model (Figure 7b).

A reasonable variation of the simulated PV panel average temperature compared to
the literature for low and high ambient temperatures was recorded, in addition to different
levels of radiation (Figure 7). The differences recorded were between −5.18% and +4.03%.
According to the literature [49], this variation was acceptable so the study was considered
consistent and the next step consisted of modelling the heat sinks with perforated fins
(Cases 2–6) in the same conditions as those validated above.

5. Results and Discussion

Most simulations in the literature were realized by imposing a constant convective heat
transfer coefficient (hc), which determined a quasi-uniform temperature distribution [50].
In the present work, the simulation of the airflow near the PV panel determined a more
realistic temperature distribution on its surface compared with the typical approaches [42],
while the convective heat transfer coefficient was varying on the PV panel’s surface.

The results of the simulations consisted of the photovoltaic panel temperature and
convective heat transfer coefficient variation, depending on the type of the heat sink. The
spectra of the operating temperatures of the PV panels and velocity path lines on the
cross-sectional plane were obtained (Table 5). The following images present the qualita-
tive visualization of the results for cases simulated in NOCT configuration: tair = 20 ◦C,
vair = 1 m/s, G = 800 W/m2 (Table 5).

Table 5. Temperature distribution on the PV panel and air velocity profile for the NOCT configuration.
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creased in the zones with air recirculation in front of the PV panel compared to the rest of 
the area. 

The results for vair = 1 m/s, various inlet temperatures (tair = 20–35 °C) and solar radi-
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The visual results clarify the temperature distribution achieved for each case analyzed,
together with the air velocity field on the cross-sectional plane. The effect of the heat sinks
was determining a decrease in maximum operating temperature of approximately 10 ◦C.
In addition, from a qualitative point of view, for this particular wind direction (towards
the backside of the PV panel), the air turbulence was increased compared to the base case,
determining an improved heat transfer and a better cooling of the PV panel. In addition,
each type of heat sink determined a slightly different distribution of wind velocities and
recirculation areas. It can be remarked that the cooling effect was decreased in the zones
with air recirculation in front of the PV panel compared to the rest of the area.

The results for vair = 1 m/s, various inlet temperatures (tair = 20–35 ◦C) and solar
radiation (G = 600–1000 W/m2) were merged in the following plots: Figures 8–10.
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Figure 8. Variation of average operating temperature and convective heat transfer coefficient for studied cases.
G = 1000 W/m2, vair = 1 m/s and tair = 20–35 ◦C.
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Figure 9. Variation of average operating temperature and convective heat transfer coefficient for studied cases
(G = 800 W/m2, vair = 1 m/s and tair = 20–35 ◦C).
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Figure 10. Variation of average operating temperature and convective heat transfer coefficient for studied cases
(G = 600 W/m2, vair = 1 m/s and tair = 20–35 ◦C).

An interesting aspect was recorded on convective heat transfer coefficients. Therefore,
for horizontal heat sinks the hc on the front of the PV panel were much closer to the hc on the
back, compared to vertical ones, where an important difference was recorded. The ambient
temperature variation did not seem to change the best configuration (Case 2—horizontal
30 mm). This configuration determined a drop of temperature as presented in Table 6.

Table 6. Drop of the PV panel operating temperature for ambient air temperatures, tair = 20–35 ◦C, wind velocity,
vair = 1–5 m/s and solar radiation, G = 600–1000 W/m2.

Case vair

G = 600 W/m2 G = 800 W/m2 G = 1000 W/m2

Drop of tPV Compared to Base Case, for tair = 20–35 ◦C
◦C % ◦C % ◦C %

0. BASE CASE

1 m/s

40.3–55.9 - 47.2–62.9 - 54.1–70.1 -

1. HORIZ SIMPLE −6.02–−8.59 −14.9–−15.4 −8.22–−11.54 −17.4–−18.3 −10.52–−14.46 −19.4–−26.7

2. HORIZ 30MM −6.97–−8.66 −17.3–−15.5 −9.51–−11.63 −20.2–−18.5 −12.05–−14.61 −22.3–−27

3. HORIZ 60MM −6.35–−8.62 −15.8–−15.4 −8.55–−10.05 −18.1–−16 −10.88–−14.54 −20.1–−26.9

4. VERT SIMPLE −5.98–−7.2 −14.8–−12.9 −8.07–−9.76 −17.1–−15.5 −10.25–−12.4 −18.9–−22.9

5. VERT 30MM −4.49–−6.4 −11.1–−11.5 −6.4–−8.61 −13.6–−13.7 −8.51–−10.93 −15.7–−20.2

6. VERT 60MM −5.82–−6.97 −14.4–−12.5 −7.84–−8.59 −16.6–−13.7 −9.97–−10.87 −18.4–−20.1
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Table 6. Cont.

Case vair

G = 600 W/m2 G = 800 W/m2 G = 1000 W/m2

Drop of tPV Compared to Base Case, for tair = 20–35 ◦C
◦C % ◦C % ◦C %

0. BASE CASE

2 m/s

34.5–49.9 - 39.4–54.9 - 44.3–59.9 -

1. HORIZ SIMPLE −6.11–−6.18 −17.7–−12.4 −8.52–−8.6 −21.6–−15.7 −10.26–−10.88 −23.2–−18.2

2. HORIZ 30MM −6.36–−6.79 −18.4–−13.6 −8.51–−9.32 −21.6–−17 −10.7–−11.7 −24.2–−19.5

3. HORIZ 60MM −6–−6.37 −17.4–−12.8 −8.01–−8.73 −20.3–−15.9 −10.07–−10.68 −22.7–−17.8

4. VERT SIMPLE −6.67–−6.17 −19.3–−12.4 −7.55–−8.26 −19.2–−15 −9.5–−10.38 −21.5–−17.3

5. VERT 30MM −5.31–−6.21 −15.4–−12.4 −7.27–−8.3 −18.5–−15.1 −9.26–−10.42 −20.9–−17.4

6. VERT 60MM −5.59–−4.48 −16.2–−9 −7.47–−8.14 −19–−14.8 −9.39–−10.13 −21.2–−16.9

0. BASE CASE

3 m/s

31.4–46.8 - 35.2–50.7 - 39.1–54.7 -

1. HORIZ SIMPLE −4.88–−5.24 −15.5–−11.2 −6.72–−7.15 −19.1–−14.1 −8.53–−9.33 −21.8–−17.1

2. HORIZ 30MM −5.3–−5.77 −16.9–−12.3 −7.17–−7.73 −20.3–−15.2 −9–−9.7 −23–−17.7

3. HORIZ 60MM −5.11–−5.49 −16.3–−11.7 −6.85–−7.56 −19.4–−14.9 −8.62–−9.2 −22.1–−16.8

4. VERT SIMPLE −4.59–−5.16 −14.6–−11 −6.33–−6.92 −18–−13.6 −7.96–−8.69 −20.4–−15.9

5. VERT 30MM −5–−5.38 −15.9–−11.5 −6.7–−7.21 −19–−14.2 −8.41–−9.04 −21.5–−16.5

6. VERT 60MM −4.53–−5.06 −14.4–−10.8 −6.08–−6.54 −17.2–−12.9 −7.64–−8.21 −19.5–−15

0. BASE CASE

4 m/s

29.2–44.6 - 32.4–47.8 - 35.5–51.1 -

1. HORIZ SIMPLE −3.92–−4.07 −13.4–−9.1 −5.41–−5.68 −16.7–−11.9 −6.88–−7.57 −19.4–−14.8

2. HORIZ 30MM −4.25–−4.75 −14.5–−10.6 −5.77–−5.87 −17.8–−12.3 −7.26–−7.94 −20.5–−15.5

3. HORIZ 60MM −4.16–−4.53 −14.2–−10.2 −5.58–−5.76 −17.2–−12 −7.02–−7.58 −19.8–−14.8

4. VERT SIMPLE −3.66–−4.05 −12.5–−9.1 −4.92–−5.41 −15.2–−11.3 −6.21–−6.8 −17.5–−13.3

5. VERT 30MM −4.13–−4.49 −14.1–−10.1 −5.53–−6.02 −17.1–−12.6 −6.95–−7.56 −19.6–−14.8

6. VERT 60MM −3.46–−3.72 −11.8–−8.3 −4.64–−4.98 −14.3–−10.4 −5.84–−6.24 −16.5–−12.2

0. BASE CASE

5 m/s

27.7–43.1 - 30.4–45.8 - 33–48.5 -

1. HORIZ SIMPLE −3.15–−3.54 −11.4–−8.2 −4.38–−4.87 −14.4–−10.6 −5.56–−6.15 −16.9–−12.7

2. HORIZ 30MM −3.64–−3.82 −13.1–−8.9 −4.87–−5.11 −16.1–−11.2 −6.1–−6.41 −18.5–−13.2

3. HORIZ 60MM −3.41–−3.73 −12.3–−8.7 −4.57–−4.9 −15.1–−10.7 −5.76–−6.21 −17.5–−12.8

4. VERT SIMPLE −2.95–−3.25 −10.6–−7.6 −3.95–−4.36 −13–−9.5 −4.98–−5.47 −15.1–−11.3

5. VERT 30MM −3.42–−3.73 −12.3–−8.7 −4.59–−4.99 −15.1–−10.9 −5.75–−6.26 −17.4–−12.9

6. VERT 60MM −2.62–−2.73 −9.4–−6.3 −3.52–−3.68 −11.6–−8 −4.42–−4.61 −13.4–−9.5

The results showed that for the studied wind conditions, the perforations did not
improve the temperature of the PV panel when the fins were vertical. In addition, in
the case of vertical fins, the larger perforations (Φ = 60 mm) were better, while for the
horizontal fins the smaller ones (Φ = 30 mm) were better.

In terms of efficiency and power production, according to the assumption that the
efficiency dropped linearly with the rise in temperature of −0.37%/◦C [43], the following
power production could be achieved—Table 7.
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Table 7. Percentage of maximum power production achieved by the PV panel for each studied case.

Case vair

G = 600 W/m2 G = 800 W/m2 G = 1000 W/m2

of Pm at 25 ◦C, for tair = 20–35 ◦C

% % %

0. BASE CASE

1 m/s

94.33–88.58 91.8–85.98 89.23–83.33

1. HORIZ SIMPLE 96.56–91.76 94.84–90.25 93.12–88.68

2. HORIZ 30MM 96.91–91.78 95.32–90.28 93.69–88.74

3. HORIZ 60MM 96.68–91.77 94.96–89.7 93.25–88.71

4. VERT SIMPLE 96.55–91.24 94.79–89.59 93.02–87.92

5. VERT 30MM 96–90.95 94.17–89.16 92.38–87.37

6. VERT 60MM 96.49–91.16 94.7–89.16 92.92–87.35

0. BASE CASE

2 m/s

96.48–90.79 94.68–88.95 92.87–87.09

1. HORIZ SIMPLE 98.74–93.08 97.84–92.13 96.67–91.11

2. HORIZ 30MM 98.83–93.3 97.83–92.39 96.83–91.42

3. HORIZ 60MM 98.7–93.15 97.65–92.18 96.6–91.04

4. VERT SIMPLE 98.95–93.07 97.47–92 96.39–90.93

5. VERT 30MM 98.44–93.09 97.37–92.02 96.3–90.94

6. VERT 60MM 98.55–92.45 97.45–91.96 96.35–90.83

0. BASE CASE

3 m/s

97.63–91.95 95.71–89.19 94.79–89.01

1. HORIZ SIMPLE 99.44–93.88 98.53–92.2 97.95–92.46

2. HORIZ 30MM 99.59–94.08 98.71–92.44 98.12–92.6

3. HORIZ 60MM 99.52–93.98 98.58–92.37 97.98–92.41

4. VERT SIMPLE 99.33–93.85 98.36–92.1 97.74–92.23

5. VERT 30MM 99.48–93.93 98.52–92.22 97.91–92.36

6. VERT 60MM 99.31–93.82 98.26–91.94 97.62–92.05

0. BASE CASE

4 m/s

98.43–92.74 96.54–89.26 96.12–90.35

1. HORIZ SIMPLE 99.88–94.25 99.09–91.94 98.67–93.15

2. HORIZ 30MM 100–94.5 99.25–92.02 98.81–93.29

3. HORIZ 60MM 99.97–94.42 99.16–91.97 98.72–93.15

4. VERT SIMPLE 99.79–94.24 98.85–91.81 98.42–92.86

5. VERT 30MM 99.96–94.41 99.14–92.09 98.69–93.14

6. VERT 60MM 99.71–94.12 98.72–91.61 98.28–92.66

0. BASE CASE

5 m/s

98.98–93.32 97.22–89.21 96.12–90.35

1. HORIZ SIMPLE 100.15–94.63 99.5–91.74 99.11–93.59

2. HORIZ 30MM 100.33–94.74 99.75–91.86 99.31–93.69

3. HORIZ 60MM 100.25–94.7 99.6–91.76 99.18–93.61

4. VERT SIMPLE 100.07–94.52 99.27–91.47 98.9–93.34

5. VERT 30MM 100.25–94.7 99.6–91.8 99.18–93.63

6. VERT 60MM 99.95–94.33 99.05–91.12 98.69–93.02

The power production was calculated as the percentage of maximum power possible,
by assuming that at 25 ◦C the ratio achieved was 100% (320 Wp in STCs). From here on, we
considered that the rise of temperature determined a drop in power production for each
degree over tSTC = 25 ◦C, according to the PV panel’s data sheet [43].
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The most important effect of air cooling heat sinks was achieved in low wind condi-
tions and high levels of solar radiation. It could be observed, Table 7, that for vair = 1 m/s,
G = 1000 W/m2 and ambient temperature tair = 35 ◦C, the percentage of maximum power
production achieved was 83.33% for the base case, while the best cooling scenario (Case
3—horizontal 30 mm) could reach 88.74%. This meant a rise in power production of 6.49%
compared to the base case.

For the position of the PV panel and wind direction studied in the paper, the best
solution of heat sink for various conditions was the following: Case 3—Horizontal 30 mm.
For this type of heat sink, the enhancement of power production was also reached for
higher wind velocities (2–5 m/s), but with lower impact: from 3.60–4.97%, compared to
the base case.

When lower ambient temperatures were involved, the effect of the heat sinks was
decreased, this was due to inferior operating temperatures of the PV panel that were
reached for base case. Therefore, the improvement of the power production reached values
in the range 3.31–4.99%.

6. Conclusions

The goal of this manuscript was to develop and use a numerical model regarding the
passive cooling of PV panels through perforated and non-perforated heat sinks. The PV
panel was studied in a fixed position and tilted at 45 degrees from the horizontal, with
the wind direction towards its backside. The input parameters, such as solar radiation,
ambient temperature and wind velocity, were varied during the study. A challenging
approach was used in order to calibrate the base case of the numerical model according to
the NOCT parameters of the studied PV panel. A second validation of the accuracy of the
numerical simulation consisted of comparison between the results obtained for the case
of the heat sink with horizontal non-perforated fins and the experiments presented in the
literature. Six types of heat sinks attached to the backside of the PV panel were numerically
studied. The analyzed configurations focused on heat sinks with both perforated and non-
perforated fins that were distributed horizontally and vertically. The CFD simulation was
also conducted by modeling the air volume around the PV panel in real wind conditions.
The main output parameters were the average temperature and the convective heat transfer
coefficient on the front and back of the PV panel. In the best scenario, the perforated heat
sink could assure a rise of the photovoltaic panel power production of 6.49%, compared to
the base case.
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Nomenclature

STC Standard test conditions
NOCT Nominal operating cell temperature
AM Air mass
tPV Cell temperature [◦C]
G Solar irradiance [W/m2]
tair Ambient temperature [◦C]
vair Wind speed towards backside of PV panel [m/s]
tNOCT Cell temperature in NOCT conditions [◦C]
tSTC Cell temperature in STC conditions [◦C]
Pmp Maximum power produced [Wp]
Vmp Voltage at Pmp [V]
Imp Current at Pmp [A]
Voc Open circuit voltage [V]
Isc Short-circuit current [A]
η PV panel efficiency [%]
β Pmp temperature coefficient [%/◦C]
L Length of PV panel [m]
l Width of PV panel [m]
h Thickness of PV panel [m]
g Thickness of the layers composing the PV panel [m]
λ Thermal conductivity of the layers composing the PV panel [W/m·K]
ρ Density of the layers composing the PV panel [kg/m3]
cp Specific heat of the layers composing the PV panel [J/kg·K]
s Distance between the fins of PV panel [m]
Lfins Length of the fins [m]
hfins Height of the fins [m]
Φ Diameter of the perforations of the fins [m]
d Distance between the centers of the perforations [m]
hc,front Convective heat transfer coefficient on the front of PV panel [W/m2·K]
hc,back Convective heat transfer coefficient on the back of PV panel [W/m2·K]
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