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ABSTRACT 

This study experimentally evaluates a hybrid approach to improving the optical and thermal performance 

of Photovoltaic (PV) modules operating in hot-climate conditions. The main objective is to reduce 

efficiency losses caused by high temperatures under maximum Solar Radiation (SR) using a common side 

reflector and an active water-cooling method. Outdoor experiments were conducted in Kano State, 

Nigeria, where three 10W polycrystalline PV cell configurations (a reference module, a reflector-assisted 

module, and a reflector-assisted module with active water cooling) were used. All systems were analyzed 

based on output power, unit Surface Temperature (ST), SR, and Solar Hour Angle (SHA). The results 

showed that the reflector-only configuration increased incident SR by up to 47%, at the expense of a 

matching increase in ST by up to 29%. In contrast, the combined reflector–cooling configuration resulted 

in a temperature increase of up to 15% while maintaining radiation gains, thus recording the highest net 

power output. The comparative analyses prove that thermal regulation is necessary to realize the full 

optical enhancement benefit. Moreover, a scaling analysis demonstrates the applicability of the proposed 

approach, which yields roughly 187 MWh of energy annually for a 1000 m² installation in northern 

Nigeria. Consequently, the outcomes demonstrate that combining active cooling and optical concentration 

is an effective method to increase PV efficiency, especially in hot regions. 
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I. INTRODUCTION  

PV systems have become the most advanced renewable 
energy technology due to the increasing need for clean energy. 
Although their benefits, including minimal maintenance costs 
and ease of installation, are significant, environmental 
conditions, such as temperature, dust accumulation, and 
shading, pose serious challenges to PV system performance. 
Innovative methods for improving the performance of PV and 
Photovoltaic/Thermal (PVT) systems have been explored. In 
general, cooling systems are one of the main methods for 
improving the efficiency of PVT systems. They can lower the 
operating temperature of solar cells and increase both thermal 
and electrical efficiency. Various water-based and air-based 
cooling techniques have been examined, including solar air 
collectors with finned systems [1, 2], optimized air gap systems 
[3], bi-fluid-based air and nanofluid combinations [4], double 
pass and channel-based heat exchangers [5, 6], partially and 
fully cooled systems [7], and direct contact-based water cell 
systems [8]. Additionally, several studies have focused on 
material development and/or selection to enhance heat transfer 
and thermal regulation in PVT systems. This includes a 
composite sorption material with increased thickness for 
improved PV cooling systems [9] and a low-cost PVT heat 
exchanger made from polypropylene, with promising potential 
for both efficiency and cost-effectiveness [10]. Moreover, 
optimization-based approaches have gained popularity for 
determining the optimal design and operating parameters of 
PVT systems. These approaches include numerical 
optimizations of design parameters such as fins for phase 
change material-based cooling systems [11], Multiphysics and 
parametric sensitivity studies to ascertain and rate the 
governing factors affecting the performance of PVT systems, 
and multi-criteria-based evaluations considering parameters 
such as energy, exergy, environmental, and economic aspects 
[12]. Additionally, review studies have integrated optimization-
based approaches, providing comprehensive and systematic 
comparisons of conventional and alternative PV and PVT 
systems, as well as current trends and challenges associated 
with PVT systems and their variants [13]. Besides, the role that 
optical enhancement technologies, specifically solar reflectors, 
play in increasing the amount of SR incident on both PV and 
PVT systems has been investigated. Authors in [14] analyzed 
the combined effects of different reflector configurations and 
cooling flow fields. Authors in [15] demonstrated the 
importance of optimized cooling to mitigate thermal penalties 
associated with reflector-assisted PV systems. Authors in [16] 
concluded that integrating reflectors may also enhance the 
performance of finned passive PVT systems. Authors in [17] 
discussed the status of reflectors as one of the key performance 
enhancement approaches, along with cooling media and 
economic consideration aspects. Authors in [18] showed that 
shiny aluminum and mirror reflectors increased PV power 
output by 30% and 33%, respectively, and also led to ST 
increases of up to 10 °C. The reflector material, tilt angle, and 
orientation are crucial to performance gains, with optimal tilt 
angles between 60° and 75° [19, 20]. V-trough and bi-reflector 
configurations, such as those of [21, 22], further enhanced 

irradiance, thereby yielding power output increases of over 
25%. The tracking systems enhance the reflectors' efficiency. 
According to [23], the efficiency of a one-axis three-position 
tracking system with a low-concentration reflector 
configuration can boost panel efficiency by 56% compared to a 
fixed PV panel arrangement. Solar reflectors have attracted 
attention for their ability to enhance PV and PVT systems. 
Figure 1 shows previous studies on enhancing the performance 
of PV/PVT systems using reflectors and coolant in Nigeria. 

 

 

Fig. 1.  Studies related to enhancing the performance of PV/PVT using a 

reflector and coolant in Nigeria. 

As depicted in Figure 1, few studies have been conducted to 
enhance PV performance under Nigeria's climatic conditions, 
with most investigations focusing on cooling systems or 
reflectors in PV systems. In addition, there is a lack of long-
term experimental studies concerning the combination of 
optical enhancement and active cooling by using low-cost 
materials [24-27]. Consequently, the relevance and importance 
of this research lie in its effort to provide adequate solutions to 
some of the biggest challenges that have hindered PV 
conversion efficiency to date, including efficient heat rejection 
through cooling. Therefore, the performance improvement of 
PV systems achieved by the combined application of solar 
reflectors and an active water-cooling technique is 
experimentally investigated in this study through a long-term 
outdoor experimental campaign. The independent and 
combined effects of reflector-assisted irradiance enhancement 
and active thermal regulation on the generated electrical power, 
ST, and overall efficiency of polycrystalline silicon-based solar 
power systems are evaluated. The experimental study is carried 
out in Kano State, Nigeria. The specific location is 
representative of a hot, high-irradiance, and dusty environment, 
suitable for various regions in Sub-Saharan Africa. 
Additionally, a comparative study is conducted over six months 
between a conventional PV system, a reflector-assisted PV 
system, and a reflector-assisted cooled PV system. This 
research seeks to contribute to the development of empirical 
data on cost-effective PV performance enhancement measures 
applicable in developing countries. Such data are widely 
expected to be useful in ensuring more efficient PV 
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applications in buildings, medical facilities, and other 
infrastructure with high energy demand operating under 
extreme weather conditions. 

II. CASE STUDY 

A. Experimental Setup  

The experimental work was carried out in Kano State, 
Nigeria. This location is characterized by high SR and ambient 
temperature, making it suitable for testing the efficacy of 
methods that improve the performance of PV systems. The 
experimental arrangement was erected on the rooftop of the 
Oriental Hospital, Tarauni Local Government Area, Kano 
State, Nigeria, in an open-sky configuration. The experiment 
was conducted from October 2021 to March 2022. During this 
period, the region experienced high SR, low rainfall, and the 
possibility of Harmattan winds in northern Nigeria. In this 
study, three identical polycrystalline modules of a power rating 
of 10W were used. The solar modules were placed Facing 
South at a fixed tilt angle that corresponds to the latitude of 
Kano State. The electrical parameters under Standard Test 
Conditions (STC) are given in Table I. K-type thermocouples 
with an accuracy of ±0.5 °C were utilized to measure the PV 
module ST and water temperature. Incident SR was measured 
by a Dynalab pyranometer, with a measurement uncertainty of 
±5 W/m². The electrical parameters, such as voltage and 
current, were monitored using a DC voltmeter and an ammeter, 
with accuracies of ±0.5% and ±0.5%, respectively. The cooling 
water flow rate was measured by utilizing a calibrated flow 
meter with an uncertainty of ±2%. To investigate the effects of 
optical concentration and thermal management, three PV 
configurations were considered (Configuration#1: Panel 
without modification, reference case; Configuration#2: Panel 
with side reflectors; and Configuration#3: Panel with side 
reflectors and a water-cooling system), as shown in Figure 2. 

TABLE I.  SPECIFICATION OF THE SELECTED SOLAR 
PANEL 

Specification  Unit Value/type 

Panel type  Poly crystalline 

Maximum power  W 10 

DC open circuit voltage  V 21.8 

DC max power current  A 17.3 

Normal ST  ℃ 25 

Panel size  mm 350�300�25 

Life span  Year 25 
 

 

Fig. 2.  Three PV configurations are considered in the current study. 

B. Reflector Design 

In [28], a schematic illustration of a V-trough concentrator 
was presented. The Concentration Ratio (CR) is the primary 
design parameter of a V-trough system. The concentrator 
geometry is defined by several parameters, including the 
acceptance angle (α), the trough angle (Ψ), the collector 
aperture width (A), the receiver base width (B), and the slant 
height of the reflector (H). Among these parameters, the 
acceptance angle (α) and the trough angle (Ψ) mainly 
determine the CR. A V-trough concentrator can be designed 
using different models depending on the operating conditions 
and the required CR. Detailed descriptions of these models are 
available in [29]. In the present study, the V-trough geometry 
was designed using the model proposed in [30]: 

CR � ���	
���
�����

���
����
    (1) 

�

�
�

����
���
������ ���
����

� ���
���� ��� �
   (2) 

where n is the number of reflections from the reflector before 
reaching the receiver.  

The width of the receiver base, B, was limited in the current 
V-trough design. Since a higher slope height also results in a 
higher vertical height, the slope height of the reflector, as 
demonstrated in (2), H, was required to remain below 35 cm. 
This limitation is in place to prevent the concentrator V-trough 
module from becoming bulky by keeping its volume as 
minimal as possible. Consideration is also given to the 
concentrator module's manufacturability from the perspective 
of solar cells. The accessibility of commercial solar cells 
limited the utility of B.  

The reflector tilt angle α was optimized to 30°, 
corresponding to a CR of approximately 2 under normal solar 
incidence. Through optimization, the reflector length was 
determined to be 35 cm to achieve maximum irradiance 
enhancement without excessive shading. Moreover, flat 
reflectors were made with a commercially available aluminum 
sheet of 0.5 mm thickness. The reflectivity of the aluminum 
surface was measured with an albedo meter, which indicated an 
albedo of around 98%. The amount of SR concentrated on the 
PV module surface was highly dependent on the concentration 
ratio. As the CR increased, the PV module's electrical power 
output and efficiency increased due to the higher incident solar 
irradiance. The V-trough reflector under consideration in this 
study is predicated on optimum surface reflectivity and diffuse 
reflection. Surface roughness, dust accumulation on the 
reflector surface, surface oxidation of the reflector material, 
and structural mismatches at the incidence angle of solar rays 
can all cause optical losses in outdoor settings under SR. In 
addition to the effects of reflector-assisted PV panel systems, 
an uneven distribution of SR can be experienced across the PV 
cell surface. Gradients in temperature may eventually arise 
from this. Seasonal fluctuations in SR may also impact the CR 
of solar concentrators. 

C. Cooling System Design 

In Configuration#3, as depicted in Figure 3, an S-shaped 
copper tube was attached to the rear surface of the PV panel, 
and an active cooling system was implemented. The tube had 
an internal diameter of 7 mm and a total length of 2.5 m. Water 
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was used as the cooling medium because it is readily available 
and has a relatively high thermal capacity. This design choice 
is supported by an analysis of the Reynolds number (Re), 
which provides a robust justification for its selection. Re is a 
dimensionless parameter that characterizes the fluid flow 
regime within the cooling system. It is calculated by [31]: 

Re =
���

�
     (3) 

where ρ is the water density (998 kg/m3), V is the fluid velocity 
(0.425 m/s), L is the characteristic length of the tube (2.5 cm), 
and μ is the dynamic viscosity of the fluid (1.002×10-3 Pa.s). 
Based on these parameters, since Re>4000, indicating the 
presence of fully turbulent flow conditions [32]. 

 

 

Fig. 3.  The panel with the cooling system. 

The choice of the S-shaped copper pipe introduces a unique 
geometric configuration into the cooling system, which 
significantly influences the cooling fluid's flow regime and 
pattern. Re, a significant parameter in fluid dynamics, is used 
here as a design criterion to elucidate the impact of this choice. 
The S-shape design is characterized by bends and curves that 
induce turbulence in the flow since Re>4000. Turbulence 
enhances heat transfer by increasing convective heat transfer 
between the cooling fluid and the panel's surface. This 
promotes more efficient cooling and contributes to superior 
thermal management [33]. Furthermore, the extended heat 
exchange path afforded by the S-shape design augments its 
effectiveness in. On the other hand, turbulence introduces 
additional hydraulic losses that must be accounted for when 
performing a complete thermal–hydraulic assessment.  

The pressure drop in the cooling tube can be determined 
using the Darcy-Weisbach equation [31]: 

∆P = f
�

�

�� 

�
     (4) 

where ∆P is the pressure drop, f is the friction factor, L is the 
tube length, and D is the tube diameter.  

For turbulent flow in smooth copper tubes, the friction 
factor can be approximated using the Blasius correlation [34]: 

f = 0.316Re�&.�'    (5) 

The hydraulic pumping power (Ppump) required to circulate 
the cooling water can be estimated as a function of pressure 
drop (∆P) and volumetric flow rate (Q), as given in [31]: 

P()*( = ∆P × Q    (6) 

The use of turbulent flow for active cooling achieves a 
substantial net energy benefit because the electrical power 
required to operate the pump is relatively small compared to 
the increase in electrical power output resulting from improved 
PV cell cooling [35-38]. Therefore, the estimated pumping 
power may be negligible relative to the increase in electrical 
power resulting from efficient thermal regulation of the PV cell 
module surface.  

D. Temperature-Induced Power Loss Estimation 

The temperature coefficient of power, a commonly used 
technique for analyzing the performance of PV modules, has 
been used to estimate the reduction in electrical power output 
due to temperature increases. It has been demonstrated that the 
electrical power production of PV modules is proportional to 
the cell temperatures [39, 40]. 

Therefore, the power loss percentage in PV modules can be 
expressed as [41]: 

∆P
%� = γ
T/� − T123�   (7) 

where γ is the Temperature Coefficient (%/°C), TPV is the 
measured PV ST under a given configuration, and Tref is the 
PV ST of the reference (unmodified) module. 

E. Multiple Linear Regression (MLR) 

MLR is utilized to describe the relationship between the 
dependent variable (output power Energy Production (EP) and 
independent variables, including Month Index (MI), SR, and 
ST. MLR can be expressed as [42]: 

y� = β& + β
x
 + ⋯ + β�x�     i = 1,2 … n (8) 

where yi represents the dependent variable (Poutput), xi where 
i=1,2…n, represents the independent variables, and β is called 
the intercept. IBM SPSS Statistics 20 is used to develop the 
regression model. 

F. Experimental Results 

Table II presents the descriptive statistics of configuration, 
including mean, Standard Deviation (SD), Maximum (Max) 
value, and Minimum (Min) value. The mean value of SR was 
found to be within the range of 431.3 W/m2 -888.2 W/m2. The 
Max and Min mean values were achieved in March for 
Configuration #3 and in January for Configuration #1. 
Configuration#2 recorded the highest mean ST value of 74.98 
°C in March, while Configuration#1 recorded the lowest mean 
ST value of 41.16 °C in February. Moreover, the lowest mean 
EP value of 5.26 W was recorded in January for Configuration 
#1, and the highest value of 8.60W was reported in March for 
Configuration #3. Furthermore, the variation of SR values with 
various SHA during the investigation period is illustrated in 
Figure 4.  
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TABLE II.  DESCRIPTIVE STATISTICS OF SR, ST, AND EP DATA 

Configuration Month 
SR [W/m2] ST EP [W] 

Mean SD Min Max Mean SD Min Max Mean SD Min Max 

Configuration#1 

October 485.6 157.4 294 718 45.93 12.64 25.9 60.4 5.6 1.41 3.82 7.57 

November 514.9 148.5 315 728 49.02 13.03 26.7 63.7 6.13 1.38 4.31 8.18 

December 466.6 147.0 266 677 44.3 12.97 22.4 58.7 5.67 1.45 3.74 7.83 

January 431.3 159.8 193 673 43.21 12.45 23.1 59.1 5.26 1.60 2.78 7.61 

February 445 155.9 217 678 41.16 14.04 16.5 58.2 5.3 1.55 2.97 7.61 

March 521.3 151.6 321 731 49.63 12.99 27.5 64.2 5.93 1.4 4.06 7.91 

Configuration#2 

October 820 253 504 1160 69.37 19.06 39.2 91.2 7.63 1.68 5.45 9.97 

November 880.8 254.4 539 1246 71.37 18.99 38.9 92.7 8.01 1.68 5.82 10.43 

December 797.4 251.8 454 1158 64.53 18.94 32.5 85.6 7.54 1.80 5 10.08 

January 739.1 273.5 331 1153 61.3 20.87 24.2 86.2 7 2.09 3.74 10.08 

February 761.1 266.2 371 1159 62.13 21.21 24.9 87.9 7.33 1.92 4.31 10.03 

March 887.3 253.9 548 1250 74.98 19.6 41.6 96.9 7.99 1.57 5.92 10.3 

Configuration#3 

October 820.6 253.2 504 1161 59.81 16.08 35.3 80.9 8.14 1.94 5.63 10.79 

November 880.4 254.2 539 1245 61.97 15.37 38.5 79.5 8.51 1.97 5.88 11.55 

December 798 251.8 455 1158 56.01 15.74 31.8 74.5 7.96 2.05 5.05 10.79 

January 739 273.4 331 1153 52.99 17.56 23.1 77.6 7.41 2.28 3.87 10.6 

February 761.4 266.6 371 1160 53.48 18.52 21.2 74.8 7.8 2.18 4.43 10.96 

March 888.2 253.9 549 1251 64.34 17.28 34.2 83.3 8.6 1.84 6.2 11.29 
 

The SHA ranges from –45° to 75°, where negative values 
represent the pre-noon period, 0° corresponds to solar noon, 
and positive values indicate the post-noon period. Over the 
months, SR gradually increases as the SHA approaches 0°, 
reaching its peak between 0° and 15°. This period corresponds 
to the highest solar elevation and the lowest atmospheric 
attenuation. Beyond this range, SR progressively decreases 
with increasing SHA as the solar beam moves away from the 
meridian. Configurations #2 and #3 exhibit higher irradiance 
levels than Configuration #1, confirming that the reflector 
arrangement effectively enhances the interception of SR. 
Irradiance increases of approximately 40%–47% are recorded 
within the peak hour-angle range (0°–15°) for the reflector-
assisted configurations compared to the reference panel.  

 

 

 

 

 

 

 

Fig. 4.  SR versus SHA. 

The seasonal variation further indicates that higher 
irradiance levels occur between October and March, mainly 
due to reduced cloud cover during this period. In contrast, 
lower irradiance levels are observed in December and January 
due to harmattan conditions. The nearly identical radiation 
intensity levels found for Configurations #2 and #3 across the 
full range of SHA suggest that the cooling system does not 
affect the intensity of the incident irradiance, indicating that the 
primary factor influencing performance variation is solely due 
to enhanced heating effects. Moreover, Figure 5 shows that the 
PV ST varies with the SHA (−45° to +75°) for each month. In 
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all months, the ST increases when the SHA is between 0° and 
+15°, where the sun is at its highest elevation, and decreases 
symmetrically at larger positive and negative hour angles, 
confirming that the influence of solar geometry on thermal 
behavior is strong. 

Due to the increased irradiance induced by the reflected-
induced optical concentration, Configuration #2 records the 
highest temperatures throughout the experimental campaign, 
while Configuration #3 displays lower temperatures owing to 
active cooling. Moreover, the peak temperature increase of 
Configuration #2 with respect to Configuration #1 amounts to 
about 27% in October, 26% in November, 25% in December, 
24% in January, 26% in February, and 29% in March, which 
has been calculated for the close vicinity of the maximum hour-
angle range. In contrast, the moderated temperature increase of 
around 11%–15% in Configuration #3 indicates the cooling 
system's ability to regulate the temperature rise while 
maintaining the increased solar input. There are seasonal 
variations in temperature, with lower temperatures in 
December and January due to harmattan conditions and higher 
temperatures in March due to clearer skies. In Figures 5 and 6, 
the results demonstrate a positive correlation between SR and 
ST: when solar irradiance is high, especially around solar noon, 
the PV module temperature tends to be higher because it 
absorbs more solar irradiance.  

 

 

 

 

 

 

 

Fig. 5.  ST versus SHA. 

 

Fig. 6.  Monthly temperature rise and power loss in PV configurations. 

This is also documented in the literature. Authors in [43] 
showed that the temperature in a PV module tends to increase 
approximately linearly with increasing solar irradiation, 
thereby significantly affecting its electrical output. This trend 
was also observed in [44], where it was found that high solar 
irradiance levels contribute to elevated temperatures, 
necessitating improved cooling systems in high-temperature 
regions. This also confirms that solar irradiation is the main 
parameter determining PV operating temperature when 
ambient conditions are held constant [40].  
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In this study, the solar noon (0°) is taken as the reference 
hour angle when reporting temperature-based performance, 
since it corresponds to a maximum in solar irradiance and, 
hence, in thermal stress on the PV module. This is when 
reflector-induced irradiance enhancement and its associated 
temperature rise are the most significant, enabling thermal 
penalty quantification under the most adverse operating 
conditions. Thus, Tref is the experimentally measured PV ST of 
the reference configuration (Configuration #1) at peak 
operating conditions (12:00 pm), while TPV represents the 
measured temperature of the modified configurations at the 
same time. Using a coefficient of -0.45%/°C for polycrystalline 
modules, the increase in PV panel temperature in the reflector-
only configuration ranges from 8.7 °C to 30.8 °C, resulting in a 
power loss of 3.9% to 13.9%, as shown in Figure 6. This could 
offset the increased irradiance levels. The use of the active 
cooling system in combination with the reflector demonstrates 
the system's potential to maximize the modules' overall 
electrical output by reducing module temperatures, thereby 
eliminating system losses. 

Figure 7 illustrates the variation in electrical EP for the 
three PV configurations. The EP was calculated from the 
measured DC voltage and current using a voltmeter–ammeter 
method and analyzed as a function of the SHA over the six-
month experimental period. For all months and configurations, 
the power output strongly depends on the SHA. Specifically, 
EP increases progressively from −45° and reaches peak values 
between 0° and +15°, after which it decreases at larger positive 
hour angles. This behavior follows the diurnal pattern of SR, 
where irradiance increases as the sun approaches its highest 
elevation and decreases as it moves toward the horizon. The 
results show that Configuration #2 consistently produces higher 
EP than Configuration #1 for all SHAs and seasons, confirming 
the positive effect of reflector-assisted optical concentration on 
power output. At peak SHAs, Configuration #2 achieves power 
gains of approximately 30%–40% compared with the reference 
system during most months of the year. However, this increase 
in power is accompanied by a significant rise in ST, as 
indicated by the thermal results. The elevated ST, particularly 
during peak hours, partially offsets the benefits of enhanced 
irradiance due to the negative temperature coefficient of PV 
modules. Configuration #3 exhibits the highest electrical output 
among the three configurations, particularly at peak SHAs. 
Although it receives nearly the same enhanced irradiance as 
Configuration #2, its power output is significantly higher. This 
improvement indicates that the active cooling system 
effectively reduces thermal losses by limiting the increase in 
module temperature. 

 

 

 

 

 

 

 

Fig. 7.  ST versus SHA. 

At the peak hour-angle range in March, Configuration #3 
produces power outputs exceeding 11 W, compared to 
approximately 10.3 W for Configuration #2 and less than 8 W 
for Configuration #1. This demonstrates that maintaining high 
irradiance while controlling the ST leads to a net improvement 
in electrical performance. The results indicate a strong 
relationship among SR, ST, and power output. Higher SR 
generally increases power output due to enhanced 
photogenerated current. However, higher ST reduces the output 
voltage, which consequently suppresses the overall power 
output because of the negative temperature coefficient of PV 
modules. This behavior is evident in Configuration #2, where 
the higher solar irradiance increases power generation, but the 
simultaneous rise in ST partially offsets this gain. In contrast, 
Configuration #3 maintains lower ST while benefiting from 
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enhanced irradiance, thereby achieving the highest power 
output. 

Furthermore, the variation in the power output with seasons 
also supports this correlation. The low power output during 
December and January corresponds to reduced SR and lower 
temperatures associated with the harmattan seasons, and the 
high power output in October and March corresponds to clearer 
skies and higher irradiance. Also, despite the lower irradiance 
during the harmattan periods, Configuration #3 still performs 
better than the other configurations, supporting the conclusion 
that cooling remains desirable even with reduced radiation. The 
outcomes are highly consistent with those of previous studies. 
Authors in [43] found that PV power output rises with 
irradiance intensity but falls with module temperature. In [44], 
it was shown that water cooling increases PV power output 
under high irradiation. Authors in [40] demonstrated that 
proper temperature management increases voltage stability and 
overall power output in PV, especially in regions with high 
temperatures. Authors in [45] concluded that it is not advisable 
to employ a cooling system in a reflector-assisted PV system 
due to reduced PV efficiency. 

In this study, MLR is developed to estimate EP as a 
function of the MI, SR, and ST, as shown in: 

Configuration#1 

EP � 1.034 6 0.01 ∙ MI 6  

0.009 ∙ SR 6 0.005 ∙ ST   (9) 

Configuration#2 

EP � 1.965 6 0.003 ∙ MI 6  

0.007 ∙ SR 0 0.002 ∙ ST   (10) 

Configuration#3 

EP � 1.689 0 0.002 ∙ MI 6  

0.008 ∙ SR 0 0.001 ∙ ST   (11) 

Moreover, Figures 8-10 illustrate how MI, SR, and ST 
affect EP. The EP contour plots show the impacts of parameter 
interactions. The interaction effect between the parameters was 
represented in each contour plot. The contour areas help 
explain how the MI, SR, and ST vary with changes in 
experimental conditions. The number written on each contour 
area indicates the EP in the specified conditions. These contour 
plots demonstrated that the interaction effects of all parameters 
were considerable. 

G. Large-Scale Performance Projection and Scaling 

Methodology 

To validate the results derived from the experimental 
analysis of the 10 W PV modules studied in this investigation, 
a performance-scaling methodology with sound foundations in 
PV modeling was used. Conducting comprehensive 
experimental analyses for large-capacity PV systems and 
modules would be impractical and potentially cost- and space-
prohibitive in the contemporary setting; as a result, several 
scaling theories were developed that have sound foundations in 
irradiance-temperature-power relationships. Derived from the 

linear relationship between the photoelectric power and the 
solar irradiance and active area of the PV module, along with 
several temperature correction multipliers for estimating the 
associated losses during actual operating conditions, this model 
has been successfully utilized in previous experimental and 
theoretical studies to validate the potential feasibility of large-
scale PV systems. 

 

 

 

 

Fig. 8.  3D surface plot of PV power output as a function of MI, solar 

irradiance, and ST for Configuration#1. 

1) Scaling Power with Irradiance 

A PV cell's output is a constant proportion of the irradiance 
if the temperature remains constant, as given in: 

EP ∝ SR     (4) 

This is a linear relationship whereby an increase in SR 
leads to a direct proportional rise in current and power [46]. 
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Fig. 9.  3D surface plot of PV power output as a function of MI, solar 

irradiance, and ST for Configuration#2. 

2) Temperature Correction for Power Output 

The PV power also depends on operating temperature and 
can be expressed as: 

P
T� � PJKL	1 0 β/
T 0 TJKL��  (5) 

where P
T� is the power at operating temperature, PJKL is the 
power at STC (1000 W/m² and 25  °C ), and β/  is the 
temperature coefficient of power (%/°C). 

According to [47], (5) captures the negative temperature 
impact on PV output and is one of the most used expressions 
within PV performance modeling. 

 

 

 

 

Fig. 10.  3D surface plot of PV power output as a function of MI, solar 

irradiance, and ST for Configuration#3. 

1). Area Scaling Law (Linear with Panel Area) 
For a larger system composed of more PV modules (with 

the same technology and tilt): 

EPNO1P2 � EP�*ONN �
QRSTUV

QWXSRR
   (6) 

where EP�*ONN  is the power measured from the 10 W panel, 

ANO1P2 is a planned large system area, and A�*ONN is the area of 

the panel (10 W).  

The above scaling law assumes uniform irradiation and 
temperature conditions across the panels. Similar scale 
approaches are reported in the design studies of PV systems, 
where small-scale measurements are extrapolated to utility-
scale systems [48]. The annual energy output was determined 
using a scaling and extrapolation technique based on the six-
month test period corresponding to the most effective 
configuration (Configuration #3). The calculation assumes a 
free rooftop space of 1000 m² with an effective factor of 80%, 
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resulting in an active surface area of 800 m², homogeneously 
covered with identical modules having equivalent thermal and 
electrical properties. It was also assumed that the power output 
measured during the experiments for a given solar hour is a fair 
representation of energy performance during clear-sky 
conditions in Kano State, and that inverter loss correction is 
considered with a fixed DC-to-AC efficiency of 95%. The 
daily energy output was determined by integrating the hourly 
energy output. In contrast, the monthly energy output was 
determined as the product of the daily energy output and the 
number of clear days in each month. Because the six-month 
test period spanned the experiments from October to March, a 
yearly energy output was determined based on symmetric 
performance conditions assumed for a comparable six-month 
period in a year. 

Moreover, a sensitivity analysis was conducted to examine 
the system's viability by varying the assumptions within 
realistic ranges, as shown in Table III. This was done to 
confirm the robustness of the large-scale performance 
projection and the assumptions of the given uniform irradiance, 
symmetric annual performance, and inverter efficiency. 
Inverter efficiencies range from 90% to 97%. The asymmetric 
performance caused by the seasonal lack of solar power was 
anticipated by adjusting the inverter efficiencies within ±10% 
to 15% of the actual six-month inverter performance 
measurement. Additionally, non-uniform irradiance levels 
resulting from dust accumulation, partial shade, and 
temperature gradients across the system location were 
estimated to vary by up to 10%. The yearly energy yield ranges 
from 160 MWh to 215 MWh, and the findings fall within the 
benchmark range of 187 MWh, demonstrating that the 
technology has been successfully implemented while 
maintaining system viability. 

TABLE III.  SENSITIVITY ANALYSIS OF KEY ASSUMPTIONS 
USED IN LARGE-SCALE PV PERFORMANCE PROJECTION 

Parameter varied 
Assumed 

nominal value 

Variation 

range 

Impact on 

annual energy 

yield 

Inverter efficiency 95% 90%–97% ±5%–7% 

Seasonal symmetry 

(six-month 

extrapolation) 

Symmetric 

annual 

performance 

±10%–15% ±10%–15% 

Effective irradiance 

uniformity 

Uniform 

irradiance 
±10% ±8%–10% 

Combined effect - - 
160 MWh/year 

–215 MWh/year 

 

III. CONCLUSIONS 

This work experimentally demonstrated that the 
performance of a PV system operating in hot climates can be 
significantly improved by combining solar reflectors and active 
cooling. Incident SR was increased by as much as 47% in the 
reflector-assisted configurations, indicating the viability of 
low-cost optical concentration methods to enhance irradiance 
interception. However, ST rose significantly by up to ~29% 
when a reflector-only configuration was applied, which, 
because of the negative temperature coefficient of PV modules, 
somewhat dampened the electrical gains. The integration of an 
active water-cooling system alleviated these thermal penalties 

and limited the temperature rise to about 11%-15%, while 
preserving the enhanced irradiance. These factors combined to 
realize the highest electrical output from the reflector-cooling 
configuration across all seasons and SHAs, including peak 
power over 11 W compared to below 8 W for the unmodified 
panel. The scaling analysis performed indicated that such 
performance gains can result in an estimated annual energy 
yield of approximately 187 MWh for a 1000 m² installation in 
Nigeria's northern region. This evidence demonstrates that the 
hybrid optical-thermal management technique is an effective 
means of enhancing the efficiency of PV cells in high-
temperature environments. Despite these improvements, the 
current work still has some significant drawbacks. Active 
cooling increases water consumption and complicates the 
system, and the accumulation of dust, cooling circuit 
maintenance, and the slow deterioration of reflector optical 
qualities can all affect long-term performance. These factors 
were not explicitly quantified here and might influence long-
term performance and economic viability. 

IV. FUTURE WORK 

Future studies should focus on the effects of dust soiling, 
reflector durability, maintenance needs, and water usage 
through extended outdoor testing. Reducing energy and water 
consumption can be achieved, in part, by adding temperature 
sensors and implementing control algorithms for cooling flow 
rates. Using new reflector materials and coatings, geometries 
designed for varied solar-tracking trajectories, nanofluids or 
phase-change-based cooling systems, and other contemporary 
cooling media can contribute to achieving further performance 
gains. Furthermore, the potential to exploit natural convective 
cooling while addressing land-use issues is presented by 
extending the proposed concept of reflector and cooling 
systems to platforms for floating solar systems. To validate the 
scalability and sustainability of the proposed enhancement 
technique in developing nations and high-temperature 
applications, techno-economic and life-cycle assessments that 
account for water use, pumping energy, maintenance costs, and 
environmental impact are essential. Moreover, long-term 
measurements conducted outdoors should be integrated with 
regional meteorological data to account for seasonal 
asymmetry. This will enhance the prediction of annual energy 
yields. Finally, infrared thermography will be used in future 
studies to measure ST uniformity and identify hot spots during 
cooling system operation. 
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