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ABSTRACT
Electricity production from photovoltaic panels is a clean and promising technology. However, increased panel temperatures

resulting from solar intensity notably reduce productivity. Cooling these panels through diverse technologies becomes essential

to enhance power generation and extend cell lifetime. In this study, electricity generation for concentrated photovoltaic (CPV)

panels was enhanced by cooling with Al2O3/water nanofluid. An experimental analysis of the thermal and electrical efficiency

of cooled and uncooled CPV was employed. Various loadings (0.3–0.9 wt%) of Al2O3 were utilized to investigate the effect of

Al2O3 on overall performance. Each run was carried out at a flow rate of 1.0 L/min. The results showed that Al2O3/water

nanofluid at a loading of 0.9 wt% resulted in a significant decrease in photovoltaic surface temperature. The temperature at the

surface of CPV was significantly decreased by 52%. The electrical yield reached its maximum at 45 and 46W/h using CPV

without and with cooling water, respectively. The electricity generation was remarkably enhanced up to 54W/h at 0.9 wt%

Al2O3/water nanofluid. Electrical and thermal efficiency improved by 21% and 65%, respectively using 0.9 wt% of Al2O3. The

total daily savings in CO2 reached 0.35 kg/kW for 0.9 wt%, Al2O3.

1 | Introduction

Photovoltaic (PV) systems are highly sensitive to temperature
increases which can significantly reduce their electrical effi-
ciency and lifespan [1]. As solar intensity rises, the heat gen-
erated in PV modules leads to performance degradation,
presenting a major challenge in optimizing solar energy pro-
duction [2]. Effective thermal management is crucial for

maximizing the potential of solar energy, a key renewable
resource in reducing reliance on fossil fuels and combating
climate change [3]. Recent innovations including the use of
nanofluids for cooling have shown considerable promise in
mitigating these temperature‐related issues, thereby enhancing
the efficiency and durability of PV systems [4]. There are several
strategies to generate power using solar energy. One method is
to employ solar thermal power mechanisms, which heat a
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working fluid using solar energy and then use the heated fluid
to operate a turbine engine [5]. Utilizing PV systems, which
produce power entirely from sunlight, is a promising option.
Since significant cost reductions in PV systems and improve-
ments in component efficiency, the utilization of PV systems
has expanded significantly over the past few decades [6].
However, only 12%–20% of the solar energy is transformed into
electricity with the remainder raising the temperature of the
panel. The module effectiveness is reduced by this greater
temperature [7]. The PV panel's productivity is influenced by
the solar cell's temperature, the weather, and other factors. A
very small amount of sunlight reaching the panel is transformed
into energy; the majority is lost as heat. Solar PV energy sys-
tems, first utilized in space applications are now widely appli-
cable wherever electricity is needed [8, 9].

The worldwide demand for solar PV systems for generating
power has grown significantly in recent years. According to the
most recent data available, 102.4 GW of grid‐connected PV
panels were installed worldwide in 2018 which is equal to the
total PV capacity available in the globe at the time (100.9 GW).
Due to this outcome, there will be more than 500 GW of solar
energy capacity available globally in 2018 [10]. As a result, as
solar cells' temperature rises, their efficiency declines, and the
panel becomes damaged [11]. High temperatures have a major
negative influence on the effectiveness of solar techniques. As a
result, many cooling procedures are used in the literature to
lower PV panel temperatures and boost power yield. These
cooling methods can be divided into six categories: evaporation,
jet impingement, heat pipe, phase change material, spray, pipe,
thermoelectric, fin, and PV/thermal systems [12]. Therefore,
developing an efficient cooling method for PV panels is vital.
Numerous studies have concentrated on the detrimental impact
of temperature rise on PV panel efficiency decline. These
studies have demonstrated that a 1°C increase in panel tem-
perature can result in a 0.5% reduction in electrical efficiency
[13]. Reduced operating temperature increases the solar cells'
electrical output as mentioned before. The total quantity of
electricity generated will also increase if the lifespan of P.V.s is
also enhanced. It is widely believed that the bandgap of the
material and the wavelength of the sun have a considerable
impact on the PV panel's efficiency [14]. Owing to its enhanced
thermal conductivity and improved specific surface area with
the volume of fluid as compared to base fluids, nanoparticles in
fluids are involved in diverse thermal applications. In thermal
processes, thermal oil, water, deionized water, and mixtures of
ethylene glycol are often used fluids. When it comes to en-
hancing the thermal performance of thermal purposes, nano-
fluids seem to be more effective. Although numerous
nanoparticles are frequently utilized in thermal apparatus, their
constancy and life cycle analysis are still up for debate [15]. In
the nanofluid cooling strategy, the base fluid (BF) is incorpo-
rated with particles on a dimension of 10−9 m (nano‐meter size)
using the proper approach; the resultant fluid is denoted as the
nanofluid, and as a consequence, the nanofluid's k value
increases compared to the BF [16]. With better thermal prop-
erties (a higher heat transfer ratio), working fluids known as
nanofluids enable the production of more usable heat. The use
of nanofluid has become more prevalent in recent years, par-
ticularly in solar panels [17]. Graphene particles (GNP) were
employed as a nanosized material for the cooling of PV panels.

According to this research, GNP nanofluids cooling exhibits the
best effective performance, measured at about 42% when eval-
uated with water cooling with a solution flowing at a flowrate of
1.11 L/min, and a 54% improvement when referred to non‐
cooling at operating temperatures below 45°C [18].

TiO2 and Al2O3 and water‐based mixtures with varied volume
flow rates and concentrations (0.01%, 0.05%, and 0.1%) by
weight were utilized as the two sorts of nanofluids. TiO2 na-
nofluids showed the most excellent performance at the ex-
amined concentration (0.1 wt%) [19]. Two nanofluids, SiO2/
water, and Al2O3/water were employed as cooling fluids for
multijunction solar cells. The performance assessment, tem-
perature distribution, and heat transfer efficiency were inves-
tigated. By employing SiO2/water 2 at 5%, the device's total
efficiency is enhanced by 3.82% at a Re of 8.25 [20]. Another
study has investigated the performance of a coolant nanofluid
containing zirconium oxide (ZrO2) nanoparticles. The experi-
mental study showed a reduction in the PV section by 10.2°C.
Additionally, the PV module temperature has dropped by 5.1 C
as a result of the DI water cooling. In comparison to PV units
cooled by DI water, the total performances gradually rose with
an improvement in volume concentration by 8.9%, 18.8%, and
24.4%, respectively. Exergy efficiency could be improved by
66.8% by using ZrO2 nanofluids with 0.0275 vol%, while exergy
losses and entropy invention could be decreased by 7% and 26%,
respectively [21].

A study into the use of carbon black nanoparticles in water was
conducted for PV cooling, and concentrations between 0 and
0.4 wt.% were evaluated. The carbon black/water nanofluid's
cooling performance was remarkable, according to the results.
This led to the ideal concentration being determined to be
0.21 wt%. This concentration resulted in the production of 7%
greater electricity output when using pure water as the coolant
and 54% extra power yield when using a conventional solar
panel [22]. In another study, copper oxide‐based nanofluid was
employed for the cooling of a PV device. Uncooled PVT
equipment had an average electrical performance of 12.98% and
an elevated panel temperature of 68.4 C at noon. The PVT
technique's water and nanofluid cooling significantly lowered
the panel temperature at noon by 15 C and 23.7 C, respectively.
The average electrical performance of the water‐ and nanofluid‐
cooled PVT systems improved by 12.32% and 35.67%, respec-
tively, to achieve 14.58% and 17.61%, in comparison to the
uncooled PVT device. Owing to the greatest heat absorption
capacity of nanoparticles, when compared to water cooling, the
thermal efficiency of the nanofluid‐cooled PVT system (71.17%)
was much higher [23]. Previous studies have explored the use of
various nanomaterials as coolant agents for PV systems, dem-
onstrating their potential to enhance thermal management and
improve electrical efficiency. However many of these materials
are associated with high costs, limiting their practical applica-
tion. Among the different nanomaterials studied, Al2O3 stands
out due to its favorable balance of cost‐effectiveness and high
thermal conductivity. These properties make it a promising
candidate for PV cooling. While the benefits of nanofluids in
improving PV performance have been documented, there is a
need for more detailed investigations into the specific impacts
of different nanofluid on concentrator PV (CPV) modules.
Moreover, previous research often lacks a comprehensive

1493 of 2202

 20500505, 2025, 4, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/ese3.2026 by U

niversity O
f W

itw
atersrand, W

iley O
nline L

ibrary on [29/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



comparison between cooled and uncooled systems under con-
trolled conditions leaving gaps in our understanding of the true
efficiency gains achievable through nanofluid cooling.

Among the several nanomaterials investigated, Al2O3 stands out
for its favorable cost‐effectiveness and better thermal conduc-
tivity. These characteristics make it a good candidate for PV
cooling. While the benefits of nanofluids in increasing PV
performance have been reported, many studies lack full com-
parisons of cooled and uncooled systems under controlled set-
tings generating gaps in an understanding of the efficiency. This
work filled these gaps by proposing a unique cooling method in
which the Al2O3 nanofluid was cooled by ambient air before
being recirculated via the CPV system. This innovative tech-
nology was intended to improve cooling efficiency while
reducing energy consumption providing a more sustainable and
practical option for CPV thermal management. This study ad-
dressed these gaps by conducting an experimental analysis of
CPV module performance using Al2O3 nanofluid at various
concentrations. The cooling process included a novel approach
where the nanofluid was cooled by atmospheric air before being
recirculated through the CPV system. A direct comparison
between cooled and uncooled CPV modules was performed to
quantify the efficiency improvements in electrical output pro-
viding critical insights into the practical application of Al2O3

nanofluid for PV cooling.

2 | Experimental Test Rig

To explore the effect of the nanofluid on the overall effec-
tiveness of CPV in an approach for direct contact cooling, a
testing setup was established. Figures 1 and 2 show the photo
of the employed PV system and a schematic representation of
the testing operation. In the experimental study, ambient
conditions were explored using a CPV unit with a V‐shape that
circulates nanofluid within the cooling conduits under the
surface of the module. A 60‐W polycrystalline conventional
PV, made by Heckert Solar, Germany, was employed. The
characteristics and electrical characteristics of the PV panel
being tested under standard testing conditions are described in
Table 1.

The CPV system was built by using two plan reflector mirrors
3 mm placed on both borders of the traditional PV module. The
nanofluid cooling procedure was formed by folding a single
1.25mm copper sheet and was then directly contacted under-
neath the CPV module. The angles of both reflector mirrors are
set according to the basis of experimental research by both
Tanaka [24] and Kostić [25], to achieve the appropriate estimate
of the concentration of irradiance on the surface of the CPV
module. The upper reflector was then located at almost a right
angle with the horizontal axis, while the lower reflector was
situated at a horizontal angle of 30°. Throughout the experi-
ments, the solar panel was installed in a south‐facing position
and the inclination of the panel was positioned with respect to
the earth at a 30° angle. to increase the level of irradiance
knocking the solar unit exterior.

To eliminate the extra heat produced by the concentrating of
solar radiation, Al2O3/water nanofluid with varying concen-
trations of nanoparticles circulates via the cooling conduits
beneath the V‐CPV module, Figure 3. The Al2O3/water nano-
fluid can control the operational temperatures of the CPV panel
by providing continuous direct contact cooling, thus signifi-
cantly enhancing the heat removal from the CPV module at the
rear side. The heated nanofluid Al2O3/water leaves the CPV
system and is then guided to the 90 L reservoir for later usage.
The heated Al2O3/water nanofluid is transferred in a closed
nanofluid loop to the inlet of the BHE where it can exhaust the
thermal energy, which could launch a closed cooling process
again for the CPV module. The AHE vertically, consists of 20
equivalent part 5 cm copper pipes designed to serve as a normal
basin to dissipate the extra temperature of the heated Al2O3/
water nanofluid. A rotameter and an appropriate centrifugal
pump are utilized to circulate the nanofluid of Al2O3/water
from a 90 L reservoir to the AHE entrance, and the flow rate
varies in a closed circle through a series of by‐pass regulation
valves.

The rotameter was adapted utilizing a stopwatch as the stan-
dard weighting method and then using the approximate nano-
fluid density in the current research to achieve a precise
nanofluid mass flow rate, the mass flow rate of the nanofluid
also is accessed. The pre‐cooled nanofluid leaving the AHE is
subsequently directed to the entrance of the cooling conduit
system for continuous cooling of the CPV module, the existing
nanofluid is subsequently ordered back to the nanofluid tank
entrance once again. The pre‐cooled nano Al2O3/water fluid
leaving from the AHE is afterward directed to the cooling
channel entry system for continuous cooling of the CPV mod-
ule, and the nanofluid is subsequently redirected after leaving
the cooling conduits. to the nanofluid tank inlet once again.

The dimensions of the rectangular cross‐shaped cooling ducts
were (150 × 90 × 12) mm and were entirely installed on the
rear of the LCPV panel to guarantee uniformly effective
cooling, the Al2O3/water nanofluid inlet was positioned at the
lower end and the outlet was positioned on the top border to
ensure constant supplying of the conduits with circulated
cooling fluid. Using 0.02 m thickness of polypropylene fibers,
the cooling conduits used at the LCPV panel are isolated from
its back to avoid transfer of heat with the atmospheric; epoxy
resin is utilized to firmly connect the cooling transmit frame'sFIGURE 1 | Photograph of the experimental setup.
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side edges. creating a leak‐proof shield to avoid Al2O3/water
nanofluid leakage.

3 | Materials and Procedures

3.1 | Materials

All of the chemical materials included in the experimental
testing were reagent grade, Al2O3 nanoparticles imported from
(Sigma‐Aldrich GmbH) were dispersed in the distilled water as
base fluid with 99.98% purification with an average diameter of
30–60 nm. One of the primary reasons for choosing Al2O3 is its
high thermal conductivity. It has significantly higher thermal
conductivity than conventional cooling fluids like water or
ethylene glycol making it highly effective at transferring heat

away from the PV modules. Aluminum oxide nanofluid helps
maintain lower operating temperatures which is essential for
optimizing the electrical efficiency of the CPV system. This
ability to manage heat effectively is crucial in preventing the
temperature‐related degradation that often slow down the per-
formance of PV modules. In addition to its thermal properties,
Al2O3 nanoparticles exhibit exceptional stability when dis-
persed in water which considered as a critical factor for en-
suring consistent nanofluid properties over time. The stability of
the Al2O3 nanofluid as confirmed by its zeta potential value
prevents the aggregation and sedimentation of nanoparticles.
This stability is particularly important for long‐term applica-
tions where maintaining the thermal properties of the nanofluid
is essential for sustained cooling efficiency. Aluminum oxide

FIGURE 2 | Experimental system schematic diagram.

TABLE 1 | PV module electrical standards over STC.

Specification under STC Value

MPP power 60W

PV module area 0.42 m2

Module efficiency 13.71%

MPP voltage 19.01 V

MPP current 3.16 A

OC voltage 22.61 V

SC Current 3.38 A

Temperature coefficient of OC voltage −0.38%/°C

Temperature coefficient of SC Current 0.04%/°C

FIGURE 3 | Cooling channels cross‐section.
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nanofluid has low density which contributes to the overall
lightweight nature of the cooling system. The high specific
surface area of Al2O3 nanoparticles also may enhance heat
transfer by increasing the interaction between the fluid and the
nanoparticles further improving the cooling efficiency through
greater surface contact. Economic viability also plays a role in
the selection of Al2O3. While it may not match the thermal
performance of more expensive nanomaterials like silver or
carbon nanotubes, Al2O3 offers a good balance between cost
and efficiency. This makes it a practical choice for large‐scale
applications where budget constraints are a consideration,
without significantly compromising on the thermal manage-
ment capabilities of the cooling system [26]. Sulfonate (SDBS),
and sodium dodecyl benzene, were used as natural surfactants
to diffuse Al2O3 via the distilled water (DW) as the base fluid
and also to increase the constancy of nano Al2O3/water fluid as
SDBS provides the highest degree of stability for the nanofluid
[27]. Table 2 details the physical characteristics of base water
and nanoparticles.

The key nanofluid properties taken into account when calcu-
lating the usable thermal energy generated via the cooling cycle
are density ρnf and heat efficiency Cnf, which can differ con-
siderably from the base water. Due to the authors' lack of cal-
culation of both the density and heat capacity of Al2O3‐
nanofluids at various concentrations of nanoparticles, the
formulas estimated via Pak and Cho [29] and Xuan and Roetzel
[30] are utilized to determine density and heat capacity as:

ρ ψ ρ ψ ρ= (1 − ) + ,nf bf p (1)

⋅ ⋅ ⋅ρ C ψ ρ C ψ ρ C( ) = (1 − )( ) + ( ) ,nf p bf p p (2)

where subscriptions f, p, and nf are allocated to base fluid,
nanoparticle, and nanofluid. The thermal conductivity Knf of
the nanofluid is evaluated utilizing the Hamilton–Crosser esti-
mated model [31] as:

K kf k n k n ψ k k k

n k ψ k k

/ = + ( − 1) + ( − 1) ( − )/

+ ( − 1) − ( − ),

nf p f p f p

f p f

(3)

where n is the component of particle form factor defined as
n= 3/ψ in which ψ shows the sphericity of the particle. The
sphericity factor for both cylindrical and spherical particles is
0.5 and 1, respectively. Therefore, considering the spherical
shape of the Al2O3 nanoparticles, the value of n is considered to
be 3 in the current work. As a function of the volume con-
centration of nanoparticles, the measured thermophysical
properties of Al2O3‐nanofluids are presented in Table 3.

3.2 | Preparation of Nanofluid

Throughout the present experimental research, the Al2O3/water
nanofluid was produced using two sequential processes, steric
stability, and the sonication technique. The base liquid is first
formulated by utilizing a magnetic stirrer (MtopsMs300hs Spec-
trum Scientific Co. Ltd.) to attach sodium dodecylbenzene sul-
fonate (SDBS) as a surfactant to purified water, and is carefully
blended magnetically at 1500 rpm for 30min. After the first stage,
nanofluids of different volume concentrations as per Equation (4)
were weighed accurately various amounts of Al2O3 particles and
distributed as a base fluid in the DW‐SDBS solution (at 2:1 sur-
factant mass ratio of Al2O3 nanoparticles to SDBS), as this ratio
showed improved stability [31]. The specified Al2O3/water na-
nofluid is formulated at concentrations of 1%, 2%, and 3%,
respectively. Formulated stability of nanofluids is the crucial
factor that expresses concern and evaluates the effectiveness of
nanofluids in the cooling procedure [32]. Nanofluid is carefully
blended via a magnetic stirrer to preserve constancy. Afterward,
it is sonicated for an additional 2 h to prevent agglomeration by
an ultrasonic processor to obtain stable dispersed surfactant
Al2O3/water nanofluid. The cooling fluid within the storage
basin was agitated in two consecutive experimental tests for
around 20min, to prevent the possibility of sedimentation with
nanoparticles. Nanoparticles' volume concentration,Ѱ, in Al2O3/
water was determined by the following equation:

ψ W ρ W ρ W ρ% = ( / )/[( / ) + ( / )],np np np np bf bf (4)

where wnp and ρnp are the weight and density of wnp and ρnp
nanoparticles, and for the base fluid are wbf and ρbf.

3.3 | Nanofluids Characteristics

Malvern Zeta sizer was used to measure the hydrodynamic
particle size distribution and zeta potential of cooling fluid NPs
dispersed in an aqueous solution. As illustrated in Figure 4, the
secondary Al2O3's average particle size was measured at
150 nm. The major and supplementary sizes that were noted of
the prepared NPs are described in Table 3. As the proportion of

TABLE 2 | Physical properties of Al2O3 nanoparticles and

water [28].

Density, kg/m3

Specific
heat, J/
kg K

Thermal
conductivity,

W/m K

Al2O3 3980 892 35.5

Water 997 4180 0.62

TABLE 3 | Nanofluid thermo‐physical properties.

Volume concentration Ѱ, (% vol.) Density ρ, kg/m3
Specific heat Cnf,

J/kg.K Thermal conductivity k, W/m.K

0.3 1030 4052 0.638

0.6 1060 3935 0.661

0.9 1090 3817 0.682
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the supplementry size to the major stated size is below 5 [33],
the prepared nanofluid is believed to be stable. To further affirm
our nanofluid stability, zeta potential measurements were per-
formed as one of the most significant experiments to validate
the durability of nanofluid stabilities. The stability of the Al2O3/
water nanofluid was investigated by measuring its zeta potential
and particle size distribution. Nanoparticle stability is an
important aspect in determining the efficiency and lifetime of
nanofluid cooling systems, since agglomeration or sedimenta-
tion can damage the fluid's thermal properties. The zeta
potential is a significant measure of nanoparticle stability. It
was reported that values over ±28mV indicated electrostatic
repulsion between particles preventing agglomeration and en-
suring dispersion stability [34, 35]. In this study, the zeta
potential of the Al2O3/water nanofluid was measured to be
−39.2 mV as listed in Table 4. This large negative value showed
that the nanofluid exhibited substantial electrostatic repulsion
between particles resulting in exceptional stability. Such a high
zeta potential indicated that the Al2O3 nanoparticles are well‐
dispersed in the water base fluid reducing particle agglomera-
tion over time. As a result, the nanofluid is predicted to sustain
its improved thermal characteristics over time helping to pro-
vide constant cooling performance for CPV modules. Further-
more, the particle size analysis showed that the Al2O3

nanoparticles had a primary particle size of 60 nm and a sec-
ondary particle size of 135 nm, for a particle size ratio of 2.3.
This suggests that, while there was some particle aggregation,
the overall distribution is still controllable for effective heat
transmission. The acceptable stability shown by the zeta
potential guarantees that these particles do not form bigger
clusters, which might impair the fluid's capacity to circulate
through the CPV cooling system.

3.4 | Devices and a Data Collection Procedure

During the present research, the effect of the key parameters on
the operation of the CPV unit was recorded using various

equipment. Six type k thermocouples placed at the entrance and
the end of the cooling technique and the underground heat
exchanger, respectively, to record the temperatures of the cir-
culating Al2O3/water at various positions. A rotameter (Model:
LEMA‐01‐A3, Dwyer) is employed to measure the nanofluid
flow rates across the examined system. The CPV module
operational surface temperatures were also recorded with an
infrared thermometer (Testo 825‐T4). At the CPV surface, the
irradiance intensity is registered using an LP02 Hukseflux
Pyranometer that is placed at the same inclination angle as the
CPV module. By utilizing a records acquisition module (Model:
GL820ABS, Graphtec Co. Japan) the data were collected for
later analysis. All the experiments were performed, and mea-
surements were continuously collected during 1‐h periods from
8:00 a.m. to 6:00 p.m. and displayed on graphs. The associated
voltage and current were monitored throughout the experiment
utilizing a digital multimeter over the suggested LCPV module.
CPV module thermal productivity is determined through the
thermal efficiency defined as an extra thermal benefit for
receiving the solar energy (5).

ƞ
Q

AG
= .u (5)

The valuable benefits of heat through the cooling fluid, Qu (W),
were estimated using the following equation:

Q m C T T= ( − ),u f p f f,out ,in (6)

where mf is the cooling fluid mass flow (kg/s) and Cnf (J/kgK) is
the specific heat of the cooling nanofluid, whereas Tf,in, is the
cooling fluid inlet temperature and Tf,out is the cooling fluid
outlet temperatures of the LCPV system, respectively.

3.5 | Uncertainty Analysis

Table 5 points out the characteristics of each of the measure-
ment instruments and the standard uncertainty. Equation (7) is
used to establish the uncertainties for the equipment utilized in
the experimental investigation [36].

u a= / 3 , (7)

where a is the device accuracy [37, 38].

The uncertainties in the experimental measurements are listed
in Table 5. They were carefully considered during the calcula-
tion of thermal efficiency and other derived quantities. Each
measurement device has its associated standard uncertainty
which contributes to the overall experimental uncertainty.

The pyranometer used to measure incident solar intensity has a
standard uncertainty of 2.88 × 10−2W/m². This uncertainty
impacted the calculation of the incident solar power which was
crucial for determining the thermal efficiency of the CPV sys-
tem. Given the significant role of solar intensity in these cal-
culations, its uncertainty can affect the accuracy of the overall
thermal efficiency measurement.

FIGURE 4 | Single exponential model of a PV module.

TABLE 4 | Particle sizes and Zeta potentials of Al2O3/water na-

nofluid at Ѱ= 0.9%.

Primary
specified
particle
size (nm)

Secondary
particle
size (nm)

Particle
size
ratio

Zeta
potential
(mV)

60 135 2.3 −39.2
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For nanofluid temperatures, measured using thermocouples,
the standard uncertainty is 8.6 × 10−2°C. This uncertainty
affected the calculation of heat transfer rates and temperature
differences, which were integral to determining thermal effi-
ciency. Variations in temperature measurements due to this
uncertainty can influence the final efficiency values.

The infrared thermometer used to measure the CPV surface
temperature has a standard uncertainty of 5.77 × 10−2°C. This
uncertainty affected the accuracy of surface temperature read-
ings which were critical for calculating heat dissipation and
thermal performance. Variations in surface temperature mea-
surements contributed to the overall uncertainty in thermal
efficiency.

The nanofluid flow rate measured with a rotameter has an
uncertainty of 0.028 L/min. This parameter was essential for
calculating the convective heat transfer rate within the CPV
system. The flow rate uncertainty has an impat on the precision
of heat transfer calculations and consequently the thermal
efficiency.

The loaded voltage and current measured with a digital volt-
meter and ammeter respectively have uncertainties of
8.6 × 10−3V and 8.6 × 10−3A. These measurements were critical
for calculating the electrical power output and efficiency of the
CPV system. Any uncertainty in these measurements directly
affected the accuracy of the electrical performance calculations.

To quantify the impact of these uncertainties on the final
thermal efficiency values, standard error propagation methods
were applied. This process involved combining the un-
certainties from each measurement device to determine the
overall uncertainty in the derived efficiency values. The
comprehensive analysis ensured that the reported results
accurately reflected the precision of the measurements and
provided a clearer understanding of the reliability of the ex-
perimental data.

4 | Results and Discussion

As aforementioned, this research presented two sets of experi-
mental works: one on the CPV module with cooling known as
CPV, and compared with an uncooled equivalent module. From
the viewpoint of the system performance, the results of each
system are then compared. It should be noted that the experi-
ments were conducted to investigate the influence of the cool-
ing technique on the operation of each PV concentrator under

the outdoor solar insolation for various operating parameters.
At the beginning of each test, the nanofluid flow was adjusted
to the appropriate rate utilizing bypass valves. Therefore, to
maintain a stable condition, the whole system was given a
reasonable period of around 20min before recording the mea-
surements. During this time, measurements of the CPV tem-
peratures were recorded at the module surface at different
positions. Besides, the CPV module's current and voltage, solar
radiation, ambient temperature, and temperatures of the cir-
culated nanofluid at the entrance and exit of the CPV and AHE
were recorded.

4.1 | Electrical Output Characteristics of PV
Module

Constructing an accurate model of a PV generator (cell, module,
or array) is a crucial research issue in PV systems, particularly
when studying the output characteristics of the PV module,
predicting power output, and designing systems for maximum
power extraction. The problem with creating a model for PV
modules is the nonlinear relationship between the resultant
voltage and the resultant current. Modeling of PV modules
concerns the estimation of the output characteristics curves to
emulate the actual behavior of the PV module under various
atmospheric states. The most popular method to simulate the
PV module is to employ the electrical equal circuit, which is
mainly constructed on a diode [39].

The ideal equivalent circuit of a PV module is usually denoted
by a current supply connected in parallel with an ideal diode.
However, the ideal model of a PV module does not represent
the output characteristics of a practical PV panel. To acquire a
more accurate model, series, and shunt resistances are incor-
porated in the ideal model to form the single exponential model
(also known as the five‐parameter model) as presented in Fig-
ure 4. The resultant current of the PV module can be expressed
using the following equation [40, 41]:

     
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
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I
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I

PV 0
PV PV PV PV

sh

do sh

(10)

where IPV is the module resultant current (A),VPV is the module
resultant voltage (V), IPh is the photo‐generated current, Ido is
the Shockley diode equation, Ish is the saturation current due to
diffusion, I0 is the dark saturation current, q is the electron
charge (1.6022 × 10 C−19 ), (V n K T q= /t s m ) is the thermal

TABLE 5 | Device precision and uncertainty.

Devices Measured parameter Accuracy Limit Standard Uncertainty

Pyranometer Incident solar intensity 0.05W/m2 0–2500W/m2 2.88 × 10−2W/m2

Thermocouples Nanofluid temperatures ±0.15°C (0–200)°C 8.6 × 10−2°C

Infrared thermometer LCPV surface temperature ±0.1°C (−20–300)°C 5.77 × 10−2°C

Rotameter Nanofluid flow rate 0.05 L/min 0.5‐4 L/min 0.028 L/min

Digital Voltmeter Loaded voltage ±0.015 V 0–100 V 8.6 × 10−3 V

Digital Ammeter Loaded current ±0.015 A 0–16 A 8.6 × 10−3 A
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voltage of the unit, ns the number of series‐connected cells
in the PV module, K is the Boltzmann constant
(1.3806 × 10 J/K−23 ), Tm is the module working temperature (K)
and m is the diode ideality factor.

The temperature of the PV unit (Tm) varies from the ambient
temperature (Tamb) and could be calculated by the following
equation [42]:

T T G= +
NOCT − 20

800
× ,m amb (11)

where G is the solar irradiation and NOCT is the symbolic
operational cell temperature at an irradiation level of 800W/m2

and the ambient temperature is 20°C.

To build a more realistic model, the changes in solar radiation
and module operating temperature concerning standard test
conditions (STC: T G= 25°C, = 1000 W/mref ref

2) must be con-
sidered in the models (12–15) [40, 43].


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G
V = + ( − ) + ln ,T V m toc oc, ref
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where I TPh, ref is the module photo‐generated current at STC,
I Tsc, ref is the module short‐circuit (SC) current at STC, V Toc, ref is
the module open‐circuit (OC) voltage at STC, αI is the tem-
perature coefficient of the SC current and αV is the temperature
coefficient of the OC voltage.

The electrical competence of the concentrated PV unit can be
calculated by Equation (16) [44].

η
I V

A G CR
=

×

× ×
,m m

m
el (16)

where Im and Vm are the PV module current and voltage at
highest power point (MPP), Am is the module area, and CR is
the concentration ratio of solar irradiance.

Figure 5 shows the influence of solar irradiance variation on the
electrical characteristics of a CPV module at a constant cell
temperature of 25°C. As is evident, the SC current increases
significantly with an increase in solar radiation, while the OC
voltage is enhanced slightly. Theoretically, the resultant power
of the CPV unit can be doubled for CR of 200%, if the module
temperature is held constant at 25°C. Unfortunately, the
resultant power of the CPV unit may decrease due to the
undesirable influence of the module temperature on the OC

voltage, where 80% of the solar energy is transformed into heat
[45]. Figure 6 presents the influence of module temperature on
the resultant characteristics at constant solar radiation of 1 kW/m2.
As can be seen, the OC voltage increases remarkably with a
decrease in module temperature, while the SC current decreases
slightly. Hence, compared to a hotter CPV module a cooler one
generates extra output energy [43, 44].

Figure 7 illustrates the critical importance of aligning the load
line with the Maximum Power Point (MPP) load line in PV
systems. When these two lines do not match, a substantial
amount of power is lost. This loss can have significant impli-
cations for the overall efficiency and performance of a solar PV
system. The MPP represents the ideal operating point at which
a solar panel generates the maximum amount of power for a
given set of environmental conditions, such as sunlight inten-
sity and temperature. However, these conditions are not static
and can vary throughout the day and across seasons. Addi-
tionally, the power requirements of the connected load may
change. To address these variations and optimize power gen-
eration, the use of a Maximum Power Point Tracker (MPPT) is
indispensable. The MPPT continually adjusts the load to ensure
that it operates at the MPP, maximizing power output and
minimizing energy wastage.

4.2 | Distribution of Solar Irradiance

The hourly difference between solar intensity and ambient
temperature for CPV with and without reflectors is illustrated in
Figure 8. Observations have been daily monitored from
9.00 a.m. to 6.00 p.m. As shown, the ambient temperature has
steadily increased from 28° to 33°C from 9.00 a.m. to 2.00 p.m.,
respectively before decreasing to 28°C at the end of observations
at 6.00 p.m. For uncooled CPV, the solar intensity increased
from 620 to 980W/m2 at noon before steadily decreasing to
about 200W/m2 at 6.00 p.m. However in cooled CPV, the solar
intensity significantly increased from 760 to 1820 W/m2 at noon
before reaching 200W/m2 at 600 p.m. This trend is in accord-
ance with a previous study by Kabeel and Abdelgaied [46].

4.3 | Temperature Distribution of PV and CPV
Module

An excellent test for determining whether a cell works within
its permissible temperature range is the utmost cell tempera-
ture. However, the cell temperature distribution consistency is
an additional parameter. Figure 9. shows the temperature
contours for CPV and PV at the surface without cooling. For
PV, the maximum temperature contour was homogeneous and
refers to a temperature range between 46°C and 48°C. However,
the maximum temperature contour for CPV has ranged
between 67°C and 72°C. The contours also demonstrate that
there are reduced hot spots and a more equal temperature
distribution. This results trend is similar to a previous study by
Jowkar et al. [47]. The influence of Al2O3/water nanofluid for
cooling CPV using different concentrations of nano Al2O3 is
illustrated in Figure 10. The Al2O3/water was without, 0.3, 0.6,
and 0.9 wt%, respectively. As shown, with water only, the
maximum temperature contour ranged from 38°C to 42°C. By
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employing 0.3% Al2O3/water nanofluid, the maximum tem-
perature contour decreased and ranged from 35° to 40°. More-
over, increasing the Al2O3/water nanofluid ratio to 0.6% has
decreased the maximum temperature contour between 33°C
and 38°C. At an Al2O3/water nanofluid ratio of 0.9%, the
maximum temperature contour has significantly reduced
between 25°C and 33°C.

The enhanced cooling performance observed with higher
concentrations of Al2O3 nanoparticles in the nanofluid can be
attributed to several interconnected factors. As the concen-
tration of Al2O3 nanoparticles increases, the thermal conduc-
tivity of the nanofluid rises. This is because Al2O3 has a high
thermal conductivity which enhanced the fluid's ability to
transfer heat away from the CPV surface. Consequently, this
improved thermal conductivity facilitated more efficient heat
dissipation resulting in lower surface temperatures of the CPV
module.

Furthermore, higher nanoparticle concentrations led to an
increase in the rate of heat transfer. With more nanoparticles

present, there were more particles in contact with the heat
transfer surfaces. This increased contact enhanced the heat
transfer coefficient making the cooling process more efficient.
The additional nanoparticles effectively increased the heat
transfer efficiency of the fluid. Additionally, a higher concen-
tration of nanoparticles created a denser network of conductive
pathways within the fluid. This network improved thermal
conduction within the nanofluid allowing for more effective
heat removal from the CPV module. The increased number of
conductive pathways provided better heat conduction from the
CPV surface to the fluid enhancing the overall cooling per-
formance. The specific surface area available for heat exchange
also increased with higher nanoparticle concentrations. As the
concentration of nanoparticles increased, the available surface
area for heat absorption and transport increased further im-
proving the fluid's cooling capability. This larger surface area
allows for more effective heat exchange between the CPV
module and the cooling fluid. Moreover, the Brownian motion
of nanoparticles which helped to keep them dispersed within
the fluid was more pronounced at higher concentrations. This
improved dispersion ensured that nanoparticles were uniformly

FIGURE 5 | The electrical characteristics of CPV module at different solar radiation levels and a constant module temperature: (a) I–V curves

and (b) P–V curves.
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distributed preventing sedimentation and maintaining the na-
nofluid's effectiveness over time. The stable dispersion of na-
noparticles contributed to a consistent and efficient cooling
process. These results show that increasing the nanofluid ratio
has a superior influence on the cooling of the CPV which

enhanced the electrical productivity of the CPV. By boosting the
thermal conductivity and causing processes like microlayer
evaporation and reformation of the thermal boundary layer,
employing nanoparticles in the fluid can increase the efficiency
of heat transmission [48].

FIGURE 6 | The electrical characteristics of CPV module at different module temperature and a constant solar radiation level: (a) I–V curves and

(b) P–V curves.

FIGURE 7 | Illustration of the power losses on the V–I curve of the PV panel that occurs when the load line is not properly aligned with the MPP

load line.
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4.4 | Performance of CPV Module

The electrical output of the CPV unit is illustrated as presented
in Figure 11. The electrical yield was measured under various
conditions without cooling, cooling with water only, 0.3, 0.6,
and 0.9 wt% Al2O3/water, respectively. The cooling flow was
discharged at 1.0 L/min. The electrical yield was monitored
between 9.00 a.m. and 6.00 p.m. As shown, without cooling the
electrical yield has increased from 30 to 45W/h at noon before
decreasing to 18W/h at the end of the day. At noon the elec-
trical yield has reached its maximum as 45, 46, 48, 50, and
54W/h for CPV without cooling, with cooling water, with 0.3%
Al2O3/water, 0.6% Al2O3/water, and 0.9% Al2O3/water, respec-
tively. These results show that the electrical yield has increased
by 20% for 0.9% Al2O3/water. The output and effectiveness of
PV cells rise as a result of cooling nanofluid, which has a greater
heat transfer rate from the PV cell surface [19].

It's clear from Figure 13 that employing an Al2O3 cooling
nanofluid has increased the electrical and thermal efficiency.
Electrical efficiency as illustrated in Figure 12a has reached
15%, 17%, 18%, 19%, and 21% without cooling, with water
only, 0.3, 0.6, and 0.9 wt% Al2O3, respectively. This trend is
due to the enhancement in heat transfer efficiency as
aforementioned. At a nanoparticle loading concentration of
0.9 wt%, the Al2O3 nanoparticles are reported to have the
maximum thermal efficiency as shown in Figure 12b. Com-
pared to the result at a nanoparticle loading concentration
of 0.9 wt%, thermal efficiency is marginally reduced
for nanoparticle loading concentrations of 0.3 and 0.6 wt%.
The extreme thermal competence reached its value after
2.0 p.m. which ranged between 54% and 65% for an Al2O3

mass concentration of 0.9%. In a previous study by Çiftçi
et al., the thermal efficiency ranged between 50.25% and
55.83% [49].

FIGURE 8 | Solar intensity and air ambient temperature.

FIGURE 9 | Temperature variation for the CPV and PV without cooling.
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4.5 | Efficiency Evaluation Between CPV
Technique and the Published Works

A comparison has been attained, as stated in Table 6, between
the present CPV procedure and the previously offered CPV
systems. A close comparison of the present work findings with
those of other studies described in Table 6 showed that the
Al2O3/water nanofluid performs a vital position in controlling

the corresponding operational temperature of the CPV module
in the presence of cooling when applied directly to the backside
of the LCPV. Again from the whole performance point of view
of the CPV system, the current, voltage, and ultimately elec-
trical provided power are markedly increased, while using na-
nofluid cooling, especially for the 0.9%‐nanofluid status
compared to other cooling methods and the uncooled CPV
module without cooling. As per Table 6, the findings showed

FIGURE 10 | Temperature variation for the CPV with different concentrations of Al2O3/water nanofluid. (a) Temperature variation in the case of

water. (b) Temperature variation in the case of 0.3% Al₂O₃/water nanofluid. (c) Temperature variation in the case of 0.6% Al₂O₃/water nanofluidand.
(d) Temperature variation in the case of 0.9% Al₂O₃/water nanofluid.

FIGURE 11 | Output power of CPV module.
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the possibility of using Al2O3/water nanofluid as an alternate
cooling method for the CPV module, which might provide more
apparent developments for PV systems. The present CPV
module with the nano‐cooling technology produced an average
electric adeptness of 14.9% and an estimated thermal effec-
tiveness of 45.77% at around the same concentration ratio, while
the previous air‐cooled CPV modules proved to have an

estimated electrical competence of about 10.5% and an esti-
mated thermal efficiency around 21% [50].

Comparisons were performed with the present CPV module
against the recently published work on cooling the CPV sys-
tem showed about 8.10% better electrical efficiency than the
previously investigated water‐cooled CPV module achieved

FIGURE 12 | Electrical and thermal efficiencies of CPV module. (a) Daily variation of Electrical effeciency (%). (b) Daily variation of thermal

effeciency (%).

TABLE 6 | Contrasts the existing CPV setup with different alternatives.

Ref. Coolant utilized CR ƞe (%) ƞth (%)

CPV, Current study Al2O3/water nanofluid 1.45 14.90 45.77%

Radwan et al. [46] CPV, Water cooling < 1.95 13.90%, —
Primož et al. [45] CPV, Air cooling — 10.5 21

Sardarabadi et al. [47] CPV, Without cooling 1.5 9.3 —
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[51]. The current CPV system achieved about 65.55% greater
electrical efficiency when compared to the existing CPV pro-
cedure exclusive of cooling [52]. Thus, due to its elevated
thermal conductivity compared to additional various coolants
like base water or air. As shown in Table 6, it is more efficient
to cool the CPV system with Al2O3/water nanofluid in the
circumstance of direct interaction. This efficacy is explained by
the variation among the Al2O3/water nanofluid convective
heat transfer coefficient in the situation of direct interaction
with the CPV rear exterior relative to extra traditional cooling
techniques.

4.6 | Environmental Impacts

The environmental impact of the suggested cooled CPV system
was also measured based on the period of the summer season.
The cuts in CO2 emissions owing to the utilization of the pro-
posed cooled CPV methodology were measured as follows [53].

M m dE t= × × ,t e life (17)

where me is the average CO2 emission intensity (890 g/kWh) by
a power station using coal‐fired energy, mt is the total decreased
CO2 (g) emission amount across its lifecycle [54], and dE is the
gross energy saving resulting from the considered cooled CPV
module during the summer season (kWh).

Figure 13 illustrates the average electrical power production
accompanied by the cut in CO2 releases while cooling the CPV
with nanofluid daily at various capacity fractions of nano-
particles. It concluded from Figure 12 that the rise in volume
concentration of nanoparticles from 0.3 to 0.9 wt% increases the
electrical output of the CPV module compared with only water
cooling. The total daily electrical power has achieved about
0.28 kW for 0.9% Al2O3 nanoparticles. This result shows that
electrical output has raised by 7.7% compared with no cooling.
Also, the total daily savings in CO2 have been achieved at 1.0,
0.9, and 0.8 kg/kW for 0.9 wt%, 0.6 wt%, 0.3 wt% Al2O3.

The integration of nanofluids into PV systems presents a
promising and cost‐effective solution for both industrial and
domestic power needs. Recent studies have highlighted the
potential for significant reductions in energy consumption from
conventional resources when employing these advanced sys-
tems. For instance, incorporating nanofluid receivers in a solar
thermal power plant with a capacity of 100MW could lead to
annual savings of approximately $3.5 million, as reported by
Taylor et al. [55]. Nanofluids, known for their efficient heat
transfer capabilities allow for more compact PV systems,
thereby reducing overall costs [56]. Economic analyses have
shown that the cost of energy produced by nanofluid‐based
PV/T systems can be up to 82% lower compared to current
energy prices in Saudi Arabia, with a payback period estimated
at just 2 years [57]. Future research should focus on a thorough
cost–benefit analysis including long‐term operational and
maintenance costs, market variations, and the economic
impacts of scaling up Al2O3 nanofluid‐based concentrated
photovoltaic (CPV) systems. This will provide a more robust
evaluation of the potential financial benefits and challenges
associated with implementing this technology.

5 | Conclusions

This study demonstrated that using Al2O3 nanofluid for cooling
CPV modules significantly enhanced performance and sus-
tainability. The optimal concentration of 0.9 wt% Al2O3 led to a
20% increase in electrical yield and improved the electrical
efficiency from 15% to 21% compared to the uncooled CPV.
Additionally, the study achieved a total daily CO2 savings of
1.0 kg/kW with the 0.9 wt% nanofluid highlighting the en-
vironmental benefits of this cooling approach. In thermal effi-
ciency, the highest range observed was between 54% and 65%
for an Al2O3 of 0.9 wt% loading. The total daily electrical power
achieved approximately 0.28 kW for 0.9% Al2O3 nanoparticles,
resulting in a 7.7% increase in electrical output compared to no
cooling. Furthermore, the use of 0.9% Al2O3 nanoparticles
contributed to a total daily CO2 emissions reduction of
1.0 kg/kW, indicating environmental benefits associated with

FIGURE 13 | Generated electricity and reduction in CO2 emissions for each summer season.
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this cooling method. This study demonstrated the considerable
potential of Al2O3 nanofluid cooling in enhancing both electrical
and thermal efficiencies in CPV modules. The highest loading of
0.9% Al2O3 showcases significant advancements in electrical out-
put, efficiency, and environmental impact, highlighting its prom-
ising role in improving the performance and sustainability of PV
systems. The study focused on a single type of nanofluid and
concentration range. Therefore, the development of the findings to
other nanofluids or higher concentrations remains uncertain.
Future research could explore the direct measurement of heat
transfer coefficients to validate theoretical models and provide a
more precise understanding of nanofluid performance. Addition-
ally, investigating other types of nanoparticles and a broader range
of concentrations could offer insights into optimizing nanofluid
cooling for various CPV systems. Expanding the research to
include long‐term performance and economic feasibility assess-
ments would also be valuable for practical applications.
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