
Experimental investigation of graphene-based nanofluid enhanced 
photovoltaic/thermal system: Energy and exergy analysis

Hussain Madhi a,b, Sattar Aljabair a, Ahmed Abdulnabi Imran a, Issa Omle c,*

a Mechanical Engineering Department, University of Technology-Iraq, Baghdad, Iraq
b Department of Petroleum Engineering, College of Engineering, University of Misan, Misan, Iraq
c Institute of Physics and Electrical Engineering, University of Miskolc, Miskolc, Hungary

A R T I C L E  I N F O

Keywords:
Exergy efficiency
Nanofluid
Fin turbulators
PV/T system
Thermal efficiency

A B S T R A C T

The performance of photovoltaic (PV) modules is significantly influenced by the operating temperature, the 
higher temperature the lower module efficiency. The primary objective of this study is to design, fabricate, and 
evaluate a photovoltaic/thermal (PV/T) system equipped with a finned-serpentine channel, utilizing water and 
graphene nanoparticle (GnP/water) with 0.25 %, 0.5 %, 0.75 %, and 1 % concentrations as coolants at Reynold 
number equals to 1250. The PV/T system’s performance was assessed by analyzing its energy and exergy, 
focusing on electrical, thermal, and exergy efficiencies. The results revealed that the PV/T system achieved 
electrical efficiency increments of 4.5 %, 7.6 %, 9.8 %, 13.9 %, and 15.5 % with water and NFs with 0.25 %, 0.5 
%, 0.75 %, and 1 % concentrations, respectively. Furthermore, the thermal efficiency was improved by 1.4 %, 
1.8 %, 2.3 %, and 2.5 % for the increased nanofluids (NFs) concentrations. The exergy efficiencies exhibited 
significant gains, with electrical and thermal exergy efficiencies improving by up to 15.5 % and 31.6 %, 
respectively, compared to water. These results highlight the substantial cooling potential of NFs to enhance the 
PV module’s performance, which positively improves PV-related applications.

1. Introduction

Renewable energy sources, primarily solar and wind power, are 
considered viable alternatives to conventional energy systems because 
of their steady generation and potential to address gaps in energy 
availability [1,2]. Photovoltaic/Thermal (PV/T) systems have garnered 
interest for their ability to generate electrical and thermal energy 
concurrently. Traditional photovoltaic (PV) panels solely convert sun
light into electricity, while PV/T systems incorporate thermal cooling 
mechanisms, enhancing overall energy efficiency. The dual-purpose 
capability significantly enhances the system’s performance by miti
gating overheating while improving efficiency and longevity. Cooling 
plates on the rear surface of PV modules effectively absorb excess heat, 
which is then transformed into thermal energy. Additionally, imple
menting PV/T systems is also a substantial contribution to sustaining 
targets due to reducing dependence on fossil fuels and greenhouse gas 
emissions, which offers the possibility of cleaner energy [3,4]. Thus, PV/ 
T systems bring economic benefits by attending to the demands of 
electricity and heat loads, reducing the need for separate energy systems 
for any residential, industrial, or commercial building. The performance 

of the PV/T system can be enhanced by changing the system’s shape or 
utilising fluids with high thermophysical properties. For example, the 
use of finned, riffled, ribbed or structured surfaces increases the surface 
area for heat transmission, resulting in an improvement in the heat 
transfer rate [5]. Several studies have enhanced the hydrothermal per
formance of heat exchangers with smooth, ribbed or rifled channel de
signs, as well as those with straight or serpentine topologies.

Shahssavar et al. [6] conducted an empirical study on three PV/T 
solar collectors featuring (I) smooth, (II) three-start rifled, and (III) six- 
start rifled serpentine pipes. The results verified that using a six-start 
serpentine tube significantly enhances the energy efficiency of the PV/ 
T system. In particular, the six-start serpentine tube exhibits a 3.8 % 
increase in energy efficiency (or a 22.5 % increase compared with the 
three-start rifled serpentine pipe) and a 1.9 % increase in exergy effi
ciency (or a 5.9 % increase compared with the simple serpentine pipe). 
Feizabadi et al. [7] conducted a numerical evaluation to examine the 
heat transfer rate of a twisted serpentine pipe using Al2O3/water NFs. 
The results demonstrated that straight length, serpentine pitch and 
twisted pitch are the primary, secondary and tertiary factors influencing 
the performance of the serpentine pipe. In addition, using a twisted 
serpentine pipe with a base fluid significantly improves hydrothermal 
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implementation, which is 1.74–2.71 times higher than using a twisted 
straight pipe. This improvement can be further boosted to (3.73) times 
by utilising the Al2O3/water NFs. Bisengimana et al. [8] examined the 
impact of including a fin and adjusting the space between pipes in a heat 
exchanger within a PV/T system. The findings showed that the finned 
serpentine pipe with a narrow spacing achieves the most consistent 
temperature, resulting in a maximum efficiency of 0.984 and a minimal 
pressure loss of 0.073 bars. Gorzin et al. [9] performed experimental 
studies to examine the effect of incorporating ribs in a serpentine 
microchannel heat sink. The researchers analysed the distance between 
ribs and the number of ribs affecting the hydrothermal properties of the 
system. The outcomes showed that compared with the base tempera
tures in heat sinks without ribs using straight and serpentine channels, 
the base temperatures of heat sinks incorporated with ribs are reduced 
by 13.9 % and 7.9 %. The thermal resistance factors of the modified 
channel are 72 % lower than those of a simple straight channel. 
Furthermore, the increase in the distance of the rib decreases the tem
perature and the thermal resistance of the heat sink and increases the 
friction factor. Awais et al. [10] engaged in an experimental study to 
investigate how the cross-section’s volumetric flow rate and length 
affect the pressure drop and heat transfer of a serpentine pipe heat 
exchanger. They studied four serpentine pipes of varying lengths: uni
form length, low-to-high-to-low length, low-to-high-length, high-to-low 
length and high-to-low-to-high length. The investigation focused on 
using Al2O3/water NF using a concentration ranging from 1 % to 5 %. 
The low-to-high design demonstrates the highest heat transmission 
performance among the three other scenarios. Furthermore, compared 
with the case when the mass flow rate was 1 L/min, friction loss and heat 
transfer performance shows a significant increase of 95 % and 43.8 %, 
respectively, when the flow rate is increased to 5 L/min. Besides, 
compared with the serpentine pipe using only water, the serpentine pipe 

using an NF with a concentration of 5 % exhibits a 50 % improvement in 
heat transfer efficiency. Wang et al. [11] presented a numerical evalu
ation of the hydrothermal performance in a microchannel heat sink. 
They investigated the single and double microchannel configurations by 
considering the presence of a water/silver NF. The analysis was con
ducted using a two-phase model. Their findings showed that the thermal 
resistance of the double microchannel design is lower than that of the 
single design at low Re. However, both configurations exhibit similar 
thermal resistance as the Re increases. Additionally, the pressure drop 
and the heat transfer coefficient increase by 4.25 % and 12.5 %, 
respectively, as the nanoparticle concentration increases from 0 % to 1 
%.

Recently, nanofluids (NFs) have gained significant attention due to 
their promising potential in improving heat transfer efficiency across a 
range of applications, such as solar collectors heat, exchangers, thermal 
energy storage, vehicle thermal systems, nuclear reactors, lubricants, 
detergents, and many others [12]. Compared with the traditional fluids, 
the NFs present improved properties like thermal conductivity, 
tribology, and rheological behaviour [13]. An experimental analysis has 
confirmed that adding nanomaterials (NMs) to the base fluids leads to 
significant variations in critical thermophysical properties such as dy
namic viscosity and thermal conductivity [14]. Besides, NF application 
has been extensively explored to improve the effectiveness of heat ex
change systems [15]. The recent advancement extends the scope to the 
radiation impact, use of green energy, sustainability, and entropy gen
eration in magnetohydrodynamic flows [16,17,18,19,20]. These studies 
indicate that NFs exhibit superior heat transfer performance and high
light the significant influence of NF field conditions. This aligns with the 
main focus of the present research, which aims to optimize heat transfer 
within a boundary layer subjected to non-uniform heat sources and 
sinks. The main reason for choosing GnP in this research is due to the 

Nomenclature

Abbreviations
PV/T Photovoltaic thermal
PV Photovoltaic
NF Nanofluid
NMs Nanomaterials
GnP Graphene nanoparticle

Symbols
A Area of PV panel (m2)
Cp Specific heat (J/kg. K)
K Thermal conductivity (W/m. K)
D Diameter (m)
ṁ Mass flow rate (kg/s)
Ėx Exergy (w)
Ė Power (N/m2)
T Temperature (◦C)
FF Fill factor
I Current (A)
V Voltage (V)
G Solar radiation (W/m2)
u Speed (m/s)
H High channel (m)
W Width channel (m)
ΔP Pressure drop (Pa)
Re Reynolds number
H Enthalpy (J/kg)
S Entropy (J/kg. K)
Ṡ Entropy generation (J/kg. K)
Nu Nusslt number

T Temperature (◦C)

Greek symbols
ϕ Volume fraction (%)
ρ Density (kg/m3)
η Efficiency (%)
ε Exergy efficiency (%)
μ Dynamic viscosity (kg/m. s)
ν Kinematic viscosity (m2/s)
ψ Stream exergy per unit mass

Subscripts
B Bulk
In Inlet
Out Outlet
bf Base fluid
np Nanoparticle
sc Short circuit
oc Open circuit
el Electrical
th Thermal
nf Nanofluid
h Hydraulic diameter
m Mean
w wind
f fluid
amb. Ambient
fr Friction
gen. Generation
tot. Total
ov Overall
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exceptional potential of GnP in improving the thermal conductivity of 
formulations; thus, it is suitable for application in the cooling of PV 
modules. GnP with sizes ranging from 6 to 8 nm has been used to ensure 
its homogeneous dispersion in the base fluid, which remarkably affects 
enhancement in heat transfer. Four different concentrations of GnP in 
water were prepared, namely 0.25 %, 0.5 %, 0.75 %, and 1 %, to un
derstand the influence of nanoparticle concentration on the thermal 
performance of the intended formulations. GnP were considered 
because of their capacity to maintain and keep constant stable thermal 
and rheological properties at operational temperatures between typical 
ranges of solar cooling systems. They are gradually attracting increasing 
interest because of their unique thermophysical and physicochemical 
properties [21]. GnP and its potential have distinct features across 
multiple domains- structural, optical, thermal, electronic, and mechan
ical properties, making it highly applicable for various applications 
[22,23]. Besides, GnP is universally available at competitive prices. The 
high surface area, outstanding conductivity, and easy functionalization 
of GnP make it an optimal substrate for synthesising metallic GnP va
rieties [24].

Many studies have been conducted to analyze the very high impacts 
of the thermophysical properties of these NFs on the performance of PV/ 
T systems. For example, Venkatesh et al. [25] proved that applying a 
mixture of GnP/water, having a concentration of 0.3 vol%, reduced the 
temperature of the PV/T system by 60 ◦C to 45 ◦C, corresponding to an 
increment of about 13 % in electrical efficiency. In a study with a similar 
approach, Alshikhi and Kayfeci [26] analyzed the impacts of aluminium 
oxide (Al2O3) and GnP NFs on the operation of PV/T systems at a flow 
rate of 0.5 l/min, and both were used at a 0.5 wt% concentration, 
concerning water. Their results showed that energy efficiency was 
significantly improved with GnP/H2O, which improved efficiency by up 
to 56.1 %. In another work, Alwan Sywan Alshaheen et al. [27]
discovered that GnP/H2O NFs at a concentration of 0.05 wt% and a flow 
rate of 50 kg/h produced total energy efficiency of 19.3 %, exceeding the 
effect of SWCNT/H2O as well as MWCNT/H2O NFs. Another analysis 
was performed by Taheri et al. [28] using deionized water, GnP/H2O, 
SWCNT/H2O, MWCNT/H2O NFs, maintaining their concentration at 
0.05 wt%, and a flow rate of 50 kg/h. The highest increase in exergy 
efficiency, 2.32 %, was for GnP/H2O NFs. The studies collectively 
demonstrate that GnP/water significantly improves the efficiency of PV/ 
T systems and promises the achievement and even exceeding of expected 
performance enhancements. The NFs extremely high thermal conduc
tivity and heat transfer properties are necessary to increase the thermal, 
electrical, and overall efficiency of PV/T systems.

1.1. Novelty

This study experimentally investigates the effects of four different 
concentrations of NFs on both the electrical and thermal efficiencies of a 
PV/T system. The selected NFs consist of GnP dispersed in water, and the 
experiments are conducted under a constant mass flow rate. An uncer
tainty analysis is performed on the experimental data to ensure the re
sults’ reliability. The primary focus of this research is to assess the actual 
performance of a PV/T system incorporating finned serpentine channels 
in addition to the NFs effect from an exergy perspective. While 
numerous studies have investigated PV/T systems, research on entropy 
generation in such systems remains limited in the literature. Therefore, 
this study aims to assess the thermal, electrical, and exergy efficiencies 
of a PV/T system enhanced with a finned serpentine channel and NFs at 
varying concentrations offering valuable insights for further advance
ments in renewable energy technologies.

1.2. Motivation

GnP is considered among the most advanced two-dimensional ma
terials available today. These NMs have gained significant attention due 
to their outstanding physicochemical and thermophysical properties. 

GnP presents outstanding characteristics in the structural, optical, 
thermal, electronic, and mechanical aspects and thus can be applied 
over a wide range. Besides, it is very easy to acquire at very competitive 
pricing, and thus, it comes very well recommended. Its exceptional 
properties, such as high surface area, exceptional conductivity, and ease 
of functionalization, make it one of the best constituents of metallic GnP 
nanocomposites.

1.3. Application

Nanotechnology is vital in addressing energy exchange challenges 
across various fields, including solar energy, chemical engineering, 
semiconductors, space exploration, bioengineering, electronics, and 
biosensors. Researchers continually seek to enhance these processes 
through advanced methodologies and innovative techniques. This study 
aims to improve heat transfer efficiency by employing NFs, which 
consist of nanoparticles uniformly dispersed within a base fluid. 
Research findings indicate that NFs exhibit superior heat retention ca
pabilities compared to conventional fluids, making them highly bene
ficial in various applications, such as transportation, industrial 
processes, nuclear safety, and thermal management in electronic de
vices. Additionally, NFs enhance thermal performance in both industrial 
and technological systems while improving efficiency in the mechanical 
components of aircraft and automobiles.

2. Experimental work

2.1. System setup and equipment

The experiment was conducted on the rooftop of the Misan Uni
versity’s College of Engineering in Iraq (47.14◦N, 31.84◦E). The PV/T 
systems were set at a 30◦ tilt facing south and operated between 8:00 AM 
and 5:00 PM, as shown in Fig. 1. Two poly-crystalline PV modules were 
used, each rated at 50 W with dimensions of 66 mm × 56 mm × 3 mm. 
The specifications for the PV/T system are listed in the table. One 
module served as a reference, while the other was modified with a plate 
and fins placed at a 30◦ angle, a configuration shown in earlier studies to 
yield optimal performance [29]. The fins were attached with thermal 
adhesive to ensure proper thermal conductivity. The entire setup was 
housed in a serpentine channel to generate turbulence, which enhances 
heat transfer. The collector was mounted on the back of the PV module 
using thermal glue and secured with clamps, ensuring a strong attach
ment. A helical copper spiral was positioned inside a water tank, with 
one port connected to the PV/T system’s outlet and the other linked to 
an NFs reservoir to facilitate heat dissipation see Fig. 2. The collector 
was insulated with thermal wool and aluminium to minimize energy 
loss. More details for design specifications and characteristics of the PV/ 
T system are shown in Table 1.

In this study, GnP/water was used as the cooling medium and data 
was collected using a multichannel Arduino AT mega 2560, supplied by 
Ardunic Sinaa in Baghdad. This device was equipped with current and 
voltage sensors to measure output current and voltage and K-type 
thermocouples to monitor temperatures. The fluid circulation was 
regulated by a pump positioned within the NF tank. The working fluid 
maintained a constant mass flow rate of 44 kg/h in all experiments. A 
sensor of flow was installed between the pump and the inlet to monitor 
and measure the flow rate continuously. A thermocouple was used to 
track the ambient temperature. Solar radiation levels were recorded 
every 30 min using a solar power meter. Signal Express 2015 software- 
managed data acquisition and retrieval, ensuring systematic data 
collection at 30-minute intervals. The specifications of the measurement 
devices are provided in Table 2. Sudden fluctuations in weather, mainly 
changes in solar radiation due to cloud cover and variations in ambient 
temperature, can influence the performance of the PV/T system. The 
experiments were conducted during August and September to obtain 
more consistent results with reduced uncertainty when weather 
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conditions, ambient temperature, and solar irradiation remained rela
tively stable.

2.2. Preparation of NFs

Preparing NFs aims to enhance the thermophysical properties of base 
fluids by improving thermal conductivity. The two-step process is 
widely utilised among the various methods for synthesizing NFs. This 
process typically involves either a single-step approach, such as 

chemical or physical vapour deposition, or a two-step technique where 
NMs are dispersed into a base fluid. The efficiency of nanoparticle 
dispersion plays a crucial role in minimizing sedimentation rates and 
ensuring the long-term stability of the NFs. These factors are heavily 
dependent on the preparation method. By incorporating nanoparticles 
into the base fluid, the resulting NFs exhibit significantly enhanced 
thermophysical properties, leading to improved heat transfer perfor
mance. In this study, high-purity GnP with a particle size of 20 nm were 
sourced from Skyspring NMs, Inc. (Houston, TX, USA). Four 

Fig. 1. Experimental setup and measurement instrumentation.

Fig. 2. Experimental parts of PV/T systems: (a) PV panels, (b) collector with serpentine channels, (c) fins with 30◦, (d) helical coil and (e) water and NFs tanks.
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concentrations of GnP/water were prepared, namely (0.25-1) vol.%, by 
dispersing the nanoparticles in water. The quantities of nanoparticles 
were carefully measured using an electronic scale, then dispersed in 
water and mixed for 25 min using a magnetic stirrer. An ultrasonic bath 
with a 10 L capacity was utilized for 35 min to prevent particle 
agglomeration and ensure a uniform suspension, as illustrated in Fig. 3. 
The stability of the prepared NFs was evaluated by sedimentation and 
visualization techniques at intervals of 2 and 10 h after ultrasonic 
treatment, as shown in Fig. 4. The results indicate that the NFs have 
sufficient stability, confirming the practicality of producing the required 
quantities for subsequent experimental studies. The uniform dispersion 
of nanoparticles in the base fluid is important for preventing sedimen
tation and improving the stability and overall performance of the NFs. 
The key factor affecting the suspension and stability of nanoparticles is 

Brownian motion, which plays an important role in maintaining the 
uniform distribution of nanoparticles in the liquid [30,31]. This phe
nomenon describes the random movement of nanoparticles due to col
lisions with liquid molecules. As a result, the NFs exhibit long-term 
stability and high thermal efficiency, making them suitable for a wide 
range of heat transfer applications. The integration of nanoparticles and 
the influence of Brownian motion play a vital role in improving the heat 
transfer performance of nanofibers, thereby enhancing their overall 
effectiveness in thermal management systems.

The characteristics of the GnP utilized in this study are summarized 
in Table 3. Notably, the thermal conductivity of these nanoparticles is 
significantly higher than water’s. The NF properties were evaluated 
using the thermal characteristics of GnP/water and applying the equa
tion (1) which used to estimate the density of the NFs [32]. 

ρnf = (1 − ϕ)ρbf +ϕρnp (1) 

Where (ϕ) is a volumetric concentration of the NFs, which was deter
mined by the following equation [33]: 

Table 1 
Design specifications and characteristics of the PV/T system.

PV solar cell (at standard testing conditions)
Poly-crystalline Type

50 Maximum power (W)
650 × 550 PV Dimension (mm)
3 Glass thickness (mm)
36 Number of cells
16 Cell efficiency (%)
22.28 Open-circuit voltage (v)
2.88 Short-circuit current (A)
Collector design
Finned-serpentine channel Type
Aluminium Materials
2 Thickness(mm)
12 Number of channels
108 Number of fins
30 × 20 Area of fins (mm)
600 × 480 Area of collector (mm)
430 × 25 Area of baffles (mm)
40 Insulation thickness (mm)

Table 2 
Details of sensor and measurement device specifications.

Item Range Model Accuracy Units

Pump 1000 LH-1600C − L/h
Flow rate sensor 1–30 YF-S201 ±9% L/min
Thermocouples − 200 to 1350 K (3 m length) 0.25 ◦C
Voltage sensor up to 25 Module 25 V 0.02445 V
Solar power meter 1–3999 SM209 10 W/m2

Current sensor up to 30 ACS712 0.04 A
Ultrasonic bath 240:40 040S − W/kHz
Electronic scale 3 BOECO BAS 0.0001 g kg

Fig. 3. Ultrasonic cleaner and magnetic stirrer of GnP/water.

Fig. 4. Stability of GnP/water NFs at different periods.

Table 3 
Thermophysical properties of GnP/water.

Substance K (W/ 
m⋅K)

ρ (kg/ 
m3)

Cp (J/ 
kg.K)

μ (kg/ 
m.s)

Thickness 
(nm)

Purity

Water 0.613 997.1 4179 0.001 – –
GnP 3000 3600 710 − 6–8 99.5 

%
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ϕ =
ṁnpρnp

ṁnpρnp + ṁbf ρbf
(2) 

Equation (3) was employed to evaluate the specific heat of NFs [18]. 

ρCpnf = ρCpnpϕ+(1 − ϕ)ρCpbf (3) 

The dynamic viscosity of NFs was determined using the following 
equation [34]: 

μnf =
μbf

(1 − ϕnp)
2.5 (4) 

The thermal conductivity of NFs was evaluated using the model pre
sented below [35]: 

knf =
(knp + 2kbf + 2ϕ (knp − kbf ))kbf

knp + 2kbf − ϕ (knp − kbf )
(5) 

2.3. Data reduction

In studying finned-serpentine channels and PV/T systems, a thor
ough understanding of the governing equations is crucial for accurately 
analysing heat transfer and fluid dynamics. The Reynolds number (Re) is 
a key dimensionless parameter that characterizes the flow regime within 
the channel. It is defined as: [36]

Re =
um×Dh

ν (6) 

Where um denotes the average velocity, and ν is the kinematic viscosity, 
Dh refers to the hydraulic diameter, which can be determined from the 
following equation [37]: 

Dh =
2(W × H)

W + H
(7) 

This equation considers the channel’s geometry, where H and W 
represent the height and width, respectively.

The heat transfer coefficient between the surrounding environment 
and the glass layer was calculated using the following method by using 
wind velocity as uw = 1.5 m/s [38]: 

hw = 5.7 + (3.8 × uw) (8) 

Nu is a crucial parameter that links convective heat transfer to 
conductive heat transfer. It is given by the following expression [39,40]: 

Nu =
h×Dh

k
, (9) 

The thermal conductivity of the fluid is represented by k, while h stands 
for the heat transfer coefficient.

The electrical efficiency ηel of the PV/T system is determined by the 
following expression [41]: 

ηel =
V × I × FF

G × A
(10) 

The power output, denoted as Ėel, is calculated using equation (11). 
Here, V represents the voltage, I stands for the current, G is the solar 
intensity, and A refers to the area of the PV/T surface. The fill factor FF 
measures the maximum PV efficiency and can be determined using the 
following equation (12) [36]. 

Ėel = V × I (11) 

FF =
Vpv × Ipv

Voc × Isc
(12) 

The thermal efficiency ηth is calculated using the following equation 

[42]: 

ηth =
ṁCp × (Tout − Tin)

G × A
(13) 

In this equation, Cp represents the specific heat capacity, ṁ denotes the 
mass flow rate, and Tout and Tin refer to the outlet and inlet temperatures, 
respectively.

The exergy analysis follows a similar approach to the energy analysis 
method. The exergy balance equation is expressed as follows, consid
ering the PV module and collector design under steady-state conditions 
[43]: 
∑

Ėxin =
∑

Ėxout +
∑

Ėxloss (14) 

Ėxsun + Ėxmass,in = Ėxel + Ėxmass,out + Ėxloss (15) 

In this equation, Ėx represents the exergy rates with Ėxloss, Ėxout , and Ėxin 
corresponding to the exergy rates for losses, output, and input, respec
tively. The solar exergy rate, Ėxsun is calculated based on the solar ra
diation incident on the system [44]. 

Ėxsun = G
(

1 −
Tamb.

Tsun

)

(16) 

Tamb. represents the ambient temperature, while Tsun denotes the sun’s 
temperature, which is assumed to be 5800 K. The exergy associated with 
the mass flow rate is expressed as [45]: 

Ėxmass,out − Ėxmass,in = ṁf (ψout − ψ in) (17) 

where 

ψout = (hout − hamb.) − Tamb.(sout − samb.) (18) 

ψ in = (hin − hamb.) − Tamb.(sin − samb.) (19) 

In this equations, s and h represent the entropy and enthalpy values, 
respectively. Since electrical energy is regarded as a form of available 
helpful energy, the electrical power generated by the PV module is 
considered equivalent to its exergy [46]. 

Ėxel = Ėel (20) 

Equations (18) and (19) are substituted into equation (15), yielding the 
following expression [43]: 

G
(

1 −
Tamb.

Tsun

)

− Ėxel − ṁf [(hout − hin) − Tamb.(sout − sin)] = Ėxloss (21) 

The changes in enthalpy and entropy of the flow are defined as [44]: 

Δh = (hout − hin) =Cp,nf (Tout,nf − Tin,nf ) (22) 

Δs = (sout − sin) =Cp,nf ln
(

Tout,nf

Tin,nf

)

(23) 

In equation (21), the term Ėxloss represents only the exergy losses asso
ciated with heat transfer. Therefore, it will be referred to as Ėxloss,Q in 
subsequent formulations. Furthermore, another source of exergy loss, 
stemming from fluid friction within the collector, is discussed as follows 
[47]: 

Ėxloss,fr =
ṁnf ΔP

ρf

Tamb.ln(
Tout,nf
Tin,nf

)

Tout,nf − Tin,nf
(24) 

Where ΔP represents the pressure drop across the collector, the entropy 
generation is calculated as follows [45]: 

H. Madhi et al.                                                                                                                                                                                                                                  Energy Conversion and Management: X 26 (2025) 100995 

6 



Ṡgen,tot =
Ėxloss,tot

Tamb.
=

Ėxloss,Q + Ėxloss,fr

Tamb.
= Ṡgen,Q + Ṡgen,fr (25) 

Ṡgen,tot refers to the total entropy generation, while Ṡgen,Q represents the 
entropy generation caused by heat transfer. On the other hand, Ṡgen,fr is 
the entropy generation due to fluid friction. The total exergy efficiency 
of the PV/T system is defined as a combination of thermal and electrical 
exergy efficiencies [46]. 

εov =
Ėxth + Ėxel

Ėxsun
(26) 

In Equations (27) and (28), efficiencies of electrical and thermal exergy 
are expressed as follows [43]: 

εel =
Ėxel

Ėxsun
=

Ėel

G
(

1 −
Tamb.
Tsun

) =
Voc × Isc × FF

G
(

1 −
Tamb.
Tsun

) (27) 

εth =
Ėxth

Ėxsun
=

ṁnf × Cp,nf × [
(
Tout,nf − Tin,nf

)
− Tamb.ln(

Tout,nf
Tin,nf

)]

G
(

1 −
Tamb.
Tsun

) (28) 

2.4. Uncertainty analysis

An uncertainty analysis was performed for the instruments used in 
the experimental setup, as well as for the relevant physical quantities, in 
order to determine the measurement errors. The uncertainties associ
ated with physical quantities such as thermal efficiency, electrical effi
ciency, and power output are expressed in Equations (29), (30), and 
(31). These uncertainties were calculated using standard methodologies 
[48,49]. A summary of the uncertainty assessment is provided in 
Table 4. 
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2.5. Estimation of PV/T economic feasibility

A key aspect of this study involves evaluating the proposed cooling 
technique’s economic implications compared to conventional PV mod
ules. This assessment is essential for determining the payback period of 
PV/T systems. The analysis considers various factors, including minimal 
maintenance requirements, operational costs related to components 
such as the pump and flow sensor, and overall energy consumption. The 
hybrid PV/T system consists of multiple components, including an 
aluminium finned-serpentine channel, cover, pump, insulation, plastic 
tubing, and plastic containers. The net profit is calculated using equation 
(32) [50], a specific formula that integrates the costs associated with 
each component. Compared to standard PV modules, the hybrid PV/T 
systems, which incorporate finned-serpentine channels and NFs, exhibit 

a payback period of 746 days. In contrast, conventional PV modules 
show a longer payback period of 835 days. Additional details are shown 
in Table 5. This discrepancy supports the hypothesis that integrating NFs 
improves the economic viability and efficiency of the PV/T systems. 

Net profit = energy production costs (electrical and thermal) − cost of 
NFs − operational costs − maintenance expenses                          (32)

3. Results and discussion

Weather data in Al Amarah has been compared with regional and 
global trends to provide a broader understanding of climate patterns. Al 
Amarah, located in a semi-arid climate, experiences rising temperatures 
consistent with warming trends across the Middle East. Its precipitation 
patterns fluctuate similarly to those in neighboring regions, such as 
western Iran, Kuwait, Saudi Arabia, and the UAE, where the hot desert 
climate is characterized by extremely high temperatures and dry sum
mers, with cooler winters and occasional rainfall [51]. Given these 
similarities, specific findings from the study can be generalized to re
gions with comparable climatic conditions. This comparative analysis 
underscores the interconnected nature of climate dynamics, reinforcing 
the credibility of the study’s conclusions while providing a foundation 
for climate adaptation strategies in Al Amarah and similar environ
ments. Fig. 5 illustrates the average daily weather data collected in Al 
Amarah City at the University of Misan. The highest recorded ambient 
temperature was 48 ◦C, and the highest solar radiation reached 1160 W/ 
m2. The data show temperature and solar radiation fluctuations, with 
the peak values occurring at 12:30 PM, followed by a steady decrease 
towards the end of the observation period.

The placement of thermocouples on both the front and rear sides of 
the system illustrates the impact of cooling on the PV temperature 
throughout the experiment, especially when compared to the reference 
PV module. The reference PV module reached a high temperature of 
70 ◦C due to the increased surface temperature caused by direct expo
sure to sunlight. The cooling effect using NFs enhances heat exchange by 
utilizing finned-serpentine channels (cooler than the back of the PV 
panel) and the rear side, typically the hottest part. This process improves 
the heat transfer rate between the circulating NFs and the conductive 
channels, reducing the PV/T system temperature. The thermophysical 
properties of the nanoparticles suspended in the water further promote 
convective heat transfer between the collector and the GnP/water NFs. 
As a result, compared to the PV module, the surface temperature of the 
PV/T system showed a significant reduction at 12:30 PM. This temper
ature drop is attributed to water and NFs (GnP/water) circulation at 
concentrations of 0.25 %, 0.5 %, 0.75 %, and 1 %. The average tem
perature reductions increase by 13.3 %, 16.6 %, 17.5 %, 18.4 %, and 
19.2 % were observed, as shown in Fig. 6. These findings highlight the 
effectiveness of GnP/water NFs as suitable working fluid, attributed to 
their superior thermophysical properties and the high purity of the 
nanoparticles. Additionally, implementing finned-serpentine channel 
designs is crucial in enhancing heat transfer. These techniques induce 
vortices and promote turbulent flow, effectively disrupting the thermal 
boundary layer that forms on the upper surface of the collector. As a 

Table 4 
Measurement uncertainty.

No. Parameter Symbols Values Range of uncertainty %

1 Power P 15.71–41.38 0.76–0.8
2 Electrical efficiency ηel 9.96–15.8 0.21–0.88
3 Thermal efficiency ηth 34.81–50.51 4.7–6.78

Table 5 
Estimation of PV/T economic feasibility using NFs.

Components/Aspects PV module PV/T system

Configurations 35 $ 172 $
Maintenance 0.00397 $/day 0.007 $/ day
Operation cost – 0.00367 $/ day
NF supply – 0.056 $/day
Energy productivity 0.0459 $/day 0.297 $/day
Net profit 0.0419 $/day 0.230 $/day
Payback period 835 days 746 days
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result, the heat transfers between the PV module and the NFs are 
significantly improved, leading to a substantial enhancement in the 
overall performance and efficiency of the system [29].

Fig. 7 highlights the improvement in electrical power generated by 
the PV/T systems using GnP/water NFs at concentrations of 0.25 %, 0.5 
%, 0.75 %, and 0.1 %. The data demonstrate the significant cooling 
potential of these NFs at all concentrations. This enhancement is 
attributed to the role of NMs in facilitating improved heat exchange 
between the back of the PV modules and the collector. The mechanisms 
behind this include enhanced heat transfer through both convection and 
conduction, which ultimately lowers the PV/T system’s temperature 
compared to the uncooled configuration. The electrical power output of 
the reference PV module was lower due to a reduction in the open- 
circuit voltage, which was influenced by increasing temperature. 
When the system was cooled with water, 0.25 %, 0.5 %, 0.75 %, and 0.1 
% NFs, the average electrical power increased by 4.6 %, 7.8 %, 10.2 %, 
14.4 and 15.8 %, respectively. This increase in electrical power can be 
attributed to the higher open-circuit voltage resulting from the com
bined effect of the thermophysical properties of NFs and the optimized 
finned-serpentine channel design. The decrease in temperature 
contributed to higher electrical output in the PV/T system. The 
enhanced thermal performance is due to the efficient heat transfer be
tween the hot surface of the PV modules and the cooler absorbing plate, 
leading to the overall improvement in PV/T system operation [52].

Reducing the temperature of the PV module led to increased power 
output, thereby improving both the thermal and electrical efficiencies. 
High temperatures adversely affected the performance of the PV panel, 
causing the electrical efficiency of the reference PV module to drop to 
8.8 %. However, circulating water, 0.25 %, 0.5 %, 0.75 %, and 0.1 % 
through the collector resulted in a temperature reduction and enhanced 
the average electrical efficiency by 4.4 %, 7.5 %, 9.8 %, 13.8 %, and 
15.5 %, respectively see Fig. 8 (a). The circulation of these NFs effec
tively lowered the temperature at the rear of the PV/T systems, thereby 
boosting both power and electrical efficiency. The data demonstrate that 
using GnP/water NFs significantly improved thermal efficiency 
compared to water cooling alone, which achieved an average value of 
only 21.17 %. The introduction of NFs improved thermal efficiency by 
1.4 %, 1.8 %, 2.3 %, and 2.5 %, respectively, at concentrations of 0.25 
%, 0.5 %, 0.75 %, and 0.1 % NFs, as shown in Fig. 8 (b). The results 
demonstrate that integrating GnP/water into the PV/T system enhances 
their performance by improving electrical and thermal conductivity. 
Furthermore, integrating the finned serpentine channels improves heat 
transfer from the PV surface to the collector. This design helps to reduce 
cell temperature and improves thermal stability, which is critical for 
maintaining long-term efficiency. These advances can significantly 

contribute to developing more efficient solar systems suitable for 
various industrial applications. Potential uses include large-scale solar 
thermal power plants, where improved heat dissipation can increase 
system reliability and performance. In addition, improved thermal 
management in PV/T hybrid systems is also beneficial, as it can generate 
electricity and heat simultaneously. This is particularly beneficial for 
agricultural applications such as industrial heating, desalination plants, 
and greenhouse heating. In addition, these findings can support the 
development of efficient solar panels for space applications, where 
thermal regulation is a key challenge.

The second law of thermodynamics plays a vital role in assessing the 
efficiency of energy systems by evaluating the energy output and the 
quality of energy conversion. An exergy analysis was performed to 
evaluate the performance of the PV/T system. Fig. 9 (a) illustrates the 
variation in the electrical exergy efficiency of the PV/T system using 
GnP/water NFs. The results show that incorporating a collector into the 
PV module significantly improves electrical exergy efficiency. However, 
as the system approaches solar noon, the increase in electrical exergy 
slows down relative to the increase in solar radiation. This is primarily 
due to the high temperatures of the PV module, which reduces its effi
ciency. Consequently, the electrical exergy efficiency increased by 4.5 
%, 7.6 %, 9.8 %, 13.9 %, and 15.5 % using water, 0.25 %, 0.5 %, 0.75 %, 
and 0.1 % NFs, respectively.

Fig. 9(b) further investigates the effect of the working fluid on the 
thermal efficiency of the PV/T system. The thermal energy efficiency is 
still relatively low due to the low quality of the generated thermal en
ergy. However, NFs significantly improve the system performance 
compared to water due to their better thermal conductivity and more 
efficient heat transfer between the collector and the coolant. When the 
NF concentration is 0.25 %, 0.5 %, 0.75 % and 0.1 %, the thermal ef
ficiency is improved by 18.6 %, 19.3 %, 23.9 % and 31.6 %, respectively. 
The results of this study hold significant implications for practical ap
plications across various industrial and engineering fields. The GnP’s 
improved thermal conductivity can enhance solar water heaters’ effi
ciency by optimizing heat absorption and transfer in domestic hot water 
systems. Moreover, this NFs can be applied in drying systems, where 
effective heat exchange is critical for reducing energy consumption and 
increasing drying rates. In solar cooling systems, the enhanced heat 
dissipation properties of the NFs can contribute to better temperature 
regulation, thereby improving the overall performance and lifespan of 
PV modules. These applications underscore the potential of GnP/water 
NFs as advanced heat transfer fluids, supporting the development of 
more sustainable and energy-efficient thermal management solutions.

Analyzing entropy generation in thermodynamic systems is crucial 
for identifying energy losses. In PV/T systems, evaluating entropy gen
eration and exergy loss provides valuable insights into their overall 
performance. Fig. 10(a) illustrates the daily exergy loss due to heat 
transfer in a PV/T system using water and different concentrations of 
NFs. The results show that the PV module and the PV/T system expe
rience significant exergy losses, primarily due to their low efficiency. 
Given the system’s low thermal exergy efficiency, the exergy losses in 
the PV module and the PV/T system are nearly identical. The total en
tropy generation in a PV/T system originates mainly from heat transfer 
and, to a lesser extent, from fluid friction within the collector. As shown 
in Fig. 10(b), the daily variation in entropy generation due to heat 
transfer increases as the system approaches solar noon, increase the heat 
exchange between the PV/T system and its surroundings. Additionally, 
over time, the aggregation of nanoparticles in the NFs can lead to 
increased system irreversibility, contributing further to entropy gener
ation. To reduce these effects, it is important to implement an effective 
cooling mechanism in PV/T systems, which can help reduce exergy loss. 
Using NFs improves heat transfer and reduces this exergy loss compared 
to conventional cooling fluids. Since the mass flow rate and temperature 
difference between the collector’s inlet and outlet are relatively small, 
the exergy loss caused by fluid friction is minimal. On average, the 
exergy loss due to fluid friction across all working fluids is around 2.25 

Fig. 5. Solar radiation intensity and atmospheric temperatures.
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W/m2 per day, which makes its impact on entropy generation small 
compared to heat transfer. Among the fluids tested, the PV/T system 
with NFs shows the lowest exergy loss and entropy generation, while the 
water-based system shows the highest values. Water has lower thermal 
and electrical exergy, leading to higher losses and more significant 

entropy generation. The reduction in entropy generation in the PV/T 
system is 0.92 %, 1.2 %, 1.6 %, 2.1 %, and 2.3 % for water and NFs with 
concentrations of 0.25 %, 0.5 %, 0.75 %, and 1 %, respectively. As en
tropy generation increases, the system becomes more irreversible, 
leading to higher exergy losses and decreased efficiency. Reducing 

Fig. 6. The surface temperature of PV/T systems compared with reference utilizing NFs concentration at (a) water, (b) 0.25%, (c) 0.5%, (d) 0.75%, and (e) 1%.
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entropy generation helps maintain higher exergy levels, reduce waste, 
and improve the system’s overall performance. This shows that mini
mizing entropy generation is crucial for enhancing the efficiency of PV/ 
T systems.

Table 6 illustrates the effect of nanoparticle concentration on pres
sure drop (ΔP), pump power consumption, total electrical output, and 
net electrical output of the PV/T system. The relationship between 
nanoparticle concentration and energy consumption can be observed by 
analysing the data, where increasing the nanoparticle concentration 
affects system performance through several interconnected factors. It is 
noted that increasing the nanoparticle concentration leads to a rise in 
pressure drop within the system, which directly impacts pump power 
consumption. For example, when transitioning from water to a 0.25 % 
concentration, the pressure drop increased from 1170 Pa to 1177 Pa, 

resulting in a rise in pump power consumption from 11.04 W.h/day to 
11.48 W.h/day. In contrast, the net electrical output increased from 
261.21 W.h/day to 266.17 W.h/day, indicating a positive performance 
gain that outweighed the increase in pump power consumption. This 
trend continues at a 0.5 % concentration, with pump power consump
tion rising to 12.76 W.h/day, while the net electrical output increased to 
273.06 W.h/day. The difference between the gain in net electrical 
output and the increase in pump power consumption remains positive, 
suggesting that the benefits of adding nanoparticles are still effective. 
However, at higher concentrations, such as 0.75 % and 1 %, a sharp rise 
in pump power consumption is observed, reaching 14.04 W.h/day and 
16.60 W.h/day, respectively. Although total electrical output continues 
to increase, the difference between the gain in electrical power and the 
pump power consumption starts to shrink, indicating that the system is 

Fig. 7. Electrical power generated by the PV/T systems utilizing NFs concentration at water, (b) 0.25%, (c) 0.5%, (d) 0.75%, and (e) 1%.
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approaching a saturation point where the negative effects of increased 
pump consumption become more significant. Based on these findings, it 
can be concluded that increasing nanoparticle concentration enhances 

the PV/T system’s electrical performance, but this improvement remains 
effective only up to a specific limit. Beyond this threshold, the increased 
density of the NFs negatively impacts system efficiency due to the 

Fig. 8. (a) Electrical and (b) thermal efficiencies of PV/T systems utilizing variable NF concentrations.

Fig. 9. Average exergy efficiencies for the (a) thermal and (b) electrical outputs of the PV unit and the PV/T system.

Fig. 10. (a) Daily exergy losses and (b) variation of entropy generation in the PV/T system.
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substantial rise in pump power consumption. Therefore, selecting an 
optimal concentration that maximizes electrical output while mini
mizing additional energy losses is recommended to ensure the highest 
operational efficiency of the system.

Table 7 compares the efficiency parameters for the PV/T system in 
this study with those reported in previous research. Although the system 
does not outperform every other configuration in terms of individual 
electrical or thermal efficiency, the overall energy yield is significantly 
higher compared to the other systems. For example, while the Serpen
tine tube collector achieves a higher electrical efficiency of 17.33 % and 
others exhibit higher thermal efficiencies (e.g., Header-riser collector at 
54.7 %), the fin-serpentine channels configuration demonstrates a more 
balanced and optimized performance. It achieves 15.44 % electrical 
efficiency and 45.6 % thermal efficiency, which might seem lower 
compared to specific individual configurations. However, these two 
values result in a much higher total energy output when combined. The 
key reason for this improvement lies in the combined performance of 
electrical and thermal outputs in the finned-serpentine channels. By 
improving heat transfer through enhanced turbulence, the finned- 
serpentine channels ensure that thermal and electrical efficiencies 
contribute effectively to the overall energy production.

4. Technology limitations and insights for future work

Although the current study has shown notable outcomes in terms of 

PV/T system energy efficiency, as well as the exergy and economic as
pects, it still has some limitations. The exceptional weather conditions of 
the location under study present a major challenge. Therefore, the re
sults of this work are expected to be slightly different under other 
weather conditions. Besides, the PV/T scale influences the results since 
the PV module size directly influences its efficiency.

For new incomers to this research field, the following insights could 
be highlighted in this work to develop and optimize the study further: 

• It is important to explore new types of nanoparticles, focusing on 
cost-effectiveness, stability, and the ability to maintain the required 
concentration levels.

• The design of the heat exchanger could be optimized by incorpo
rating other fin types with different materials to explore the cooling 
potential and its effect on the PV/T performance.

• New technologies that combine NFs with phase change materials 
(PCMs) and fins hold great promise. These need to be carefully 
investigated, considering both system complexity and economic 
considerations.

• The economic viability of using NFs in large-scale PV/T systems is 
still a challenging task in this work due to cost concerns. Therefore, 
assessing the feasibility of large NF quantities and considering both 
initial and operating costs are necessary.

• Future investigations could explore the impact of different fin ma
terials, as well as variations in fin width and length, to assess their 
effects at different mass flow rates. Furthermore, studies could 
examine the optimal number of channels to determine the most 
efficient design that minimizes heat loss and reduces manufacturing 
costs.

• Although visual sedimentation analysis was used to evaluate the 
stability of NFs, it is recommended that additional analytical tests, 
such as Zeta Potential measurements, be conducted to verify the 
long-term stability of NFs.

• A detailed Exergy Analysis could be conducted to study the irre
versibilities, identify sources of energy loss, and develop strategies to 
minimize these losses, improving overall system performance and 
efficiency.

5. Conclusion

This study aims to improve the performance of a photovoltaic/ 
thermal (PV/T) system by developing an advanced cooling unit that 
combines fins with serpentine channels and nanofluids (NFs) for uni
form cooling. The energy and exergy efficiency of the system are eval
uated at different solar irradiance levels and different NF 
concentrations. An integrated approach combining experimental anal
ysis with thermodynamic evaluations is used to quantify the impact of 
these modifications. The results show that electrical and thermal effi
ciencies significantly improve when using NFs compared to conven
tional water-based cooling systems. Specifically, the electrical efficiency 
increases to 4.4 %, 7.5 %, 9.8 %, 13.8 %, and 15.5 % when the NF 
concentrations are 0.25 %, 0.5 %, 0.75 %, and 1 %, respectively. The 
thermal efficiency increases by 1.4 %, 1.8 %, 2.3 %, and 2.5 % at the 
same NF concentrations. In addition, the thermal energy efficiency is 
also significantly improved, increasing by 18.6 %, 19.3 %, 23.9 %, and 
31.6 %, respectively. Notably, integrating NFs reduces the exergy losses 
and entropy generation by 2.2 % and 2.3 %, respectively, compared to 
the water-based system. The results of this study highlight the effec
tiveness of modern cooling techniques in optimizing the performance of 
PV/T systems, making a significant contribution to the field. Integrating 
fins with serpentine channels and NFs represents an innovative 
approach to improve heat dissipation, minimize energy losses, and in
crease the sustainability of solar energy applications. These results 
provide valuable insights for future research and development of more 
efficient hybrid PV/T systems.

Table 6 
Net electrical output data for the PV/T system with a flow rate of 44 kg/h.

Volume 
concentration

Pressure 
drop (ΔP) 
(pa)

Consumed 
Pump Power 
(W. h/day)

PV/T 
Electrical 
(W. h/ day)

PV/T Net 
electrical 
output (W. h/ 
day)

water 1170 11.04 272.25 261.21
0.25 % 1177 11.48 277.65 266.17
0.5 % 1185 12.76 285.82 273.06
0.75 % 1196 14.04 294.39 280.35
1 % 1209 16.60 300.51 283.91

Table 7 
PV/T thermal and electrical efficiencies are based on previous studies consid
ering various collector configurations.

Collector 
configuration

Flow 
direction

Electrical 
efficiency 
(%)

Thermal 
efficiency 
(%)

Reference

Header–riser 
collector, 
PV/T system

Parallel 
flow

7.20 54.7 [53]

Serpentine 
collector, 
PV/T system

Serpentine 
flow

7.46 57.1 [53]

Serpentine tube 
collector, 
PV/T system

Serpentine 
flow

17.33 26.87 [54]

Straight channel 
collector, 
PV/T system

Straight 
flow

12.9 47.2 [55]

Helical channel 
collector, 
PV/T system

Straight 
flow

13.5 57.9 [55]

Bionic channel 
collector, 
PV/T system

Straight 
flow

14.5 33.5 [56]

Serial channel 
collector, 
PV/T system

Serial flow 14.3 − [56]

Parallel channel 
collector, 
PV/T system

Straight 
flow

14.4 − [56]

Fin turbulator Serpentine 
flow

15.44 45.6 Present 
study
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