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Abstract. The study presents an experimental analysis of a novel mini channels-based Photovoltaic/Thermal (PV/T) panel with nanofluid flow. The 
design consists of a PV plate attached to an aluminum substrate absorber plate having minichannels grooved on it to act as a solar collector and 
cooling mechanism for PV. The proposed design was tested for thermal and electrical efficiencies under the working fluids of water, Al2O3, and SiO2 
nanofluids at 0.1% and 0.2% concentrations in water and at a flow rate of 0.005 l/s to 0.045 l/s. The experiments were carried out outdoors in a real 
environment and the measurements were taken for PV surface and fluid temperatures, incidence solar flux, electrical voltage, and current produced. 
The PV and PV/T performance was compared, and a noticeable enhancement in electrical efficiency was observed with the proposed design as 
compared to the bare PV module, and an appreciable augmentation in thermal efficiency was noticed when nanofluids were applied. The maximum 
electrical and thermal efficiencies of PV/T with 0.2% Al2O3 nanofluid were 19.1% and 73.4%, respectively; whereas for bare PV panels, the electrical 
efficiency was 18.7%. The Al2O3 nanofluid at 0.2% exhibited more than a 10% increase in thermal efficiency compared to water as a working fluid in 
PV/T.. 
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1. Introduction 

Solar energy has unparalleled advantages over other 
renewable energy sources such as easy access, environment-
friendly, abundance, and unlimited availability (Faizal et al., 
2013; Peng et al., 2011; Zhang et al., 2012; Zhao et al., 2011). 
Oman is one of the few locations in the world where the sun is 
available for most of the year and with high-intensity insolation 
(Al-Rawahi et al., 2011, 2016). The availability of solar radiation 
at most times of the year makes Photovoltaic (PV) systems an 
effective technology to harness and generate electricity in this 
region. PV is one of the state-of-the-art technologies that 
convert solar insolation directly into high-grade (electrical) 
energy. However, only 10% to 20% of solar energy may be used 
directly to generate electricity, and the remaining radiation is 
diffused into the surroundings (Ma et al., 2015). The PV panel 
utilizes only the visible part of the incidence solar insolation 
while the infrared and other radiations go unutilized resulting in 
the heating up of the panel. 

The efficiency, life, and durability of PV panels like any other 
electronics are highly dependent upon the working temperature 
and temperature gradients within it. A cooling mechanism can 
help enhance the overall performance of PV cells (Qeays et al., 
2020; Ragab et al., 2019; Skoplaki & Palyvos, 2009; Tan & Seng, 
2011). The effect of temperature on the performance of 
monocrystalline, polycrystalline, and amorphous PV modules is 
more compared to the thin film modules (Jatoi et al., 2018). Ngo 
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et al. (Ngo et al., 2022) carried out experiments and theoretical 
modeling to investigate the performance of water spray-cooled 
PV modules in a commercial setup and observed an 
improvement in electrical efficiency of about 4%. 

The PV/T is a hybrid system that consists of a PV module 
and a solar absorber. It delivers both thermal and electrical 
energy simultaneously (Tripanagnostopoulos et al., 2002) from 
solar insolation. It is an enhancement to a PV system that 
integrates a solar thermal collector into a PV module (Tiwari & 
Sodha, 2006). The thermal energy is engrossed by the flowing 
fluid and carried away for useful purposes (Das et al., 2018; 
Salari et al., 2021). The working fluid flows through the PV/T 
collector not only cools the PV panel but also carries thermal 
radiation leading to a temperature rise of the working fluid that 
can be utilized for downstream thermal processes (Adun et al., 
2021; Hussain et al., 2019; Maadi et al., 2017, 2021; Varmira et 
al., 2021; Younis & Alhorr, 2021). 

The growing energy demands and increased energy density 
have provided great impetus to improve the functionality and 
performance of the PV/T system. During the last two decades, 
a substantial amount of research has been carried out to design 
and develop an enhanced PV/T collector with higher thermal 
and electrical efficiencies (Al-Waeli, Sopian, et al., 2017; 
Charalambous et al., 2007; Gang et al., 2011; Moradi et al., 2013). 
The PV/T panels can be used for different applications, e.g., 
washing, drying, space heating, water heating, showering, and 
other heating applications either stand-alone or in a 
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combination of other mechanical systems. The size and spacing 
of flow-carrying channels significantly affect the PV/T 
efficiency and require further investigation (Charalambous et al., 
2007). The optimal flow rate of working liquid in a PV/T system 
can be 0.001 to 0.008 kg/s; however, it depends on the design 
and applications and needs further investigation (Charalambous 
et al., 2007). Further, a coverless PV/T system reduces the 
exergy loss and increases both electrical and thermal exergy 
efficiencies (Al-Shamani et al., 2014). The application of porous 
material-filled channels to cool the PV has significantly reduced 
the surface temperature and improved the overall system 
performance (Al-Masalha et al., 2023). 

Both ηelec and ηth increased with the application of a roll-bond 
absorber plate collector in a PV module (Diwania et al., 2020). 
Arvind and Sodha (Tiwari & Sodha, 2006) performed 
experiments on a PV/T system. The authors isolated the PV 
module from the cooling water channel with a Tedlar film. As a 
result, additional thermal energy was received by the flowing 
water, and thermal efficiency was increased from 24% to 58%. 
Nijmeh et al. (Nijmeh et al., 2022) observed a slight improvement 
in electrical efficiency in a PV/T compared to a PV module. The 
efficiency was further improved with the application of a solar 
concentrator to the PV/T system. Ishak et al. (Amir et al., 2023) 
studied a bifacial PV/T with an air jet impingement cooling 
system. Both ηelec and ηth increased with the enhancement of 
flow rates. Whereas, photovoltaic exergy increased and the 
thermal exergy decreased with the increase in airflow rates. 
Further studies have shown that the airflow across the fins 
integrated with PV modules has increased both electrical and 
thermal efficiencies (Hader & Al-Kouz, 2019; Martial et al., 
2015). 

Recently, nanofluids have been proposed as enhanced Heat 
Transfer Fluids (HTFs) in PV/T systems. Nanofluids absorb 
additional thermal energy that is falling on the PV/T module 
and carry it away. However, the increase in pressure loss and 
consequently increase in driving power with high nanofluid 
concentrations can be a limiting factor for its application in 
PV/T systems (Said et al., 2018). A review of the contemporary 
developments in PV/T systems revealed an enhancement in 
thermal and electrical performance compared to standalone PV 
systems (Garud et al., 2022). The most common nanofluids 
found in the published literature consist of Al2O3, CuO, ZnO, and 
SiO2 particles, which have significantly enhanced both electrical 
and thermal efficiencies. The Al2O3 particle-consisting 
nanofluids showed a higher heat transfer coefficient followed by 
TiO2, ZnO, and SiO2 at different mass fractions (Maadi, 2017). 
Al-Waeli et al. (Al-Waeli, Chaichan, et al., 2017) conducted a 
comparative experimental performance analysis of a PV/T in 
an indoor setup using water and nanofluids. The SiC-based 
nanofluid exhibited higher performance and efficiency 
compared to Al2O3 and CuO over a range of applied luminous 
intensity. The use of different nanofluids with ZnO, CuO, Al2O3, 
SiC, Hg, MgO, CeO2, WO2, Ti2O3, and ZrO2 particles in water 
has observed a boost in the system efficiency by 15% to 30% 
(Cui et al., 2021). 

Further numerical and experimental studies were 
conducted on PV/T systems using nanofluids based on Multi-
Wall Carbon Nanotubes (MWCNT) (Fayaz et al., 2018). The 
authors observed that ηelec and ηth were enhanced by 0.064% and 
5.1%, respectively, using MWCNT compared to water, and the 
maximum ηth observed was 79.1% at a nanofluid flow rate of 120 
l/h. Abdallah et al. (Abdallah et al., 2019) evaluated a water-
based, low-concentration MWCNT hybrid PV/T system and 
observed that the performance of the PV/T systems was 
improved due to an increase in heat transfer coefficient, and a 
total efficiency of 83.62% was achieved at noon with a mean 
efficiency of 61.23% on a test day. The surfactants contribute 

significantly to improving the performance of nanofluids. Lari 
and Sahin (Lari & Sahin, 2017) conducted experiments on 
nanofluid PV/T for residential applications. The applied 
nanofluid consists of distilled water, Silver nanoparticles, and 
Potassium Oleate surfactant. An 8.5% increase in PV/T 
electrical output was observed with water as HTF compared to 
bare PV module, whereas nanofluid-cooled PV/T showed an 
increase of 13% compared to water-cooled PV/T. 

The first and second law efficiencies of PV/T systems can 
be augmented by 10% to 20% by using nanofluids (Cui et al., 
2021). Both entropy generation and exergy loss were reduced 
with the nanofluid application in PV/T systems (Sardarabadi et 
al., 2014). The PV/T surface temperature can be reduced by 3 
to 5 oC with the use of nanofluid (Bianco et al., 2018). Also, the 
reduction in exergy was more significant than the entropy 
increase due to friction enhancement with the use of nanofluid. 
The nanofluids work well in high-velocity laminar flows; 
however, the enhancement flattens with the increase in flow 
rates (Abbas et al., 2019). 

The absorber plate design modifications were investigated 
with several combinations of nanofluids. Michael and Iniyan 
(Michael & Iniyan, 2015b) investigated a PV/T system with 
copper sheet lamination using CuO-water nanofluid. The 
authors observed an improvement in thermal efficiency which 
is reaching above 45%. Khanjari et al. (Khanjari et al., 2016) 
utilized Ag-water and Al2O3-water nanofluids on a PV/T module 
that comprised a thermal sheet, a solar panel, a glass cover, and 
a 5-riser tube collector. The Ag-water nanofluid performed 
significantly better than the Al2O3-water. Al-Shamani et al. (Al-
Shamani et al., 2016) performed experiments on PV/Ts and 
observed that SiC-water nanofluid exhibited higher efficiency 
(>80%) compared to TiO2, and SiO2 nanofluids in water which 
in line with the findings of Al-Waeli et al (Al-Waeli, Chaichan, et 
al., 2017). The PV/T system with Al2O3-water nanofluid 
integrated with a wavy strip improved ηelec and ηth by 3.5% and 
12.1%, respectively (Maadi et al., 2021). The ηelec of the PV/T 
system was 11% higher compared to the bare PV system at a 
flow rate of 50 l/h with 0.1 % of CNT-nanofluid concentration 
(Rahmanian & Hamzavi, 2020). Michael and Iniyan (Michael & 
Iniyan, 2015a) proposed a novel PV/T system laminating a Cu 
sheet on the PV cells and using a CuO-water nanofluid. The 
system raised the overall efficiency by 19.25% and 11.94% with 
and without glazing, respectively. 

Based on the above literature review, nanofluids have been 
extensively studied for their application in PV/T systems. 
Moreover, various flow configurations have been proposed to 
boost PV/T capabilities like copper sheet and tube collector 
(Maadi et al., 2017), loop pipe configuration (Cui et al., 2021), 
wavy strip (Maadi et al., 2021), and parallel channels (Abbas et 
al., 2019). It is observed that the small straight channels provide 
higher efficiency with manufacturing flexibility compared to 
standard PV/T absorbers with riser tubes. However; it has not 
been extensively researched to characterize and optimize its 
performance. Therefore, a significant gap exists in exploiting the 
passive enhancement techniques along with nanofluids tailored 
to utilize standard PV/T design and removing the efficiency 
enhancement bottlenecks. The current research presents new 
findings of a novel minichannel-based PV/T system with 
nanofluids.  

2. Experimental Methodology and PV/T Design: 

2.1 Experimental setup and data collection 

The experiments were set up outdoors in the solar field at 
Sultan Qaboos University, Muscat, Oman, and conducted from 
Nov. 2021 to April 2022. The setup requires sensors, a data 
logger, and flow circulation for heat rejection. Fig. 1 represents 
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the schematic of the PV/T experimental setup. The PV panel is 
first fixed at an inclination of 23.35o north which is the latitude 
of the Muscat area for receiving maximum solar radiation (Al-
Rawahi et al., 2016). The PV and PV/T panels, flow network, 
measurement sensors, and data logging equipment are the 
major elements of the experimental setup. The flow loop 
consists of PVC pipes, a flowmeter, a submersible pump, control 
valves, and a reservoir tank. The measurement and data logging 
consists of thermocouples, a Resistance Temperature Detector 
(RTD) sensor, a pyranometer, a multimeter, a data logger, and 
a laptop. A Hall-effect flow meter in combination with an 
Arduino microprocessor is used to measure the flow rate. The 
flow meter is accurate within ±2% error. The PicoTech PT-100 
RTD sensors with PicoTech PT-104 precision data logger 
having an accuracy of ±0.01°C are used to monitor the fluid inlet 
and outlet temperatures (PicoTech, 2021). The K-type 
thermocouples with a data logger having an accuracy of ±1oC 
are used to measure the PV surface temperature. A silicon-cell-
based pyranometer, manufactured by Apogee USA, which has 
a rapid response time of under 1 millisecond, is used to measure 
solar insolation. The accuracy of the pyranometer 
measurements is within ±4 W/m2.  

PV/T panel is connected to the flow system with the help of 
heavy-duty PVC pipes. The submersible pump inside the 
reservoir drives the flow through the flow meter, control valve, 
and to the PV/T panel, and the fluid after the PV/T panel is 
collected in a separate tank. The reservoir tank was refilled after 
completing a set of experiments. The calibration of the Hall-
effect flow meter was done using a measurement flask and 
stopwatch, and the K-type thermocouples were calibrated with 
the RTD sensors. The experimental setup was tested and run 
for several hours before the first data were recorded. 

2.2 PV and PV/T design 

100 W monocrystalline PV panels obtained from Shanghai 
RAGGIE Power Co., Ltd. China (Raggie, 2021) were used in 
experiments. The length and width of the panel are 1200 mm 
and 540 mm, respectively. The rated efficiency of the solar cell 
is 18.3% with a maximum power tolerance of ±3%. The PV 
panel was dismantled and refabricated with the absorber plate 
having flow channels, insulation, and a frame. The absorber 
plate is made of a 5 mm thick A3003 aluminum substrate. The 
length and width of the absorber plate are kept the same as the 

 

 
Fig. 1 Schematic of the experimental setup for the PV/T performance test 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2 (a) Details of the absorber plate, (b) cross-sectional details of the PV/T, and (c) assembled PV/T. 
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panel. The minichannels were grooved in the aluminum 
substrate using a Computer Numerical Control (CNC) machine. 
A total of 15 channels were cut in a width of 540 mm with a gap 
of 22.86 mm. The width and depth of the minichannels are 8 
mm and 3.4 mm, respectively as shown in Fig. 2(a). The 
channels were then covered with an aluminum plate followed 
by insulation and a wooden back cover. The thickness of the 
aluminum cover plate is 3 mm. The reservoirs at the ends and 
minichannels are set as a pathway for collector fluid to pass 
through the panel length. Fig. 2 shows the details of the 
minichannels consisting of an absorber plate, aluminum cover 
plate, inlet and outlet reservoirs, insulation, wooden back cover, 
and the PV/T assembly. The absorber plate was placed at the 
back of the PV cells. Thermal paste was used to provide voidless 
contact between the PV and absorber plate. The absorber plate 
is covered with the back plate having inlet and outlet ports for 
the working fluid. The Rockwool and wood were used as the 
insulation and back cover, respectively, to provide insulation 
and support to the panel structure. 

2.3 Nanofluid Concentrations 

The filtered water, Al2O3-water, and SiO2-water nanofluids 
were used as working fluids. The desired concentrations of 
Al2O3-water and SiO2-water nanofluids were obtained from pre-
synthesized concentrated nanofluids purchased from US 
Research Nanomaterials, Inc., USA by diluting them with the 
required amount of water for experiments. The nanofluids 
consist of nanoparticles of size 30 nanometers with 99.99% 
purity immersed in water. The nanofluid solutions were 
subjected to sonication before application in an ultra-bath 
sonicator, which is a technique used to disperse the aggregated 
nanoparticles. Once the sonication was completed, the 
nanofluids were stirred on a magnetic stirrer hot plate for an 
hour to ensure that all the nanoparticles were properly dissolved 
in the solution. 

The nanofluid is assumed as a homogenous mixture and the 
thermophysical properties are calculated based on the mixture 
theory.  
The mixture density of the nanofluid is: 

𝜌𝑓 = 𝜌𝑓 ∗ (1 − 𝜙) +  𝜌𝑝 ∗ 𝜙    

 (1) 
The specific heat of the nanofluid is calculated as: 

𝑐𝑝,𝑛𝑓 =
𝜌𝑓∗(1−𝜙)

𝜌𝑛𝑓
∗ 𝑐𝑝,𝑓  +

𝜌𝑝∗𝜙

𝜌𝑛𝑓
 ∗ 𝑐𝑝,𝑝            (2) 

 
The viscosity of the nanofluid is calculated as (Batchelor, 1977): 

𝜇𝑛𝑓 =  𝜇𝑓 ∗ (1 + 2.5 ∗ 𝜙 + 6.5 ∗ 𝜙2)   (3) 

Maxwell's Equation (Maxwell, 1873) is used to calculate thermal 
conductivity: 

𝑘𝑛𝑓 =  
𝑘𝑝+2∗𝑘𝑓− 2∗𝜙∗(𝑘𝑓− 𝑘𝑝)

𝑘𝑝

𝑘𝑓
+2+ 𝜙∗

𝑘𝑓−𝑘𝑝

𝑘𝑓

    (4) 

The properties of concentrated Al2O3-water and SiO2-water are 
presented in Table 1. 
 
3. Output Analysis 

The experiments were performed for PV and PV/T panels using 
water and nanofluids (Al2O3-water and SiO2-water). The 
parameters of the PV/T performance can be calculated using 
standard formulations (Aberoumand et al., 2018). The incidence 
of solar radiation can be estimated as: 

𝐼𝐺 = 𝑞𝑠𝑜𝑙𝑎𝑟 × 𝐴𝑝𝑎𝑛𝑒𝑙    

  (5) 
Electrical efficiency can be defined as the ratio of the power 
generated to the rate of energy falling on the panel: 

𝜂𝑒𝑙𝑒𝑐 =
𝑃𝑒𝑙𝑒𝑐

𝑞𝑠𝑜𝑙𝑎𝑟 ×𝐴𝑝𝑎𝑛𝑒𝑙
× 100%    

 (6) 
whereas the electric power generated can be evaluated as: 

𝑃𝑒𝑙𝑒𝑐 = 𝑉𝑒𝑙𝑒𝑐 × 𝐼𝑒𝑙𝑒𝑐    
  (7) 

The panel is subjected to radiation and convection losses. 
Although a large part of the visible light is converted directly 
into electrical energy, some of it is reflected in the surroundings. 
The infrared part of the radiation is utilized to heat the working 
fluid and the energy is carried away. The rate of thermal energy 
taken away by the working fluid can be defined as: 

�̇�𝑐 = 𝜌�̇� 𝐶𝑝∆𝑇     

 (8) 
Thermal efficiency, which is the ratio of heat carried away by 
water to the energy falling on the panel can be defined as: 

𝜂𝑡ℎ =
�̇�𝑐

𝑞𝑠𝑜𝑙𝑎𝑟 ×𝐴𝑝𝑎𝑛𝑒𝑙
× 100%    (9) 

The non-dimensional quantity, temperature factor is used to 
characterize the panel performance, which can be expressed as:  

𝜃 =
𝑇𝑖𝑛−𝑇𝑎

𝑞𝑠𝑜𝑙𝑎𝑟
     (10) 

and the overall efficiency of the panel, which is the sum of 
electrical and thermal efficiency can be calculated as: 

 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝑒𝑙𝑒𝑐 + 𝜂𝑡ℎ    (11) 
 

4. Results and Discussion 

4.1 Solar flux and PV performance 

The experiments were performed for both PV and PV/T panels 
using water and nanofluids to compare the performance. The 
time-based characteristics were obtained by conducting the 
experiments between 8:00 a.m. and 4:00 p.m., and the data was 
collected every hour. The data was collected through a series of 
measurements taken within 5 minutes and the averaged values 
were reported at that time interval. The flow rate-based 
characteristics were recorded by changing the flow rates of the 

Table 1  
Chemical properties of concentrated Al2O3-water and SiO2-water nanofluids (US research Nanomaterials Inc.) 

Characteristics Al2O3 SiO2 

Appearance White Liquid Transparent 
Crystal Structure and Type Alpha Amorphous 

pH value 6-8 8-11 
Original particle size 30nm 30nm 

Nanoparticle percentage 20% 25% 
Solvent 80% Water 75% water 
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working fluid during the mid-day when the solar angle is within 
30 degrees from the zenith. The thermophysical properties of 
different concentrations of nanofluid used in experiments have 
been calculated using Eqs. 1 to 4 and summarized in Table 2. 
The temperature and solar flux were measured and electrical 
efficiency and power generation were calculated using Eqs. 6 
and 7. The variation of heat flux, average PV surface 
temperature, power generated, and electrical efficiency are 
presented in Fig. 3. The solar flux increases with time until the 
solar noon and decreases after that until sunset. The power 
generation follows the heat flux trend except for the peak power 
generation, which is delayed and occurs slightly after the solar 
noon. The shift of peak power generation from the peak solar 
flux is related to the peak electrical efficiency which is also 
shifted slightly away from the maximum surface temperature. 
The surface temperature varies as per the variation of solar flux, 
and the maximum temperature of 62.5 oC was recorded for a PV 
system without a cooling arrangement corresponding to a 
maximum solar flux of 938.8 W/m2. The maximum electrical 
efficiency of 18.73% is obtained at the higher solar flux; 
however, it corresponds to the point of higher power 
generation. It can be observed that the power generation and 

efficiency reached maximum where the solar flux value is 
higher; however, the surface temperature is not maximum, 
which is in line with the efficiency and temperature relationship 
and exhibits that the temperature adversely affects the 
efficiency and power generation (Tan & Seng, 2011). 

4.2 PV and PV/T performance comparison and model equations 

Further experiments are performed on PV and PV/T to 
investigate cooling effects on electrical efficiency, solar 
collection, and thermal efficiency. The electrical and thermal 
efficiencies curves are obtained for the reduced temperature 
difference (𝑇𝑖𝑛 − 𝑇𝑎)/𝑞𝑠𝑜𝑙𝑎𝑟) using Eqs. 6 to 10 as shown in Fig. 
4. The electrical efficiency decreases with the increase in 
temperature difference which is characteristically in line with 
the open literature (Skoplaki & Palyvos, 2009). The variation 
shows a linear relationship for both water and nanofluid as 
coolants (Fig. 4(a)). Similar curves were obtained for thermal 
efficiency against the reduced temperature difference (Figs. 4(a) 
and (b)). The larger value of reduced temperature causes larger 
global temperature differences for radiation and convection 
losses which results in reduced electrical and thermal 
efficiencies. The curves show linear relationships for both 

Table 2  
Thermophysical properties of water, nanoparticles, and nanofluids (Al2O3-water, and SiO2-water) at different concentrations 

 Density 
(Kg/m3) 

Specific Heat Capacity 
(J/Kg.K) 

Thermal Conductivity 
(W/m.K) 

Dynamic 
Viscosity(×10-4 Pa.s) 

Pure Water 997.1 4180 0.614 8.5 
Al2O3 Nanoparticles 3600 765 36 - 

0.1% Nanofluid 1000 4168 0.618 8.56 
0.2% Nanofluid 1003 4156 0.622 8.58 

SiO2 Nanoparticles 6500 533 33 - 
0.1% Nanofluid 1003 4156 0.618 8.56 
0.2% Nanofluid 1009 4133 0.622 8.58 

 

 
(a) 

 

 
(b) 

 

Fig. 3 Variation of (a) solar flux and power, and (b) temperature and electrical efficiency of a PV panel without cooling 
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Fig. 4 Variation of PV efficiency with the change if temperature difference: (a) electrical efficiency with water and Al2O3-water (b) thermal efficiency 
with Al2O3-water, and (c) thermal efficiency with SiO2-water 
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nanofluids, i.e., Al2O3-water and SiO2-water. Several model 
equations are obtained based on the linear curve fitting for 
electrical and thermal efficiencies based on the experimental 
data. 
For water as a working fluid, the electrical efficiency can be 
expressed as: 

 𝜂𝑒𝑙𝑒𝑐,𝑤 = 17.6 − 75.2𝛳   (12) 

For Al2O3-water as a working fluid, the electrical and thermal 
efficiencies can be presented as: 

 𝜂𝑒𝑙𝑒𝑐,𝑛𝑓 = 19.2 − 112.7𝛳       ϕ = 0.1    (13) 

𝜂𝑡ℎ,𝑛𝑓 = 49.7 − 2068𝛳   ϕ = 0.1  (14) 

𝜂𝑡ℎ,𝑛𝑓 = 55.2 − 2745𝛳   ϕ = 0.2  (15) 

For SiO2-water nanofluid, the thermal efficiencies can be 
expressed as:  

𝜂𝑡ℎ,𝑛𝑓 = 38.7 − 1726𝛳  ϕ = 0.1,  (16) 

     𝜂𝑡ℎ,𝑛𝑓 = 50.3 − 2862𝛳       ϕ = 0.2,     (17) 

 

4.3 Effect of flowrate and nanofluid concentrations on electrical and 
thermal efficiencies 

The performance of the PV/T panel was investigated for the 
change in working fluid flow rate as shown in Figs. 5 and 6. The 
flow rate was varied from 0.007 l/s to 0.045 l/s to achieve a 
measurable temperature difference. The efficiency trends show 
that the electrical efficiency increases with the increase in the 
coolant flow rate for both water and nanofluids as shown in Fig. 
5. However, the nanofluid shows more improvement in 
efficiency, which further increases with the increase in nanofluid 
concentrations. The nanofluid concentrations of 0.1 and 0.2 

increase electrical efficiency by an average of 0.1 and 0.2 
percent, respectively, compared to water as a working fluid. The 
maximum ηelec of 19.1% is obtained for PV/T under a solar flux 
of 1016 W/m2 with Al2O3-water nanofluid with ϕ = 0.2. 

Similar trends are obtained for the thermal efficiency of 
PV/T with the change in flow rates as shown in Fig. 6. The ηth 
increases sharply in the beginning; however, the curve flattens 
with a further increase in flow rates for all working fluids 
investigated in this study. The nanofluids show significantly 
higher ηth compared to water and it increases further with the 
increase in nanofluid concentrations. The Al2O3-water nanofluid 
shows higher thermal efficiency compared to SiO2-water as a 
working fluid. The thermal efficiency enhancement was more 
than 10% at higher flow rates. The maximum ηth of 73.4% is 
obtained for PV/T under a solar flux of 1016 W/m2 with Al2O3-
water nanofluid. The thermal efficiency gap between water and 
nanofluids increases with the increase in nanofluids 
concentrations. However, the higher efficiencies using the 
nanofluid come along with the higher pressure drops (Adun et 
al., 2021), and trade must be investigated to take advantage of 
the nanofluid application. 

  The ηoverall that represents the summation of ηelec and ηth 
increases with an increase in flow rates (Fig. 7). Similar to the 
trends of ηelec and ηth, the ηoverall increases sharply at the beginning 
and the curve flattens with further increases in flow rates. The 
nanofluids show higher efficiency compared to water and it 
increases further with the increase in nanofluid concentrations. 
The characteristics of the overall thermal efficiency are 
dominated by the ηth as the magnitude of thermal efficiency is 
much higher compared to electrical efficiency. The Al2O3-water 
shows greater overall efficiency compared to SiO2-water. The 
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(b) 

Fig. 5 Variation of PV/T electrical efficiency with the change of flow rate and coolant: (a) water, Al2O3-water, and SiO2-water, (b) water and SiO2-
water 
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Fig. 6 Comparison of thermal efficiency with the change in flow rate of working fluids, (a) water and Al2O3-water, and (b) water and SiO2-water 
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maximum ηoverall of 91.2% is obtained for PV/T under a solar flux 
of 1016 W/m2 with Al2O3-water nanofluid. 

3.4 Power-current (P-I) characteristics 

 The P-I characteristics of PV and PV/T panels are shown in 
Fig. 8. Water, Al2O3-Water, and SiO2-Water nanofluids are used 
as working fluids with 0.1% and 0.2% concentrations. The 
results presented the variation of current and corresponding 
power with the change of solar flux. The generated current 
increases which consequently increases the generated power 
monoto  nously with the increase in the incidence of solar flux. 

4. Conclusions 

The study proposes a novel absorber plate integrated with 
a PV panel to provide PV cooling as well as solar thermal energy 
collection. The proposed absorber plate is made of aluminum 
substrate grooved with minichannels, inlet and outlet reservoirs, 
and a cover plate. The PV cells with tedlar film are attached to 
the absorber plate and assembly is completed providing back 
insulation. The experiments were conducted outdoors to 
measure the electrical power produced and thermal energy 
collection, and to characterize the performance of the proposed 
PV/T panel with water and nanofluids. The PV and PV/T are 
tested for daytime performance as well as performance with the 
change of working fluids flow rates.   

The electrical efficiency of the PV follows the pattern of an 
increase and decrease with solar flux during a sunny day. At a 
certain point, the electrical efficiency decreases with the 
increase in PV temperature due to an increase in solar flux, 
which results in a decrease in electrical efficiency even at high 
solar flux. The PV electrical efficiency varied from 14.99% to 

18.75% during a day operation. Both electrical and thermal 
efficiencies reduce with the increase in inlet temperature of the 
working fluid, and both water and nanofluid show similar trends. 
The higher flow rate of the working fluid reduces the 
temperature rise of the PV and consequently reduces the 
thermal losses, which increases both electrical and thermal 
efficiencies. The PV/T system reduces the maximum surface 
temperature by 14 oC compared to the PV module. The thermal 
efficiency further increases with the increase in nanofluid 
particle concentrations. The increase in solar flux increases PV 
current generation and consequently power generation linearly 
in the range investigated in this study. The average electrical 
efficiency of the PV/T system with 0.2% Al2O3-water was 3.75% 
higher compared to the PV module during its operation from 
9:00 a.m. to 3:00 p.m.  

The power produced in the PV module is linearly related 
to the current generated in the cell, which is changed 
monotonously with solar flux. The thermal efficiency shows 
significant improvement with nanofluid over water, however, 
the change in electrical efficiency was insignificant with the 
change of working fluid from water to nanofluids. The nanofluid, 
though, increases the thermal efficiency significantly, it causes 
an additional pressure drop in the system and requires utmost 
care and trade-off in the nanofluid application, which needs 
further investigation for nanofluid pressure drop, exergy loss, 
and power consumption.  
 

Nomenclature 

IG  Incidence solar radiation 
Qsolar  Solar flux 
Apanel  Panel surface area subjected to solar radiation 
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Fig. 7 Comparison of overall efficiency with the change in flow rate of working fluids, (a) Water and Al2O3-water, and (b) water and SiO2-water 
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Fig. 8 P-I characteristics of PV and PV/T panels with water, Al2O3-water and SiO2-water at (a) ϕ = 0.1% and (b) ϕ = 0.2% 
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Pelec  Electrical power 
Velec  Electrical voltage 
Ielec  Electrical current 

𝑄�̇�  Rate of heat energy carried away by water 
ρ  Density of working fluid 

�̇�  Volume flow rate of working fluid 
Cp  Specific heat of the working fluid 
T  Temperature 
ΔT  Temperature difference 
ηelec  Electrical efficiency 
ηth  Thermal efficiency 
ηoverall  Overall efficiency 
ηelec,w  Electrical efficiency of PV/T with water as the 

working fluid 
ηelec,nf  Electrical efficiency of PV/T with nanofluid as the 

working fluid 
ηth,nf  Thermal efficiency of PV/T with nanofluid as 

working fluid 
𝜃  Temperature factor  
ϕ  Nanofluid mass fraction 
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