
Comparative investigation of concentrated photovoltaic thermal-thermoelectric with 

nanofluid cooling

Abstract

Thermoelectric modules are capable of converting heat into electric energy via the Seebeck effect. Therefore the addition of the thermoelectric generator 

modules (TEG) between the PV module and the absorber plate inside a concentrated photovoltaic thermal (CPVT) solar collector can be a feasible way for to 

enhance their electrical generation. A comparison between the CPVT only system and CPVT system integrated with TEG (CPVT-TE) is conducted using 

numerical simulation. Therefore CPVT-TE with water and CPVT-TE with 0.5% graphene/water nanofluid is investigated. A transient study using the finite 

volume method is presented, and computation is performed for all the considered solar systems for a typical sunny day and cloudy day under London climatic 

conditions. The CPV and the outlet fluid temperatures, as well as, the energy and exergy calculations are carried out to assess the performance of all the 

considered solar systems.The results reveal that the improvements in the total electrical power generated by the CPVT-TE with 0.5% graphene/water nanofluid 

and CPVT-TE compared to CPVT collector are 11.15% and 9.787%, respectively for the summer day, while, that for the winter day is 5.14% and 4.528%, 

respectively. The reductions in the thermal power provided by the CPVT-TE with 0.5% graphene/water nanofluid and CPVT-TE compared to CPVT collector 

are 6% and 11.76%, for the summer day, while, that for the winter day are 10.534.86% and 4.8710.53%, respectively. Moreover, the total exergies generated by 

0.5% graphene/water nanofluid CPVT-TE and water CPVT-TE collectors increased by 4.88% and 0.68% respectively, for the summer day, while that for the 

winter day are 3.252.99% and 0.95% respectively, in comparison with the conventional CPVT system.
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Nomenclature

A Area, m
2

C Optical concentration

Specific heat capacity, J/kg/K

Diameter, m

heat transfer coefficient (W/m
2
K)

current

l length (m)

Mass (Kg)

Number of TEGs

n Number of the pairs

Nusselt number

Electrical power provided by TEG, W/m
2

Prandtl number

Electrical power generated by CPV, m
2

Reynold’s number

Nusselt number

heat resistance

Internal load resistance

External load resistance

Temperature (K)
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t Time (s)

Greek symbols

Solar absorption coefficient, Seebeck coefficient (V/K)

Temperature conversion coefficient, (1/K)

Thickness (m)

Efficiency

Density, kg/m
3

Kinematic viscosity (m
2
/s)

emissivity

Solar transmission

Stefan-Boltzmann’s constant , thermoelectric materials resistivity (Ωm)

Subscripts

ad adhesive

amb ambient

c Cold side of TE module

Conv convective

Cu Cu electrode

EVA ethylene vinyl acetate

exer exergy

g glazing

h Hot side of TE module

is insulation

n n-type element of TE module

p p-type element of TE module

sc Solar cells

tub tubes

TE Thermoelectric module

wf Working fluid

sky sky

1 Introduction

Research and development of clean and sustainable energy technologies have gained more attention recently due to the augmenting effect of environmental protection [1,2]. 

Solar energy is a clean, reliable, free and inexhaustible energy source, which offers a promising solution to reduce carbon fuel consumption and improve environmental 

issues [3,4]. Solar PV is one of the best promising technologies which has attracted significant interest in recent years due to its huge potential [5,6]. PV module converts 

solar radiation directly into electrical power with zero pollutant emission [7]. However, a PV module converts a small part of the absorbed solar radiation into electrical 

power and the rest is reflected to the atmosphere or absorbed as heat which increases the photovoltaic operating temperature [8,9]. The conversion efficiency of PV 

decreases as its temperature increases. In addition, dust accumulation, increased PV temperature and low conversion efficiency are the main barriers to the widespread 

application of PV [10]. Consequently, the photovoltaic conversion efficiency and life span can be increased by effective cooling and utilization of its waste heat [11,13][11–

13].

The combination of PV and TE enables the utilization of a larger solar spectrum because the photovoltaic utilizes the visible and ultra-violet parts of the solar spectrum 

whereas the thermoelectric uses the infrared part [14]. Furthermore, a TE generator is a viable clean energy technology capable of generating electricity directly from waste 

heat via the Seebeck effect [15–19]. Thermoelectric generators are small size, reliable energy converts that provide zero noise due to the absence of moving mechanical 

parts and they cause no damage to the environment because of zero pollution [20]. However, just like the limitation of the photovoltaic, the thermoelectric generator also 

suffers from low conversion efficiency and high material cost which have hindered their wide spread applications [21–22]. Consequently, researchers have paid attention to 

integrating thermoelectric generators with photovoltaic as a strategy to obtain an increased overall efficiency due to the complimentary performance of both technologies. 

The two main integration methods for a hybrid photovoltaic-thermoelectric are: direct coupling and spectrum splitting methods. Using the direct coupling method, Li et al. 

[23] investigated the conflicting behaviour of the external load resistance attached to the thermoelectric in a TE only and hybrid PV-TE system. They noticed that maximum 

power output can be obtained from the thermoelectric only, thermoelectric in photovoltaic-thermoelectric and photovoltaic-thermoelectric at different external load 

resistance.

A concentrated photovoltaic (CPV) system concentrates incoming solar radiation onto a smaller photovoltaic cell using inexpensive optical devices such as lenses or mirrors 

[22,23]. Rezania et al. [24] conducted performance evaluation of a concentrated photovoltaic-thermoelectric system. Results showed that active cooling of the TEG in the 

CPV-TE improved its efficiency. Lamba et al. [25] presented a numerical model for a CPV-TE hybrid. Results indicated that the CPV-TE obtained an enhanced efficiency 

and power output of 5% compared to those of the CPV module. Furthermore, Mahmoudinezhad et al. [26,27] presented two important studies on the behaviour of CPV-TE 

system under variable weather conditions. In [26], a one-dimensional thermally coupled model solved by finite volume method (FVM) was used and they found that the 

thermal contact resistance has a substantial impact on the electrical performance of the hybrid system. In addition to the experimental study carried out in [27], a 3D three 

dimensional numerical model was utilized to investigate the power output of hybrid system and they noticed that using a TEG stabilized the CPV-TE power output.

A consequence of high solar concentrations on the photovoltaic is the dramatic decrease in the PV efficiency due to increased temperature [28]. Therefore, the use of 

effective cooling systems in CPV is very important. Heat pipes can be used to transport heat over long distances using a small temperature difference [29]. Shittu et al. [30] 

presented a detailed three-dimensional comparative investigation on the efficiency of a CPV-TE with and without flat plate heat pipe. They noticed that the hybrid system 

with heat pipe is beneficial for high solar concentration application. Li et al. [31] presented a preliminary experimental work on a PV-TE coupled with micro-channel heat 

pipe. Results showed that the new hybrid system which also incorporated the heat pipe offered better electrical generated power in comparison to the conventional PV 

ones.

Phase change material (PCM) has been incorporated in the hybrid photovoltaic-thermoelectric for performance enhancement. A novel study on CPV-TE with PCM placed 

between the photovoltaic and thermoelectric generator was presented by Cui et al. [32]. They found that the negative influence of solar radiation variation in the CPV-TE 

was reduced by the use of phase change material. Furthermore, Motiei et al. [33] presented a two-dimensional transient study of a photovoltaic-thermoelectric hybrid system 



with phase change material as the heat sink. The superior performance of the PV-TE system with PCM in comparison to that without PCM was observed. Likewise, 

Darkwa et al. [34] preformed a theoretical and experimental study on a PV-TE system with PCM heat sink. They found that the PV temperature could be lowered 

effectively for a longer period by the use of thick PCM layer.

Yin et al. [35–37] presented the suitability of water-cooling for performance enhancement of a hybrid photovoltaic-thermoelectric. In [35], various methods for cooling the 

TEG were compared and results showed that water cooling provides the best hybrid system performance compared to air cooling. Furthermore, in [36], over a one-day 

period, the hybrid system performance was evaluated, and they found that cooling water mass significantly affects the hybrid system performance. In [37], an experimental 

study was performed to optimize the concentrated photovoltaic-thermoelectric with water cooling. Results showed that the optimized CPV-TE had a power output of 

1.50 W which was higher than that of the CPV only system (1.38 W). Furthermore, Zhang and Xuan [38] studied the effectiveness of adjustable cooling water block in 

reducing the temperature fluctuation caused by variable solar radiation on the hybrid system performance. Experimental results showed negligible difference between the 

output power of the new system and that of PV-PCM-TE.

Nanofluids as cooling fluids in the PVT-TE collectors are important to improve heat transfer properties compared to conventional fluids [39–45]. The influence of nanofluid 

use in hybrid PV-TE was performed by Wu et al. [39]. They found that using nanofluid enhances the system efficiency in comparison to the water cooling fluid. 

Furthermore, an experimental study on PV-TE with nanofluid was presented by Soltani et al. [40] and they found that SiO2/water nanofluid enhanced power output and 

efficiency by 54.29% and 3.35%, respectively. Similarly, Lekbir et al. [41] presented an innovative nanofluid photovoltaic-thermoelectric collector. In this solar collector, 

the nanofluid was considered as a working fluid which was used to absorb the heat from the TEG backside, thereby enhancing the overall hybrid system performance. 

They found that using nanofluid coolant provides a better alternative to manage the hybrid system energy production in comparison to other cooling methods.

An experimental comparison study on water PV-TE and Co3O4/water nanofluid PV/TE collectors was conducted by Rajaee et al. [43]. Their results showed that using 

nanofluid as a cooling fluid improves the gradient of the temperature between the hot and cold side of the TE module compared to water, consequently improving the TE 

modules' electrical power.

Kolahan et al. [44] investigated a PVT-TEG using an aluminium-oxide/water (Al2O3/water) nanofluid as a working fluid. A mathematical model using a finite volume 

method (FVM) was established. The results indicated an enhancement in the global electrical efficiency by the range of (2.5%-–4%) and reduced the payback period by 

12% provided by the PVT-TE compared PVT collector. A comparative experimental investigation between the concentrated photovoltaic/thermoelectric generator 

(CPV/TEG), water-based concentrated photovoltaic/thermal-thermoelectric generator (WCPV/T-TEG) and the nanofluid-based concentrated photovoltaic/ thermal-

thermoelectric generator (NCPV/T-TEG) has been carried out by Lekbir et al. [45]. The results revealed that the total net electrical powers generated by the NCPV/T-TEG, 

WCPV/T-TEG and conventional CPVT collectors were 2.02 W, 1.84 W and 1.73 W, respectively.

To our knowledge, no studies, investigating the behaviour of PV-TE using a nanofluid as a cooling fluid under temperate oceanic climate (cool winters and warm summers) 

have been published in the past, which indicates a substantial research gap. Moreover, few studies have been performed to investigate the impact of using different 

nanofluids as working cooling fluid, such as SiO2-water and Fe3O4-water [42], Co3O4/water [43]. High thermal conductivity of graphene [46] exhibits the best 

improvement in the nanofluids' thermal characteristics. However, utilizing the graphene nanoplatelets-water nanofluid cooling in CPVT-TE collector is not available in the 

literature. Therefore, for the first time, this study presents a detailed comparison between the conventional CPVT, CPVT-TE with water and CPVT-TE with 0.5% 

graphene/water nanofluid from the temperature variation, energy and exergy viewpoints under London climatic condition

The paper is organized as follows: a physical description of the different considered systems (the conventional CPVT, CPVT-TE with water and CPVT-TE with 0.5% 

graphene/water nanofluid) is given in Section 2. The developed mathematical models for different considered systems are introduced in Section 3, including computation 

procedures and model validation. A comparison between all the considered solar systems from the temperature variation, energy and exergy viewpoints under London 

climatic condition is performed in Section 4, while the study's conclusion is presented in Section 5.

2 Hybrid system structure description

In this study, different systems are considered including one conventional concentrated photovoltaic thermal (CPVT) system and two different CPVT-TE hybrid systems 

using water and 0.5% graphene/water nanofluid as a cooling fluid (Fig. 1). The conventional CPVT (Fig. 1a) is used as a reference to analyse and compare the electrical 

and thermal performances of the proposed hybrid systems. The CPVT-TE system is made up of the solar concentrator, PV, TE modules and a cooling system. Table 1 

shows the PV material properties considered in this study, Table 2 shows the other parameters used in the numerical simulation while Table 3 shows the temperature 

dependent thermoelectric material properties considered in this study.

Fig. 1



Schematic diagram of (a) conventional CPVT; hybrid CPVT-TE with (b) water cooling and (c) graphene nanoplatelets-water nanofluid cooling.

Table 1

PV material properties.

Thickness (mm) Thermal conductivity (W/(mK)) Reflectivity Absorptivity Transmissivity

Glass 3 1.8 0.04 0.04 0.92

EVA 0.5 148 0.02 0.08 0.9

Silicon 0.4 0.35 0.08 0.9 0.02

Tedlar 0.33 0.15 0.8 0.128 0.012

Gel (adhesive) 0.5 1.15 – – –

i The table layout displayed in this section is not how it will appear in the final version. The representation below is solely purposed for providing corrections to the table. To preview 

the actual presentation of the table, please view the Proof.

Table 2

Parameters utilised in the developed numerical code.

Area of the CPV 0.42 m2

Dimension of the thermoelectric module 40 mm × 40 mm × 3.8 mm

TE element number 127

Thickness of the Ceramic 0.8 mm

Thermal conductivity of the Ceramic 31 W/(mK)

Thickness of the Cu 0.3 mm

Thermal conductivity of the Cu 398 W/(mK)

i The table layout displayed in this section is not how it will appear in the final version. The representation below is solely purposed for providing corrections to the table. To preview 

the actual presentation of the table, please view the Proof.



Solar concentrator is used in this study to increase the quantity of solar energy absorbed by the PV cell. The five layers that make up the photovoltaic module are: glass, 

ethylene vinyl acetate (EVA), silicon cell, EVA and Tedlar back. Furthermore, the TE module consists of the ceramic layers, Cu electrode layers and semiconductor p-type 

and n-type thermoelectric legs. Different thermal management cooling systems are employed at the bottom of the thermoelectric including water cooling (Fig. 1b), and 

graphene nanoplatelets-water nanofluid cooling (Fig. 1c). A direct-coupling integration approach is used for the hybrid systems in which the thermoelectric is connected 

directly to the rear area of the CPV cell by an adhesive (gel). Consequently, the excess heat from the PV cell is conveyed via conduction to the TE module thereby resulting 

in a reduced of the PV temperature and additional electrical power generation from the TE module via Seebeck effect. The cold side of the TE module is cooled using 

different methods (water and graphene nanoplatelets-water nanofluid) while Bismuth telluride (Bi2Te3) thermoelectric module is used in this study with 127 thermocouples. 

A performance comparison is presented in subsequent sections.

3 Numerical model description

3.1 Mathematical model

To simply the model and facilitate the numerical simulation, the following hypotheses are considered:

Based on the thermal resistance networks (Fig. 2), the energy balance of different components of the hybrid CPVT-TE is presented as follows:

Thermal conductivity of the insulation 0.045 W/(mK)

Density of the insulation 24 kg/m
3

Specific heat of the insulation 919 J/(kgK)

Table 3

The thermoelectric material properties [39].

Property p-type polynomial equation n-type polynomial equation

Seebeck 

coefficient 

(V/K)

(1) (4)

Thermal 

conductivity 

(V/K)

(2) (5)

Electrical 

resistivity 

(V/K)

(3) (6)

i The table layout displayed in this section is not how it will appear in the final version. The representation below is solely purposed for providing corrections to the table. To preview 

the actual presentation of the table, please view the Proof.

The properties of the PV module and the insulation are considered to be constant.•

The radiative heat loss from the backside collector is neglected.•

The working fluid mass flow rate is considered to be constant.•

Transient conditions are considered.•

Fig. 2



The heat balance equation for the glazing is expressed as:

where , ,  and  are the mass, area, the specific heat, thermal conductivity, transmissivity and thickness of the glazing, respectively.  and  are the 

radiative and convective heat resistance from the glazing to the environment and from the PV module to the sky, respectively.  is the temperature of CPV module;  is 

the temperature of the glazing; and  are the conduction heat resistances of the glazing and the EVA, respectively.

The radiative heat resistance ( ) between the collector and the surroundings is related to the Stefan–Boltzmann constant ( ), surface of the glazing ( , emissivity of 

glazing module ) and the sky and glazing temperatures. The following expression can describe it.

The convective heat resistance ( ) is related to the wind velocity , and the area of the PV module. The following expression can describe it.

The heat balance equation for the solar cells in CPV module is expressed as:

where , ,  and  are the mass, area, the specific heat, thermal conductivity and thickness of the solar cells in CPV module, respectively. is the solar cells 

electrical energy output. and  are the conduction heat resistances of the solar cells, EVA resin, Tedlar, adhesive, ceramic and the Cu electrode; 

 is the temperature of the hot side of the TE module.

The heat balance equation for the TE hot side module is expressed as:

Schematic diagram of thermal resistance network of the hybrid CPV-TE.

(7)

(8)

(9)

(10)

(11)



where  and  represent, the mass, the specific heat, thermal conductivity and the thickness of the hot side of TE module, respectively;  is electrical current of 

the TE;  is the semiconductor legs resistance.  is the temperature of the cold side of the TE module;  is the internal resistance;  is the Seebeck coefficient of TE.

The resistance of the semiconductor legs ( ) can described by the following equation:

The internal resistance of TE is expressed by the following correlation

where  represent, the thermal conductivity, electrical resistivity, the length and the area of n-type element of TE module.  represent, the thermal 

conductivity, electrical resistivity, the length and the area of p-type element of TE module.

The heat balance equation for the TE cold side module is expressed as:

where  and  represent, the mass, the specific heat, thermal conductivity and the thickness of the cold side of TE module, respectively.  is the heat resistance 

by conduction between the cold side of TE module and the insulation. is the temperature of the tube.

The heat balance equation for the tube can be expressed as:

where   represent, respectively, the density and the specific heat, density and the thickness of the tube. is the heat resistance by convection between the 

tube and the working fluid;  is the heat resistance by conduction between the tube and the insulation.

The heat balance equation for the cooling fluid can be expressed as:

where  represent, respectively, the density and the specific heat of the cooling fluid. is the massfluid  flow ratevelocity.

The convection transfer coefficient is related to the conductivity of cooling fluid, Nusselt number and the hydraulic diameter, given as

To know the regime of flow occurring inside the tube (laminar, turbulent), the Reynold’s number needs to be calculated. It is related to the fluid velocity inside the tube (

), hydraulic diameter and the viscosity of water .

(12)

(13)

(14)

(15)

(16)

(17)

(18)
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For laminar flow, , the convection transfer coefficient can be expressed as:

For turbulent flow,  the convection transfer coefficient can be expressed as:

The thermophysical properties of the cooling fluids (water) as a function of the temperature are determined by the following equations: 

(19)

(20)

(21)

(22)

(23)

(24)
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According to the principle of thermal equilibrium between the nanoparticles and the base fluid (water), the density, the specific heat the thermal conductivity and the 

viscosity of the nanofluid are determined by the following equations:

Density

Specific heat

Thermal conductivity

Viscosity

The heat balance equation for the insulation is given as:

where  and  are the mass, the specific heat, thermal conductivity and the thickness of the insulation, respectively.

Based on the thermal resistance networks (Fig. 3), the energy balance of different components of the hybrid CPVT is presented as follows:

The heat balance equation for the solar cells in CPV module is expressed as:

(25)

(26)

(27)

(28)

(29)

Fig. 3

Schematic diagram of the conventional CPVT thermal resistance network.



The heat balance equation for the absorber plate is expressed as:

The heat balance equation for the tube can be expressed as:

The heat balance equation for the insulation is given as:

3.2 Performance assessment

The electrical power provided by TEG is related to the output voltage and the current ( , and it given as:

The current (  is related to the voltage source  the external load resistance (  and the internal load resistance , and it given as:

The following expression can determine the voltage source:

The following expression can determine the Seebeck coefficient of TE

The following expression can determine the output voltage  [47]:

Where  is the number of TEGs.

The electrical power generated by the solar cells ( ) is estimated applying the following correlation:

where presents the electrical efficiency at standard conditions ( ,  is the temperature conversion coefficient, and C is the optical concentration.

The thermal power of the solar hybrid collector is obtained from the expression below:

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)



Exergy is defined as the available quantity of any potential energy and describes the qualitative aspect of the energy. Consequently, the exergy idea is considered as an 

important tool to evaluate systems; especially one the system possesses different kinds of energy sources

The thermal exergy power of the solar hybrid collector is obtained from the expression below:

The total exergy power is determined by:

where  and  are the electrical exergy power generated by CPV and BY TE modules, respectively

with

3.3 Computational procedure

The transient, two-dimensional modelling of the conventional CPVT and CPV-TE hybrid system with water and with graphene nanoplatelets-water nanofluid cooling fluid 

is developed in FORTRAN 90 using finite volume method. The flow chart of the calculation procedure is shown in Fig. 4.

3.4 Model validation

Using results from previously published work by Motiei et al. [33], the numerical model utilized in this investigated is validated. In their study, a PV-TE system was 

simulated and results from that study are compared to the present study. Numerical conditions are reset to those in the referenced study [33] and the electrical power 

generated by the PV in the PV-TE hybrid system is shown in Fig. 5. As can be seen from this figure, the results performed from the previous investigation and the present 

work are very similar, and in good agreement therefore, the numerical model in this study is validated and accurate. Consequently, the results of this present work are 

reliable.

(41)

(42)

(43)

(44)

Fig. 4

Flow chart of calculation procedure.

Fig. 5



4 Results and discussion

In this study, a typical sunny day and cloudy day under London climatic conditions (51°30′N, 0°7′E) are considered and the weather data including the solar radiation and 

ambient temperature are shown in Figs. 6, and 7, respectively while the wind speed is fixed at 1 m/s. During the sunny day (21 August), the solar radiation fluctuates from 

0 W/m
2
 to 549 W/m

2
, and the ambient temperature changes from 16.7 °C to 22. 5 °C. However, for the cloudy day (21 February), the solar radiation varies from 0 W/m

2
 

to 234 W/m
2
, and the ambient temperature ranges from 4. 8 °C to 8. 4 °C.

4.1 Temperature variation

4.1.1 CPV temperature

As shown in Fig. 8, for a cloudy day (21/02) under London climatic conditions, the CPV temperature of the conventional CPVT collector increases from 4.23 °C to 30. 

32 °C, while the CPV temperature of the CPVT-TE with water as cooling fluid and with 0.5% w.t graphene/water nanofluid increase from 4.64 °C to 33.87 °C, and from 

4.64 °C to 33.52 °C respectively. Furthermore, as shown in Fig. 9, for a sunny day (02/08), the CPV temperature of the conventional CPVT collector increases from 

16.5 °C to 70.85 °C, while the CPV temperature of the CPVT-TE with water as cooling fluid and with 0.5% w.t graphene /water nanofluid increase from 16.6 °C to 

77.96 °C, and from 16.6 °C to 77.29 °C respectively.

Model validation of the electrical power generated by the PV in the PV-TE hybrid system with [33].

Fig. 6

Climatic conditions (solar radiation, ambient temperature) for cloudy day under London climatic conditions.

Fig. 7

Climatic conditions (solar radiation, ambient temperature) for sunny day under London climatic conditions.

Fig. 8



This higher temperature of CPV in CPVT-TE compared to CPVT design is related to the thermal resistance of TE modules which minimises the cooling impact of the heat 

transfer fluids. On the other hand, adding the nanoparticles (graphene) in the base fluid (water) caused an enhancement in the convective heat transfer coefficient between 

the cooling fluid, and the tube wall due to the higher thermal conductivity of the graphene compared to the water. These phenomena contribute to the higher outlet 0.5% w.t 

graphene/water nanofluid temperature compared to conventional fluid (water). Due to the lower thermal conductivity of the TE module, the effect of cooling the CPV 

module using 0.5% w.t graphene /water nanofluid in CPVT-TE is negligible.

4.1.2 Outlet cooling fluid temperature

As seen in Figs. 10 and 11, the conventional CPVT collector has higher outlet fluid temperature compared to CPVT-TE with water and CPVT-TE with 0.5% 

graphene/water nanofluid. For a chosen summer day (21/08) in London region, which follows the oceanic climate temperature conditions, the fluid temperature of the 

CPVT collector increased from 16. 6 °C to 39. 8 °C, while the fluid temperature of CPVT-TE collector using water and using 0.5% graphene/water nanofluid increased 

from 16. 6 °C to 37.76 °C and from 16. 6 °C to 38. 76 °C respectively. On the other hand, for a chosen winter day (21/02) in London region, the fluid temperature of the 

CPVT collector increased from 4.6 °C to 16.29 °C, while the fluid temperature of CPVT-TE collector using water and using 0.5% graphene/water nanofluid increased 

from 4.6 °C to 15.46 °C and from 4.6 °C to 15.91 °C respectively. For all the studied hybrid solar collectors, it is noted that the outlet fluid temperature in summer is higher 

compared to winter, which is due to the higher weather conditions in summer, i.e. ambient temperature and solar radiation. Furthermore, the CPVT results in higher outlet 

fluid temperature compared to the CPVT-TE collector using water and using 0.5% graphene/water nanofluid. In the CPVT-TE design, the heat loss by conduction from the 

solar cells to the absorber through the thermoelectric modules is higher than the heat loss from the solar cells to the absorber in the case of CPVT collector because of the 

lower thermal conductivity of the TE modules. This results in a higher outlet fluid temperature in the CPVT compared to the CPVT-TE collector. Additionally, the CPVT-

TE using 0.5% graphene/water nanofluid, gives higher outlet fluid temperature compared to the CPVT-TE using only water as the cooling fluid. The reason for this is an 

enhancement in the convective heat transfer between the wall tube and the fluid by adding graphene nanoparticles compared to the base fluid (water).

Variation of CPV for different considered system for cloudy day under London climatic conditions.

Fig. 9

Variation of CPV for different considered system for sunny day under London climatic conditions.

Fig. 10

Variation of outlet fluid temperature for different considered system for cloudy day under London climatic conditions.

Fig. 11



4.2 Electrical power generated by CPV

Figs. 12 and 13 show that the CPV in the CPVT collector generates the highest electrical power compared to CPV in CPVT-TE water collector and CPVT in CPVT-TE 

using 0.5% graphene/water nanofluid. For representative cold day (21/02) under London climatic conditions, the maximum power generated by the CPV in conventional 

CPVT was 51.91 W, while the maximum power generated by the CPV in CPVT-TE using water and using 0.5% graphene/water nanofluid were 51.5 W and 51.53 W, 

respectively. For representative summer day (21/02) under London climatic conditions, the maximum power generated by CPV in conventional CPVT was 105.58 W, 

while the maximum power generated by CPV in CPVT-TE using water and using 0.5% graphene/water were 103.72 W and 103.83 W, respectively. Fig. 14.

Variation of outlet fluid temperature for different considered system for sunny day under London climatic conditions.
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Fig. 12

Variation of electrical power generated by CPV for different considered system for cloudy day under London climatic conditions.

Fig. 13

Variation of electrical power generated by CPV for different considered system for sunny day under London climatic conditions.

Fig. 14



4.3 Electrical power generated by thermoelectric modules

As shown in Figs. 15Figs. 14 and 1615, the CPVT-TE with 0.5% graphene/water nanofluid provides the highest electrical power generated by TE modules collector 

compared to the CPVT-TE using water a cooling fluid. For a chosen cold day (21/02) in London region, the maximum electrical power generated by TE modules in the 

CPVT-TE with 0.5% graphene/water nanofluid was 3.05 W, while the maximum electrical power generated by TE modules in the CPVT-TE using water was 2.76 W. On 

the other hand, for a chosen sunny day (21/08) in London region, the maximum electrical power generated by TE modules in the CPVT-TE with 0.5% graphene/water 

nanofluid was 13.52 W, while the maximum electrical power generated by TE modules in the CPVT-TE using water was 12.18 W.

4.4 Total electrical power generated

As shown in Figs. 17Figs. 16 and 1817, the CPVT-TE with 0.5% graphene/water nanofluid provides the highest electrical power compared to the CPVT-TE using water 

as cooling fluid, and the CPVT collector. For a chosen cold day (21/02) in London region, the maximum total electrical power generated by the CPVT-TE with 0.5% 

graphene/water nanofluid was 54.58 W, while the maximum total electrical power generated by the CPVT-TE using water and the conventional CPVT were 54.26 W and 

51.91 W, respectively. On the other hand, for a chosen sunny day (21/08) in London region, the maximum total electrical power generated by the CPVT-TE with 0.5% 

graphene/water nanofluid was 117.35 W, while the maximum total electrical power generated by the CPVT-TE using water and the conventional CPVT were 115.90 W, 

and 105.58 W, respectively.

Variation of electrical power generated by thermoelectric modules for different considered system for cloudy day under London climatic conditions.

Fig. 15

Variation of electrical power generated by thermoelectric modules for different considered system for sunny day under London climatic conditions.

Fig. 16

Variation of total electrical power generated for different considered system for cloudy day under London climatic conditions.

Fig. 17



4.5 Thermal power generated

As shown in Figs. 18 and 19, the CPVT collector produces the highest thermal power compared to the CPVT-TE collectors, either with water or with 0.5% graphene/water 

nanofluid. For a chosen cold day (21/02) in London region, the maximum thermal power provided by the CPVT collector was 330.6 W, while the maximum thermal 

power provided by the CPVT-TE collector using water and using 0.5% graphene/water nanofluid were 295.79 W to 314.52 W, respectively. On the other hand, for a 

chosen sunny day (21/08) in London region, the maximum thermal power provided by the CPVT collector was 731.48 W, while the maximum thermal power provided by 

the CPVT-TE collector using water and using 0.5% graphene/water nanofluid were 645.47 W to 687.57 W, respectively.

4.6 Exergy power outputs

As shown in Figs. 20 and 21, the CPVT-TE with 0.5% graphene/water nanofluid collector produces the highest total exergy compared to the CPVT-TE with water and 

conventional CPVT collector. For a chosen cold day (21/02) in London region, the maximum total exergy power output provided by the CPVT-TE with 0.5% 

graphene/water nanofluid collector was 62.68 W, while the maximum total exergy power output provided by the CPVT-TE with water and conventional CPVT collector 

were 61.44 W, and 60.86 W, respectively. On the other hand, for a chosen sunny day (21/08) in London region, the maximum total exergy power output provided by the 

CPVT-TE with 0.5% graphene/water nanofluid collector was 153.54 W, while the maximum total exergy power output provided by the CPVT-TE with water and 

conventional CPVT collector were 147.38 W, and 146.38 W, respectively.

Variation of total electrical power generated for different considered system for sunny day under London climatic conditions.

Fig. 18

Variation of thermal power for different considered system for cloudy day under London climatic conditions.

Fig. 19

Variation of thermal power for different considered system for sunny day under London climatic conditions.

Fig. 20



4.7 Overall summary

Tables 4–5 present a detailed comparison between the conventional CPVT, CPVT-TE with water and CPVT-TE with 0.5% graphene/water nanofluid from the CPV, outlet 

cooling temperatures variations, energy (electrical power generated by the CPV and by the TE modules, thermal power provided) and exergy viewpoints under London 

climatic conditions.

Variation of exergy outputs for different considered system for cloudy day under London climatic conditions.

Fig. 21

Variation of exergy outputs for different considered systems for sunny day under London climatic conditions.

Table 4

Major findings for cloudy day under London climatic conditions.

CPVT 

(baseline)

CPVT-

TE water

CPVT-

TE 

nanofluid

Major findings

CPV temperature

4.23 °C 

to 

30.32 °C

4.64 °C 

to 

33.87 °C

4.64 °C to 

33.52 °C

For the cold day. An increase in the maximum CPV temperatures of the CPVT-TE with 0.5% graphene/water nanofluid, and water 

CPVT-TE collectors compared to CPVT collector is 10.611.71% and 10.5511.71%, respectively.

Outlet cooling 

temperature

4.6 °C to 

16.29 °C

4.6 °C to 

15.46 °C

4.6 °C to 

15.91 °C

For the cold day. An reduction in the maximum outlet cooling temperature temperatures of the CPVT-TE with 0.5% graphene/water 

nanofluid, and water CPVT-TE collectors compared to CPVT collector is 2.152.33% and 4.915.09%, respectively.

Electrical power 

generated by 

CPV

51.91 W
51.5 W

0.78%

51.53 W

0.7339%

For the cold day. An reduction in the maximum Electrical powers generated by CPV in the CPVT-TE with 0.5% graphene/water 

nanofluid, and water CPVT-TE collectors compared to CPVT collector is 0.73% and 0.79%, respectively.

Electrical power 

generated TE

2.76 W 3.05 W
For the cold day. An improvement in the maximum Electrical power generated TE in the CPVT-TE with 0.5% graphene/water 

nanofluid, and collector compared to water CPVT-TE is 11. 5910.51%.

Thermal power 

generated

330.60 W 295.79 W 314.52 W
For the cold day. An reduction in the maximum thermal powers provided by the CPVT-TE with 0.5% graphene/water nanofluid, and 

water CPVT-TE collectors compared to CPVT collector is 4.876% and 10.53%, respectively.

Total electrical 51.91 W 54.26 W 54.58 W
For the cold day. An improvement in the maximum total electrical power generated by the CPVT-TE with 0.5% graphene/water 

nanofluid, and water CPVT-TE collectors compared to CPVT collector is 5.14% and 4.528%, respectively.

Total exergy 60.86 W 61.44 W 62.68 W
For the cold day. An improvement in the maximum total exergy power generated by the CPVT-TE with 0.5% graphene/water 

nanofluid, and water CPVT-TE collectors compared to CPVT collector is 3.292.99% and 0.95%, respectively.

i The table layout displayed in this section is not how it will appear in the final version. The representation below is solely purposed for providing corrections to the table. To preview 

the actual presentation of the table, please view the Proof.

Table 5

Major findings for sunny day under London climatic conditions.

i The table layout displayed in this section is not how it will appear in the final version. The representation below is solely purposed for providing corrections to the table. To preview 

the actual presentation of the table, please view the Proof.



5 Conclusion

A detailed comparative study on a CPVT- TE with 0.5% graphene/water nanofluid, CPVT- TE with water and conventional CPVT collector was presented in this 

research. A transient study using the finite volume method is presented, and computation is performed for all the considered solar systems for a typical sunny day and 

cloudy day under London climatic conditions. The numerical model is applied to study the performance of the systems in terms of temperature variation, thermal and 

electrical energy and the total of exergy for the different considered systems. The main outcomes from this study are:

In the future, more work is required to investigate the energy, exergy, entropy and environmental assessments of the CPVT-TE with nanofluid phase change material 

(NPCM).
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CPVT CPVT-

TE water

CPVT-TE 

nanofluid
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CPV temperature

16.5 °C 

to 

70.85 °C

16.6 °C 

to 

77.96 °C

16.6 °C to 

77.292 °C
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to 
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38.76 °C
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Highlights

• A comparison between the CPVT only system and CPVT-TE collectors is conducted.

• A transient study using finite volume method is performed for the solar systems.

• The impact of adding a 0.5% graphene/water nanofluid in CPVT-TE is analyzed.

• Energy and exergy assessment under London climatic condition is performed.
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