Comparative study of a concentrated photovoltaic-thermoelectric system with and without flat plate heat pipe
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Abstract

Thermal management of photovoltaic cells is an essential research objective for increasing the conversion efficiency of the photovoltaic. Flat plate heat pipe is a passive cooling device capable of effectively reducing the solar cell temperature. Therefore,
this study presents a numerical investigation of a hybrid photovoltaic-thermoelectric system with and without a flat plate heat pipe. A detailed comparative analysis of the electrical performance of the photovoltaic only, photovoltaic-thermoelectric and
photovoltaic-thermoelectric-heat pipe systems is performed. The influence of solar concentration ratio, ambient temperature, wind speed and thermoelectric generator cold side temperature on the efficiency and power output of the photovoltaic only and hybrid
photovoltaic-thermoelectric systems are studied using COMSOL 5.4 Multiphysics software. A three-dimensional finite element study is carried out and temperature dependent thermoelectric material properties are considered to increase the simulation
accuracy. Results show that the photovoltaic-thermoelectric-heat pipe efficiency is 1.47% and 61.01% higher compared to that of the photovoltaic-thermoelectric and photovoltaic only systems respectively at a concentration ratio of 6. In addition, the
photovoltaic-thermoelectric-heat pipe is recommended for highly concentrated systems because of its superior performance. Furthermore, the photovoltaic-thermoelectric system is a better alternative to the photovoltaic only system because of its enhanced
performance which is second only to that of the photovoltaic-thermoelectric-heat pipe system. Results also show that ineffective cooling of the thermoelectric generator can adversely affect the performance of the hybrid systems. This study will proper valuable

information on the feasibility of hybrid photovoltaic-thermoelectric systems with and without heat pipe. Finally, the three-dimensional nature of this study makes it very useful in understanding the actual temperature distribution in the hybrid systems.

Keywords: Photovoltaic-thermoelectric; PV; Heat pipe; Thermal management; Finite element method

Nomenclature

C

concentration ratio

Cp

specific heat capacity, J/kg/K
G

solar irradiance, W/m?
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convective heat transfer coefficient, W/m%K
hyg

latent heat, kJ/kg

current, A
M,
molar mass, g/mol

P

power output, W

P

power generated per volume, W/m®
Pc

capillary pressure, Pa

Pg

gravitational pressure

]

liquid pressure, Pa

Psat

saturation pressure, Pa

Py

vapor pressure, Pa

q

volumetric energy absorption, W/m?®
Py

vapor density, kg/m®

Rin

internal resistance, a

R
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load resistance, o

R,

s
specific gas constant, J/mol/K
T

temperature, K

z

figure of merit, K™

Greek symbols

a

Seebeck coefficient, V/IK

efficiency

electrical conductivity, S/m

thermal conductivity, W/m/K

P

density, Kg/m®

B

PV temperature coefficient, K

Abbreviations

AM

air mass

Bi,Te,

bismuth telluride

EVA

ethylene vinyl acetate
PV

photovoltaic
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PV-TE
photovoltaic-thermoelectric
TE

thermoelectric

TEG

thermoelectric generator
TPT

Tedlar polyester tedlar

Subscripts
A

ambient

solar cell
sky

sky

1 Introduction

The current increased energy demand necessitates the need for renewable energy sources like solar energy which is a feasible and long-term solution to the global energy crisis because it is clean, renewable and environmentally-friendly [1]. Solar energy can be
easily harnessed in two forms; electrical and thermal energy. Photovoltaic (PV) can be used to directly convert solar radiations to electrical energy while thermoelectric generator can be used to convert thermal energy into electrical energy [2]. The PV mainly converts the
ultraviolent and visible regions of the solar spectrum while the thermoelectric (TE) utilizes the infrared region therefore, combining the photovoltaic and thermoelectric effects can potentially lead to a wider utilization of the solar spectrum [3]. Presently, the PV technology is
one of the attractive solutions which can increase the share of used renewable energy and possess a potential to deliver around 5% of the global electricity demand by 2030 and 11% by 2050 [4]. Although the PV technology has immerse potential, its wide application has
been hindered by key issues such as: limited conversion efficiency, elevated temperatures and dust accumulation [5]. To increase the electrical efficiency of PV and efficiently utilize the incident solar radiation, it is imperative to remove the accumulated heat from the PV

surface and utilize this waste heat appropriately [6].

Thermoelectric devices can be used for cooling, heating and micro-power generation because they offer some distinct advantages over other technologies [7]. A thermoelectric generator (TEG) is a solid-state heat engine capable of producing electrical energy
from heat via the Seebeck effect when a temperature gradient is present across its thermoelements [8]. The thermoelectric generator offers several advantages such as: simple design, small size, no moving parts, high reliability and environmentally friendly [9]. Despite all
these advantages that the TEG offers, its application is limited mainly because of its low energy conversion efficiency and high material cost. Therefore, the majority of research on thermoelectric generator is based on increasing its conversion efficiency and reducing the
material cost so as to increase its widespread application [10]. In theory, the efficiency and power output of a TEG can be enhanced by increasing the temperature difference across its thermoelements. This can be achieved by either increasing the solar concentration on
the TEG or by effectively cooling the TEG. Machrafi [11] developed an analytical mathematical model for a cooled hybrid photovoltaic-thermoelectric system in which the photovoltaic device powered the cooling system and an enhanced overall efficiency was observed.
Similarly, Hashim et al. [12] presented a model for photovoltaic cooling with the use of thermoelectric generators. A numerical study was performed to optimize the system for obtaining maximum power output and results showed that the incorporation of TEG into PV led

to an increase in overall power output and conversion efficiency of the hybrid system.

Heat pipes are efficient heat transfer device which can be used to cool electronic devices. Currently, there are several ways to cool electronic devices such as natural convection, forced air cooling, micro-channel cooling and phase change material. However,
each one of them have well known disadvantages such as: inefficiency, need for pump, valve, low thermal conductivity and low reliability [13]. Heat pipe is a vapor-liquid phase change equipment that offer advantages such as: absence of moving parts [14], compact
structure, high heat transfer under small temperature gradient with little heat loss [15]. The disadvantage of using the heat pipe is that the overall system cost would be increased, and the system design might be complicated. In addition, there are five primary heat pipe
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transport limitations that have to be considered during design including, continuum flow limit, sonic limit, capillary limit, entrainment limit, viscous limit and boiling limit [16]. While active cooling methods like forced air cooling require the use of electricity which results in

increased energy consumption, reduced overall electrical power output and increased system costs, passive cooling methods like heat pipe do not use any electricity therefore, no energy input is required and the overall electrical power and efficiency are not affected.

Research on hybrid photovoltaic-thermoelectric (PV-TE) has increased exponentially in recent times due to the great level of interest in this field. Generally, the design of PV-TE can be divided into spectrum splitting design and direct coupling design. Ju et al. [17]
presented a numerical investigation of a spectrum splitting PV-TE hybrid system. Results obtained showed that the cut-off wavelength of the hybrid PV-TE system was determined by the band gap of the solar cell. Yin et al. [18] presented a novel optimal design method for

a concentrated spectrum splitting photovoltaic-thermoelectric hybrid system. They found that the optimum cut-off wavelength of the spectral splitter decreases with the increase of the thermoelectric figure of merit.

In terms of the direct coupling design, van Sark [19] performed a feasibility study on a PV-TE system for two cities (Malaga, Spain and Utrecht, Netherlands). Results showed that when thermoelectric materials with typical figure of merit value of 0.004 K™' at
300 K were used, a 23% increase in efficiency was obtained from the roof integrated PV-TE system using an idealized model calculation. Li et al. [20] studied the inconsistent phenomenon of thermoelectric load resistance in a hybrid PV-TE system. Results showed that

the optimum thermoelectric load resistance for maximum power output in a TE only, TE in PV-TE and PV-TE are all different.

Furthermore, Zhang et al. [21] introduced a new concept for an integrated design of a hybrid PV-TE system in which ceramic plates of the thermoelectric modules are eliminated from the hybrid system to enhance the heat transfer in the system and reduce the
thermal resistance. Results showed that the simplified TE structure enhanced the efficiency of both the PV and the TEG. Lekbir et al. [22] presented another feasibility study of a hybrid PV-TE system. The experimental results showed that the maximum resistive output
power of the hybrid system was about 0.12 W which was 75% greater than that of the PV cell and TEG. Rodrigo et al. [23] presented a detailed analysis of the performance of a passively cooled hybrid CPV-TE system. They argued that the use of simple and reliable
passive cooling could accelerate the development of new hybrid PV-TE systems. Recently, Mahmoudinezhad et al. [24] performed an experimental and numerical investigation of the transient behaviour of a hybrid concentrating triple junction solar cell thermoelectric

generator system. Results obtained showed that the use of TEG in a hybrid system allowed for the achievement of a more stable overall output power rather than a fluctuating power output.

Heat pipes which are passive cooling devices have been introduced into the hybrid PV-TE system design to potentially enhance the performance of the hybrid system. Makki et al. [25] theoretically studied a hybrid PV-TE system integrated with a heat pipe.
Results obtained showed that the hybrid system was favourable for sunny regions with high operating temperature and low wind speeds. Similarly, Li et al. [26] presented a novel design for a hybrid PV-TE system integrated with a flat-plate micro-channel heat pipe.
Results obtained showed that the new PV-TE system with flat plate heat pipe provided a higher electronical output and economic performance compared to the conventional PV only system. Finite element method is an effective numerical simulation approach for studying
hybrid PV-TE systems [27]. Shittu et al. [28] investigated the optimum geometry of a TE in a hybrid PV-TE system using finite element method. Results obtained showed that the performance of the hybrid PV-TEG system is dependent on the geometry of the TEG and the

temperature coefficient value of the PV used. This finding was in agreement with Li et al. [29] who also emphasised the need for thermoelectric geometry optimization.

Presently, there are very few studies on the three-dimensional investigation of a hybrid PV-TE system. Recently, Fallah Kohan et al. [30] presented such a study and only two papers Li et al. [25], Makki et al. [26] have attempted to investigate the potential of a
hybrid PV-TE system with a heat pipe. However, in [30], temperature dependent thermoelectric material properties were not used and only the hybrid PV-TE system without heat pipe was investigated. Furthermore, in both [25] and [26] only a one-dimensional numerical
study was carried rather than a three-dimensional study on the PV-TE system with heat pipe. The power output and efficiency of a TEG is affected by its temperature dependent thermoelectric material properties [31] therefore, it is very important to consider the
temperature dependency of the TE materials during simulation to increase the accuracy of the results obtained [32]. In addition, a three-dimensional numerical study would provide a more realistic simulation with reduced deviation from the actual reality. The resulting

three-dimensional temperature distribution in the hybrid system would facilitate the understanding of heat transfer process in the system and enhance the performance predictions.

Therefore, in this paper, for the first time, a three-dimensional numerical investigation of a hybrid PV-TE system with and without flat-plate heat pipe is presented and compared to a conventional PV only system under varying ambient conditions. COMSOL 5.4
Multiphysics simulation software is used to perform all the numerical simulations and temperature dependent thermoelectric material properties are accounted for. The remainder of this paper is organized as follows: Section 2 presents a detailed description of the PV, PV-
TE and PV-TE-Heat pipe structures and materials used in this study, Section 3 presents the numerical model for each of the subsystems (PV, TEG, Heat pipe) and that of the hybrid system while Section 4 shows the results obtained and corresponding discussion. Finally,

Section 5 presents the conclusions from this study.

2 Structure description and material properties

The structure of each of the systems studied in this paper is shown in Fig. 1. The schematic of the PV only can be seen in Fig. 1a. A typical polycrystalline silicon photovoltaic cell consists of five layers namely: glass, ethylene vinyl acetate (EVA), polycrystalline
silicon cell, EVA and TPT (tedlar polyester tedlar) from top to bottom respectively as shown in Fig. 1a. All the layers of the PV are assumed to be of equal dimension of 40 mm x 40 mm. The top glass cover is used to provide mechanical strength and rigidity with low
reflection and high transmission of light. The EVA is an encapsulant used to provide adhesion between the solar cell, the top surface and the back layer (TPT) of the PV. The solar cell is used to convert solar radiations to electricity directly via the photovoltaic effect while
the tedlar is used to provide back surface protection. The hybrid PV-TE system studied is designed using the direct coupling PV-TE design. Therefore, the TEG module is attached directly to the back of the PV as shown in Fig. 1b. The dimension of the TEG module is
40 mm x 40 mm with 128 p and n thermoelectric legs and it is attached to the back of the PV. A thermoelectric generator (TEG) module is composed of the following layers: ceramic, copper and semiconductor thermoelectric materials. The ceramic layers are present at the
top and bottom surface of the TEG and it provides thermal conductivity while the copper layers provide the electrical connection in the TEG and the thermoelectric legs are made of n-type and p-type thermoelectric materials. A three-dimensional schematic diagram of the
hybrid PV-TE-Heat pipe system studied in this paper is shown in Fig. 1c. The PV is attached directly to the evaporator section of the flat plate heat pipe while the TEG is attached to the bottom surface of the heat pipe condenser section. The dimensions of the evaporator
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section of the heat pipe are exactly the same with that of the PV (40 mm x 40 mm) while the dimensions of the condenser section of the heat pipe is the same with that of the TEG (40 mm x 40 mm). The flat plate heat pipe consists of a solid container, wick and vapor

chamber as shown in Fig. 1d. The geometric parameters used in this study are listed in Table 1.

(a)
Glass
Silicon —EVA
TPT
PV
(©
40mm
Heat pipe
. y
'\I,v &
TEG
(d)
Container
Wick Vaper chamber
N-type Leg
‘eramic
P-type Leg Copper

Fig. 1 Schematic diagram of (a) PV front view (b) three dimensional PV-TE (c) three dimensional PV-TE-Heat pipe (d) PV-TE-Heat pipe side view.

Table 1 Geometric parameters used in simulation [34,43].

Parameter Value
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PV
Area
Glass thickness

EVA thickness

Polycrystalline silicon thickness

Tedlar/PET/Tedlar thickness

TEG
Area
Leg area

Leg thickness

Copper thickness

Ceramic thickness

Heat pipe
Evaporator
Condenser

Thickness

2.1 System operation description

The operation of the hybrid PV-TE system is quite simple in that, the solar radiation is impinged on the PV surface after concentration by a solar concentrator. The radiation is then transmitted via each of the PV layers and some part is converted directly into
electricity by the polycrystalline silicon cell while some other part is lost to the environment by radiation and convection. The remaining heat is transferred to the attached TEG module via conduction thereby providing the input heat flux needed for the TEG. The TEG cold
side is attached to a cooling base and a fixed temperature boundary condition is used to model the cold side temperature. Therefore, a temperature gradient is produced in the TEG and electrical energy is generated via the Seebeck effect. Considering the PV-TE-Heat
pipe, the PV is attached to the upper surface of the flat plate heat pipe evaporator while the TEG is attached to the lower surface of the condenser. When the hybrid system is being operated, solar radiation is impinged on the upper surface of the PV modules which are
attached to the flat plate evaporator. The heat input vaporizes the working fluid in liquid form at the wick surface in the evaporator section and then the vapor and its latent heat flow towards the colder condenser section. In the condenser section, heat is released via

condensation of the heat pipe working fluid and this heat is transferred to the attached TEG. Subsequently, thermal energy is converted into electrical energy by the TEG via the Seebeck effect. The back surface of the heat pipe is assumed to be insulated (no heat loss)

so as to create enough temperature difference across the attached thermoelectric generator.

2.2 Material properties

The equations for the temperature dependent thermoelectric material properties of Bismuth telluride (Bi,Te;) used in this study are shown in Table 2. Bismuth telluride is chosen because it is the best performing thermoelectric material for low temperature range

(<500 K). The optical properties of the PV layers are shown in Table 3 while the remaining material properties used in this study are shown in Table 4. In the heat pipe, user-defined constant vapour material properties are used in the vapor chamber while user-defined

constant water material properties are used in the wick and copper material is used for the solid container.

Table 2 Temperature dependent thermoelectric material properties (T is temperature in K) [44].

Electrical conductivity, o[S/m]

p-type
(0.015601732 T2 - 15.708052 T + 4466.38095) x 102

40 mm % 40 mm
3.20 mm

4.60 x 10-* mm
1.80 x 10-* mm

1.80 x 10" mm

40 mm X 40 mm
1mmx 1 mm
1.5mm

0.3 mm

0.8 mm

40 mm X 40 mm
40 mm X 40 mm

5mm

(0.01057143 T2-10.16048 T + 3113.714229) x 102

n-type
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Seebeck coefficient, S[V/K] (-0.003638095 T2+ 2.74380952 T - 296.214286) x 10-6 (0.00153073 T2 - 1.08058874 T — 28.338095) x 10-6

Thermal conductivity, [W/ (me K)] 0.0000361558 T2 - 0.026351342 T + 6.22162 0.0000334545 T2 - 0.023350303 T + 5.606333

Table 3 Optical properties of PV materials [34].

Material Reflectivity Absorptivity Transmissivity Emissivity
Glass 4.00 x 102 4.00 x 102 9.20 x 101 8.50 x 101
EVA 2.00 x 102 8.00 x 102 9.00 x 10~
Polycrystalline silicon 8.00 x 102 9.00 x 101 2.00 x 10-2
TPT 8.60 x 101 1.28 x 101 1.20 x 102 9.20 x 101

Table 4 Remaining material properties used for simulation [28,34,41].

Heat capacity, Co [J/(kgK)] Density, 0 [kg/ma] Seebeck coefficient, g [V/K] Electrical conductivity,  [S/m] Thermal conductivity, , [W/(mK)] Dynamic viscosity, mu [Pa-s]
Glass 5x 102 2.45 x 103 = = 2.00 -
EVA 2.09 x 103 9.60 x 102 - - 3.11 x 10 =
Silicon 2.09 x 103 2.33 x 103 = = 1.30 x 102 =
TPT 1.25x 103 1.20 x 103 - - 1.50 x 101 =
Vapor 1874 i, = % - - 0.0188 8.9 x 10
Water 4180 1000 = = 0.61 =
Alumina 900 3900 = = 27 =
Bi,Te; (p-n types) 154 7700 + S(T) Table 1 o(T) Table 1 K(T) Table 1 -
Copper 385 8960 = 58,100,000 400 =

3 Numerical model

The models used to describe the operation of the PV, TEG, Flat plate heat pipe and hybrid PV-TE are described in this section. Each of the subsystems are modelled individually firstly before being integrated into the hybrid system.

3.1 Photovoltaic model

The governing equations for the temperature distribution in each layer of the PV are given as [30]:

oT S
PGy =V o (KVT) = 4 = Py, )

where p, C,and «k are density, specific heat capacity and thermal conductivity of each layer. T is the temperature, (,,, can be defined as the volumetric solar energy absorption by each layer and P

qen 1S the electrical power generation per volume which is

zero for all layers except the polycrystalline silicon cell layer.

The solar energy absorption and power generation in each layer of the PV can be modelled by firstly specifying the solar radiation intensity (Gy) , after which the energy absorption in each layer can then be calculated and considered as an internal heat

generation. In this study, the cell surface is assumed to always be uniformly illuminated. The volumetric energy absorption of each layer is given as:
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Gieej X a; xA; xC
V.

i

Qso1i = (2)

Greci = Greci1 X [(1 - ai—]) - pi—]] (3)
where o, p;and v; are the absorptivity, reflectivity and volume of the ith layer respectively. G can be defined as the solar radiation intensity received at each layer, {;,; is the associated volumetric heat source at each layer, 4;is the area of the ith layer
and c is solar concentration ratio.

In the polycrystalline silicon layer, power generation is considered as an internal heat sink and can be defined as [33]:
npv = ”rc{f [1 - ﬂ (T( - Trq/)] (4)
Pgen = qsal,si X ylpv (5)
where n.is the reference efficiency of the polycrystalline silicon solar cell and g is the temperature coefficient. In addition, 7 is the average temperature of the silicon layer, 7. is the reference temperature of 298.15K and n,, is the efficiency of the PV.

The electrical power generation obtained from Eq. (5) is dependent entirely on the temperature distribution in each of the layers therefore, Egs. (1)—(5) are coupled together and solved simultaneously to obtain the temperature distribution using finite element
method.

3.1.1 Boundary conditions

To accurately model the PV, the following boundary conditions are applied, and some assumptions are considered to simplify the model with minimal deviation from the real case.

a) Solar cell conversion efficiency at 298.15K is assumed to be 17% and temperature coefficient to be 0.0045 K™ [34].
b) Steady state conditions are assumed.

c) All layers are assumed to be of equal area and in direct contact.

d) Heat loss via convection and radiation are considered at the upper surface (glass) and back surface (tedlar) of the PV.
e) Thermal properties of all materials are assumed to be isotropic and constant.

f) Ambient temperature is equal on all sides of the PV and adiabatic condition is assumed.

g) Convective heat transfer at the back surface of the PV is assumed to be half of that of the front surface [35].

h) In terms of radiative heat loss, the front and back surface of the PV are taken to view the sky and ground respectively.

The sky temperature used for the radiative heat loss calculation at the surface of the PV is given as [34]:
Ty, =T, = 6(K) (6)

where Tg, is sky temperature and T, is ambient temperature.

The convective heat transfer coefficient of the PV is given in terms of the wind speed as [36]:
h=5.82+4.07v (Y]

where h is the convective heat transfer coefficient v is the wind speed (m/s).

3.2 Thermoelectric generator model
The governing equations for the TEG which are solved by using COMSOL 5.4 Multiphysics software are given as [37]:

oT -
C,—+Veq=4g 8
oG5 +V =4 ®

where p is the density, ¢, is specific heat capacity, 7is temperature, g is heat flux vector and ¢ is the heat generation rate per unit volume.
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The electric charge continuity equation is given as [38],
= aD
Vell+—)=0
where 7 is the electric current density vector and [j is the electric flux density vector.
Egs. (5) and (6) are coupled using the following thermoelectric constitutive equations [39],

G=Tla]eJ =[] VT

T=[o]+(E~[a]+VT)

where [q] is the Seebeck coefficient matrix, [« is the thermal conductivity matrix and [¢] represents the electrical conductivity matrix.

E:—V(p

where  represents the electric field intensity vector and ¢ is the electric scalar potential.
The coupled thermoelectric equations can be obtained by combining the above equations as,
aT = .
PG5+ + (T[a]-J) —Ve(a]- VD =4
99
Ve [e]oV; +Ve(o]ela]eVT)+ Ve([c]+Vep)=0
where [¢] represents the dielectric permittivity matrix.
Lastly, the coupled thermoelectric governing equations can rewritten as [40],
Ve (Tai) VeV =g
Ve(caVT)+ Ve(cVe)=0

The electrical performance of the TEG can be obtained from the following equations [8]:

Voc = aAT

where voc is the open circuit voltage, a is the Seebeck coefficient and aT=T7,- 7 is the temperature difference between the hot side and cold side of the thermoelectric generator.

Vi, =Voc—R,I1=R;1

Wwhere v, is the output load voltage, R, is the internal resistance of the TEG and 1 is the TEG current which is given as,

I= Voc  aAT
R, +R, R, +R,
The output power of the TEG (P is given as,
P = V1= Ry = Rttt AT
=V Il=RI*=
e Ry, +R,)?

Nieg = Preg X0y

where nq is the TEG efficiency and @y is the input heat flux at the top surface of the TEG.
3.2.1 Boundary conditions

a) Heat loss through convection and radiation on all surfaces of the TEG are assumed to be zero.

b) Electrical and thermal contact resistances are ignored.
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c) The heat sink of the TEG is considered as a thermal boundary condition with a fixed temperature value.

d) The copper on the n-type thermoelectric leg is assumed to be at zero potential while the one at the p-type leg is connected to the external load resistance circuit.

3.3 Flat plate heat pipe model

The flat plate heat pipe model used in this study is a simplified model given by [41] and modified for this particular study.

The capillary pressure is given as:

where r is the capillary radius and ¢ is the surface tension.

The capillary pressure must be greater than all other pressure drops in the heat pipe therefore,

Ap. 2 Ap, + Ap;+ Ap,

where 2p, is the vapor pressure drop, ap. is capillary pressure drop, ap is liquid pressure drop in wick and apg is pressure drop due to gravitation and acceleration.

Hi
Ap,=| — | L
v < KAWLVPI > o

where y is the liquid viscosity, K is wick permeability, A, is wick area, Leis the heat pipe effective length and ¢ is the capillary limit.

The vapor pressure drop ap, can often be neglected and if the effect of gravity is not considered then,
Ap. = Ap;
The capillary limit is given as:

_ 20KALipy
Legrem
L L

evap ‘conden
4 R

Lgy=—
EA 2
where Le,,, is the length of evaporator section and  Leonden iS the length of condenser section of the heat pipe.

The effective thermal conductivity of the sintered copper powder wick is given as [41]:

Kl = (- 00— k)
Tkt kg + (1 — @)k — k)

where ¢ is porosity, taken as 0.5, «and ks are thermal conductivity of fluid (water) and thermal conductivity of solid (copper) respectively, taken as 0.61 and 400 respectively.

The vapor density according to the Ideal gas law is given as:

p _DPXxXM,
RT  RT

s s

pV=

where p is pressure and M, is the molar mass (18.01528 [g/mol]).

Laminar compressible flow is used and the saturation pressure (from Clausius-Clapeyron) at the inlet/outlet at evaporator/condenser side of the wick/vapor interface is given as:

A 1 1
=p (T)=p. e 2 __
P = PuarT) = Pry <Rs <Tr¢f T ) )

A=hy XM,
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where 4 is the enthalpy of vaporization, M, is the molar mass, ny is the latent heat (2473 [kJ/kg]), psar is saturation pressure, Rs is specific gas constant (8.3144621 [J/mol/K]), T is reference temperature (100°C), T is temperature and p.r is reference

pressure (1atm).

A global analytical function is used to define the saturation pressure and the vapor density is calculated from the equation.

The resulting normal mass flux of the evaporating/condensing water at the wick/vapor interface is given as,
th = p,(ven) (32)
where p, is vapor density, v is velocity field component and n is normal direction.

Viscous dissipation is included in this model and heat conduction is present in the container and wick. In the vapor chamber, heat transfer is via conduction and convection.

The boundary heat source that accounts for the heat of evaporation/condensation at the wick/vapor interface is given as:
Qovgp = WA (33)
where 1 is normal mass flux and 4 is the enthalpy of vaporization.

A global variable is used to define the heat of vaporization g4, and a boundary heat source is used to apply it to the wick/vapor interface.

3.3.1 Boundary conditions

To accurately model the flat plate heat pipe, the following boundary conditions are applied, and some assumptions are considered to simplify the model [41].

a) Effect of gravity is neglected.

b) Heat transfer is mainly due to evaporation/condensation and convection of vapor. Therefore, heat transport in the wick is simplified as conduction with an effective heat transfer coefficient.
c) Constant material properties are used except for that of the vapor density.

d) This simplified model does not predict the operating limits of the heat pipe.

e) Convective heat transfer coefficient used at the top surface of the heat pipe is assumed to be 1200 W/m2/K.

f) Sintered copper powder wick is used with porosity ¢=05 .

3.4 Hybrid model

In this study, the model for the PV-TE and PV-TE-Heat pipe are essential the same because the heat pipe is simply a passive cooling device with no electrical contribution to the hybrid system. Instead, the heat pipe cools the PV thereby increasing the PV

efficiency while also providing some heat flux at its condenser section for the TEG to generate electricity simultaneously.

The total power output of the hybrid system is a sum of the polycrystalline silicon cell layer power output and the TEG power output at matched load resistance. This is given as:

Plu/zll = Pgen + Pzeg (34)
Similarly, the overall efficiency of the hybrid system is given as the sum of the PV and TEG efficiencies.

Ntotal = npv + ”leg (35)

3.5 Computational domain

The three-dimensional numerical simulations in this study are performed using COMSOL 5.4 Multiphysics software which is based on finite element method. The heat transfer in solid and liquid interface, laminar flow interface, electric current interface and
electrical circuit interface are all used to perform the numerical study. Heat transfer in liquid is considered for the vapor chamber and boundary heat flux are used to describe the convective heat flux as appropriate. Domain heat source is used to describe the energy
absorption in each of the PV layers and surface-to-ambient radiation interface is used to describe the radiative heat loss. In addition, a temperature boundary condition is applied to the TEG cold side and a porous medium interface is applied to the wick. In the laminar flow

interface, an inlet boundary condition is set at the top surface of the vapor chamber with pressure set to the _saturation(fressure and normal flow direction is used. Furthermore, no slip wall condition is used. In all the simulation, the solar radiation intensity (G) is
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1000 W/m? although, different concentration ratios are applied to increase this intensity. In addition, the inbuilt COMSOL PARDISO (Parallel Sparse Direct Solver) is used and a fully coupled direct linear solver is also used to perform the numerical study.

3.6 Model validation

Firstly, a mesh convergence test is performed to investigate the independency of the results on the mesh size. In built COMSOL physics-controlled mesh with different element size are used and the result is shown in Table 5 for the hybrid PV-TE-Heat pipe

system considered. The average polycrystalline silicon cell temperature and overall hybrid system power output are obtained as shown in Table 5. It can be clearly seen that the average cell temperature and overall hybrid system power output converges when the Finer

mesh is used. Therefore, for increased accuracy and to save computation time, the Finer mesh is used in all the simulations.

Table 5 Mesh convergence test.

70,269
148,342
328,627
1,205,452

3,547,403

Number of domain elements Element size
Coarse 310.72
Normal 310.72
Fine 310.72
Finer 310.71
Extra fine 310.71

Average cell temperature (K)

0.798606514
0.798597914
0.798587814
0.798598067
0.798598067

Overall hybrid power output (W)

Secondly, to validate the model and numerical simulation methods used in this study, a comparison is made with previous works found in the literature. The PV model presented in [34] is used to validate the present PV model in this study. Simulation conditions

are reset to those presented in [34] and the result is shown in Fig. 2a. The TEG model presented in [42] is used to validate the present TEG model used in this numerical simulations and the same conditions used are reset in this study for accurate comparison.
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As can be seen from Fig. 2a and b, the numerical model developed in this study is in a very good agreement with previous models available in literature. The results are very identical therefore it can be concluded that the results obtained from this present study

are accurate and justifiable. Lastly, the heat pipe model used in this study is the same model provided by COMSOL Multiphysics in their application gallery [41] therefore, there is no need to validate this model. However, it is important to know that the geometrical
dimensions have been modified for the sake of this present study.

4 Results and discussion

In this section, the results obtained from this numerical study are presented and a detailed analysis of these results will be performed. The most important factors that influence the performance of the PV and hybrid PV-TE systems are analysed and a detailed

comparison between the performance of the PV only, PV-TE and PV-TE-Heat pipe under the influence of varying solar concentration ratio, ambient temperature, wind speed and TEG cold side temperature is presented.

4.1 Influence of solar concentration ratio

Since the average solar radiation intensity (Gy) is kept constant all through this study, the solar concentration ratio is thus the determining factor for the total radiation impinged on the PV surface and absorbed by each later. Therefore, an increase in solar
concentration ratio simply means an increase in radiation intensity since only uniform illumination is considered throughout this study. The influence of concentration ratio on the performance of the PV only, PV-TE and PV-TE-Heat pipe systems when the ambient
temperature is 298.15 K and wind speed is 1 m/s is shown in Fig. 3. As expected, the efficiency of the systems decrease as the concentration ratio increases as shown in Fig. 3a. This is because, the increase in concentration ratio raises the temperature of the PV which in
turn leads to a reduced overall efficiency in all the systems. However, it can be seen clearly from Fig. 3a that the PV-TE-Heat pipe system offers the highest conversion efficiency and slowest efficiency decline as the concentration ratio increases. In comparison, the
efficiency of the PV only system shows a sharp decline as the concentration ratio increases. This can be attributed to the poor natural cooling of the PV only. On the other hand, the heat pipe provides a better and more efficient passive cooling of the PV thereby offering
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an increased overall efficiency. The advantage of the PV-TE-Heat pipe system over the PV-TE and PV only systems becomes clearer as the concentration ratio increases. In fact, when the concentration ratio is 6, the PV-TE-Heat pipe efficiency is higher by 3.31% and
58.01% compared to that of the PV-TE and PV only systems respectively. Similarly, the maximum power output from the PV-TE-Heat pipe is enhanced by 1.31% and 57.23% compared to that of the PV-TE and PV only systems respectively when the concentration ratio is
6. Although the efficiency enhancement of the PV-TE-Heat pipe system compared to the PV-TE system is not much, it is important to note that the entire back surface of the PV is covered by the TEG in the PV-TE configuration. This is the only reason why the PV-TE
system is efficient enough to compete with the PV-TE-Heat pipe system. However, in larger PV systems, the amount of TEG that will be required to cover the entire back surface of the PV will be a lot thus, the overall system cost will be high. This is where the PV-TE-Heat
pipe system offers a superior advantage as the use of heat pipe can reduce the quantity of TEG needed to cool the PV. Furthermore, Fig. 3a shows that the PV-TE-Heat pipe system is better for highly concentrated system operation. It can also be seen from Fig. 3a that
the power output of the PV only system first show a rising tendency after which it starts decreasing. This shows that there is an optimum concentration ratio for the PV only system. As seen from Fig. 3a, the optimum concentration ratio for maximum power output from the
PV only system is 6. Fig. 3b shows the comparative performance of the PV in the PV only system, PV-TE and PV-TE-Heat pipe. It is obvious from Fig. 3b that the PV in PV-TE-Heat pipe possess the highest efficiency and power output due to the aforementioned cooling
effectiveness of the heat pipe. Considering the efficiency and power output of the TE in the PV-TE and PV-TE-Heat pipe, Fig. 3c shows the comparative performance results obtained. One glaring observation is that the efficiency and power output of the TE in the PV-TE is
significantly greater than that of the TE in PV-TE-Heat pipe. However, this is not surprising because the TE's performance is highly dependent on the amount of input heat flux into the system since both systems have the same cold side temperature. Therefore, the
performance of the TE in PV-TE is significantly higher because there is a higher intensity of heat transferred from the PV to the TE due to the absence of any other cooling device behind the PV as is in the case of the PV-TE-Heat pipe. Moreover, the TE in the PV-TE-Heat
pipe is attached to the condenser of the heat pipe which is at a much lower temperature. However, the contribution of the TE to the overall efficiency of the PV-TE and PV-TE-Heat pipe is not that significant because the PV contributes the greater share of the overall

hybrid system efficiency. Consequently, the performance of the PV-TE-Heat pipe is still better than that of the PV-TE because the PV is better cooled.
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4.2 Influence of ambient temperature

The influence of the ambient temperature on the performance of the PV only and hybrid PV-TE systems when the concentration ratio is 6 and wind speed is 1 m/s is shown in Fig. 4. It can be seen from Fig. 4a that the efficiency and power output of the PV, PV-TE,
PV-TE-Heat pipe all decrease as the ambient temperature increased. This trend is similar to the one reported in [25,26]. The reason for this is that the ambient temperature influences the amount of heat loss due to convection and radiation from the systems therefore, an
increase in ambient temperature will ultimately lead to an increase in heat loss and a decrease in performance. Nevertheless, the PV-TE-Heat pipe still offers the best performance in that its efficiency is higher by 1.47% and 61.01% compared to that of the PV-TE and PV
only systems at a high ambient temperature of 313.15K. In addition, Fig. 4b shows the performance of the PV in the PV only, PV-TE and PV-TE-Heat pipe systems. It can be seen that the power output and efficiency of the PV decreases as the ambient temperature
increased due to the heat losses to the environment. Furthermore, Fig. 4c shows the performance of the TE in the hybrid systems as the ambient temperature is varied. It can be seen that the power output and efficiency of the TE in the hybrid systems increase as the

ambient temperature increase. This is because the increase in ambient temperature leads to a raise in the temperature of the PV therefore, the input heat flux to the TE is increased consequently, it's power output and efficiency is increased as shown in Fig. 4c.
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4.3 Influence of wind speed

When the ambient temperature is 298.15 K and concentration ratio is 6, the influence of the wind speed on the performance of the PV only and hybrid PV-TE systems is shown in Fig. 5. It can be seen that an increase in wind speed leads to a rapid increase in the
efficiency and power output of the PV only system and a slight increase in those of the hybrid systems. This is because the wind speed affects the convective heat transfer coefficient which accounts for the convective cooling of the PV therefore, an increase in wind speed
ultimately leads to a decrease in PV temperature and an increase in performance. In addition, Fig. 5a shows that the PV-TE-Heat pipe performs better than the PV-TE and PV only systems. However, it can also be seen from Fig. 5a that the efficiency and power output
increase offered by the PV-TE and PV-TE-Heat pipe as the wind speed increases is not that significant. This is because, unlike the PV only system in which natural convective cooling is applied to front and back surfaces of the PV, the PV-TE system only has convective
cooling at the front surface of the PV due to the presence of TEG which covers the entire back surface of the PV. Similarly, the PV-TE-Heat pipe system also only has convective cooling at the front surface of the PV due to the presence of the heat pipe which covers the

entire back surface of the PV. Therefore, the influence of the wind speed on the efficiency and power output of the PV-TE and PV-TE-Heat pipe is not that significant. In fact, the back surface of the PV-TE-Heat pipe is assumed to be insulated asides the TEG so as to
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create sufficient temperature gradient for the TEG to operate. Fig. 5b shows the efficiency and power output varying of the PV in PV only, PV-TE and PV-TE-Heat pipe systems as the wind speed is increased. It can be seen clearly from Fig. 5b that the PV-TE performs
better than the PV only although its performance is second only to that of the PV-TE-Heat pipe. Fig. 5¢c shows the performance of the TE in PV-TE and PV-TE-Heat pipe as the wind speed increases. It is obvious that the efficiency and power output of the TE in PV-TE

decreases as the wind speed increases. This is due to the fact that an increase in wind speed leads to a better cooling of the PV and thus a reduced temperature and the input heat flux to the TE is reduced.
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4.4 Influence of thermoelectric generator cold side temperature

Asides, the amount of input heat flux available to the TEG, the cooling effectiveness of the TEG is the other most important factor that influences the performance of the device. This is because, effective cooling at the cold side of the TEG creates a larger

temperature difference across the TEG thus, more power can be generated. Fig. 6 shows the performance of the PV-TE and PV-TE-Heat pipe as the cold side temperature of the TEG is varied when the ambient temperature is 298.15K, wind speed is 1m/s and
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concentration ratio is 6. It can be seen from Fig. 6a that the efficiency and power output of both hybrid PV-TE systems decrease as the TEG cold side temperature increased because the contribution of the TEG to the overall efficiency will decrease significantly due to the
lesser temperature difference available to the device. In addition, Fig. 6b shows that the power output and efficiency of the PV in PV-TE and PV-TE-Heat pipe decrease as the TEG cold side temperature increases because of the inadequate cooling provided. As expected,
Fig. 6¢ shows that the TE in PV-TE provide a better performance compared to the TE in PV-TE-Heat pipe because of the lesser temperature gradient. However, in both cases, the TE power output and efficiency sharply decrease as the TEG cold side temperature

increases thereby showing how highly important effective cooling of TEG is.
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4.5 Temperature and voltage distribution

Since it has been established that the TEG temperature gradient determines its performance, it is necessary to investigate the influence of ambient conditions on the thermoelectric generator temperature gradient. The variation of TEG temperature difference
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with concentration ratio, ambient temperature, wind speed and TEG cold side temperature is shown in Fig. 7. It can be seen from Fig. 7a and b that TE temperature difference in PV-TE and PV-TE-Heat pipe increase as the concentration ratio and ambient temperature
increases respectively. This trend is simply due to the fact that an increase in both the ambient temperature and concentration ratio leads to an increase in the input heat flux available to the TEG thus, its temperature difference increases. Contrarily, the TE temperature
difference in PV-TE and PV-TE-Heat pipe decrease as the wind speed and TEG cold side temperature increases as shown in Fig. 7c and d respectively. Although for the wind speed, the temperature difference decrease is more visible in the PV-TE as shown in Fig. 7c.
The reason for this is because an increase in wind speed leads to a decrease in PV temperature and consequently, a decrease in TE input heat flux. Similarly, an increase in the TEG cold side temperature leads to a decrease in the temperature gradient since the input

heat flux is still constant.
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The temperature and voltage distribution in the PV-TE are shown in Fig. 8 when ambient temperature is 298.15 K, wind speed is 1 m/s, concentration ratio is 6 and TEG cold side temperature is 293.15 K. The three-dimensional temperature distribution of the PV-

TE can be seen from Fig. 8a. Under the aforementioned conditions, the maximum temperature in the PV-TE is 337 K. Fig. 8b shows the temperature distribution from the side view of the PV-TE while Fig. 8c shows the voltage distribution in the PV-TE. It can also be seen
that the highest temperature in the hybrid PV-TE system is generated at the polycrystalline silicon layer.
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Considering the PV-TE-Heat pipe, its temperature and voltage distribution are shown in Fig. 9 when ambient temperature is 298.15 K, wind speed is 1 m/s, concentration ratio is 6 and TEG cold side temperature is 293.15K. Fig. 9a shows the three-dimensional
temperature distribution of the PV-TE-Heat pipe. It can be seen clearly from Fig. 9a that the maximum temperature under the aforementioned conditions is 314 K which is 23 K lower than that in the PV-TE as shown in Fig. 8a. This shows the superiority of the flat plate heat
pipe in cooling the PV compared to the TE. In addition, Fig. 9b shows the temperature distribution from the side view of the PV-TE-Heat pipe and it can be seen that the lowest temperature is from the TEG cold side. Finally, the TEG voltage distribution in the PV-TE-Heat

pipe is shown in Fig. 9c. The thermoelectric legs are connected in series therefore, current flows across all the legs and voltage can be measure across the negative and positive terminals.
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5 Conclusion

This study presented a detailed comparative analysis of the performance of a PV only, PV-TE and PV-TE-Heat pipe under varying ambient conditions. COMSOL 5.4 Multiphysics software which is based on the finite element method was used to perform the
numerical simulations and three different models (PV, TEG, Heat pipe) for the hybrid system subsystems were developed and validated with data from available literature. A detailed literature review describing the current state-of-art in the field of hybrid photovoltaic-
thermoelectric systems was presented to facilitate easy understanding of the subject matter and to justify the novelty of this study. For the first time, a three-dimensional numerical study of a hybrid photovoltaic-thermoelectric system employing a flat plate heat pipe was

presented. Temperature dependent thermoelectric material properties were also accounted to increase the accuracy of the simulation results. The main conclusions from this study are as follows:

1) The PV-TE-Heat pipe system is recommended for highly concentrated systems because of its superior performance at high concentration ratios.
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2) Efficiency of the PV-TE-Heat pipe is 3.31% and 58.01% higher compared to that of the PV-TE and PV only systems respectively at a concentration ratio of 6.

3) There exists an optimum concentration ratio for the maximum power output from the PV only system and it is 6.

4) Ambient temperature increase is not beneficial to the performance of the PV, PV-TE and PV-TE-Heat pipe. Nevertheless, the PV-TE-Heat pipe efficiency is 1.47% and 61.01% higher than that of the PV-TE and PV only systems at a high ambient temperature of 313.15K.
5) Increase in wind speed enhances the performance of the PV, PV-TE and PV-TE-Heat pipe although the enhancement is not significant in the PV-TE and PV-TE-Heat pipe.

6) Although the PV-TE-Heat pipe system is recommended because of its superior performance, it is worth noting that the PV-TE system is also a better alternative to the PV only system because its performance is better compared to the PV only system.

7) The PV and TE have a complex relationship in that some ambient conditions are beneficial to the performance of the PV while harming that of the TEG and vice versa.

8) Ineffective cooling of the TEG could cause a negative effect on the performance of the hybrid systems.
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* Hybrid photovoltaic-thermoelectric systems with and without heat pipe are studied.
« Comparison of the photovoltaic only and hybrid photovoltaic systems is presented.
« Influence of concentration ratio, ambient temperature, wind speed is investigated.

* Three-dimensional numerical simulation using finite element method is presented.

Queries and Answers

Query: Your article is registered as a regular item and is being processed for inclusion in a regular issue of the journal. If this is NOT correct and your article belongs to a Special Issue/Collection please contact
J.Shanmugam@elsevier.com immediately prior to returning your corrections.

Answer: Yes

Query: The author names have been tagged as given names and surnames (surnames are highlighted in teal color). Please confirm if they have been identified correctly.

Answer: Yes

Query: Have we correctly interpreted the following funding source(s) and country names you cited in your article: EU Marie Curie International incoming Fellowships Program, United Kingdom? EPSRC , United Kingdom? EPSRC,
United Kingdom? Innovate UK, United Kingdom? /

Answer: Yes

©2019, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/





