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Abstract 10 

Solar photovoltaic/thermal (PV/T) technology has enormous promise in the field of renewable 11 

cogeneration as a key technology to increase the utilization rate of solar energy. The structural 12 

restrictions of PV/T and the high power temperature coefficient of solar cells make PV/T mostly used 13 

in low-temperature situations. However, the combination of intermediate temperature PV/T and low-14 

grade energy utilization devices can create a wider range of application values, including absorption 15 

refrigeration, seawater desalination, and the organic Rankine cycle. To increase the overall efficiency 16 

and thermal energy grade of the PV/T system, a novel heat pipe evacuated tube PV/T (HE-PV/T) 17 

system is proposed. The heat transfer is modeled using distributed parameters, and the thermoelectric 18 

performance and temperature uniformity are computed through numerical simulation. The impacts of 19 
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different parameters on the thermodynamic performance of the HE-PV/T system are examined. 20 

Compared with traditional flat plate PV/T, the system's overall energy utilization efficiency and exergy 21 

efficiency have been significantly increased. When the inlet temperature is 80.0 °C, the overall energy 22 

and exergy efficiency of the HE-PV/T system can reach 33.55% and 7.92%, which is 29.66% and 23 

21.97% higher than that of flat plate PV/T. Besides, the temperature distribution of the HE-PV/T is 24 

more uniform, which is beneficial for reducing thermal stress and mechanical damage. The property 25 

superiority and thermodynamic feasibility of the HE-PV/T system at medium temperature are 26 

demonstrated. 27 

Keywords: Evacuated tube, Photovoltaic/thermal system, Distributed parameter model, Intermediate 28 

temperature, Temperature uniformity 29 
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Nomenclature 
 
A area, m2 cv convective heat transfer 
B temperature coefficient, K-1 d depth 
c specific heat capacity, J/(kg·K) e evaporation 
D diameter of heat pipes，m ele electrical efficiency 
d thickness, m eq equivalent ambient 
E electrical gain, W er radiation heat transfer 
G solar irradiance, W/m2 exp experiment 
h heat transfer coefficient, W/(m2·K) f rib ridge width 
L length, m g glass tube 
M mass, kg gd Cross area of glass tube 
m mass flow rate, kg/s i inner diameter 
Nu Nusset number in water inlet 
Pr Prandtl number l liquid 
Q heat gain, W o outside diameter 
Re Reynolds number out water outlet 
R thermal resistance, m2·K/W p heat pipe 
T temperature, K part part surface 
V volume, m3 PV photovoltaic module 
 pvt Photovoltaic/thermal 
Greek letters ref standard test condition 
 sec intersecting surface 
α absorptivity sd heat shield 
ε emissivity sg single 
η efficiency sim simulation 
ξ covering factor sun solar 
λ thermal conduction, W/(m·K) TPT Tedlar-Polyester-Tellar 
ρ density, kg/m3 t tube 
σ Stefan-Boltzmann constant, W/(m2·K4) th thermal 
τ transmittance w water 
 we welding material 
Subscripts wk wick 
 wt cooling water volume 
a absorptivity  
ad adhesive layer Abbreviations 
b aluminum plate  
c cooling HE-

PV/T 
heat pipe evacuated tube 
photovoltaic/thermal cl contact thermal resistance 
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1. Introduction 32 

Improved solar energy system installation and higher solar utilization rates have long been the 33 

shared objectives of researchers in the sector of solar energy utilization[1]. Photovoltaic thermal (PV/T) 34 

technology is a combination of photovoltaic and thermal, where the collectors make photovoltaic cells 35 

cooled and capture the excess heat generated by the cells, so that the electricity and heat can be obtained 36 

at the same time[2,3]. At present, PV/T is mainly used in low-temperature areas with limited 37 

applications, such as air heating and domestic hot water. In contrast, the intermediate temperature PV/T 38 

system can combine with a wider range of uses[4], including combining absorption refrigeration[5,6], 39 

desalination[7,8], and organic Rankine cycle[9,10] power generation to realize the co-generation of 40 

cold-heat-power. The range of 75-90 °C is a common temperature of heat source for absorption chillers 41 

and organic Rankine cycle[11,12]. The combined way can not only meet the requirements of domestic 42 

heating, electricity, and cooling, but also highly enhance the comprehensive utilization rate of solar 43 

energy[13]. Especially in the western region of China, which has rich solar energy resources, it can 44 

not only provide residents with daily life energy, but also promote the development of carbon neutrality 45 

in China as a clean distributed energy output. 46 

However, when the PV/T systems operate in medium and high temperatures, the solar cell type and 47 

system thermal stress are the important factors affecting the electrical performance and mechanical 48 

damage of the system, which mainly focus on the aspect of the battery power temperature coefficient 49 

and thermal expansion coefficient[14]. The crystalline silicon (c-Si) cells are the most used solar cells 50 

in low-temperature PV/T systems. But the high power temperature coefficient of roughly 0.4 to 51 

0.6 %/°C is not conducive to medium temperature operation[15,16]. Particularly, there is a large 52 
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difference in the thermal expansion coefficient between the c-Si cells and the aluminum plate 53 

(substrate), which can cause technical problems of structural deformation due to the large thermal 54 

stresses at fluctuating temperatures[17], and the system performance is affected[18]. Ulrich[17] used 55 

the finite element analysis to show The non-symmetrical structure of the complete photovoltaic module 56 

easily causes bending in the process of the thermal cycle. Fortunately, the amorphous silicon (a-Si) 57 

cells have been proven suitable for medium temperature operation, which performs low power 58 

temperature coefficient and long-term stability at medium temperature operation[19,20]. 59 

Moreover, the system structure is also a key factor in determining whether the medium temperature 60 

can be achieved. At present, the most common structure of PV/T system is the flat plate type, which 61 

performs a low thermal efficiency resulting in an operating temperature below 60.0 °C[21]. While the 62 

concentrating PV/T system can achieve medium temperature operation[22], it has the problems of 63 

complex structure and unstable operation, which require solar mirror field to cover a large area and is 64 

only suitable for large-scale sites[23,24]. The vacuum structure is a good choice to achieve medium 65 

temperature, which can effectively reduce convection and conduction heat loss. At present, the vacuum 66 

structure has been applied in the field of solar heat collection, such as evacuated flat plate collector 67 

and vacuum tube collector, and its medium temperature performance has been verified[25,26]. 68 

However, there are only a few studies on the evacuated PV/T system. A new vacuum flat plate PV/T 69 

with a vacuum layer atop the solar cells was conducted and compared to traditional PV/T, which shows 70 

higher thermal and electrical power additions[27], and by studying the effect of vacuum degree on the 71 

system performance, it is found that the higher the vacuum degree, the higher the thermal efficiency 72 

of the system, Xiao et al.[19] proposed an evacuated flat plate PV/T (FP-PV/T) system by using solar 73 
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cells with positive power temperature coefficients, and the high-temperature performance of this 74 

system has been proved. In fact, the vacuum structure will produce a significant pressure difference 75 

on both sides of the glass cover, which will cause the glass cover to break. Besides, a significant tensile 76 

stress is present around the corner of the glass cover, which could lead to the glass cover breaking[28], 77 

which does not benefit the system's stability. To solve this problem, it is necessary to install the support 78 

pillars below the glass cover, but the support pillars will cast shadows on the solar cells, which will be 79 

detrimental to the electrical performance of the cells[29]. According to Wang's study[30], the frame 80 

shadow can result in a 39.3% reduction in photoelectric efficiency in the worst situation. Hence, to 81 

improve the effectiveness and stability of PV/T systems, it is necessary to reduce the shadow effect 82 

caused by the support structure and avoid large thermal stress. 83 

In comparison, the vacuum tube structure requires less support structure and exhibits less thermal 84 

stress. Since the evacuated tube has a nearly streamlined surface, the pressure difference resistance 85 

generated between the circular tube surface and the atmosphere is small, so it does not need too much 86 

support structure to alleviate the pressure difference between the atmospheric environment and the 87 

internal vacuum. The characteristic of vacuum tube has been verified by Gao et al[31]. and the energy 88 

and exergy efficiency of solar collectors can also be enhanced in conditions of moderate temperature. 89 

Moreover, the axisymmetric structure of the circular tube makes the material distribution uniform, the 90 

stability in all directions is equal, the temperature distribution is uniform, and the thermal stress is 91 

small. A more uniform stress distribution is realized with the contribution of the tubular shape of the 92 

evacuated tube solar collector[32]. Tubular can therefore significantly reduce the system's thermal 93 

stress problem when applied to PV/T systems. At present, the vacuum tube PV/T system has not been 94 
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actively promoted, despite the fact that the vacuum tube solar collector system has been used 95 

extensively in the field of medium temperature. The vacuum tube PV/T structure is a practical solution 96 

to increase system efficiency and reduce thermal stress, and the feasibility of the system has not been 97 

reported. Thus, it is necessary to elaborate on the system's thermodynamic issues to illustrate the 98 

reliability of the system. 99 

To fill the research gap of the intermediate temperature PV/T system mentioned above, this paper 100 

proposes a new PV/T system structure, known as the heat pipe evacuated tube PV/T solar collector 101 

(HE-PV/T) using heat pipe, evacuated tube, and a-Si cells. However, the temperature stratification 102 

phenomenon at the junction of the battery and the heat-absorbing material is easily caused by the 103 

difference in thermal conductivity between both[33,34], resulting in the local temperature increase at 104 

the edge of the battery, thus affecting the cell’s power generation efficiency. In order to explore the 105 

temperature change during the working process of the two and investigate the heat transfer process of 106 

the HE-PV/T system, a relatively distributed parameter model with high precision is developed. The 107 

temperature distribution and uniformity of solar cells are revealed, and the system's energy quality is 108 

examined from the standpoint of exergy under various conditions. Finally, compared with traditional 109 

flat plate PV/T, the comprehensive energy efficiency and exergy efficiency of the novel HE-PV/T 110 

system are sharply enhanced, and the temperature distribution of cells is more uniform at medium 111 

temperature, which is a vital advantage to extend cells’ lifetime. 112 
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2. System description and working principle 113 

Fig. 1 depicts the HE-PV/T structure and side view diagram, which comprises a heat exchanger, 114 

HE-PV/T, and supports. Glass tube, ethylene-vinyl acetate (EVA), a-Si solar cells, black Tedlar-115 

polyester-tedlar (TPT), aluminum plate, heat pipe, and shield plate are the components of the HE-PV/T. 116 

The electrically insulating material black TPT can prevent cells from the shot circuit and enhance 117 

system absorptivity. A heat pipe is laser welded to the back of the aluminum plate, and its condenser 118 

section is inserted into a heat exchange. A vacuum environment is created inside the glass tube to 119 

reduce the heat convection and conduction on the solar cells' surface. As shown in Fig. 1 (b), The 120 

majority of solar radiation passing through the glass tube is absorbed by PV cells and black TPT; part 121 

of the radiation is converted into electricity and heat by the solar cells, while the rest is ultimately 122 

converted to heat energy by the black TPT. The heat is transferred from the cells layer to absorber 123 

plates by heat conduction and then transferred to the evaporator portion of the heat pipe, where it is 124 

absorbed by the cooling water through the pipes' condenser section and the heat exchanger. 125 
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 126 
(a) 127 

 128 
(b) 129 

Fig. 1. (a) Structure diagram of the HE-PV/T collector; (b) heat transfer process of the HE-PV/T collector. 130 

Glass tube, EVA, PV cell, black TPT, absorber plate, and shield plate have respective thicknesses of 131 

roughly 2.8 mm, 0.6 mm, 1.16 mm, 1.16 mm, 1 mm, and 0.8 mm. The HE-PV/T collector's structural 132 

dimensions are shown in Fig. 2. For the HE-PV/T collector, six a-Si cells with a size of 245 mm×88 133 
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mm are laminated on an absorber plate measuring 1960 mm×92 mm and built into a glass tube with 134 

the diameter and length of 102 mm and 2000 mm, where the cell's gap is 100 mm×92 mm. The length 135 

of the heat pipe's evaporator and condenser section is 1960 mm and 110 mm, respectively. And 16 136 

vacuum tubes with identical configurations comprise the HE-PV/T collector. Its heat absorption area 137 

is 2.88 m2 and it is placed at an angle of 30° to the ground. 138 

 139 
Fig. 2. Structural dimensions of the HE-PV/T. 140 

It is noted that the HE-PV/T system's sealing of the vacuum tube has complex technical requirements, 141 

under long-term operation, it is simple to experience insufficient vacuum levels, which reduces system 142 

effectiveness. However, when there is a problem with a single tube, it will not affect the performance 143 

of the overall PV/T collector, which can reduce the difficulty and cost of maintenance. From a technical 144 

standpoint, the heat pipe type vacuum tube PV/T system has high feasibility and considerable cost, 145 
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compared to the flat type vacuum PV/T system which needs a large area vacuum plate. The vacuum 146 

flat plate structure will produce a significant pressure difference on both sides of the glass cover, which 147 

will cause the glass cover to break. Thus, a large number of support columns are required, but it will 148 

produce shadows on the PV cells, which will be detrimental to the electrical performance of the cells. 149 

Fortunately, the vacuum tube structure presented in this paper requires less support structure. The 150 

performance of the novel HE-PV/T system in intermediate temperatures can be significantly improved. 151 

3. Mathematic models 152 

3.1 Mathematic models of the HE-PV/T system 153 

This work develops a distributed parameter model to investigate the thermal and electrical 154 

performance of the novel HE-PV/T system. Compared with the lumped parameter model, a distributed 155 

parameter model can provide a better insight into the heat transfer and power conversion of the 156 

proposed system, especially the specifics of the temperature distribution of each component. The 157 

similar presumptions as the following. 158 

(1) Thermal resistance is disregarded. Since the thickness of glass tubes, PV cells, absorber plates, 159 

and heat pipes are thin, the temperature of the exterior and inner walls are assumed to be 160 

identical. 161 

(2) Glass tubes and heat pipes have a consistent temperature distribution in the radial direction. 162 

(3) Sunlight enters the collector in the normal direction of the absorber plates. 163 

(4) The absorber plates and glass tubes exhibit diffuse ash surface characteristics. 164 
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In order to demonstrate the temperature distribution of the module precisely, the parameter equations 165 

of PV cell and black TPT should be established one by one, where time and space are mutually 166 

independent variables. Similarly, the mathematical models of absorber plate welded with the heat pipe 167 

and without connection to the heat pipe are built respectively. Therefore, for the glass tube, PV cell, 168 

black TPT, absorber plate, heat pipe, and cooling water, the energy balance equations are expressed as: 169 

2
g

g g g g gd g g,cv a g g,er eq g g,pv pv g2

g,b b g g g g

( ) ( ) ( )
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2
w w w

wt w w w w wt w a w w,a p,c w w,c2 ( ) / ( ) /T T TV c m c V T T R T T R
t x x

ρ λ
∂ ∂ ∂

= − + + − + −
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(11) 

where, the d, ρ, c, A, λ is the thickness (m), density (kg/m3), specific heat capacity (J/kg·K), area (m2), 170 

thermal conduction (W/m·K); h and R are the heat transfer coefficients (W/m2·K) and thermal resistant 171 

(m2·K/W); T is the temperature (K); t is the time (s); m is the mass flow rate (kg/s); M is the mass (kg); 172 

V is the Volume (m3); G is the solar irradiance (W/m2); ξ is the covering factor of the cells. 173 

hg,cv is the convective heat transfer coefficient between the glass tube and environments[35]; hg,er, 174 

hg,pv, hg,TPT and hg,b are the radiant heat transfer coefficient between the glass tube and sky, between the 175 

glass tube and PV cell, between the glass tube and black TPT, and between the glass tube and absorber 176 

plate[36], respectively; hc,i is the condensing heat transfer coefficient between the medium and inner 177 

wall of the condenser, a calculation formula summarized by Husseina et al[37], and hw is the heat 178 

transfer coefficient between cooling water and heat exchanger[38], expressed as: 179 

g
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kh Nu
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4 4 4 4
eq sky sky gr gr gur surT f T f T f T= ⋅ + ⋅ + ⋅  (21) 

1.5
sky a0.0552T T= ⋅  (22) 

where β is the dip angle of the heat pipe, ρl is the density of saturated liquid in the heat pipe, hfg is the 180 

latent heat of phase change of medium, μl is the dynamic viscosity of saturated liquid of medium, ΔTcr 181 

is the temperature difference between medium and pipe wall. The qualitative temperature of the 182 

expression is decided by (tw+t∞)/2, and is used for RePr>0.2. Tsur, Tgr, and Tsky represent the 183 

temperature of the surroundings, ground, and sky. fsur, fgr, and fsky are their view factors[39], 184 

respectively. 185 

Rb,pv and Rb,TPT are the thermal resistance between the PV cell and the absorber plate, and between 186 

the black TPT and the absorber plate; Re,b and Ab,sg are the thermal resistance between the absorber 187 

plate and the evaporator section of the heat pipe, the superficial area of a control volume, expressed 188 

as: 189 

b,pv ad ad/R d λ=  (23) 

b,TPT ad ad/R d λ=  (24) 

e,b we we we/ ( )R d Aλ=  (25) 

b,sg bA dx L= ×
 (26) 
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About the calculation of the heat pipe, the energy from the evaporator section into the condenser 190 

section is calculated using the total thermal resistance Re,c. Reference[40] confirmed that the pressure 191 

drop of the vapor along the axial direction is very small and that the temperature of the working fluid 192 

is considered to be a constant number along the axial direction when the vapor space operates at a 193 

constant saturation pressure. The Re,c can be thought of as consisting of four basic parts: Re,p is the 194 

conductive heat resistance of the evaporator radial direction; Re,i is the equivalent heat resistance 195 

caused by the capillary core of the heat pipe evaporator; Rc,i is the condensation resistance in the 196 

condenser section of the heat pipe, and Rc,p is the conductive resistance of the condenser radial direction. 197 

And Rw,c is the total thermal resistance between cooling water and the condensing wall of the heat pipe. 198 

As for the heat pipe's evaporator section, Fig. 3 demonstrates the inner structure of and a groove is 199 

used to accommodate the wick, λwick is the heat pipe wick's equivalent thermal conductivity[41]. The 200 

total resistance of the heat pipe is calculated by: 201 

 202 
Fig. 3. Inner structure of the evaporator section. 203 

e,c e,p e,i c,i c,pR R R R R= + + +  (27) 

e,o e,i
e,p

e p

ln( / )
2
D D

R
Lπ λ

=  (28) 
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( )(0.185 )
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λ λ λ λ λλ

λ λ
+ +
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 (33) 

where, Rcl is the contact thermal resistance between the heat exchanger and condensing wall of the 204 

heat pipe, Aw is the equivalent heat transfer area between cooling water and heat exchanger, λl and λwk 205 

are the conductive heat coefficient of liquid medium and material about wick. wf is the width of the rib 206 

ridge of the channel, w and wd are the width of the channel and the depth of the channel. 207 

The (τα  )pv and (τα  )TPT are the effective absorptance efficiency of the PV cell, and the black 208 

TPT[36], Epv is the electrical energy of the PV cell, expressed as: 209 

pv g ad pv( )τα τ τ α=  (34) 

TPT g ad TPT( )τα τ τ α=  (35) 

pv g ad ref pv ref[1 ( )]E G B T Tτ τ η= − −  (36) 

where ηref is the photovoltaic efficiency of the PV cell at standard test temperature Tref =298.15 K, B is 210 

the power temperature coefficient of a-Si[42], 0.002 K-1. 211 

3.2 Performance evaluation 212 

The thermal efficiency, electrical efficiency, and comprehensive energy efficiency[43] of the HE-213 
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PV/T system can be defined as: 214 

w w w out in
th

b b

( )Q c m T T
GA GA

η −
= =  (37) 

pv
pv

pv

E
GA

η =  (38) 

pv
pvt th

power

η
η η ξ

η
= +  (39) 

where Qw is the quantity of heat obtained by cooling water, mw is the mass flowing rate of which, Tin 215 

and Tout are the inlet and outlet temperatures of the system, ηpower is the electrical efficiency of the 216 

traditional thermal power plants, about 38%. 217 

The second law of thermodynamics may assess the quality of energy flux, and exergy assesses the 218 

most productive amount of effort that can be done to bring the system and environment into total 219 

equilibrium, therefore, which can forecast how much work can be done in a system. Thermal exergy 220 

depends on the temperature and how much heat is generated, while electrical energy is pure exergy 221 

only depends on the size of electricity, which can be expressed as[44]: 222 

a
th w

m

(1 )TEx Q
T

= −  (40) 

pv pvEx E=  (41) 

th
ex,th

G b

Ex
Ex A

η = ∑
∑

 (42) 

pv
ex,pv

G pv

Ex
Ex A

η = ∑
∑

 (43) 

ex,pvt ex,th ex,pvη η ξη= +  (44) 

Exergy of solar radiation incidents on PV/T collector per square meter and Tm (the log mean 223 
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thermodynamic temperature difference between the inlet and outlet of cooling water.) can be expressed 224 

as: 225 

a
G

sun

(1 )TEx G
T

= −  (45) 

out in
m

out inln( / )
T TT
T T

−
=  (46) 

where Tsun=5760 K is the sun’s surface temperature. 226 

To evaluate the degree of agreement between the simulation and the experiment, the relative error[45] 227 

(RE) is calculated by: 228 

exp sim

exp

100%
X X

RE
X
−

= ×  (47) 

where the Xexp and Xsim are the values of the experiment and simulation, respectively. 229 

3.3 Discretization of equations and numerical simulation 230 

Fig. 4 depicts the grid division of the HE-PV/T system, and the axial direction of the heat pipe is the 231 

X-axis, while the direction of the cooling water is the Y-axis. Along the axis of each heat pipe, the 232 

temperature of the solar cells and aluminum plate is distributed symmetrically. The discrete nodes of 233 

the evaporation portion of the heat pipe and the vacuum tube are separated into i×j =47×1, and the 234 

discrete nodes of the PV module and the aluminum plate are divided into i×j =47×23, i×j =16×1 nodes 235 

are established for the grid discretization for the heat exchanger. Fig. 4 illustrates the outcome’s type 236 

of the thermodynamic behavior of the two-dimensional region in the dotted box to represent its 237 

temperature distribution in the comprehensible contour plot format. 238 
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 239 
Fig. 4. The grid division of the HE-PV/T system. 240 

All of the energy balance equations in this study are solved using discrete techniques. The second-241 

order central difference approach is used to solve the energy balance equations of the vacuum tube, a-242 

Si cell, aluminum plate, and the heat pipe's evaporation portion. First-order upwind discretization is 243 

employed for the water in the heat exchanger because it takes into consideration the effect of the 244 

incoming flow direction of the cooling water temperature in the flow channel. The mathematical 245 

discrete equations are solved by MATLAB programming, and the system settings are then optimized 246 

by analyzing the numerical results. The procedure for numerical simulation in this paper is shown in 247 

Fig. 5. It is necessary to enter the geographic location, meteorological factors, and inlet temperature in 248 

advance to solve the system's mathematical equation. Hefei is used as an example site for the 249 

simulation, and the time step is set to 2s. When the relative error of the calculation results between two 250 

times nodes is less than 10-5, the system reaches a stable state, and the computation is finished. 251 
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 252 
Fig. 5. Flow chart of the numerical simulation process. 253 

3.4 Model validation 254 

Since the system is a novel structure, there is no experimental data for model verification. In this 255 

section, the thermal model is validated with a heat pipe evacuated tube photothermal (PT) collection 256 

system[46], and the specific model construction is shown in Fig. 6. In order to confirm the accuracy 257 

of the calculation approach, the experimental data of the PT collector are compared with the numerical 258 

simulation findings in this work. The experimental site of the collector is determined to be in Hefei, 259 
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China, at 31.9 °N and 117.3 °E, with a collector inclination angle of 30 °, cooling water flow of 0.035 260 

kg/s, ambient temperature of 6.0 °C, and solar irradiation of 820 W/m2 as the experimental parameters 261 

in the study. When the temperature is less than 250.0 °C, the heat absorber plate has an absorptivity 262 

and an emissivity of 0.95 and 0.1, respectively. Additionally, the discrete equation of the established 263 

fully hidden scheme is solved using point iteration to produce the five-diagonal matrix. 264 

 265 
Fig. 6. Photograph of PT collector. 266 

3.4.1 Grid independence test 267 

To verify that the grid is independent of the numerical results, fixing the structural characteristics of 268 

the system, Fig. 7 (a) illustrates how the number of grids affects the system's thermal efficiency when 269 

the ambient wind speed is 2.5 m/s. The thermal efficiency drops from 80.85% to 77.46% when the 270 

number of grids is increased from 1936 to 26128, especially once the number of grids reaches 11408, 271 

the thermal efficiency is 77.46%, and the change of thermal efficiency is quite small. However, as the 272 

number of grids increases, calculation time will increase significantly. With regard to the accuracy and 273 

speed of the calculation, 11408 grids are selected for this calculation. 274 



22 

 

0 4000 8000 12000 16000
77

78

79

80

81
T

he
rm

al
 e

ff
ic

ie
nc

y 
(%

)

Mesh quality

 thermal efficiency

0 7000 14000 21000 28000
44

48

52

56

60

Th
er

m
al

 e
ff

ic
ie

nc
y 

(%
)

Mesh quantity

 Thermal efficiency

6.18

6.21

6.24

6.27

6.30

 Electrical efficiency

El
ec

tri
ca

l e
ff

ic
ie

nc
y 

(%
)

 275 
(a)                                 (b) 276 

Fig. 7. Grid independence test (a) PT system; (b) HE-PV/T system. 277 

3.4.2 Simulation verification 278 

The entrance temperature of the collector is raised from 18.8 °C to 147.6 °C when keeping all other 279 

parameters constant. To guarantee the applicability of the experimental findings, simulations, and 280 

experiments were performed four times at each inlet temperature. Figs. 8-10 display the temperature 281 

difference between the system's input and output, the heat gain, and the thermal efficiency of the PT 282 

system. 283 

0 20 40 60 80 100 120 140 160

10

11

12

13

14

 Simulation
 Experiment

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (°

 C
)

Inlet water temperature (° C)  284 
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Fig. 9. Heat gain of the PT system. 287 
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Fig. 10. Thermal efficiency of the PT system. 289 

The temperature of the absorbing plate rises as the inlet water temperature rises. The heat transfer 290 

through the heat pipe will gradually decrease as the temperature of the absorbing plate rises under the 291 

same solar irradiance, in order to maintain the temperature stability of the absorbing plate. Figs. 8 and 292 

9 show a downward trend in the temperature difference between the system's inlet and outlet and the 293 

heat gain, and Fig. 10 displays that the standardized temperature at the system's entrance rises from 294 

0.016 to 0.173, the thermal efficiency falls from 74.00% to 53.47% in the experimental data, and from 295 

76.58% to 53.52% in the simulated data. The maximum relative error of the two is 4.35% when the 296 

standardized inlet temperature is 0.016, and the error of the two also shows a downward trend with an 297 
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increase in standardized inlet temperature. The simulation results are verified within the allowable 298 

error range, indicating that this calculation method can be used in both medium and low-temperature 299 

ranges. Thus, this method is used in this paper to resolve the energy balance equations. 300 

4. Results and discussion 301 

As a brand-new intermediate temperature PV/T system, HE-PV/T's working performance, energy 302 

flow process, temperature uniformity of the battery layer, and the impact of various working 303 

parameters on thermal efficiency, electrical efficiency, and exergy efficiency are still unknown. The 304 

high-precision mathematical model of the newly developed HE-PV/T system has been verified and 305 

has a high accuracy. In order to find out the medium temperature performance of the HE-PV/T system 306 

under typical daily conditions and its variation rule with different parameters, in the following section, 307 

numerical simulation will be done and the calculated results will be compared with FP-PV/T system. 308 

By changing the parameters such as ambient temperature, solar irradiance, inlet temperature, mass 309 

flow rate, and PV coverage rate, the changing law of system performance is demonstrated. 310 

4.1 Performance evaluation of the HE-PVT system 311 

To obtain the overall performance of the HE-PV/T system in operation, the thermal and electrical 312 

performance of the system under different inlet temperatures are simulated based on typical 313 

meteorological parameters. As shown in Fig. 11, the solar irradiation first increases and then decreases, 314 

reaching a maximum value at noon with a value of 1011W/m2. The daily total solar irradiation is 47.7 315 

MJ/m2. The ambient temperature varies from 20.3 °C to 28.4 °C and the average ambient temperature 316 
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is about 25.7 °C. 317 
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Fig. 11. Solar irradiance and ambient temperature change. 319 

Full-day simulation results of the HE-PV/T system at the inlet water temperature of 60 °C, 70 °C, 320 

and 80 °C are presented in this section. As shown in Fig. 12, the temperature difference between the 321 

inlet and outlet of the system is consistent with the variation trend of solar irradiation. The higher the 322 

inlet temperature, the greater the heat loss between the collector and the environment, resulting in a 323 

lower temperature difference between the inlet and outlet. When the inlet water temperature is 60 °C, 324 

70 °C, and 80 °C, the maximum temperature differences between the inlet and outlet are 7.4 °C, 6.3 °C, 325 

and 5.3 °C, respectively. Fig. 13 presents the simulation results of the thermal and electrical efficiency 326 

of the HE-PV/T system. The variation of the thermal efficiency is identical with the solar irradiation, 327 

and the thermal efficiency is highest at noon. However, due to the negative power temperature 328 

coefficient of the solar cell, the electrical performance decreases slightly at noon. With the increasing 329 

inlet water temperature, the thermal efficiency and electrical efficiency decrease, but even if the inlet 330 

water temperature is 80 °C, the thermal efficiency and electrical efficiency can still reach 32.02% and 331 

5.49%. The comprehensive energy and exergy performance of the HE-PV/T system is shown in Fig. 332 
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14. When the inlet water temperature is 60 °C, 70 °C, and 80 °C, the maximum comprehensive energy 333 

efficiency of the HE-PV/T system reaches 55.20%, 48.68%, and 41.96%. The energy efficiency 334 

decreases with increasing inlet temperature, which is different from the trend of exergy efficiency. 335 

Among them, the exergy efficiency of the system at an inlet temperature of 70 °C is the highest with 336 

a value of 9.66%. This is because less heat is obtained when the inlet temperature rises, resulting in a 337 

decrease in the thermal efficiency of the system, on the contrary, the energy quality of the system can 338 

be enhanced as the operating temperature increases. This opposite effect on thermal exergy efficiency 339 

is more significant under the conditions of high solar irradiation and low ambient temperature, but the 340 

electrical exergy efficiency is declining slowly, as shown in Fig. 15. 341 
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Fig. 12. Temperature difference between the inlet and outlet water temperature of the HE-PV/T system. 343 
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Fig. 13. Thermal and electrical efficiency of the HE-PV/T system. 345 
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Fig. 14. Overall energy and exergy efficiency of the HE-PV/T system. 347 
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Fig. 15. Thermal and electrical exergy efficiency of the HE-PV/T system. 349 

The temperature uniformity of the solar cell and absorber plate in a PV/T system has a significant 350 

impact on system performance. A drop in temperature can significantly reduce the likelihood of 351 

fracture brought on by mechanical stress loss[31]. As shown in Fig. 16, the temperature distributions 352 

of the PV module and the absorber plate at the solar irradiation of 600 W/m2, the inlet temperature of 353 

60.0 °C, the ambient temperature of 25.0 °C, and the ambient wind speed of 2 m/s are presented. 354 

Numbers 1 and 16 represent the first collector tube at the inlet of the collector and the last collector 355 

tube at the outlet. The average temperatures of the numbers 1 and 16 PV modules are 65.4 °C and 356 

67.3 °C, and the value of the numbers 1 and 16 absorber plates are 64.9 °C and 66.9 °C, respectively. 357 

The maximum temperature difference of the cell is 0.6 °C varied from 64.5 °C to 65.1 °C. Compared 358 
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with the FP-PV/T collector, the HE-PV/T system performs a more uniform temperature distribution. 359 

The uniform temperature distribution of the absorber plate will reduce the occurrence of solar cells 360 

falling off due to thermal stress loss, the security of the system has been greatly enhanced, and greatly 361 

extend the battery life. 362 

Moreover, Fig. 17 presents the energy flow of the HE-PV/T system to visually convey the 363 

conversion process of solar radiation energy into usable energy and dissipation loss in the PV/T system. 364 

The system gets 1919.23 W of solar radiation energy, generates 69.43 W of electricity and 578.80 W 365 

of heat, and realizes the conversation of 33.78% of solar radiation into useful energy when the ambient 366 

temperature, inlet temperature, solar irradiance, and mass flow rate are 25.0 °C, 60.0 °C, 600 W/m2, 367 

and 0.044 kg/s. In the process of energy flow, the total optical loss and the total radiation loss are 368 

317.63 W and 768.98 W, occupying 16.55% and 40.06% of received solar energy, respectively. 369 

 370 
Fig. 16. Temperature distributions of the PV module and the absorber plate. 371 
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 372 
Fig. 17. The energy flow chart of the HE-PV/T system. 373 

To evaluate the system performance at medium operating temperature, the full-day thermal and 374 

electrical performance of the HE-PV/T system compared with the FP-PV/T system is presented in 375 

Table 1. The parameters include thermal efficiency, electrical efficiency, energy efficiency, and exergy 376 

efficiency. When the inlet temperature is 80.0 °C, the overall energy and exergy efficiency of the HE-377 

PV/T system can reach 33.55%, 7.92%, while the values of the FP-PV/T system are only 23.60%, 378 

6.18%. The results show that the energy utilization rate and grade of the system have been greatly 379 

improved. 380 

The annual electricity and heat of the system is an important index to evaluate the feasibility of the 381 

system, which can not only comprehensively reflect the system performance, but also evaluate the 382 

system design scheme in combination with economic and technical indicators. To obtain the annual 383 

profits of the system, this paper takes Hefei as a reference location and obtains its annual 384 



30 

 

meteorological parameters from EnergyPlus software, as shown in Fig 18. After calculation, the 385 

monthly power generation and heat production of the HE-PV/T system can be obtained. As shown in 386 

Fig 19, the power generation and heat production in October are the highest (52.63 MJ and 179.4 MJ, 387 

respectively); the lowest (6.36 MJ and 15.82 MJ, respectively) in January; the annual power and heat 388 

production of the system are 387.557 MJ and 1234.332 MJ (107.65 kWh and 342.86 kWh), 389 

respectively; it can be seen that the system has the highest income during operation from April to 390 

November. 391 
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Fig. 18. Annual meteorological parameters of Hefei. 393 

1 2 3 4 5 6 7 8 9 10 11 12
0

50

100

150

200

El
ec

tri
ci

ty
 g

ai
n(

M
J)

Time/month

 Electricity gain(MJ)
 Heat gain(MJ)

0

50

100

150

200

H
ea

t g
ai

n(
M

J)

 394 
Fig. 19. Electricity gain and heat gain of the HE-PV/T system in Hefei. 395 
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Table. 1 All-day system performance comparison between HE-PV/T and FP-PV/T 398 
Tin (°C) Result Qth (MJ) Qpv (MJ) ηth,a (%) ηele,a (%) ηer,a (%) ηex,a (%) 

60.0 °C 
FP-PV/T 11.88 1.55 26.66 5.24 36.16 6.77 
HE-PV/T 26.86 2.63 39.25 5.74 49.63 8.69 

RISE 14.98 1.08 12.59 0.5 13.47 1.92 

70.0 °C 
FP-PV/T 8.61 1.63 18.59 5.50 28.56 6.55 
HE-PV/T 21.92 2.59 31.57 5.64 41.78 8.55 

RISE 13.31 0.96 12.98 0.14 13.22 2 

80.0 °C 
FP-PV/T 5.74 1.47 13.73 5.44 23.60 6.18 
HE-PV/T 16.74 2.55 23.50 5.55 33.55 7.92 

RISE 11.00 1.08 9.77 0.11 9.95 1.74 

4.2 Parameter analysis 399 

4.2.1 Influence of the ambient temperature 400 

To evaluate the effect of the ambient temperature on the thermal and electrical performance, other 401 

parameters are set as fixed values, such as the rate of mass flow is 0.044 kg/s, the inlet temperature is 402 

60.0 °C, and the solar irradiation is 800 W/m2. The ambient temperature is raised from 0.0 °C to 35.0 °C. 403 

Fig. 20-21 display the system's capacity to generate heat and electricity, as well as its thermal and 404 

electrical efficiency. The cooling water is heated by each heat pipe, causing it to gradually warm up 405 

along the direction of the flow. When the ambient temperature increases from 5.0 °C to 35.0 °C, the 406 

thermal efficiency of the HE-PV/T system improves from 23.27% to 38.83%, while the rise in system 407 

temperature leads to a decline in electrical efficiency, which falls from 5.81% to 5.75%. However, this 408 

decline in electrical efficiency is far less than the increase in thermal efficiency, so the overall energy 409 

utilization efficiency increases from 32.63% to 48.09%. When the FP-PV/T system is under the same 410 

working conditions, the overall energy utilization efficiency increases from 24.90% to 43.80% as the 411 

ambient temperature rises from 5.0 °C to 35.0 °C, which indicates that the performance of the HE-412 
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PV/T system is greatly improved compared with traditional FP-PV/T system. As shown in Fig. 21, the 413 

ambient temperature exerts a positive impact on energy efficiency, but a negative one on overall exergy 414 

efficiency. The overall exergy efficiency is decreasing from 8.19% to 7.07% with the increment of 415 

ambient temperature from 5.0 °C to 35.0 °C. Although the thermal efficiency is higher at high ambient 416 

temperatures, the exergy efficiency may be lower because heat is less useful if the ambient temperature 417 

is close to the operating temperature. 418 
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(a)                                     (b) 420 

Fig. 20. Effect of different ambient temperatures on the performance of HE-PV/T system: (a) heat gain of a single 421 
tube; (b) electricity gain of a single tube. 422 
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(a)                                     (b) 424 

Fig. 21. Effect of different ambient temperatures on the performance of HE-PV/T system: (a) thermal and electrical 425 
efficiency; (b) overall energy and exergy efficiency. 426 
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4.2.2 Influence of the solar irradiance 427 

Fig. 22-23 show the thermal and electrical performance of the HE-PV/T system under different solar 428 

irradiances. Other factors (the inlet temperature is 60.0 °C, the ambient temperature is 25.0 °C, and the 429 

ambient wind speed is 2 m/s) remain constant. An increase in solar irradiance leads to a rise in energy 430 

efficiency and exergy efficiency, but the magnitude of the increase decreases gradually. As the solar 431 

irradiance increases from 300 W/m2 to 1000 W/m2, the thermal efficiency improves from 0.02% to 432 

37.66%, and the electrical efficiency declines almost linearly from 5.90% to 5.72%. And the increment 433 

rate of the thermal efficiency decreases gradually along the direction of water flow, and the opposite 434 

trend in the decreasing rate of electrical efficiency, which are caused by the power temperature 435 

coefficient of a-Si. Moreover, when solar irradiation rises from 300 W/m2 to 1000 W/m2, the 436 

comprehensive energy efficiency and exergy efficiency increase from 9.53% to 46.87% and from 3.81% 437 

to 8.17%, respectively. 438 
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(a)                                        (b) 440 

Fig. 22. Effect of different solar irradiances on the performance of HE-PV/T system: (a) thermal efficiency of a 441 
single tube; (b) electrical efficiency of a single tube. 442 
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(a)                                        (b) 444 

Fig. 23. Effect of different solar irradiances on the performance of HE-PV/T system: (a) thermal and electrical 445 
efficiency; (b) overall energy and exergy efficiency. 446 

4.2.3 Influence of the inlet temperature 447 

The exergy content of thermal energy is related to the operating temperature, so this section studies 448 

the effect of inlet temperature on the energy and exergy performance of the HE-PV/T system. The inlet 449 

temperature rises from 20.0 °C to 100.0 °C, while the other parameters remain constant (the rate of 450 

mass flow is 0.044 kg/s, the ambient temperature is 25.0 °C, the solar irradiance is 800 W/m2, and the 451 

ambient wind speed is 2 m/s). According to simulation research, Fig. 24 illustrates the thermal and 452 

electrical efficiency of a single glass tube in the PV/T collector. When the inlet temperature rises by 453 

10.0 °C, both the electrical and thermal efficiency in a single glass tube drop about 0.11% and 5.60%, 454 

respectively. As the inlet temperature increases from 20.0 °C to 100.0 °C, Fig. 25 illustrates the thermal 455 

and electrical efficiency of the HE-PV/T system drop from 57.88% to 3.85% and from 6.19% to 5.37%, 456 

which causes the overall energy efficiency to decrease from 67.85% to 12.51%. When the inlet 457 

temperatures are 30.0 °C, 60.0 °C, and 90.0 °C, the comprehensive energy efficiency of the HE-PV/T 458 

system is 62.14%, 43.04%, and 20.71%, while the values of the FP-PV/T system are 58.74%, 37.32%, 459 



35 

 

and 14.07%, respectively. Thus, the comprehensive energy efficiency of the HE-PV/T system can be 460 

increased by 3.4%, 5.72%, and 6.64% compared with the FP-PV/T collector. The exergy efficiency 461 

increases first and then decreases with the increment of inlet temperature, reaching a maximum of 7.66% 462 

when the inlet temperature is 60.0 °C. Compared with the FP-PV/T collector which also has a 463 

maximum of 7.04% under the same condition, the exergy efficiency of the HE-PV/T system increases 464 

by 0.62%. 465 
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(a)                                     (b) 467 

Fig. 24. Effect of different inlet temperatures on the performance of HE-PV/T system: (a) thermal efficiency of a 468 
single tube; (b) electrical efficiency of a single tube. 469 
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(a)                                     (b) 471 

Fig. 25. Effect of different inlet temperatures on the performance of HE-PV/T system: (a) thermal and electrical 472 
efficiency; (b) overall energy and exergy efficiency. 473 
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4.2.4 Influence of the mass flow rate 474 

To explore the effect of mass flow on the thermal and electrical performance of the HE-PVT system, 475 

the ambient temperature, inlet temperature, solar irradiation, and ambient wind speed are fixed at 476 

25.0 °C, 60.0 °C, 800 W/m2, and 2 m/s. The influences of the mass flow rate on the thermal efficiency 477 

and the exergy efficiency are opposite, while the effect on electrical performance is much weaker than 478 

that on the thermal performance, as shown in Fig. 26. When the mass flow rate increases from 0.01 479 

kg/s to 0.05 kg/s, the thermal efficiency and electrical efficiency increase from 25.74% to 32.66% and 480 

from 5.67% to 5.78%, respectively. The comprehensive energy efficiency always increases with the 481 

increase of mass flow rate, but the exergy efficiency shows a declining phenomenon, because the outlet 482 

water temperature drops. When the mass flow rate is 0.01 kg/s and 0.05 kg/s, the overall energy 483 

efficiency is 39.95% and 47.14%, and the exergy efficiency is 9.02% and 9.56%. Additionally, Figs. 484 

27-29 indicate that the temperature differences between the PV module and absorber plate are 485 

increasing with the mass flow rate rising. When the rate of mass flow increases from 0.01 kg/s to 0.05 486 

kg/s, the maximum temperature of the cell gap decreases from 82.8 °C to 71.5 °C, and the temperature 487 

difference of the PV module and the absorber plate increases from 1.0 °C to 1.3 °C and from 0.8 °C to 488 

1.1 °C. These indicate that in the process of mass flow increase, the temperature decreases gradually 489 

which is beneficial to the electrical performance, but fortunately, although the temperature distribution 490 

of PV cells becomes un-uniform, the change magnitude is small. 491 
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(a)                                         (b) 493 

Fig. 26. Effect of different mass flow rates on the performance of HE-PV/T system: (a) thermal and electrical 494 
efficiency; (b) overall energy and exergy efficiency. 495 

 496 
Fig. 27. Temperature distributions of the PV module and the absorber plate: m=0.01 kg/s. 497 
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 498 
Fig. 28. Temperature distributions of the PV module and the absorber plate: m=0.03 kg/s. 499 

 500 
Fig. 29. Temperature distributions of the PV module and the absorber plate: m=0.05 kg/s. 501 
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4.2.5 Influence of the coverage rate 502 

The coverage rate of solar cells is an important parameter that influences the thermal and electrical 503 

performance of the HE-PV/T system. The solar collection area of the PV/T collector is a fixed value, 504 

and the coverage rate is adjusted by changing the area of a-Si cells. Input the inlet temperature of 505 

60.0 °C, ambient temperature of 25.0 °C, and solar irradiance of 800 W/m2. As the PV cell coverage 506 

increases, the total power generation area increases and the electrical gain increases, but the thermal 507 

gain decreases due to the conversion of more solar energy into electricity. As shown in Fig. 30, when 508 

the PV cell coverage increases from 0.102 to 0.952, the electrical efficiency of the PV cell rises from 509 

5.74% to 5.77%, while the thermal efficiency falls from 41.52% to 33.19%. But, the comprehensive 510 

energy efficiency and exergy efficiency have the same trend, when the coverage rate rises from 0.102 511 

to 0.952, the overall energy efficiency is from 43.06% to 47.64%, and the exergy efficiency is from 512 

5.51% to 9.66%. The visual temperature profiles are shown in Fig. 31-33. The smaller the coverage 513 

rate, the higher the temperature of each component. When the coverage rate is 0.1, the average 514 

temperatures of the a-Si cells layer and aluminum plate are 74.4 °C and 73.7 °C, and the values are 515 

71.9 °C and 71.2 °C at a coverage rate of 0.95, respectively. The temperature differences between the 516 

maximum temperature and the minimum temperature of a-Si are 1.2 °C, 0.7 °C, and 0.4 °C when the 517 

coverage rates are 0.1, 0.5, and 0.95. Therefore, the temperature distribution is becoming more uniform 518 

with the increasing coverage rate. 519 
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(a)                                        (b) 521 

Fig. 30. Effect of different coverage rates on the performance of HE-PV/T system: (a) thermal and electrical 522 
efficiency; (b) overall energy and exergy efficiency. 523 

 524 
Fig. 31. Temperature distributions of the PV module and the absorber plate: coverage rate of 0.1. 525 
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 526 
Fig. 32. Temperature distributions of the PV module and the absorber plate: coverage rate of 0.5. 527 

 528 
Fig. 33. Temperature distributions of the PV module and the absorber plate: coverage rate of 0.95. 529 
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4.3 Economic analysis 530 

To assess the feasibility of the novel HE-PV/T system in terms of finance, an economic analysis of 531 

the project is necessary. Net present value (NPV) and investment payback period (PP) are recognized 532 

indicators of economic evaluation for one project, NPV is calculated through discounted cash flows 533 

minus the initial investment cost, a higher value of NPV represents higher availability of the system, 534 

and PP is the time taken to gain the total invest of the system, as defined by[47]: 535 

1 (1 )

n
i

i
i

CFNPV IC
r=

= −
+∑  (48) 

ICPP
averageCF

=  (49) 

where, CFi, IC, and LCfuel are the cash flow in individual years of lifetime and initial investment cost, 536 

r i, and n are the discount rate (6.78%)[47], lifetime of investment, and the total lifetime (25 years). 537 

Table 2 demonstrates the component cost of the HE-PV/T system[48,49]. It can be seen that PP shown 538 

in Fig. 34, the increment of price of energy will cause the payback period of the PV/T system to decline, 539 

if only the initial investment cost is required to be recovered without taking into account the additional 540 

economic benefits, the EUR 0.087 per kWh will allow the initial investment to return after 25 years of 541 

operation of the HE-PV/T system. If the energy price reaches EUR 0.2 per kWh, the initial investment 542 

will be repaid in only 11 years and the extra profits will be generated in the remaining 14 years. The 543 

NPV can clearly indicate the income of the system in the life cycle with the change in energy price. 544 

Fig. 34 shows that when the energy price exceeds EUR 0.0406 per kWh, NPV of the project is positive 545 

and the profit begins to appear. It is believed that subsidies for solar energy from the government 546 

increase will lead PP to decrease lower and higher NPV in the future, under the rapid process of 547 
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exploiting renewable energy. 548 

Table. 2. Cost of the HE-PV/T system. 549 
Item price Item price 

Glass tube (EUR) 212.06 storage battery (EUR) 69.83 
Heat pipe (EUR) 210.06 solar tank (EUR) 69.83 

a-Si (EUR) 174.58 Pump (EUR) 69.83 
Absorber plate (EUR) 184.36   
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Fig. 34. System’s payback period and NPV under different energy prices. 552 

4.4 Further discussion 553 

While the new HE-PV/T offers a range of advantages in terms of system performance, there will 554 

still be inevitable challenges during construction: (1) amorphous silicon cells have not been widely 555 

popularized, its photoelectric conversion efficiency is about 8%, up to 10%, while the current market 556 

mainstream crystalline silicon cells efficiency is as high as 17% and the price is relatively cheap. (2) 557 

Circular tube PV/T, although flexible and convenient for transportation and installation, will cause 558 

large area problems. 559 
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5. Conclusions 560 

In this paper, a novel heat pipe evacuated tube PV/T system is presented, which aims to increase the 561 

efficiency and thermal energy grade of the PV/T system. The heat absorber plate is placed in a full 562 

vacuum environment to reduce the convective and conduction heat transfer loss between the absorber 563 

plate and the glass cover. A distributed parameter model of the HE-PV/T system is established to 564 

investigate the performance and temperature distribution of the system under various conditions. 565 

Furthermore, the functioning of the HE-PV/T system's energy flow analysis is carried out. The 566 

following succinct summary of the current work's primary findings: 567 

1. The grid independence test of the mathematical model is performed, and 11408 grids are selected 568 

considering the accuracy and calculation efficiency. The accuracy of the mathematical model is 569 

verified by the experimental results of the heat pipe vacuum tube collector. It is found that the 570 

modeling outcomes agree well with the experimental results, and the maximum relative error is 571 

4.35%. 572 

2. When the inlet water temperature is 60.0 °C, 70.0 °C, and 80.0 °C, the maximum comprehensive 573 

energy efficiency of the HE-PV/T system reaches 55.20%, 48.68%, and 41.96%. When the inlet 574 

temperature is 80.0 °C, the overall energy and exergy efficiency of the HE-PV/T system can reach 575 

33.55%, 7.92%, while the values of the FP-PV/T system are only 23.60%, 6.18%. The 576 

improvement of the medium temperature performance of the HE-PV/T system is verified. 577 

3. The environmental parameters that are, ambient temperature, and solar irradiance have a significant 578 

impact on the performance of the HE-PV/T system. The ambient temperature exerts a positive 579 

impact on energy efficiency, but a negative one on overall exergy efficiency. When solar irradiation 580 
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rises from 300 W/m2 to 1000 W/m2, the comprehensive energy efficiency and exergy efficiency 581 

increase from 9.53% to 46.87% and from 3.81% to 8.17%, respectively. 582 

4. The overall energy efficiency appears a downward trend with the increase of the inlet temperature, 583 

but an upward trend with the increase of the mass flow rate. As the inlet temperature increases from 584 

20.0 °C to 100.0 °C, the overall energy efficiency decreases from 67.85% to 12.51%. When the 585 

mass flow rate is 0.01 kg/s and 0.05 kg/s, the overall energy efficiency is 39.95% and 47.14%. 586 

5. When the PV cell coverage increases from 0.102 to 0.952, the overall energy efficiency and exergy 587 

efficiency increase from 43.06% to 47.64% and from 5.51% to 9.66%, and the electrical efficiency 588 

is enhanced from 5.74% to 5.77%, while the thermal efficiency falls from 41.52% to 33.19%. The 589 

temperature distribution is becoming more uniform with the increase of the coverage rate, which 590 

helps to reduce the mechanical damage caused by the thermal stress of the component operating at 591 

medium temperature. 592 

6. After economic analysis, the EUR 0.087 per kWh will allow the initial investment to return after 593 

25 years of operation of the HE-PV/T system, and the price of energy exceeds EUR 0.0406 per 594 

kWh, NPV of the project is positive and the profit begins to appear. 595 
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