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Abstract  11 

An evacuated flat-plate photovoltaic/thermal (E-PV/T) collector was proposed. The inner space 12 

of the E-PV/T collector is vacuumed to suppress non-radiative heat losses, thus increasing thermal 13 

efficiency of the collector. Therefore, the E-PV/T collector has the potential to simultaneously deliver 14 

electricity and heat at high temperatures. A mathematic model was developed to evaluate the 15 

performance of the E-PV/T collector. The effect of some key parameters (e.g., initial water temperature 16 

in the water tank, vacuum degree, long-wave panel emissivity, and temperature coefficient of solar 17 

cells) on the performance of the E-PV/T system was investigated and the results were compared with 18 

a normal flat-plate PV/T (N-PV/T) system. Results suggest that the vacuum helps to enhance the total 19 

efficiency by nearly 10 percentage points in high-temperature conditions (＞80 °C). The vacuum 20 

degree of the upper space exerts a greater effect on system efficiencies compared to that of the lower 21 

space. Lower long-wave panel emissivity and greater temperature coefficient of the solar cell promote 22 
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the performance of the collector. By lowering the long-wave panel emissivity from 0.95 to 0.05, the 23 

total efficiency soars from 26.82% to 61.20%. This study may help to guide parametric optimization 24 

and operation strategy of flat-plate PV/T collectors for high-temperature applications. 25 

Keywords: Solar energy; Evacuated flat-plate solar collector; Photovoltaic/thermal; PV/T; 26 

Parametric analysis. 27 

1. Introduction 28 

Solar photovoltaic/thermal (PV/T) collectors can simultaneously provide electricity and heat by 29 

fully exploiting the solar radiation lies in the entire solar spectrum (0.2-3 μm), among which the flat-30 

plate PV/T collector is the most common type due to its structural simplicity and building-integration 31 

easiness [1, 2]. Water and air, as two of the accessible natural working fluids, are widely employed in 32 

the PV/T system to cool the solar cells and collect thermal energy [3, 4]. Basically, the water-based 33 

PV/T collector shows better performance but faces the challenge of leakage and operating in freezing 34 

areas or seasons [5, 6]. By contrast, the air-based PV/T collector is free from leakage and freezing 35 

issues but may suffer from deteriorated electrical and thermal efficiencies [7]. Anyway, a PV/T 36 

collector is superior to the stand-alone solar PV panel and solar thermal collector in terms of overall 37 

performance [8]. 38 

However, as a part of solar energy is converted into electricity and the panel generally shows high 39 

long-wave emissivity, the flat-plate PV/T collector presents much lower thermal efficiency compared 40 

to the flat-plate solar thermal collector and thus is incapable of offering heat at relatively high 41 

temperatures [9]. A concentrated PV/T collector can work at high temperature but will bring 42 

unexpected side effect of adding the system complexity and cost [10, 11]. The normal flat-plate PV/T 43 

collector generally works in low-temperature conditions, indicating that the heated fluid it provided is 44 
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mainly applied in domestic scenarios [12, 13], but is unable to effectively drive a thermodynamic 45 

system such as a solar-driven organic Rankine cycle (ORC) unit [14] or a solar-powered absorption 46 

chiller [15]. A higher temperature heat source is more valuable with a higher energy grade. Therefore, 47 

it will be would be beneficial and attractive to develop a flat-plate PV/T collector with high thermal 48 

efficiency and extend its application to fields requiring heat source with higher temperatures. 49 

Reducing the heat loss of the PV/T collector working at high temperatures is a starting point to 50 

improve its thermal performance. As the absorber panel will be heated up to high temperatures when 51 

exposed to direct sunlight, the radiative heat loss of the panel will be increased dramatically therewith. 52 

Therefore, lowering the radiative heat loss of the PV/T panel is an effective strategy to elevate the 53 

thermal efficiency of a PV/T collector, especially when the panel temperature is at a high level. The 54 

normal PV/T collector shows high spectral absorptivity (emissivity) throughout the middle- and far-55 

infrared wavelengths, indicating that a significant portion of absorbed heat is radiatively dissipated 56 

from the panel [16]. Therefore, inspired by the introduction of solar selective absorbing coatings in 57 

solar thermal collectors [17, 18], the thermal performance of a PV/T collector can be improved by 58 

cutting down the long-wave emissivity of the PV/T panel. 59 

The conductive and convective heat losses of a PV/T collector also increase as the temperature of 60 

the panel and working fluid rise up, thus degrading the non-radiative heat loss is another route to 61 

improve the thermal efficiency of the flat-plate PV/T collector. Enlarging the thickness of the air gap 62 

and backside thermal insulation can suppress these heat losses but may also induce side effects of 63 

blocking a part of solar radiation and adding structural cumbersomeness [3, 19]. Considering that heat 64 

conduction and convection only take place with the help of a medium, the thermal performance of a 65 

PV/T collector will be enhanced if the PV/T panel is surrounded by a vacuum circumstance.  66 
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Creating a local vacuum environment for the absorber panel is actually a well-developed 67 

technology for solar thermal collection. The evacuated tube collector (ETC) has been introduced and 68 

developed for decades to collector hot water [20, 21]. The gap between two the concentric tubes is 69 

vacuumed, hence the non-radiative heat loss inside the ETC is deeply suppressed and the heat-70 

collecting temperature is improved relative to the common flat-plate solar collector [22, 23]. Recently, 71 

the evacuated flat-plate collector has also been proposed and devised, in which the absorber panel is 72 

placed in a vacuum environment and is completely isolated to the glazing cover, backside thermal 73 

insulation, and side frames, therefore its conductive and convective heat losses are negligible and 74 

provide heat with relatively high temperature [24-30]. Farid et al. [26] fabricated two evacuated 75 

enclosures as prototype components for evacuated flat-plate solar collectors and tested the enclosures, 76 

respectively at 0.0033 Pa, 17 Pa, and atmospheric pressure, corresponding to stagnation temperature 77 

of 122.8, 104.2, and 103.6 °C for the absorber plate. Roger et al. [27] found that, after being evacuated 78 

to below 0.5 Pa, the heat loss coefficient of a solar collector dropped from 7.43 to 3.65 W/(m2·K) and 79 

the efficiency under a nominal test condition increased from 36% to 56%. They also suggested that, 80 

by connecting the evacuated collector to an 85 °C district heating main, it would provide 66% more 81 

heat than the evacuated tube collectors and 112% more than the conventional flat plate collectors 82 

throughout a year. Gao et al. [31] conducted an experimental and numerical study on a flat-plate solar 83 

thermal collecting system which including 26 evacuated solar collectors with a total aperture area of 84 

51 m2. Results indicated that the thermal efficiency of the evacuated solar collector at zero-reduced 85 

temperature reached over 90%. In addition, the thermal and exergy efficiencies of the collector reached 86 

59.67% and 14.35%, respectively when the inlet temperature, ambient temperature, and solar 87 

irradiation is correspondingly 123.0 °C, 35.7 °C, and 835.2 W/m2.  88 
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Regarding the PV/T collector, only a few studies have involved introducing a vacuum scheme to 89 

improve the thermal efficiency of the collector. The idea of a vacuum encapsulated thin-film cell was 90 

introduced to suppress long-wave radiative heat loss by using the transparent electrode (TCO) of the 91 

thin-film cell, which shows high transmittance in the visible spectrum and high reflectance in the 92 

infrared band, as the upper surface [32]. Oyieke et al. [33] proposed a flat-plate vacuum insulated PV/T 93 

collector, in which the space between the glazing cover and PV module is filled with a vacuum 94 

insulation layer. Results revealed that the thermal and overall efficiencies of the vacuum insulated 95 

PV/T system increased by 9.5% and 16.8%, respectively, while the electrical efficiency reduced by 96 

0.02% compared to the conventional PV/T system. Kutlu et al. [34] conceptually proposed a PV/T-97 

ORC system combining amorphous silicon (a-Si) cells, evacuated flat plate solar collectors, and the 98 

ORC unit. Simulation results indicate that the a-Si PV/T-ORC system has the highest daily power 99 

output for a typical day, which is 102.3% more than the solar-powered ORC system, 23.8% more than 100 

the stand-alone poly-Si PV system and 12% more than the poly-Si PV/T-ORC system, respectively. 101 

Though these researches involve using vacuum mechanism to improve the thermal efficiency of the 102 

PV/T collector, a deeper and more thorough investigation focused on the performance of the evacuated 103 

PV/T collector, especially the evacuated flat-plate PV/T (E-PV/T), operating in different conditions is 104 

needed. The effect of some key structural and operational parameters on the electrical and thermal 105 

performance of the E-PV/T collector is lacked but can guide further optimization of the collector. 106 

Under this context, a water-based evacuated flat-plate PV/T (E-PV/T) collector is proposed in the 107 

present study. A mathematic model is developed to evaluate the performance characteristics of the 108 

novel PV/T collector by comparing its efficiencies with a normal PV/T (N-PV/T) collector previously 109 

developed by the authors [35]. In addition, the effect of parameters such as the initial water temperature 110 
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in the water tank, vacuum degree, long-wave (above 3 μm) panel emissivity, and temperature 111 

coefficient of solar cells on the performance of the E-PV/T system is numerically investigated. 112 

2. Description of the evacuated PV/T collector 113 

As shown in Fig. 1, the water-based E-PV/T collector, with an aperture area of 1.89 m2, mainly 114 

consists of a glazing cover, a PV/T panel, backside thermal insulation, and frames. The glazing cover 115 

is 3.2 mm in thickness and shows a high transmittance in the solar spectrum. The PV/T panel is a key 116 

component of the collector, which including a PV layer, an aluminium substrate, a transparent Tedlar-117 

Polyester-Tedlar (hereafter referred to as “TPT”) layer and a black TPT layer, seven copper water 118 

pipes, and two layers of EVA glue. The PV layer is made up of 72 mono-crystalline silicon solar cells, 119 

with a packing factor of 0.59, is laminated onto the aluminium substrate together with the black TPT 120 

layer. The transparent TPT layer is arranged on the surface of the panel and acts as an encapsulating 121 

layer of the PV modules. The seven copper pipes are connected with the back surface of the aluminium 122 

substrate. The backside thermal insulation material is a 30 mm-thick layer of glass fiber with thermal 123 

conductivity of 0.046 W/(m·K). The air gap between the glazing cover and absorber panel (hereafter 124 

referred to as the “upper space”) and the air interlayer between the absorber panel and backside thermal 125 

insulation (hereafter referred to as the “lower space”) are vacuumed to wipe out the non-radiative heat 126 

loss of the PV/T panel. 127 
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 128 

Fig. 1. The cross-section structure of the flat-plate E-PV/T collector. 129 

Combining the E-PV/T collector with a 120 L circulating water tank, a water pump, and two 130 

connecting water pipes, an E-PV/T system is developed in this study. The schematic of the E-PV/T 131 

system is shown in Fig. 2. 132 

 133 

Fig. 2. The schematic of the flat-plate E-PV/T system. 134 

3. Mathematic model 135 

A mathematic model is developed to evaluate the performance of the E-PV/T system operating in 136 

dynamic-state conditions. According to the structure of the system, the mathematic model can mainly 137 

be divided into seven sub-models as follows: 138 

 Sub-model for the glazing cover 139 
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 Sub-model for the PV layer 140 

 Sub-model for the aluminium substrate 141 

 Sub-model for the copper pipe 142 

 Sub-model for the water in the copper pipe 143 

 Sub-model for the backside thermal insulation 144 

 Sub-model for the water tank 145 

The schematic of the main energy exchanges within the flat-plate E-PV/T collector is shown in 146 

Fig. 3. 147 

 148 

Fig. 3. The schematic of the main energy exchanges within the flat-plate E-PV/T collector. (The dashed arrows 149 

indicate that the value equals zero when the inner space is ideally vacuumed). 150 

3.1 Glazing cover 151 

The energy-balance equation of the glazing cover is expressed as: 152 

     c
c c c a

2

c
,c a c s,c s c PV,c c e_c c V cP2

T
c d h T

T
k d T h T T h T T G

t x
 


      





        (1) 153 

where ρc and cc refer to the density and specific heat capacity of the cover, kg/m3 and J/(kg·K), 154 

respectively; Tc, Ta, Ts, and TPV are the temperatures of the cover, ambient air, sky, and PV layer, 155 
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respectively, K; t is the time step, s; x is the length direction of the PV/T collector, m; ha,c is the 156 

convective heat transfer coefficient between the cover and the ambient air, W/(m2·K); hs,c is the 157 

radiative heat transfer coefficient between the cover and the sky, W/(m2·K); hPV,c is the combined 158 

convective and radiative heat transfer coefficient between the cover and the PV layer, W/(m2·K); αe_c 159 

is the equivalent absorptivity of the cover; and G is the solar irradiance, W/m2. 160 

The convective heat transfer coefficient between the glazing cover and local outside surroundings 161 

is expressed as [9]: 162 

a,c a2.8 3.0h V                                  (2) 163 

where Va is the ambient wind velocity, m/s. 164 

The radiative heat transfer coefficient between the glazing cover and sky is written as [36]: 165 

  2 2

s,c c s c s ch T T T T                                   (3) 166 

where εc refers to the emissivity of the glazing cover; σ is the Stefan–Boltzmann constant, 5.67 × 10-8 167 

W/(m2·K4). 168 

   The combined convective and radiative heat transfer coefficient between the glazing cover and 169 

absorber panel is derived as [36]: 170 

  
    

PV,c conv_PV,c rad_PV,c

2 2a
PV g PV g

gp PV g TPT g

+

1
+

1 1 1 1 1 1 1

h h h

Nu k
T T T T

d

 


     



  
    
     
 

    (4) 171 

where Nu is Nusselt number; ka is the thermal conductivity of air in the air gap, W/(m·K); dgp is the 172 

thickness of the air gap, m; ξ is the packing factor of PV module; εPV and εTPT respectively represent 173 

the emissivity of the PV cell and black TPT.  174 

The Nusselt number for a rectangular enclosure can be derived as [37]: 175 
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   (5) 176 

where the + exponent indicates that only positive values are used for terms within the square brackets; 177 

in case of negative values, zero is used; φ is the inclination angle of the collector, rad; Ra is the Rayleigh 178 

number, and lp refers to the length of the panel, m. 179 

The equivalent absorptivity of the glazing cover is calculated by [38]: 180 

c c e_PV

e_c c

c e_PV

1

1 1

  
 

 

   
   

                             (6) 181 

where αc, ρc, and τc are the absorptivity, reflectance, and transmittance of the cover, correspondingly. 182 

and  αe_PV represents the absorptivity of the PV layer, respectively, and is calculated as: 183 

 e_PV PV TPT1                                     (7) 184 

where αPV and αTPT are the absorptivity of the solar cells and black TPT, respectively. 185 

3.2 PV layer 186 

The energy-balance equation of the PV layer is written as: 187 

     
2 2

PV PV PV
PV PV PV PV PV PV,c c PV p PV PV,p PV2 2 PV

T T T
c d k d h T T T T R G E

t x y
  

   
        

   
 (8) 188 

where ρPV, cPV, dPV, and kPV denote the density, specific heat capacity, thickness, and thermal 189 

conductivity of the PV module, kg/m3, J/(kg·K), m, and W/(m·K), correspondingly; y is the width 190 

direction of the PV/T collector, m; Tp is the temperature of the aluminium substrate, K; RPV,p is the 191 

thermal resistance between the PV layer and aluminium substrate, (m2·K)/W; (τα)PV is the effective 192 
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transmittance–absorptivity product of the PV layer; and EPV is the electrical power produced by the 193 

PV module, W/m2. 194 

The thermal resistance between the PV layer and aluminium substrate (i.e., the adhesive layer, a 195 

glue layer of ethylene–vinyl–acetate) is written as: 196 

PV,p

PV,p

PV,p

d
R

k
                                      (9) 197 

where dPV,p and kPV,p are the thickness and the thermal conductivity of the adhesive layer, m and 198 

W/(m·K), respectively. 199 

The effective transmittance–absorptivity product of the PV layer is derived as: 200 

c e_PV

PV

e_PV c

( )
1 1

 


 


   

                             (10) 201 

The output electrical power of the PV/T collector is expressed as [39]: 202 

 PV c ref PV ref1+ rE G B T T                                (11) 203 

where ηref is the reference efficiency of the PV module at 25 °C; and Br is the temperature coefficient 204 

of the PV cell, and equals to –0.0045 K−1 for the mono-crystalline silicon solar cell. 205 

3.3 Aluminium substrate 206 

The energy-balance equation of the aluminium substrate is written as: 207 

   
2 2

p p p p t t,o

p p p p p PV p PV,p p,b b p p,t2 2

p

T T T w N D
c d k d T T R h T T Q

t x y w


    
           

      (12) 208 

where ρp, cp, dp, and kp refer to the density, specific heat capacity, thickness, and thermal conductivity 209 

of the aluminium substrate, kg/m3, J/(kg·K), m, and W/(m·K), respectively; wp is the width of the 210 

aluminium substrate, m; Nt is the number of copper pipes; Dt,o is the outer diameter of the pipe, m; hp,b 211 

is the combined convective and radiative heat transfer coefficient between the aluminium substrate 212 

and the backside thermal insulation, W/(m2·K); Tb is the temperature of the backside thermal insulation, 213 
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K; and Qp,t is the heat flux between the aluminium substrate and the copper pipe, W/m2. 214 

The combined convective and radiative heat transfer coefficient between the aluminium substrate 215 

and backside thermal insulation is derived as [36]: 216 

  

p,b conv_p,b rad_p,b

2 2a
p b p b

p,b p b

+

1

1 1 1

h h h

Nu k
T T T T

d


 




   

 

                    (13) 217 

where dp,b is the thickness between the aluminium substrate and backside thermal insulation, m; and 218 

εp and εb are the emissivity of the aluminium substrate and backside thermal insulation, 219 

correspondingly.  220 

The heat transfer between the aluminium substrate and the copper pipe only takes place where the 221 

two components are connected, and thus the heat transfer flux is expressed as: 222 

 p t p,t ij

p,t

(T T ) , connected sections

0, disconnected sections

R A
Q

  
 


                    (14) 223 

where Aij denotes the area of a control volume, m2; and Rp,t is the thermal resistance between the 224 

aluminium substrate and each copper pipe, K/W, and is derived as: 225 

p,t

p,t

p,t p,t

d
R

k A
                                    (15) 226 

where dp,t, kp,t, and Ap,t are the thickness, thermal conductivity, and joint area of the aluminium substrate 227 

and each copper pipe, m, W/(m·K), and m2, correspondingly. 228 

3.4 Copper pipe 229 

The energy-balance equation of the copper pipe is presented as: 230 

   
2 2 2 2 2

p tt,o t,i t,o t,it t
t t t t,i w,t w t t,o t,b b t2

p,t4 4

T TD D D DT T
c k D h T T D h T T

t x R dx
   

  
     

  
    (16) 231 

where ρt, ct, dt, and kt refer to the density, specific heat capacity, thickness, and thermal conductivity 232 

of the copper pipe, kg/m3, J/(kg·K), m, and W/(m·K), correspondingly; Tt and Tw are the temperatures 233 
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of the pipe and water in the pipe, K, respectively; Dt,i is the inner diameter of the copper pipe, m; hw,t 234 

is the convective heat transfer coefficient between the copper pipe and the inner water flow, W/(m2·K); 235 

and ht,b is the heat transfer coefficient between the copper pipe and the backside thermal insulation, 236 

W/(m2·K), and is the same to the hp,b for simplicity. 237 

3.5 Water in the copper pipe 238 

The energy-balance equation of the water in the copper pipe is written as: 239 

 
2 22

w w i w w wi
w w t w,t t w24 4

c D T T TD
mc k Ph T T

t x x

    
    

  
              (17) 240 

where ρw and cw are the density and the specific heat capacity of water in the pipe, kg/m3 and J/(kg·K), 241 

correspondingly; is the mass flow rate of water in each pipe, kg/s; and Pt is the inner perimeter of 242 

the copper pipe, m. 243 

3.6 Backside thermal insulation 244 

The energy-balance equation of the backside thermal insulation is expressed as: 245 

     
2

p t t,o t t,ob b
b b b b b p,b p b t,b t b a,b a b2

p p

w N D N DT T
c d k d h T T h T T U T T

t x w w


 
      

 
    (18) 246 

where ρb, cb, db, and kb denote the density, specific heat capacity, thickness, and thermal conductivity 247 

of the upper surface of the backside thermal insulation, kg/m3, J/(kg·K), m, and W/(m·K), respectively; 248 

and Ua,b is the overall coefficient of heat transfer between the upper surface of the backside thermal 249 

insulation and local outside environment, W/(m2·K), and is calculated as: 250 

a,b

b a,b b b a,b

1 1
=

1 1
U

R h d k h


 
                          (19) 251 

where Rb denotes the thermal resistance of the backside thermal insulation, K/W; and ha,b represents 252 

the convective heat transfer coefficient between the backside thermal insulation and ambient air, 253 

W/(m2·K), and is the same to the ha,c in expression. 254 

m
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3.7 Water tank 255 

The energy-balance equation of the water tank is written as: 256 

 
2

tank tank tank
tank w w w tank w tank a,tank a tank2

T T T
A c Mc A k P U T T

t z z


  
    

  
            (20) 257 

where Atank represents the inner cross-sectional area of the water tank, m2; Ttank is the temperature of 258 

water in the tank, K; M  is the mass flow rate of water in the tank, kg/s; z is the height direction of the 259 

water tank, m; Ptank is the outer perimeter of the water tank, m; and Ua,tank is the overall coefficient of 260 

heat transfer between water in the tank and ambient air, W/(m2·K), and is expressed as: 261 

a,tank
tank,o tank,o

tank tank,i a,tank

1

1
ln

2

U
D D

k D h





                           (21) 262 

where Dtank,i and Dtank,o refer to the inner and outer diameters of the water tank, correspondingly, m; 263 

ktank is the thermal conductivity of the tank wall, W/(m·K); and ha,tank is the convective heat transfer 264 

coefficient between the ambient air and water in the tank, W/(m2·K). 265 

3.8 performance evaluation 266 

The average electrical efficiency of the PV/T system over the simulated operation period is 267 

calculated as: 268 

e 6

PV PV10

UI tUI t

GA t HA



 




                          (22) 269 

where Δt refers to the time step, s; H is the total solar radiation received over the simulated operation 270 

period, MJ/m2, and APV is the total area of the PV cells in the PV layer, m. 271 

The average thermal efficiency of the PV/T system over the simulated operation period is derived 272 

as: 273 

 w final initialth
th 6

p p10

mc T TS

HA HA



                          (23) 274 
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where Sth denotes the total heat gain of water in the tank, MJ; m denotes the mass of water in the tank, 275 

kg; and Tinitial and Tfinal represent the initial and final water temperatures in the water tank, respectively, 276 

K. 277 

The total efficiency of the PV/T system is defined as the sum of the electrical and thermal 278 

efficiencies [40]: 279 

total e th                                   (24) 280 

3.9 Discretization 281 

The energy-balance equation of different components of the E-PV/T system is discretized using 282 

the finite difference method. Fig. 4 shows the Space discretization of the PV layer and aluminium 283 

substrate of the E-PV/T collector. As the temperature field of the PV layer and aluminium substrate is 284 

periodic along the y-direction and symmetric along each copper pipe in the x-direction, only half the 285 

area between two copper pipes with symmetric boundary conditions on both sides of the y-direction is 286 

determined as the calculation area of the PV layer and aluminium substrate. 41 nodes along the x-287 

direction and 6 nodes along the y-direction are set uniformly to divide the temperature field of the PV 288 

layer and aluminium substrate. For the seven copper pipes and working fluid in each copper tube, 39 289 

nodes along the x-direction are set relative to the aluminium substrate. For the glazing cover and 290 

backside thermal insulation, however, 41 nodes along the x-direction are set correspondingly. 291 
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 292 

Fig. 4. Space discretization of the PV layer and aluminium substrate of the E-PV/T collector. 293 

A MATLAB computational program is developed based on the above mathematic model and 294 

discrete method to characterize the performance of the E-PV/T system operating in different conditions. 295 

The calculation flow chart of the simulation program is shown in Fig. 5. 296 
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 297 

Fig. 5. Calculation flow chart of the simulation program. 298 

4. Results and discussion 299 

Based on the mathematic model and MATLAB coding developed in Section 3, a comprehensive 300 

numerical study is carried out to evaluate the performance of the E-PV/T system and its performance 301 

is compared with that of the N-PV/T system with the same size. Besides, the effect of some key 302 

parameters on the output performance of the E-PV/T system is characterized as well. 303 
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4.1. Model validation 304 

Firstly, the mathematic model developed in Section 3 is validated using experimental results 305 

derived from a previous research on the N-PV/T collector developed by the authors [35]. This N-PV/T 306 

collector is structurally quite the same as the E-PV/T collector proposed in this study except for the 307 

vacuum circumstance in the two inner spaces, namely, the upper and lower spaces. The two inner 308 

spaces in the previous study took no specific vacuuming while assumed to be vacuumed to certain 309 

degrees in this study. Therefore, the mathematic model for performance characterization of the N-310 

PV/T and E-PV/T collectors are the same except the value of convective heat transfer coefficient in 311 

the upper and lower spaces are different in the two collectors. This difference will not affect the 312 

reasonability of using the measured data of the N-PV/T collector to validate the mathematic model 313 

developed in Section 3. The structural parameters of the N-PV/T collector are listed in Table 1. To 314 

quantificationally assess the differentials between the experimental and simulated results, the 315 

equations of mean relative error (MRE) are adopted as follows [41]: 316 

exp, sim,

1 exp,

1
MRE 100%

i n
i i

i i

X X

n X






                       (25) 317 

where Xexp,i and Xsim,i respectively denote the ith experimental and simulation values, and n represents 318 

the number of experimental data. 319 

Table 1. Structural parameters of the N-PV/T collector. 320 

Components Parameters Values 

Glazing cover Aperture area 1.893 m2 

 Emissivity 0.88 

 Thermal conductivity 1.05 W/(m·K) 

 Heat capacity 750 J/(kg·K) 

 Thickness 0.0032 m 

 Density 2500 kg/m3 

PV module Area 1.12 m2 

 Absorptivity 0.95 
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 Emissivity 0.95 

 Reference efficiency 0.135 

 Thermal conductivity 149 W/(m·K) 

 Heat capacity 700 J/(kg·K) 

 Thickness 0.0006 m 

 Density 600 kg/m3 

Aluminium substrate Emissivity (upper surface) 0.95 

 Emissivity (lower surface) 0.1 

 Thermal conductivity 237 W/(m·K) 

 Heat capacity 903 J/(kg·K) 

 Thickness 0.001 m 

 Density 2702 kg/m3 

Copper pipes External diameter 0.01 m 

 Internal diameter 0.008 m 

 Number 7 

 Thermal conductivity 393 W/(m·K) 

 Heat capacity 385 J/(kg·K) 

 Density 8933 kg/m3 

Backside thermal insulation Emissivity (upper surface) 0.1 

 Thermal conductivity 0.046 W/(m·K) 

 Heat capacity 670 J/(kg·K) 

 Thickness 0.03 m 

 Density 30 kg/m3 

Air gap Height 0.03 m 

Specifically, the experimental results of the N-PV/T collector from 12:00 to 14:30 on 11th 321 

December 2013 in Hefei, China are employed to validate the mathematic model. Fig. 6 illustrates the 322 

solar irradiance and ambient temperature during the experimental period. As shown in Fig. 7, a high 323 

degree of consistency is observed between the experimental and simulated results in terms of 324 

instantaneous electrical power and water temperature in the water tank that respectively represent the 325 

instantaneous electrical and thermal performance. The RME for the electrical power, water 326 

temperature in the tank (in Celsius scale), and water temperature rise through the collector is 6.04%, 327 

0.33%, and 8.57%, respectively, indicating that the developed mathematic model can be employed to 328 

predict the electrical and thermal performance of the N-PV/T and E-PV/T systems. Moreover, Table 2 329 

further presents the experimental and simulation results of the overall performance indicators. 330 
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 331 

Fig. 6. The solar irradiance and ambient temperature during the experimental period (from 12:00 to 14:30 on 11th 332 

December 2013) in Hefei, China. 333 

 334 

Fig. 7. Simulated electrical power, water temperature in the tank, and outlet-inlet water temperature difference 335 

compared to the experimental data on 11th December 2013 in Hefei, China. 336 

Table 2. Experimental and simulation results of the overall performance indicators of the N-PV/T system. 337 
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Indicators Experimental results Simulation results 

Total electricity output 192.73 Wh 193.75 Wh 

Total heat gain in the tank 4.26 MJ 4.36 MJ 

Final water temperature in the tank 
24.68 °C 24.91 °C 

Electrical efficiency 11.75% 11.98% 

Thermal efficiency 43.22% 44.01% 

Total efficiency 54.97% 55.99% 

4.2. Parametric study 338 

Based on the experimentally validated mathematic model, the effect of some key parameters on 339 

the performance of the E-PV/T collector is investigated. The weather parameters involved in the 340 

parametric study (e.g., ambient air temperature, solar irradiance, wind velocity) are adopted from the 341 

in-situ measured data from 8:00 to 16:00 on 18th April 2018 in Hefei, China, as shown in Fig. 8. The 342 

ambient air temperature and solar irradiance were recorded every 10 seconds using a thermocouple 343 

located in a thermometer shelter and a pyranometer, respectively, and the wind velocity was measured 344 

every 10 minutes using an automatic meteorological station. 345 

 346 

Fig. 8. The measured weather data from 8:00 to 16:00 on 18th April 2018 in Hefei, China (The ambient 347 

temperature and solar irradiance were recorded every 10 seconds, and the wind velocity was measured every 10 348 
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minutes). 349 

4.2.1 Performance enhancement in low-temperature conditions owing to vacuum 350 

Firstly, the performance enhancement benefited from the vacuum design in low-temperature 351 

conditions is investigated. The initial water temperature in the water tank (hereafter referred to as the 352 

“initial water temperature”) is set equal to the initial ambient temperature, 17.6 °C. As shown in Fig. 353 

9, not much difference is observed between the performance of the E-PV/T and N-PV/T system during 354 

the whole simulation period. Due to the vacuum around, the panel temperature of the E-PV/T collector 355 

is always a little higher than that of the N-PV/T collector, resulting in a tiny lower electrical power of 356 

the PV module and a slightly higher water temperature in the water tank. Further refer to Table 3, the 357 

final water temperature in the water tank of the E-PV/T system is only about 3.1 °C higher than that 358 

of the N-PV/T system, indicating that the thermal performance improvement attributed to the vacuum 359 

structure is not distinct in low-temperature cases. This is because the vacuum design can only suppress 360 

the non-radiative (i.e., conductive and convective) heat loss of the PV/T collector, but the radiative 361 

heat loss takes a sizeable share of the overall heat loss of the collector when the panel temperature is 362 

relatively low. Considering the cost of creating a vacuum local environment within the PV/T collector, 363 

though the vacuum scheme can always increase the thermal efficiency of the PV/T collector, it doesn’t 364 

make much sense to employ such an E-PV/T collector for low-temperature applications such as 365 

domestic hot water supplying for which around 50 ℃ water is enough. 366 
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 367 

Fig. 9. The electrical power, panel temperature, and water temperature in the water tank of the E-PV/T and N-PV/T 368 

systems (Initial water temperature equals the initial ambient temperature, 17.6 °C). 369 

Table 3. The final performance indicators of the E-PV/T and N-PV/T systems working in low-temperature. 370 

conditions. 371 

Indicators E-PV/T system N-PV/T system 

Total electricity output 726.34 Wh 734.17 Wh 

Total heat gain in the tank 20.41 MJ 18.84 MJ 

Final water temperature in the tank 
58.13 °C 55.02 °C 

Electrical efficiency 10.73% 10.85% 

Thermal efficiency 49.56% 45.76% 

Total efficiency 60.29% 56.61% 

4.2.2. Performance in different temperature conditions 372 

The performance improvement of the E-PV/T system is proved to be not obvious compared to the 373 

N-PV/T system in low-temperature working conditions, yet the performance of the E-PV/T system 374 

operating in higher temperatures is not clear. Therefore, further study is conducted to explore the 375 

performance profile of the E-PV/T system working in a wide range of temperature conditions, as the 376 

results shown in Fig. 10. It is clear from Fig. 10(a) that the water temperature increment in the water 377 
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tank of both systems declines gradually as the initial water temperature increases and the temperature 378 

gap between the two systems is larger at greater initial water temperature. In addition, the temperature 379 

increment in the water tank of the N-PV/T system drops to zero when the initial water temperature 380 

increases to about 85 °C, while that of the E-PV/T system can still reach about 8 °C, with the thermal 381 

efficiency being 9.81% in this case. According to Fig. 10(b), the daily thermal efficiency of the two 382 

systems can be linearly fitted and expressed as: 383 

 384 

Fig. 10. The effect of the initial water temperature on the water temperature increment and thermal efficiencies of 385 

the E-PV/T and N-PV/T systems. 386 

   
2

th_E-PV/T initial a initial a
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0.457 T T T T

H H
                     (26) 387 

   
2

th_N-PV/T initial a initial a

0.137 0.000162
0.412 T T T T

H H
                      (27) 388 
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Based on the two regression equations, the thermal performance of the E-PV/T and N-PV/T systems 389 

under certain weather conditions and initial water temperature can be predicted and compared. The 390 

thermal efficiency at zero-reduced temperature is 45.7% for the E-PV/T system, which is about 10.9% 391 

higher than that of the N-PV/T system. 392 

From Fig. 10(c), on the other hand, the electrical efficiency of the E-PV/T system becomes 393 

increasingly lower than that of the N-PV/T system at elevated initial water temperature. This is because 394 

the average panel temperature difference between the two systems is greater at higher-temperature 395 

conditions and thus resulting in enlarged PV performance difference between the two systems. 396 

Nevertheless, the total efficiency of the E-PV/T system benefits from the vacuum, especially at high-397 

temperature levels. For instance, the absolute total efficiency improvement of the E-PV/T system, 398 

compared to that of the N-PV/T system, goes up from 2.55% to 9.10% as the initial water temperature 399 

increases from 5 °C to 90 °C. 400 

4.2.3. Effect of the vacuum degree 401 

The two inner spaces, namely, the upper and lower spaces, are vacuumed to eradicate the non-402 

radiative heat loss of the absorber panel, yet it is difficult to keep the two spaces being ideally vacuum, 403 

especially after a long-term operation without any additional vacuum treatment. Therefore, the effect 404 

of the vacuum degree of the two inner spaces on the performance of the E-PV/T collector is further 405 

investigated. In the present study, the vacuum degree is confirmed as 0% if the inner space is 406 

completely non-vacuumed and 100% if is ideally vacuumed. Fig. 11 illustrates the final water 407 

temperature in the water tank and output efficiencies of the E-PV/T system under different vacuum 408 

degrees. The vacuum degree of the upper space exerts a greater influence on the performance of the 409 

E-PV/T system compared to that of the lower space. For the upper space the absorber panel is the hot 410 
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and bottom surface relative to the glazing cover, while for the lower space the absorber panel is the 411 

hot but top surface with respect to the backside thermal insulation. Therefore, the free convection that 412 

occurred in the upper space is more intense compared to that in the lower space, revealing that more 413 

attention should be paid to the vacuum of the upper space in the E-PV/T collector. In the present study, 414 

the initial water temperature is set at 80 °C to make the E-PV/T collector working in a typical high-415 

temperature operation condition. When the vacuum degree of the upper space decreases from 100% to 416 

0%, the electrical efficiency increases from 8.55% to 8.82%, while the thermal and total efficiencies 417 

decrease from 13.50% and 26.82% to 6.38% and 20.10%, correspondingly. By contrast, as the vacuum 418 

degree of the lower space degrades from 100% to 0%, the three key indicators change slightly to 8.62%, 419 

11.49%, and 24.91%, respectively. As the vacuum degree of the lower space exerts marginal effects 420 

on the performance of the E-PV/T collector, this space can be handled as a non-vacuum cavity to save 421 

the cost of vacuuming. Furthermore, the lower space can be arranged as an air duct to extend the PV/T 422 

collector to be a solar air heater meanwhile if hot air is needed. 423 

 424 

Fig. 11. The final water temperature in the water tank and output efficiencies of the E-PV/T system under different 425 

vacuum degrees. (Initial water temperature is set at 80 °C). 426 
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4.2.4. Effect of the long-wave panel emissivity 427 

Although it is proved that the vacuum structure can improve the thermal performance of the flat-428 

plate PV/T collector and make possible its operation at initial water temperature over 90 °C, the 429 

thermal efficiency of the E-PV/T system is still not very desirable. Regardless of a part of the incident 430 

solar energy is converted into electricity, another reason that causes the relatively low thermal 431 

efficiency of an E-PV/T collector is its high panel emissivity in the middle- and far-infrared bands. 432 

Lower infrared panel emissivity stands for lower long-wave radiative heat loss and thus higher thermal 433 

efficiency, as the results shown in Fig. 12. Though the electrical efficiency shows an opposite changing 434 

trend to the thermal efficiency, the total efficiency increases rapidly as the long-wave panel emissivity 435 

decreases. Specifically, the thermal and total efficiencies of the E-PV/T system are respectively 13.50% 436 

and 26.82% when the long-wave panel emissivity is 0.95, but these indicators increase dramatically to 437 

49.78% and 61.20% correspondingly when the long-wave panel emissivity is only 0.05. It may be 438 

unrealistic to prepare a PV/T panel with such a low emissivity, but it is possible to get a PV/T panel 439 

with a moderate long-wave emissivity such as 0.4 to 0.5, under which situations the E-PV/T system 440 

still shows quite favorable thermal and total efficiencies. For instance, the total efficiency of the E-441 

PV/T system reaches 41.27% when the long-wave panel emissivity is 0.4. Therefore, it will be an 442 

interesting strategy to develop spectrally selective PV/T panels (high solar absorption and low long-443 

wave emission) for thermal performance improvement of a PV/T collector. The booming 444 

developments in micro- and nano-material technologies may offer many possibilities for such an 445 

innovation. 446 
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 447 

Fig. 12. The final water temperature in the water tank and output efficiencies of the E-PV/T system under different 448 

long-wave (above 3 μm) panel emissivity. (Initial water temperature is set at 80 °C). 449 

4.2.5. Effect of the temperature coefficient of PV cells 450 

The electrical efficiency of the E-PV/T system deteriorates at elevated panel temperatures, which 451 

is resulted from the negative temperature coefficient effect of mono-crystalline silicon solar cells. 452 

Therefore, an increment in thermal efficiency will inevitably bring a side-effect of electrical 453 

performance deterioration. The temperature coefficient of PV cells employed in this study is about –454 

0.0045 K−1. If higher electrical performance is pursued in high-temperature scenarios, developing new 455 

PV cells with lower temperature coefficients will make sense. Fig. 13 illustrates the performance of 456 

the E-PV/T system under different temperature coefficients of the PV cell. The electrical efficiency 457 

increases linearly from 8.55% to 11.32% as the temperature coefficient decreases from –0.0045 to –458 

0.001 K−1 [42, 43]. Though the thermal efficiency decreases to a small extent, the total efficiency is 459 

enhanced from 26.82% to 30.16%. Regardless of the intrinsic PV conversion efficiency, solar cells 460 

with negative temperature coefficient closer to zero (e.g., amorphous silicon cell [44]) or even positive 461 
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temperature coefficient (e.g., nonpolar InGaN cell [42]) are particularly appealing for high-temperature 462 

solar PV/T installations, including the E-PV/T collector in this study. 463 

 464 

Fig. 13. The output efficiencies of the E-PV/T system under different temperature coefficients of the PV cell. 465 

(Initial water temperature is set at 80 °C and long-wave panel emissivity is set at 0.95). 466 

5. Conclusions 467 

In the present study, a novel evacuated flat-plate PV/T (E-PV/T) collector is proposed in order to 468 

improve its thermal performance and effectively run it in high-temperature conditions. A dynamic-469 

state mathematic model is developed to assess the output performance of the E-PV/T system under 470 

different working conditions. The detailed results are summarized as follows: 471 

(1) The thermal performance improvement benefitted from the vacuum design is not distinct in 472 

low-temperature conditions, with only 3.8 percentage points increment when the initial water 473 

temperature in the tank is equal to the initial ambient temperature, 17.6 °C. 474 

(2) Comparing to the N-PV/T system, the percentage point increase of the total efficiency of the 475 

E-PV/T system elevates from 2.55% to 9.10% as the initial water temperature in the water tank 476 

increases from 5 °C to 90 °C. 477 
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(3) The electrical, thermal, and total efficiencies of the E-PV/T system with an initial water 478 

temperature of 80 °C is respectively 8.55%, 13.50%, and 26.82%, but change to 8.82%, 6.38%, and 479 

20.10%, respectively when the vacuum degree of the upper space declines from 100% to 0%, and 480 

change slightly to 8.62%, 11.49%, and 24.91%, correspondingly as the vacuum degree of the lower 481 

space degrades from 100% to 0%. 482 

(4) The long-wave panel emissivity exerts a dramatic negative effect on the thermal performance 483 

of the E-PV/T system with an initial water temperature of 80 °C. Its thermal efficiency trebles from 484 

16.9% to 54.4 % as the long-wave panel emissivity decreases from 0.95 to 0.05.  485 

(5) The electrical and total efficiencies increase linearly from 8.55% and 26.82% to 11.32% and 486 

30.16% as the temperature coefficient decreases from –0.0045 to –0.001 K−1, with an initial water 487 

temperature of 80 °C and long-wave panel emissivity of 0.95. 488 

Overall, the E-PV/T collector is proved to be an efficient hybrid electrical and thermal energy 489 

harvester working in high-temperature conditions. The superior of working in a wider range of 490 

temperatures enables the E-PV/T collector to be a more effective renewable energy provider in 491 

scenarios such as building, industrial, and agriculture fields. Future studies will focus on the fabrication 492 

of a practical-scale E-PV/T collector and the outdoor experimental investigation of the E-PV/T 493 

collector in different weather and operation conditions. 494 
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Nomenclature 500 

A: area, m2 501 

Br: temperature coefficient of PV cells, K−1 502 

c: specific heat capacity, J/(kg·K) 503 

D: diameter, m 504 

d: thickness, m 505 

E: electrical power, W/m2 506 

G: solar irradiance, W/m2 507 

H: total solar radiant energy, MJ/m2 508 

h: heat transfer coefficient, W/(m2·K) 509 

I: current, A 510 

k: thermal conductivity, W/(m·K) 511 

l: length, m 512 

m: mass of water in the tank, kg 513 

m and M : mass flow rate, kg/s 514 

N: number, - 515 

Nu: Nusselt number, - 516 

P: perimeter or electricity gain, m or MJ 517 

Q: heat flux or heat gain, W/m2 or MJ 518 

R: thermal resistance, K/W 519 

MRE: mean relative error, - 520 

S: total heat gain, MJ 521 

T: temperature, K 522 

t: time, s 523 

Δt: time interval, s 524 

U: voltage or overall heat-transfer coefficient, V or W/(m2·K) 525 

w: width, m 526 

x: length direction of the PV/T collector, m 527 

y: width direction of the PV/T collector, m 528 

z: height direction of the water tank, m 529 

τ: transmittance, - 530 

(τα): transmittance-absorptance product, - 531 

α: absorptivity, - 532 

ε: emissivity, - 533 

ρ: reflectance or density, - or kg/m3 534 

σ: Stefan–Boltzmann constant, W/m2⋅K4 535 

φ: inclination angle, rad 536 

ξ: packing factor, - 537 

 : daily average efficiency, - 538 

 539 

Abbreviation and subscripts 540 

a: ambient air 541 
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b: backside thermal insulation 542 

c: glazing cover 543 

conv: convective 544 

N-PV/T: normal photovoltaic/thermal collector or system 545 

e: electrical or equivalent 546 

E-PV/T: evacuated photovoltaic/thermal collector or system 547 

Exp: experiment 548 

final: final water temperatures in the water tank 549 

i: inner 550 

initial: initial water temperatures in the water tank 551 

o: outer 552 

p: aluminium substrate 553 

PV: PV module 554 

rad: radiative 555 

ref: reference 556 

s: sky 557 

Sim: simulation 558 

t: copper pipe 559 

tank: water tank 560 

th: thermal 561 

w: water 562 
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