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Abstract. This paper investigates the performance of PV/ T (photovoltaic/ 

thermal) system operating in air-cooling, water-cooling and dual-cooled sce-

narios in different climatic zones in China, and explores the effects of different 

coolant on the efficiency of PV/T systems, which can provide references for the 

design of PV/T systems in China. In this paper, the corresponding simple 

mechanism models are created in the Python. Since the devices to be simulated 

can be regarded as white-box, their reliability can be guaranteed. The operation 

of PV/T collectors with air-cooling, water-cooling and dual-cooled as heat dis-

sipation systems in different regions is simulated by means of mathematical 

modeling, respectively, and the reliability of the mathematical model is verified 

by some previous studies. The results show that when the coolant flow rates are 

both 0.03 kg/s, the dual-cooling system, when considering the system power 

generation efficiency, gives a gain of 5.34 in the better performing region, an 

imperceptible advantage over the water-cooling system. However, without con-

sidering the fresh air supply, the water-cooling system has a clear advantage in 

terms of the total efficiency of solar energy utilization, which can reach 82.38% 

in the better-performing region, compared to the dual-cooled system, which has a 

slightly lower total efficiency of 76.52%. Therefore, in most cases, water-cooling 

system is the optimal solution to maximize the total efficiency. When only pur-

suing the efficiency of photovoltaic power generation, the dual cooling system 

only has a theoretical advantage over the water-cooling system, however, when 

taking into cost, this option is not recommended. 
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1 Introduction 

Replacing thermal power generation with clean energy generation is a necessary part of 

realizing environmental protection. In China, the Government has made many efforts to 

this end. However, the investment in research and development of PV in the early stage 

is insufficient, meanwhile, subsidies are not strong enough to make photovoltaics 

become more economically acceptable and replace thermal power [1]. The disecono 
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miy of photovoltaic power plants is reflected in the larger initial investment, longer 

payback period, and externally induced failure of power generation to meet expecta-

tions, which includes the PV efficiency degradation due to heat dissipation problems. 

Many studies have shown [2-5] that an increase in temperature will cause a decrease in 

the power generation efficiency of PV cells, with a decrease of approximately 

0.4~0.5% in power generation efficiency for every 1K increase in temperature. In order 

to maintain the acceptable level of power generation efficiency, PV/T systems with 

cooling units that can collect solar thermal energy have been proposed and put into use. 

Tripanagnostopoulos et al. [6] made contributions to water cooling research and 

showed that water is sufficient as a heat transfer fluid compared to air in all cases they 

studied. Under the same weather conditions, water cooling can keep the working 

temperature of the PV panel at 38℃, which is 3℃ lower than air cooling. Khanjari et 

al. [7] cooled PV cells using nano-fluids and proved that adding nano-materials to pure 

water can indeed help improve the efficiency of PV/T systems. Compared to pure 

water, Ag-water nanofluid can have a gain of up to 7.16% for power generation 

efficiency at a volume fraction of 5%. Arıcı et al. [8] used PCMs as coolant of PV panel 

and proved that the working temperature of PV panel reduced by up to 10.26℃ when 

using the suitable PCM for the PV panel for the given climatic conditions, which means 

a power generation efficiency gain of 3.73%. In the research made by Feng et al. [9], a 

dual cooling system utilizing fresh air and domestic water for indoor warm air and 

domestic hot water supply proved to be feasible under ideal conditions. This means that 

dual cooling systems can be seen as an effective way to reduce thermal loads while 

increasing power generation efficiency in a some area. 

All of the above studies have demonstrated the necessity of cooling systems to 

improve PV efficiency, however, there are differences in the selection of the type and 

parameters of the cooling system under different climatic conditions. The system 

studied in this paper is a PV/T residential system that integrates air-cooling and 

water-cooling units. The cooling air of the air-cooling unit comes from envirnment, 

while the cooling water comes from a thermal buffer tank placed in the basement. Since 

the temperature of the cooling source is highly dependent on the climatic conditions, 

the same cooling system shows different environmental adaptations in different 

regions. This paper will investigate the electricity generation and heating performance 

of air-cooling, water-cooling, and dual-cooling units at different cooling fluid mass 

flow rates in different typical climate zones in China.  

Accordingly, this paper tested the system performance under four operating 

scenarios, and separately calculated their electricity generation, thermal and total 

efficiency. The situation of four scenarios with different operational flow rates of air 

and water for the PV-T solar collector is shown in Table 1. 

Table 1. Operational flow rates of air and water for the PV-T solar collector 

Scenario Mass flow of cooling air in kg/s Mass flow of cooling water in kg/s 

Scenario 1 0 0 

Scenario 2 0.005 ~ 0.030 0 

Scenario 3 0 0.005 ~ 0.030 

Scenario 4 0.005 ~ 0.030 0.005 ~ 0.030 
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Compared to the existing research, this paper differs by focusing on the applicability 

of the dual cooling PV/T collector in chinese conditions, which need to provide 

answers to the questions of what cooling method should be adopted to enhance the 

collector efficiency under different climatic conditions in China, and how the size of its 

coolant flow rate should be selected. 

2 Modeling 

The mathematical modeling of the system will be presented in the form of Python code, 

which will be iterated at a 60-second interval to evaluate the overall performance of the 

PV/T system in generating electricity and providing heat throughout the year, consid-

ering the operation of the cooling units with different forms and mass flow rates. 

Table 2. Climate condition of five typical cities located in different climatic zones of China 

Cities 

Optim

al 

tilted 

angle 

PV generator working Annual average situation 

GTI in 

W/m2 
TA in ℃ 

vw in 

m/s 

GTI in 

W/m2 
TA in ℃ 

vw in 

m/s 

Beijing 35° 384.32 17.54 3.08 181.00 13.28 2.82 

Hangzhou 20° 308.62 20.68 2.62 144.69 18.09 2.46 

Lhasa 15° 535.12 13.69 2.29 257.83 9.98 1.80 

Sanya 37° 422.89 26.13 3.99 200.89 24.85 3.56 

Urumqi 35° 409.33 12.87 2.80 191.02 8.37 2.36 

The meteorological data used in this study are obtained from Meteonorm 8, 

including global tilted irradiation (GTI), ambient temperature (TA), and wind speed 

(vw). It is worth noting that the optimal tilt angle of solar collector varies with latitude 

and climate. In this study, some researches [10-12] has been refered and the tilt angles 

that maximize the solar radiation intensity for five typical cities in different climatic 

regions of China has been confirmed. The details are shown in Table 2. 

2.1 Structure of PV/T system 

This paper presents a PV/T system that integrates air-cooling and water-cooling units 

on the collector, whose structure is shown in Fig.1. In the PV/T system, the battery 

circuit is used to collect and store the electricity generated by PV cells through the 

photoelectric effect. The air-cooling and water-coole units respectively use the outside 

air (fresh air from environment) and water stored in the thermal buffer tank to cool the 

PV cells. The PV cells that complete the cooling process have lower temperature 

compared to before, which allows them to maintain a higher power generation effi-

ciency. The air that has completed heat exchange will be discharged from the system by 

the air pump, while the water that has completed heat exchange will be transported to 

the designated water layer in the thermal buffer tank through the temperature stratifier 

and the water pump. The hot water stored in the top water layer of the storage tank will 

Energy supply performance of air-, water-, and dual-cooled PV/T systems             113



heat the domestic water in the plate heat exchanger and thereby lowering its own 

temperature. Whether air-cooling or water-cooling, the coolant needs to be drived by 

circulation pump. Predictably, because air is less dense than water, an air circulation 

pump with the same flow rate will have lower power consumption than a water circu-

lation pump when they are installed in close position. 

 

Fig. 1. Structure of PV/T system with integrated air and water cooling units 

 

Fig. 2. Structure of PV/T collector with integrated air and water cooling unit 

The structure of PV/T collector with integrated dual cooling unit is shown in Fig.2. 

As shown in the figure, the glazing cover and back panel sandwich the PV cell and 

absorber panel, with gaps between them forming upper and lower separated but 

interconnected air-cooling channels. Cooling air enters from the upper air channel and 

exits from the lower air channel. The control logic is to turn on the air-cooling pump 

when the temperature of the cooling air is 2K or more lower than that of the PV cell, 

and turn it off when the temperature is higher. A water channel is also set up in the 

absorber panel to allow cooling water to enter for water-cooling the PV cell. The 

control logic is to turn on the water-cooling device when the temperature of the cooling 

water is 5K or more lower than that of the PV cell, and turn it off when the temperature 

difference is smaller than this threshold value.  
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2.2 Mathematical Modeling 

The energy flow in the above PV/T collector is shown in Fig.3. The meanings of the 

lower corner marker and symbols that appear in the following mathematical modeling 

are summarized in Table 3 and Table 4. 

 

Fig. 3. Energy flow in PV/T collector with integrated air and water cooling units 

Table 3. Meanings of lower corner markers in mathematical modeling 

Markers Meaning Markers Meaning 

c Convection heat transfer a, ab Absorber panel 

r Radiant heat exchange f Air in air channel 

sol Solar irradiation C Solar collector 

g Glazing cover w Fluid in water channel 

p, pv PV cell b Back panel 

Table 4. Meanings of symbols in mathematical modeling 

Symbol Meaning Unit Symbol Meaning Unit 

q Heat flow W I Irradiance intensity W/m2 

c Specific heat 

capacity 

J/(kg·K) 

 

α Absorptivity - 

m Mass flow kg/s ε Emissivity - 

h Convective heat 

transfer 

coefficient 

W/(m2·K) σ Stefan-Boltzmann 

constant 

W/(m2·K4) 

A Area m2 τ transmittance - 

T/t Temperature K/℃ v Wind speed m/s 

μ dynamic 

viscosity 

Pa·s E PV electricity W 

Nu Nusselt number - DH equivalent diameter m 

Re Reynolds 

number 

- η Efficiency % 

Pr Prandtl number - Fab Efficiency of 

collector 

% 

W Width of the 

channel 

m U Heat transfer 

coefficient 

W/(m2·K) 

d Depth of the 

channel 

m L Length of the channel m 
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Glazing cover. The mathematical modeling of energy flow related to the glazing 

cover is as follows: 

 𝑐𝑔 ∙ 𝑚𝑔 ∙
𝑑𝑇𝑔

𝑑𝑡
= 𝑞𝑠𝑜𝑙,𝑔 − 𝑞𝑟𝑔𝑝 − 𝑞𝑟𝑔𝑠 − 𝑞𝑐𝑔𝑎 − 𝑞𝑐𝑔𝑓𝑢 (1) 

 qsol,g = Isol ∙ αg ∙ Ac    (2) 

 qrgp = ℎrgp ∙ Aab ∙ (Tg − Tpv) (3) 

[13] 
ℎrgp =

σ(Tpv + Tg)(Tpv
2 + Tg

2)

1
εpv

 +  
1

εg 
 − 1

 
(4) 

 qrgs = ℎrgs ∙ (Tg − Ts) ∙ Ac (5) 

[14]  ℎrgs = σ ∙ εg ∙ (Tg
2 + Ts

2)(Tg + Ts) (6) 

[15] Ts ≈ 0.0552 ∙ Ta
1.5 (7) 

 qcga = ℎcga ∙ (Tg − Ta) ∙ Ac (8) 

[16] ℎcga = 3.8 ∙ v + 5.7 (9) 

 qcgfu = ℎcgfu ∙ (Tg − Tfu) ∙ Ac (10) 

 ℎcgfu =
Nufu ∙ λfu

DH,fu
=

Nufu ∙ λfu ∙ 2 ∙  (W +  d)

4 ∙  W ∙  d
 (11) 

 Re =
ṁfu ∙ DH,fu

Afu ∙ μfu
 (12) 

However, different researchers have provided different answers regarding the 

critical Reynolds number between different flow states [17-20]. This paper adopts the 

method of Bergman et al. in their work [20] to solve the Nusselt number, using 

Re=2300 and Re=6000 as standards to distinguish different flow states. The value of 

Nu is obtained by using the Prandtl number and Reynolds number together: 

 Pr =
Cp,fu ∙ μfu

λfu
 (13) 

Therefore, the Nusselt number of the fluid in the upper air channel is: 

①When Re < 2300, the flow state of fluid is laminar flow: 

 Nufu = 5.4 +
0.0019 ∙ [Re ∙ Pr ∙ (

DH,fu

L
)]

1.71

1 + 0.00563 ∙ [Re ∙ Pr ∙ (
DH,fu

L
)]

1.17 (14) 

②When 2300 < Re < 6000, the flow state of fluid is transitional flow: 

 Nufu = 0.116 ∙ (Re
2
3 − 125) ∙ Pr

1
3 ∙ [1 + (

DH,fu

L
)

2
3] ∙ (

μfu

μw
)0.14 (15) 

③When Re > 6000, the flow state of fluid is turbulent flow: 

 Nufu = 0.018 ∙ Re0.8 ∙ Pr0.4 (16) 

PV cell and absorber panel. It is assumed that the temperature of the absorber 

panel is always the same as that of the PV cell, and their characteristics in heat 

exchange process can be approximated to be the same as those of the PV cell. Under 

this premise, the mathematical modeling of energy flow related to the PV cell and 

absorber panel is as follows: 

 cpv ∙ mpv ∙
dTpv

dt
= qsol,pv+ab − Epv + qrgp − qcpfu − qcpw − qcpfl − qrpb (17) 

 qsol,pv+ab = qsol,pv + qsol,ab = Isol ∙ τg ∙ [αpv ∙ Apv + αab ∙ (Aab − Apv)] (18) 
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[21] Epv = qsol,pv ∙ ηpv ∙ (1 − θpv ∙ (Tp − 298.15))  (19) 

 qcpw = ℎcpw ∙ Aab ∙ (Tp − Tw) (20) 

 ℎcpw =
Nuw ∙ λw

DH,w
∙ Fab (21) 

 qcpf = ℎcpf ∙ Aab ∙ (Tp − Tf) (22) 

 ℎcpf =
Nuf ∙ λf

DH,f
 (23) 

 qrpb = ℎrpb ∙ Aab ∙ (Tpv − Tb)  (24) 

 
ℎrpb =

σ(Tpv + Tb)(Tpv
2 + Tb

2)

1
εpv

 +  
1

εb 
 − 1

 
(25) 

Upper and lower air channels, water channel and back panel. Mathematical 

models describing the energy flow related to the upper and lower air channels, water 

channel, and back panel can be respectively described by the following four equations: 

 cfu ∙ mfu ∙
dTfu

dt
= qcpfu + qcgfu (26) 

 cfl ∙ mfl ∙
dTfl

dt
= qcbfl + qcpfl (27) 

 cw ∙ mw ∙
dTw

dt
= qcpw (28) 

 cb ∙ mb ∙
dTb

dt
= qrpb − qcbfl − Ub ∙ Ac ∙ (Tb − Ta) (29) 

It should be noted that the density, specific heat capacity, thermal conductivity, and 

viscosity of the cooling fluid will vary with temperature. In this paper, the influence of 

temperature changes on the above four physical quantities of air (-20~125℃) and water 

(0~100℃) was quantified by polynomial fitting, and the results are summarized in 

Table 5 and Table 6. 

Table 5. The relationship between the thermophysical parameters of air and temperature 

Parameters Mathematical fitting result 

Density 

(kg/m3) 

5.5962 − 0.035153Tf + 0.000109Tf
2 − 1.696546 × 10−7Tf

3

+ 1.044189 × 10−10Tf
4 

Heat Capacity 

(J/kg·K) 

1029.2 − 0.192610Tf + 0.000413Tf
2 − 1.407906 × 10−7Tf

3

+ 1.939579 × 10−10Tf
4 

Thermal 

Conductivity 

(W/m·K) 

−0.0021 + 0.000119Tf − 9.702624 × 10−8Tf
2

+ 5.398308 × 10−11Tf
3

− 5.250589 × 10−15Tf
4 

Viscosity 

(Pa·s) 

−1.00377 × 10−6 + 9.053724 × 10−8Tf − 1.153283 × 10−10Tf
2

+ 1.188221 × 10−13Tf
3

− 5.610924 × 10−17Tf
4 
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Table 6. The relationship between the thermophysical parameters of water and temperature 

Parameters Mathematical fitting result 

Density 

(kg/m3) 

−994.8571 + 22.154508Tw − 0.090803Tw
2 + 0.000165Tw

3

− 1.154737 × 10−7Tw
4  

Heat Capacity 

(J/kg·K) 

35861.1475 − 375.799709Tw + 1.674767Tw
2 − 0.003327Tw

3

+ 2.489017 × 10−6Tw
4  

Thermal 

Conductivity 

(W/m·K) 

6.5179 − 0.082622Tw + 0.000407Tw
2 − 8.551584 × 10−7Tw

3

+ 6.554167 × 10−10Tw
4  

Viscosity 

(Pa·s) 

0.4583 − 0.005302Tw + 2.311436 × 10−5Tw
2

− 4.490993 × 10−8Tw
3 + 3.277589 × 10−11Tw

4  

Thermal buffer tank. Due to the installation of a temperature stratifier in the water 

tank, there exists a vertical temperature gradient in different water layers, with the 

highest temperature at the top and the lowest temperature at the bottom, and heat 

exchange occurs among different water layers. Finite Element Analysis (FEA) is used 

here to simulate the heat flow inside the water tank, and the temperature at 5 outlets 

located at 10%, 30%, 50%, 70% and 90% of tank height is determined respectively. 

The water tank will supply heat to domestic hot water only when the temperature of the 

water layer at 90% of the tank height is 5K higher than domestic hot water. 

Modeling parameters. Values of the design parameters, constants and ambient 

conditions used in the modeling is shown in Table 7. 

Table 7. Values of the design parameters, constants and ambient conditions 

Parameters Value Parameters Value 

Area of single 

collector 
AC 2 m2 Thickness of PV cell hpv 0.004 m  

Area of single 

absorber panel 
Aab 

1.872 

m2 
Thickness of glazing cover thg 0.004 m 

Area of single PV cell Apv 
1.752 

m2 
Absorptivity of PV cell 

Αp

v 
0.85 

Upper channel depth dfu 0.07 m 
Absorptivity of glazing 

cover 
αg 0.05 

Lower channel depth dfl 0.04 m  PV cell efficiency (in 25℃) 
Θp

v 
15 % 

Tube hydraulic 

diameter 

DH,

w 

0.0158 

m 

Transmissivity of glazing 

cover 
τg 0.95 

Emissivity of glazing 

cover 
εg 0.85 Temperature coefficient βpv 0.45 %/K 

System efficiency. The definition of system efficiency is not uniform. In this study, 

the definition of system efficiency is the ratio of the total electricity or total heat 

supplied to the user to the total solar energy absorbed by the PV/T collector. Therefore, 

the power generation efficiency ηel, thermal efficiency ηth, and overall efficiency ηtot of 

the PV/T system can be expressed as: 
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ηtot = ηel + ηtℎ = ηpv ∙ (1 − θpv ∙ (Tp − 298.15)) ∙ ηppt

+
qctdw

Isol ∙ τg ∙ [αpv ∙ Apv + αab ∙ (Aab − Apv)]
 (30) 

3 Data analysis 

As shown in Fig 4, due to the significant deviation between the real-world environment 

and laboratory conditions, the efficiency of a PV cell without any cooling unit installed 

is far from the reference level of 15%.  

 

Fig. 4. Variation of the annual average power generation efficiency of PV cells without cooling 

It is noteworthy that for PV cells without cooling units, the impact of the increase in 

solar radiation intensity on their efficiency is more critical than that of the rise in 

ambient temperature. This is because the ambient temperature mainly contributes to the 

heat exchange of the glazing cover, while the PV cell can only rely on its own radiative 

heat exchange with the surroundings (environment). This leads to the fact that when PV 

cells are in operation, the efficiency of the PV cell placed in Beijing (with an average 

ambient temperature of about 28.87℃ and solar radiation intensity of about 

360.88W/m2 in August) is 0.50% higher than that placed in Lhasa (with an average 

ambient temperature of about 19.16℃ and solar radiation intensity of about 

454.79W/m2 in August). Therefore, the demand for cooling units in areas with strong 

radiation intensity, such as alpine and tropical monsoon climate zones, is much higher 

than in other climatic zones. 

Moreover, due to the difference in the thermal properties of land and sea, continental 

and monsoon climates not only have differences in precipitation but also have distinct 

differences in temperature distribution. In areas where there is no ocean, the average 

temperature difference between winter and summer is large, and the temperature 

changes faster throughout the day. These factors jointly lead to the fact that the demand 

for cooling in PV cells installed in continental climate zones is higher in summers than 

in monsoon climate zones, while their cooling demand is relatively low in winters. For 

this reason, PV cells installed in Urumqi have the lowest efficiency in summers among 
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all regions, while Beijing, located in a temperate monsoon climate zone, relies on its 

relatively low average temperature and small winter-summer temperature difference, 

showing relatively high efficiency throughout the year. 

3.1 Air-cooling PV/T system 

Fig.5 summarizes the variation of the annual average efficiency of a air-cooling pho-

tovoltaic system with changes in the cooling air flow rate. The x-axis represents the 

mass flow rate of air in kg/s, while the y-axis represents the power generation effi-

ciency of the PV panel. As the flow rate increases, the efficiency gain caused by air 

cooling exhibits nonlinear characteristics and gradually show marginal effects. 

Moreover, at a mass flow rate of 0.025 kg/s, the annual average efficiency is almost the 

same as that at 0.01 kg/s. In most cases, this difference is about 0.6%. The reason for 

this phenomenon is that the generation of complex three-dimensional flows leads to the 

fact that the Nusselt number does not increase monotonically with an increase in the 

Reynolds number [22]. But it should be noted that this explanation is not suitable in all 

sizes of equipment. 

 

Fig. 5. Variation of the annual average power generation efficiency of air-cooling PV cells with 

cooling air mass flow 

Compared to a PV cell without cooling, the annual average power generation 

efficiency of air-cooling PV cells installed in various climatic zones has been greatly 

improved. Among them, the air-cooling unit has the best gain effect in high-altitude 

mountainous climate zones, the power generation efficiency increases from 9.20% to 

11.18% with the gradual increase in flow rate. The second place goes to the temperate 

continental climate zone represented by Urumqi, whose efficiency also increased from 

10.15% to 11.86%. For other regions, the maximum increase in generating efficiency 

due to air-cooling units is in the range of 1.4% to 1.55%. The reason for this 

phenomenon is that the annual average temperature in these regions is lower, which is 

more conducive to the role of air cooling. On the contrary, as the temperature rises, the 

air cooling effect decreases, and therefore, the air cooling gain in Sanya, located in a 

tropical region, is the worst. 
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Fig 5 also shows some noteworthy information. Under all cooling air flow rates, 

Hangzhou, which ranks second in terms of average temperature among the five cities, 

has the highest annual average photovoltaic power generation efficiency, as the solar 

radiation intensity in this region is the lowest. Because Hangzhou is located in a 

subtropical region with high air humidity, and these water vapor and aerosols affect the 

amount of solar radiation that can be received on the ground surface [23]. In addition, 

its latitude is not low enough to enjoy longer sunlight hours and stronger light intensity 

like tropical monsoon climate cities such as Sanya. Therefore, although it has a higher 

PV power generation efficiency, its power generation capacity is the lowest among all 

climatic zones. More details are shown in Table 8, from which it can be seen that for 

high-radiation regions such as Lhasa and Urumqi, although the power generation 

efficiency is not excellent, their PV power generation capacity still ranks first. 

Table 8. Annual power production at different air flow rates in different climate zones 

Cities 

Annual power production of PV cell at different air flow rates in kWh/m2 

0.005 kg/s 0.010 kg/s 
0.015 

kg/s 
0.020 kg/s 

0.025 

kg/s 
0.030 kg/s 

Beijing 132.01 134.36 135.82 136.64 135.06 138.28 

Hangzhou 106.27 107.94 109.00 109.60 108.48 110.81 

Lhasa 171.18 175.62 178.38 179.93 176.67 182.71 

Sanya 138.36 140.88 142.53 143.47 141.74 145.35 

Urumqi 136.24 139.00 140.70 141.61 139.78 143.55 

In summary, for areas with high temperatures, the mass flow rate and size of the 

air-cooling unit should be considered when selecting the system, and blindly choosing 

the highest specification may not be economical. On the other hand, for areas with 

lower temperatures, the selection of air-cooling unit can be configured towards high 

specifications as the gains are relatively greater. 

3.2 Water-cooling PV/T system 

Impact on power generation efficiency. The variation of the annual average power 

generation efficiency of water-cooling PV cells with cooling water mass flow is 

summarized in Fig.6. The x-axis represents the mass flow rate of water in kg/s, while 

the y-axis represents the power generation efficiency of the PV panel. As shown in the 

figure, with the increase of cooling water mass flow rate, the efficiency gain caused by 

water cooling exhibits a monotonic non-linear characteristic, which is unlike the 

air-cooling system. The efficiency gain brought by the water-cooling system is much 

greater than that of the air-cooling system. In Lhasa, for instance, when the wa-

ter-cooling system is installed and cooled with a low mass flow rate of 0.005kg/s, the 

solar energy efficiency gain is about 3.72%. Compared to air-cooling, even with a large 

flow rate of 0.03kg/s, the air-cooling system can bring about a gain of about 1.98% in 

solar energy efficiency. However, marginal effects still remain, which result in a power 

generation efficiency improvement of less than 0.04% for most areas when the water 

flow rises from 0.025kg/s to 0.03kg/s. 
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Fig. 6. Variation of the annual average power generation efficiency of water-cooling PV cells 

with cooling water mass flow 

From the perspective of the environmental adaptability of the water-cooling system, 

Lhasa still shows its best performance. With the increase of cooling water mass flow 

rate, the power generation efficiency in this region has increased from the lowest 9.20% 

of 14.51%. The reason for this phenomenon is that the ambient temperature in Lhasa is 

not high, and the temperature of cold domestic water is low enough, which causes the 

water in the tank to be exothermic for a longer period of time. Therefore, the cooling 

effect of the water-cooling system is guaranteed. On the contrary, the effect of the 

water-cooling system in the tropical monsoon zone is relatively worse than that in other 

climate zones because the higher environmental temperature brings a higher domestic 

water temperature, and the water temperature in the tank is in a "high temperature" state 

for a long time, which limits the cooling effect of the water-cooling system. However, 

unlike the air-cooling system, the water-cooling system, when put into operation, 

allows the power generation efficiency in high-radiation areas to exceed that in 

low-radiation areas, provided that the temperature of domestic water (strong correlation 

with ambient temperature) is low enough. The power generation of water-cooling PV/T 

systems in cities with different climate is shown in Table 9. 

Table 9. Annual power production of water-cooling PV/T system at different water flow rates in 

different climate zones 

Cities 

Annual power production of PV/T at different water flow rates in kWh/m2 

0.005 

kg/s 
0.010 kg/s 

0.015 

kg/s 
0.020 kg/s 

0.025 

kg/s 
0.030 kg/s 

Beijing 153.32 160.42 163.24 164.59 165.28 165.66 

Hangzhou 122.01 127.17 129.18 130.13 130.64 130.93 

Lhasa 211.03 225.39 231.29 234.31 236 236.98 

Sanya 161.49 169.64 172.88 174.46 175.33 175.82 

Urumqi 160.75 168.96 172.21 173.82 174.7 175.22 

In summary, the water-cooling system is a system that is highly sensitive to 

environmental temperature, more precisely, this strong correlation is mainly due to the 

influence of air temperature on the domestic water temperature. However, the source of 
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domestic water in different cities is different, which may result in this strong correlation 

not being particularly reliable: 

- Hypothesis 1: domestic water comes from surface water sources: The water 

temperature of residents in these cities is strongly tied to air temperature. Therefore, in 

these cities, lower air temperatures will make the water-cooling system play an 

especially positive role in improving the photovoltaic power generation efficiency. 

- Hypothesis 2: domestic water comes from the South-to-North Water Diversion or 

underground water: The water temperature of residents in these cities is not bound to air 

temperature. In this case, lower air temperatures will not make the water-cooling 

system perform much better than higher air temperatures. 

As mentioned earlier, this article adopts the first hypothesis. If the actual situation is 

the second hypothesis, other models need to be used for prediction. 

Impact on thermal and total efficiency. Fig.7 shows the thermal efficiency of 

water-cooling systems at different water flow rates in cities with different climate. The 

water-cooling system has shown high adaptability in most regions. When the water 

flow rate reaches 0.030kg/s, the thermal efficiency in most regions reached over 60%. 

In tropical monsoon climate areas (Sanya), where the photovoltaic power generation 

efficiency is poor, its performance in thermal efficiency is leading other regions 

(68.5%). However, in the temperate continental climate zone represented by Urumqi, 

the thermal efficiency is lower than that of other climate zones. The reason for this is 

that the winter temperature in this climate zone is extremely low, and assuming that the 

domestic water comes from surface water sources, the low temperature makes it 

impossible to deliver the water to residents without preheating. According to relevant 

encoding standard [24], the domestic water needs to be heated before it is delivered to 

the storage tank near the heating source for further heating, which reduces the heating 

demand for the PV/T system, and results in excessive heat absorption by the storage 

tank without consumption. Therefore, a optimization measure is to reduce the cooling 

water flow rate during the cold season in the continental climate zone to save electricity 

when the circulating pump is running. The heating output and the annual total 

efficiency of water-cooling PV/T systems in different regions are shown in Table 10 

and Table 11, respectively. 

 

Fig. 7. Variation of the annual average thermal efficiency of water-cooling PV cells with cooling 

water mass flow 
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Table 10. Annual thermal production of water-cooling PV/T system at different water flow rates 

in different climate zones 

Cities 
Annual thermal production of PV/T at different water flow rates in GJ/m2 

0.005 kg/s 0.010 kg/s 0.015 kg/s 0.020 kg/s 0.025 kg/s 0.030 kg/s 

Beijing 1.886 2.251 2.389 2.455 2.491 2.513 

Hangzhou 1.536 1.823 1.927 1.978 2.006 2.025 

Lhasa 2.799 3.331 3.536 3.641 3.699 3.736 

Sanya 2.405 2.828 2.989 3.069 3.116 3.145 

Urumqi 1.877 2.239 2.373 2.440 2.478 2.502 

Table 11. Annual total efficiency of water-cooling PV/T system at different water flow rates in 

different climate zones 

Cities 
Annual total efficiency of water-cooling PV/T system in % 

0.005 kg/s 0.010 kg/s 0.015 kg/s 0.020 kg/s 0.025 kg/s 0.030 kg/s 

Beijing 59 68.47 72.05 73.76 74.69 75.26 

Hangzhou 59.7 68.91 72.29 73.91 74.83 75.44 

Lhasa 60.51 70.43 74.29 76.25 77.35 78.02 

Sanya 65.11 74.98 78.73 80.6 81.69 82.38 

Urumqi 56.34 65.32 68.67 70.33 71.27 71.88 

3.3 Dual-cooling PV/T system 

Impact on thermal and total efficiency. Fig.8 and Fig.9 show the annual average 

power generation efficiency and its absolute increase (compare with air-cooling unit) of 

the dual-cooling PV/T device with air mass flow rate of 0.01 kg/s and 0.03 kg/s vary 

with the cooling water mass flow rate, respectively.  

 

Fig. 8. The annual average power generation efficiency and its absolute increase of the du-

al-cooling PV/T device with air mass flow rate of 0.01 kg/s vary with water flow rate 
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Fig. 9. The annual average power generation efficiency and its absolute increase of the du-

al-cooling PV/T device with air mass flow rate of 0.03 kg/s vary with water flow rate 

Based on the figure shown, integrating a water-cooling unit into a PV/T system that 

was originally equipped with a single air-cooling unit will greatly improve the PV 

power generation efficiency, regardless of the size of the original air-cooling flow rate. 

For instance, in Lhasa, when both air and water flow rates are 0.03kg/s, the absolute 

increase in power generation efficiency compared to a single air-cooling PV/T system 

can reach 3.36%. Even in Hangzhou, which performed slightly worse, the increase 

reached 2.21% under the same cooling unit parameters. Thus, it can be concluded that 

the dual-cooling system will bring significant efficiency gains to a single air-cooling 

PV/T device. 

 

Fig. 10. The annual average power generation efficiency and its absolute increase of the du-

al-cooling PV/T device with water mass flow rate of 0.01 kg/s vary with air flow rate 
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Fig. 11. The annual average power generation efficiency and its absolute increase of the du-

al-cooling PV/T device with water mass flow rate of 0.03 kg/s vary with air flow rate 

Fig.10 and Fig.11 show the annual average power generation efficiency and its 

absolute increase of the dual-cooling PV/T device with water mass flow rate of 0.01 

kg/s and 0.03 kg/s vary with the cooling air mass flow rate, respectively. As shown in 

Fig.10, the dual-cooling system does result in power generation efficiency gains 

compared to the low-flow water-cooling system, e.g., when the water and air flow rate 

are 0.01 kg/s and 0.03 kg/s, the efficiency gains for the PV panel in Lhasa, Urumqi, 

Beijing, Sanya and Hangzhou are 1.21%, 1.04%, 0.83%, 0.82% and 0.66%, 

respectively. However, when the water flow rate becomes larger, dual-cooling is not 

recommended. As shown in Fig.11, in the Sanya, when the water flow rate is 0.03 kg/s, 

accompanied by the rise of the cooling air volume within a certain range (0.015~0.025 

kg/s), the power generation efficiency shows a small decrease compared to the 

water-cooling system, which is due to the fact that in this range, the period that the 

temperature difference between the PV panel and the cooling water is less than 5 K 

becomes longer, which makes the turn-on time of the water-cooling system to be 

shortened, and when the flow rate is further increased, air takes away more heat, while 

at the same time, it does not shorten the turn-on time of the water-cooling system any 

further, so the efficiency shows a small recovery. 

Impact on thermal and total efficiency. Fig.12 and Fig.13 show the annual 

average thermal efficiency and its absolute increase (compare with water-cooling unit) 

of the dual-cooling PV/T device with water mass flow rate of 0.01 kg/s and 0.03 kg/s 

vary with the cooling air mass flow rate, respectively.  
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Fig. 12. The annual average thermal efficiency and its absolute increase of the dual-cooling PV/T 

device with water mass flow rate of 0.01 kg/s vary with air flow rate 

 

Fig. 13. The annual average thermal efficiency and its absolute increase of the dual-cooling PV/T 

device with water mass flow rate of 0.03 kg/s vary with air flow rate 

As shown in the figure, when an air-cooling unit is integrated into a single 

water-cooling PV/T system, the thermal efficiency will decrease regardless of the 

airflow rate setting. This decrease in thermal efficiency is much greater than the 

increase in PV power generation efficiency that the air-cooling unit brings. For 

example, in Lhasa, when the mass flow rates of both air and cooling water are 0.03kg/s 

and 0.01kg/s, respectively, the maximum increase in PV power generation efficiency is 

1.21%. However, at the same time, the thermal efficiency drops by 15.67%. Although 

the above situation is slightly alleviated at a water flow rate of 0.03 kg/s, the loss in 

heating efficiency still generally reaches 8%. For the most part, it's more than worth it. 
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4 Conclusion 

Air-, water-, and dual-cooling units are all effective in reducing the temperature of PV 

cells during operation, thereby increasing their efficiency. In most cases, a single 

air-cooling unit is weaker in improving PV efficiency than a single water-cooling unit, 

which in turn is weaker than a dual-cooling unit. However, when deciding which 

cooling unit to install and how to set its parameters, it is important to take into account 

the climatic conditions of different regions, as this can greatly affect system perfor-

mance: 

(1) High-flow air-cooled units can provide PV panels with a power generation 

efficiency of more than 1.5%, a figure that can reach close to 2% for regions with good 

passive cooling conditions (low ambient temperature). In addition due to thecomplex 

three-dimensional flows, its design requires careful consideration of the Air channel 

size to prevent the heat transfer efficiency of the air cooling from being lower than 

expected. Overall, the air-cooled system has a limited cooling capacity, so it is 

economically competitive only because of its lower energy consumption. 

(2) Water-cooled units are the best for total PV/T collector efficiency, and in all 

regions, high-flow water-cooled units can guarantee a total efficiency higher than 71%, 

and in the best-performing regions (high radiation and high ambient temperature), this 

figure can reach 82.38%. However, it should be noted that the thermal efficiency of the 

water-cooled units has a strong correlation with the temperature of the water source 

used for residential water, so that when the temperature of the water source is too low 

(which needs to be preheated before reaching the residential user) or too high, the effect 

is lower than expected. 

(3) In most cases, the dual cooling unit is the best of the three for PV/T collector 

power generation efficiency, but this is based on the premise that more low-temperature 

heat is wasted. In addition, due to the mismatch of control logic, the water-cooled cycle 

may be restricted from starting because the control temperature difference is not 

reached. For the adjustment of the control logic, it should be noted that, if the 

temperature difference requirement for the water-cooled cycle to turn on is reduced, the 

energy of the water-circulation pump may be wasted, and if the temperature difference 

requirement for the air-cooled cycle to turn on is increased, the air-cooled cycle may 

not be able to perform at its optimal effect. These issues are more related to the 

temperature of the air and residential water sources and need to be fully considered in 

the design. 

For the future research direction of the dual-cooling system, the matching of control 

logic is a good research direction, how to control the opening of the two cooling cycles 

through the appropriate algorithms according to the changes of environmental 

condition, so that the cooling effect of both can be maximized. 
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