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Abstract: For a novel vertical solar loop-heat-pipe photovoltaic/thermal system, the 

height difference between evaporator and condenser plays an important role in the heat 

transport capacity, which has significant impact on the solar thermal efficiency and 

parametrical optimization of this system. Therefore, based on the results derived from 

a 

prototype of this novel system was designed, constructed, and an experimental 

investigation under different height difference was undertaken to study the impact of 

height difference on the system performance. It was found that the relationship between 

the solar thermal efficiency of this vertical system and the height difference is nonlinear. 

In present study, the optimal height difference is around 1.1m, which was selected as 

an optimal value for the following experimental investigations, and below 1.1m, the PV 

module surface temperature decreased with the increase of the height difference. 

Furthermore, the transient solar thermal and electrical performance of this system with 
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the selected optimal height difference was investigated under outdoor real weather 

condition. These results of this experimentation can help optimize the system 

construction and thus help to develop the high thermal performance and low-cost solar 

PV/T system for space heating and power generation. 

Keywords: Micro-channel; Loop heat pipe; PV/T; Height difference; Efficiency 

 

Nomenclature  

Parameters 

A Area, m2 

c Specific heat, kJ/(kg*K) 

m Mass, kg 

F Efficiency factor 

G Solar radiation, W/m2 

H Height difference (HD), m  

I Current, A 

MCT Micro-channel Tube 

P Output power, W 

q Heat output, W 

R Thermal resistance ,W/K   

Re Reynolds number 

  The relative error 

  The experimental relative mean error 

T Temperature,  

u Velocity, m/s 

U Output voltage, V 
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  A given dependent variable 

Greek letters 

 Temperature coefficient 

 Efficiency 

  Initial electrical efficiency at reference temperature 

 dynamic viscosity ,  

Subscripts 

e Electrical 

in Inlet 

o Overall 

out Outlet 

PV Photovoltaic 

PVT Photovoltaic/thermal 

  Reference condition 

  Thermal 

  Water 

1. Introduction 

It is reported by the International Energy Agency (IEA) that during 2017-2023, 

renewables will meet more than 70% of global electricity generation growth. The 

growth of the solar photovoltaic (PV) is larger than all other renewables in combination, 

while China remains the absolute solar PV leader by far, holding almost 40% of global 

installed PV capacity in 2023[1]. However, it has been proved that the increment by 1  

solar electrical efficiency [2][3] , which is in the range of 4%-20%[4] . In order to 
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heat of the solar PV modules and then to make full use of the removed heat, which is 

known as solar photovoltaic/thermal (PV/T) technology[5], making advanced 

utilisation of absorbed solar energy as both electricity and heat by one module. 

According to different heat transfer mediums, the PV/T systems can be divided into air-

based PV/T systems [6][7] where the PV cells were cooled by naturally or mechanically 

ventilated air; water-based PV/T systems [8][9] cooled by circulating water across the 

back-side coils or tubes; and heat pipe / loop heat pipe-based PV/T systems cooled by 

applying (loop) heat pipe through the working fluid evaporation and condensation to 

achieve heat removal and recovery of the PV/T system [10]. 

During recent decades, the application of Loop Heat Pipe (LHP)/Heat Pipe (HP) for 

PV/T systems has obtained wide attention owing to its high heat transfer capability, no 

working fluid leakage risk, and no frozen problems in winter.  Zhang et al. [11] 

introduced a novel solar photovoltaic/loop-heat-pipe (PV/LHP) heat pump system for 

hot water generation, and experimentally investigated the performance of the system, 

indicating that the electrical, thermal and overall efficiency of the PV/LHP module were 

around 10%, 40% and 50% respectively under the given experimental conditions. 

Zhang et al.[12]also investigated the dynamic performance of the novel PV/LHP heat 

pump system for potential use in space heating or hot water generation, applying 

theoretical computer simulation and experimental validation to analyse and make 

comparison. He et al. [13] proposed the novel heat pump assisted solar façade loop-

heat-pipe water heating system and studied its operational performance by applying 

both theoretical and experimental methods, indicating that the average thermal 

 

However, almost all existing loop heat pipes integrated into the PV/T system were 

designed and constructed with round tubes and plate fins (RTPF) with linear contact 

area in touching on the PV model. This results in relative higher heat transfer resistance. 

Therefore, micro channel loop heat pipe (MCLHP) applying flat Al-flat tube, which 

can touch well with the PV panel with surface contact is utilized. This MCLHP is one 

kind of two phase (evaporation/condensation) loop heat pipe heat transport device, 

comprising the micro-channel array integrated evaporator, condenser, separate vapour 

and liquid transportation lines, and compensation chamber[14], was recently applied to 

cool PV cells and make use of the solar thermal energy [15][16].This kind of micro-
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channel loop heat pipe can greatly enhance the heat transfer ability with smaller cross-

section area, consume no power for refrigerant compressors through longer distance, 

and has more compact structure compared to heat pipe with round tubes and plate 

fins[17] . Furthermore, owing to its flat-plate surface, the micro-channel array has an 

advantage of easy binding with the PV model. Within these limited researches/studies, 

the authors have previously [15][16][18] developed the novel solar micro-channel loop 

heat pipe PV/T system filled with refrigerant R134a, which has been investigated 

through computer modelling and theoretical analysis from different perspectives. Both 

the separate multiple-micro-channel evaporator and the condenser of this LHP-PV/T 

system are laid vertically, which make the refrigerant gravity inside the loop to be the 

driving force to the downward fluid flow. In that case, a higher HD will cause bigger 

thermal resistance, while a lower HD could result in lower gravity. The height 

difference between the evaporator and the condenser will therefore play an important 

role in the performance of this system. Zhao et al. [19] designed and theoretically 

studied a novel LHP solar heating system, indicating that variation in the height 

difference between the evaporator and the condenser would cause different system 

performance. In regards with the LHP solar system and the weather condition in Beijing, 

they found when height difference is larger than 0.4m, the system would have enough 

heat transfer capacity for the absorbed heat.  At an early stage, Zhang et al. [20]design 

a LHP based solar thermal façade heat pump system mentioning that HD results in the 

gravity effect to control the liquid feeding speed and thus to balance the liquid 

evaporation and delivery. At the same time, they [21] also investigated a solar 

photovoltaic/loop-heat-pipe (PV/LHP) heat pump system with different height 

difference from the evaporator to the condenser and found that the capillary limit, 

governing the heat transfer capacity when the heat difference was lower than 1.1m,  

raised with the height difference, and a linear relationship between the height difference 

and the capillary limit was also proved to be existing because of the effect of gravity, 

which is directly influenced by height difference. However, some researchers ignored 

the impact of height difference and supposed that assuming the evaporator outlet 

temperature equals to the condenser inlet temperature is enough[22][23].  

In terms of this key point, this paper experimentally investigated the impact of the 

height difference between the evaporator and the condenser on the solar thermal 

performance of this novel vertical LHP-PV/T system, aiming at finding an optimal 
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value of the height difference to optimize the system construction and thus helping to 

develop an impact, easy installed, high thermal performance and low-cost solar PV/T 

system for space heating and power generation. 

2. Description of this novel vertical LHP-PV/T system 

Based on the results derived from the analytical investigation and computation studies 

[15][16], this novel vertical LHP-PV/T system 

was designed as schematically shown in Figure 1. This system comprises: (1) multiple 

micro-channel array integrated into PV/evaporator; (2) co-axial triple-pipe heat 

exchanger applying PCM to be the condenser; (3) separate vapour and liquid 

transportation lines; (4) PV module covered with glass without air gap, which is pressed 

on the aluminium (Al) plate, and as a result, reducing the thermal resistance between 

the PV cells and the Al plate compared with the conventional PV panel with thermal 

grease. Meanwhile, this novel system has three crucial innovations: (1) The upper liquid 

feeding pipe working as the chamber of a LHP and also in parallel, a vapour collecting 

pipe integrated on the top of the micro-channel evaporator, which can effectively gather 

the vapour from the micro-channels as shown in Figure 1(a), and importantly, can 

separate the vapour and liquid to reduce the resistance from the rising vapour to the 

falling liquid; (2) Inside the upper liquid feeding tube, four tiny holes are opened on the 

side wall of each micro-channel as shown in Figure 1(c)(d), which can distribute the 

condensing liquid across the inner micro-channel walls and achieve continuous liquid 

film on the rough/wicked side walls of micro-channels, thus improving the heat transfer 

ability which has been validated by the investigation on heat transfer limits; (3) Triple-

pipe heat exchanger with Phase Change Materials (PCM) as shown in Figure 1(b), 

which is designed to condense the evaporated fluid coming from the micro-channel 

evaporator and store the excess heat by melting the PCM inside the outer tube.  
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Figure 1. The novel solar LHP-PV/T heating and power system

When the PV/evaporator receives the solar radiation striking on its upper surface, most 

of the solar radiation is absorbed by the PV/T panel, part of which is converted into 

electricity by PV cells to supply power and the rest is finally transformed into thermal 

energy. The thermal energy is absorbed by the Al plate and then transferred to the 

micro-channels, thus evaporating the working fluid (Refrigerant R-134a) inside the 

channels. The evaporated fluid floating from the micro-channel array is collected in the 

upper vapour header and then transported towards into the heat exchanger (condenser) 

through the single vapour transportation line. In the heat exchanger, the latent heat from 

the vapour condensing in the central pipe is transferred to the water flowing inside the 

middle annulus tube, then the hot water will be circulated for space heating etc. At the 

same time, the heated water conducts the melting of the PCM inside the outer annulus 

tube to storage excess thermal energy and also to keep the water temperature within a 

certain temperature range. As a result, the condensed fluid from heat exchanger, driven 

by gravity, flows directly into the upper liquid feeding header through the single liquid 

transportation line, and then penetrates the micro-channel wall via the tiny holes to 
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formulate the continuous downward liquid streams (films) among the porous wick to 

keep the side wall of channels at the wet condition, which can thus offer timely 

replenishment of the evaporating fluid for absorbing heat from the solar energy. All 

these processes formulate the cycle loop as illustrated in Figure 2. 

 

 

Figure 2. Cycle loop of the novel solar LHP-PV/T heating system 

 

2. Experimental setup and procedure 

3.1 Experimental set up  

The integrated prototype of this vertical LHP-PV/T heating and power system was built 

in an indoor space (Lab. in Guangdong University of Technology, China) as presented 

in Figure 3, and equipped with various measurement instruments and sensors, 

including pyranometer, rotameter, thermocouples/temperature probes, and pressure 

sensors, which were installed at appropriate positions to measure solar radiation, flow 

rate, temperature and pressure, respectively. In addition, the Solar Power Controller 

(MPPT) was used to be both the electrical recorder and converter. All the testing outputs 

were transmitted into relevant data logger and temperature recorder, respectively, and 

then gathered to the computer. The parametrical specifications of this system are listed 

in Table 1. 
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Table 1. Parametrical specifications of the vertical LHP-PV/T system 

 

Parameters Value 

Micro-channel port width 0.0017 m 

Micro-channel port height 0.001m 

Evaporator length 1.9 m 

Number of micro-channel flat heat pipes 20 

Number of micro-channel ports 10 

Operating temperature range 20-60 oC 

Transportation line outer diameter 0.0174 m 

Transportation line inner diameter 0.015 m 

Liquid head length 1m 

Liquid Head diameter  0.022 m 

Vapour header length  1m 

Hole diameter 0.00075 m 

Transportation line length 1.5/1.5 m 

Heat exchanger central tube total length 5 m 

Heat exchanger central tube diameters 0.016/ 0.017 m 

Heat exchanger middle tube diameters 0.019/ 0.021 m 

PCM tube diameters 0.027/ 0.029 m 

PCM melting temperature  44 oC 

PCM density  800 kg/m3 

PCM Latent Heat 242 kJ/kg 

PCM thermal conductivity  0.18 W/(m·K) 

PCM Maximum operating temperature  300 oC 
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Figure 3. Construction of the novel solar LHP-PV/T heating system

3.2 Experimental process

In order to study the impact of height difference between the PV/evaporator and the 

condenser on the performance of this novel solar LHP-PV/T system, based on the 

under

different height differences[15], which illustrated that from 0.1m to 1m, a larger height 

difference between the evaporator and the condenser leads to a higher capillary limit 

and thus a higher heat transfer capacity. It is found that the heat transfer limit of HD at 

1.0m is larger than that of 0.6, the difference between 0.6 and 1.0 is larger than that 

between 0.3 and 0.6, therefore, for present experimental study, 0.7 is set as start-up, and 

four different height difference (i.e. 0.7 m, 0.9 m, 1.1 m, 1.3 m with an increment of 0.2 

m) were carried out under relatively steady conditions to determine the optimal value. 

The measurement positions are presented in Figure 4, where the average solar radiation 

is maintained as 565±10 W and the ambient temperature is around 30 . The steady 

state defined in this experiment is that the thermal properties of the MCLHP stay the 

same against the operating time under dedicated testing mode. 

Each lab test started at 15:30 pm and run for sufficient hours to obtain the relative steady 

state data. After the optimal height difference confirmed, this experimental system was 
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moved to outdoor to test under the real weather from 9:30 am to 16:30 pm. During all 

the tests, the measurement data was recorded at 30s interval and logged into the 

computer to enable the follow-on analysis to be completed. 

 

The analyses of the experimental data need to consider that the potential equipment 

uncertainties, e.g., the tolerance of the solar radiation (±10W) and the temperature 

measurement discrepancy (±0.1 ). Additionally, there are some potential random 

errors, which may be caused by personal fluctuation, random electronic data logger 

fluctuation and influences of friction inside cooling pipes due to impure cooling water, 

etc. 

 
P1 - Pressure of the LHP; T5, T6, T7 - Surface temperature of PV panel; T8, T9, T10 - 

Surface temperature of Al plate; T11, T12, T13 -Temperature of micro-channel array 

Figure 4. Experimental setup  
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3.3 Error analysis 

Based on the error propagation theory, the experimental error of the independent 

variables, such as temperature, output power and solar radiation, is determined by the 

accuracy of the specific measurement instrument; while the error of dependent variables, 

such as solar thermal and electrical efficiencies, can be calculated based on the error of 

the independent variables. Thus, for a given dependent variable y: 

                                                               (1) 

The relative error (RE) can be calculated by [24][25]: 

     ,                                  (2) 

where  ( ) is the variable of the dependent variable ; and  is the 

error transfer coefficient of the variables. 

The experimental relative mean error (RME) during the test period can be expressed as: 

                                                       (3) 

Based on the Eqs. (1) to (3), the REMs of all the variables were calculated and the 

results were listed in Table 2. All the experimental relative mean errors are in the 

acceptable range. 

 

Table 2. The experimental RMEs of the variables 

Variable T (%) G (%)  (%)  (%) 

RME 0.067 2.0 4.2 21.4 

 

4 Theoretical equations 

4.1 Thermal resistance 

Based on the theoretical model established by the authors in previous works [26,27], it 

is assumed that there would be no existing temperature gradient along the length 

direction of the Micro-channel heat pipe evaporation section, owing to the even heat 
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input. Then the total useful solar heat transferred into the water in the middle annulus 

tube of the co-axil triple-tube heat exchanger from absorbed Al plate can be calculated 

according to the Hottel-Whillier model[26][28][29]: 

                       (4) 

Where,  and  are the length and width of the Al plate (m);  is the absorbed 

heat per unit (W/m2);  is the solar energy converted into electricity;  is the mean 

temperature of water in the middle annulus tube of the co-axil triple-pipe heat 

exchanger;  the thermal efficiency factor of the PV/T system which, representing 

the ratio of the actual useful heat gain by the system to the overall converted solar 

heat at a certain working fluid temperature, can be expressed as: 

                       (5) 

Where,  is the number of the micro-channel flat tube;  is the overall thermal 

resistance of from the absorbed Al plate to the working fluid. 

This thermal efficiency factor of this system which, is a constant figure under the fixed 

physical and operating condition, takes consideration of all the thermal resistances from 

the absorbed Al plate to the water in the middle annulus tube of the co-axil triple-pipe 

heat exchanger, including: (1) thermal resistances between the PV cells and absorbed 

Al plate ( ); (2) thermal resistance of the micro-channel heat pipe wall (

); (3) equivalent radial thermal resistance of the flow ( ), which is 

composed of the resistance of the liquid film from holes on the side of the channel  

assumed parallel to the radial thermal resistance of the two phase flow on the other side 

of the channel ; (4) the resistance of the axial vapour flow ( ); (5) the 

resistance of the condensation two phase flow ( ); (6) the thermal resistance 

of the central tube wall of the co-axial triple-pipe heat exchanger ( ). These 

resistances will be analysed in the following sections. And before analysing, it should 

be noticed that the resistance of the silicon sealant and the heat capacity of the adhesive 
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layer are neglected, resulting from their significantly smaller values compared to other 

factors [22]. 

Among these thermal resistances, the equivalent radial thermal resistance of the flow 

is composed of the resistance of the liquid film from the holes on one side of the 

micro-channel wall, which is closely related to the height difference between the 

evaporator and the condenser,  and the resistance of the two-phase flow flowing along 

the other two sides of the channel port, where these two type of thermal resistance are 

assumed to be parallel. Thus the equivalent radial thermal resistance of the flow can 

be expressed as: 

                                                             (6) 

Where,  is the total thermal resistance of the condensate liquid film with thickness 

of   at the two opposite micro-channel walls with holes, which can be calculated 

by:  

                                                    (7) 

And  is the thermal resistance of the two-phase flow flowing on the other two 

sides wall of the micro-channel expressed as: 

                                             (8) 

 Where,  calculated by considering the overall fin efficiency  in the micro-

channel heat pipe is the overall heat transfer coefficient of the two-phase flow in the 

micro-channel. The  and  [26]. 

 is the liquid film thickness which, assumed the same along the adjacent wall, is 

linked to the pressure difference between the outlets of the evaporator and condenser, 

where the height difference is denoted by  . Based on this height difference, the 

condensed liquid penetrate the tiny holes on the side wall of the micro-channels to 

formulate this liquid film, which can be approximated as 
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When ,      ;   

When ,     

Where  is the liquid dynamic viscosity ( );  is the liquid density (kg/m3);   

is the Reynolds number given by  

                                                                       (9) 

 is the superficial velocity of the liquid film flow expressed as following, which 

depends on the pressure difference of the loop and is assumed to be the same for each 

tiny hole opened on the side wall of the micro-channel.  

                                                 (10) 

Where,  is the cross-sectional area of the tiny hole;  is the height difference 

between the top of the PV/micro-channel evaporator and the condenser working as the 

driving pressure head;  and  are the diameter of the tiny hole and the liquid 

header respectively;   is the liquid film cross-sectional area expressed as: 

                                                       (11) 

And  is the discharge coefficient of the flow from the upper liquid header to the 

tiny holes, which can be calculated by [30][31]: 

                   (12) 

4.2 Key indicators 
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A number of key indicators, including the output power, solar electrical and thermal 

efficiencies, and overall solar efficiency, were applied to evaluate the performance of 

the LHP-PV/T system. These are defined as below: 

Output power of PV/T ( ) can be expressed as:  

 ,     (13) 

 

where,  is the output voltage of the PV/T panel and  is the current of the PV/T 

panel. 

Solar electrical efficiency ( ) can be expressed as:  

 

      ,                                                     (14) 

where,  is the electrical efficiency of PV/T panel, G is the solar radiation, and  is 

the PV area of base panel. Alternatively, e) can be written as: 

 

  ,                                             (15) 

 

where,  is the initial electrical efficiency at reference temperature,  is 

temperature coefficient,   is PV cells temperature at operation, and  is reference 

temperature. 

 

Solar thermal efficiency ( ) can be expressed as:  

 

 ,                                             (16) 

where,  is the useful thermal energy (heat) output of the system (W);  is the 

specific heat at constant pressure of liquid (water, 4186 W/kg/ ), is the mass flow 

rate of water flow in co-axial triple-pipe heat exchanger (kg/s),  and  is the 

outlet and inlet water temperature of the triple-pipe heat exchanger ( ). 

 

Overall solar efficiency ( ) can be expressed as:  

 

                                                          (17) 
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5 Results and discussion 

5.1 Determination of optimal height difference 

Height difference between the PV/evaporator and the condenser in this novel solar 

LHP-PV/T system plays a significant role. If the height difference is too small, the 

gravity is not enough to drive the liquid to feed back the micro-channels leading to dry 

out in the evaporator section, and then the lower section of the micro-channels could 

have no liquid to saturate the wick, which would result in increasing wall temperature 

and the solar thermal performance degradation. While if the height difference is too 

high, the vapour transportation would be too long and the total volume of the loop will 

significantly increase which means that the loop needs more working fluid filling mass. 

In addition, higher height difference leads to higher driven force to accelerate the liquid 

feeding back velocity, which will cause excess liquid and result in the micro-channels 

full of liquid when bubbles form due to boiling, and finally decrease the evaporation 

heat transfer ability. Furthermore, too large height difference could consequently 

enlarge the size of the system thus make it not compact to install and apply. Therefore, 

an optimal value of height difference of this system exerts a pivotal role to optimize the 

system size and make sure that the system operates safely and efficiently. 

In this process, the PV module surface temperature and solar thermal efficiency were 

applied to evaluate the performance of this novel solar LHP-PV/T heating system under 

various height difference. The height difference is defined to be the distance from the 

refrigerant inlet of the PV/evaporator to the middle position of the condenser as shown 

in Figure 1. 

For the given testing condition (i.e. ambient temperature at 30±0.5 , cooling water 

flow rate at 0.17, solar radiation at 565±10 W, different inlet water temperature), the 

solar thermal efficiencies of the system and the outlet water temperature under different 

height difference were presented in Figure 5. It was found that increasing inlet water 

temperature led to decreasing in solar thermal efficiency of the vertical LHP-PV/T 

system when keeping the height difference constant. However, for the different inlet 

water temperature groups, the parabola-like trend of the solar thermal efficiency 

variation with the different height difference is obvious, where there are maximum 

thermal efficiencies occurring in the height difference of 1.1m, i.e. the optimization 
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height difference is not at the highest HD of 1.3m in this testing condition, which is a 

little different from the previous single testing result in reference[26] with larger 

refrigerate filling ratio. The reason for this may be that (1) when the height difference 

increased, the thermo-siphon effect caused by the density difference between the 

refrigerant vapour and liquid was enhanced, leading to the increased heat transfer rate 

from the evaporator to condenser, thus the heat transfer capacity of the LHP increased. 

As a result, the solar thermal efficiency of the system was increased firstly; (2) when 

the height difference is above 1.1m, it is obvious that the solar thermal efficiency start 

decreasing which may because that higher height difference caused longer 

vapour/liquid transportation line and the total volume of the loop will significantly 

increase which means that the loop needs more working fluid filling mass which will 

be experimentally investigated in next step in details. In addition, height difference of 

1.1 m can make the system more compact leading lower cost than that of 1.3 m.  

Therefore, in present study, the optimal height difference is around 1.1m, and owing to 

the construction frame and experiment limitations, 1.1m was selected as an optimal 

value of height difference between evaporator and heat exchanger for the following 

experimental investigations.

Figure 5. Solar thermal efficiency changing with height difference 

The PV module surface temperature against the height difference at the same given 

testing condition is shown in Figure 6. It is found that at the first operation hour, PV 

module surface temperature shows lowest value at the height difference of 1.1 m, and 
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then PV module surface temperature shows lowest value at the height difference of 1.3 

m and that of 1.1 m become the second lowest value. When the system becomes steady, 

the PV module surface temperature almost decreases with the rise of the height 

difference. This may be because higher height difference causes larger driven force 

which is superior to the heat transfer ability to efficiently cool the PV module thus 

leading lower PV module surface temperature.  

 

 

Figure 6. PV module surface temperature against height difference 

5.2 Temperature distribution for optimal height difference under steady solar radiation 

Keeping the parameters unchanged (i.e., height difference at optimal value of 1.1 m, 

ambient air temperature at 30±0.3oC, initial inlet cooling water temperature at 19±1 oC, 

cooling water flow rate at 0.17 m3/h), the temperature distribution of different 

components of the PV/evaporator was experimentally investigated. Figure 7 shows the 

variation of the PV/T evaporator components surface temperature against operation 

time. It is found that (1) there is a start-up process at the test beginning, when the 

temperature of different components is rising with operating time, and then becomes 

steady state; (2) the highest temperature of the PV model surface is still lower than 55 
oC, which is lower than existing PV/T system at the same solar radiation condition, 

indicating that the micro-channel loop heat pipe shows an efficient heat transfer ability 

to cool the PV model; and (3) the mid-level of panel has higher temperature than the 
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lower and higher levels of the panel, indicating that the simulated solar radiation 

distribution across the panel is non-uniform and mid-level of the panel receives higher 

radiation compared to the lower and upper parts. 

 

(a) 

 

(b) 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



 

(c) 

Figure 7. Temperature distribution of different components for the PV/T panel 

In view of different layers of the panel, as shown in Figure 8, it is surprising to see that 

the aluminium plate in the mid-layer achieved a little higher temperature compared to 

the PV surface and micro-channel evaporator which were above and below the 

aluminium plate respectively. This indicates that the heat transfer across the panel was 

two-directional: one part of the heat is transferred from the aluminium plate to ambient 

and the other part is directed into the refrigerant within the LHP evaporator. 

 

Figure 8. Temperature of different components of PV/T panel vs Operating time 
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5.3 Effect of different cooling water flow rate for optimal height difference under steady 

solar radiation

With the red points and the text figures showing the means of solar thermal efficiency 

of different flow rate groups, Figure 9 shows variation of the solar thermal efficiency 

of the system against the cooling water flow rate. It is clear to see that the thermal 

efficiency of this vertical system increased obviously with the increase of the cooling 

water flow rate firstly and then lightly. This is due to the fact that as the cooling water 

flow rate is increasing, so the heat transfer rate between the refrigerant within the 

interior channel of the co-axial tubular exchanger and the cooling water within the mid-

channel of the exchanger is rising. This led to higher heat transfer rate of the vertical

MCLHP, reflected in increasing refrigerant flow rate. As a result, the heat loss of the 

vertical LHP-PV/T panel to ambient decreased and solar thermal efficiency of the 

system increased. With this specific operational condition, the average solar thermal 

efficiency of this vertical system raised from 42.79% to 50.85% while the cooling water 

flow rate increased from 0.05m3/h to 0.17 m3/h.

Figure 9. Solar thermal efficiency against cooling water flow rate
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5.3 Effect of different air temperature for optimal height difference under steady solar 

radiation 

The effect on solar thermal efficiency of different ambient air temperature was 

experimentally compared in groups and discussed. The results are shown in Figure 10 

with the red points and the text figures showing the means of solar thermal efficiency 

of different groups. When keeping solar radiation at 560±5W/m2, cooling water flow 

rate at 0.17m3/h at optimal height difference unchanged. The different ambient air 

temperature is corresponding to different solar thermal efficiency, which can be 

observed that with the increase of the air temperature from 24.1 , the solar 

thermal efficiency has an obvious increase tendency from 46.72% to 57.48%. The 

reason for this phenomenon is that the increasing ambient air temperature would 

decrease the heat transfer performance between the PV/evaporator panel surface and 

the surrounding and thus the heat loss from the vertical LHP-PV/T panel surface to the 

ambient became less. Therefore, the average system solar thermal efficiency is 

improved. 

 

 

Figure 10. Solar thermal efficiency vs ambient air temperature. 
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5.3 Transient state response for optimal height difference under real weather

In this section, the transient solar thermal and electrical performance of this novel LHP-

PV/T system with an optimal height difference of 1.1 m was investigated under real 

weather condition (experiment was carried out on 22nd Dec. 2018 in GDUT, China). 

Figure 9 presents the PV module temperature, ambient air temperature and solar 

radiation under real weather during the outdoor testing day. The solar radiation was in 

the range of 250 to 610 W/m2, and the ambient temperature is around 22 to 29 . It is 

found that the PV module temperature is sensitively changing with the solar radiation, 

and it is interesting to observe that the temperatures from bottom to top along the PV 

module surface were lower than 60 and were almost in equivalence at the same 

moment, respectively. This is owing to the fact that the solar radiation to different 

position of the PV module surface are uniform at the same time under the real weather, 

which is superior to the performance of this system.

Figure 9 PV module temperature, ambient air temperature and solar radiation 

under real weather

The transient solar thermal and electrical performance of this novel LHP-PV/T system 

with an optimal height difference of 1.1 m are illustrated in Figure 10. Under these 

specific operational conditions and the real weather solar radiation, the solar thermal 

efficiency of the system was in the range from 34.8% to 71.4%, the solar electrical 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



efficiency was in range from 9.2% to 18.8%, and overall efficiency was in range from 

51.2% to 88.4% respectively, which are higher than most of existing conventional solar 

heat pipe PV/T system. It is obvious that the solar thermal efficiency is not sensitive to 

the solar radiation, where there is always lagging response and even opposite trend, 

reflecting that the transient heat transfer process is not sensitive to the solar radiation; 

and the solar electrical efficiency almost keeps the same value during the testing time 

and has the opposite trend with the PV module temperature, which complied well with 

the common knowledge of the solar PV/T system that PV panels normally have linear 

drop-off in efficiency as the surface temperature rises, which typically lose efficiency 

of up to 0.4% per degree centigrade rise in the PV-

2003; Chow, 2010).  

 

Figure 10. Solar thermal and electrical performance under real weather 

 

6 Conclusion 

In this paper, the impact of the height difference (HD) between the evaporator and the 

condenser on the solar thermal performance of the novel LHP-PV/T system was 

experimentally investigated. Various tests were carried out to find out the optimal value 

of the height difference between the PV/evaporator and the condenser to optimize the 

system construction and thus helping to develop a high thermal performance and low-

cost solar PV/T system for domestic use. The conclusions were summarized as follows: 
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(1) Under the specific operational and testing condition, the parabola-like trend of the 

solar thermal efficiency variation with the different height difference is obvious, where 

the maximum thermal efficiencies takes place at the height difference of 1.1m, which 

is considered as the optimal value of height difference between heat exchanger and 

evaporator. In addition the height difference of 1.1 m can make the system more 

compact leading to a lower cost than that of 1.3m. 

(2) When the system operates at the steady state condition, the PV module surface 

temperature is decreased with the increase of the height difference. 

(3) The aluminium plate in the mid-layer achieved a little higher temperature compared 

to the PV surface and micro-channel evaporator which were above and below the 

aluminium plate respectively, indicating that the heat transfer across the panel was two-

directional. 

(4) Under the specific operational conditions and the real weather solar radiation, the 

solar thermal efficiency of the system was in the range of 34.8% to 71.4%, the solar 

electrical efficiency was in range of 9.2% to 18.8%, and overall efficiency was in range 

of 51.2% to 88.4% respectively, which are higher than most of the existing conventional 

solar heat pipe PV/T system. In addition, the solar thermal efficiency is not sensitive to 

the solar radiation, where there is always lagging response and even opposite trend. 

This indicated that the transient heat transfer process is not sensitive to the solar 

radiation. 
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