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Abstract 
In the design of this project , the photovoltaic waste heat and waste heat are cleverly 
converted into usable temperature difference energy. Through the heat pipe as a heat 
exchange medium, the photovoltaic system and the temperature difference system are 
connected and coupled, and the photovoltaic waste heat is transferred to the hot end of 
the temperature difference power generation sheet to form cold and heat temperature 
difference power generation, and then the waste heat recovery and reuse of "waste heat 
electricity" is realized. 
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1. Introduction 

In the context of "double carbon", photovoltaic power generation has become an important form of 
energy utilization, but photovoltaic panels in the realization of photoelectric conversion at the same 
time, there will be a certain proportion of irradiation energy is not utilized, it will form a photovoltaic 
waste heat, it will significantly improve the silicon junction temperature in the cell package, the cell 
temperature rises by 1℃, the photoelectric conversion efficiency of crystalline silicon cells will drop 
by about 0.4%, and amorphous silicon cells will drop by about 0.1%. In addition, after the battery 
reaches the upper limit of its operating temperature, every time the battery temperature rises by 10℃, 
the aging rate of the crystalline silicon cell will double, so the heating caused by waste heat will not 
only affect the photoelectric conversion efficiency, but also seriously shorten the life of the 
photovoltaic cell, which has become a bottleneck in the development of the photovoltaic industry. 

Obviously, how to effectively treat the waste heat of photovoltaic modules is a key issue in 
photovoltaic systems. At present, the common heat dissipation means of photovoltaic cells are 
manifested as natural cooling and forced cooling. Natural cooling includes: air cooling, surface 
cooling, radiant cooling, etc., although the natural cooling method is convenient to install, the cost is 
low, but the cooling effect is very limited. Mandatory heat dissipation such as: liquid cooling heat 
dissipation, liquid immersion heat dissipation, etc. Although the cooling effect has been improved, it 
needs to rely on additional input energy such as external circulating water pumps, and the photovoltaic 
waste heat is not positively utilized. Therefore, the photovoltaic installed capacity industry urgently 
needs a better photovoltaic thermal management design scheme. 
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2. Design the Scheme 

2.1 Photovoltaic Heat Pipe Design Part 

The traditional photovoltaic panel heat dissipation mode will create a cold water channel under the 
panel, so that cold water continues to flow from under the panel, and the heat of the panel is taken 
away by convection, but only relying on convection heat exchange, there is a problem of uneven 
temperature of the photovoltaic panel. This temperature inhomogeny is more pronounced especially 
when the panel temperature is higher and the cooling liquid flows slower. The design adopts a heat 
pipe with efficient thermal conductivity and excellent temperature equalization characteristics as the 
heat exchange medium, and uses the heat pipe to realize the heat transfer of photovoltaic cells, which 
not only dissipates heat quickly, but also can achieve uniform cooling of photovoltaic cells. 

Capillary heat pipe is the use of phase change heat transfer made of heat transfer elements, when 
working, the photovoltaic cell heat source and heat pipe evaporation section contact, and the two 
intervals filled with thermal conductive grease bonding, so that more photovoltaic waste heat transfer 
to the heat pipe inner wall and fluid working fluid, the heated fluid working fluid will become steam 
and through the insulation section towards the side of the condensation section with lower steam 
pressure, the insulation section is covered with an insulation surface filled to reduce heat loss, when 
the steam reaches the condensation section after the cold is condensed into fluid and release heat, 
released outward through the pipe wall At this time, the strong capillary force of the suction core 
drives the condensed fluid working fluid to the evaporation section, and finally the evaporation 
section is connected with the cold end face of the temperature difference sheet, and the connecting 
material still uses thermal grease to strengthen the heat transfer, thus completing a heat transfer. In 
this way, the heat is continuously transferred from the photovoltaic cell to the thermal end of the 
thermoelectric power generation sheet, forming a temperature difference energy, and the whole 
process does not require the action of external forces.The basic principle is shown in Figure 1. 

 

 
Figure 1. Capillary heat pipe principle 

 

The photovoltaic cell selected in this design is 85mm × 43mm area specifications, and its surface is 
regular and flat, taking into account the structural size of the photovoltaic module, the selection is 
shown in the schematic diagram of Figure 2, the length of the evaporation section is 82mm, and the 
six capillary heat pipes are arranged evenly in parallel, under this layout. The adjacent spacing of 
each capillary heat pipe is about 7.2mm, and the heat pipes on both sides near the edge of the 
photovoltaic cell, the distance is 3.5mm, so that the heat pipe is arranged, so that the evaporation 
section of the capillary heat pipe is in close contact with the heat source of the photovoltaic cell, and 
then coated with thermal grease to reduce the heat transfer heat resistance between the panel and the 
outer wall of the heat pipe, and also to make the heat pipe and the battery surface firmly fit together, 
playing a role in reinforcing the connection. Capillary heat pipe core belongs to the sintered powder 
structure, the inner wall of this core structure is filled with copper powder, its capillary force is strong, 
the diameter guide heat is good, and can withstand a certain bending, currently widely used, and easy 
to make [1]. 
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Figure 2. Capillary heat pipe physica   Figure 3. Capillary heat pipe connection layout 

 

The internal material of the heat pipe adopts pure copper, which conducts heat well, while the external 
metal gloss coating with a higher thermal conductivity is adopted, which further improves the heat 
transfer coefficient between the outer wall of the heat pipe and the thermal end surface aluminum 
plate of the thermal power generation structure as a temperature difference, and the copper has the 
advantage of good rigidity, which can also play a role in connecting and supporting the entire system 
structure. In view of the fact that the working temperature of photovoltaic cells is mostly tens of 
degrees Celsius, ethanol is selected as the liquid working medium of the heat pipe, in this temperature 
range, the ethanol heat pipe conducts thermal efficiency is high and it is not easy to appear various 
thermal conductivity limits, which is safe and efficient to work. 

2.2 Design Part of the Thermoelectric Power Generation System 

2.2.1 Design of Integrated Thermoelectric Generators 

The thermoelectric power generation module adopts an integrated design structure, the internal 
structure diagram is shown in Figure 4, and the physical structure diagram refers to Figure 5. The 
basic thermoelectric power generation element in the design is composed of multiple micro-small 
Bi2Te3 thermocouples in series. Thanks to the integrated structure, the thermoelectric generator can 
still generate a significant open-circuit voltage at small temperature differences. Among them, the 
cold and hot end surfaces of the temperature difference power generation sheet are pure aluminum 
sheets, the thickness is within 0.4mm, which is the structural size with photovoltaic cells, the end face 
size is 82mm×45mm, and the high thermal conductivity and rigidity of aluminum make it a better 
temperature difference power generation structure support. Small copper sheets measuring 4.05 mm× 
l.7 mm×0.4 mm are arranged in equal spacing on an aluminum plate coated with insulating thermal 
conductive grease, a total of 20 rows and 18 columns are arranged, and a pair of Bi2Te3 thermocouple 
crystals (including P and N types) are placed on each small copper sheet, totaling 360 pairs of 
thermocouples. After that, the Bi2Te3 thermocouple on each adjacent copper sheet is connected in 
series, and the sintered low-temperature thermal conductive solder (tin-bismuth alloy) is filled 
between the small copper sheet and the Bi2Te3 thermocouple, and after the solder is cured, it can 
play an ideal effect of both thermal and electrical conductivity, and finally clarify the cold and hot 
end surfaces, and lead to the positive and negative and pole wiring of the integrated thermoelectric 
power sheet structure. 
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Figure 4. Schematic of the internal structure of the integrated thermoelectric power generation chip 

 

 
Figure 5. Integrated thermoelectric power generation chip physical 

2.2.2 Design of System Conversion Circuits 

Compared with photovoltaic power generation, the thermoelectric power generation efficiency is low, 
and in addition, in the actual application of the system, the voltage output of the photovoltaic cell is 
usually much larger than the output of thermoelectric power generation. In order to adapt the 
thermoelectric power generation system to it, the project team designed a set of voltage output 
conversion circuits to enable the thermoelectric power generation system to stably transmit 2.0V of 
direct current during normal operation. And with a chemical battery to store electrical energy. 

Taking the photovoltaic panel selected in the design as an example, in the sunny weather and normal 
light, the output voltage is stable between 4.0V and 5.5V, while the output voltage of the temperature 
difference power generation in this design does not exceed 1 V when the temperature difference is 
less than 20 °C, and the output voltage of the two does not match. So the project team wanted to 
design a circuit to convert the photovoltaic voltage and the temperature difference voltage to 2.0 V, 
and then parallel the output. 

Among them, the output of the photovoltaic cell is achieved by buck voltage regulation circuit, using 
the DC-DC chip of the model TPS62200DBV to achieve the process, the specific circuit design is 
shown in Figure 8, the circuit can realize the photovoltaic cell 4.0V ~ 5.5V unstable output voltage, 
step down to 2.0V constant voltage, and then regulate the output function. The open circuit voltage 
of thermoelectric power generation, when the temperature difference is between 20 °C and 40 °C, the 
open circuit voltage of the output fluctuates between about 0.97V and 1.8 V, so the voltage of the 
temperature difference power generation uses the DC-DC chip of the model TPS61200DRCR, and 
the temperature difference power generation voltage is boosted to 2.0V, and then the output is 
stabilized to achieve amplification and regulation, and the specific circuit diagram is shown in Figure 
9. 
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Figure 6. Photovoltaic buck regulator circuit 

 

 
Figure 7. Differential temperature boost regulator circuit 

2.2.3 Design of Cold End Face Heat Dissipation Ribs 

In addition, in the design of the thermoelectric power generation system, in order to make the power 
generation sheet obtain a larger cold and thermal temperature difference, the project team adopted 
different forms of rib structure for the cold end face of the integrated thermoelectric power generation 
sheet designed to strengthen the end face heat dissipation. 

First of all, the material selection of the heat dissipation rib is pure aluminum, because of its good 
rigidity, it is very in line with the manufacture of different heat dissipation structures, in addition, the 
plasticity of aluminum is very strong, and the thermal conductivity is good, suitable for heat 
dissipation ribs. In view of the choice of specific heat dissipation structure shape, the project team 
combined the knowledge of "heat transfer" and practical economic factors to formulate two heat 
dissipation structure schemes. The specific structure is an inverted pyramid shape (as shown in Figure 
6) and a traditional vertical straight rib shape (as shown in Figure 7). 

Among them, the rib root size of the inverted gold tower heat dissipation rib is selected as 
95mm×50mm (which needs to be slightly greater than the temperature difference power generation 
sheet), and then the length of each layer of rib leaf is reduced by about 5mm in length and equal 
spacing; for the vertical straight rib structure, the length of the straight rib is 45mm, and the distance 
between the ribs is equally distributed at intervals of about 8mm. Later, the specific simulation of the 
two schemes will be given, as well as the experimental results, to give a better solution. 

 

 
Figure 8. Inverted gold tower-shaped heat dissipation physical structure 
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Figure 9. Vertical ribbed heat dissipation physical structure 

3. Numerical Simulation of Cold-junction Heat Dissipation Simulation 

In the photovoltaic panels received by the light unchanged, the photovoltaic power generation power 
unchanged, and the capillary heat pipe heat conduction is the same, the temperature difference cell 
hot end temperature is the same, so in order to pursue the temperature difference of the power 
generation sheet has a larger cold and heat temperature difference, it is necessary to make its cold 
junction temperature as low as possible to improve the power generation power of the power 
generation temperature difference system [2]. 

Considering the economic factors and marketing possibilities, in this design, the project team chose 
to add heat dissipation ribs to the cold end face. In order to explore the rib-shaped scheme with the 
best heat dissipation effect, the team conducted a fluent simulation simulation of the thermoelectric 
power generation system, and the specific simulation part was: "The thermal end face of the 
thermoelectric power generation sheet coupled to the condensation section of the capillary heat pipe, 
thermoelectric power generation sheet, and the cold end surface coupled with different heat 
dissipation rib structures", as detailed in Figures 10 and 11. 

 

 
Figure 10. Inverted gold tower rib modeling  Figure 11. Vertical straight rib modeling 

 

In this numerical simulation, considering that the outer wall surface of the condensation section of 
the heat pipe is constantly dissipating heat to the outside world, it is set as a third type of boundary 
condition, that is, the convection heat transfer coefficient and ambient temperature of the object and 
the surrounding fluid on the boundary of the condensing section are specified. The control variable 
method is used so that the condensing tube exothermic situation of the two schemes is the same, and 
the temperature difference cell cold, hot end face, and heat dissipation rib outer wall are all set to the 
insulation wall. [2]. 

For the calculation of the gas-liquid phase problem in the heat pipe, the fluid volume function model 
(VOF) is used for numerical simulation[3], so that the sum of the volume fractions occupied by each 
control unit is equal to 1, and the N-S control equation is used to simulate the condensation phase 
transition phenomenon that occurs in the heat pipe, where the main algorithmic equations used are: 

Equation for conservation of energy: 
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After full mesh size division and verification of the mesh agnostic analysis, when the number of 
meshes is finally determined to be about 560,000, the mesh independence condition is achieved, so 
the final simulation results take 1.12 million meshes as a reference value, which is convincing. The 
division of the fields and the filling of the materials are consistent with the physical design above. 

In order to explore which scheme has the maximum temperature difference between the cold and hot 
end faces of the temperature difference cells, the analog temperature cloud map [4] is obtained under 
the condition that the exothermic power of the control heat pipe is the same: 
 

  

Scenario one Scenario two 

 

 

Scenario one Scenario two 

Figure 12. Simulation simulates a temperature cloud map 
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It can be seen from the overall temperature field of the two schemes shown in Figure 12 that the 
temperature increase of the inverted pyramid heat dissipation rib in scheme 1 is more obvious, the 
temperature distribution is gradient distribution, and the thermal conductivity effect is more obvious. 
The temperature conductivity of the heat dissipation rib in scheme 2 is not obvious enough compared 
with scheme 1. 

On the basis of this temperature field, the project team also carried out slice cloud mapping processing 
for the cold and hot end faces of the temperature difference cells, focusing on the simulation results 
of which scheme, the hot and cold end faces will have a larger cold and hot temperature difference, 
the slice cloud diagram is shown in Figure 13: 

 

 

Scenario one  Cold end surface temperature 
cloud map 

Scenario two Cold end surface temperature 
cloud map 

 

Scenario one  Thermal end surface 
temperature cloud map 

Scenario two Thermal end surface temperature 
cloud map 

Figure 13. Temperature difference between cell cold and end face slice temperature difference 

 

It can be clearly seen from the slice cloud diagram that under the condition of maintaining the same 
heat pipe exothermic power of the two schemes, the overall temperature of the cold end surface of 
the battery with a temperature difference in the first scheme is maintained at about 15 °C, and the 
temperature distribution is high marginal, while most of the areas in the middle are evenly distributed; 
the cold end surface in the second scheme is about 21 °C, and the temperature distribution is uneven. 

The thermal end surface of the two schemes is close to the heat pipe and the heat pipe exothermic 
power is the same, so the overall temperature is maintained between 37 °C and 40 °C, and the 
difference is not large. Therefore, in summary, after comparative analysis, it is obvious that scheme 
1 can obtain a larger temperature difference energy, which can show that in terms of the effect of 
temperature difference, it is more advisable for scheme 1 to pour gold tower heat dissipation ribs. 



International Core Journal of Engineering Volume 8 Issue 7, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202207_8(7).0033

 

253 

4. Economic Benefits and Application Prospects 

According to the traditional photovoltaic panels per square meter, every day in the sunlight natural 
light t = 10 hours, and the photoelectric conversion is normal, the power generation power is 
calculated according to 140W, the daily electricity can be generated 1.4 kWh, and after coupling the 
temperature difference power generation system, the photoelectric efficiency is initially increased by 
10%, and the maximum power generation power can be increased by about P light = 5.2W, then the 
additional photovoltaic production generated by the average annual increase: W light = P light × t × 
365 = 5.2W×10h×365 = 18.98kW·h. 

In addition, according to the experimental data, the power produced by the coupled temperature 
difference system per square meter is about P td = 5.4 W, so the average temperature difference 
production per year is about: W td = P td× t × 365 = 5.4W× 10h×365 = 19.71kW·h. 

The sum of the two, the average coupled photovoltaic temperature difference system per square meter, 
can bring about 38.7 kWh of electricity per year, and in practical applications, if a photovoltaic power 
station will have an installed capacity of 2000kW of photovoltaic cell modules, all coupled to the 
project's temperature difference power generation system, the annual additional power generation 
will be about 5.52 ×105 kWh of electricity; if the average electricity price per kilowatt hour is 
calculated according to 0.56 yuan, it is equivalent to an additional 309,000 yuan of income per year; 
converted into standard coal, saving about 176 × The standard coal of 105 kg is very feasible for 
energy conservation and emission reduction benefits. 
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