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A B S T R A C T   

Photovoltaic-thermoelectric (PV-TE) conversion is a promising method for power generation, which converts 
solar power into electricity using the photovoltaic (PV) effect of solar cells and simultaneously generates elec-
tricity by the Seebeck effect of the thermoelectric (TE) device based on the waste heat of solar cells. Here, the 
power generation of the PV-TE device at night is experimentally demonstrated using radiative cooling that 
harnesses the cold of the universe directly. The PV-TE device is constructed by attaching a TE device on the 
bottom of the glass-covered PV module, with a heat sink stuck on the opposite side of the TE device. The open- 
circuit voltage of the TE device integrated into the PV-TE device was measured to be approximately 9 mV, 
indicating that the PV-TE device can definitely generate electricity from the darkness. Moreover, a new 
configuration of the PV-TE device for continuous power generation in the day and night is conceptually proposed 
for further consideration. In summary, this work proves the possibility of the PV-TE device for nighttime power 
generation, which could provide an alternative pathway for a wide range of nighttime and all-day power- 
consumed applications, such as lower power sensors and monitors.   

1. Introduction 

Exploring efficient and clean methods for power generation is a 
meaningful project since the massive use of fossil fuel for power gen-
eration has already brought serious environmental problems, such as the 
greenhouse effect. Photovoltaic (PV) conversion is exactly one of the 
clean methods for power generation [1], which converts solar photons 
with high energy levels into electricity directly. Besides, thermoelectric 
(TE) conversion can also generate electricity using a clean way by 
converting heat energy into electricity directly based on the Seebeck 
effect of the TE generator [2]. Currently, many researchers have focused 
on the topic of photovoltaic-thermoelectric (PV-TE) hybrid conversion 
by integrating PV and TE effect into a single device [3–5]. PV-TE con-
version is a promising power generation method that converts solar 
photons into electricity via the PV effect of solar cells and simulta-
neously generates electricity using the TE effect based on the waste heat 
of solar cells, which improves the efficiency of the power generation. 

There are numerous previously reported works on the topic of the 
PV-TE hybrid conversion ranging from materials sciences to engineering 
applications. Sark [6] conducted a performance analysis of PV-TE 

hybrid modules by attaching TE generators to the back of the PV mod-
ules directly and numerically revealed that the total power generation 
efficiency can be improved by 8–23%. Li et al. [7,8] integrated PV 
modules and TE generator using a flat plate micro-channel pipe that 
exhibits high thermal transfer performance. The experiment demon-
stration was conducted in the laboratory using a solar simulator and 
water-cooling method and the results showed that the electrical effi-
ciency of the hybrid module is higher than that of the stand-alone PV 
module, indicating the feasibility of the PV-TE conversion. Kossyvakis 
et al. [9] experimentally tested the performance of a tandem PV–TE 
device based on the polycrystalline silicon solar cells and dye-sensitized 
solar cells, which showed that the efficiency of the PV-TE device when 
the TE generator with shorter thermoelements is highest. Moreover, the 
PV-TE device can be further extended for solar concentration [10] and 
solar splitting [11] conditions, such as using the additional reflective 
mirror for solar concentration and spectrally selective coating for solar 
splitting. 

It is definitely that the PV-TE device works well in the daytime for 
power generation to supply the loads, such as lighting. However, is it 
possible for the PV-TE device to generate electricity at night, and how? 
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Interestingly, electricity can be generated by the TE device at night 
uniquely using the cold universe (~3K) and the warm ambient envi-
ronment as the heat sink and heat source of the device, respectively. 
Raman et al. [12] experimentally obtained the light from the darkness 
using a radiative cooling based TE device where a thermal emitter was 
attached on the top of the TE device and exposed to the clear sky. The 
sky-faced emitter was cooled below the temperature of the opposite side 
of the TE device passively by radiative cooling. Thus, a temperature 
difference occurs, corresponding to the electricity generation. Here, 
radiative cooling is a passive cooling technique that can achieve a 
sub-ambient cooling phenomenon by radiating the heat into the cold 
universe via the transparent atmospheric window (i.e., 8–13 μm) 
[13–16]. In recent years, radiative cooling based TE device has aroused 
many interests [17–22]. Mu et al. [17] integrated a multilayer film to 
TEG for all-day power generation and a maximum output voltage of 0.5 
mV and an all-day average voltage of 0.18 mV were obtained. Ishii et al. 
[18] constructed a radiative cooling TE device for all-day continuous 
power generation by adding a solar reflective emitter on the top of the 
TE device. Outdoor testing results showed that the proposed device can 
generate voltage in the day and night continuously without dropping to 
zero. Also, the maximum temperature difference of the TE device was 
predicted to be nearly 5 ◦C. To further improve the performance of the 
radiative cooling based TE device, Fan et al. [19] made a systematic 
optimization of the device from the aspects of spectral properties of the 
emitter, thermal convection, and the TE device’s figure of merit. Zhao 
et al. [20] also presented the modeling and optimization of the radiative 
cooling based TE device and the maximum power point of the device 
was found to be different from the results previously reported. Based on 
the above review, if we applied the radiative cooling method to the 
PV-TE device at nighttime, it is possible that the PV-TE device can 
generate power from the darkness and this will be a new branch for 
research of PV-TE hybrid utilization. More importantly, compared with 
the traditional PV-TE utilization that only uses solar energy and all-day 
radiative cooling based TEG utilization that only uses the cold universe, 
it is thermodynamically reasonable and advantageous for PV-TE device 
to respectively use solar energy at daytime and the cold universe at 
nighttime and this is also what we do in this paper. Specifically, solar 
irradiance is generally an order of magnitude greater than the radiative 
cooling power, so harvesting solar energy for power generation during 
daytime is the better choice, especially for PV conversion since the 
exergy efficiency of solar PV conversion is dramatically higher than that 
of solar thermal conversion. Furthermore, harnesses the cold of the 
universe is the better choice at night when the sunlight disappears and 
this provides a new way to generate electricity from the darkness. 

In this work, we experimentally demonstrate that the PV-TE device 
can generate voltage at nighttime. The PV-TE device is constructed by 
attaching a TE device to the bottom of the PV module and the PV module 
is covered with transparent glass. Then, the optical property of the PV 
module that is exposed to the sky directly is characterized and analyzed. 
Next, outdoor testing is conducted by measuring the voltage output of 
the TE device and PV module in the day and night, respectively. Finally, 
a new configuration of the PV-TE device for continuous power genera-
tion in the day and night is proposed for deep consideration. 

2. Description of the experimental set-up 

2.1. Concept description 

The schematic of the PV-TE device for all-day power generation is 
presented in Fig. 1. In the daytime, the PV module absorbs solar photons 
and partly converts them to electricity, while the remaining absorbed 
solar power is dissipated into heat and can be further used to generate 
electricity by the TE device using the Seebeck effect. In the nighttime, 
the temperature of the PV module drops to be lower than the tempera-
ture of the ground-faced side of the TE device due to the existence of 
radiative cooling. Thus, the heat is extracted from the ambient 

environment by convection and conduction heat transfer to the bottom 
of the TE device and finally pumped to the cold universe using radiative 
cooling, with electricity output generated by the TE device. 

2.2. Description of the PV− TE device and experimental set-up 

The PV-TE device, as shown in Fig. 2(a), is constructed by attaching a 
commercial TE device (TEG1-127-1.4-1.0) to the bottom of the PV 
module. To enhance the heat transfer process at the bottom surface of 
the TE device, a heat sink is fixed on the bottom surface of the TE device. 
All contact surfaces are connected using the thermal conductive glue 
(HY510, Halnziye). The PV module is fabricated by laminating a 
monocrystalline silicon solar cell on the 3.2-mm-thick glass with white 
Tedlar film and ethylene-vinyl-acetate film as the backplate and adhere 
layer, respectively. As shown in Fig. 2, the PV-TE device is held by a 
planar thermal insulation plate equipped with an aperture in the center. 
Besides, the TE device with the heat sink is placed in the aperture of the 
thermal insulation plate, thus the bottom side of the TE device is free to 
contact with the ambient air. The reflective layer on the top of the 
thermal insulation plate is used to reflective the solar irradiance and 
decrease its effect on the voltage output. 

During testing, the experimental set-up was set on the rooftop of a 
building in the University of Science and Technology of China at Hefei 
(117◦E, 32◦N), China. A T-type thermocouple is fixed on the bottom 
surface of the PV module to monitor the module’s temperature and the 
ambient temperature is also measured using a T-type thermocouple 
fixed in a shelter to avoid the sunshine. Besides, the solar irradiance is 
measured using the pyranometer (TBQ-2, Jinzhou Sunshine Technology 
Co.Ltd). All data are recorded by a data logger (LR8402-21, HIOKI). 
Moreover, the open-circuit voltage values of the PV module and the TE 
device are measured using the data logger directly. 

2.3. Optical characterization of the PV module 

In the nighttime, the PV module is exposed to the clear sky and 
responsible for radiative cooling to drive the power generation of the 
PV-TE device, as shown in Fig. 1. According to the conclusions reported 
in previously published papers [23–26], the ideal spectral requirement 
of the thermal emitter for efficient radiative cooling is that the thermal 
emitter needs to have a high thermal emissivity in the atmospheric 
window or the whole mid-infrared wavelength band. Here, the spectral 
reflectivity of the PV module is measured using the Fourier Transform 
Infrared Spectrometer (Nicolet iS10, Thermo Scientific) with an inte-
grating sphere (Mid-IR IntegratIR, Pike Technologies). The spectral 
emissivity of the PV module is then calculated using the energy balance 
and Kirchhoff’s law. It is clear from Fig. 3 that the PV module exhibits 
high emissivity in the whole mid-infrared wavelength band with an 
averaged emissivity of approximately 0.9, illustrating that the PV 

Fig. 1. Concept of the PV− TE device for power generation.  
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module is a good candidate for radiative cooling. Besides, the spectral 
emissivity of a 3.2-mm-thick soda-lime glass is simulated using the 
classical transfer matrix method, which shows that the emissivity of the 
soda-lime glass is consistent with that of the PV module, indicating that 
the high emissivity of the PV module is entirely contributed by the thick 
glass cover. The optical constant of the soda-lime glass is extracted from 
the previous work [27]. It is noted that the reason for emissivity drop at 
the wavelength of nearly 9 μm is that there is an optical mismatch at the 
air/glass interface, but it can be perfectly modified using the patterned 
surfaces (e.g., micro pyramid structures [28] and gratings [16,29]) and 
these methods have already been reported. 

3. Results and discussions 

3.1. Testing condition 

The experimental testing was continuously conducted for 48 h from 
24 October 2020 to 25 October 2020. The measured ambient 

temperature, PV module temperature, and solar irradiance are pre-
sented in Fig. 4. It is found that the condition of solar irradiance on 24 
October 2020 is better than that on 25 October 2020 since the fluctua-
tion of the solar irradiance curve of the former is obviously smaller than 
that of the latter. Also, ambient temperature changes slowly and varies 
within a range of approximately 10 ◦C–20 ◦C. Moreover, the tempera-
ture of the PV module changes rigorously with the change of solar 
irradiance. In the daytime, the temperature of the PV module is higher 
than the ambient temperature with a maximum and an average tem-
perature of approximately 20 ◦C and 9 ◦C, respectively. In the nighttime, 
the temperature of the PV module is lower than the ambient temperature 
due to the existence of radiative cooling. The maximum and average 
temperature difference between the PV module and ambient air is 
recorded to be nearly 7.0 ◦C and 5.3 ◦C in the clear sky condition. 

3.2. Power generation of the PV-TE device 

The open-circuit voltage of the PV module and the TE device inte-
grated into the PV-TE device were measured and presented in Fig. 5. It is 
noted that the voltage curve inserted in Fig. 5(a) was measured on 24 
October 2020 when the sky is mostly sunny. The measured voltage 
almost shows a stepped change within the voltage range of nearly 0–0.6 
V. Specifically, the open-circuit voltage of the PV module is approxi-
mately 0.6 V in the daytime and drops to 0 V in the nighttime, which 
indicates that the PV module works well in the daytime. 

Fig. 5(b) describes the open-circuit voltage of the TE device in the 

Fig. 2. Schematic of the PV− TE module and experimental set-up.  

Fig. 3. Measured emissivity (black curve) of the PV module. Simulated emis-
sivity (red curve) of a 3.2-mm-thick soda-lime glass and transmissivity of the 
atmospheric under a typical condition are presented as references. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 4. Measured ambient temperature, PV module temperature, and solar 
irradiance power during the testing period. 
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day and night. The most important information is that there exists 
output voltage of the TE at night when the sky is filled with darkness, 
which demonstrates that the PV-TE device can generate electricity at 
nighttime and this is exactly the contribution of the radiative cooling of 
the PV module and the Seebeck effect of the TE device. It can be found 
from the voltage curve that the output of the TE device is stable with an 
average output voltage of approximately 9 mV on the first night, while 
the output voltage exists a little fluctuation during the next nights and 
this may be caused by the unstable wind speed. When the wind speed 
increases, the cooling loss of the PV module increases passively, which 
will decrease the temperature difference between the ends of the TE 
device, corresponding to the reduction of the output voltage. The 
detailed information can be found in our previous work [20]. 

In the nighttime, the temperature difference of the TE device is 
generated by the radiative cooling of the PV module, which results in the 
electricity output of the device. So, the heat and cold source of the TE 
device is ambient air and the cold universe, respectively. In the daytime, 
the TE device is driven by the solar absorption of the PV module and the 
heat and cold source of the TE device are changed to be the sun and 
ambient air respectively. As shown in Fig. 5(b), compared with the 
voltage generated at night, the output voltage of the TE device increases 
with the increase of solar irradiance in the inverse direction. The 
maximum output voltage reaches nearly 100 mV at noontime when the 
solar irradiance is at a high level. 

Notably, it can be seen from Fig. 5(b) that the output voltage of the 
TE device will drop to zero at the moment of the day (night) topples into 
the night (day), which is similar to the experimental results reported in 
Ref. [18]. Because some applications may request a continuous power 
supply, if the electricity output of the device drops to zero, it may cause 
negative effects on applications. Furthermore, there exists a difference 
in voltage polarity of the PV-TE device in the daytime and nighttime. For 
the application that is sensitive to the above voltage properties, if we 
want to eliminate the negative effect of the above voltage properties, 
there are two technical routes. The first one is that the PV-TE device can 
work for different applications in the daytime and nighttime so that both 
the voltage drop to zero and the difference in voltage polarity can be 
fully avoided. The second one is that the PV-TE device can be further 
improved to eliminate the difference in voltage polarity and make the 
voltage always higher than zero. For the second route, we propose a new 
PV-TE configuration for continuous power generation. As shown in 
Fig. 6, the new PV-TE configuration consists of solar cells, a TE device, a 
radiative cooler, and a reflective concentrator. The radiative cooler in-
tegrated into this configuration needs to have high solar reflectivity and 
strong thermal emission, such as photonic emitter [14] and meta-
materials [30]. In the daytime, solar irradiance is reflectively concen-
trated on the solar cell for PV conversion due to the high reflective effect 
of the concentrator. Besides, the waste heat of solar cell is used for TE 
power generation and the remaining heat is dissipated to the 

Fig. 5. (a) The open-circuit voltage of the PV module. (b) The open-circuit voltage of the TE device.  

Fig. 6. Schematic of a new configuration of the PV-TE device for continuous power generation.  

B. Zhao et al.                                                                                                                                                                                                                                    



Solar Energy Materials and Solar Cells 228 (2021) 111136

5

environment simultaneously by convection and the cold universe by 
radiative cooling, which indicates that the direction of heat flux passing 
through the TE device is from the solar cell to the radiative cooler. In the 
nighttime, the temperature of the radiative cooler is passively reduced 
due to the radiative cooling and a temperature difference between the 
radiative cooler and solar cell occurs and the heat flux extracted from 
the ambient air is also transferred from the solar cell to radiative cooler, 
which induces the power generation of the TE device. Therefore, this 
configuration ensures the PV-TE device can generate power during the 
day and night continuously without making the voltage drops to zero 
and producing voltage polarity, which is a good feature for applications 
that needs all-day power supply. Furthermore, the use of a reflective 
concentrator and high-performance radiative cooler are feasible solu-
tions to improve the output power of the PV-TE device. 

4. Summary 

In this work, an experimental demonstration of generating power 
based on the PV-TE device at night is designed and conducted. The cold 
universe, a significant renewable thermodynamic resource, is connected 
with the ambient environment using the radiative cooling of the PV 
module (or the glass cover), which is the only one drive force for power 
generation using the Seebeck effect of the TE device at night. Although 
the averaged output voltage of the PV-TE device is measured just as 
approximately 9 mV at night, it proves that the PV-TE device can 
generate electricity from the darkness. Moreover, a novel configuration 
of the PV-TE device for continuous all-day power generation is 
conceptually designed for deep consideration. Importantly, this work 
provides a new solution for nighttime and all-day power generation 
applications, including low-power monitors, sensors, and lights. 
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