
Research Article
Performance Enhancement of Hybrid Energy Devices Using
Cooling Patches

Jaehwan Lee ,1 Kyoungah Cho ,1 Yoonbeom Park,1 Sungeun Park,2 Hee-eun Song,2

and Sangsig Kim 1

1Department of Electrical Engineering, Korea University, Seoul 02841, Republic of Korea
2Photovoltaic Laboratory, Korea Institute of Energy Research, Daejeon 34129, Republic of Korea

Correspondence should be addressed to Kyoungah Cho; chochem@korea.ac.kr and Sangsig Kim; sangsig@korea.ac.kr

Received 2 March 2022; Accepted 21 September 2022; Published 6 October 2022

Academic Editor: Zaiyong Jiang

Copyright © 2022 Jaehwan Lee et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this study, we demonstrated the enhancement of the output power of a hybrid energy device (HED) using a cooling patch that
does not consume any external electric power. The HED consisted of a photovoltaic cell (PVC) and a thermoelectric generator
(TEG); the cooling patch was attached to the TEG. When the PVC was exposed to solar irradiance, the cooling patch lowered
the temperature of the PVC and increased the thermal gradient across the TEG, thereby increasing the output power. For an
HED with a cooling patch at an irradiance of 1000W/m2, the output power increased to 24.2mW, as compared to the output
power of 19.9mW for an HED without any cooling patch.

1. Introduction

Recently, hybrid energy devices (HEDs) consisting of photo-
voltaic cells (PVCs) and thermoelectric generators (TEGs)
have emerged as novel renewable energy devices to maxi-
mize the conversion of solar energy into electricity [1–3].
Although solar energy has been used in a wide range of fields
[4–8], it still plays a leading role as renewable energy
sources. When a PVC is exposed to solar irradiance, it pro-
duces electrical energy and its temperature increases; the
thermal energy corresponding to the increased temperature
is converted into electrical energy via a TEG. The PVC and
TEG are electrically connected to each other in an HED;
therefore, the output power of an HED is the summation
of the electrical energies produced by both the PVC and
TEG. The energy efficiency of a PVC is higher than that of
a TEG; thus, the output power of an HED mainly depends
on the performance of the PVC [9–11].

The temperature increased by solar irradiance degrades
the efficiency of the PVC [12, 13], whereas the corresponding
thermal energy is responsible for the thermal gradients across
the TEG leading to the generation of Seebeck voltages. To
increase the output power of an HED, the temperature of

the PVC should be lowered, and the thermal gradients across
the TEG should be larger. Recently, highly conductive thermal
interfaces and electrical cooling systems have been researched
to increase the thermal gradients; such interfaces between
PVCs and TEGs increase the temperatures of hot electrodes
in TEGs [9, 10], while electrical cooling systems decrease the
temperatures of the cold electrodes in TEGs [11–13]. Never-
theless, no significant research has been conducted pertaining
to the lowering of PVC temperatures and the enhancement of
the output power in HEDs using highly conductive thermal
interfaces and cooling systems. Moreover, the electrical cool-
ing systems used in recent studies consume electrical energy
[16–18]; therefore, new cooling systems operating without
external power should be utilized in HEDs.

In this study, we prepared a mixture of hexagonal boron
nitride (h-BN) and carbon paste to make a highly conductive
thermal interface. An HED consisting of a PVC and TEG with
a mixture of h-BN and carbon paste present between them
was utilized, and a cooling patch that did not require the exter-
nal power was attached to the TEG. The cooling patch con-
tains a superabsorbent polymer being a heat absorbent
material so that it can lower the temperature by absorbing
the heat transferred to the TEG from the PVC. We thus
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examined the temperature lowering of the PVC and the out-
put power enhancement of the HED using the cooling patch.

2. Materials and Methods

The schematic and circuit diagram of the HED constructed
using a c-Si PVC, an interface material layer, and a TEG
are depicted in Figure 1; the dimensions of the HED were
2:0 cm ðwidthÞ × 2:0 cm ðlengthÞ × 5:2mm (height; the sum
of the thicknesses of the PVC (0.2mm), interface (1.0mm),
and TEG (4.0mm)). The c-Si PVC was fabricated as
described in the previous studies [19, 20]; its series resistance
(Rs) and shunt resistance (Rsh) were 0.8 and 500Ω, respec-
tively. The TEG with a RTE of 1Ω and a Seebeck coefficient
of 7.7mV/K was purchased from Peltier Testing System Co.
Ltd. The interface material layer between the PVC and TEG
was made by mixing the h-BN (purchased from 3M) and
carbon paste (purchased from Dycotec Materials Ltd.) with
a weight ratio of 1 : 10; its thermal conductivity was esti-
mated to be approximately 315.4W/m∙K based on its ther-
mal diffusivity [21]. The mixing ratio of h-BN and carbon
paste was optimized for good adhesion between the PVC
and TEG; the adhesion is responsible for the stability of
the HED in terms of the structure. The cooling patch pur-
chased from Kokubo and Co. Ltd. was attached to the cold
electrode of the TEG. The temperatures of the HED were
measured at four positions with type K thermocouples
(TCs); TC1 and TC2 were attached to the top and bottom
sides of the PVC, respectively, and TC3 and TC4 were
attached to the top (hot electrode) and bottom (cold elec-
trode) of the TEG, respectively.

The experimental setup and optical image of the HED
are shown in Figure 2. The electrical characteristics of the
HED were examined with a PV analyzer (PROVA-200A).
A solar simulator (XG-100E, Xelios) was used as the solar
energy source, and the irradiance was measured using a pyr-
anometer (MS-40, EKO Instruments Co., Ltd.).

3. Results and Discussion

The temperatures of the HEDs (a) without and (b) with the
cooling patch are plotted as a function of irradiance in

Figure 3. T1 and T2 denote the temperatures of the top
and bottom of the PVC, respectively, and T3 and T4 denote
the temperatures of the top and bottom of the TEG, respec-
tively. The temperatures of the HED with the cooling patch
were observed to be lower than those of the HED without
the cooling patch. The cooling patch not only lowered the
PVC temperatures T1 and T2 but also increased the differ-
ence between T3 and T4, i.e., the TEG electrode tempera-
tures (thermal gradient increased across the TEG). In
particular, at a solar irradiance of 1000W/m2, in the pres-
ence of the cooling patch, the PVC temperatures T1 and T
2 were lowered by 9°C and the difference between the TEG
temperatures T3 and T4 was twice as large as that in the
absence of the cooling patch.

The current-voltage (I-V) curves of the HEDs are plot-
ted in Figure 4 in the (a) absence and (b) presence of the
cooling patch at irradiances in the range of 200 to 1000W/
m2. The short-circuit current (Isc) increased from 14 to
101mA as the irradiance increased from 200 to 1000W/m2

for both the HEDs with and without the cooling patch. In
contrast, for the HED with the cooling patch, the open-
circuit voltage (VOC) increased with the increase in solar
irradiance; at a solar irradiance of 1000W/m2, the VOC
increased from 0.59 to 0.65V. The increase in VOC implies
a shift toward the higher voltage region caused by the See-
beck voltage generated by the TEG [22]. The cooling patch
contributes to the increase in the thermal gradient across
the TEG, i.e., the increase in the difference between T3 and
T4 temperatures, thereby enhancing the Seebeck voltage.

The output power of the HED is the summation of the
output powers of the PVC and TEG; the PVC acts as the pri-
mary power source, and the TEG acts as an auxiliary power
source [23–25]. The energy efficiency of the PVC, which is
three times larger than that of the TEG, reduces with the
increasing temperature [12, 13], which in turn significantly
decreases the output power of the HED. The rate of increase
in the PVC temperature caused by the increasing solar irra-
diance is lowered by the cooling patch, which contributes to
the enhancement of the maximum output power (Pmax) of
the HED. Figure 5 shows the output power curves of the
HEDs with and without the cooling patch at irradiances of
(a) 200W/m2 to (e) 1000W/m2 and (f) the increment in
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Figure 1: Schematic and circuit diagrams of a HED with a cooling patch.
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Pmax owing to the cooling patch. Pmax increases up to over
21% (from 19.9 to 24.2mW) at the irradiance of 1000W/
m2 after applying the cooling patch, although the cooling
patch was less effective at the irradiance of 200W/m2. The
increase in the Pmax of the HED with the cooling patch is

attributed to the lowering of the temperature of the entire
HED consisting of the PVC and TEG as shown in
Figure 3. Considering that the output power of the PVC is
reduced by 0.5~ 1% as the temperature is increased by 1°C
[12, 13], the lowering of the temperature of the PVC is
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Figure 4: The I-V curves of the HEDs (a) without cooling patch and (b) with cooling patch.
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Figure 3: Temperatures of HEDs (a) without and (b) with the cooling patch at irradiances in the range of 200 to 1000W/m2.
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Figure 2: Experimental set-up and the optical image of the HED.
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deeply concerned with the enhancement in output power of
the PVC. Moreover, the cooling patch attached to the bot-
tom side of the TEG makes large temperature difference
between T3 and T4 so that it contributes significantly to
the output power generated by the TEG. The enhancement

in the individual output power of the PVC and TEG results
in the increase in the Pmax of the HED because the output
power of the HED is the summation of the output powers
of the PVC and TEG. This study demonstrates the improve-
ment in the output power of the HED using a cooling patch.
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Figure 5: The output power curves of HEDs without and with the cooling patch at different irradiance levels: (a) 200W/m2, (b) 400W/m2,
(c) 600W/m2, (d) 800W/m2, (e) 1000W/m2, and (f) Pmax increment of the HEDs with the cooling patch at irradiances in the range of 200 to
1000W/m2.
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4. Conclusions

In this study, we proposed a method to enhance the output
power of the HED by using a cooling patch on the cold elec-
trode of a TEG and investigated the relationship between the
temperature of the PVC and the output power of the HED.
For solar irradiances from 200 to 1000W/m2, the cooling
patch reduced the entire temperature of the HED. The
reduction in the PVC temperature and the increase in the
thermal gradient across the TEG by the cooling patch sub-
stantially contributed to the enhancement of the output
power of the HED. At the irradiance of 1000W/m2, the
increment in the maximum output power reached over
21% owing to the utilization of the cooling patch that did
not consume any external power.
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