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Efficient Power Conversion Using a PV-PCM-TE
System Based on a Long Time Delay Phase

Change With Concentrating Heat
Ning Wang , Jian Tang, Heng-Sheng Shan , Hong-Zhi Jia , Run-Ling Peng , and Lei Zuo

Abstract—Based on the characteristics of phase change
concentrated heat, this article proposes a photovoltaic/phase
change/thermoelectric (PV-PCM-TE) self-supply system with side-
wall integrated TE. In the system, an intelligent control circuit for
phase change time is designed to intelligently switch the TE working
mode using real-time temperature tracking. Therefore, the phase
change time of the phase change material (PCM) is delayed with
enhanced heat absorption and storage capacity, resulting in greater
suppression of the PV temperature rise. Based on the constant
temperature difference during the delayed phase change, more
electrical power output can be obtained with integrated multistage
thermoelectric generators (TEGs) in the sidewall of the PCM con-
tainer. With the supplementary TEG energy injected into the PV
battery, a complete self-powered design is constructed, leading to
improved system energy efficiency. Experimental results show that
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compared with the PV-PCM-TEG system, the PCM phase change
time of the proposed system is extended by 15 min, where the
peak PV temperature after suppression is only 68.5 °C, which is
8 °C lower than that of the conventional PV-TEG-PCM system.
The conversion efficiency of the entire system reached 30.26%, an
improvement of 43.15%. The proposed self-powered PV-PCM-TE
power conversion system with a long-time delay and high efficiency
can operate during both day and night, providing a green scheme
for intelligent low-power electrical systems.

Index Terms—Intelligent switching, phase change heat accu-
mulation, photovoltaic/phase change/thermoelectric (PV-PCM-
TE) system, thermal conductivity.

I. INTRODUCTION

MOST of the world’s energy consumption comes from
nonrenewable sources such as fossil fuels [1], [2], [3],

[4]. However, energy extraction from fossil fuels brings pollu-
tion and energy waste [5], [6], which has a large impact on global
warming and climate. A feasible way to solve this problem is to
create clean energy [7]. Solar energy is one of the most renewable
and potential energy sources that is currently available. Solar
energy is a renewable energy source that can be obtained free
of charge and used anywhere [8]. Solar energy can also be
converted into electrical energy through the photovoltaic effect
[9], reducing the excessive dependence on fossil fuels and having
a strong potential to reduce energy consumption and carbon
emissions [10]. However, photovoltaic (PV) systems cannot
convert all solar energy into electricity, and a lot is released as
heat, which also leads to energy efficiency degradation due to a
high-temperature environment [11]. Therefore, it is an attractive
and challenging problem to develop waste heat utilization to
improve the conversion efficiency of PV systems [12].

The combination of PV panels and thermoelectric generator
(TEG) is built into a hybrid PV-TEG system, which can im-
prove the energy conversion efficiency. Yin et al. conducted a
comprehensive experimental optimization of a PV-TEG system,
established an experimental system with an adjustable light
source, and verified the feasibility of the PV-TEG system with an
efficiency increase of 8.7% [13]. Wang et al. designed a PV-TEG
system with efficient thermal management and an intelligent
switching circuit. Using this novel circuit, the PV temperature
decreased by 4 °C with a 15.65% increase in energy conversion
efficiency [14]. Although the energy conversion efficiency of the
PV-TEG system can be improved to some extent, the PV temper-
ature was still not well controlled along with most accumulated
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waste heat in the system. Phase change materials (PCMs) have
high latent heat and can be used in different working temperature
ranges with different melting points ranging from 10 °C to 51
°C [15], [16], [17]. When the PCM reaches its phase change
condition, it will absorb a lot of heat while maintaining a constant
temperature (i.e., the phase change temperature). Therefore,
PCMs are often used for passive heat storage and temperature
control, which is well suited for heat dissipation in PV systems
[18], [19], because the PV cell temperature can be reduced
because the heat released in the PV system will be absorbed
in the case of the use of PCM. In addition, TEGs can also
be used to waste heat reuse, which increases the conversion
efficiency of the entire system with the generated electricity
[20]. When the PCM and TEG operate together, a stable power
output from the TEG can be ensured when the temperature
difference between the sides of the TEG remains relatively
constant due to the fixed surrounding temperature supplied by
the PCM phase change [21]. At night, the heat stored in the
PCM during the daytime will also be released and converted
into electrical energy by the TEG, improving energy utilization
[22]. For example, Darkwa et al. investigated the architecture of
an integrated thermoelectric PCM into PV cells and evaluated
the effect of thicker PCM layers on PV junction temperature.
The built PV/TEG/PCM system suppressed a 2.2 °C temperature
rise in the PV panels in natural air conditions compared to the
one in standard PV and achieved a 9.5% increase in power
output [23]. Because the PCM in this system is not in direct
contact with the PV cell where the heat is most concentrated, its
potential for heat absorption due to phase change is not fully
achieved, resulting in its ability to suppress PV temperature
rise being somewhat low. The PV and PCM as the hot end
and cold end of the TEG, respectively, effectively maintain a
steady decrease in the temperature overnight, resulting in the
TEG having difficulty creating a large temperature difference
and thus more power. As a result, the TEG cannot make good
use of the waste heat in PCM, particularly at night. Thus, a
new structural PV-PCM-TEG system is proposed with enhanced
solar intensity using two reflectors with angles facing the sun,
where PCM is directly attached to the PV cell surface [24].
Electricity can still be generated at night using this structure,
which is also converted from the stored heat in the PCM on
the TEG. The power generation and PV cell efficiency of the
system are increased by 100% and 1.38%, respectively; and the
temperature of the PV cell is markedly reduced from 74.43 °C
to 53.72 °C. However, the system phase transition time is short,
the final conversion efficiency improvement is limited, and this
system does not achieve intelligent thermal tracking and is fully
self-powered.

In this article, a new system structure of PV-PCM-TE with
intelligent regulation is proposed. The system intelligently
switches the working mode of the TE module according to
the real-time tracking of PV temperature to effectively ex-
tend the phase change time of the PCM. The system com-
pletes the energy conversion at night and is self-powered,
which markedly improves the conversion efficiency of the entire
system.

Fig. 1. Schematic diagram of the basic application of energy storage and power
generation for PCMs.

The rest of this article is organized as follows. Section II
provides an introduction to the theory of PCM, TEG and TEC.
The design process of the PV-PCM-TE system is provided in
Section III. Then, the experimental results are discussed and
analyzed in Section IV. Finally, Section V concludes the article.

II. PRINCIPLE AND THEORY

Combining PCM with TEG, Fig. 1 shows the application
architecture of power generation using the storing energy tech-
nique, driving TEG to operate with the temperature difference
formed by the state transformation of PCM during daytime and
nighttime. This system consists of a PCM, a TEG, and a heat
sink. In this article, the TEG is placed between the PCM and the
heat sink. The constant temperature is maintained with PCM
by storing and releasing large amounts of heat, which creates
better conditions for TEG electricity generation with switched
polarity between daytime and nighttime. Some studies have
provided TEG with a power generation temperature difference of
approximately 6 °C–8 °C through PCM phase transition, which
can last for 35–50 min [25], [26], [27]. In our work, When the
ambient temperature is 24 °C and the illumination is 5000 lux,
the maximum temperature difference between the two sides of
the TEG module in the system can reach 10 °C. If PCM uses
paraffin wax with a phase change temperature of 38 °C and a
latent heat value of 220J/Kg, the stable temperature difference
on both sides of TEG can be maintained for about one hour. The
application of PCM as a heat absorbing storage module in a TEG
will effectively extend the energy endurance, reduce energy loss,
and help improve the energy conversion efficiency of the entire
system.

A. Phase Change Material

PCM is a material that can change the state of the substance
itself at a constant temperature, accompanied by latent heat
inside. Latent heat is the energy absorbed or released by a
substance changing from one phase to another under isothermal
and isobaric conditions. The process of transforming physical
properties is called the phase change process when the PCM
absorbs or releases latent heat. The calculation of latent heat of
PCM can be described as

Qc = mEc (1)
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Fig. 2. (a) Single-stage TEG. (b) Single-stage TEC.

where m is the mass of the PCM and Ec is the enthalpy change
value of the material. During phase change, the PCM conducts
heat exchange with the outside to achieve the purpose of en-
dothermic temperature control and energy utilization. Compared
with sensible thermal energy storage, phase change energy
storage has the advantages of small size, high energy storage,
constant temperature control, and a wide range of phase change
temperature selection. Thus, PCM combined with TEG can act
as both a heat source and a cold source for the TEG, promoting
secondary energy use. During the day, PCM absorbs a lot of
heat from the environment as the ambient temperature rises.
When the temperature of the PCM rises to the phase change
temperature, the PCM undergoes a phase change and keeps
its own temperature constant. At this time, the PCM acts as
a cold source with the heat sink as a heat source, and then,
a large temperature difference between the two sides of the
TEG can be created, leading to the generation of more electrical
power. At night, the energy in the PCM will be released into the
environment to maintain a constant phase change temperature
when the ambient temperature drops to the melting point of the
PCM. During phase change, the temperature of the PCM will be
higher than that of the heat sink. Thus, the PCM acts as a heat
source with the heat sink as a cold source, allowing the TEG
to generate secondary electricity at night [22]. Therefore, the
application architecture using PCM shown in Fig. 1 can harvest
energy both day and night, providing a premise to improve
energy utilization efficiency.

B. Thermoelectric Devices

Thermoelectric technology enables the conversion of thermal
energy into electrical energy and vice versa. As a solid-state
direct energy conversion technology, TEGs can use both the
Seebeck effect for electricity generation and the Peltier effect
for cooling [28], [29], [30]. As shown in Fig. 2, the basic
structure of a thermoelectric conversion device is a Π-type
element consisting of a p-type thermocouple arm and an n-type
thermocouple arm connected in thermal parallel and electrical
series. When there is a temperature difference applied by the
two ends of a thermoelectric arm, the holes at the hot end gain
higher energy, producing more holes relative to the cold end. The
difference in the concentration of holes causes them to undergo
diffusive motion, creating a spatial electric field or potential
difference within the material. Under the effect of this potential
difference, an opposite drifting charge flow is also formed inside

Fig. 3. (a) PV structure. (b) PV equivalent circuit.

the material. When the two reach a dynamic equilibrium, a
stable temperature difference electric potential is formed at
both ends of the material. Fig. 2(a) shows a single-stage TEG,
which is a thermoelectric conversion device formed by two
thermoelectric arms of n-type and P-type sandwiched between
insulating, thermally conductive ceramic plates. Assuming that
the hot end temperature of the upper ceramic plate and the cold
end temperature of the lower ceramic plate are TH and TL,

respectively, then there will be a potential difference between
the two couple arms when TH and TL are not equal according
to the Seebeck effect:

Vnp = Snp(TH − TL) (2)

where Snp is the Seebeck coefficient of the n and p coupling
arms. If the total resistance of the two electrocoupled arms is R
and the load resistance is Ra, the loop current and output power
can be expressed as:

Inp =
Snp(TH − TL)

R+Ra
(3)

Pteg = I2npRa =

[
Snp(TH − TL)

R+Ra

]2
Ra. (4)

Energy harvesting converts thermal gradients into electrical
energy through a TEG [31], and the power output of a TEG
depends on the temperature difference loaded on its hot and
cold sides [32]. The technical data for TEG device used in this
article is TEP1-126T200 [33]. Fig. 2(b) shows a single-stage
thermoelectric cooler (TEC) with a structure similar to that of
a TEG. The applied voltage V across the thermocouple arms is
equal to the voltage drop VR across the thermocouple arms plus
the voltage drop Vnp required to overcome the Seebeck voltage

V = VR + Vnp = IR+ Snp(TH − TL). (5)

Therefore, the input power of the TEC can be described as
follows:

Ptec = I2R+ Snp(TH − TL)I. (6)

C. Photovoltaic Cell

Fig. 3(a) shows a schematic diagram of the composition of
a conventional PV cell. In PV cells, electrical energy can be
directly converted from light energy through internal photoelec-
tric and chemical effects. The glass substrate is penetrated by
sunlight and reaches the light gathering layer. The concentrated
sunlight reacts in the TCO layer, which is a transparent con-
ductive oxide layer equivalent to an electrode. Then, the light
passes through the CdS window layer (n-type semiconductor)
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and the CdTe contact layer (p-type semiconductor) to reach
the back contact layer of the back electrode, which is used to
reduce the contact barrier between CdTe and the metal electrode.
Fig. 3(b) shows the internal equivalent circuit diagram of the
PV cell. When the PV cell absorbs solar radiation, the output
current I is generated by the photovoltaic effect, and the real
internal current Id flows through the diode during operation.
Thus, energy loss will be generated due to the resistance Rc,
which is connected in parallel with the internal resistance Rpv

of the P–N junction material to form the total internal resistance
R0, and R1 is the load resistance. However, the material of the
battery determines the internal resistance. Considered together,
the total energy absorbed by the solar energy through the PV
cell can be expressed as:

P0 = CLετS (7)

where C is the concentration ratio of the internal material of
PV; L is the radiation intensity of the sun; ε and τ are the
transmittance and absorption of light of the PV cell, respectively;
and S is the effective area of the PV cell receiving light. The
conversion efficiency of a PV cell is related to the internal
material properties, the external environment, temperature, and
other factors [34]. From the internal equivalent circuit diagram
of a PV cell, it shown that there is an intrinsic resistance of the PV
cell. The resistance of the internal resistance changes with the
external temperature, and the intrinsic heat loss also fluctuates.
Therefore, the relationship between the conversion efficiency of
the PV cell and its own material and temperature is as follows:

ηpv = η0[1− λ(Tpv − T0)] (8)

where η0 is the cell efficiency of the PV cell at T0 =
24.85 °C, which is determined by the intrinsic cell material;
Tpv is the instantaneous temperature of the PV cell; and λ is
the temperature coefficient of the conversion efficiency of the
PV cell. Additionally, the external temperature has a strong
influence on the conversion efficiency of the PV cell. From (7)
and (8), we can deduce that the total output power of the PV cell
is

ppv = p0ηpv
R1

R0 +R1

= p0η0[1− λ(Tpv − T0)]
R1

R0 +R1
. (9)

The total output power of the PV cell is proportional to the
conversion efficiency of the cell and inversely proportional to
its own temperature. Although it has less room for improvement
from the side of the cell material, the output power of the PV
cell can be increased by adjusting the operating temperature of
PV cell.

D. Conversion Efficiency of the Total System

The conversion efficiency of the entire system describes the
ability of the system to convert absorbed energy into other forms
of energy. Based on the equation of the conversion efficiency in
individual PV cells and output power, the energy conversion
efficiency of the entire system can be improved at the PV cell

itself and using the waste heat from the PV cell. In the system
proposed in this article, the energy converted from solar energy
by PV is electric energy and thermal energy. In a given period
of time, the total energy of sunlight absorbed by the PV cell can
be expressed as

A = Eall

=

∫ t

0

p0dt

=

∫ t

0

CL(t)ετSdt (10)

where L(t) is the light intensity at different times. The tempera-
ture of the PV cell changes with time, and the converted energy
of the PV cell in t seconds is

B = Epv =

∫ t

0

ppvdt

=

∫ t

0

p0ηpv
R1

R0 +R1
dt

=

∫ t

0

p0η0 [1− λ[Tpv(t)− T0]]
R1

R0 +R1
dt (11)

where Tpv(t) is the temperature of the PV cell at different
moments, where the higher the temperature is, the lower the
converted energy will be. The energy converted by solar energy
includes the electrical energy generated by the PV cell and the
electrical energy generated by the TEG. The output power of the
TEG primarily depends on the temperature difference at both
ends of the TEG, which also changes with time. Therefore, the
converted energy of the TEG is expressed as

C = Eteg =

∫ t

0

ptegdt

=

∫ t

0

I2npRadt

=

∫ t

0

[
Snp [TH(t)− TL(t)]

R+Ra

]2
Radt (12)

where TH(t) and TL(t) are the temperatures of the hot end and
cold end at different moments of TEG, respectively. Specifically,
the energy conversion efficiency of the entire system is the ratio
of the total energy converted to the total energy absorbed by
the system. Thus, the energy conversion efficiency of the entire
system is

η =
Epv + Eteg

Eall
× 100%

=
B + C

A
× 100%. (13)

η can be increased by suppressing Tpv of the PV cell to
increase Epv or by increasing Eteg by increasing the use of waste
heat from the system. The maximum overall efficiency of exist-
ing research on hybrid energy harvesting systems using PCM
has reached 15.88% [24]. Our work will explore new methods
to improve efficiency from the aspects of intelligent control of
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Fig. 4. Intelligent control scheme to delay the PCM phase change time.

phase change delay and design of auxiliary self-powered. Hence,
the expected efficiency with our design will be greater.

III. DESIGN OF AN INTELLIGENT AND EFFICIENT ELECTRIC

ENERGY CONVERSION SYSTEM

PCMs are used in PV-TEG systems with the characteristics
of heat absorption and energy storage, creating a new PV-
TEG-PCM system. However, the inhibition of PCM on the PV
temperature rise is weak in this system structure. To effectively
solve the problems of PV heat dissipation and system energy
efficiency, an intelligent and efficient self-powered PV-PCM-TE
system is proposed in this article. The proposed system can be
divided into three primary designs: intelligent control design
with time delay phase change, self-supply and remote control,
and intelligent mode switching circuit.

A. Intelligent Control Design With Time Delay Phase Change

In this article, we propose an intelligent regulation scheme to
extend the phase change time of the PCM shown in Fig. 4. The
PCM in the system is attached to the backside of the PV cell.
Accompanied by a lot of stored heat, the inherent feature of phase
change heat absorption can prevent temperatures from rising in
the PV cells. The TEG module is also placed below the PCM
module, whose heat source and cold source come from the PCM
and heat sink at the bottom, respectively. During phase change
heat absorption in the PCM, the temperature difference between
the two ends of the TEG tends to be maximized and stable, which
is conducive to additional electric energy generation. To fully
harvest other waste thermal, a serial TE is integrated into the four
sidewalls of the PCM module, whose operating mode is deter-
mined by the temperature and light intensity of the PCM. When
the temperature of the PCM(TPCM) is not equal to its phase
change temperature(TP), the TE module acts as a TEG in series
with the bottom TEG to generate electricity. When the TPCM

is equal to its TP and the light intensity(E) is higher than 1000
lux, the TE module acts as a TEC to cool the PCM module to
delay the speed of the phase change of the PCM. This intelligent
switching of operating modes requires a temperature monitoring
module and a light intensity sensor module to work together. In
this article, we use an infrared noncontact thermometer probe
MLX90614 to measure the temperature of the PCM in real time
and a light intensity sensor BH1750 to measure light intensity.

Fig. 5. Schematic diagram of the self-powered system and remote real-time
monitoring design. In this case, ports A0 and A1 are the selection ports for the
slave address.

The infrared probe is connected to a pull-up resistor for data
transfer with the MCU through an I2C communication protocol.
In the internal light intensity sensor, DVI is the reference voltage
port of SDA and SCL, which also supplies the asynchronous
reset for the internal register. Based on the photovoltaic effect,
a photodiode converts the input light signal into an electrical
signal that is amplified by the operational amplifier circuit. The
analog voltage is collected by Adc, which will be converted
into a 16-bit binary number and finally stored in the internal
register. Light intensity data will be transmitted through the I2C
protocol when ports SDA, SCL, VCC, and GND are physically
connected to the MCU. After the MCU module receives the
measured temperature and light intensity data, matching signals
will be transmitted to the peripheral circuit control module to
synchronize and control the TE module.

This scheme, which collects light and temperature data in
real time and dynamically adjusts the TE operation mode to
suppress PV cell heating and prolong the phase change time of
the PCM, exploits the ability of the PCM to absorb and store
heat and maintain a constant temperature and provides a higher
thermoelectric conversion environment for the TEG. In addition,
the proposed scheme can use PCM as a heat source and heat
sink as a cold source at night and convert self-stored heat into
electricity energy through the TEG module at the bottom of
the PCM box. The intelligent control design of prolonging the
phase change time for PCMs effectively uses the phase change
thermostat and energy harvesting properties, which will help
to improve the conversion efficiency of the entire PV-PCM-TE
system.

B. Power Monitoring and Self-Powered Design With a
Wireless Transceiver

A Raspberry Pi 4b hardware board is primarily in charge of
the instruction transfer of the control module and exchange of
bus data, which is powered by an external power supply with a
voltage of 5 V in the experiment. However, its consumed power
is high, and thus, combining the advantages of energy harvesting
by converting light and heat energy into electricity in this article,
we propose a self-powered design for the MCU, as shown in
Fig. 5, which can effectively reduce the energy consumption
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demand of the entire PV-PCM-TE system. Because the voltage
directly generated by PV cells is unstable, it is easily disturbed
by the external environment, light, and other factors. Based on
an internal positive feedback technique applied in the amplifier
circuit, a dc–dc boost component is used to generate a stable out-
put voltage. In the front-end circuit design, the regulated output
voltage of 12 V is obtained using the core module LTC3119 in
the proposed design with energy originating from the PV cell.
Then, the generated stable voltage of 12 V is supplied to the
solar controller to directly perform electricity energy distribution
management. The surplus part of the power is stored in the
lithium battery at a voltage of 12 V, which is protected by the
proposed lithium battery overcharge control circuit. The power
of the Raspberry Pi 4b module is connected to the solar controller
through USB, completely enabling the load to be self-powered.
To master the usage of electricity in a self-power system, the
bidirectional current and power are measured by an INA219
sensor. By measuring the voltage drop across the shunt resistor
and the voltage supplied by the shunt, the current and power
consumed by the load are determined. Next, the acquired power
data are sent to the MCU through I2C communication. Finally,
we design an electric energy and remote-control app on a cell
phone terminal display for portable control. Linux commands
from the cell phone app are transmitted to the Raspberry Pi via
wireless LAN to gather the energy data. Then, the Raspberry Pi
module uses the wireless transceiver unit to transmit the electric
energy data to the app. Without batteries and data cables, the
proposed system is more convenient when monitoring the power
generation status of PVs in real time, which effectively achieves
both low energy consumption and portability, and thus facilitates
outdoor control.

C. Intelligent Switching Circuit Control for TE Mode

As shown in Fig. 4, the serial TE array is integrated into the
sidewall of the PCM module in the scheme. The working mode
in the TE array switches between TEC and TEG, where the
operating time directly exerts an influence on the final efficiency
of the entire power conversion system. Thus, we propose a
fast and accurate TE mode switching circuit with intelligent
control to maximize the phase change time in PCM. The design
process is as follows. First, the temperature and light intensity
data obtained from MLX90614 and BH1750 are transmitted
to the Raspberry Pi, as well as the corresponding signal after
the program judgment. As shown in Fig. 6, to achieve fast
synchronous circuit switching, the signals sent by the Raspberry
Pi will be synchronized by a signal inversing circuit, which
will send two opposite signals to the gates of NMOS1 and
NMOS2 synchronously. The circuit strobe is jointly realized by
the ON-OFF of the NMOS and SGM3001 analog switch modules.
The operating mode of both the TEG and TEC will be selected
according to the judgment criteria given in part A to complete the
circuit switching. When the system temperature measurement
module detects that the temperature of the PCM is equal to that
of the phase change and the light intensity sensor verdict is higher
than 1000 lux, a command will be transmitted to control NMOS2
on and NMOS1 off by the Raspberry Pi, and COM in SGM3001

Fig. 6. TE operating mode switching and circuit protection in phase change
energy conversion systems. The red circuit diagram shows the TEG operating
mode circuit, and the blue circuit shows the TEC operating mode circuit.

is used to connect to the interface of NC. At this time, the TEC
mode starts. The power stored in the battery will supply the TE
module to cool down the PCM module; thus, the phase change
time is extended by increasing the heat absorption for the PCM.
Thus, the power of the TEC comes from the harvested and stored
waste heat, which is a completely self-powered working mode.
In other cases, the system will control NMOS1 to turn on and
NMOS2 to turn OFF, and then, the COM terminal of SGM3001
will be switched to “NO.” The serial TE module in TEG mode
is connected with the TEG at the bottom. Regulated by the boost
module LTC3108, the stable output voltage is obtained from the
converted power. After the overcharge protection circuit, it will
be stored in a lithium battery at 5 V as a back-up power supply
for the TEC working mode. In the overcharge protection circuit,
R1, Q1, W1, and TL431 form a precision adjustable voltage
regulator circuit to ensure voltage stability. To ensure constant
current, an adjustable constant current circuit consisting of Q2,
W2, and R2 is designed. The circuit is also designed with a
charging feedback function consisting of Q3, R3, R4, R5, and
LED. When the battery is charged, the charging current will
decrease with increasing voltage at both terminals. As a result,
the voltage drop on R4 will decrease with the cutoff state of Q3,
leading to the closed LED charging indicator, which indicates
that the battery is full to prevent overcharging.

IV. RESULTS AND DISCUSSION

A. System Environment Setup

To verify the advantages of the PV-PCM-TE system proposed
in this article, PV-TEG-PCM, PV-PCM-TEG, and PV-PCM-TE
systems were built for experimental comparison. A PV cell
with a model of CY3210 and voltage of 12 V was used. A
TEP1-126T200 TEG was used in the experiment due to its
high temperature resistance. We used paraffin wax with a phase
change temperature of 38 °C as the PCM. To alleviate the
problem of low thermal conductivity of PCM, a container box
with dimensions of 150 mm×150 mm×50 mm was customized
to accommodate the PCM powder. As shown in Fig. 7(a), the
container box of PCM was made of purple copper with neatly
arranged top-down heat teeth on the lid to ensure better and
more uniform heat transfer. Before the experiment, the container
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Fig. 7. (a) PCM container box. (b) PCM performance test.

Fig. 8. System experimental setup diagram.

box with PCM was placed on the heating table for testing the
phase change temperature. Experimental results are shown in
Fig. 7(b). The PCM started to melt slowly from the solid to
liquid state when the temperature reached 38 °C. The entire
phase change time continued for approximately 30 mins. After
the heating table was turned off, the PCM slowly solidified when
the temperature dropped to 38 °C. Approximately 32 min later,
all of the PCM returned to being a solid and adhered to the
container again.

The experimental setup of the proposed system is shown in
Fig. 8. TE arrays with 11 modules in series connection are
assembled around the PCM container box, where a MLX90614
is placed in the center to measure temperature in real time.
To reuse waste heat, nine TEGs in series contained an energy
conversion module that was placed between the PCM container
box and the heat sink. The integrated assembly of temperature
monitoring, circuit control, MCU, and other modules at the
periphery of the experiment are shown on the right side of Fig. 8,
where two INA219s are used to obtain the energy conversion
power of PVs and TEGs, and a BH1750 is used to measure
the light intensity. The Raspberry Pi is used to receive data and
send instructions. All data visualizations and manipulations are
performed through the APP Termius in cell mobile. To make
the experiment more effective, a xenon lamp is used instead of

Fig. 9. PCM performance testing and environmental documentation.

another light source. Thus, the light intensity during the exper-
iment can be characterized by changing the distance between
the PV and the xenon lamp. To test the state of the waste heat
utilization process, the experimental system requires a total of
five hours with the xenon lights on to simulate daytime for the
initial two hours. The later three hours are spent with the xenon
lights OFF to simulate nighttime. The light intensity variation
and real-time ambient temperature during the experiment are
shown in Fig. 9. The xenon lamp operates at a light intensity of
5000 lux in the beginning of 1.5 h and then increases to 8000
lux. The phase change temperature of the PCM is approximately
38 °C, which remains relatively constant throughout the phase
change. The ambient temperature increases rapidly in the initial
stage and then increases slightly when the xenon lamp intensity
increases, reaching a maximum temperature of 38.6 °C.

B. Intelligent Working Process

Based on the system hardware test platform in Fig. 8, the
intelligent working process of our proposed system is as follows:
During the beginning of one day, the temperature of the PCM
continues to rise under light. The illumination sensor BH1750
and infrared temperature sensor MLX90614 in the system will
respectively collect the current light intensity and PCM tem-
perature, and provide real-time feedback to Raspberry Pi 4b.
When the light intensity is greater than 1000 lux (indicating
daytime) and the temperature of the PCM is equal to 38 °C (phase
change temperature), Raspberry Pi 4b will send commands to the
control circuit module based on the feedback information. The
control circuit will switch the operation of the circuit according
to instructions, and the TE module will be converted into TEC
to cool the PCM. At this stage, due to the ability to maintain
a constant temperature when the PCM melts, the TE module
used as a TEC for cooling removes the heat absorbed by the
PCM while prolonging the phase change time of the PCM,
ultimately increasing the power generation of PV and TEG.
Similarly, when the temperature is above 38 °C, Raspberry Pi
4b receives the feedback information from the sensor and sends
corresponding instructions to the control circuit module. After
receiving instructions, the control circuit changes the operation
mode of the circuit, and the TE module is switched to TEG
and connected in series with the TEG at the bottom of the
PCM to generate electricity together. At night, TE module itself
consumes a certain amount of energy as TEC. If TEC is only
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Fig. 10. (a) PV temperature. (b) PV output power. (c) TEG output power.
(d) Temperature on both sides of the TEG.

used to increase the temperature difference of TEG at the bottom
of PCM container box, it will not be able to make ends meet. So
when Raspberry Pi 4b detects an intensity of light less than 1000
lux, it will control the TE module to act as TEG throughout the
night, generating electricity from the latent heat in the PCM.

C. Measured Temperature and Generated Power

Fig. 10(a) shows the temperature changes of the PV panel
in three different systems (PV-TEG-PCM, PV-PCM-TEG, and
PV-PCM-TE) under the same experimental environment. The
PV temperature of all three systems increased markedly initially
and then slowed after approximately 40 mins. After 120 min, the
xenon lamp was turned off, and the PV temperature of all three
systems started to decrease. Approximately 190 min later, this
trend was followed by another slowing of the rate of change of
the temperature. Both of these decreases in the rates of change
of temperature are due to the temperature reaching the phase
change temperature of the PCM, when the PCM absorbs heat
at a stable temperature, which keeps the PV panel at the same
temperature. In particular, the proposed PV-PCM-TE system
maintains a longer period of constant temperature than the other
two systems, thus more effectively suppressing increasing tem-
perature in the PV cell. These results demonstrated that the intel-
ligent switching of TE operation mode can effectively improve
the ability to suppress the PV temperature rise in the proposed
PV-PCM-TE system. Under the same external conditions, the
maximum temperature of the PV cell with the proposed system
is only 68.5 °C, which is 8 °C and 3.7 °C lower than that with
the PV-TEG-PCM and PV-PCM-TEG systems, respectively.
Fig. 10(b) shows the generated PV power measured by IN219
for the three systems within 0–120 min with a high temperature
range. The PV power of the three systems continues to decrease
due to the continuous increase in the junction temperature. The

decreasing trend of PV power is slowed by approximately 50
min, which is also due to the phase change occurring for PCM.
The decreasing trend of the PV-PCM-TEG and PV-PCM-TE
systems is markedly slowed because the PCM is physically
closer to the PV in the proposed structure. The PV output power
of the proposed PV-PCM-TE system remains constant, even
during phase change, which is near 7.2 W. The phase change
time is delayed to 42 min, which is 40% higher than that of the
PV-PCM-TEG of 30 min. The effectiveness of intelligent phase
change time control design for PCM is thus again confirmed.
Synchronously, the electrical energy in TEC mode comes from
the self-powered network, which also improves the conversion
efficiency of the entire system.

Fig. 10(c) describes the power generated by the TEG of the
three systems. Because the experiment was performed with a
xenon lamp with constant intense light intensity, the temperature
of the PV cell showed a rapid increase. As a result, the TEG
temperature difference between the three systems continued to
increase rapidly at the beginning process. After the experiment
was conducted for approximately 40 min, the TEG output
power of the PV-PCM-TEG and PV-PCM-TE systems reached
a maintained peak, while that of the PV-TEG-PCM system
continued to increase, which was much higher than that of the
former two systems. This phenomenon is caused by the fact
that the former two systems use PCM as the heat source of
TEG, while the latter uses PCM as the cold source. As the heat
source for the TEG, the PCM that is closely attached to the
PV will result in a maximum and constant power output time
period for the TEG module during the phase change stage. It
can also be seen that the PV-PCM-TE system proposed in this
article significantly extends the TEG constant power output time
due to the intelligent switching technology of the TE operation
mode. Fig. 10(d) shows the temperature change profiles of both
sides of the TEG for the three system structures. At the stage
of temperature rise on both sides, the temperature difference
between the two sides of the TEG in the PV-TEG-PCM system
increases continuously at first and then increases abruptly when
the temperature at the cold end reaches approximately 38 °C.
The temperature difference between the TEG in the PV-PCM-
TEG and PV-PCM-TE systems will tend towards a maximum
value and remain stable when the temperature at the hot end
reaches approximately 38 °C, and the latter stays longer. The
temperature difference between the two sides of the TEG in the
PV-TEG-PCM system decreases until it is near the temperature
drop on both sides. The temperature difference between the
two sides of the TEG in the PV-PCM-TEG and PV-PCM-TE
systems increases continuously and reaches a maximum value
when the hot end temperature drops to approximately 38 °C and
remains stable. This result indicates that the PCM has different
effects when placed in different positions in the system, and
the PCM can make the TEG have a stable output over a period
of time and have the ability to generate electricity at night. In
general, the proposed PV-PCM-TE system in this article can
generate the maximum and constant output power of a TEG
for a longer period of time compared to the PV-PCM-TEG
system, thus improving the waste heat conversion efficiency of
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TABLE I
PERFORMANCE COMPARISON OF RELATED STUDIES

Fig. 11. Transient energy conversion efficiency of the three systems.

PCMs. In addition, the system will have a long-term and stable
energy supplement at night, which contributes to the overall
improvement of energy utilization efficiency.

D. Performance Comparison

Fig. 11 shows a comparison of the energy conversion effi-
ciency of the PV-TEG-PCM, PV-PCM-TEG, and PV-PCM-TE
systems calculated from the experiment. The energy conversion
efficiency quickly reached its peak in approximately 13 min due
to the not yet dominant heat gathered by the PV nodes at the
beginning of the experiment. However, the energy conversion
efficiency begins to decrease as the PV temperature increases
when lit. The energy efficiency of the proposed system de-
creases more slowly than that of PV-PCM-TEG at this time,
which indicates that the PV temperature is better suppressed
by the proposed system. The influence of temperature on the
photovoltaic effect of PV in PV-PCM-TE is less than that of
the PV-PCM-TEG system. At 90 min, a small increase in the
energy conversion efficiency of the three systems occurs due
to the experimental enhancement of the light intensity to test
the high-intensity reliability with the working PV. After 130
min, the conversion efficiency of the three systems drops to
the minimum along with the entering night operation mode.
The inset in Fig. 11 shows that the PV-PCM-TE system has
the highest energy utilization at night, primarily because the

system structure switches the TE module on the side of the PCM
into the TEG working mode, and the bottom TEG in series will
participate in energy conversion together, which maximizes the
use of the heat stored in the PCM and improves the energy con-
version efficiency of the system. The proposed system structure
thus has a maximum energy conversion efficiency of 30.26%
due to the use of intelligent switching circuits and self-supply
design technology. Its average conversion efficiency is improved
by 43.15% relative to the PV-TEG-PCM system and 21.68%
compared to the PV-PCM-TEG system. The system proposed in
this article can thus overcome the defect of reduced conversion
efficiency of PV under high temperature but can also harvest and
use energy at night, maximizing the overall energy conversion
process.

Table I also compares the performances of the proposed
system and the PV-TEG, PV-TEG-PCM, and PV-PCM-TEG
systems in recent years. The three systems with PCM have a
clear advantage in terms of maximum output power (>8 W),
which is stronger than that in water-cooled and heat sink cooling
systems. Using self-power, a phase change extension, intelli-
gent monitoring, and real-time regulation of the working mode
technologies, the PV temperature was effectively reduced by
8 °C in the proposed system, and the maximum output power
reached 8.924 W with a maximum energy conversion efficiency
of 30.26%. The system also improves the constant power energy
output of the TEG due to a relatively longer phase change time of
the PCM. The proposed system makes full use of PCM for heat
dissipation, energy storage during the daytime, and the energy
absorbed for heat storage at night. Thus, the performance of the
proposed system is better than other similar systems.

V. CONCLUSION

In this article, a PV-CPM-TE system based on a long delay
phase change is designed and verified. To enhance the ability
of PCM to suppress the temperature rise in PV, the exten-
sion design of phase change time, a self-powered MCU, and
intelligent switching control for TE mode were proposed to
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improve energy utilization. Using the PCM auxiliary energy
supply technique, the energy conversion can be improved, even
at night. Three sets of comparison experiments are conducted
between the PV-TEG-PCM, PV-PCM-TEG, and PV-PCM-TE
systems. Experimental results show that the temperature of the
PV cell is better controlled in the proposed system compared
with the PV-TEG-PCM system, achieving a temperature drop
of 8 °C and a 43.15% increase in energy conversion efficiency.
Compared with the PV-PCM-TEG system, the phase change
time of PCM is extended by 15 min, and the temperature of
PV is reduced by 3.7 °C. The output power of PV can reach
up to 8.924 W with the peak energy conversion efficiency up
to 30.26%. The experiment performed in this article shows that
the proposed system makes full use of the heat-absorption and
energy-storage properties of PCM, effectively suppressing any
temperature rise in the PV panel and markedly improving the
energy conversion efficiency of the entire system.
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