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Abstract: Thermoelectric application has been widely researched due to its various advantages. Its
use has been limited to niche industrial applications and exploratory research development due to the
poor economic viability. It is essential to achieve the optimum system performance to improve the
economic viability. In view of that, this study aims to improve the system performance by adopting
the phase change materials (PCM) and heat transfer enhancement to establish improved thermal
conditions. It experimentally investigates the effects of PCM and heat transfer enhancement on the
open-circuit voltage and electrical energy of thermoelectric generator (TEG) system. Results indicate
that the phase change temperature, thickness and thermal conductivity of PCM have a considerable
impact on the electrical energy generated by TEG. An increase in absorption coefficient by surface
coating can lead to an increase in electrical energy. However, the total electrical energy under forced
convection is not obviously increased comparing with the natural convection case. The results
achieved in this study indicate that suitable PCM and heat transfer enhancement measures should be
considered according to the working conditions of TEG.
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1. Introduction

The intensive use of fossil fuels including coal-fired power plants is responsible for various
environmental issues such as greenhouse emission, global warming and air pollution |1, 2]. Recently,
electric power generation from renewable resources such as solar energy, biomass energy and wind
energy has received considerable attention as the renewable resources can provide sustainable and
green electricity with reduced carbon dioxide emissions [3-6]. For instance, thermoelectric power
generation technology based on Seebeck effect can realize the direct conversion of thermal energy to
electrical energy by using thermoelectric generators (TEG), which were often used for the recovery
and utilization of low-grade heat sources such as geothermal energy, solar energy and industrial waste
heat [7].

Typically, a TEG consists of arrays of N-P semiconductor chips which are electrically connected
in series and thermally connected in parallel, and usually covered by ceramic substrates [&]. The key
thermoelectric properties of a TEG include the Seebeck coefficient, the electrical conductivity and
thermal conductivity of the thermoelectric material, which are usually characterized by a
dimensionless value: figure-of-merit (ZT) [9, 10]. Despite its low ZT, the thermoelectric generation
technology has been utilized in a wide range of areas such as aerospace facilities, transport tools and
industry utilities, in which a considerable amount of waste heat offers a great opportunity for making
direct use, such as stoves [ 11, 12], vehicle waste heat [ 13], subsurface coal fires | 14], solar energy
[ 15-20] and industrial waste heat [21, 22].

Because the conversion efficiency is the key barrier to wide thermoelectric applications, ongoing
efforts have been made by many researchers and scientists in material research to fundamentally
improve the thermoelectric properties, thereby enhancing its commercial adoptability [23-26]. In the

meantime, an increasing number of researches have also been ongoing at the system level to improve
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its overall performance and economic viability [27-29]. Various approaches have been taken to

achieve that goal and they mainly include innovative system design, novel heat harvesting concept

and effective cooling design, etc. Table | summarizes the technical measures that have been

undertaken to improve the overall system performance.

Table 1 Technical measures on enhanced performance of TEG.

Approach

Key findings

Heat dissipation

Heat sourcing

System design

The heat transfer of cold side of TEG was enhanced by using liquid cooling in

combination of novel heat exchanger design [30, 31].

Heat sink had a great effect on the performance of thermoelectric module as the heat

dissipation could be improved [32].

Unconverted heat of domestic boiler was utilized through a thermal cycle, with the

energy utilization efficiency up to 80% [33, 34].

The use of graphite sheets devices attributed to a great increase in the amount of solar

energy absorbed [35, 36].

The spectrally-selective solar absorbers promoted the thermoelectric efficiency to 4.6%

which was 7-8 times higher than that of the traditional solar TEG [37].

TEG and exhaust pipe were connected by using heat pipes, with a maximum TEG

thermal efficiency of 2.46% [38].

Among the various measures for improving thermoelectric system efficiency summarized in Table

1, the PCM-based approach has been favored by many researchers in the field as an effective method

for establishing a stable and useful thermal condition for a prolonged operation. This can be achieved

because PCM can store and release a large amount of thermal energy with a stable temperature

through a solid-liquid phase change, which comes with a large amount of latent heat. In addition,
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PCM also offer the flexibility of utilizing the latent heat at a time when an optimum thermal condition
can be achieved to deliver an enhanced system energy output [39]. For instance, the latent heat stored
in PCM can also be released at night to allow the thermoelectric system to have a continued generation
of electrical energy [40, 41]. A few typical research studies are introduced herein to provide an insight
into how PCM can be used to enhance the system performance of thermoelectric applications.
Jaworski et al. [42] experimentally investigated the performance of TEG module coupled with PCM
which indicated that PCM can be effectively used as both heat sink and heat source. Zhu et al. [43]
designed an aircraft-specific TEG module coupled with a PCM storage and studied the power output
characteristics. Results showed that PCM with a suitable melting temperature was critical to
temperature control, which affected the power output. A two-stage thermoelectric generator was
proposed to improve the performance of TEG system [44] in which the PCM heat sink of the first
stage was utilized as the heat source of the second stage TEG. Experimental results indicated that the
two-stage TEG system could generate 27% more electricity than the one-stage TEG system. PCM
was employed on both sides of the TEG as the thermal management of TEG systems, which showed
that PCM could considerably enhance duration of electricity generation under specific thermal
boundary conditions compared to systems without PCM box [45]. In addition, an innovative method
was explored to achieve the light manipulation through optical and thermal management, which
represented a promising approach to achieve a desired operating temperature for an improved TEG
performance through a combination of reduced optical absorption and radiative cooling [46].

This paper presents an experimental investigation on the performance of a PCM-based TEG system
under periodic radiation conditions, which is a further advancement of the traditional solar TEG
system. In this study, an aluminum box containing PCM is used as the heat sink of the TEG system

at the radiation stage and heat source at the subsequent cooling stage. The effect of phase change
4



temperature, thermal conductivity and thickness of PCM layer on the thermoelectric performance of
the TEG system was experimentally investigated through the analysis of the open-circuit voltage and
generated electrical energy. In addition, the influence of heat transfer enhancement measures
including the improvement of absorption and convection coefficients on the system performance was
also presented.
2. Test setup and arrangement
2.1. Experimental system

As shown in Fig. 1, the system consists of the thermoelectric generator, phase change materials

(PCM) and aluminum container, radiation source and data collecting system.
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Fig. 1. Schematic of PCM-TEG system.

(1) Thermoelectric generator: The TEG1-241with thermoelectric material of Bi,Tes was used in
this study. The Seebeck coefficient and internal resistance of TEG1-241 at the room temperature are
0.103 V/°C and 6.95 Q, respectively.

(2) Phase change materials: Paraffin (No.: 32#, 38# and 42#) was used as PCM owing to the
excellent thermophysical properties listed in Table 2. The phase change temperature and enthalpy of

PCM were tested by using Differential Scanning Calorimetry (DSC), as shown in Fig. 2. To reduce



the influence of material processing, two heating cycles and one cooling cycle were conducted in the
DSC test. The melting phenomenon was observed when the temperature of paraffin was lower than
its phase-transition temperature. The heat flow continued to sharply increase, in the meantime, the
temperature of paraffin slowly increased. After the heat flow reached the maximum level, it then
began to decrease gradually. The temperature corresponding to the maximum heat flow was generally
believed to be the phase-transition temperature. It can be seen from Fig. 2 that the phase-change
temperature was in the range of 31.14 °C to 42.07 °C for paraffin of 32#, 38# and 42#. The phase-
change enthalpy of paraffin was computed by the integration of the heating energy during the phase-
transition period, which was also presented in Fig. 2.

The PCM was stored in a container that was made of aluminum with a thermal conductivity of 218
W/(m-K). In order to reduce the heat loss of PCM through the container to the surrounding
environment, all sides of the container except the top cover were insulated by an insulation layer
made of polyurethane, as shown in Fig. 1. The thermal conductivity and specific heat capacity were
measured by Hot Disk, with the range between 0.2984-0.2727 W/(m-K) and 1.2437-1.4647 kJ/(kg-K)

respectively for paraffin of 32#, 38# and 42#. The density was tested by measuring cup and electronic

balance.
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Fig. 2. DSC testing results of PCM.

Table 2 Thermo-physical properties of PCM.

Phase-change Enthalpy Thermal conductivity ~ Specific heat capacity Density
No.
temperature (°C) (kJ/kg) (W/(m-K)) (kJ/(kg-K)) (kg/m?)
32# 31.14 105 0.2984 1.2516 810
38# 38.39 116.2 0.2838 1.4647 850
42# 42.07 130.7 0.2727 1.2437 900

(3) Radiation source: An infrared radiation light with ten radiative intensities was used in this study
to simulate various levels of solar radiation. The radiation intensity was measured by a radiation tester
with a distance of 0.3 m to the infrared lamp, ranging from 240 W/m? to 1330 W/m?. The radiation
distribution is relatively uniform when it is 0.3 m away from the light source.

2.2. Experiment scenarios

Three kinds of PCM with phase-transition temperature of 31.14 °C, 38.39 °C and 42.07 °C were
used in this study, and the thickness of PCM layer was ranged from 0.01 m to 0.03 m. The graphite
with the mass ratio in the range of 1%-4% was added into PCM to improve the thermal conductivity

of PCM. The impact of PCM with different phase-change temperature, thickness of PCM, mass ratio



of graphite, surface treatment and forced convection coefficient at the TEG surface on the system
performance was experimentally investigated. The detailed experiment scenarios are presented in
Table 3. According to previous literatures [40, 43 ], the cycle time was set to 2 hours including 1 hour
of radiation stage and 1 hour of cooling stage, and two cycles were conducted for all the experiments.

Table 3 Experiment scenarios.

Thickness of PCM  Mass ratio of graphite Wind speed
Test No. PCM Surface treatment
(m) (%) (m/s)
1 32#, 38#, 42# 0.03 0 Original 0
2 38# 0.03, 0.02, 0.01 0 Original 0
3 38# 0.03 0,1,2,3,4 Original 0
Original,
4 38# 0.03 1 0
Coated

0, 0 (radiation)-
5 38 0.03 1 Coated
3 (cooling)

2.3. Measurement uncertainty

T-type thermocouple with an accuracy of £0.5 °C was used to measure the temperature of TEG and
PCM. Data-taker and digital multimeter with accuracies of £0.13x10° V and +0.8% were used to
measure voltage and current respectively. To ensure the accuracy of the experimental results, the
sensor accuracy and measurement uncertainty were analyzed and listed in Table 4. The uncertainties
were computed through the sensor accuracy and the Bessel equation of standard deviation. The
equations of uncertainty for directed variables are presented by Eq. (1) [47]:

Table 4 Measurement accuracy and uncertainty.



Variables Temperature Voltage Current

Sensor accuracy +0.5 °C +0.13x103V +0.8%

Measurement uncertainty +5% +2% +3%

2 2
U, =A% +07 (1)

where uy is the uncertainty of directed variables, Ay is the sensor accuracy of the variables, oy is the

Bessel equation of standard deviation and the equation is described by Eq. (2):

(2)

where x; and X are individual measured values and the mean value of individual measured values, N
is the number of testing items. The measurement uncertainties of temperature, voltage and current are
+5%, +2% and £3% based on the calculated data respectively, which can be considered acceptable
for the experimental set.

The power output of an applied thermoelectric application depends on the load resistance of the
circuit. To achieve the maximum power output of TEG, the load resistance should be equal to the
internal resistance of TEG [45]. Therefore, the maximum power output could be computed by

multiplying the half of the open-circuit voltage and the half of the short-circuit current, as described

by Eq. (3):
PmaX:lUOCXlISC (3)
2 2

where Pmax 1s the maximum power output, W; U, is the open-circuit voltage, V; I is the short-circuit
current, A. The short-circuit current can be calculated by Eq. (4):
I, =U_ /Ry (4)

scC

where Rtig is the internal resistance of TEG. Therefore, the total electrical energy generated by TEG



can be computed by Eq. (5):

max

t
E:jP dt (5)
0

where E is electrical energy, J; ¢ is time, s.

3. Results and discussion
3.1 Effect of PCM
3.1.1. Phase-change temperature

Fig. 3 illustrates the variation of the open-circuit voltage and temperature of TEG and PCM (38#)
under a thermal radiation intensity of 615 W/m?. The temperature of TEG and PCM firstly increases
at the radiation stage and then slowly decreases at the natural cooling stage. The temperature increase
rate is larger than the temperature decrease rate owing to the greater heat exchange with the radiation
source. In addition, the temperature of TEG and PCM at the second radiation and natural cooling

stage is higher than that at the first stage. This may be attributed to the higher initial temperature of

TEG and PCM at the beginning of the second cycle.
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Fig. 3. Open-circuit voltage and temperature of TEG.
In addition, the open-circuit voltage significantly increases in a very short time and then slowly
decreases at the radiation stage. When the radiation lamp is shut down, the open-circuit voltage
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gradually turns into negative value from the positive output, which indicates that the TEG module
coupled with the PCM continues to generate electrical energy even if there is no active input of
thermal radiation. The reason is that the thermal energy stored in the PCM with large phase change
latent heat can also be transferred to the TEG at the natural-cooling stage, which results in a
temperature difference between two surfaces of the TEG. However, the open-circuit voltage at the
cooling stage is lower than that at the radiation stage owing to the reduced temperature difference.
The open-circuit voltage at the radiation and natural-cooling stage in the second cycle is respectively
lower and higher than that in the first cycle due to different levels of initial temperatures of the TEG
and PCM.

The PCM temperature (T3) and open-circuit voltage of different kinds of PCM under a radiation
intensity of 615W/m? are illustrated in Fig. 4, which shows the temperature of PCM increases at the
radiation stage and decreases slowly at the cooling stage, and temperature range also varies with
different kinds of PCM owing to the different heat transfer rates at the radiation and cooling stage.
For instance, the maximum temperature of 28.0 °C, 29.2 °C and 29.6 °C is achieved for the PCM of
32#, 38# and 42# respectively at the first radiation stage. In addition, the temperature of the 32# PCM
drastically increases at the second radiation stage. It is highly likely attributed to the fact that the
phase change process occurs when the temperature is lower than the phase transition temperature.
The open-circuit voltage of different types of PCM is demonstrated in Fig. 4 (b), which shows that
the open-circuit voltage of the 32# PCM is higher than that of other two PCM at the radiation stage.
The lower the PCM temperature, the larger the temperature difference between two surfaces of TEG
at the radiation stage is. Therefore, a higher open-circuit voltage can be obtained from a lower PCM
temperature. However, a lower PCM temperature at the cooling stage results in a decreased open-

circuit voltage owing to a decreased temperature difference between two surfaces of the TEG.
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Fig. 4. PCM temperature and open-circuit voltage versus different PCM.

The electrical energy generated by the TEG with different PCM is listed in Table 5. It is seen from
the table that an increase in the phase transition temperature of PCM results in a higher average TEG
temperature of two surfaces, which also attributes to the increased electrical energy generated by the
TEG under three different levels of radiation intensity. Interestingly, more electrical energy is
generated by the TEG when the average TEG temperature approaches the phase transition
temperature of PCM. Similar conclusions were drawn by Zhu et al. [43] that more electrical energy
output could be achieved when the average TEG temperature got closer to the phase transition
temperature of PCM. The main reason may be that an increased temperature difference across the
TEG leads to a greater power generation potential when the PCM performs a better energy storage
and discharge process at the corresponding temperature. However, the output electrical energy may
also be affected by the hot-side temperature in addition to the average temperature of two sides of the
TEG. It is expected that more electrical energy can be generated by the TEG with a higher hot-side
temperature, which can be explained by the temperature dependence of ZT [48], i.e. the higher the

operating temperature, the greater the value of ZT.
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The electrical energy decreases when the radiation-cooling cycle increases owing to the average
PCM temperature being increased gradually, which results in a decreased temperature difference
between two surfaces of the TEG. In addition, the increased radiation intensity can lead to a more
substantial increase in the electrical energy generation [49|. Therefore, choosing the PCM with
appropriate phase transition temperature is critical for improving the electrical energy output as the
TEG mean temperature changes with different radiation intensities.

Table 5. Electrical energy output of the TEG under various radiation intensities.

Radiation First cycle Second cycle
Total electrical
intensity PCM TEG mean Electrical TEG mean Electrical
energy (J)

(W/m?) temperature (°C) energy (J) temperature (°C) energy (J)
32# 28.6 2.42 31.2 1.82 4.24
615 38# 28.7 1.79 30.7 1.23 3.02
42# 29.0 1.51 31.5 1.11 2.62
32# 31.6 4.99 35.9 3.94 8.93
990 38# 31.2 3.60 33.9 3.02 6.62
42# 30.5 2.77 32.8 2.38 5.15
32# 35.7 10.19 41.7 7.43 17.62
1330 38# 33.9 7.65 37.4 6.11 13.76
42# 333 6.26 36.1 5.32 11.58

3.1.2. Thickness of the PCM layer
The impact of different thicknesses of the PCM layer in the range of 0.01 m and 0.03 m on the
performance of the TEG module coupled with the PCM was investigated. The temperature of the

PCM in the middle of the container (T3) under two radiation intensities of 990 W/m? and 1330 W/m?
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is shown in Fig. 5. It indicates that an increase in the PCM layer thickness reduces the temperature
variation range. For instance, the temperature at the first radiation stage increases from about 20.7 °C
to 27 °C, 31.1°C and 34.1 °C for the thicknesses of 0.03 m, 0.02 m and 0.01 m respectively under the
radiation intensity of 990 W/m?, as shown in Fig. 5 (a). This is attributed to the fact that the heat
storage capacity of the PCM increases when the thickness of the PCM layer increases. In addition,
the temperature of the PCM at the first natural-cooling stage reduces from 27 °C, 31.1 °C, 34.1°C to
25.4 °C, 28.1 °C, 28.7 °C when the thicknesses of the PCM layer is 0.03 m, 0.02 m and 0.01 m,
thereby giving a temperature decrease of 1.6 °C, 3.0 °C, 5.4 °C respectively. At the second radiation
and natural-cooling stages, both the maximum and minimum temperature of the PCM increases
compared with that at the first cycle. The main reason for this phenomenon is due to the fact that the
initial PCM temperature at the second cycle is increased because the heat dissipation at the natural-
cooling stage is less than the heat gain at the radiation stage. As more heat is absorbed from the lamp
with a larger radiation intensity, the variation range of the PCM temperature is therefore increased,

as illustrated by Fig. 5 (b).
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Fig. 5. Temperature of PCM versus different layer thickness.

The open-circuit voltage of the TEG with different PCM layer thickness under radiation intensities
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of 990 W/m? and 1330 W/m? is illustrated in Fig. 6, which shows that the open-circuit voltage
increases when the PCM layer thickness increases, and the radiation intensity also has a significant
impact on the increase of open-circuit voltage. For instance, the average open-circuit voltage at the
heating stage is increased from 0.188 V, 0.174 V and 0.138 V (990 W/m?) to 0.388 V, 0.343 V and
0.285 V (1330 W/m?) when the PCM layer thickness is 0.03 m, 0.02 m and 0.01 m respectively. This
is because a larger thickness gives the PCM a higher heat capacity, thereby enabling it to absorb a
greater amount of thermal energy without an apparent temperature increase, as shown in Fig. 5.
Therefore, the smaller the PCM layer thickness, the lower the open-circuit voltage at radiation stage
is. A decrease in the PCM layer thickness results in a higher open-circuit voltage at the cooling stage.
This can be explained by the fact that a smaller PCM layer thickness results in a higher temperature
rise which consequently contributes to a decreased temperature difference between TEG and PCM
[50]. As indicated by Fig. 6, the average open-circuit voltage is increased from 0.025 V, 0.039 V and
0.044 V at the first natural-cooling stage to 0.060 V, 0.072 V and 0.101 V at the second natural-cooling
stage respectively when the PCM layer thickness is 0.03 m, 0.02 m and 0.01 m (990W/m?),
respectively. A higher PCM temperature however enhances the open-circuit voltage at natural-cooling
stage. In addition, an increased dropping rate of the open-circuit voltage is also observed when the

PCM layer thickness decreases.
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Fig. 6. Open-circuit voltage of TEG versus different PCM layer thickness.

Based on the open-circuit voltage presented in Fig. 6, the total electrical energy generated by the
TEG with different PCM layer thickness is listed in Table 6, which shows that both the PCM layer
thickness and radiation intensity have a drastic impact on the total electrical energy. The total
electrical energy increases from 5.17 J to 7.73 J and 8.61 J when the PCM layer thickness increases
from 0.01 m to 0.02 m and 0.03 m under the radiation intensity of 990 W/m?. Meanwhile, the increase
of the radiation intensity from 990 W/m? to 1330 W/m? has also pushed the total electrical energy to
rise by at least 400%. It is expected that the decrease in the PCM layer thickness does not significantly
impact the total electrical energy under a lower radiation intensity such as 990 W/m?. However, the
total electrical energy would be apparently affected by the PCM layer thickness under a higher
radiation intensity such as 1330 W/m?. Therefore, it is suggested that the PCM layer thickness should

be properly determined according to the radiation intensity or temperature range in the actual working

environment.
Table 6 Electrical energy output under different PCM layer thickness.
Thickness of PCM Electrical energy -990W/m? Electrical energy-1330W/m?
(m) Q) Q)
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0.03 8.61 38.12

0.02 7.73 30.05

0.01 5.17 20.80

3.1.3. Thermal conductivity

Due to the lower thermal conductivity of paraffin ranged between 0.1 W/(m-K) and 0.7 W/(m-K),
a series of measures including adding graphite [51, 52|, metal nano-particles [53] and fins [54, 55]
can be taken to improve the thermophysical properties of PCM. The expanded graphite is mixed with
the 38# paraftin to improve its thermal property in this study. The detailed thermophysical parameters
of the 38# paraffin improved by adding different mass ratio of expanded graphite are listed in Table
7, which shows that the thermal conductivity increases from the original value of 0.2838 W/(m-K) to
1.1940 W/(m-K) when the mass ratio of expanded graphite increases from zero to 4%. However, DSC
results show that the expanded graphite has a negative impact on the phase-change enthalpy of
paraffin, which may be caused by the decreased ratio of the PCM in the total expanded graphite-
paraffin composite materials.

Table 7 Thermal properties of the 38# paraffin with different mass ratio of graphite.

Mass ratio of expanded Thermal conductivity Phase change temperature Enthalpy
graphite (W/(m-K)) (°C) (kJ/kg)

0 0.2838 28.3-51.9 116.2

1% 0.3681 27.5-51.0 113.27

2% 0.5955 27.3-50.1 104.77

3% 0.8379 25.5-48.2 101.76

4% 1.1940 26.4-51.1 101.21

As shown in Fig. 7, the PCM temperature and open-circuit voltage with different mass ratio of
17



expanded graphite is investigated under a PCM layer thickness of 0.03 m and a radiation intensity of
990 W/m?. As can be seen from Fig. 7 (a), an increase in the mass ratio of expanded graphite leads to
a noticeable increase in the PCM temperature. For instance, the PCM temperature is increased by 8.2
°C, 8.4 °C, 8.4 °C and 9.2 °C when the mass ratio of expanded graphite is 1%, 2%, 3% and 4%
respectively, whereas the temperature rise is only 6.7 °C for the original paraftin without any graphite.
This is mainly because the addition of expanded graphite enhances the thermal conductivity and
decreases the phase-transition enthalpy of the PCM, thereby allowing more heat to be conducted and

stored by the PCM and resulting in a higher temperature rise.
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Fig. 7. PCM Temperature and open-circuit voltage under different mass ratio of graphite (990W/m?).

The open-circuit voltage with different mass ratio of expanded graphite is presented in Fig. 7 (b).
The results herein reveal the open-circuit voltage increases firstly and then decreases as the mass ratio
of expanded graphite increases from 1% to 4%. In details, the achieved maximum open-circuit
voltage at the first radiation and natural-cooling stage are 0.175 V and 0.043 V respectively when the
mass ratio of expanded graphite is 1%. When the mass ratio of expanded graphite is larger than 1%,
it is observed the open-circuit voltage does not strongly depend on the mass ratio of graphite. For

instance, the mean open-circuit voltage ranges from 0.166 V to 0.166 V and 0.167 V at the first
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radiation stage, and also ranges from 0.043 V to0 0.032 V and 0.035 V at the first natural-cooling stage
when the mass ratio of graphite increases from 2% to 3%, 4% respectively. The coupled effects of the
enhanced thermal conductivity and the decreased phase-transition enthalpy by mixing the PCM with
different mass ratio of expanded graphite may contribute to this phenomenon.

The total electrical energy generated by the TEG with different mass ratios of expanded graphite
is listed in Table 8, which shows that the electrical energy increases firstly and then decreases slightly
when the mass ratio of expanded graphite increases. In details, the achieved maximum electrical
energy is 8.62 J when the mass ratio of expanded graphite is 1%. When the mass ratio of expanded
graphite is larger than 1%, the total electrical energy decreases slightly, which agrees with the findings
in a previous literature [43].

Table 8 Electrical energy of TEG versus different expanded graphite.

Mass ratio of graphite (%) 0 1 2 3 4

Electrical energy (J) 6.01 8.62 7.80 7.55 7.73

3.2. Effects of heat transfer enhancement
3.2.1. Absorption coefficient

The absorptivity of the ceramic surface of TEG was lower than 0.5, which means that more than
50% of total radiation energy is reflected to the surrounding environment. In order to improve the
absorption ratio, the TEG surface was coated with carbon and the absorption coefficient was increased
from 0.5 to 0.9. The impact of surface coating on PCM temperature and open-circuit voltage under
radiation intensity of 990 W/m? and 1330 W/m? is illustrated in Fig. 8. The increase of the PCM
temperature at the radiation stage and temperature drop at natural cooling stage for the coated surface
are observed to be larger than those of the original case, and the temperature range also increases

when the radiation intensity increases, as shown in Fig. 8 (a). For instance, the PCM temperature is
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increased from 18.6 °C to 30.7 °C for the coated surface under a radiation intensity of 990 W/m?,
whereas the temperature increases from 18.8 °C to 27.7 °C for the untreated surface at the first
radiation cycle. At the second natural cooling stage, the PCM temperature decreases from 44.3 °C to
36.3 °C for the coated surface under a radiation intensity of 1330 W/m?, in comparison to the finding
that the temperature decreases from 36.2 °C to 32.1 °C for the original one. This is mainly attributed
to the increased absorption coefficient achieved by the surface treatment which leads to a higher PCM
temperature change. In addition, the increase of the PCM temperature at the radiation stage and
temperature drop at the natural-cooling stage gradually deceases and increases respectively during
the radiation cycles. This impact on the temperature variations may have been caused by the lower

heat dissipation and higher heat gains, which consequently leads to a slight increase in the PCM

temperature.
700
45 (990 W/m? —2— Coated —— Original { 990 W/m% —~— Coated —— Original
1330 W/m? —— Coated —©— Original 600 1330 W/m? —o— Coated —O— Original

N
o
1

500
400

300

w
o
1

2004 &

N
al
1

Temperature of PCM (°C)

1004

Open circuit voltage (x1072 V)

[}
o
1

15 41— T

0 60 150 léO 240 0 60 léO 180 240
Time (x60 s) Time (x60 s)
(a) Temperature of PCM (b) Open-circuit voltage

Fig. 8. PCM temperature and open circuit voltage versus different surface treatments.
The open-circuit voltage with/without surface treatment under different radiation intensities is
illustrated in Fig. 8 (b), which shows the open-circuit considerably increases when the TEG surface
is coated. For instance, the average open-circuit voltage of the coated surface at the radiation and

cooling stage is 0.297 V and 0.033 V, compared with 0.153 V and 0.025 V respectively for the original
20



surface. In addition, the enhancement in the electrical power output achieved by using the coating
treatment is more obvious under a higher radiation intensity. The average open-circuit voltage under
a radiation intensity of 1330 W/m? increases from 0.262 V for the original surface to 0.590 V for the
coated surface at the first radiation stage with an increase rate of 126%; whereas the increase rate of
the open-circuit voltage under 990 W/m? is 89% when the original surface is coated. With a higher
radiation intensity, more heat is absorbed by the TEG surface and this increased heat absorption
results in a high operating temperature and increased temperature difference between two sides of the
TEG, thereby generating more electrical energy. Similarly, the open-circuit voltage of the coated
surface at the cooling stage is also observed to be larger than that of the original surface. This is
because the coated surface has a higher absorption coefficient, which is consistent with a surface that
has a larger emissivity according to the Kirchhoff's law [56]. However, the open-circuit voltage at the
cooling stage is considerably lower than that at the radiation stage owing to the smaller heat transfer
rate at the natural cooling stage.

The electrical energy generated by the TEG with the coated and original surfaces under radiation
intensities of 990 W/m? and 1330 W/m? is listed in Table 9. It suggests that more electrical energy
can be generated by the TEG with the coated surface. When the TEG surface is coated, the electrical
energy increases from 6.16 J to 23.16 J under a radiation intensity of 990 W/m?, showing that the
electrical energy generated by the TEG with the coated surface is 3.75 times higher than that of the
original TEG. A larger increase rate of the electrical energy output is observed when the radiation
intensity increases. For instance, the electrical energy increases from 15.91 J to 84.73 J under a
radiation intensity of 1330 W/m? when the TEG surface is coated, thereby enhancing the electrical
energy output by 5.33 times in comparison to the electrical energy generated by the original TEG.

The TEG surface should therefore be coated with materials with a high absorption coefficient
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especially when the radiation intensity is high.

Table 9 Electrical energy of TEG under different surface treatments.

Surface treatment Electrical energy - 990W/m? (J) Electrical energy - 1330W/m? (J)
Coated 23.16 84.73
Original 6.17 15.91

3.2.2. Convection coefficient

To increase the electrical energy generated by TEG, the convection heat transfer between the TEG
surface and the surrounding environment should be weakened at the radiation stage and enhanced as
much as possible at the cooling stage. This section presents the investigation of the effect of improved
convection heat transfer on the open-circuit voltage and electrical energy using two controlled trials,
in which a fan with a wind speed of 3 m/s was used to blow the TEG surface just at the cooling stage
for one case and natural cooling was used in the other case. Fig. 9 demonstrates the influence of
convection conditions on the PCM temperature and open-circuit voltage under radiation intensities
of 990 W/m? and 1330 W/m?. As can be seen from Fig. 9 (a), the forced convection results in an
increased convection coefficient which in turn leads to a large decrease in the PCM temperature at
the cooling stage. For instance, the PCM temperature reduces by 6.11 °C for the forced convection
case in comparison to 3.64 °C for the natural cooling case at the first cooling stage. This is mainly
because of the higher heat dissipation caused by the forced convection at the cooling stage. It is also
observed that the PCM temperature difference between forced convection and natural convection
decreases when the radiation intensity increases. The reason lies in the fact that the heat dissipation
by forced convection is much lower than heat gain through thermal radiation, which contributes to
the decreased effect of forced convection on the PCM temperature when the radiation intensity

increases. For instance, the heat gain of the TEG is about 891 W/m? when the absorption of the coated
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surface is 0.9 with a radiation intensity of 990 W/m?. However, the mean heat dissipation at the second
cooling cycle is 173 W/m? and 58 W/m? when the wind speed is 3 m/s and 0 m/s, respectively. It is

seen that the heat gain at the radiation cycle is much larger than the heat dissipation at the cooling

cycle.
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Fig. 9. PCM temperature and open circuit voltage versus different convection conditions.

Fig. 9 (b) illustrates the variation of the open-circuit voltage with different convection conditions.
It is clear that the open-circuit voltage with forced convection at the cooling stage is higher than that
with natural cooling, which is also consistent with the results of a previous literature [4 1 |. For instance,
the average open-circuit voltage of forced convection at the cooling stage is 0.097 V compared with
0.041 V for the natural cooling case. It is considered that the convective heat transfer can be improved
by forced convection which leads to a lower surface temperature of the TEG and a greater temperature
difference across the TEG. The open-circuit voltage at the second cooling stage is observed to be
higher than that at the first cooling stage. This may be caused by the steadily increased PCM
temperature which results in a larger temperature difference between the hot and cold side of the TEG.

The total electrical energy generated by the TEG with different convection conditions is listed in

Table 10. Although forced convection can improve heat transfer and result in a higher open-circuit
23



voltage at the cooling stage, the total electrical energy with forced convection is not so obviously
increased as originally expected compared with the natural convection case. The reason for that is
because the temperature of PCM is not high enough to maintain a high temperature difference across
the TEG at the cooling stage. The mean temperature difference at the first and second cooling cycle
is 2.4 °C, 3.3 °C (forced convection case) and 0.9 °C, 1.3 °C (natural convection case), respectively.
Meantime, the mean temperature difference at the first and second radiation stage is 8.1 °C, 7.4 °C
(forced convection case) and 9.0 °C, 7.1 °C (natural convection case), respectively. As can also be
seen from Fig. 9 (b) that the open-circuit voltage at the cooling stage is much smaller than that at the
radiation stage. Although the temperature difference of the forced convection case is larger than that
of the natural cooling case, the generated electrical energy at the cooling stage is much lower than
that at the radiation stage. For instance, the total electrical energy at the cooling stage and the radiation
stage 1s 5.94 J and 106.48 J respectively for the natural convection case when the radiation intensity
is 1330 W/m?. The electrical energy generated at the cooling stage under forced convection condition
only accounts for about 5.28% of the total electrical energy generated by the TEG. Therefore,
although the forced convection enhanced the electrical energy output at the cooling stage, the increase
is trivial in comparison to the total electrical energy output.

Table 10 Electrical energy output under different convection conditions.

Convection conditions Electrical energy -990W/m? (J) Electrical energy -1330W/m? (J)
Forced 24.12 119.31
Natural 22.72 112.42

4. Conclusions
An experimental investigation on the performance improvement of thermoelectric generators based

on phase change materials and heat transfer enhancement is presented in this study. The main findings
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are as follows:

1)

(2)

(3)

(4)

The temperature of PCM increases at the radiation stage and decreases slowly at the cooling stage.
The lower PCM temperature results in a larger temperature difference between two surfaces of
the TEG at the radiation stage, which leads to a higher open-circuit voltage. More electrical

energy can be generated when the average TEG temperature approaches the phase transition

temperature of PCM. Therefore, a suitable PCM should be selected according to the temperature

of hot source to improve the generated electrical energy.

An increase in the PCM layer thickness results in a decreased temperature variation range. The

open-circuit voltage increases when the PCM layer thickness increases at the radiation stage and

the increase of radiation intensity can contribute to a significant enhancement in the electrical

energy output. The PCM layer thickness should be properly determined according to the radiation

intensity or temperature range in the actual working environment as the PCM layer thickness has

different impacts on the electrical energy output under different radiation intensities.

The thermal conductivity of the applied PCM increases from 0.2838 W/(m-K) to 1.1940 W/(m-K)
when the mass ratio of expanded graphite increases from zero to 4%. An increase in the PCM

temperature is resulted from the increased mass ratio of expanded graphite. The open-circuit

voltage and electrical energy increase firstly and then decrease as the mass ratio of expanded

graphite increases from zero to 4%, with the optimal mass ratio of 1%.

The range of the PCM temperature increases when the TEG surface is coated. In addition, the

increase in radiation intensity also contributes to the increase in the temperature ranges. The

open-circuit considerably increases when the TEG surface is coated, and more electrical energy

is generated by the TEG owing to the increased absorption resulted from the surface treatment.

The TEG surface is therefore suggested to be coated by materials with high absorption coefficient
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to improve the thermoelectric performance.

(5) Forced convection results in an increased convection coefficient and a large decrease in the PCM
temperature at the cooling stage. The open-circuit voltage under forced condition at the cooling
stage is higher than that under natural cooling. However, the total electrical energy with forced
convection is not so obviously increased as expected compared with that under natural
convection case.

As a lab-based experimental investigation, this study evaluates how this new PCM-based TEG
system concept can utilize the ambient and solar energy, in order to provide technical guidance on
how to achieve the optimal system performance. This system concept presents a great potential of
supplying electrical energy to devices/facilities in places where there is a poor accessibility to the
electricity. However, the practicality and economic viability of such system needs field assessment to
identify its suitable application areas.
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