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Abstract: Phase change material (PCM) is an effective thermal management method to improve the
thermoelectric conversion performance of a system. PCM can not only absorb excessive thermal
energy at high temperature to protect the thermoelectric module (TEM) and increase the maximum
available temperature range, but also compensate for intermittent energy to extend the working time
of the TEM. In the paper, the transient performance is improved by adding PCM to a traditional
thermoelectric generator (TEG) system. Due to the low thermal conductivity of PCM, metal fins are
used to improve the thermal conductivity of PCM. To achieve maximum efficiency of the TEG system,
the Taguchi method is employed. Four factors are heat source thermal power, PCM type, height of
the PCM box, and filling ratio of the PCM, respectively. The results show that heat source thermal
power has the greatest effect, and PCM has the least effect on the conversion efficiency of the TEG
system. Conversion efficiency from thermal to electricity is about 1.472% during 2300 s of the heating
and cooling stages.

Keywords: Taguchi method; multiphysics numerical model; phase change material; mesh metal
structure

1. Introduction

Due to the global energy crisis and impact of fossil fuels on the environment, it is very
important to explore clean energy and reduce environmental pollution [1]. Among the
developing methods of renewable energy, TEG has attracted great attention, which can
convert thermal directly into electricity. TEG has advantages in operation, such as no noise,
no media leakage, small size, light weight, no emissions, and long service life. Therefore,
the TEG has great potential for heat recovery with a wide range of applications, such as
the space station, automobile, industrial waste heat, plant, unwatched sensors, etc. [2,3].
Conversion efficiency from thermal to electricity is about 5-7%, which makes it difficult to
apply widely. So, how to improve the conversion efficiency has become a core issue. In
a review paper written by Yan [4], the ways to improve efficiency mainly focus on three
aspects: (1) Improving thermoelectric figure of merit (ZT) in materials. (2) Optimizing
thermoelectric module. (3) Improving the thermal management of TEG system.

A large number of traditional and emerging thermoelectric materials are developed,
such as ceramic [5-7], semiconductor [8], and polymers [9]. Peter [10] reviewed the cur-
rent status and future challenges of thermoelectric material, noting the wide variety of
materials and approaches offering many avenues for new material combinations. Lee
et al. [11] synthesized the gold nanoparticles-Bi, Te3 nanocomposite by chemical solution-
based bottom-up method improved the ZT up to 0.95. Research discovered Zn,Sbs as a
thermoelectric material with high ZT = 1.3 [12]. Now, most thermoelectric materials have
ZT value ranging from 1 to 1.6, and an optimistic ZT > 4 would be found in theory [13].
However, it is very difficult to improve the ZT value of thermoelectric materials, because
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Seebeck coefficient, thermal conductivity, and electrical conductivity are independent of
each other [14].

Due to limitations in terms of the performance of thermoelectric materials, a lot of
studies have focused on the design and optimization of TEM to improve thermoelectric
performance at a certain extent. Kuo et al. [15] designed an annular thermoelectric module
(ATEM). The result showed that the open circuit voltage of the ATEM is 17% greater than
conventional square-shaped thermoelectric module (STEM). In the literature, researchers
have also been carried out to investigate the effect of these parameters, such as the number
of thermoelectric (TE) units, and the vertical length of the TE units [16]. Luo et al. [17,18]
analyzed the geometry of TEM and obtained the optimum geometry of TEM. It is found
that TEM exhibits a higher output power when TEM contains a great number of TE units.
The influences of height, cross-sectional area, number of TE units and ceramic plate are
investigated to guide the design and parametric optimization of TEM. Wang et al. [19]
proved that the output performance occurs peak value with variation in the vertical length
of the TE units, and the peak value decreases when the thermal conductivity of the TE units
increases.

The thermal management of TEG system determines its performance when TEM has
been designed and manufactured. Therefore, some studies improve the power generation
by optimizing multiple TEMs and heat exchanger. Kuo et al. [15] proposed a novel con-
centric cylindrical thermoelectric generator, the results indicated that the novel structure
can improve the space utilization of automotive. Liu et al. [20] experimentally investigated
a similar structure of the disc sandwich to analyze the thermoelectric conversion perfor-
mance and temperature characteristics. To improve the output performance of the TEG
system, some researchers have proposed a novel prototype for two-stage thermoelectric
generator [21,22]. Some studies have tried to maximize the output power by optimizing the
heat exchanger on the hot side of TEG system, such as heat exchanger containing fin [23,24],
heat pipe [25,26], and PCM [27-29]. Li et al. [30] improved the heat supply by integrating
the heat pipe. Their analysis shows that it is an effective way to increase the total power
by enhancing the temperature at the hot side of TEM. Rezania et al. [31] investigated to
maximize the output power by applying a micro plat-fin heat exchanger. Luo et al. [32]
proposed a converging heat exchanger to improve the heat transfer performance. Their
results indicate that the TEG system generates a higher output performance and a more
uniform temperature distribution than the conventional structure. Phase change material
is usually required to absorb excess thermal energy and compensate for fluctuation and
intermittent energy [33,34], which is an attractive option in waste heat recovery to resolve
the thermal management of the TEG system. Researchers investigated experimentally the
effect of PCM on the system by controlling the hot side temperature of TEM, the results
showed that PCM not only extended the generation time after removing the external heat
source, but also protected TEM at high temperature [35,36]. However, PCM has the dis-
advantage of low thermal conductivity, which limits the application of PCM. Therefore,
adding materials with high thermal conductivity to PCM and increasing the heat transfer
area can enhance heat transfer performance, such as graphite, nanoparticles with high
thermal conductivity, metals fins, metal foam, metal powder, etc.

There are plenty of studies have focused on ways to improve the thermal conductivity
of PCM. A form-stable composite PCM with expand graphite can improve thermal con-
ductivity, which makes PCM plays a better buffering effect and reduce fluctuation of TEG
performance [29,37]. Bedssem et al. [38] investigated a TEG system containing a PCM-based
finned heat sink, which can improve the effectiveness of cooling system. Sohif et al. [39]
carried out the melting process in a triplex-tube heat exchanger with PCM. Their results
show that the heat transfer between the PCM and fluid is enhanced by internal-external fins.
Nakhchi et al. [40] analyzed the vertically heated PCM with fins by numerical simulations,
including upward and downward steeped fins. The results showed that the novel fins
enable improve PCM melting rate compared to conventional horizontal fins. The latent
heat of PCM depends on its mass. Adding PCM can increase the thermal resistance of
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TEG system, which will weaken the power generation capacity of the TEG system. So, it
is particularly important to balance the quality of PCM and materials with high thermal
conductivity. There are many ways to optimize PCM. Among them, Taguchi method is one
of the optimization techniques, which mainly analyzes the effect of factors and obtains the
best combination conditions. Rezania et al. [41] proposed Taguchi method to analyze five
critical parameters effective on the system, and achieve the maximum thermal to electrical
conversion efficiency of TEG with PCM, finally.

In this paper, the work intended to analyze and optimize the output performance
of TEG system. At firstly, a steady fluid-thermal-electric Multiphysics is established to
analyze the output performance of the TEG system with the load resistance and select
the optimal resistance. Secondly, a transient numerical model with PCM is established to
simulate the thermoelectric coupling behavior of the system. Considering the safe operating
temperature of TEM and low thermal conductivity of PCM, there are several parameters
involved in this study, such as heat source thermal power, PCM type, height of the PCM
box, and the filling ratio (Vpcm/ Vipox) introduced, representing the ratio of the volume
of the PCM to the PCM box. Finally, Taguchi method is employed to achieve maximum
efficiency in the TEG system, and the optimal values of the control factors are selected.
Since there is a safe operating temperature for the TEM, the work considers different heat
sources to analyze the influence on the TEG system. In this study, some conclusions and
optimization method provide theoretical guidance for PCM-TEG fields in the future.

2. Thermoelectric Theory and Model
2.1. Thermoelectric Theory

The thermal energy of TEG system is provided by heaters and through an energy
storage system, TEM, and heat sink. Figure 1 depicts the heat transfer process of the TEG
system, in which Q; and Q, represent the thermal released by the heater and absorbed
by the heat sink, respectively. Qy, and Q. represent the thermal absorbed and released of
two sides of TEM, respectively. T}, and T, are the temperature of the hot and cold sides
of TEM. Rgink, RTeMm, and Regs are the thermal resistances of the heat sink, thermoelectric
module, and energy storage system. In the process of heat transfer, one part of the thermal
is converted into electricity and the other part is transferred to the cold source. According
to the TEG system, one can obtain differential equations regarding P, n1pm, and #TpGs,
which are used to evaluate the thermoelectric conversion performance of the TEG system.

Figure 1. Thermal resistance model of the TEG system.
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Seebeck coefficient & and internal electrical resistance Rj, of TEM can be calculated by
Equations (1) and (2) as follows.

a=n(ap— an) 1)
(PN pr
Rm_ n(ANdN + APdP) (2)

where ap and ay represent the Seebeck coefficients of P-type and N-type TE units, respec-
tively; n is the number of TE units; pp and py are the electrical resistivities; Ap and Ay are
the cross-sectional areas; dp and dy; are the heights.

E=ua(T, —T) (©)

E is the open-circuit voltage of the TEM.
The loop current and output power of the TEG system are expressed as

__E _a(T-T) @
2 2
P :ch (Ty, — T¢) Ry = m .[xz (T, — To) 5)
(R, +R.)’ 17 Rn

where Ry is the load resistance; m is calculated as the Ry /Rin, where T, and T¢. represent
the hot side and cold side temperature of the TEM, respectively. when m = 1, output power
can reach a maximum value.

Therefore, 17 of TEM and TEG system are defined as Equations (6) and (7).

_ i _ Qh — Qc
NTEM = o o (6)
P
TITEGS = @ (7)

According to the above analysis, the load resistance, hot side temperature of TEM,
inlet temperature, and velocity of fluid will affect the thermoelectric performance of the
system, but the hot side temperature has the greatest impact on the system. The higher the
Ty, value is, the better the system performance will be. In order to maintain the hot side
temperature of TEM, a large heat transfer performance is required from source Q to Qj,. In
the system, the thermal conductivity of PCM is low. Therefore, the energy storage system
needs to be optimized to improve the heat transfer performance.

2.2. Heat Recovery System
2.2.1. Physical Model

The geometry of the TEG system is shown in Figure 2. TEG system consists of
TEM, heat sink and energy storage system. The TEM is between the cooling device
and the energy storage system, which depends on the temperature difference to convert
heat into electricity, Figure 2a depicts the overall structure of TEG system. TEM is core
component in the system, as shown in Figure 2b, which consists of 2 ceramic plates,
128 pairs of BiyTez-based P-type and N-type TE units, and 256 conductive coppers. The
sizes of ceramic plates, thermoelectric units and copper are 40 mm X 40 (44) mm X 0.8 mm,
14mm x 1.4mm x 1 mm, 3.8 mm X 1.4 mm x 0.35 mm. To realize the load resistance
connected to the TEM by adjusting the electric resistivity of 0.5 mm x 0.5 mm x 35.5 mm
geometry (colored in peach) [3,17]. The fluid channel is snake shaped and 7 mm in diameter,
as shown in Figure 2¢, which can dissipate the thermal energy of the cold side and maintain
the temperature consistency of the TEM. Here, the energy storage system consists of PCM
and aluminum box with high thermal conductivity, which can absorb excess thermal energy
to protect TEM at a safe operating temperature and release thermal energy to enhance the
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output performance of TEG system after removing the heat source. The aluminum box is
shown in Figure 2d.

Figure 2. Diagram of the TEG system. (a) TEG system with phase change material. (b). Structure of
thermoelectric module. (c) Snake tube. (d) Energy storage system.

In this work, the metal fin is added to the PCM box to improve the heat transfer
performance of TEG system, which can increase the temperature of the hot side of TEM
and make the temperature more uniform inside the PCM. However, the more metal fins
are filled, the less PCM is required, so the energy storage capacity decrease of the TEG
system. In order to solve this contradiction, temperature uniformity should be improved
without affecting the energy storage capacity of system as much as possible. Considering
the length, width, and height of metal fin, the filling ratio (Vpcym/ Viox) is introduced as
the object to optimize the energy storage structure. A diagram of different filling ratios is

shown in Figure 3.

(a) 50% (b) 65% (c) 80% (d) 100%

Figure 3. The diagram of different filling ratio.

2.2.2. Governing Equations

The governing equations of the transient fluid-thermal-electric Multiphysics coupling
field include the fluid and solid regions. As a cooling medium, water has a large specific
heat capacity, which can promote the heat transfer of the system, and be regarded as
incompressible because the Mach number is less than 0.1. In the study, the k-¢ model is
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used to simulate the TEG system. Continuity equation, momentum equation, and energy
equation in the numerical model can be expressed by Equations (8)—(10):

v x (p)=0 ®)

d T
= (p9) +V x (p77)= —Vp+ V x [((VF+V T )] )
pc%f +pcv = x VT =V x (AVT) (10)

where p, ¢, 5}, u, ¢, T, and A represent the density, time, fluid velocity vector, dynamic
viscosity, specific heat capacity, temperature, and thermal conductivity, respectively.
In the electric field, conservation equations are expressed by Equations (11)—(13):

E=-Vo+apn(T)VT (11)
] = 0wk (12)
Vx] =0 (13)

— —
where E, &, up,N(T)VT, om, and | represent the electric field vector, electric potential,
Seebeck voltage, electric conductivity of the P-type, N-type units and copper, and current
density vector.

2.2.3. Boundary Conditions

In this work, Multiphysics coupling field numerical model was established with PCM,
including fluid, thermal and electric fields. The boundary conditions of the TEG system are
set as shown in Figure 4, which consists of CFD boundary conditions and voltage boundary
condition. As for the CFD boundary conditions, the inlet, outlet of the fluid are velocity and
pressure boundary, respectively. The pressure boundary is set as a standard atmospheric
pressure due to the outlet connected with the external environment. The bottom of the
energy storage system of TEG is defined as heat source boundary. For the electric field, the
contact surface between the load resistance and TEM is set to ground boundary condition,
and the electric potential is equal to 0 V.

Figure 4. Boundary conditions of the simplified TEG system. A: inlet boundary of cooling water.
B: outlet boundary of cooling water. C: grounded boundary. D: hot source boundary of TEG system.
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2.2.4. Taguchi Method

Taguchi method is a statistical approach, consisting of factors and levels, to analyze
the results and select the best combination conditions by an orthogonal array. The orthog-
onal array has the advantages of uniformly dispersed, neatly comparable and reliably
representative for experimental schemes. And the parameter signal-to-noise (S/N) ratio
is introduced to analyze the data. There are three types of criteria, namely the lower the
better (LB), the nominal the better (NB), and the higher better (HB), which has been widely
used in science and engineering to compare the level of a desired signal to the level of
the background noise [42,43]. In general, the larger the S/N ratio is, the more consistent
the result is. So, the optimal parameters can be obtained from the profiles of the S/N
ratio. To improve the thermal to electrical conversion performance of the TEG system with
integrating phase change materials, the HB criteria is adopted, finally. The S/N ratio in
terms of efficiency is defined by Equations (14) and (15):

S 1
N W%EGS
_ Etggs
Tracs = Eheater (15)

where #1pgs represents the value of thermal to electrical conversion efficiency of TEG
system.

3. Results and Discussion
3.1. Performance of TEG System without PCM

Theoretically, the maximum output power occurs when the load resistance is equal to
the internal resistance of TEM. Therefore, it is important to determine the matching load re-
sistance. Under fixed conditions: inlet temperature of fluid = 25 °C, inlet velocity = 0.5 m/s,
Ry, = 0.5 (~10 Q), the hot temperature of TEM = 140 °C, thermoelectric conversion perfor-
mance of TEG system is analyzed with changing load resistance under steady-state.

In the 3D simulation, the results are related to the quality of the grid, and the appro-
priate grid model can be determined by comparing and analyzing the calculation results
under multiple grids. The model was divided into five categories: coarse, conventional,
refined, more refined, and super refined by physical field automation. The number of grids
were 157,432, 304,660, 771,632, 2,574,923, and 301,842,285. The results show that with the
increase of the number of grids, the output performance of the TEG system improves and
gradually becomes stable. Considering the simulation time and accuracy comprehensively,
grid III is selected, and the number of grids is 771,632.

3.1.1. Thermoelectric Performance Curves

Under steady-state condition, output voltage, current, and power of the TEG system
are shown in Figure 5. With the increase of load resistance, the output voltage gradually
increases, the current gradually decreases, and the power has a better value. The maximum
output power is achieved when the load resistance is approximately 4 ). Therefore, the
load resistance = 4 () is selected to study the thermoelectric performance with PCM under
transient-state.

3.1.2. Physical Field Distribution

Figure 6 shows the physical filed distribution of TEG system under optimal load
resistance. Figure 6a exhibits the temperature distribution of the system. The temperature
of the heat sink is very close to the cooling water, because cooling water has a large
specific heat capacity. The temperature difference between the two sides of TEM leads
to the obvious temperature gradient in the TE units. The main reason is that the thermal
conductivity of the TE units is low. Figure 6b shows the voltage distribution of the TEM.
The hole in P-type TE units and electrons in N-type TE units move from the hot side to
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the cold side due to the temperature gradient, which generates voltage under the Seebeck
effect. So, the voltage only exists in the circuit of the TE units, the conductive copper, and
the load resistance. The current density distribution of the TEM is shown in Figure 6¢c. Here,
128 pairs of the TE units are connected in series, and the current in the loop is basically
unchanged. However, the difference between the cross-sectional area of the TE units and
the conductive copper leads to the different current density distribution. Because the
coppers have higher electric conductivity and low cross-sectional area, the absolute value
of the current density is the highest.

Figure 5. Electrical characteristics under 140 °C.

Figure 6. Numerical results of the TEG system. (a) Temperature distribution. (b) Voltage distribution.
(c) Current distribution.

3.2. Operating Conditions and Simulations by Integrating PCM

In this analysis, four factors, namely heat source thermal power, PCM type, filling ratio
of the PCM, and height of the PCM box, are considered. Each parameter has four different
levels, which are listed in Table 1. Table 2 shows properties of the PCM. For the simulation,
the heat source thermal power is imposed to the bottom of energy storage system for 1500 s.
Firstly, the effect of PCM on thermoelectric performance and the response of four factors
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are analyzed during heating and cooling processes by #1pgs. Finally, the optimal run is
selected to improve the thermoelectric performance of the TEG system. The temperature
and electrical properties of the system are output every 2 s.

Table 1. Factors, control parameters, and the levels.

Factor A B C D
Control Parameter =~ Heat Source Thermal Power (W) PCM Type Filling Ratio of the PCM (%)  Height of the PCM Box (mm)
Level 1 50 PCM65 50% 10
Level 2 100 PCM164 65% 20
Level 3 150 PCM185 80% 30
Level 4 200 PCM220 100% 40
Table 2. Properties of the PCMs [33,41].
PCM Name Density Latent Heat Capacity Specific Heat Capacity Thermal Conductivity

(kg-m—3) kJ-kg—1) (J-kg 1K) (W-m-1.K-1)

1 PCMe65 861(s)-778(1) 213 1850(s)—2384(1) 0.4(s)-0.15(1)
2 PCM164 1490 340 1320 0.19
3 PCM185 1396 244.5 1350 0.35
4 PCM220 2000 100 1515 0.515

Without considering the interaction between four factors, a typical orthogonal number
table L14(44) has 16 runs of the Taguchi method with 4 factors and 4 levels. The Taguchi Li¢
orthogonal array is shown in Table 3.

Table 3. The Taguchi L16 orthogonal array.

Number Factor (A) Factor (B) Factor (C) Factor (D)
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 1 4 4 4
5 2 1 2 3
6 2 2 1 4
7 2 3 4 1
8 2 4 3 2
9 3 1 3 4

10 3 2 4 3
11 3 3 1 2
12 3 4 2 1
13 4 1 4 2
14 4 2 3 1
15 4 3 2 4
16 4 4 1 3

3.3. Factor Analysis

During the heating and cooling process, the value of the parameters, harvested elec-
trical energy, input thermal energy, efficiency of the system, and S/N ratios at 16 runs are
given in Table 4. In the 16 runs, the maximum conversion efficiency of 1.47% is exhibited at
Run 12, whereas the minimum conversion efficiency of 0.49% occurs at Run 4. The main
reason for this is that Run 12 has a larger heat source thermal power than Run 4, firstly.
And the height of the PCM box and filling ratio improve the heat transfer performance of
the system at Run 12.



Energies 2023, 16, 805

10 of 16

Table 4. The results of the numerical simulation in L16 orthogonal array.

Run Factor Results
A B C D Etggs () Einput (J) 7 S/N Ratio
1 50 PCM65 50% 10 517.75 75,000 0.69 —3.2189
2 50 PCM164 65% 20 493.96 75,000 0.66 —3.6273
3 50 PCM185 80% 30 468.76 75,000 0.63 —4.0822
4 50 PCM220 100% 40 365.72 75,000 0.49 —6.2383
5 100 PCM65 65% 30 1597.20 150,000 1.06 0.5454
6 100 PCM164 50% 40 1542.65 150,000 1.03 0.2435
7 100 PCM185 100% 10 1760.98 150,000 1.17 1.3933
8 100 PCM220 80% 20 1663.15 150,000 1.11 0.8968
9 150 PCM65 80% 40 2943.18 225,000 1.31 2.3327
10 150 PCM164 100% 30 2746.54 225,000 1.22 1.7321
11 150 PCM185 50% 20 3193.86 225,000 1.42 3.0427
12 150 PCM220 65% 10 3303.56 225,000 1.47 3.336
13 200 PCM65 100% 20 448.06 53,600 0.84 —1.5565
14 200 PCM164 80% 10 307.57 39,000 0.79 —2.0625
15 200 PCM185 65% 40 859.23 115,400 0.75 —2.5619
16 200 PCM220 50% 30 702.38 88,600 0.79 —2.0173

Figure 7 shows three special working conditions, including Run 2, Run 5, and Run16,
and the temperature and electrical performance of three runs are analyzed. The temperature
curves of the heat source and the hot side of the TEM are described T; and T,. The PCM
did’t reach the phase change point and only increased the thermal resistance of the system
in Run 2. In the Run 5, the PCM appears phase change phenomenon during the heating and
cooling process, the overheating phenomenon of the TEM is prevented, and working time
is extended. While the TEM occurs overheating because the heat source thermal power
is too large, and PCM undergoes phase transition during the heating process without the
process releasing latent heat.

The mean responses for the S/N ratios for each level of the parameters are indicated
in Table 5. For example, the mean S/N ratio of Factor A at Level 1 in terms of conversion
efficiency is equal to (—3.2189 — 3.6273 — 4.0822 — 6.2383) /4 = 4.2917. The effect of each
factor is the difference between the maximum value and the minimum one. Factor A at four
levels is numerically (2.6109 + 4.2917) = 6.9026. The higher effect of a factor corresponds
to a higher impact on the conversion efficiency of the TEG system. Factor A (heat source
thermal power) with the effect of 6.9026 has bigger impact on the system, and Factor B
(PCM type) has little effect on the conversion efficiency of the system. The values of the
effects of Factors B (PCM type), C (Filling ratio of the PCM), and D (Height of the PCM
box) are 0.5313, 0.6799, and 1.4180, respectively. Therefore, the influence of the four factors
on the efficiency are ranked as: Factor A > Factor D > Factor C > Factor B. The profiles of
the mean S/N ratios of the 4 factors based on the efficiency is shown in Figure 8. Hence,
the optimal control parameter levels are A1 (level 1 for A), B1 (level 1 for B), C1 (level 1 for
C), and D1 (level for 1).

Table 5. Mean responses for S/N ratios for each level.

Factor
Level A B C D
1 —4.2917 —0.4743 —0.4875 —0.1380
2 0.7697 —0.9286 —0.5770 —0.3111
3 2.6109 —0.5521 —0.7288 —0.9555
4 —2.0495 —1.0057 —1.1674 —1.5560
Delta (effect) 6.9026 0.5313 0.6799 1.4180

Rank 1 4 3 2
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Figure 7. Thermoelectric performance of the TEG system.

Figure 8. Profile of mean S/N ratio value.

Based on the above analysis, the heat source thermal power has the greatest influence
on the conversion efficiency of the TEG system. However, it will fuse and stop working
when the temperature of the TEM exceeds 225 °C. Therefore, greater heat source thermal
power does not necessarily mean better performance under certain conditions. There is
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an optimal value to improve the efficiency of the system and ensure that TEM will not
overheat. The PCM type has the least influence on the conversion efficiency. Without
considering their own thermal conductivity, the biggest difference of the four PCM is the
phase change temperature and latent thermal. So, these two factors should be determined
when selecting phase change material.

3.4. Analysis of Optimum Parameters

The optimal run is determined by analyzing the S/N ratio of each factor. The consid-
ered values of the parameters are: heat source thermal power = 150 W, PCM type = 65 °C,
filing ratio of the PCM = 50%, height of the PCM box = 10 mm. The heater is turned on for
1500 s, and then turned off. The thermoelectric performance of the TEG system and the
phase distribution of PCM were analyzed during the heating and cooling process.

3.4.1. Temperature Performance

Figure 9 shows the temperature performance of the thermal source (T7) and the hot
TEM (T;). As shown, the bottom of the PCM box reached to 64 °C when heated to 18 s, and
PCM stores energy as latent heat during the heating process. The filling of the metal fins
improves the heat transfer performance of the energy storage system and reduces the phase
change time of PCM. Therefore, the phase transient lasts only 8 s until the top of the PCM
is completely melted. When the system is heated to 1112 s, the maximum temperature of
Ty and T; are 210 °C and 205 °C, respectively. Therefore, PCM has the potential to protect
the TEM from overheating and extend the working time of the TEM. On the contrary,
during the cooling process of the system, the temperature curves tend to be gentle at 1630 s.
Because the latent energy is released to the system and the phase change lasts for 20 s. The
phase transient during the heating and cooling process are shown in red dotted lines.

Figure 9. Temperature performance of the TEG system.

3.4.2. Phase Distribution of the PCM

The phase transient profiles between the liquid and solid phases is shown in Figure 10.
The bottom of PCM began to melt after heating for 18 s. More than half of the PCM
completed phase transient after 22 s, and all of the PCM was melted into liquid phase after
26 s. The heater was turned off at 1500 s. The top of the PCM released latent heat and
transformed from liquid to solid phase. The solidification process for the whole PCM took
about 20 s.
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Figure 10. The phase transient profiles between and solid phases of the PCM.

3.4.3. Electrical Performance

Figure 11 shows the electrical performance of the TEG system in the optimal run.
The output voltage and power of the system gradually increase and tend to be stable
during the heating process. The maximum voltage and power are 3.0394 V and 2.3095 W,
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respectively. Although the heat source thermal power was applied to the system for only
1500 s, the system generates electricity lasts 2300 s. The output voltage and power gradually
decrease after 1500 s. Consistent with the temperature curves, the electrical properties
curve gradually tend to be gentle because the PCM releases the latent heat to maintain a
certain temperature. The TEG system harvest 3211.6 ] electrical energy during the heating
process while 225,000 ] heat was applied to the system during 1500 s. Due to the existence of
PCM, the system is extended to 700 s and generates 102.4 | electrical energy after removing
the heat source thermal power. The overall conversion efficiency of the TEG system is
1.472% under the optimal run, which is higher than the efficiency of the 16 runs in Table 4.
Therefore, Taguchi method has a certain reliability to optimize the parameters of the TEG
system containing PCM.

Figure 11. Electrical performance of the TEG system.

4. Conclusions

The aim of this study was to improve the thermoelectric performance of the TEG
system under the transient-state. PCM, as the thermal energy storage material, is usually
required to absorb excess thermal energy and compensate for intermittent energy. A fluid-
thermal-electric Multiphysics numerical model is developed to explore the feasibility of
integrating PCM with TEM. The temperature distribution, output voltage, current, power
and conversion efficiency of the TEG system are analyzed. Taguchi method was employed
to optimize the performance of the TEG system. A L14(44) orthogonal array is built to figure
out the sensitivity of the conversion performance to the variations of the four factors and
four levels. The results are summarized as follows:

(1) The thermoelectric conversion performance of the TEG system without PCM is ana-
lyzed changing the load resistance under steady-state in this paper, and the optimal
load resistance = 4 () is selected to study the transient performance of the system with
PCM.

(2) Analyzing the influence of PCM on thermoelectric performance by #1gcs . In the 16 runs,
the maximum conversion efficiency of 1.47% is exhibited at Run 12, whereas the minimum
conversion efficiency of 0.49% occurs at Run 4. Greater heat source thermal power does
not necessarily mean better performance under certain conditions. There is an optimal
value to improve efficiency of the system and ensure that TEM will not overheat.

(8) According to the results, the influence of the four factors on the efficiency are ranked as:
heat source thermal power > height of the PCM box > filling ratio of the PCM > PCM
type. Under the optimal run, the overall conversion efficiency of the TEG system is
1.472% during the heating and cooling process, which is higher than the efficiency of
thel6 runs in this study.
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