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Performance Enhancement of a Thermoelectric Harvester 1 

with a PCM/Metal Foam Composite 2 

Abstract 3 

The present numerical investigation examines the performance improvement of 4 

thermoelectric generators (TEGs) by using phase change materials (PCM) and porous 5 

medium. Due to the high latent heat of PCMs, both sides of the TEG were filled with 6 

paraffin RT35 (on the cold-side) and paraffin RT69 (on the hot-side). The PCM in the cold-7 

side of the TEG was used as a heat-sink whereas the PCM in hot-side of the TEG was used 8 

to reduce the output voltage fluctuations. Since the system was periodically subjected to 9 

heat flux from an external heat source, the paraffin in the hot-side of the TEG was also used 10 

to generate a continuous thermal heat when the heat source was cut-off. To increase the 11 

thermal conductivity of the phase change material, this investigation studied the effect of 12 

using the copper porous medium with different porosities (0.80, 0.90, and 0.95) and three 13 

different pores per inches (PPI) as 10, 20, and 40. The results show that the use of porous 14 

on the cold-side of the TEG produces more electrical energy and output voltage compared 15 

to (i) having porous medium on the hot-side and (ii) using PCM without porous medium 16 

on both sides of the thermoelectric generator. Furthermore, the results indicated that the 17 

TEG performance enhanced by increasing PPI and reducing porosity. As a result, by 18 

increasing the PPI from 10 to 40 (at 0.80 porosity) and by reducing porosity from 0.95 to 19 

0.80 (at PPI 20), the electricity generated increases by 13.57 and 5.36%, respectively. 20 
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1. Introduction 25 

The 21st century commenced with concern about energy crisis. Increasing energy prices, 26 

declining fossil fuel resources, and escalating environmental concerns have quickly led to 27 

major policy changes in the energy sector. Fossil fuels have had an adverse impact on the 28 

environment. Greenhouse gas (GHG) emissions and the consequent global warming (GW) 29 

effect, melting ice glaciers, air pollution, and acid rain are just a number of threats that fossil 30 

fuels pose for the environment. There have been lots of efforts by scientists to reduce fossil 31 

fuel dependency. Thermoelectric generator (TEG) is the technology that can generate 32 

electricity directly from a heat source and it shows a great advantage compared to other existing 33 

technologies. Thermoelectric generators are widely used in many industries, i.e. medical 34 

applications [1], wireless sensors [2], electronic equipment [3], automotive engines [4], and 35 

space industries [5]. 36 

TEGs are highly applicable in industries due to numerous features such as direct power 37 

generation, high reliability, low maintenance requirements and they are environmentally 38 

friendly. Moreover, the heat sources are available naturally (solar or geothermal energy) or 39 

they can be achieved through industries heat waste (exhaust energy from vehicles) [6, 7].  40 

However, in most of TEG’s applications, the temperature boundary conditions are not stable. 41 

This is an important challenge to manage the efficiency and output power of the system which 42 

has a transient boundary. 43 

Indeed, temperature fluctuations on both sides of the thermoelectric generator cause variations 44 

in power generation. Therefore, to design a thermoelectric generator, the system sustainability 45 

should be considered as well as increasing output power and efficiency.  46 

In an experimental and modelling study, Guo et al. [8] proposed a new thermal management 47 

system which works based on thermal switches. The results obtained from this study shows 48 
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that the proposed system is effective in reducing temperature fluctuations and increasing the 49 

output power of the system.  50 

Mizuno et al. [9] used a thermal buffer system to reduce the temperature fluctuations of TEGs. 51 

These heat buffers are a combination of two alloys with high fusion enthalpy that is placed 52 

between the heat source and the thermoelectric generator. The results indicate the capability of 53 

the proposed system to control the stability of the generating power from TEGs.  54 

Applying phase change materials (PCMs) is another method to control the oscillation of energy 55 

produced in thermoelectric generators. These materials can store large amounts of thermal 56 

energy in the form of latent heat within their melting and freezing points and they can be used 57 

as a viable option to mitigate the temperature variation. PCMs have unique properties such as 58 

high latent heat, thermal and chemical stability, lack of corrosion and high reliability. They are 59 

widely used in various industries such as energy storage [10, 11], air conditioning [12, 13], 60 

cooling system for electronic components [14, 15] and solar systems [16, 17]. Atouei et al. [18] 61 

carried out an experimental study on a two-stage thermoelectric generator in which, first, a 62 

thermoelectric generator was placed between the heat source and the heat sink filled by PCM 63 

and subsequently, in second stage, a heat sink with PCM was considered to be the heat source. 64 

The results of this study show that the power output of the double-stage system is 27% higher 65 

than the single-stage system. Also, by using PCM, the system can generate electricity when the 66 

heat source is cut off. 67 

Another study has been conducted by Atouei et al. [19] is examining the effect of using PCM 68 

in controlling the hot and cold sides temperature of a thermoelectric generator. In this study, 69 

three different phase change materials with different properties (i.e. phase change temperature) 70 

were used in various configurations such as using (i) PCM on the hot-side, (ii) PCM on the 71 

cold-side and (iii) PCM on both sides. The results illustrate that by applying the phase change 72 
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material in the hot-side of TEG, the fluctuation of output power reduces and the system can 73 

continue to generate voltage for some time after cutting off the heat source. 74 

An experimental and modelling study by Tu et al. [20], presents a new PCM-based 75 

thermoelectric generator for space applications in which 5 to 10 wt% of expanded graphite was 76 

added to pure paraffin material to increase its thermal conductivity. The results of this 77 

investigation show that adding 5 wt% of expanded graphite has the significant effect on 78 

improving system performance. As a result, the output energy of the system increases by about 79 

32% compared to that which was used pure paraffin as a phase change material.  80 

Zhu et al. [21] also reported multi-parameter optimization based on using PCM in a 81 

thermoelectric generator system for space applications. They examined the effect of mass, 82 

phase change temperature and thermal conductivity of PCM as the main parameters in finding 83 

the optimal state. The outcome of the results shows that a phase change material with an 84 

appropriate phase change temperature produce a significant effect on the system power. The 85 

results also suggest that the maximum output power can be obtained when the phase change 86 

temperature is approximately equal to the average operating temperature of the system. 87 

In an another study by Araiz et al. [22], the idea of using thermosyphon and phase change 88 

material as a transient heat exchanger in thermoelectric generators was examined. The results 89 

indicate that by using the proposed design on the cold-side of the thermoelectric, the power 90 

output of the system increases by 36% compared to using fin and forced heat convention. 91 

Thermoelectric generators used in photovoltaic (PV) cells also have the issue of power 92 

fluctuations due to the variability of the intensity of the sun's radiation. In a numerical study, 93 

Cui et al. [23] examined the effect of using PCM on the hot side of the thermoelectric generators 94 

within the photovoltaic system and concluded that the use of phase change material is more 95 

efficient than single PV and PV-TEG. 96 
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Jaworski et al. [24] studied the effect of using phase change material as a heatsink on the cold-97 

side of the thermoelectric generator for solar applications in which the results showed that the 98 

PCM has a high potential to improve thermoelectric generator performance. 99 

Recently, Selvam et al. [25] conducted a numerical study to examine the thermal management 100 

of a thermoelectric generator using phase change materials. The results present the effect of 101 

PCM on different thermal fluids and suggested that using PCM on the cold-side of the 102 

thermoelectric controls its temperature and increases the thermal efficiency of the system 103 

within the range of 30 to 36.7%.  104 

In the latest report by Liao et al. [26], a double PCM based thermoelectric harvesting was 105 

examined in which the system was placed in room temperature within the range of 0 to 40 °C 106 

for three days. The results show an increase in the average output power by 35.8% compared 107 

to a single PCM-based system. 108 

Almost all previous studies unanimously reported that phase change materials can be used in 109 

thermoelectric generators in two different ways: (1) they can be used on the cold-side of the 110 

TEG as a passive system for temperature control, and (2) on the hot-side of TEG; since the 111 

boundary conditions are in transit condition, PCM can control the fluctuations of the generated 112 

voltage and, also, produce continuous voltage even when the heat source is cut off.  113 

In this present numerical study, phase change material is being used simultaneously on both 114 

sides of the generator to achieve the above objectives. However, one of the major problems of 115 

using PCMs, is that they have a low heat transfer coefficient during the heat transfer. Therefore, 116 

a porous medium can be used to eliminate this problem [27]. Therefore, it can be argued that 117 

this paper, for the first time, is investigating the effect of the porous medium (with different 118 

porosity and PPI) on thermoelectric generator performance. The first part of this study 119 

examines three different scenarios to determine one which side of the TEG the porous medium 120 

with PCM should be used to have a more efficient thermoelectric generator. These scenarios 121 
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were (i) no porous on both sides, (ii) porous in the hot-side of the TEG, and (iii) porous in the 122 

cold-side of the TEG. Subsequently, the second part explores and analyses the effect of porosity 123 

and PPI on system efficiency. 124 

2. Geometry Model and Boundary Conditions 125 

Fig. 1 shows the geometry model of this study which includes a thermoelectric generator, three 126 

copper plates, two PCM with different physical properties and a copper fin.  127 

 
 

 

Fig. 1. schematic of the model 
 128 

 129 

 130 

 131 

The dimensions of each part (thickness, width, and depth) are shown in Table 1: 132 
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Table 1 

Dimensions of each part 

Dimensions (mm3) Number  

1*40*40 3 Copper Plates 

50*40*40 2 PCM Container 

3*40*40 1 TEG 

20*40*40 1 Air heat Sink 

- 5 Number of fins 

4.5 - Fin thickness 

15 - Fin height 

The physical properties of each material used in this investigation are also shown in Table 2:   133 

Table 2 

Materials properties used in the numerical calculation [21, 28] 

TEG Copper PCM (RT35) PCM (RT69) unit   

2 400 0.2 0.2 W/m.K k Heat conductivity coefficient 

154 385 2000 2000 J/kg.K Cp Specific heat capacity 

0.035  - - V/K α Seebeck coefficient 

7740 8920 - - kg/m³ ρ Density 

- - 860 - kg/m³ ρ Solid density at 15°C 

- - - 940 kg/m³ ρ Solid density at 20°C 

- - 770 - kg/m³ ρ Liquid density at 45°C 

- - - 840 kg/m³ ρ Liquid density at 80°C 

- - 302-309 341-343 K T Melting range 

- - 160000 230000 J/kg L Latent heat storage capacity 

- - 0.006 0.006 1/K β Volumetric expansion coefficient 

- - 38 38 - Pr Prantl Number 

 134 

As shown here, the heat conductivity coefficient (k) of both PCMs is extremely low. Therefore, 135 

to increase the system efficiency and utilising the maximum capacity of PCMs to store heat 136 

and energy, porous medium with different porosity and PPI were used. Table 3 shows different 137 

model configurations which were analysed in this study. These configurations consist of 138 

different arrangements as (i) PCMs on both side of the TEG without porous, (ii) there is a 139 

porous in the hot-side of TEG, and (iii) porous medium is located in the cold-side of TEG. 140 

  141 
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Table 3 

Model configurations 

PPI Porosity (ε) Name  

- - Case  1 The PCM in two sides have not Porous 

20 0.8 Case  2 The hot-side PCM has porous 

10 0.8 Case  3 

The cold-side PCM has porous 

20 0.8 Case  4 

40 0.8 Case  5 

10 0.9 Case  6 

20 0.9 Case  7 

40 0.9 Case  8 

10 0.95 Case  9 

20 0.95 Case 10 

40 0.95 Case 11 

As shown in Fig. 2, four sides of the system are insulated to avoid any heat transfer or heat 142 

loss.  143 

 
∂T

∂y
= 0                                                                                                                                                                     (1) 144 

The thermal energy with the rate of 50 watts enters from one side (hot) and exits from the 145 

opposite side (cold). 146 

 

 
Fig. 2. Schematic of boundary conditions of the model 
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In order to meet the transient conditions, the system receives heat for 240 seconds in three 147 

different stages (see Fig. 3). The stopping time between each stage in which the thermal energy 148 

cuts off is about 180 seconds. The heat entering the system initially enters the first copper plate 149 

and it spreads rapidly, due to the high conductivity of the copper. 150 

−k
∂T

∂n
= q"                                                                                                                                                              (2) 151 

 Subsequently, it enters the hot-side of the system in which the PCM RT69 starts to melt. 152 

 As shown in Fig. 1, there are three copper plates located within the system design. The first 153 

plate is placed at the entrance and the other two are positioned either side of the TEG. It should 154 

be noted that heatwave (generating from the melting processes) naturally tends to move upward 155 

within the PCM container. Therefore, copper plates with high conductivity are placed on both 156 

sides of TEG to conduct the homogeneous heat around the thermoelectric generator (heat in 157 

and heat out). 158 

 

Fig. 3. The pattern of applying electrical power to the system 

Finally, when the heat passes through the TEG and the third copper plate, it will enter the cold-159 

side of the system and it starts to heat up and melt the PCM RT35 until it reaches to the copper 160 

fin or the heatsink. In this investigation and to reduce the temperature of the PCM used on the 161 
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cold-side of the system, the heatsink is exposed to airflow rate at ambient temperature (298 K) 162 

and a heat transfer coefficient of 15 W/m2K. 163 

−k
∂T

∂n
 = h(T − Tamb)                                                                                                                                        (3) 164 

3. Assumption and Mathematical Model 165 

3.1. Metal Foam / PCM Composite Formulation 166 

The porous enthalpy method [29] for process simulation of phase change materials (PCMs) 167 

was used in this investigation. The following, therefore, were assumed for simulation: 168 

• Flow in the melting section considered to be laminar, Newtonian and incompressible 169 

[30]. 170 

• A heatsink is the only way that system exposed to the environment and it has heat 171 

transfer with the ambient. 172 

• The density change within the liquid phase that drives natural convection is only 173 

accounted for in the body force terms (Boussinesq approximation) in which variable 174 

density is defined as [31]: 175 

ρ = ρ0[β(T − T0) + 1]
−1                                                                                                                                   (4) 176 

Therefore, the density of the PCM in the other terms of the governing equations is assumed to 177 

be constant, which is the average of solid PCM density and liquid PCM density. 178 

• Structure of the porous metal foam assumes as homogeneous, isentropic and open-179 

celled [32]. 180 

• Conditions between PCM and porous medium considered to be as local thermal 181 

nonequilibrium. 182 

Considering the above assumptions, the equations governing metal foam/PCM composite are 183 

as follows [33]: 184 

Continuity:  
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∇. V⃗⃗ = 0 (5) 

Momentum in X-direction:  

ρ (
∂u

∂t
+ V. ∇u) = −∇P + μ∇2 u + Am u

(1 − λ)2

λ3 + 0.001
 − (

μ

K
−
ρCf|u|

√K
)u (6) 

Momentum in Y-direction:  

ρ (
∂v

∂t
+ V. ∇v) = −∇P + μ∇2 v + (ρβ)g(T − Tref) + Am v

(1 − λ)2

λ3 + 0.001
 − (

μ

K
−
ρCf|v|

√K
)v (7) 

Energy for PCM:  

ερCP (
∂T

∂t
+ V. ∇T) + ερL

∂λ

∂t
= kfe∇

2T + hsfAsf(Tf − Ts) (8) 

Energy for metal foam:  

ε(ρCP)S (
∂TS
∂t
) = kse∇

2Ts + hsfAsf(Ts − Tf) (9) 

In all above equations subscript ‘f’ refers to fluid (PCM) and subscript ‘s’ refers to solid (metal 185 

foam). Velocities in x and y directions are shown with u and v, respectively. Moreover, T is 186 

temperature, μ is dynamic viscosity, P is pressure, CP is specific heat, L is latent heat, ε is the 187 

porosity of the copper foam, K is permeability, Cf is the inertial coefficient, kfe is the fluid 188 

effective thermal conductivity, kse is the solid effective thermal conductivity, hsf is inertial heat-189 

transfer coefficient between liquid PCM and porous foam, and ρ is density. 190 

In equations 8 and 9, Asf is the specific coefficient surface area of metal foam which is 191 

calculated as the following [24]: 192 

Asf = 
3π dl [1 − exp (

𝜀 − 1
0.04 )] 

(0.59 dP)
2

 (10) 

Am is also Mushy zone constant which is usually between 104 to 107 [34] and in this present 193 

study, it has been considered to be 106. 194 

 PCM liquid fraction (λ) is also described as: 195 
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λ =

{
 
 

 
 

0                            T ≤ Ts

T − Tm,s
Tm,l − Tm,s

          Ts < T < Tl

1                             T ≥ Tl

 (11) 

Other parameters in Equations 5 to 11 are defined as follows: permeability (K), inertial 196 

coefficient (Cf), the fluid effective thermal conductivity (kfe), the solid effective thermal 197 

conductivity (kse). Furthermore, hsf is the inertial heat-transfer coefficient between liquid PCM 198 

and porous foam. 199 

3.2. Permeability and Inertial Coefficient 200 

Characteristics of porous foam structure could be explained by variables such as porosity (ε), 201 

pore density (ω) and ligament diameter (dl). These parameters [33] are: 202 

dl
dp
= 1.18√

1 − ε

3π
[

1

1 − exp (
𝜀 − 1
0.04 )

] (12) 

Where, 203 

dp =
0.0254

ω
 (13) 

Other parameters of copper foam, i.e., permeability (K), inertial coefficient (Cf) are determined 204 

using formulations proposed by Calmidi and Mahajan [35]: 205 

K

dP
2 = 0.00073(1 − ε)

−0.224 (
dl
dP
)
−1.11

 (14) 

Cf = 0.00212(1 − ε)
−0.132 (

dl
dP
)
−1.63

 (15) 

3.3. Effective Thermal Conductivity 206 

Tian and Zhao [36] used following formulations for effective thermal conductivity of liquid 207 

PCM (kfe) and effective thermal conductivity of porous medium (kse): 208 
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kfe =
√2

2(MA +MB+MC+MD)
|
Ks=0

 (16) 

  

kse =
√2

2(MA +MB+MC+MD)
|
Kf=0

 (17) 

Where, 209 

MA =
4σ

(2e2 + πσ(1 − e))Ks + (4 − 2e
2 − πσ(1 − e))Kf

 (18) 

  

MB =
(e − 2σ)2

(e − 2σ)e2Ks + (2e − 4σ − (e − 2σ)e
2)Kf

 (19) 

  

MC =
(√2 − 2e)

2

2πσ2(1 − 2e√2)Ks + 2(√2 − 2e − πσ
2(1 − 2e√2))Kf

 (20) 

  

MD =
2e

e2Ks + (4 − e
2)Kf

 (21) 

  

σ = √
√2(2 −

5
8 e

3√2 − 2ε)

π(3 − 4e√2 − e)
, and  e = 0.339 (22) 

3.4. Interfacial Heat Transfer Coefficient 210 

One of the major problems in two-temperature models is a lack of interfacial heat-transfer 211 

coefficient between porous foam and PCM. In the current study, the interfacial heat-transfer 212 

coefficient between PCM and porous foam, hsf  is estimated using empirical equations provided 213 

by Zhukauskas [37]: 214 
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hsf =

{
  
 

  
 0.76Red

0.4pr0.37
kf
dl
                    1 ≤ Red ≤ 40

0.52Red
0.5pr0.37

kf
dl
                40 ≤ Red ≤ 10

3

0.26Red
0.6pr0.37

kf
dl
       103 ≤ Red ≤ 2 × 10

5

 (23) 

  

Red =  ρ√u
2 + v2

dl
εμ

 (24) 

3.5. TEG Formulation 215 

Based on the previous studies [20, 21, 38], the thermoelectric generation used in this study was 216 

assumed to be a uniform solid piece and the complexities of its internal geometry were not 217 

considered. Therefore, the figure of merits for TEG materials are identified as [21]: 218 

ZT =
α2σ

kTEG
T (25) 

Where α, σ, kTEG and T are the Seebeck coefficient, the electrical conductivity coefficient, the 219 

thermal conductivity coefficient, and the absolute TEG temperature. The maximum efficiency 220 

of TEG based on the terms Z and the temperature difference between the hot and cold sides of 221 

TEG (∆T = Th – Tc) is identified as follows [21]. 222 

ηTEG =
∆T

Th
∙
√1 + ZT̅ − 1

√1 + ZT̅ +
Tc
Th

 (26) 

In the above relation, T̅ is the average temperature of the hot and cold sides of the TEG. The 223 

maximum TEG output voltage and power can be obtained as [39]: 224 

V = α∆T = α(Th − Tc) (27) 

Pmax =
(α∆T)2

4Rin
 (28) 

E = ∫ Pdt
t

0

 (29) 
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Where Rin is the internal electrical resistance of the thermoelectric generator. As mentioned 225 

before, in the present work, TEG is considered as a solid object. Therefore, the energy equation 226 

is the only governing equation. 227 

ρCP (
∂T

∂t
) = kTEG∇

2T (30) 

4. Computational Details and Validation 228 

ANSYS software was used in this study for the simulation analysis. The solver was set as 229 

pressure-based and transient for type and time, respectively. The SIMPLE method was, also, 230 

used to couple pressure-velocity governing differential equations [40]. The differencing 231 

scheme that was used to solve the momentum and energy equations was Second-Order Upwind 232 

whereas the PRESTO scheme was utilized for the pressure correction equation [41]. Residual 233 

convergence values were also set as continuity, 10-4; momentum 10-5 and energy, 10-7. The 234 

time step was, also, set as 0.04 second for all models. 235 

The accuracy of the model in this study was examined with a comparison of the results with 236 

some similar experimental investigations. Since the present work includes simulation of the 237 

phase change materials (PCMs), thermoelectric generator (TEG) and porous medium, therefore 238 

two different studies were used to validate the simulation model developed in this investigation.  239 

An experimental work conducted by Tu et al. [20] was selected to simulate the thermoelectric 240 

generator and the phase change process. In this study, the hot-side of the thermoelectric is 241 

periodically exposed to a temperature of 100°C for 30 minutes and -50 °C for 3 minutes. The 242 

thermoelectric energy harvesting system used in this study is thermally insulated from the 243 

environment (Eq. 1).   244 

Fig. 4 presents the comparison of temperature profile for the cold-side of TEG (T3) and the 245 

temperature of paraffin material (T5) at one point. 246 
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Fig. 4. Comparison of the temperature profile at different locations between present work and Tu et al. [20] 

 247 

The validation of the simulation model with a porous medium was done by simulating the 248 

experimental study conducted by Zhang et al [42] in which they examined the melting process 249 

of paraffin composite and the metal foam in a cavity where there was a constant heat flux from 250 

one side of the system (Eq. 2). In this experimental study, the left wall is exposed to constant 251 

heat flux and other walls are exposed to natural convection (Eq. 3) and a copper foam with the 252 

porosity of 0.97 and PPI of 25 was used to act as a porous medium. Fig. 5 shows the result of 253 

the simulation model compared to the experimental data which presents an acceptable 254 

matching. 255 
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Fig. 5. Comparison of PCM temperature between the present work and Zhang et al. [42] 

5. Results and Discussions 256 

5.1. Identifying the Best Model Configuration 257 

As mentioned previously, the first part of this study is to examine the effect of using a porous 258 

medium and its location on improving model performance. Therefore, cases 1, 2 and 4 are 259 

selected to be analysed first and their specifications are shown in Table 3. As it is shown, in 260 

Case 1, there is no porous medium in two sides of TEG while in other cases (2 and 4), the 261 

porous exists in different sides of the TEG.  262 

Fig. 6 shows the graph of temperature difference on both sides of the TEG for the above cases. 263 
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Fig. 6. Comparison of the temperature difference between two sides of TEG 

As shown in this figure, two different behaviours can be claimed: (i) the starting point of the 264 

energy generation is different in these cases. In Case 2, the temperature difference started from 265 

the beginning of the process whereas in other cases, this begins almost at 200 seconds (slightly 266 

before the first heat cut-off), and (ii) the temperature difference profile in Case 2 is almost 267 

constant (about 5 K) within the first 880 seconds considering that the heat flux has been cut-268 

off twice during this time. However, in the other two cases, the system had almost a 269 

proportional reaction with the heat supply.  270 

In order to identify the suitable model for further investigations, the above claims have been 271 

analysed and the amount of energy produced by TEG has been calculated. 272 

Claim-i can be referred to temperature contour profiles shown in Fig. 7 at 120 seconds. As 273 

shown, the temperature in Case 2 has increased across the hot-side of the TEG and it has 274 

reached to second copper plate located behind the TEG while in the other two cases, the 275 

temperature has increased, only, in some parts of the PCM. The reason for this behaviour is 276 

that, in Case 2, the PCM and copper porous are located on the hot side of the TEG and due to 277 
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the high conductivity of the copper, the heat spreads quickly within its volume and reaches to 278 

the TEG. But in cases 1 and 4, the hot-side of the system contains PCM only and since the 279 

PCM conductivity is very low (see Table 2) therefore it takes longer for the heat to reach to the 280 

TEG. 281 

Claim-ii can also be referred to as Fig. 7 and Fig. 8. As can be seen in these figures, due to the 282 

presence of porous in hot-side of the TEG in Case 2, the heat is homogeneously distributed 283 

throughout the PCM and it reaches to the second copper plate (before TEG) from the very 284 

beginning of the process. As shown in Fig. 8 at 240 seconds, the heat also penetrates through 285 

the PCM in cold-side of the model as well as melting some PCM. However, as shown in this 286 

figure, the melting heatwave in the other two cases is about to reach to the TEG at 240 seconds. 287 

Therefore, by analysing temperature and liquid fraction contours in Fig. 7 and Fig. 8, it can be 288 

concluded that the existence of porous in hot-side of Case 2, causes that more PCM in hot-side 289 

get involved during the heat transfer process and due to their physical properties (see Table 2) 290 

they can store more thermal energy in the form of latent heat. This functionality shows stability 291 

in the temperature difference on both sides of the TEG within the first 880 seconds of the 292 

process. 293 

As it also is shown in Fig. 7, the maximum temperature in Case 2 is lower than the other two 294 

cases at different times. This is, again, due to the presence of the copper porous in hot-side of 295 

the TEG in which it can easily distribute the heat through the PCM and prevents heat to be 296 

trapped in the hot-side.  297 

It is also clear that the porous in cold-side of the TEG in Case 4, has the same effects on the 298 

heat transfer of the model to the heat-sink and avoids the heat to stay longer in cold-side. As 299 

shown in Fig. 8 at 1000 seconds of this process, the heat spreads completely on the cold-side 300 

and it increased the PCM temperature which has melted the paraffin RT-35.301 
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Case 4 Case 2 Case 1  

   

T=120 s 

   

T=240 s 

   

T=660 s 

   

T=880 s 

   

T=1000 s 

Fig. 7. Temperature distribution in three investigated cases  

 302 
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Case 4 Case 2 Case 1  
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T=660 s 

   

T=880 s 

   

T= 1000 s 

Fig. 8. Variation of Liquid fraction with time for five particular seconds  

303 



22 

 

Fig. 9 shows the open-circuit voltage for the above cases (1, 2 and 4). 304 

 

Fig. 9. Variation of electric voltage generation with time 

Referring to Eq. (27), the output voltage is proportional to the temperature difference between 305 

both sides of the TEG. As shown in this figure, the output voltage, at each stage, increases by 306 

using the porous in cold-side of the TEG, whereas the existence of the porous in hot-side of the 307 

TEG (Case 2) it reduces the voltage. It is also observed that over time, by turning on and off of 308 

the heat source, the voltage in all cases increases. 309 

Fig. 10 shows changes in electrical power generated by TEG for the three cases studied in the 310 

first part of this investigation. 311 

  312 
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Fig. 10. Variation of thermoelectric maximum electrical power with time  

As can be seen in this figure, over time, by turning on the heat source and transferring the heat 313 

through the system, the electrical power generated in Case 4 significantly increases compared 314 

to the other two cases. This is due to the effect of PCM (paraffin RT69) in the hot-side and its 315 

capability of storing heat and using porous in the cold-side of the TEG and its high heat transfer 316 

coefficient to the heat-sink and cooling the PCM (paraffin RT35). These cause that in Case 4 317 

the temperature difference between both sides of the TEG becomes greater compared to the 318 

other two cases and as a result, generates more electrical power. 319 

Further analysis in comparing the trend of electrical energy produced by the TEG shows in Fig. 320 

11. 321 

  322 
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Fig. 11. Variation of thermoelectric electrical energy generation with time 

 323 

As can be seen in this figure, it can be concluded that all the above arguments in comparison 324 

of these cases are accurate and Case 4 (with porous in cold-side of the TEG) is a better model 325 

compared to cases 1 and 2. If the electrical energy produced by each case can be stored in a 326 

rechargeable battery, as shown in Fig. 11, Case 4 can store 25.5% more than Case 1 and 44.8% 327 

more compared to Case 2. Therefore, in an emergency, any device (i.e. a sensor) connected to 328 

this battery has a longer time to utilise the stored electrical energy. 329 

Therefore, according to all these analyses, it can be determined that the model used in Case 4, 330 

because of the capability of hot-side PCM in storing heat and positive effect of porous in 331 

transferring heat from cold-side PCM to heatsink and as result more temperature difference in 332 

two sides of its TEG and producing more electrical energy, is better and more efficient than 333 

the other two cases and utilised as the base model for other studies. Therefore, the following 334 

sections will discuss cases which are using porous (with different porosities and PPIs) in cold-335 

side of the TEG. 336 
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5.2. Effect of Changes in Porosity and PPI 337 

This Section shows the analysis of the other cases (3 to 11) which have the same model 338 

geometry as Case 4. These analyses include the effect of changes in porosity (0.80, 0.90, and 339 

0.95) and PPI (10, 20, and 40) in porous which is located in the cold-side of the TEG. 340 

5.2.1. TEG Performance with Changing of PPI at Constant Porosity 341 

Fig. 12 shows the variation of the average temperature of PCM and the amount of paraffin 342 

melted on both sides of the TEG for the porosity of 0.80 and different PPIs (cases 3, 4, and 5). 343 

 
(a) 

 
(b) 

Fig. 12. (a) Variation of the average temperature of PCM with time (b) Variation of the liquid fraction of 

PCM with time 
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As shown in Fig. 12(a), by increasing the PPI the average PCM temperature decreases in hot-344 

side of the TEG but it raises within the cold-side of the TEG. Fig. 12(b) also shows the variation 345 

of the liquid fraction of PCM over time. As it shows, the liquid fraction in cold-side of the 346 

models is increasing constantly. However, in hot-side of the TEG, the liquid fraction had a 347 

fluctuated trend over time. This is because that when the heat source is inactivated, the hot-side 348 

PCM acts as a heat source and uses the stored heat energy to continue generating electricity, 349 

thus the melting process stops. 350 

Fig. 13 also demonstrates the variation of heat flux from the cold-side PCM to the heatsink. 351 

 352 

 

Fig. 13. Variation of heat flux from cold-side PCM to heat-sink with time 

 353 

As shown in this figure, by increasing the PPI in the porous medium, the amount of heat flux 354 

increases from the cold-side PCM to the heatsink. This is because that by increasing the PPI, 355 

actually the common surface between porous medium and PCM is increased and as result, the 356 

rate of heat transfer from PCM to porous medium and then, to the heat-sink will be increased. 357 
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This heat flux behaviour is also similar for the cases with 0.90 porosity (cases 6, 7, and 8) and 358 

0.95 porosity (cases 9, 10, and 11). 359 

The temperature profile and the temperature difference between both sides of TEG in cases 3, 360 

4 and 5 with a porosity of 0.80 are shown in Fig. 14. 361 

 
(a) 

 
(b) 

Fig. 14. Comparison of temperature and its differences between two sides of TEG 
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As a result, when PPI increases, the temperature of the hot-side and the cold-side surfaces of 362 

the TEG decreases, but the temperature difference between them increases. This is because, 363 

when PPI increases, in fact, the contact surface area between the copper porous and paraffin 364 

material increases, thus more amount of thermal energy stored in cold-side PCM will be 365 

transferred to copper porous and subsequently discharged to the heat-sink. 366 

Fig. 15 shows the open-circuit voltage in TEG and as can be seen, the trend of its changes is 367 

similar to the graph of temperature difference in Fig. 14(b). It is also observed that as the input 368 

thermal heat to the system increases, the voltage output increases with increasing PPI. 369 

 

Fig. 15. Variation of electric voltage generation with time  

 370 

Moreover, Fig.16 presents the variation of electrical power and electrical energy produced by 371 

TEG in cases 3, 4 and 5 with a porosity of 0.80. It is quite evident that by increasing PPI, the 372 

amount of electrical power and energy increases. As shown in Fig. 16(b), by increasing PPI 373 

from 10 (Case 3) to 20 (Case 4) the amount of energy produced by TEG raises by 7.88% and 374 
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with the further increase of PPI to 40 (Case 5), the energy production will be increased by 375 

13.57%, respectively. 376 

 
(a) 

 
(b) 

Fig. 16. Variation of electrical power and energy with time 
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A similar study was performed for porosities of 0.90 and 0.95 and the comparison of the results 377 

are shown below in Fig. 17. 378 

 

Fig. 17: Effect of changing PPI at constant porosity on electrical energy generation 

 379 

5.2.2. TEG Performance with Changing of Porosity at Constant PPI 380 

This section provides a detailed analysis of the effect of changes in porosity (at constant PPI) 381 

on TEG performance. It should be noted that by changing the porosity, the amount of free space 382 

that is filled with paraffin material changes as well. Therefore, as the porosity increases, it 383 

increases the amount of PCM and reduces the surface area of the copper plate.  384 

In the following, cases (4, 7, and 10) with PPI of 20 and different porosities will be analysed. 385 

Fig. 18 shows the average temperature and liquid fraction of PCM on both sides of the TEG 386 

for these cases. As can be seen, both graphs have a completely similar behaviour compared to 387 

Fig. 12. Also, it shows in Fig. 18(a) that with increasing the porosity, the average temperature 388 

of PCM increases on the hot-side of TEG and decreases on the cold-side. Although the amount 389 

of temperature difference is very small it is more visible towards the final seconds of the 390 

process. The trend of liquid fraction shown in Fig. 18(b) is also similar to Fig. 12(b). However, 391 

by comparing these two figures, it can be seen that changes in porosity have more impact on 392 
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TEG performance compared to changes in PPI. The reason for this is that, unlike changes in 393 

PPI, when the porosity increases, therefore, more paraffin materials will be used in the system 394 

in which, as a result, the time of complete melting will increase as well. 395 

 
(a) 

 
(b) 

Fig. 18. (a) Variation of the average temperature of PCM with time (b) Variation of the liquid fraction of 

PCM with time 



32 

 

Fig. 19 shows the variation of heat transfer from PCM in cold-side of the TEG to the heat-sink. 396 

Comparing the results with those shown in Fig. 13, it is evident that the increase in porosity is 397 

accompanied by a decrease in the rate of heat transfer to the heat-sink. This is because as the 398 

porosity increases, the amount of metal foam in copper porous medium decreases thus it 399 

reduces the heat transfer. 400 

 

Fig. 19. Variation of heat flux from cold-side PCM to heat-sink with time 

A similar comparison can be done with the magnitude of temperature on both sides of the TEG 401 

as shown in Fig. 20.  402 

Comparing Fig. 20 and Fig. 14 shows that increasing the porosity has a completely different 403 

effect on the temperature of both sides of the TEG and the actual temperature difference, 404 

compared to an increase of PPI. As shown in Fig. 20, with increasing porosity in the porous 405 

medium, the temperature of the TEG on both sides increases while the temperature difference 406 

decreases. The reason for this behaviour is that with increasing the porosity in cold-side of the 407 

TEG, the heat conductivity decreases. Therefore, it reduces the heat transfer from the PCM of 408 

the cold-side and consequently from the hot-side PCM. This causes the thermal heat 409 
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confinement on both sides of the TEG, which raises the temperature on both sides. 410 

Furthermore, less heat discharge from the cold-side of the TEG will reduce the temperature 411 

difference between both sides, respectively. 412 

 
(a) 

 
(b) 

Fig. 20. Comparison of temperature and its differences between two sides of TEG 
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The variation of electric voltage generation at different porosities also shows in Fig. 21. 413 

 414 

 

Fig. 21. Variation of electric voltage generation with time 

 415 

As shown in Fig. 20(b), an increase in temperature reduces the temperature difference between 416 

the sides of the TEG. This decrease in temperature difference, according to Fig. 21, leads to a 417 

decrease in the electrical voltage generation with TEG, which is related to the electrical power 418 

and energy produced. As shown in Fig. 22(b), the amount of electrical energy generated by 419 

TEG shows a decrease of 0.4% and 5.7% with an increase in porosity from 0.8 to 0.9 and 0.95, 420 

respectively. 421 

 422 
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(a) 

 
(b) 

Fig. 22. Variation of electrical power and energy with time 

 423 

 424 
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Fig. 23 shows the bar charts of produced energy in cases with PPI of 10, 20 and 40. As shown 425 

in this figure, the changing procedure is similar to cases with PPI of 20. 426 

 427 

 

Fig. 13. Effect of changing porosity at constant PPI on electrical energy generation 

 428 

6. Conclusions 429 

This study shows that, the application of PCM on both sides of the TEG has a positive effect 430 

on reducing the fluctuations of output voltage in transient boundary conditions. It also increases 431 

the time duration of producing electrical energy when the heat source is cut-off. However, it 432 

also has a negative impact in which the output voltage reduces. Therefore, to tackle this 433 

problem, the present numerical study, uses a porous medium to increase the efficiency of PCM 434 

based thermoelectric harvester and the following results have been obtained: 435 

1. Using porous medium on the cold-side of the TEG improves the system efficiency in 436 

terms of output voltage and electrical energy production. The use of a porous medium 437 

in cold-side of the TEG with the porosity of 0.80 and PPI of 20 showed an increase in 438 

producing electrical energy by 25.47%. Whereas applying porous in the hot-side shows 439 

an opposite effect and it reduces the electrical power by 13.33%. 440 
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2. Temperature changes and the liquid fraction (due to the melting of PCM) on the hot-441 

side of TEG, are fluctuating, whereas such behaviour is not observed on the cold-side 442 

of the thermoelectric generator. 443 

3. The effect of PPI and porosity on system performance is opposite. In overall, the system 444 

with high PPI, which is 40 in this study, and low porosity, which is 0.80, shows better 445 

efficiency and performance such as heat discharge to heat-sink on the cold-side, 446 

producing output voltage and electrical energy. 447 

  448 
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Nomenclature 

A Area 

Am Mushy zone constant 

Asf Specific surface area of metal foam (m2) 

Cf Inertial coefficient  

Cp Specific heat (J/kg.K) 

dl Ligament diameter (m) 

dp Pore size (mm) 

g Gravity acceleration (m/s2) 

h Heat transfer coefficient (W/m2.K) 

hsf Interfacial heat transfer coefficient (W/m2.K) 

K Permeability of porous foam (m2) 

k Thermal conductivity coefficient (W/m.K) 

L latent heat of fusion(J/kg.K) 

n Normal direction of surfaces 

P Pressure (Pa) 

Pr Prandtl number 

Q Thermal energy rate (W) 

qʺ Heat flux (W/m2) 

Rin Internal electrical resistance of the thermoelectric generator (Ohm) 

Re Reynolds number 

T Temperature (K) 

u Velocity in x-direction (m/s) 

v Velocity in y-direction (m/s) 

ZT Figure of merit 

Abbreviations 

PCM Phase Change Material 

PPI Pore Per Inch 

TEG Thermoelectric Generator 

RT Rubitherm Gmbh Germany 

Greek symbols 

α Seebeck coefficient (V/K) 

β Thermal expansion coefficient (1/K) 
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ε Porosity of the copper foam 

λ Liquid fraction 

µ Dynamic viscosity (kg/m.s) 

ρ Fluid density (kg/m3) 

σ Electrical conductivity coefficient of TEG (S) 

ω Pore density (PPI) 

Subscripts 

c Cold 

e Effective value 

f Fluid 

h Hot 

l Liquid 

ref Reference 

s Solid 

 449 
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