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a b s t r a c t

Phase change materials (PCMs) are useful means for energy storage and thermal management of ther-
moelectric generators (TEG) systems. Nevertheless, energy storage rate under transient heat loads is slow
due to low thermal conductivity of PCMs. In this study, copper and nickel porous metal foams are applied
in a PCM on hot side of a TEG to accelerate storage of fusion heat and power output of the TEG under
transient boundary conditions. Therefore, continuous and fluctuating heat flows were imposed to the
system initiating from ambient room temperature. Results of this study show that, adding the metal
foams enhances heat flux through the PCM by reducing overall thermal resistance in the energy storage
box. The PCM with copper foam makes higher percentage of increase of temperature in the box and
higher power generation until the melting point, while the PCM with nickel provides higher storage
temperature after the melting process. The metal foams improve the thermal conductance between the
heat source and the TEG creating higher temperature difference across the module and making higher
electrical power compared to the case with PCM-only. The corresponding power enhancement is 26.2%
and 62.5% by the TEGs with the nickel and copper foams, respectively.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The widespread consumption of fossil fuels by humans has
created many environmental issues, such as ozone depletion,
release of toxic gases, and destruction of ecosystems. Thermo-
electric generator (TEG) is one of the effectual technologies, by
recovering waste heat and converting into useful electrical energy
[1,2]. TEGs are solid state devices that directly convert thermal
energy into electricity. Although these devices are less efficient
than the conventional heat engines, TEGs are highly applicable and
have many advantages due to their small sizes and less complexity
[3,4]. Thermoelectric based systems can be simple, lightweight,
affordable, and without moving parts and mechanical vibration
during operating. While TEGs are efficient at higher temperatures,
these devices need protection from overheating and damaging at
.A. Nejad), alr@energy.aau.dk

r Ltd. This is an open access articl
temperatures out of their operating range [5,6]. Protection of TEG
modules under unstable temperature boundary conditions as well
as producing appropriate power can be achieved by proper thermal
management at its cold side [7,8], hot side [9] and regulation of the
electrical load resistance over the TEG module [10].

Applying phase change materials (PCMs), alternatively, helps to
control the hot side temperature of TEGs by absorbing a fraction of
the thermal energy imposed from the heat source. Under transient
heat loads, the temperature fluctuation reduces while the PCM
stores thermal energy via phase changing from solid to liquid
[11,12]. These materials can stabilize temperature on both sides of
the TEG [13,14]. To improve thermoelectric conversion performance
and to protect the module during long-term use, Meng et al. [15]
developed a thermoelectric system combined with PCM. They
applied the PCM on the hot, cold and both sides of the TEG under
unstable heat loads, and investigated the heat transfer mechanism
in the system. The results confirmed high-potential of the PCM in
thermal energy storage and protection of the TEG from overheating
under variable thermal loads. Wang et al. [16], furthermore, pro-
posed a hybrid TEG-PCM system, where they showed the time to
produce electricity was longer when the PCM was applied under
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Cp specific heat capacity (Jkg�1K�1Þ
Cth equivalent thermal capacitance (JK�1Þ
Rin internal resistance (U)
RL external load (U)
Rth thermal resistance (KW�1Þ
k thermal conductivity ðW m�1K�1Þ
L latent heat capacity (Jkg�1Þ
V voltage (V)
T temperature (�C ; KÞ
Q heat transfer rate (W)
I current (A)
ε porosity
a Seebeck coefficient (VK�1)
r density ðkg m�3Þ

f volume fraction
DT temperature range over which the PCM melts (K)
h height (m)
w width (m)
l length (m)
t time (s)

Subscripts
s solid
l liquid
m melting
h hot
c cold
pm porous medium
eff effective
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pulsed thermal boundary conditions. They used the PCM to stabi-
lize the hot side temperature of the TEG and to control the thermal
fluctuations during energy production.

To recover dissipating heat emitted from internal combustion
engines using TEGs, Mirko et al. [17] embedded PCM between hot
side of the TEGs and the exhaust pipe for storing thermal energy
and protecting the modules under transient thermal loads. Their
results verified high potential of PCMs as an effective energy stor-
age technology in TEG systems. In an experimental study, Jaworski
et al. [18] showed possibility of using PCM as a heat sink to stabilize
cold side temperature of a TEG module. In their study, the TEG
system was designed as absorber of solar irradiation. In order to
maximize utilization of thermal energy harvesting, Ahmadi et al.
[19] suggested two-stage TEG system design using PCM, where
thermal energy was stored in a PCM box and then distributed
among TEGs mounted around the box. Their proposed system
generated more electrical power than a one-stage TEG systemwith
the same thermal energy input. Moreover, they used PCM for
protection and thermal management of TEGs [20] by applying the
PCM at hot side of the TEG, which significantly mitigated effect of
temperature fluctuation of the heat source on the TEG's hot side.

PCMs have different melting temperatures, heat of fusions, and
different thermal conductivities, which are important design fac-
tors in a thermal management system using PCMs. Darkwa et al.
[21] investigated conversion efficiency improvement of silicon
crystal photovoltaic cell with PCM and TEG at its cold side
emphasizing importance of thermal conductivity of PCMs. PCMs
have some substantial advantages such as high latent heat, low
vapor pressure, non-toxicity, and are stable and inexpensive. On the
other hand, low thermal conductivity of PCMs has limited their
application in thermal systems and industries using heat. Ampli-
fication of PCM thermal conductivity makes it more efficient in
controlling of the module hot side temperature and fluctuation
stabilization of its output voltage [22].

Porous metal foams have been used to increase heat transfer in
PCMs and for temperature stabilization under transient boundary
conditions via improving thermo-physical properties of the PCMs.
As results, electrical power outputs increased, and heat loss from
the systems reduced [23e25]. Because of light-weight, high
surface-area density and compact size, open cell metal foams have
been used in vast industrial applications such as heat exchangers,
high-temperature filters, solar collectors, armor sectors and medi-
cal fields [26]. To investigate transient thermal storage properties of
a double pipe heat exchanger with a highly porous metal foam and
PCM (paraffin RT50), Chen et al. [27] developed a dynamic heat
2

transfer model using enthalpy-porosity method. They found
reduction of the PCM melting time and significant increment in
heat storage rate as effects of using the metal foam. Remarkable
effects of applying metal foam to enhance heat transfer in PCMs
was numerically reported by Borhani et al. [28] where they studied
adding copper foam as a porous medium in low melting temper-
ature paraffin. They evaluated effects of different porosities on a
TEG performance and found that, reducing the porosity improves
the TEG's conversion efficiency.

Duan [29] investigated performance of concentrated photovol-
taic panel integrated with PCM and porous metal foam. His nu-
merical study shows that, such hybrid system enhanced cooling
over the photovoltaic module and its conversion efficiency signif-
icantly compared to the case where only PCM was used for the
thermal management. Nithy et al. [30] investigated heat recovery
from cars exhaust pipe consisted of TEG and metallic foam in a heat
exchanger to reduce thermal resistance between the heat source
and TEG. Madroga [31] presented a model for absorbing thermal
fluctuations in a fuselage during flights with metal foam, water as
PCM, and TEG as energy harvester. Although the PCM applied in his
study could be used in a limited range of temperature, it was
observed that, the metal foam was the main factor for enhancing
conductivity and achieving higher temperature difference across
the TEG. Moreover, shortening of PCM melting time and the uni-
formity of heat distribution during the phase change in paraffin
with aluminum foam were reported by Diani et al. [32] by high-
lighting coupled effect of the linear porosity of the foams and the
PCM melting point.

Results of our previous work [20] indicated, although using PCM
on the hot side provides continuous and smother voltage genera-
tion by the TEG, thermal properties of the PCM module needs
enhancement in advanced heat conduction mechanism. A PCM box
with low thermal conductivity decelerates absorption of the heat
and is a reason to heat transfer shortcut between the heat source
and TEG via the box walls. This study, nevertheless, examines
enhancement of thermal conductivity between the heat source and
TEG using different metal foams inside PCM placed between them.
This work investigates, in detail and experimentally, impact of
metal foams on improvement of overall thermal conductivity of
PCM and increment of heat transfer between the heat source and
TEG under transient thermal boundary conditions. Therefore, this
study aims to explore alteration of energy storage rate in the PCM
and power generation by the TEG. Via focusing on the melting
process and analyzing of the temperature variation on both sides of
the TEG, power generation and electrical energy production under
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unstable thermal boundary conditions will be explained.
The present work considers open porous copper and nickel

foams with different thermal conductivities but equal volumes and
specific physical characteristics in an aluminum PCM box with thin
walls. Hence, three PCMmodules consisting of only PCM, PCMwith
copper foam, and PCM with nickel foam, namely PCM-only, PCM-
Cu, and PCM-Ni are investigated in this study. Equivalent RC
network of the system, consisting of geometry and thermal prop-
erties of the foams and the PCM, is presented to evaluate acceler-
ation of heat transfer and enhancement of latent heat storage under
continues and fluctuating heat fluxes from the heat source. Tem-
perature variations of the heat source, inside the PCM box, and on
both sides of the TEG are measured to investigation performance of
the improved system. To explain the hybrid high-heat flux and
high-heat storage mechanism under transient heat sources, design
concept and relevant mathematical correlations are presented in
the next section. Sections 3 and 4 describe the experimental setup
and test procedure, respectively followed by the results section.

2. Concept equivalent RC network and mathematical
correlations

This study investigates enhancement of energy conversion
performance in TEG systems integrated with energy storage mod-
ules under unstable thermal boundary conditions. This progress
took place using porous metal foams and improving energy storage
rate to provide proper temperature on TEG's surfaces. For this
investigation, copper and nickel foams were selected. Although
nickel has lower thermal conductivity than copper, it has a higher
resistivity against oxidization, which makes this metal foam suit-
able for energy storage applications. Under thermally transient
conditions, themetal foams enhance the latent-heat energy storage
[33], where this study shows how higher heat of fusion can be
transferred by the metal foams. To explain the heat transfer
mechanism and formulation of the foams effect on the latent heat
storage in the proposed thermoelectric system, the RC network
model and the governing equations are presented. The RC network
model of the studied TEG system is shown in Fig. 1. The terms of R
and C represent the thermal resistance and heat capacitance,
respectively. During the phase changing stage, a large amount of
thermal energy is stored; so that the PCM can be considered as a
Fig. 1. RC network model of the TEG sys

3

large thermal capacitor [34]. The heat transfer across the box walls,
the PCM and foams are included in the RC network.

R and C can be calculated by Eqs. (1) and (2) where h,w, and l are
the thickness, width and length of the elements, respectively [35]:

Rth ¼
h

w:l:k
(1)

Cth ¼h:w:l:r:Capp (2)

In Eq. (3), Capp is the apparent heat capacity of the PCM defined
as:

Capp ¼

8>>>><
>>>>:

Cp ; T � Tmelt

Cp þ L
DT

; Tmelt < T < Tmelt þ DT

Cp ; T � Tmelt þ DT

(3)

where the temperature range over which the PCM melts is the DT .
The equivalent heat resistance and heat capacitance of the PCM-
only system from A to B in Fig. 1 can be calculated as follow:

1
Rth;AB

¼ 1
RAl

þ 1
RPCM

(4)

Rth;AB ¼
RAlRPCM

RPCM þ RAl
(5)

Cth;AB ¼Cth;Al þ Cth;PCM (6)

In these equations, RAl and Cth;Al between A and B represent the
thermal resistance and heat capacitance of the aluminum box
walls. After adding the foams, Eqs. (5) and (6) change as follow:

1
Rth;AB

¼ 1
RAl

þ 1
RPCM

þ 1
RFoam

(7)

Cth;AB ¼Cth;Al þ Cth;PCM þ Cth;Foam (8)

Therefore, the equivalent resistance inside the box (A to B)
tem including PCM and metal foam.
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decreases with adding the foam while the heat capacitance in-
creases. With following substitutions made in Eqs. (7) and (8):

1
Rpm

¼ 1
RPCM

þ 1
RFoam

(9)

Cth;pm¼ Cth;PCM þ Cth;Foam (10)

Rth;AB and Cth;AB in Eqs. (7) and (8) can be calculated in the
aluminum box consisting of the metal foams and PCM:

Rth;AB ¼
RAlRpm

Rpm þ RAl
(11)

Cth;AB ¼Cth;Al þ Cth;pm (12)

where thermal resistance and heat capacitance of porous medium
are defined as:

Rpm ¼ h
w:l:keff

(13)

Cth;pm¼ h:w:l:rC (14)

In the thermal resistance equation, Eq. (13), the term of keff is
the effective conductivity of the porous medium that can be
expressed as [36]:

keff ¼ð1� εÞkm þ εkPCM (15)

where kPCM , the PCM conductivity, is defined as:

kPCM ¼ flkl þ ð1� flÞks (16)

Meanwhile, rC in the Eq. (17) refers to the mean thermal
capacitance of the porous medium defined as [37]:

rC¼ flεrCl þð1� flÞεrCs þ ð1� εÞrmCm (17)

where ε is the porosity of the porous matrix, and Cs and Cl are the
specific heat of the solid and liquid phases of the PCM, respectively.
Cm shows the specific heat of the foam material, and r and rm are
the density of the PCM and porous matrix, respectively. Moreover, fl
is the volume fraction of the PCM in the liquid phase defined by Eq.
(18) [38]:

fl ¼

8>>>><
>>>>:

0 ; T � Ts

1 ; T � Tl
T � Ts
Tl � Ts

; Ts < T < Tl

(18)

The energy balance equations in the TEG are as follow [39]:

Qh ¼aThITEGþ kinðTh � TcÞ � 0:5RinI
2
TEG (19)

Qc ¼aTcITEG þ kinðTh � TcÞ þ 0:5RinI
2
TEG (20)

where Qh and Qc are heat transfer rate from both sides of the TEG
and a is the Seebeck coefficient of the TEG semiconductor mate-
rials. Rin and kin are internal resistance and thermal conductivity of
the TEG, respectively. Moreover, Th and Tc are the temperatures on
the hot and cold junctions of the TEG, respectively.

The output power of the TEG can therefore be [40]:
4

P¼Qh �Qc ¼aITEGðTh � TCÞ � I2TEGRin (21)

Moreover, the output power under the external electrical load
and corresponding voltage across the load resistor are:

P¼VITEG ¼ I2TEGRL (22)

V ¼ ITEGRL ¼ aðTh � TCÞ � ITEGRin (23)

The electric current of the module, ITEG, can be calculated as:

I2TEGRL ¼ aITEGðTh � TCÞ � I2TEGRin (24)

ITEG ¼
aðTh � TcÞ
RL þ Rin

(25)

Furthermore, the output power of the TEG in Eq. (22) can be
expressed as:

P¼
�
aðTh � TcÞ
RL þ Rin

�2
RL (26)

If Rin ¼ RL, the output power of the module is maximized as
[41]:

Pmax ¼
�
aðTh � TcÞ

2Rin

�2
Rin ¼

a2ðTh � TcÞ2
4Rin

(27)
3. Experimental setup and theoretical calculations

Fig. 2A shows the setup components investigated in this study.
In this system, two ceramic heat plates with maximum voltage and
power of 220 V and 210W, respectively, and dimensions of 15mm�
70mm� 1.5 mm were used to simulate the heat loads. A TEG
module (Bismuth Telluride, SP1848-271455 A) with dimensions of
40 mm� 40 mm� 4 mm, and operating temperature 150 �C and
thermal conductivity of 0.015 ðW =m:KÞ was used as the energy
harvester. An aluminum box with thinwalls and 0.6 mm thickness,
and total volume of 128 cm3, and dimensions of 80 mm� 40 mm�
40 mm, was fabricated in order to store the PCM, and to place the
copper and nickel foams. The thermoelectric system consisted of a
12 V DC fan (ZhangPeng 4010H) and an aluminum heat sink
fabricated with dimensions of 16 mm� 40 mm� 40 mm and 5 fins
each with a height and thickness of 15 mm and 4.4mm, respec-
tively, for cooling of the TEG module. K-type thermocouples with
temperature measurement range up to 1250 �C and 0.75 % error
were used to measure temperature of critical points in the system.
The location of the thermocouples is also shown in Fig. 2A. As
shown in Fig. 2B, the system was insulated using K-Flex insulator
with thermal conductivity of 0.036 ðW =m:KÞ and average thick-
ness of 25 mm to prevent heat loss from the system.

Table 1 presents the characteristics of the PCM used in this
study. Features of the metal foams exerted in the tests are,
furthermore, given in Table 2.

With the specifications of the system elements and Eqs. (1) and
(2), the thermal resistance and heat capacitance of the heat storage
module components from A to B (see the Fig. 1) before adding the
foams are calculated in Table 3.

Therefore, Rth;AB and Cth;AB are calculated using Eqs. (5) and (6)
as 4.56 ðK=WÞ and 219.77 ðJ=KÞ, while the PCM is in solid phase.
For the liquid PCM, these values are 4.64 ðK=WÞ and 145.02 ðJ=KÞ,
respectively. After combining the foams with the PCM inside the
aluminum box and calculating thermal conductivity of the porous



Fig. 2. A: The TEG system configuration and the location of the temperature sensors in the system. The depth of the sensors location inside the box is 2 cm. B: Insulated ther-
moelectric system.

Table 1
Properties of the phase change material [42].

PCM name Tmð�CÞ rðkg =m3Þ LðkJ =kgÞ CpðkJ =kg:KÞ kth (W=m:KÞ

Paraffin wax 56 670 ðsÞ
640 ðlÞ

142.7 2.4 ðsÞ 1.6 ðlÞ 0.4 ðsÞ 0.2 ðlÞ

Table 2
Metal foams properties with dimensions of 4 cm � 4 cm � 8 cm and tolerance of.±0:1 mm:

Sample Pores per inch ðPPIÞ Porosity CpðkJ =kg:KÞ rðkg =m3Þ kth (W=m:KÞ

Copper 20 0.90 0.385 8933 401
Nickel 20 0.90 0.440 8900 90.7

Table 3
Thermal resistance and heat capacitance of the components from A to B in Fig. 1 before adding metal foam.

material h
ðmmÞ

w
ðmmÞ

l
ðmmÞ

k
ðW =m:KÞ

Rth
ðK =WÞ

r

ðkg=m3Þ
Capp
ðJ=kg:KÞ

Cth
ðJ=KÞ

Al 80 0.6 120 235 4.73 2700 897 13.95
PCM (s) 80 40 40 0.4 125 670 2400 205.82
PCM ðlÞ 80 40 40 0.2 250 640 1600 131.07
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Table 4
Thermal resistance and heat capacitance of the porous medium in Fig. 1.

material h
ðmmÞ

w
ðmmÞ

l
ðmmÞ

keff
ðW=m:KÞ

Rpm
ðK =WÞ

rC

ðkJ=m3KÞ
Cth;pm
ðJ=KÞ

PCM (s) and copper 80 40 40 40.46 1.236 1791.12 229.26
PCM ðlÞ and copper 80 40 40 40.28 1.241 1265.52 161.98
PCM (s) and nickel 80 40 40 9.43 5.30 1789.85 229.10
PCM ðlÞ and nickel 80 40 40 9.25 5.40 1313.2 168.09

Table 6
Pattern of applied heat loads in the experiments.

Heat flux Electric power (W) Heater on (s) Heater off (s)

constant 5, 10, 15, 20 1800 3600
step 10, 15, 20, 25 300 300
step 15 150 150
step 15 600 600
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medium, keff , and rC with Eqs. (15) and (17), Table 4 is formed.
Using Eqs. (11) and (12), Rth;AB and Cth;AB are calculated with

porous medium in the box, as shown in Table 5.
The results of theoretical calculations confirm the increment in

the heat capacitance and reduction in the thermal resistance after
addition the foams to the PCM, where the copper foam has led to a
more reduction in the thermal resistance than the nickel.

4. Tests procedure

This section categorizes the experiments performed in this
study. Three cases, namely PCM-only, PCM-Ni, and PCM-Cu were
tested under both continuous and rectangular shape heat loads
with different heat load frequencies. Electrical response of the TEG
affected by heat transfer mechanism in the PCM box were
compared for these three cases. The PCM box contained 128 cm3

PCM in the PCM-only case and 115.2 cm3 of the energy storage
material in the cases comprising the metal foams. Porosity of the
foams were ε ¼ 0.9. In the experiments, the temperatures on the
cold and hot sides of the TEG, inside of the PCM, the ambient and
insulation as well as voltage output of the TEG were measured and
recorded.

Although the internal resistance of the TEG is a function of
temperature, its average value was determined to apply a fixed
external load resistance in the experiments. When the TEG is under
open circuit, minimum heat flux passes across the TEG. As the
external load over the TEG decreases, higher heat is pumped across
the TEG from its hot side to its cold side changing the thermal
balance and temperature distribution on both sides of the module.
When the internal and external resistances are equal, the output
voltage is half of the open circuit voltage, and the power output is
maximum [43]. With various electrical loads applied on the TEG
circuit, external load resistance of 5 U, providing maximum power
output, was selected and used in the experiments.

To investigate the melting process and effect of the foams on the
phase change process, the system in the studied cases were heated
with continuous heat fluxes, 5, 10, 15 and 20 W. The trend of the
heat flux variation was used to analyze phase change performance
of the PCM and heat transfer process in the system. To study the
heat transfer mechanism in the system under fluctuation heat
loads, rectangular heat loads of 10,15, 20 and 25Wwith intervals of
150, 300 and 600 s were applied. Table 6 shows the heat fluxes and
considered applied times. For illustration, the continues heat load
of 10Wand fluctuating heat load of 20Wapplied on the system are
shown in Fig. 3.

To ensure repetition of the experimental data, each test was
performed three times. Standard deviation of the variables, the
temperatures and output voltage, was calculated as follow [44]:
Table 5
Rth;AB and Cth;AB with porous medium in the box.

material Copper foam and PCM (s) Copper foam and PC

Rth;ABðK =WÞ 0.98 0.98
Cth;ABðJ =KÞ 243.21 175.93

6

sX ¼
"

1
N � 1

XN
i¼1

ðXi � XÞ2
#1

2

(28)

where N is number of the measurements. The mean value of X is
defined as:

X¼ 1
N

XN
i¼1

Xi (29)

The uncertainty of the hot and cold sides temperature and the
output voltage in this study are calculated ±1:5�C, ±1�C and 0.02 V,
respectively.

5. Results and discussion

To have a comprehensive investigation on utilization of the
metal foams under continues heat loads and at the ambient room
temperature, the system's response during the melting and solid-
ifying processes is evaluated. The fluctuating heat loads are used to
study potential of energy storage in the PCM integrated with the
transient power generation by the TEG. Various heat load periods
can be a useful parameter to consider impact of the metal foams on
the heat storage and heat transfer across the system. Using two
metal foams with different thermal conductivities supports dis-
tinguishing the impact of metal foam material properties on the
enhanced heat transfer rate and distribution in the storage box and
electrical response of the TEG to the variations of the heat loads.
Temperatures of the heat source, the PCM along the heat flow, hot
and cold surfaces of the TEG, the insulation layer and ambient as
well as voltage output of the TEG were recognized as the critical
parameters to measure and assess thermo-electrical performance
of the system.

Fig. 4 shows variation of the measured temperatures and
voltage during the heating/cooling (on/off) stages in the system
with PCM-only and continuous heating load of 20 W. Thermal
conductivity of the PCM in the liquid phase is lower than that in the
solid phase. Therefore, when the PCM reaches the melting point,
heat transfer in the liquid PCM decreases as well as the heat
M (l) Nickel foam and PCM (s) Nickel foam and PCM (l)

2.5 2.5
243.05 182.04



Fig. 3. Electrical power imposed by the heater for the continuous 10 W and fluctuating 20 W with intervals of 300 s.

Fig. 4. The system with the PCM-only under continuous heat flux of 20 W.
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transfer to the solid PCM at the middle of the box. Since the heat
flux from the heat source is continues, increment rate of the tem-
perature of the liquid phase becomes higher. Variation of the TEG's
hot side temperature is a function of the thermal conductance
between the heater and the TEG including the temperature and
thermal conductivity of the PCM in both phases and thermal
conductance of the box's walls. Hence, the temperature becomes
higher than the PCM after the melting process due to the heat
conductance across the walls. According to Eq. (23), the tempera-
ture difference across the TEG module provides the voltage output
as shown in Fig. 4.
5.1. Thermal storage temperature

During the single heating stage, the PCM-only, PCM-Ni and
PCM-Cu systems were exposed to continuous heat loads of 5, 10, 15
7

and 20 W staring from the room temperature and 1800 s. Fig. 5
shows the PCM temperature variation closer to the heat source at
various studied heat loads. Due to high thermal conductivity, (see
Eq. (15) and Table 4), the foams conduct the heat into the PCM
during the heating process. According to the RC network shown in
Fig. 1, the foams in the box add a parallel factor of thermal con-
ductivity to the system RC network. Thus, the thermal resistance of
the system decreases (see Table 5) and facilitates the heat transfer
across the system. Because copper has a higher thermal conduc-
tivity and thermal diffusivity than nickel, the PCM temperature
with the copper foam is higher than the case comprised nickel
foam. After the heating stage, this process is reversed where the
copper transfers heat from the PCM to the TEG with a higher rate.
Thus, the temperature in the PCM-Cu box decreases quicker than
the temperature in the PCM-Ni box.

For the systems under the 5 W heat load, the heater was turned



Fig. 5. Variation of PCM temperature close to the heater under in continuous heat flow of 5 W, 10 W, 15 W.
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off before the melting process began. Therefore, higher heat loads
were also applied to investigate the melting process of the PCM.
With an input thermal power of 10W, Fig. 5 shows that the melting
process in the PCM-Cu started sooner than the case with PCM-Ni.
Only at higher heat loads the melting process can be completed.
Fig. 5 shows at heat load of 15 W the PCM melts in all the three
cases, yet with different patterns. For instance, the melting pattern
in the PCM-Cu is more uniform than the other cases, while the
melting patterns of the PCM-only and PCM-Ni are similar. Because
of the high thermal conductivity of the copper, heat transfer to the
PCM happens with higher rate and phase change process occurs
quicker. After the melting point, the PCM temperature with the
copper foam becomes lower than the PCM temperature with the
nickel foam because of the higher heat transferred to the PCM by
the copper.
5.2. Hot and cold side temperatures of TEG

According to Eqs. (23) and (27), the hot and cold side temper-
atures of the TEG module have major impact on its output power.
Fig. 6 shows impact of utilizing the metal foams on these temper-
atures. The higher thermal conductivity of the copper foam en-
hances heat storage rate and makes that the TEG taking less heat
compared to the other cases. Therefore, the hot side temperature of
the TEG before completion of the melting process is lower than that
in the other systems. On the other hand, this material property of
the copper conducts higher rate of the stored heat to the TEG after
the heating stage and provides higher temperature at the hot side
of the TEG.
5.3. Electrical power generation

Since the electrical load resistance was fixed at 5 U during the
experiments, the temperature difference across the TEG was the
most dominant factor in variation of the power generation by the
8

TEG. Fig. 7 shows the power generation by the systems considered
in this study. The cold side temperature of the TEG follows the
temperature variation on the hot side. Therefore, the TEG's power
generation in the studied systems are almost the same before the
melting process. The higher heat conductance via the metal foams
also improves the power generation after the heating process. As
can be seen in Fig. 7, the copper foam is able to create higher
temperature difference across the TEG and provides higher elec-
trical power. The Maximum output power for the PCM-Cu case
under 20 W heat flow was measured 13 mW . This value was
10:1mW and 8mW for the PCM-Ni and PCM-only systems,
respectively. Therefore, the maximum power generated in the
PCM-Cu and PCM-Ni systems increased by 62.5% and 26.2%,
respectively, compared to the PCM-only system.
5.4. Heat source temperature

In this study, the electrical heater imposed the thermal energy
into the PCM module. The heat source temperature, therefore, can
be different at different heat loads and also for the different cases in
this study. Fig. 8 shows the temperature variation of the heat source
at 5 W and 10 W heat loads.

During the heating stage, the copper foam conducts a fraction of
the thermal energy to the PCM more than the nickel. The lower
thermal conductivity reduces the heat flux across the PCM and
causes higher temperature at the heat source. For the case with
PCM-only, with the lowest thermal conductivity, the heat source
has the highest temperature. The results show that, application of
the metal foams is an effective technique to protect and reduce
temperature of the heat source in case of using low thermal con-
ductivity PCMs in energy storage applications.
5.5. Fluctuating heat load

The heat imposed to an energy system may have variable



Fig. 6. The hot side temperature of the TEG module under 10 W, 15 W heat loads, and the cold side temperature under 10 W.

Fig. 7. Power generation under 10 W and 20 W, and temperature difference between the two sides of the module under 10 W.
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properties. To expand performance evaluation of the energy stor-
age systems over wider range of heat flows, various heat loads with
different on/off time frequencies were applied to the hot side of the
PCM box in the current study. Variation of the PCM temperature
inside the box under 10Wand 25W fluctuating heat loads is shown
in Fig. 9.

The average melting point was 56 �C, thus it is clear that the
copper and nickel foams accelerated the melting process time
compared to the PCM-only case. Among the metal foams studied
for reducing the thermal storage time, the copper foam provided
9

best performance before the melting process was completed.
However, at high heat loads the temperature of the PCM-Ni is
slightly above the temperature of the PCM-Cu when the PCM is in
the liquid phase. This is because the lower thermal conductance
nickel foam transfers lower heat than the cooper to the cold side of
the PCM module. Therefore, the PCM-Ni offers better performance
for thermal energy storage in the box under long term step heating
process. As shown in Fig. 9, long time requiring for transforming the
PCM into liquid phase is noticeable under lower heat loads.

Prior and during the melting process the temperature drop of



Fig. 8. The heat source temperature variation at continuous power of 5 W, 10 W.

Fig. 9. Variation of PCM temperature (TPCM;1) under 10 W and 25 W step heat flows with 300 s on/off time frequency.
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the PCM was not significant when the heater was off. In this stage,
the thermal potential between the foams, the box, and the PCM
increased the PCM's temperature, and the thermal energy was
storing in the PCM as latent heat. As the thermal conductivity and
specific heat of the PCM is lower in the liquid phase compared to
the solid phase (see Table 3), the PCM temperature is more affected
by variation of the heat flow pattern and fluctuates radically. Fig. 10
shows that, for the longer on/off periods this variation is more
significant. Because of similarity of the PCM temperature variation
in the cases with PCM-Cu and PCM-Ni under fluctuating heat loads,
the results for only PCM-Ni system are presented in this figure.
10
The effect of themetal foams, utilized in the PCMmodule, on the
hot and cold side temperatures of the TEG and output power can be
seen in Fig. 11 for sample fluctuating heat load of 20 W.

Because the PCM temperature inside the box is higher during
the melting process, due to the higher thermal storage rate, the
temperatures of the TEG are lower for cases comprising the metal
foams. It is noteworthy that, after the melting process the hot side
temperature of the TEG is higher because thermal energy dis-
charging in the PCM occurs with higher rate due to the higher
thermal conductivity of the metal foams. Utilization of the metal
foams under the fluctuating loads provides higher power



Fig. 10. Variation of the PCM temperature (TPCM;1) in step heat flow 15 W, 150 s and 600 s on/off.

Fig. 11. Temperature variation on the hot and cold sides of the TEG and Power generation under step load of 20 W, 300 s on/off.
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generation after the melting process because of making the greater
temperature difference across the TEG module. The maximum
power generation in the PCM-Ni and PCM-only systems was
14:6mW and 11:5 mW , respectively. Therefore, the power gener-
ation in the system including the metal foam increased up to 26.9%
compared to the PCM-only system.

The results show that, porous metal foams have a significant
effect on increasing overall thermal conductivity of the PCM
module and heat transfer rate between the heat source and the
TEG. Therefore, applying thermally conductive metal foams can
improve economic savings in energy production systems under
fluctuating heat sources. Such heat sources can be found in power
11
electronics systems, radiative heat transfer systems in windy en-
vironments [45], and renewable energy systems [46]. Moreover,
automotive industry, environmental sensors [37], and heat recov-
ery systems integrated with protective system from overheating
can be other applications of such advancement. Temperature con-
trol on both sides of a TEG and protection of the module from
overheating are critical challenges in systems operating under
unstable thermal boundary conditions, and the combination of
PCM and porous metal foams can offer a sustainable solution for
these challenges.



E. Yousefi, A.A. Nejad and A. Rezania Energy 256 (2022) 124644
6. Conclusions

In this experimental study, effect of porous metal foams on heat
transfer and thermal storage in a PCM module was studied under
transient thermal boundary conditions. The heat storage module
was integrated with a TEG to explore impact of copper and nickel
foams on enhancement of heat storage rate and electrical power
generation in the hybrid PCM-TEG system particularly under
transient heat loads. Therefore, temperature variation of the heat
source, in the storage box, on the cold and hot sides of the TEG as
well as voltage output of the TEG were measured under continuous
heat loads imposed at ambient temperature and under fluctuating
heat loads with various intervals.

Results of this study shows that, enhancement of overall ther-
mal conductivity of the thermal storage module, due to the metal
foams, is a key factor of heat transfer mechanism in the storage
module and temperature of the TEG. In this study the copper foam
provided higher thermal storage in the solid phase and during the
melting process, while the nickel foam enhanced energy storage
when the PCM was in its liquid phase. Overall, the copper foam
provided higher electrical power over entire heating and cooling
stages under the applied transient heat loads. The acceleration of
heat transfer rate from the heat source to the TEG by the copper and
nickel porous foams increased the power output of the TEG 62.5%
and 26.2%, respectively, compared to the hybrid PCM-TEG system
with PCM-only. The results of this study provide a guideline for
enhancing heat transfer in thermal storage systems with PCMs by
applying thermally conductive metal forms to improve economic
savings in energy production systems under fluctuating heat
sources.
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