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ABSTRACT

A thermoelectric generator (TEG) is considered a feasible option to recover
waste heat from a Proton exchange membrane fuel cell (PEMFC) into
electrical energy. However, its application is limited due to its low efficiency.
Meanwhile, nanofluids have emerged as an alternative coolant in heat transfer
due to their superior thermal conductivity characteristics. Thus, this study
aims to improve the efficiency of the TEG using nanofluids. The experimental
study was conducted on a test bench that coupled a PEMFC cooling plate and
TEG which was subjected to a 0.5% volume concentration of Al,05 : SiO,
hybrid nanofluids at a flow rate of Re 300 to 1000. The mixture ratio of Al,05 :
Si0, hybrid nanofluids studied was 10:90 ratio, single nanofluids of Al,0,
and Si0, and also the base fluid of water. Upon completion, the improvement
in power output due to an improved temperature difference of the
thermoelectric generator (TEG) is observed. The highest TEG performance
was shown by hybrid nanofluids of 10:90 (Al,05 : Si0,) with a 17%
improvement as compared to the base fluid of water. This is due to the bigger
temperature difference which is caused by better thermal conductivity of
hybrid nanofluids as compared to the base fluid.
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Introduction

Recently, Proton Exchange Membrane Fuel Cells (PEMFCs) have gained a lot
of interest in the transport sector and portable applications because of their
high efficiency and low emissions. PEMFCs utilize a polymer electrolyte
membrane which sits between the anode and cathode catalyst, to permit
protons to move from anode to cathode while preventing the electrode from
doing the same cycle. PEMFC converts chemical energy that is released during
the electrochemical reaction of hydrogen and oxygen into electrical energy.
Their characteristics are operating in low temperatures between 60 °C to 80
°C, having a high-power density as well as ease of make-up, thus, this makes
PEMFCs a favourable option for future production of power [1]. However,
PEMFC's practical efficiency ranges between 45 to 65% and its
thermodynamic limit is 80% [2]. So, an effective heat and thermal
management of PEMFC is needed for high energy efficiency and durability of
the device. Technology can remain sustainable and become more economical
by increasing energy efficiency. Waste Heat Recovery (WHR) has appeared
to be effective in increasing the PEMFC's energy efficiency as well as cutting
its operational costs while lowering Greenhouse Gases (GHGs) emissions [3].
WHR refers to using heat loss within the system as opposed to releasing it into
the environment where it can be used to generate more heat, electricity, or
mechanical power for specific purposes [4]. However, since PEMFC optimum
operating temperature is low, the temperature difference between the ambient
is small. This makes the waste heat recover low in grade. Due to that, there are
not many studies about the waste heat recovered in PEMFC.

Additionally, there are a variety of heat recovery devices available to
capture the waste heat and among all methods, Thermoelectric Generators
(TEGS) have been considered as the most favourable method. Alam et al. [5]
study that a thermally coupled TEG and Metal Hydride (MH) cylinder can
efficiently be used for waste heat recovery from PEMFC compared to cooling
the cold side of TEG naturally or using an external fan. The result shows that
heat dissipation from PEMFC increases significantly with TEG power output
with a maximum temperature difference of 3.2 °C Generally, a TEG is a device
that utilizes the Seebeck effect of semiconductor materials where they are
capable of directly converting heat into electricity. The TEG's main elements
consist of a Heat Exchanger (HEX), Thermoelectric Modules (TEMs), and a
heat sink. It operates to produce electricity when there is a temperature
difference between the hot side and the cold side of the generators [6]. The
higher temperature difference is advantageous to create power generations that
can be obtained by reducing the cross-sectional areas of the conductors and
increasing the thicknesses. However, too much temperature difference across
the TEG module will make the materials cannot sustain, so, TEG should be
operating optimally within the feasible temperature range to reach material
stability [7]. TEGs have matchless advantages, where they are environmentally
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safe, have no economy-scale-of effect, and operate quietly as they can generate
electricity without using mechanical mechanisms or rotating elements [6].
Therefore, TEGs are being used in various applications such as solar energy
operation and automobile exhaust waste heat recovery [8].

Nevertheless, despite being used in various applications, TEG is still
not widely commercialized because of its low efficiency as a thermoelectric
material. The efficiency of TEG depends on the temperature difference
between the cold and hot sides of the TEG. In some applications, the
temperature of the heat source is fixed. Thus, some studies focus on enhancing
its efficiency. According to Meng et al. [9], the system performance of TEG
can significantly elevate effectively if the heat transfer coefficient of the
system’s cold side is enhanced. Furthermore, studies by Ramkumar et al. [10],
show the temperature gradient between the hot side and the cold side of TEG
is increased when the cooling side droops with thermacool 0.3M coating,
which subsequently increases the performance of the device. In addition,
Karthick [11] discussed that solar thermal system configurations could
increase the efficiency of TEG depending on a given thermoelectric material
through optical concentrators that provide a high emissive power density and
are able to create a large temperature difference. Due to low efficiency, TEG
is only able to convert a small portion of heat energy into electric energy.
Theoretically, the dimensionless figure of merit, ZT value is the merit
coefficient that evaluates thermoelectric efficiency. A higher ZT value will
enhance the conversion efficiency # and the coefficient of performance, COP
value of TEG systems, which further enhances the output power. Therefore,
the performance of energy conversion of TEG can be enhanced with the help
of nanofluids as coolant since nanofluids are known to have higher thermal
conductivity [12].

Thermal conductivity is the key in convective heat transfer fluids as
lower thermal conductivity will restrict cooling and heating performance.
Ruan [12] studies that the nanofluid properties have a significant effect on the
performance enhancement of thermoelectrical systems which enlarges the
temperature difference in the TEG system, either by increasing the
nanoparticle weight concentration or the flow rate of the fluids. Nanofluids
have been suggested by researchers recently as a replacement for existing heat
transfer fluids. Nanofluid refers to a fluid that contains particles with
dimensions less than 100 nm and the types of nanofluid that are commonly
used are metal, metal oxide, carbon nanotubes, and carbides. While the base
fluid for the nanoparticle to disperse can be aqueous or non-aqueous in nature
where typically used are water, ethylene glycol, and oil [13]. Based on the
Sezer et al. [13] studies, the highest thermal conductivity enhancement
reported is 100% for Multi-Walled Carbon Nanotubes (MWCNTS) nanofluid
compared to 65% for Au nanofluids and more than 100% enhancement was
reached when magnetic nanoparticle dispersed in different types of base fluids.
Even so, long-term stability is the first basic requirement in nanofluids
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research for maintaining their enhanced thermophysical properties [13]. Next,
Khedkar [14] reported that 5% of Copper Oxide (CuO) nanoparticles
concentration with water and ethylene glycol nanofluids has enhanced 23% of
thermal conductivity compared to pure base fluids. A higher concentration of
particles could enhance the thermal conductivity of nanofluids. However, high
viscosity in nanofluids will require a high pumping power which causes a
limited use of nanofluids in industrial applications [15].

In the latest advances in the applications of thermoelectric generators
reviewed by He et al. [16], none of the TEG applications hybridize with
nanofluids application as of today which serves as the research gap that
motivates this study. The TEG hybridize with nanofluids has been explored in
photovoltaic (PV) cell cooling by Abdelkareem et al. [17] which investigated
the effect of Aluminum Oxide (Al,O3), Copper Oxide (CuO), Iron Oxide
(Fez0,), and Silicone Oxide (SiO) nanofluids were used as coolants for TEG.
Apart from solar PV cooling, TEG-nanofluids also have been investigated in
automotive applications as performed by Karana and Sahoo [18] who use
Magnesium Oxide (MgO) and Zinc Oxide (ZnO) nanofluid coolants in their
theoretical analysis. They later experimented with automobile waste heat
recovery systems with EG-water (EG-W) mixture, ZnO, and SiO, nanofluid
as coolants for the TEG system [19]. The performance of Graphene
Nanoplatelets (GNPs) nanofluids in heat exchangers has also been explored by
Ruan et al. [12] who proved that the application of nanofluids is able to boost
the cooling capability for TEGs and thermoelectric coolers (TECs).

In this study, an experimental study was performed on the test bench to
observe the effect of the difference in cooling fluids on the heat transfer
performance of the PEMFC cooling plate in terms of waste heat recovery
performance from PEMFC. The studied working fluid was 0.5% concentration
of Al,0; — Si0, with base fluid of distilled water volume ratio of 10:90. The
performance of the heat transfer of hybrid nanofluids was compared against
mono nanofluids of Al,05,Si0,, and also the base fluid of water. At the end
of the study, the performance of TEG with all cooling fluids at 80 °C operating
temperature was reported.

Methodology

Nanofluid preparation

This study used an Aluminum Oxide (Al,05) nanoparticles purity in powder
form that was purchased from Sigma-Aldrich with 13 nm in size. Meanwhile,
Silicone oxide (Si0,) is in liquid form and is 30 nm in size. Table 1 lists the
thermos-physical properties of the nanoparticles and nanofluids employed.
The two-step method was employed in this study instead of the one-step
method because it is simpler and more convenient given that processed
nanoparticles are readily available in the market.
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Table 1: Thermo-physical properties of nanoparticles and fluids

Property Al,04 Si0, Distilled water
Density, p (kg/m?) 4000 2220 996
Thermal conductivity, k (W/m.K) 36 1.4 0.615
Specific heat, Cp (J/kg.K) 765 745 4178
References [16], [17] [16], [17] [16], [17]

The Al,05; and Si0O, single nanofluids were initially prepared
separately with the base fluid of distilled water. The Al,0; powder was
dissolved in the distilled water, while the liquid form of Si0, was diluted to
attain a 0.5% volume concentration [20]. Once completed, the nanoparticles
underwent a mixing process to ensure the nanoparticles were mixed evenly,
where they were mixed physically for 15 minutes using an electric stirrer as
shown in Figure 1. Then, the mixed nanoparticles were put in the ultrasonic
homogenizer for 120 minutes. This is to ensure the nanofluids become more
stabilized as Hong et al. [6] found a reduction in the aggregated size of the
nanoparticles with the increase in sonication time, which resulted in the higher
stability of the nanofluids.

(b)

Figure 1: (a) Mixing process, (b) sonicating process

After the preparation of single nanofluids was completed, a mixture
ratio of the 10:90 hybrid nanofluids Al,0; — Si0, was then prepared. Both
single and hybrid nanofluids were prepared using the following formulations.
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The conversion of mass concentration into volume concentration:

¢ = Mp @

Pp
——— X 100
m,  m
My Ty

Pp  Por
where m,, is the mass concentration of the nanoparticles given by the supplier,

and p is the density in kgm™=3, with subscript p and bf representing nanoparticle
and base fluid, respectively.

Equation of nanofluids dilution:

AV = OB ) )

(Vz_V1)=Vl(E_1

where AV is the volume of water required to be added into the current base
fluid, V; with the concentration volume of ¢; to obtain the nanofluids volume
V and the nanofluids volume concentration of ¢_ [20].

The density of the nanofluid can be calculated by using the equation :
Pr, = Bpp+ (11— @O)pby 3)

The specific heat of nanofluid is determined by:

Cop = (L= D)y + 0 (0, @
(1 - Q)pbf + Qpp

Viscosity is computed using the equation:
f (1- 0)25 bf

The hydraulic diameter, Dh is calculated using the equation, where a =5 cm
andb=1cm:

Dh = 4ab (6)
2(a+b)
The Reynold number (Re) for the experiment is determined by using the
equation:
Re = Dthp (7)
u
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The volume flow rate can be calculated using the equation:
V= vpdc 8)

The mass flow rate can be calculated by using the equation:

m = pnf VmAc (9)

Thermal conductivity of nanofluid

The thermal conductivity values of nanofluids at a working temperature of 60
°C were referred from the experimental values studied by Khalid et al. [20] as
shown in Figure 2. The study found that the hybrid Al,0; — SiO, nanofluids
have better enhancement of thermal conductivity as compared to the based
fluid where the highest value of thermal conductivity recorded was with hybrid
nanofluids with a volume ratio of 10:90 (Al,05; — Si0,) with the value of
1.018 W/m K or 51.9% enhancement as compared to the base fluid. The study
also highlighted that the higher the Al,0; content, the lower the value of
thermal conductivity. Thus, for the improvement of the heat transfer in
PEMFC, the hybrid nanofluids of Al,05: SiO,with a lower ratio of Al,0; are
much preferred as it enhances the thermal conductivity property of the base
fluid as compared to single nanofluid.

1.0

o
@

e
=

Thermal Conductivity (W/m.K)
o
=

o
ho

0.0

Base fluid DW100%  0.5% AL,O, 05%Si0,  10:90 ALL,O,SIO,
Cooling Fluids

Figure 2: Thermal conductivity of various nanofluids studied [16]

Thermoelectric generation specification thermal conductivity of
nanofluid

In this study, TEG devices model SP1848-27145 made from Bismuth Telluride
with a dimension of 40 x 40 x 3.4 mm were used. Nine identical TEGSs were
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attached between the serpentine cooling plate and the heater pad. The TEGs
were connected in series into a DC electric load. The hot side of the TEG was
attached to the upper side of the heater pad where the heater pad replicates the
hot surface temperature of PEMFC. The TEG will absorb the heat dissipate
which increases the temperature of hot sides of the TEGs. Meanwhile, the cold
side of the TEG was attached to the backside of the serpentine cooling plate.
The effect of nanofluids flowing on the serpentine cooling plate will affect the
temperature difference of the TEG.

In addition to this, eight k-type thermocouple sensors were utilized to
record the temperature in this experiment. The first sensor was placed on the
inlet while the second sensor was located on the outlet of fluid flow through in
the set-up experiment. The rest of the sensors were attached on the hot side
and the cold side of the TEG at positions 1, 2, and 3, respectively as illustrated
in Figure 3.

_Inlet

T\
)

Outlet |y

Front view
Scale: 1:2

Isometric view
Scale: 1:2

Figure 3: TEG arrangement

Experimental setup
A test bench is established as illustrated in Figure 4 to simulate PEMFC
operating conditions with variable flow rate, resistance, and temperature. The
PEMFC cooling plate assembly details are shown in Figure 5. The TEG is
connected to a DC electric load that could provide resistance from 0 Q to 900
Q as well as measured voltage and ampere of the TEG. The serpentine cooling
plate used is made from stainless steel to mimic the lightweight material of the
cooling plate in the PEMFC and is 220 x 210 x 2.5 mm in dimension. As for
the heating element, a Keenovo silicone heater pad with a heating output of
100 W is set at 80 °C for the TEG hot side during the experiment to replicate
the surface temperature of PEMFC.

Furthermore, a water pump is utilized for the Al,0; — Si0, nanofluids
coolant to flow through the cooling plate ranging from 100 Re to 600 Re which
measured using flowrate meter. At the same time, the heated nanofluids are
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cooled down through the radiator before the nanofluids are recirculated back
to the coolant tank's storage. The temperature profile of the TEG, inlet, and
outlet of the plate is recorded using a GL220 data logger. The schematic
diagram of the experimental test bench is illustrated in Figure 6.

l Surveyor l [ Pump ] [ Radiator ] [Dala loggcr]

Flowrate Serpentine
meter cooling plate

e —— T

EEEE
Plastic plate
Thermoelectric /

generator (TEG)

Heater pad T I I e T ]
- -

£
-

= T T & 1]

(a) (b)

Figure 5: (a) PEMFC-TEG set-up assembly and (b) isometric view of
serpentine cooling plate
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Figure 6: Schematic diagram of the experimental set-up

Mathematical model
To calculate the rate of heat transfer :

Q = mcpnf (Taut - Tin) (10)
To obtain the value of heat flux, q, Wm™2:

q= Q (11)
2(a + b)c

The convective heat transfer coefficient, WK ~'m~2, can be obtained from
equation:

h= 9 (12)

Ac(Tavg—Too)

Tavg is calculated using :

Tavg: Tsurface (13)
o 5
T, is calculated using equation:
Too: Tint+ Tout (14)
2
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The Nusselt number is determined by using equation:

Nu= h 15
b, (15)

Results and Discussion

Stability analysis

The stability of the single Al,0;,single Si0,, and hybrid nanofluids of
Al,05; — Si0, dispersed in distilled water were measured using the visual
observation method. The nanofluids samples prepared were evaluated for
visual sedimentation after a week and two months after preparation. Figure 7
illustrates the prepared samples right after the preparation and after two months
of preparation. It was observed that there was almost negligible sedimentation
or coagulation in all samples prepared except for the single Al,05 and hybrid
nanofluids of Al,0; — Si0, as a trace of sedimentation was visible in the
sample. However, the sedimentation is not a big concern since the nanofluids
will flow through forced convection using a pump. The stability of the
nanofluids is important to ensure that the prepared samples is stable before
being experimented. Better stability also resembles better dispersion of
nanofluids, which will improve the thermal conductivity of the nanofluids
[21].

Figure 7: (a) Nanofluids after preparation (b) nanofluids after two months of
preparation

Heat Transfer Performance

In this study, the nanofluids were employed as coolants, and the heat transfer
performance of the TEG at a working temperature of 80 °C was observed.
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Figure 8 shows the average temperature profile of the cooling plate against the
Re. It was observed that the average temperature decreased as the Re increased.
The average temperature of the cooling plate for all fluids was colder at Re 600
as compared to lower Re. This was due to the effect of the fluid’s dynamic as
the flow rate was increased. Higher fluid dynamics resulted in lower average
temperatures. The result also shows that the hottest temperature was recorded
by distilled water. Meanwhile, the temperature profile was reduced gradually
when using nanofluids as compared to distilled water. The lowest average
temperature was recorded by the hybrid nanofluids at 10:90 with a 17%
reduction as compared to distilled water. In addition, the average plate
temperature of a single Al,0;and single SiO, nanofluids were also
significantly improved with 12% and 6% reduction respectively as compared
to distilled water plate temperature. This pattern was well-agreed with the
thermal conductivity hierarchy of nanofluids studied. Khalid et al. [20]
reported that the hybrid nanofluids of Al,0; — Si0, (10:90) has the highest
thermal conductivity value among all nanofluids studied, followed by single
Al,05 and single SiO, nanofluids, and finally distilled water. The result
proved that hybrid nanofluids have the highest capability to improve the heat
transfer performance as compared to the base fluid. Higher heat transfer
surface between the particles and fluids has enabled the nanofluids to disperse
well and eventually transfer the heat more effectively. The hybrid nanofluids
that combine both 13 nm Al,05 and 30 nm Si0, provides additional contact
surface, thus improving the heat transfer [22].
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Figure 8: Average temperature profile of the cooling plate against Re
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The heat transfer coefficient against Re is illustrated in Figure 9. The
mixture ratio of 10:90 hybrid nanofluids showed the highest heat transfer
coefficient with 66.03% higher as compared to base fluid followed by single
Al, 04 and single Si0, with 15.18% and 55.11%, respectively. It was also
observed that the heat transfer coefficient was increased as the value of Re
increased. This was due to the higher flow rate employed at higher Re helped
to disperse the heat better than in lower flow rate. The heat transfer coefficient
of hybrid nanofluids was higher than the base fluid and single nanofluids due
to the dynamic behaviour of nanoparticles suspended in the base fluid which
is termed as Brownian motion. The Brownian motion is a random movement
of particles that will enhance the viscosity and thermal conductivity of the
nanofluids [23].
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Figure 9: Heat transfer coefficient against Re

A dimensionless Nusselt number can be described as the ratio of
thermal energy convected to the fluid with the thermal conducted within the
fluid. The higher value of the Nusselt number has better effectiveness of
convection heat transfer. Figure 10 shows the Nusselt number against the Re
and it is linearly related to the Re. A higher Re will result in a higher Nusselt
number. It was observed that 10:90 hybrid nanofluids showed a 3.8 times
higher Nusselt number at Re 500 as compared to the base fluid of distilled
water. This was then followed by a single Al,05, single SiO, with 1.5 times
and 1.3 times higher than the base fluid. Higher Nusselt indicates that the
convective heat transfer effect was more dominant than the conductive heat
transfer to these nanofluids.
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Figure 10: Nusselt number against the Re

Thermoelectric Generator (TEG) performances

TEG performance for distilled water

Figure 11 illustrates the relationship between the current and voltage obtained
for all flow rates for the base fluid of distilled water with a resistance range of
0 to 900 Q. These parameters will determine the power output from the TEG.
The results showed that the higher the flow rates, the higher the power
obtained. A similar pattern was also highlighted by Raihan et al. [24] who
concluded that as the flow rate increased, the TEG power output also increased.
Based on Figure 12, the highest power output was obtained at 21.9 ml/s with
26.9 mW, which is equivalent to 2.5 times higher than the lowest flow rate
studied at 3.7 ml/s. It was then followed by 18.3 ml/s with 2.3 times higher and
then 14.6 ml/s with 2.2 times improved than the lowest flow rate. The
improvement was due to the higher temperature difference recorded as the
flow rate was increased. The higher flow rate will result in a lower cold side
of TEG thus increasing the temperature difference and performance output
eventually.
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Figure 11: Current, A against Voltage, V for based fluid distilled water
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Figure 12: Power, mW against Voltage, V for based fluid distilled water

TEG performance for nanofluids

The power output of a TEG is the result of the temperature difference between
the cold and hot sides of the TEG. The hybrid nanofluids of 10:90 ratio gave
the highest temperature difference between the hot and cold sides of TEG. This
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is due to the highest rank in thermal conductivity properties among the types
of nanofluids studied as reported by Khalid et al. [20]. The hierarchy of TEG
performance matched the hierarchy of thermal conductivity of the nanofluids
studied which was reported to be highest in hybrid nanofluids at 10:90,
followed by single Al,0;, single SiO,, and finally distilled water. Higher
value of thermal conductivity has resulted a higher Brownian motion in the
nanofluids which has increased the heat transfer effect as shown in Figure 13.
The figure displays the variation in current against voltage for all nanofluids
studied which were single Al,0s, single Si0,, and hybrid nanofluids of
Al,05; — Si0, 10:90 when compared against distilled water in term of the
TEG performance at the highest flow rate of Re 600. Reynold number, Re is
used in this comparison instead of flow rate (ml/s) as it is a dimensionless
number in which the effect of viscosity is considered in determining the
velocities of different fluids studied. In Figure 14, the highest power output
was observed in hybrid nanofluids of 10:90 with 35.6% higher than the base
fluid of distilled water. This was then followed by the single Al,05 nanofluids
with 32.7% improvement. The single Si0, nanofluids also has improved the
TEG performance with 19.4 % enhancement as compared to distilled water.
Thus, it was shown that the application of nanofluids can increase the
temperature difference of the TEG, therefore improving its performance by
obtaining higher power output.
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Figure 13: Current, A against Voltage, V for all fluids
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Figure 14: Power, mW against Voltage, V for all fluid

Conclusion

In this study, the effect of different cooling fluids on the PEMFC cooling plate
integrated with TEG performances was discussed. The results of the
experiment showed that hybrid nanofluids have increased the heat transfer
performance of the cooling plate. This has resulted in the highest heat transfer
coefficient by the hybrid nanofluids in PEMFC cooling applications. The
improvement in heat transfer of the PEMFC cooling plate has resulted in a
bigger temperature difference in TEG's hot and cold sides. The TEG
performance also displayed that a hybrid nanofluid ratio of 10:90 obtained the
highest power as compared to other cooling fluids. Thus, this study concludes
that hybrid nanofluids can enhance the cooling plate's performance through
better waste heat recovery. This is due to the improved thermal conductivity
of hybrid nanofluids compared to base fluid. However, more thorough research
on the hybrid nanofluids used as a coolant in the PEMFC needs to be further
explored in the full stack of PEMFC to understand more about its mechanism
for better performance in PEMFC and TEG integration.
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