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Abstract. Fuel cell is a device that generates electricity through electrochemical reaction
between hydrogen and oxygen. A major by-product of the exothermic reaction is waste heat.
The recovery of this waste heat has been subject to research on order to improve the overall
energy utilization. However, nearly all of the studies concentrate on high temperature fuel cells
using advanced thermodynamic cycles due to the high quality of waste heat. The method,
characteristics and challenges in harvesting waste heat from a low temperature fuel cell using a
direct energy conversion device is explored in this publication. A heat recovery system for an
open cathode 1kW Proton Exchange Membrane fuel cell (PEM FC) was developed using a
single unit of thermoelectric generator (TEG) attached to a heat pipe. Power output of the fuel
cell was varied to obtain the performance of TEG at different stack temperatures. Natural and
forced convections modes of cooling were applied to the TEG cold side. This is to simulate the
conditions of a mini fuel cell vehicle at rest and in motion. The experimental results were
analysed and a mathematical model based on the thermal circuit analogy was developed and
compared. Forced convection mode resulted in higher temperature difference, output voltage
and maximum power which are 3.3°C, 33.5 mV, and 113.96mW respectively. The heat
recovery system for 1 kW Proton Exchange Membrane fuel cell (PEM FC) using single TEG
was successfully established and improved the electrical production of fuel cell. Moreover, the
experimental results obtained was in a good agreement with theoretical results.

1. Introduction

Hydrogen fuel cell is a green energy generator that produces electricity and water as by-product. It
offers high electrical productivity about 50 to 60% and low gas emissions [1]. However, the reactions
involved in fuel cell is highly exothermic that produces heat in addition to electricity [2]. Previously,
the scope of thermal management for fuel cells has been limited to develop highly effective methods
to remove excess heat from the stack as temperature is a governing parameter in fuel cell performance.
An extended domain for thermal management is proposed in this work to include the utilization of the
generated low grade waste heat from Polymer Exchanger Membrane (PEM) fuel cells for auxiliary
electrical power generation using Thermoelectric Generator (TEG) as shown in figure 1 below; thus,
improving the overall energy efficiency of the system.
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Figure 1: Diagram and Operation of a TEG

A TEG is a unique type of Carnot heat engine which uses electrons as the ‘working fluid’ [3]. It
consists of no moving parts, low maintenance, lightweight, very reliable and most important is that it
can produce energy as long as there is difference in temperature. TEG consists of n-type and p-type of
semiconductor pellets that connects electrically in series and thermally in parallel. Common type of
material used for TEG is Bismuth Telluride which enables a TEG to generate electricity higher and
withstand high temperature operating condition. The basis of TEG is to force the flow of free electrons
by inducing temperature difference between the two TEG surfaces. Waste heat as a high temperature
source is highly compatible with TEG application [4]. In order to generate electricity, heat must be
applied to the hot surface of a TEG, which is then dissipated using heat transfer devices such as heat
sinks, coolants in pipes or even fans installed at the cold side of the TEG [5].

Application of TEG as a waste heat recovery device has been proven for industrial exhaust gases
[5], internal combustion engines [6], ground-air thermoelectric power generator [7] and direct carbon
fuel cell (DCFC) hybrid system [8]. Their findings prove a positive effect on the overall system
efficiency. Furthermore, it was found that usage of heat pipe and finned type of heat exchanger at the
cold side of TEG improves heat dissipation from TEG. Thus, it will produce higher temperature
gradient which will contribute to higher power output from a TEG.

Research interest in waste heat recovery of fuel cells using TEG was initiated by Paris and Jones
[9] where they simulated the effects of thermoelectric modules towards a fuel cell thermal
management model. They found out that thermoelectric module maintains fuel cell operating
condition in an acceptable range. Simulations done by Gao et al [10,11,12] have proven that the power
output of a fuel cell system can be increased using more than one thermoelectric generator module, by
dividing TEG modules into branches and using different type of heat exchangers.

Recently, an experimental study was reported by Hasani and Rahbar [2] to investigate the
thermoelectric generator waste heat recovery system performance from a 5 kW PEM fuel cell. They
have found that forced convection over the heat sink can be used to increase the heat transfer rate and
temperature difference which leads to enhancement in the power output density.

To date, studies on the direct application of thermoelectric generator on PEM fuel cells are very
limited due to the low grade waste heat generated and offer a wide range of opportunities in technical
and modelling studies. From the available literature, the majority of the work were computational
based [10,11,12,13,14,15] and only one published report on experimental [2]. Large temperature
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differences can be created to improve the TEG performance even for low temperature PEM fuel cells
when the operational domain is related to vehicle applications. The movement of the vehicle provides
a continuous air flow that is capable of inducing a large temperature difference across the TEG
especially when moving at high speeds. From the perspective of application on fuel cell vehicles, the
waste heat recovery potential is greater even at for low temperature PEM fuel cells.

Based on the background study, a preliminary research on the waste heat recovery of an open
cathode 1kW PEM fuel cell using a single thermoelectric generator (TEG) unit was conducted towards
improving the PEM fuel cell energy efficiency relative to vehicle application. Theoretical modelling of
the waste heat recovery system was developed and experimentally validated for a fixed TEG
orientation with variable fuel cell power and vehicle speeds. Findings from this research can be used
as a benchmark for further study related to TEG arrangement and temperature difference
improvements relative to low power PEM fuel cell stacks in vehicle applications.

2. System Setup

A PEM fuel cell system coupled with a TEG waste heat recovery system was developed. The main
setup consist of a 1 kW PEM fuel cell (open cathode type), fuel cell controller, hydrogen supply, DC
electronic loader, an insulated flow duct, a TEG module and a heat pipe attached to a cooling fan.
Figure 2 shows the experimental setup of while figure 3 shows the schematic diagram for the system.
Figure 4 shows a closer arrangement and configuration of the stack and TEG.
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Figure 2: The experimental setup of the FC-TEG heat recovery system.
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Figure 4: The arrangement of the fuel cell stack, TEG and heat pipe.
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The thermoelectric generator (TEG) was attached to a heat pipe where a variable speed fan was
used to cool the fluid within the heat pipe. The position of the TEG module was at the centre-line of
the stack at a distance of 22.5 c¢cm from the fuel cell stack. The position was chosen based on a
background numerical analysis using ANSYS Fluent that simulated the temperature distribution
within the duct at various fuel cell thermal power generation and is not provided in this paper.

Eight k-type thermocouples (T1-T8) as shown in figure 4 above; were used to measure the
temperatures of the air at the stack exit, duct surfaces, thermoelectric generator surfaces and cooling.
All data were collected using midi LOGGER GL200A data logger with a frequency of 5 seconds. A
DC electronic load was connected to the fuel cell to provide artificial current loads to the fuel cell
while a DC power supply is used to apply load to the TEG. Then, a multimeter and anemometer were
used to obtain the TEG output voltages and air velocities respectively. The specifications of the
devices and instruments are provided in Table 1.

Table 1: Specifications of experiment setup.

Parameter Value
PEM fuel cell

Rated Power 2kw

Fuel Cell Stack type Open Cathode
Current 33A

Electrical Efficiency 45%

No of fuel cell stack 48

Thermoelectric Module

Model Peltier Effect

Dimension 40 mm x 40mm x 3.9 mm
Seebeck Coefficient 190 pVv/K

Operating Temperature T<200 °C

Merit 2x10°K™

No of Thermo Element 127

3. Experimental Methodology

The framework of the research was to imitate a mini fuel cell vehicle operating on a 1kW PEM fuel
cell (based on developed prototypes for Shell Eco Marathon Asia competitions) coupled with a TEG
module and heat pipe. In principal, the heat pipe will be exposed to fast flowing air as the vehicle
moves and this variable speed airstreams are artificially provided by the cooling fan.

The objectives of the study is to analyse the output of a single TEG used in the waste heat recovery
of a 1kW PEM fuel cell under variable fuel cell power and cooling air conditions. There were 2
different cooling modes which are natural convection and external forced convection. During natural
convection (imitating the vehicle at rest or idling condition), the cooling fan was switched off. In
forced convection cooling mode, the velocities of the cooling air was varied at 1.14 m/s (4.1 km/h),
1.90 m/s (6.8 km/h) and 2.30 m/s (8.3 km/h). These air velocities were applied due to the limitations
of the cooling fan performance.

Before the experiment was conducted, the output air temperature from fuel cell stack fan were
mapped in order to find and record the average temperature and speed for each of fuel cell load
current. Then the experiment were setup according to schematic diagram in figure 3. After that, load
current from DC electronic load was initially fixed to 100 watt and the cooling mode were set up to
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natural convection (fan in rest condition). When the temperature output from fuel cell had stabilized
less than a minute, the data was recorded. Then the experiment were conducted using force convection
at different speed (1.14 m/s, 1.90 m/s and 2.30 m/s). The experiment were conducted using different
fuel cell load current. Finally, all the data was recorded and tabulated to be analyze. Table 2 lists the
variables and range of value used for the experiment.

Table 2: Experimental variables.

Parameter Value Unit
PEM Fuel Cell

Current,| 0-30 A
Fan

Velocity,V 1-2.30 m/s

Room Conditions

Temperature 235 °C

4. Theoretical Model

R Total = R TEG + R Thermal Paste T R Cond Copper

O O

Figure 5: Thermal resistance modelling of the FC-TEG system.
The theoretical model is based on the thermal resistance network as shown in Figure 5 where 3
resistances consisting of thermal paste, copper heat pipe and TEG were used to calculate TEG power

output.

The rate of heat energy recovered from a TEG is

0= ==L ®

where 77 is the temperature of the TEG hot side, 7> is the temperature of the TEG cold side and R23 is
the total resistance of TEG, thermal paste and copper based on calculations for natural convection and
forced convection. The value of TEG resistance is obtained experimentally by Singh et al. [16] which
is 0.8°C/W. They conducted experiment by heating one side of the TEG and cooling the other side. By
insulating the setup, the thermal energy across the TEG was specified by an external power source,
Ou. The temperature difference (AT) between the TEG and the specified thermal power input, Qu
allowed for Rrec calculation, based on the formula
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Qo = —— )

ETEg

as specified by the Singh et al. [16]. The thermal resistance of the thermal paste used to attach the
TEG cold surface to the heat pipe copper surface is

Ly
= —_—
Rtharmﬂ!'pﬂsta KenATED (3)
v
The thermal resistance of the copper heat pipe,
Leooper
R — COppET (4)
cepper Keopper Acopper

where k.., is thermal conductivity of copper, Arz; is contact area surface of TEG and L, is the
thickness of the copper heat pipe.

The TEG power output can be calculated using

Preginsorsticar — H’I'EGQ (5)

where urz; is TEG electrical power conversion efficiency and @ is rate of heat energy recovered from
TEG. The electrical power conversion efficiency is unknown and needs to be calculated using

Hreg = T —— (6)

Preg ExXperiment

where @ is rate of heat energy recovered from TEG and Frzg cperimen: is TEG power output from
experiment. Table 3 show values of parameters used in formula above.

Table 3: Experimental parameter values.

Parameter Value Unit

Thermal Paste

Thickness, L, 1x10° m
Area, Arge 1.6x10°3 m?
Thermal Conductivity, k., 8.5 W/m.K
Copper

Thickness, L .o pper 1x103 m
Area, A ;pner 1.6x10°3 m?

Thermal Conductivity, k., 400 W/m.K
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5. Results
The stack polarization curve inclusive of the electrical power and thermal power generated is shown in

figure 6.
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Figure 6: Stack polarization and thermal power generated for PEM fuel cell stack.

From the observation, the power output of fuel cell is increase when the fuel cell voltage is
increase. Besides that, fuel cell current decrease as the voltage increase. When the power output of
fuel cell increased from 100W-900W, electricity generated by TEG for a different speed is increased.
By comparing graph with different power output of fuel cell, it shows that, the highest power output of
fuel cell which is 900W produces the highest voltage output by TEG. Thus, a graph that summarized
all the data is shown in figure 7 below.
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Figure 7: The effect of temperature difference towards TEG output voltage.
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Figure 7 shows that the open voltage produced by a single TEG for different cooling air velocities
increases as the temperature gradient is increased; in conjunction with a study done by Hasani and
Rahbar [2] and Singh et al [16]. As observed, the highest value of power generated by TEG is the
highest when the velocity of air was at 2.30 m/s, in which it generated 33.5 mV of electricity with
temperature gradient of 3.3°C. Moreover, the lowest value of power generated by TEG is NC (natural
convection), where TEG generated 18mV of electricity with temperature gradient of 3°C. Moreover,
by observing to figure 8, higher temperature difference can be achieved at greater cooling air
velocities due to the increased convection effects at the heat pipe leading lower TEG cold side
temperatures which was suggested by Hasani and Rahbar [2]. If the test is performed using higher fuel
cell power output, the temperature difference at the TEG will increase and consequently increase the
TEG power output. The results obtained are in-line with the open voltage profile of TEG published by
Baljit et al. [16] and Hasani and Rahbar [2].
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Figure 8: Temperature difference for different cooling modes.
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Figure 9: The effect of air velocity towards temperature difference
of the TEG at 900W stack power.
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Figure 9 shows the effect of cooling air speed towards the temperature difference between the hot
and cold side of the TEG. A polynomial trendline was obtained with an increase of 0.135°C for every
1 m/s increase of cooling air velocity. Based on the 900W fuel cell power output, the output voltage
produced using natural convection cooling compared to the highest applied 2.4 m/s cooling air
velocity is approximately 45% due to the lower convection coefficient for natural convection currents.

5.1 TEG Output Power with Model Validation

120
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Figure 10: The output power of TEG at different fuel cell electrical power.

Figure 10 explains the theoretical model and experimental results show similar exponential profiles for the
TEG output power. When the fuel cell power increases, the TEG power output also increases due to increasing
temperature gradients. At low fuel cell power loads, the TEG output increase is very small. A sharp increase in
TEG power output was obtained starting from the 500W fuel cell load. Also, results from the theoretical model
and the experimental diverge at the 500W fuel cell load and the difference increases at increasing fuel cell
power. At 900W fuel cell power, the difference is approximately 30%. This is because the effect of heat sink in
the thermal resistance was neglected. It was suggested that the inclusion of heat sink thermal resistance will
improves the theoretical results.

6. Conclusion

A waste heat recovery of a 1 kW PEM fuel cell using thermoelectric generator (TEG) where
thermoelectric generator thermal and electrical behaviour performance was experimentally assessed.
Moreover, a typical heat pipe with a fan is installed on the thermoelectric generator cold side
improved power output of TEG. This study have successfully established a waste heat recovery of 1
kW PEM fuel cell using a single TEG which generates 113.96 mV of power output. Both experimental
and theoretical results were in similar trendline until 500W before it deviates. Thus, this proves that,
thermoelectric generator can improve the electrical production of PEM fuel cell by converting waste
heat from PEM fuel cell to electricity.
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