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Abstract: This paper provides a comprehensive review of the temperature control in proton exchange
membrane fuel cells. Proton exchange membrane (PEM) fuel cells inevitably emit a certain amount
of heat while generating electricity, and the fuel cell can only exert its best performance in the
appropriate temperature range. At the same time, the heat generated cannot spontaneously keep its
temperature uniform and stable, and temperature control is required. This part of thermal energy can
be classified into two groups. On the one hand, the reaction heat is affected by the reaction process;
on the other hand, due to the impedance of the battery itself to the current, the ohmic polarization
loss is caused to the battery. The thermal effect of current generates Joule heat, which is manifested
by an increase in temperature and a decrease in battery performance. Therefore, it is necessary to
design and optimize the battery material structure to improve battery performance and adopt a
suitable cooling system for heat dissipation. To make the PEM fuel cell (PEMFC) universal, some
extreme situations need to be considered, and a cold start of the battery is included in the analysis. In
this paper, the previous studies related to three important aspects of temperature control in proton
exchange membrane fuel cells have been reviewed and analyzed to better guide thermal management
of the proton exchange membrane fuel cell (PEMFC).

Keywords: proton exchange membrane fuel cell; temperature control; cold start; temperature
distribution; cooling system

1. Introduction

As a kind of high efficiency and environmental protection energy device, fuel cells
have been highly expected and have a broad application prospect. In particular, as the
problems of environmental pollution and the energy crisis are becoming more and more
serious, green renewable energy has become an urgent demand in today’s society. Because
fuel cells are highly efficient and environmentally-friendly green-energy technologies, they
have developed very rapidly. To date, there are many types of fuel cells, including proton
exchange membrane (PEM), solid oxide (SO), alkaline, direct methanol (DM), phosphoric
acid (PC), and molten carbonate (MC) fuel cells, each has its own advantages. As a current
research hotspot, proton exchange membrane fuel cells do not involve the combustion
process of hydrogen and oxygen during power generation, so they are not limited by the
Carnot cycle and have a high energy conversion rate. In addition, the proton exchange
membrane fuel cell does not produce pollution during power generation. The system
unit is modular, with high reliability, and is easy to assemble and maintain. Compared
with traditional power generation devices, it does not produce noise; the working tem-
perature is lower; the startup response faster, etc. [1,2]. These advantages make it stand
out among many fuel cells. In recent years, PEM fuel cells (PEMFCs) have developed
very rapidly and have made tremendous progress and breakthroughs. They have been
successfully applied in some fields, such as portable power supplies, transportation, and
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aerospace equipment [3]. Despite this, there are still some technical barriers that restrict its
commercial application.

The PEMFC generates electricity and releases heat simultaneously in the electrochemi-
cal reaction process. The local and overall current density distribution of the stack is closely
related to the temperature distribution. The current density related to the reactant supply
strategy directly affects the temperature distribution inside the stack, and the temperature
affects the stack performance by controlling the electrochemical reaction rate. In addition
to relying on the stack, the stable operation of the fuel cell system requires a corresponding
subsystem to form a balance of plant, which mainly includes: Oxidant subsystem, fuel
subsystem, cooling subsystem, electrical subsystem, and control subsystem. For the tem-
perature control of fuel cells, the cooling subsystem is critical. Generally, the hydrogen
energy utilization of PEMFCs is shown in Figure 1. In addition to the generated electrical
energy, the heat generated is also considerable, which is equivalent to 45% to 60% of the
total hydrogen energy entering the battery [4]. However, the exhaust temperature of the
fuel cell is relatively low (including the evaporative heat absorption of the product water,
this part of the energy is affected to a certain extent by the temperature of the operating
point), the heat taken away by the exhaust is only about 3%, and the proportion of radiation
heat dissipation and natural convection of air is very small. Most of the heat needs to
be taken away by an additional cooling system. Itis necessary to carry out temperature
control and optimized design of the cooling subsystem for the proton exchange membrane
fuel cell to ensure the efficient and stable operation of the fuel cell [5]. PEMFC thermal
management can be divided into two processes: Temperature control and heat recovery.
The humidity of the proton exchange membrane is more sensitive to temperature. Too
high or too low temperature and humidity have a direct impact on the performance of the
membrane and stack. A reasonable choice of a cooling system is required. On the basis of
ensuring the efficient and stable operation of the stack, the excess waste heat is removed,
and at the same time, the temperature distribution is uniform and stable. Heat recovery is
based on the control of the entire stack of waste heat recovery and reuse. Depending on the
application, the stack can use waste heat cooling, heating, or power generation to improve
energy efficiency and reduce energy consumption.
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/ 36%

Gross power output
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water evaporation
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Figure 1. Distribution diagram of hydrogen energy utilization [6]. Reproduced with permission from
Shabani, B. and Andrews, J. An experimental investigation of a PEMFC to supply both heat and power
in a solar-hydrogen RAPS system; published by International journal of hydrogen energy, 2011.

As the reaction progresses in the fuel cell, heat is generated. This part of thermal
energy and electrical energy are of the same order of magnitude. Ensuring that the fuel
cell temperature is kept at an ideal level is an important goal of fuel cell design, so it is
necessary to adopt appropriate management strategies to control the temperature to avoid
fuel cell overheating or high-temperature gradient. Higher temperature will speed up
the electrochemical reaction rate [7]. In general, for a regular structure PEMFC stack, the
highest temperature is located in the center of the stack. Higher temperatures tend to cause
membrane dehydration to dry and voltage sag. If the local current density is too high,
hot spots will also be generated. The reaction gas supplied by the cathode is compressed
air, which greatly increases the temperature of the air and has a certain adverse effect on
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the stack. In severe cases, the membrane may be damaged [8]. When the temperature
is too high, the membrane will be dehydrated and dry, causing irreversible losses; low
temperature may cause flooding of the cathode flow channel, which makes oxygen unable
to pass through the gas diffusion layer. In addition, the diffusion rate of oxygen itself
is low, and the concentration overpotential increases rapidly, reducing the stack output
performance. When the temperature distribution is uneven, the electrochemical reaction
rate in the local area is accelerated, resulting in product accumulation affecting the overall
performance of the battery [9]. When selecting the cooling method, it generally depends on
the power of the fuel cell. Small fuel cells (i.e., <2 kw) often adopt air cooling. The liquid
cooling strategy can emit more heat at the same level of parasitic power, and it has been
widely used in high power (i.e., >5 kw) fuel cell stacks [10,11]. Within the range of 2~5 kw,
it can be selected according to demand. For fuel cells, air cooling and liquid cooling have
their own advantages and features, as shown in Table 1.

Table 1. Air cooling and liquid cooling [12]. Reproduced with permission from Ramezanizadeh, M. et al., A review on the

approaches applied for cooling fuel cells; published by International Journal of Heat and Mass Transfer, 2019.

Cooling Method

Application Power Range  System Complexity Difficulty in Maintaining Temperature Uniformity =~ Cooling Channel

Air-cooling
Liquid-cooling

<2kw Lower Higher Higher
>5 kw Higher Lower Lower

In addition to the use of cooling and heat dissipation for thermal control of the stack,
the use of high thermal conductivity materials and reasonable structural design is also
an important means to evenly distribute the stack temperature. A low-temperature cold
start is also an important aspect in the field of fuel cell temperature control. Auxiliary
equipment or strategy is used to preheat the stack to help it realize a low-temperature cold
start, making PEMFCs more universal and stable operation in extreme cases. This paper
focuses on the comprehensive review of the above aspects, summarizes and analyzes the
existing research results, and provides guidance for subsequent research.

2. Research on Temperature Characteristics

The operation of PEMFCs involves many physical and chemical processes, such as
energy conversion, heat transfer, and component transportation. The heat generated by
the internal electrochemical reaction can heat itself. It involves the phase transition of
water, convection heat exchange between external air, and internal air to the PEMFC. It
cannot spontaneously make the temperature distribution of the membrane, electrode nor
the entire stack uniform and stable. This results in the temperature difference between the
monolithic membrane electrode and the membrane electrode [13]. Therefore, it is necessary
to understand the heat transfer characteristics inside the fuel cell before temperature
control. First, for an independent stack, heat generation begins with an electrochemical
reaction. According to the law of conservation of energy, the total energy produced by the
electrochemical reaction should be the sum of the heat generated and the electrical power:

1
ﬁHn =Q+1IVn @)

where H is the enthalpy change of the electrochemical reaction, which depends on the state
of the product; F is the Faraday constant; n is the number of single cells in the stack; Q is the
thermal power generated by the stack. This is only an approximate description, because it
does not include the enthalpy and heat carried away by the product and the fuel that will

be reacted in the future. A more accurate description of the conservation of fuel cell energy
should be:

Z(hi)jn = Wele + E(hi)out +Q )

For the overall fuel cell stack, the enthalpy of the reactant input to the stack should be
equal to the sum of the generated electrical energy, the enthalpy of the components leaving
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the stack, and the heat generated. This part of the heat is the reaction heat, but this is not
all the heat generated by the stack. Due to the thermal effect of the current, some heat will
also be generated. This also affects the overall temperature change of the stack.

In the follow-up process, there are three main heat transfer methods: Heat conduction
between solid phases, convection between gas-liquid two phases and solid walls, and
phase change heat absorption of water in the fluid. Understanding the internal tempera-
ture characteristics of the PEMFC stack is helpful for temperature control. Currently, there
are two methods of simulation and experimentation. The simulation method generally
uses a non-isothermal model for the numerical calculation to understand and predict the
actual situation inside the PEMFC [14]. Some researchers [15-17] have established a 3D nu-
merical thermal model to predict the temperature distribution by solving the conservation
equation in the entire cathode flow channel. The results show that the air flow rate and the
thermal conductivity of the bipolar plates are the key factors that affect the temperature
distribution of the battery. The use of appropriate cooling strategies or plate materials can
reduce the temperature gradient in the fuel cell. In addition, for the measurement of the
internal temperature of the fuel cell stack [18-20]. The accepted method is to use in-line
thermocouples for in-situ temperature measurement with the aid of a thermal imager to
analyze the temperature characteristics of the stack. It should be noted that the method
of using embedded thermocouples will also affect the stack to a certain extent. In order
to improve the accuracy of temperature testing, many different optimization measures
were taken appropriately. Lee et al. [21] used microelectromechanical system technology to
integrate the temperature sensor into a 40 pm thick stainless-steel substrate. A tempera-
ture and electrochemically resistant polyimide is used as a protective layer, which has an
impact on the performance of PEMFC stacks of less than 1%. Adopted the micro-electro-
mechanical systems (MENS) technology can measure temperature, voltage, and electric
current at the same time; its sensor design drawing is shown as in Figure 2. As of now, the
thermoelectric lotus sensor is made as thin as 25 um [22], achieving a rapid response to
temperature. Kristopher et al. [23] adopted an optical temperature measurement method,
which contained the temperature measurement error within 0.6 °C. The temperature test
method for high-temperature proton exchange membrane fuel cells is similar, and there is
no significant difference. Siegel et al. [24] adopted a segmented temperature measurement
method to study the influence of fluid on the temperature of the solid phase. At the same
time, according to different operating conditions, such as no-load and load, corresponding
discussions were also conducted. Under no-load conditions, the temperature distribution
in the battery is strongly related to the flow field structure and gas flow rate. Compared
with the flow-field with 26 channels parallel straight and combined mixed serpentine,
increasing the air flow rate has a greater impact on the solid phase temperature distribution
of flow-field with six channel parallel serpentine. Under load conditions, the temperature
distribution is mainly affected by the current density.

The precise measurement of the temperature of the fuel cell stack helps to optimize
the uniformity of the temperature distribution, and the optimized design of the material
structure helps to make the temperature distribution uniform. The main purpose is to
use the superior thermal conductivity of the conductive materials and the optimization of
the heat dissipation of the structure to avoid local high temperature simultaneously, the
reactant is evenly distributed through the optimized design of the flow channel structure.
As mentioned in the previous section, due to the thermal effect of the current, in addition
to the reaction heat, other parts of the heat will be generated to affect the temperature of the
fuel cell. Compared with the inevitable heat of reaction, this part of heat can be optimized
through the design of the fuel cell assembly material structure. Chi et al. [25] studied the
relationship between membrane thickness and temperature distribution by establishing a
non-isothermal two-dimensional (2-D) aggregate model. The simulation results fit well
with the experimental data. The results show that the membrane thickness is positively
correlated with the battery temperature, and due to the low thermal conductivity of the
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membrane, the increase in thickness is not conducive to the transfer of heat, but it increases
the internal impedance of the battery, resulting in excessive local temperature.

% Current Sensor
Voltage Sensor

ﬂﬂmmmmmm Temperature Sensor

N

ol

Figure 2. Design diagram of temperature, voltage, and current sensors [21]. Reproduced with
permission from Lee, C.-Y. et al., Flexible micro temperature, voltage and current sensors for local
real-time microscopic diagnosis inside high temperature proton exchange membrane fuel cell stack;
published by Renewable energy, 2017.

3. Temperature Control Based on Battery Material Structure
3.1. Material-Based

Bipolar plates (BPP), gas diffusion layer (GDL), catalytic layer (CL), and proton ex-
change membrane are the basic components of PEMFCs. The structure of the single cell is
compact, mainly composed of the bipolar plate of the cathode and anode and the mem-
brane electrode assembly in the middle. Among them, the conductivity of the bipolar
plate and the gas diffusion layer and the contact resistance between them affect the battery
performance. This part of the impedance is the main source of ohmic polarization loss.
Especially the contact resistance between the bipolar plate and the gas diffusion layer, caus-
ing ohmic polarization loss to account for 10% of the total [26,27]. The ohmic polarization
loss of the PEMFC is manifested as the decrease of the external output voltage. On the
other hand, it shows an increase in its own heat. The optimization design based on the
battery material can reduce the overall temperature of the battery, reduce the unnecessary
energy loss and improve the battery performance.

3.1.1. Bipolar Plates

The bipolar plate provides a gas flow path to prevent the hydrogen and oxygen in
the battery gas chamber from communicating with each other, and to establish a current
path between the cathode and anode in series to manage the heat dissipation of the entire
battery. Its material properties have a greater impact. At present, there are three types
of bipolar plate materials for PEMFCs: Graphite, metal, and composite materials. The
performance comparison of the three materials is shown below in Table 2. Compared
with the other two material bipolar plates, the graphite bipolar plate performs poorly
in terms of mechanical strength and production processing. It also does not have an
advantage in weight and volume. Pyrolytic graphite sheets [28,29] are less massive and
have higher thermal conductivity. Some researchers have used them as polar plate materials
for experiments, and embedded thermocouples have been used for temperature testing.
These experiments have effectively homogenized the temperature inside the battery and to
a certain extent. The ionic conductivity of the membrane electrolyte is improved. Although
graphite bipolar plates perform well in certain properties, due to their own attributes and
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limitations in production and processing, metal bipolar plates and composite bipolar plates
have become popular choices.

Table 2. Performance comparison of three bipolar plate materials.

Property Graphite Bipolar Plate Metal Bipolar Plates Composite Bipolar Plate
mechanical strength Low High High
Conductive intensity High High Medium

thermal diffusivity High Medium Low

Chemical stability (corrosion resistance) High Low High
volume High Medium Low

weight High High Low

processing difficulty High Low High
production cycle High Low High

The metal bipolar plate has higher mechanical strength and electrical conductivity.
However, since an oxide layer that increases resistivity can be formed on the metal sur-
face, contact resistance increases with the growth of the oxidized interface [30,31], and
unnecessary heat generation reduces the efficiency of the fuel cell. Therefore, increasing the
corrosion resistance of metal bipolar plates is a key issue in the research of metal bipolar
plates. Metal materials, such as stainless-steel [32-34] (SS), titanium [35,36] (Ti)are favored
because of their superior conductivity, corrosion resistance, and relatively low cost have
been selected as the base material of plates in many studies. In order to maintain the electro-
chemical stability of the bipolar plate and further improve its performance, the method of
coating protection is generally adopted [37,38]. At present, a variety of coating protection
materials have been developed. Some researchers [39-42] prepared TiN nanometer-thin
films by plasma-enhanced atom deposition, which reduced the contact pressure at the
interface of stainless-steel by approximately half. Similarly, there are CrN/Cr multilayer
coatings [43,44]

Al,O3/TiO; nanometer amine film [45,46], carbon coating [47], TaN/Ta multilayer
coating [48,49], Nickel-based nanocrystalline and amorphous alloy coating [50], etc.

Composite material bipolar plates can be prepared by adding suitable conductive ma-
terials to polymer materials based on thermosetting or thermoplastic [51,52]. The composite
bipolar plate is compatible with the corrosion resistance and high strength characteristics of
graphite bipolar plate and metal bipolar plate, respectively, so there is no need for coating
protection like metal material, and the production efficiency is high. Generally, it only
needs to be prepared once. Low conductivity is the main factor restricting its development,
which will seriously affect cell efficiency. High conductivity filler is generally added to
the bipolar plate, which can optimize the overall resistivity [53,54]. Researchers [55,56]
have embedded high conductivity particles into carbon fiber composite bipolar plates to
reduce their overall resistivity. Zulfia et al. [57] performed material optimization to design
the polymer and the carbon composite material, quantitatively studied the corresponding
conductive particle influence on the conductivity. The conductive filler used at present
mainly consists of multi-wall carbon nanotubes [57], graphite [58,59], carbon nanotubes, or
graphene [60,61], etc.

3.1.2. Gas Diffusion Layer

The diffusion layer plays a role in supporting the membrane electrode assembly in
the PEMFC, transporting reactants and products, and conducting electricity and heat. At
present, it is considered as a solid material with constant resistivity in most studies, and
resistance is sometimes ignored [62,63]. In fact, the thermal conductivity of the diffusion
layer, the volume resistance, and the contact resistance with the bipolar plate are not only
affected by the structure of the material itself, but also by the mechanical load during the
battery preparation process, which has a set influence on the properties of the material and
its microstructure [64,65]. Qiu et al. [66] studied the conductivity and thermal conductivity
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of GDL under cyclic and stable loads and the variation of its microstructure. It should be
noted that although compressing GDL can improve its conductivity, it must be controlled
within a certain range [67], otherwise it will be counterproductive. The relatively low
thermal conductivity of the fuel cell microporous layer tends to lead to high GDL tempera-
ture [68], where the product water can undergo a phase transition. Researchers [69-71] uses
fluorescence microscope, optical photography, synchronous x-ray, and other equipment to
study the microstructure and transmission of the GDL. When the filler is increased within
a certain range, the thermal conductivity of the GDL can be increased.

3.1.3. Proton Exchange Membrane

The proton exchange membrane is a key component of the PEMFC. Generally speak-
ing, the ohmic heat is affected by the thickness of the membrane and the conductivity
of the material. Two methods [72,73] have been widely accepted to solve this problem.
One is to reduce the amount of perfluororesin and to prepare composite membranes by
combining Nafion resin with other non-fluorinated materials; the other is to develop new
membrane materials. The proton exchange membranes currently used in PEMFCs can be
mainly divided into three types: Perfluorinated PEM, partially fluorinated PEM, and non-
fluorinated PEM. The perfluorinated PEM [74,75] is a perfluorosulfonic acid membrane,
which has good proton conductivity, but it strongly depends on its degree of hydration.
The perfluorosulfonic acid membrane has low water content or high temperature without
water supplement. Under the circumstances, the conductivity will drop significantly. Some
researchers [76—78] modified the perfluorosulfonic acid membrane to reduce the amount
of perfluororesin, while ensuring proton conductivity, and correspondingly reduce the
thickness of the membrane. Similar partially fluorinated PEM [79,80] and non-fluorinated
PEM [81-84] have also optimized their own electrochemical impedance; at the same time,
it also improves the service life of the PEM and reduces the production cost.

3.2. Structure-Based
3.2.1. Channel Structure of Reactants

The concentration of reactants in PEMFC stack directly affects the electrochemical
reaction rate [85-87] and indirectly controls the current density and temperature distri-
bution uniformity. The concentration distribution of reactants with the same mass flow
rate is controlled by the effective surface area of the channel structure, Li et al. [88,89]
established a three-dimensional non-isothermal model. By comparing the DC flow path
with the serpentine flow path, it is found that the serpentine flow path performs better in
the uniformity of the reactant distribution and the temperature distribution. Debanand
et al. [90] optimizes the serpentine flow field and designs a novel flow field structure
based on retaining some of the flow field characteristics. Compared with the traditional
serpentine channel, it can provide a more uniform current density distribution. Li et al. [91]
establish a three-dimensional non-isothermal steady-state model to study the stack per-
formance and mass transfer characteristics of PEMFCs using metal foam as the reactant
flow distributor. At the same level of working voltage, the current density can be increased
by about 5%. In the traditional channel structure design, due to the existence of rib, the
reactant concentration in the rib covered area is relatively low, because of the limited diffu-
sion effect. The uniform distribution of the metal foam flow field can evenly distribute the
reaction fluid and improve the uniformity of reactants, current density, and temperature in
the stack. Some researchers [92,93] compared the performance of traditional flow channel,
flow channel with spoiler and metal foam flow channel. The use of spoiler and metal foam
increased the axial diffusion strength of the reaction gas. The oxygen concentration on the
gas diffusion layer increased significantly, and the current density and temperature unifor-
mity improved significantly compared with the straight channel. The reactants in the metal
foam flow channel are more evenly distributed and not affected by porosity compared
to if the spoiler block is added. Similarly, there are porous metal bipolar plates [94]. It is



Processes 2021, 9, 235

8 of21

also possible to optimize the battery performance by changing the structure, but not the
material, to improve the temperature uniformity.

3.2.2. Cooling Channel Structure

The internal temperature distribution of PEMFCs is largely influenced by the internal
fluid flow characteristics. As the cooling process progresses, the refrigerant cooling per-
formance decreases along the cooling channels. Some researchers [95] designs for cooling
channels possess a non-uniform cooling pipe with different cross-sectional areas to improve
the cooling capacity downstream of the cooling channels. Ebrahim et al. [96] conducted a
comparative study of the “Zigzag” cooling flow channel and the straight channel, which
decreased 5%, 23%, and 8%in terms of maximum surface temperature, surface temper-
ature difference, and temperature uniformity index, respectively. In addition, the study
of the fuel cell flow field [97-99] found that the maximum temperature and temperature
uniformity were used as the evaluation criteria. The traditional serpentine channel is
better than the straight channel, and the multi-channel serpentine channel is better than
the traditional serpentine channel. In the subsequent quantitative research, it was found
that the cooling effect and overall uniformity could be further improved by adjusting
the coolant flow along the parallel path and the distribution strategy. It can be seen that
although the complexity of the cooling flow channel structure is appropriately increased
and the temperature distribution of the stack is improved to a certain extent, the pressure
drop of the cooling flow channel is correspondingly increased, and new requirements are
put forward for the performance of pump and valve. The appearance of the metal foam
multi-media flow field supplements this [10,100]. Due to its higher permeability coefficient,
the oxygen concentration and current density of the cathode catalyst surface are increased,
and the coolant pressure drop is relatively low, which can more effectively distribute the
cooling medium.

4. Temperature Control Based on Cooling Medium

The uniformity of temperature distribution of a fuel cell has a great influence on its life
and performance. Some researchers measured the temperature difference between the inlet
and outlet of the cooling channel as high as 23 °C through simulation and experiment, and
the temperature difference between the channels was more than 10 °C. The general way to
improve the internal temperature distribution uniformity was to reduce the temperature
difference between the inlet and outlet of the cooling medium by adjusting the coolant
flow rate [17,101-103]. The waste heat removal mode of a fuel cell is mainly related to
its power. According to the involved cooling medium, the cooling mode is divided into
heat dissipation based on gas medium and heat dissipation based on the liquid medium.
As shown in Figure 3, heat dissipation based on gas medium mainly includes: Cathode
air cooling, separated air cooling, and edge cooling; heat dissipation based on the liquid
cooling medium includes liquid cooling and phase change cooling. Figure 4 shows the
cooling technology for the heat dissipation of PEMFCs. It can be seen that in addition to
the cathode gas cooling, the other four cooling methods are arranged between the single
cells of the PEMFC stack. The density of the layout cooling system is not only limited by
cooling requirements, but also by battery power output, volume, and weight.

4.1. Heat Dissipation of Gas Cooling Medium

The balance of plant required for temperature control of the stack by air cooling is
extremely small, and only the ambient air needs to pass through the heat dissipation plate
of the cathode side of the stack, or between the electrodes. The focus is on the air supply
strategy of the cooling medium and the stack structural optimization and system design.
This heat dissipation method is generally designed for small stacks. Air cooling systems
typically include equipment or structures, such as fans/blowers, temperature sensors,
cooling channels, etc. The selection of fans is critical and is generally based on the mass
flow and volume pressure drop of the fuel cell system operating at maximum power.
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Figure 3. PEMFC cooling method [4]. Reproduced with permission from Nguyen, H.C. and Shabani,
B., Proton exchange membrane fuel cells heat recovery opportunities for combined heating/cooling
and power applications; published by Energy Conversion and Management, 2020.

Anode Current Collector

Phase Change Cooling

Air Cooling Plate
Liquid Cooling Plate \ \

Coolant Outlet

Coolant Inlet

Cathode Channel Inlet
Cathode Channel Outlet
Anode Channel Inlet

Anode Channel Outlet

Cathode Current Collector //

Edge Cooling Plate

Figure 4. Demonstration of cooling methods for proton exchange membrane fuel cells (PEMFCs). [10].
Reproduced with permission from Hossain, M.S. and Shabani, B., Metal foams application to enhance
the cooling of open cathode polymer electrolyte membrane fuel cells; published by Journal of power
sources, 2015.

4.1.1. Edge Cooling

Edge cooling is a passive cooling technology that relies on air convection to cool
PEMEFC stacks. Because there is no cooling channel inside the stack of fuel cells that use edge
cooling, they are more compact in structure and have certain volume advantages. In the
choice of materials, high thermal conductivity materials are often used to quickly conduct
internal heat to the surface of the stack. The surface is often designed to enhance heat
dissipation. This cooling method has limited heat dissipation effects and is generally used
in portable and other low-power equipment. The main methods of temperature control
using edge cooling are [104]: (i) Use appropriate high thermal conductivity materials to
discharge the internal temperature of the stack as soon as possible to reduce the temperature
difference between the inside and outside of the stack; (ii) optimize the design of the
external structure of the stack to obtain a sufficiently high heat dissipation rate. Choosing



Processes 2021, 9, 235

10 of 21

high thermal conductivity fin material can provide a higher heat transfer rate [105]. The
choice of fins is mostly graphite-based materials, such as expanded graphite, pyrolytic
graphite, etc. [28,29]. In addition, the fin geometry design also affects the heat transfer rate
and stack performance. Compared with fin thickness, the effect of fin length on battery
performance is more significant. At the same time, the relatively dense arrangement of fins
in a suitable interval is also conducive to heat dissipation of the stack and increases battery
performance [106]. Some researchers [107] studied the heat dissipation performance of
rectangular and triangular fins (the total area of the two fins is the same). The results show
that the heat dissipation effect of the fuel cell with fin structure is more significant, and the
temperature distribution of the whole battery is more uniform. In addition, compared with
rectangular fins, the use of triangular fins can achieve higher power density.

4.1.2. Cathode Air

The cathode air cooling method combines the cathode and cooling channels [108].
The incoming air acts as an oxidant to participate in the electrochemical reaction and also
as a coolant. It dissipates heat from the system, so no additional cooling channels are
required, and the stack structure is relatively simple. Kai et al. [17] has developed a fuzzy
controller with multiple inputs and multiple outputs to maintain the temperature of the
PEMFC stable within a certain range through fuzzy control of the fan speed. Da et al. [103]
adopts the method of adjusting the air flow and temperature, which increases the current
density of the stack, reduces the overall size of the stack, and reduces the complexity of
the system while improving performance. However, this method also drastically increases
the parasitic power of the blower [109], and the specific economy needs to be considered.
The temperature control of the battery using cathode air cooling is usually achieved by
adjusting the air flow rate [110,111]. When the cooling flow required by the system is high,
the stoichiometric ratio of air will be relatively high, but this may reduce the humidity of
the membrane, resulting in fuel cell performance is reduced, and it is difficult to achieve
precise temperature control [112,113]. This is a drawback of cathode air cooling.

4.1.3. Separate Air

Separate air cooling separates the cathode flow channel from the cooling flow channel,
which can separately supply the oxidant and control the temperature of the stack. Dicks
et al. [2] researched the system and designed a separate cooling channel, using fans or
blowers as circulating power. The results show that although the system is complex, the
temperature is relatively controllable. When the fan or blower is used as the circulating
power of the cooling system, additional parasitic power will be generated [85]. By adjusting
the width of the cooling channel, this situation can be effectively improved. Research shows
that increasing the effective cooling area of the cooling channel can achieve a more uniform
temperature distribution. Wei et al. [114] proposed the finite state machine control and the
air flow speed control strategy based on the conventional proportional-integral control to
adjust the direction of the coolant air flow. When the experiment is performed on the 1.2 kw
PEMEGC, it can enhance certain battery performance and reduce the temperature within a
0.5 °C gradient. Cheng et al. [115] add a model controller with nonlinear feedforward and
LQR state feedback to the air-cooled heat dissipation system to control the fan speed and
maintain the stack temperature within +0.5 °C.

4.2. Liquid Cooling Medium Heat Dissipation

Liquid media has a higher heat capacity than gas media and is often used to cool large
stacks. When the power of the stack is higher, and the heat dissipation requirements are
greater, the use of liquid cooling often has a better heat dissipation effect. Temperature
control using liquid cooling is usually done by adjusting cooling channels, optimizing
coolant selection, controlling mass flow, and other methods. The liquid cooling medium
heat dissipation system [10] is mainly composed of pumps, cooling pipes, and condensers.
The pump is the circulating power of the cooling system, which helps the coolant to collect
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and release heat, but it is not indispensable. For example, in a closed-loop passive cooling
system [116], only the phase change of the liquid cooling medium can complete the entire
heat dissipation process; The cooling flow channel is the carrier of the cooling liquid. The
layout of the cooling flow field has a great influence on the temperature distribution inside
the stack. Compared with the cooling system using a gas medium, the layout is more
complex. It is mainly responsible for carrying the cooling liquid to complete the entire
cyclic process; the coolant is a carrier of heat. It absorbs heat in the stack to reduce the
temperature of the stack. The coolant that carrys the heat releases the heat in the condenser
and re-enters the stack to complete the entire cooling cycle.

4.2.1. Liquid Cooling

Water, as a commonly used liquid cooling medium, is not irreplaceable. When the
normal heat dissipation requirements of the system cannot be met, or the heat dissipation
requirements can be met, but the area of the heat sink needs to be increased as compensation,
materials with better heat dissipation performance can be considered. In general, metallic
liquids tend to have better thermal conductivity than nonmetallic liquids. Considering the
operating temperature range of the PEMFC and the economy of the PEMFC system, the
use of metal liquids is too costly. The method of using conventional fluids to carry metal
particles is considered. The more promising way is to add nano-scale metal or non-metal
particles to the basic fluid to form a nanofluid [117-121], such as nanoparticles with small
size and large specific surface area, can significantly improve the heat transfer coefficient
and viscosity coefficient of the nanofluid, and can stand for a long time without settlement,
which will not cause the blockage of the cooling pipeline. This is an advantage that large
particles, small particles, and even microscopic particles do not have. A study found that as
the concentration of nanoparticles increases, the thermal conductivity also increases [122].
Additionally, when the temperature goes up, the thermal conductivity goes up. Mohammad
et al. [123] added nanometer solid particles of aluminum oxide in water as a nanofluidic
cooling medium to dissipate heat for a 2.4 kw fuel cell. A semi-analytical steady-state
model was used to consider its cooling performance. Zakaria et al. [124,125] uses SiO, and
TiO; nanofluids to study the effect of concentration on heat dissipation performance. While
the cooling effect is improved, the external power input is increased, due to the viscosity
effect. Therefore, the overall energy efficiency level of the system needs to be considered
comprehensively. The liquid cooling medium has a certain conductivity compared to the
gas cooling medium [118,126,127]. In order to prevent current leakage, a deionization
device is usually added to the cooling circuit, which is also an important reason why its
system complexity and maintenance cost are higher than that of the air-cooling system.

4.2.2. Phase Change Cooling

As a special form of heat dissipation using a liquid medium, phase change cooling is
also applied to the field of fuel cell temperature control. Compared with other heat dissipa-
tion methods, it has higher latent heat. Occasionally, no additional circulation power is
required, and the entire cooling cycle system can be completed only by hydrophilic wicking
or density difference [1]. The study found that under the same working conditions [128],
the size of the radiator using phase change cooling can be reduced by about 27% compared
with the liquid cooling radiator, and a more uniform temperature distribution can be
obtained [129]. Compared with metal heat conduction, the phase change cooling effect is
better [130-132].

A heat pipe is widely used in high temperature fuel cells, such as solid oxide fuel
cells, due to its good heat dissipation effect. In addition, because of its good heat-carrying
capacity, waste heat is often recovered at the end of the system cycle to improve the energy
efficiency of the system level. Without a doubt, there are also applications in the field of
PEMFCs. In response to the heat dissipation requirements of PEMFCs, Jason et al. [116]
have proposed a pulsating heat pipe that uses closed-loop passive heat dissipation to rely
on the phase change of the cooling medium to complete the entire cycle of heat dissipation,
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without adding ancillary cooling equipment. Marcos et al. [104] uses a small flat heat pipe
that retains only the evaporator and condenser to dissipate heat from the PEMFC, and uses
deionized water as a medium. Through experimental and theoretical analysis, it is found
that its heat transfer ability is strong, up to 1.8 W/cm?. Navid et al. [132] applied micro heat
pipes to the cooling of PEMFCs. The ends used natural convection, forced air convection,
and water for heat dissipation. The best heat dissipation mode for water was determined.

Phase change cooling using liquid medium includes evaporation cooling in addition
to heat dissipation of heat pipe. Evaporative cooling adds liquid water to the cathode flow
channel of the PEMFC, where it undergoes phase change evaporation, which can both
achieve heat dissipation and humidification of the stack, and then the evaporated water and
product water are discharged out of the stack to condense. Experiments show that [128,133]
the heat dissipation effect of the system using evaporative cooling is significantly higher
than that of pure liquid cooling. It should also be noted that the separation efficiency of
liquid water has a great influence on evaporative cooling. Schultze et al. [134] proposed a
dynamic simulation model of an evaporatively cooled fuel cell stack, which can be used as
a reference for model controller design. Fly et al. [135] analyzes the temperature change
during the stable operation of the PEMFC stack and finds that the temperature change
is within £2.0 °C. The variable working pressure and stoichiometry using proportional-
integral control can further reduce the temperature change to +1.0 °C.

5. Cold Start

Cold start is also an important aspect of temperature control of the fuel cell. What
is different from the previous is that maintaining a uniform and stable temperature of
the fuel cell often requires heat dissipation. The cold start requires the fuel cell to be
preheated (i.e., warmed up). In order to make the application of fuel cells more universal,
it is necessary to consider various possible situations. A low-temperature cold start is
one of the technical challenges that are faced [136]. Studies have shown that fuel cells
are able to start at low temperatures—they will work for a short period of time after
starting, and then “turn off”. This occurs because the fuel cell can normally work at low
temperature, but the product, etc., condenses in the low temperature environment, blocking
the intake pores, which prevents it from starting [137]. Additionally, repeated freezing will
easily expand the gap and increase the internal contact resistance, due to expansion after
condensation [136,138-140], which will eventually damage the components and affect the
battery life. Therefore, before considering improving the cold start performance of the fuel
cell, it is necessary to explore the cold start behavior and related mechanism research to
improve the fuel cell operation.

Based on the thermal stability analysis method, Wei et al. [141] analyze the steady-
state multiplicity behavior of PEMFCs during cold start. The advantage lies in the ability
to predict various diversity behaviors and startup feasibility in a systematic and simple
manner. Dursch et al. [142] used isothermal differential calorimetry to study the formation
and growth of ice crystal ions at the catalytic layer of PEMFCs and the dynamic behavior of
ice crystals. Sen et al. [143] proposed an analytical model to predict the cold start behavior of
fuel cells based on the mechanism of water phase transition and water transfer. It was found
that ice particles were preferentially formed at the junction of the microporous layer and
the catalytic layer. Ko et al. [144,145] conducts research in terms of materials and develop a
new type of microporous layer material by adjusting the ionomer fraction and the weight
ratio of Pt to carbon support. This allows the transition between the microporous layer and
the catalytic layer to become smooth, except for the original. In addition to the function of
the microporous layer, it also has a certain proton conductivity and redox reaction kinetic
activity, which expands the volume of ice storage. Some researchers [146-148] studied the
hydrophobicity of the microporous layer material to improve cold start performance. From
the perspective of reducing the internal water content of the PEMFC stack, Kim et al. [149]
put forward a cold start strategy of pressure reduction purge to minimize the water residue.
Lin et al. [150] established a three-dimensional non-isothermal multi-channel cold start
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model, using numerical simulation to study the effect of unevenly flowing reactants and
coolant on the cold start performance of PEMFCs. Geonhui et al. [151] have established a
transient cold start model from the start of the stack to the stable operation of the entire
process. Through the prediction of each stage of cold start process and the simulation
results under different cold start conditions, an effective cold start strategy is proposed.

Clamping pressure is an important parameter in the assembly of PEMFCs [152], which
affects the changes in the size and physical properties of its components. Not only that,
clamping pressure also has an important impact on the cold start performance of PEMFCs.
Dafalla et al. [153] adjusted the three-dimensional cold start model and used numerical
simulation to study the cold start behavior of PEMFCs under clamping pressure. The
results show that increasing the clamping pressure will not only increase the condensation
of ice in the capillary pores, but also cause dehydration and drying of the membrane. Xu
et al. [154] built a three-axis vibration platform to study the effect of mechanical vibration
direction and amplitude on the cold start performance of PEMFCs.

Hydrogenation reaction heat can be used to preheat the stack at the entrance of the
stack or at the cathode flow channel [155,156]. Florian et al. [157] propose a method of
filling methanol cells with an aqueous solution of antifreeze into the fuel cell without
the need for additional waste heat equipment. Compared with methods that do not add
antifreeze or purge before startup, they can ensure that the fuel cell continues to operate
below zero degrees Celsius. However, this method has certain defects. When the PEMFC
is operated above zero degrees Celsius, the residual antifreeze will adversely affect the
temperature performance of the stack. Gwak et al. [158] improve the cold start performance
of PEMFCs by optimizing the cold start strategy, proving that increasing the current density
during the undersaturation phase can cause the stack to heat up quickly to prevent water
condensation. In addition, once the freezing stage is reached, the current density cannot
be increased; otherwise, the growth of ice crystal particles will be accelerated. Similarly,
some people have integrated the parameter identification method into the semi-empirical
model [159], searched for the optimal working point of the electric heap through the
optimization algorithm, adopted the real-time adaptive control strategy for the current,
and made the stack run at the maximum power at startup to realize the fast cold start.

The cold start real-time strategy can be collectively referred to as the internal auxiliary
start strategy of the fuel cell stack, which is mainly implemented inside the fuel cell or
through the optimization of its own control strategy. Conversely, for the exterior of the
PEMFC, auxiliary measures can also be taken to help it achieve a cold start at low tempera-
ture. The key to ensuring a cold start of the fuel cell is to raise the overall temperature of the
stack before it ends the electrochemical reaction, to prevent condensation of products, etc.,
blocking the intake air gap. Although the electrochemical reaction of the fuel cell generates
a certain amount of heat, it is not enough to raise its temperature to a sustainable reaction
stage [160,161]. For short-term downtime, phase-change materials are paid attention to
because of their unique energy storage advantages [162], and can be used as a heat storage
medium to improve cold start performance. Agus et al. [163] have proposed a new passive
thermal management strategy to insulate the stack, using phase changes and insulating
materials to maintain the stack temperature above the freezing point for up to two days.
At present, the common way is to use the heating device to preheat the cathode plate to
heat the stack [164]. Zhi et al. [165] adopt a phased preheating method, that is, from the
start of the stack to the stable operation. It adopts different preheating methods to achieve
gradual control and realize the cold start process. Li et al. [164] use local heating to reduce
the input of auxiliary heating equipment, arranges the heating wire under the ridge of the
cathode plate, maintains its continuous electrochemical reaction, and uses its own reaction
heat to raise the temperature of the surrounding stack to achieve the entire stack cold start.
In addition, the study found that the configuration of the electric heating wire is not as
accessible. Under constant thermal power, a single heating wire shows better results than
three heating wires. Zhou et al. [166] combine an external heat source with an internal load
and develops a variable heat load control startup strategy to achieve a successful startup at
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—20 °C. Although preheating the fuel cell to achieve a cold start is an effective auxiliary
means, it also generates a certain amount of energy consumption and increases additional
equipment costs. Therefore, cost control of auxiliary equipment is also a priority.

6. Summary and Outlook

The three aspects of fuel cell temperature control have been systematically listed in
this paper. Proton exchange membrane fuel cells are sensitive to temperature, and they
need to operate in a certain temperature range to achieve their best performance. At the
same time, reducing unnecessary heat loss will improve the performance of a fuel cell,
Therefore, it is necessary to adopt a reasonable control strategy for the temperature of
the PEMFC.

The electrons generated by the PEMFC are transferred between the bipolar plate and
the gas diffusion layer, and most of the generated heat is transferred from the gas diffusion
layer to the bipolar plate in the form of heat conduction. Therefore, the bipolar plate and
the gas diffusion layer itself and their electrical and thermal conductivity are particularly
important. The heat transferred to the bipolar plate is transferred by the cooling system.
Air-cooled medium is used for temperature control, which is generally aimed at small
stacks, which can be optimized according to flow control strategy and cooling structure
to improve refrigeration efficiency; the cooling of the liquid medium is mainly aimed at
large stacks. Unlike pure liquid cooling, the cooling using liquid medium includes not only
liquid cooling but also heat dissipation based on the liquid medium. For instance, heat
pipe cooling, and evaporative cooling using liquid phase change, and nanofluid made by
adding nanoparticles to the basic fluid. This type of temperature control method generally
has a strong cooling effect, but the corresponding cooling system is also relatively complex.
Both the cooling fluid flow channel and the reaction flow channel have a great influence
on the temperature control of the PEMFC and the overall performance of the stack. The
design optimization of such flow channels has always been a pressing issue in fuel cell
research. Considering the existence of some extreme situations, the cold start performance
of PEMFCs needs to be improved so that they can be successfully started and run stably.
Overall, improving the battery’s cold start performance mainly includes external and
internal auxiliary start strategies. External auxiliary starting is mainly achieved through
auxiliary equipment or materials, and generally requires additional equipment investment.
The internal auxiliary starting method mainly depends on the optimization of the fuel cell’s
own structure or control strategy.

Optimizing the design of the stack material structure can improve the electrical and
thermal conductivity of the stack itself. In addition to reducing the Joule heat generated
by the stack itself, it can also export the internal heat generation in time, which maintains
the stability of the stack temperature and improves the temperature uniformity. It has a
positive effect on the performance of the fuel cell stack. Therefore, the selection and design
of related material structures are particularly important.

Whether it is gas-cooled control or liquid-cooled control of the stack or the optimized
design of the material structure, it has a positive effect on temperature control. In general,
the temperature range of the stack is well controlled, but for temperature uniformity, there
is still a temperature gradient of about 10—20 °C. At present, maintaining the uniformity
of PEMFC temperature distribution can be considered from the following directions: The
use of appropriate coolant and its distribution strategy, plate materials, cooling channel
design, etc. These methods have been verified by experiments or simulations. It is certain
that the reduction of the internal temperature gradient of the PEMFC will improve the
performance of the battery, but less attention is paid to its quantitative research, and the
control of temperature uniformity often requires additional investment. In this way, a
comprehensive energy efficiency assessment is performed to determine the success of the
temperature control method.

The key to fuel cell cold start is to adopt different strategies to assist fuel cell in main-
taining their electrochemical reaction under low-temperature conditions. Both internal and
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external auxiliary start strategies can improve the cold start performance of PEMFCs. Fu-
ture research studies should investigate how to quickly make the stack reach the maximum
power operating state and the economics of auxiliary equipment.

Most of the current PEMFC temperature control research is aimed at its stable operat-
ing state, but it also includes transient loads. In the process of using the battery, it often
faces various complex operating conditions. Take civilian PEMFC vehicles as an example.
It includes the process of starting, idling, accelerating, and closing. As an important part of
the fuel cell operation process, the transient load is necessary to understand the tempera-
ture change trend of the stack during the operation process and determine the temperature
control strategy during the transient load, which can further improve the durability and
energy efficiency of the stack.
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