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Abstract

Cold start is one of the key challenges impeding the popularization of the proton exchange membrane fuel cells
(PEMFCs), and icing is a major reason hindering cold starts. This paper developed a new Quasi-two-dimensional model
to explore the macro- and micro-performance of PEMFCs cold start. Especially, the spatial-temporal distribution of
internal temperature, phase change of water, and effects of different assisted heating methods were comprehensively
analyzed based on various cold-start heating strategy. The results showed that, at the low temperature of 253 K, as
PEMFCs cold starts, the cathode generated water and solid ice forms in the cathode catalyst layer rapidly, especially
under higher starting current density because of much rich water generation. Icing then progressively extended to the
cathode gas diffusion layer and the proton exchange membrane and filled the pores. While the proton exchange membrane
had less icing because of membrane-bound water form. When the ice content in the cathode catalyst layer reached 98%,
the mass transport and reaction in the PEMFCs were hindered and the successful cold start became significantly
challenging. Coupling the adjustable coolant-assisted heating method (0-25 W) and the step-slope current variation
enabled suitable cold start under ultra-low-temperature environments. With auxiliary heating, ice content in catalytic
layer first increased rapidly although the temperature in the cathode catalytic layer increased to 263 K in about 5 s. Ice
started to melt till temperature reach 274 K with continues heating, and the highest ice content 2.2% was remained. Under
the weak icing progress, the fuel cell cold-started successfully within 15 s.

Keywords: Proton exchange membrane fuel cell; Quasi-two-dimensional model; Low-temperature cold start; phase

change mechanism; Coolant assisted heating



1 Introduction

Proton exchange membrane fuel cells (PEMFCs) are widely considered as the main power source of road transport
because of their advantages of low operating temperature, high conversion efficiency, and zero pollution [1-3]. However,
icing occurred during cold start at low temperatures, which could seriously affect the mass transfer inside the PEMFCs
[4, 5]. The effect of icing on the startup hindered the development and popularization of PEMFCs [6]. Therefore, the
internal changes and startup strategized of PEMFCs in cold start under low temperature environment have attracted much
attention of researchers.

Many studies have investigated the PEMFC cold start performance at low temperatures [7, 8]. Ice generation and
development during PEMFC cold operation were difficult to be observed by experiments, where numerical methods
became more feasible and economic for the design and optimization of PEMFC cold starts [9]. Xu et al. [10] developed
a pore-scale 3D model to explore the heat transfer and flow processes during cold start. They found that increasing the
content of platinum could effectively accelerate the melting of ice. Similarly, Macedo et al. [11] developed a 3D model
to analyze the temperature distribution of the stack during cold start. They reported that higher temperatures were shown
at the ribs of the cathode and near the flow outlet. Niu et al. [12] demonstrated that the initial water content of the proton
membrane was the most sensitive to the cold start process. Meanwhile, Wei et al. [13] also emphasized the critical impact
of inflow uniformity on the performance of PEMFC cold start.

Various strategies have been proposed to improve the success rate and performance of PEMFC cold start at low
temperatures. Pan et al. [14] proposed an adaptive cold-start strategy and showed that the best overall performance was
achieved with a cold-start time of 360 s. Lei et al. [15] pointed out that different current loading modes led to different
effects on cold start. Further, Liu et al.[16] argued that a constant slope current loading mode was more favorable for fast
start-up in stacks with coolant recirculation. GieBgen et al. [17] developed a 2D transient physical model with a
thermochemical preheater, which advanced the time of successful cold start to 23 s at 253 K by an assisted start strategy.
Tsai et al. [18] developed an anode dead-end fuel cell model for comparative analysis of cold-start strategies, and showed
that the optimal purge duration was about 0.1 s using a voltage-drop strategy. Rajbongshi et al. [19] achieved a successful
cold start using low-temperature gas purging and suggested that the cold-start performance decay varied according to
different starting temperatures. Wang et al. [20] found that the temperature difference between cells of a stack during cold
start could be up to 10 K. However, increasing the cathode gas flow rate could effectively avoid cold start failure.

Chang et al. [21] analyzed the PEMFC start performance at extremely low temperatures (253 K), and suggested that
the cold-start performance could be further improved in terms of flow field and materials. Various optimization strategies
were developed in terms of PEMFC structure [22-25]. Garcia-Salaberri et al. [26] developed a multiscale PEMFC model
for parametric analysis, and concluded that adjusting the electrode plate size and gas diffusion layer (GDL) thickness
could greatly improve the cold-start performance. A 3D multiphase model was developed to optimize the cold-start
process of a PEMFC [27]. It was found that increasing the proportion of polymer in the cathode catalytic layer (CL) could
reduce the ice formation more significantly. Yang et al. [28] found that a single-channel serpentine flow field provided a
superior performance and dynamic response. Lin et al. [29] investigated the effect of optimized microporous layer (MPL)
on the cold start process by a segmented cell technique. They reported that the optimized stack could achieve unassisted

cold start at 253 K. Dafalla et al. [30] designed a method of anode channel blockage which could effectively improve the
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cold start performance.

PEMFC optimization and performance prediction based on data-driven are gaining significant attention recently [31-
33]. Zhang et al. [34] proposed a real-time prediction method based on the remaining cold start time and showed that the
accuracy of the model was greatly improved with an average error of only 3 s. A data-driven PEMFC cold-start model
was developed to improve the computational efficiency [35]. The model-optimized cold-start strategy could reduce the
startup time by 26 s at 243 K. Liu et al. [36] analyzed the distribution of ice during the PEMFC cold start with different
parameters and improved the cell cold start performance by an optimization algorithm.

While assisted heating has been recognized as a simple yet effective approach to address cold start challenges [37,
38], the relationship between the temperature variation and the ice evolution pattern in the fuel cell cathode catalytic layer
had less been described. Meanwhile, the studies of cold start performance by coupled external heating method and step-
slope current variation were still erratic. Therefore, it is necessary to deeply analyze the intrinsic evolution of the
temperature distribution, water distribution and icing progress during the cold-start process under various cold-start
strategy, and then an effective cold-start strategy is released to further the progress of PEMFCs industry.

To address these challenges, this paper developed a novel quasi-2D dynamic model based on MATLAB Simulink by
optimizing the heat transfer algorithm between the PEMFCs and the external environment. This model enabled a
comprehensive investigation of both macroscopic and microscopic cold-start performance under various assisted heating
strategies, including thermostatic intake heating, thermostatic coolant heating, and variable power coolant heating. This
paper deeply analyzed the internal water, ice and temperature distribution characteristics, as well as the dynamic response
performance under different cold-start strategies. especially focused on the spatial-temporal evolution patterns of internal
water and the effect to cold start. Further, a new cold-start strategy coupled with assisted heating and a step-slope current

variation was adopted to optimize the cold start performance of PEMFCs.

2 Methodology

A quasi-two-dimensional dynamic model of PEMFC is developed based on MATLAB Simulink, as shown in Fig. 1.
To effectively find the better startup strategy for PEMFC cold start, the research object of this paper is a single cell. The
model includes calculation modules of material transport, flow channel component, porous layer component, voltage,
temperature distribution, and variable operating condition realization. In the temperature calculations, the heat exchange
between the fuel cell and environment cannot been neglected. The effect of coolant and intake gas on the temperature of
the fuel cell during this process is also fully considered and the localized heat transfer sub-model is updated. It is possible
to efficiently calculate the voltage output of a single cell at low temperatures as well as the distribution of temperature,

fuel, water, and ice in the cell.
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Fig. 1. A quasi-two-dimensional model of PEMFC.

2.1 Mathematical model
2.1.1 Material distribution model

The control equations of the PEMFC quasi-two-dimensional model are based on the principles of electrochemical
reaction, mass conservation and energy conservation. The gas component control equation is expressed as:

6((1_ Slq - sice)ngi) n a(/DgugYi)
ot oX
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The four terms from the left to the right hand side are the substance component change, inlet (0 in the internal porous
layer and proton exchange membrane), gas diffusion and gas source terms, respectively. s, is the liquid water volume
fraction in the pores, S, is the volume fraction of ice, and Y, is the mole fraction of gas i. The above parameters are

from the simulation calculation process. t is the running time, x is the gas flow distance, p, is the density of gas i,

u, is the flow rate of gas, and Dieff is the effective diffusion coefficient of the gas which can be calculated as:

1.5 15 .
D" — D, (1= —Se) & (in porous zones) @
Shb, (in CH)
where D, is the diffusion coefficient of gas (O2, H2, N2, VP), and Sh is the Sherwood number ( Sh =2.3), & is the

porosity (Table 1).



In the catalytic layer and the proton exchange membrane, a portion of the water combines with sulfonic acid groups
to form membrane water. The transport and phase transition processes of membrane water are quite different from that
of liquid and water vapor. The existence of membrane water is crucial for fuel cell performance, whose control equation

is:
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The three terms from the left to right hand side are the membrane water change, diffusion and source, respectively. A4,
is the membrane water content from the calculations, ® is the volume fraction of polymer in the catalytic layer (0.4),

S, is the membrane water source term, and D,,, is the membrane water diffusion coefficient which is calculated as:

3.1x107 4, [ exp(0.284,,,)—1]exp(-2346/T) (0<4,, <3)

D, = [39] )
4.17x10° 4., [161xexp(~4,, ) +1]exp(-2346/T) (3<A,, <17)

The membrane water source term S, consists of a phase transition source term, an electrochemical reaction source

term, and an electrical drag source term. T is the temperature of the fuel cell.

The control equation for liquid water based on the hydraulic continuum phenomenon is expressed as:
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The three terms from the left to right hand side in Eq. (5) is the change, permeability and source of liquid water,
respectively. p,, (1000 kg m™) is the density of liquid water, K,, 1s the permeability of liquid water (Table 1), 4,
(kg m s") is the dynamic viscosity of the liquid, p,, is the liquid pressure.

The ice phase control equation has no permeability term and is expressed as:

a(‘E‘loicesice) — S

ot ice (7)

Table 1. Model parameters [39].

Parameters Values Parameters Values
Activation area, Aact 25¢4 m? Permeability in gas diffusion layer, Klq‘ GDL 10e12
Porosity of gas diffusion layer, £gp, 0.6 Permeability in microporous layer, Ky, yp — 10e3
Porosity of microporous layer, &yp. 0.4 Permeability in catalytic layer, K, o 10e4
Porosity of catalytic layer, & 0.3 Conductivity of bipolar plate, Opgp 2¢* S m'!
Thickness of bipolar plate, Jgp 0.005 m Conductivity of gas diffusion layer, Ogp. 5000 S m’!
Thickness of gas diffusion layer, Ogp, 3e*m Conductivity of microporous layer, Opp 5000 S m'!
Thickness of the microporous layer, Oyp, 4e 5 m Conductivity of catalytic layer, O 5000 S m'!
Thickness of catalytic layer, g, 10e* m Thermal conductivity of bipolar plate, Kgp 20 Wm' K-!
Specific heat capacity of bipolar plate, CPgp 1580 J kg' K'' Thermal conductivity of solids, ki 1 Wm'K!
Density of bipolar plate, Ogp 1000 kg m™ Thermal conductivity of membrane, kMEM 0.95 Wm' K-!



Specific heat capacity of gas diffusion layer,
CPeoL

Density of gas diffusion layer’ pGDL 1000 kg m3 Thermal conductivity of cathode gas, kg, c 0.024 W m! K!

2000 Jkg' K*'  Thermal conductivity of anode gas, K, 0.17 Wm' K-!

Specific heat capacity of microporous layer,

Cp 568 Jkg' K'  Specific heat capacity of membrane, Cpygy 833 Jkg'! K!
MPL

The density of microporous layer, Oyp_ 1000 kg m** Density of membrane, Oyem 1980 kg m**
Specific heat capacity of catalytic layer, Cp,~ 3300Jkg' K'  Density of catalytic layer, pg, 1000 kg m™

2.1.2 Electrochemical model
The single-cell output voltage of PEMFC can be calculated according to the mutual balance between chemical and
electric energies in the reactants:

Vou =Voemst T Thaeta  actc  Teonca + Toone + Tomic ®)
where V,, is the monolithic output voltage, V. isthe Nernst voltage, 7,,, and 7, are the anodic and cathodic
activation polarization loss electromotive forces, respectively, 77, 1s the ohmic polarization loss electromotive force,
Monca @nd 7. are the concentration polarization loss electromotive force. As a reversible electrochemical voltage,

V.ems 18 affected by the concentration of the substance and the gas pressure:

P P0A5
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where F is the Faraday constant (96483 C mol'), AG is the Gibbs free energy (-273.145 kJ mol!), AS is the

standard molar entropy change (-163.29 kJ mol' K''), R is the ideal gas constant (8.314 J kg' K'), p,;, is the anodic

hydrogen partial pressure, and Pg, is the cathodic oxygen partial pressure which can be determined from calculations.

The activation polarization loss electric potentials are given as:

RT I RT I
nactaz_lnf' nactcz_lnf (10)
' ZOCF Ja + Jleak Y 4aF Jc + Jleak
where o is the charge transfer coefficient (« =0.5), | is the current density which is under external control, j., is

the leakage current, and J,,, is the exchange current density which is calculated as [39]:
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where ji and ji denote the reference exchange current densities per unit catalyst surface of anode and cathode,

respective, v is pressure coefficient (in this case, y=1), b is the calculation coefficient (b, =1400, b, =7900), prref
is the reference pressure. s, and s, are the volume fraction of water and ice, respectively. The leakage current Jieak

is calculated as:
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The ohmic loss electromotive force is caused by the resistance to proton transfer, electrodes and end plates to electron

transfer. So, the voltage drop due to ohmic loss is proportional to the current density and can be calculated as:

o) 0, 9, 0,
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where ¢ isthe thickness of each layer, o is the conductivity of each layer, and ¢,,,, is the conductivity of the proton

exchange membrane which is calculated as [40, 41]:
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where A, is the equilibrium water content, a is the water vapor activity and p,, is the water vapor partial pressure

determined from calculations.
The concentration polarization loss is caused by the consumption of reactants involved in the electrochemical reaction,
resulting in a decrease in concentration. It is the main reason for the rapid decrease in voltage at high current density and

can be calculated as:

Meonc,a = RT In 1_L 1 Meone,c = RT In 1_L (18)
' 2OlaF IIim,a ' 4acF IIim,c
2Fc
IIim,a = 5 5 i 5 (19)
CL + MPL GDL
2Deff Deff 2Deff
H,,CL H,,MPL H,,GDL
4Fc
IIim,c = 5 5 - 5 (20)
CL + f.l\f/IPL + Gf?L
2DOfo,CL DOZ,MPL 2D02,GDL

where I, refers to the limiting current density of the cathode and anode, Dy , Dfy, ,and D, refer to the

effective localized gas diffusion coefficient, and ¢, is the molar concentration of the gas at the channel from the

simulations.
2.1.3 Temperature distribution model

The control equation of temperature distribution is:



o((pC,) "' T)
ot

The three terms from the left to right hand side are the temperature change term, the thermal transfer term, and the thermal

=Ve(k"VT) + S, (21

source term, respectively. (,OCP)eff is the equivalent specific heat capacity, kﬁﬁ is the equivalent thermal conductivity.

The equivalent specific heat capacity (/DCP)eff can be calculated as:

(PC,)™ =& (55C, )iy +(SPC, e + L=Se =54 )(PC,), |+ W= —@)(0C, ), + @(0C, ) e (22)
where s; is the volume fraction of the different components, C,; is the density of the different components, J is the
specific heat capacity of the different components and @ (0.4) is the polymer volume fraction. These parameters are

listed in Table 1. The equivalent thermal conductivity kﬁﬁ is calculated as:
K" = [ SiKg + Sieios + (L= S = i)k |+ (L= & — )k, + DKy (23)

where k is the local thermal conductivity. In a stack, the surface of a single cell, the coolant and the intake gas all
exchange heat with the environment, which in turn has an impact on the temperature distribution inside the cell.
Therefore the heat exchange calculation is optimized and a computational factor is added. The heat exchange between

the fuel cell and the environment can be expressed as:

Q=<h(T,, —Tep) Asp (24)
where Q is the amount of heat exchanged between the fuel cell and the environment, ¢ is the heat transfer correction
factor (0.015) which was calculated based on the heat exchange between a single cell and the environment in the

conceptual stack model, h is the heat transfer coefficient (20 W m? K-!), T, is the environmental temperature, Tg,
is the temperature of the fuel cell bipolar plate, and Ay, is the area of the bipolar plate heat transfer (assuming that Ay,

= Ay =0.0001 m2).

2.2 Boundary conditions

In the simulation, the inlet pressures at the anode and cathode sides were both set to 150 kPa. Intake gas relative
humidity (RH) of cathode and anode were set to 0% and 70%, respectively. Hydrogen and air were in a counter-flow
mode. The stoichiometric ratios of hydrogen and air were 1.2 and 2.0, respectively. The environmental temperature was
set to 253 K. Table 1 gives the parameters used in the PEMFC cold start model. Three heating-assisted cold start methods
were considered in this study, i.e., constant temperature intake-assisted heating, constant temperature coolant heating,
and adjustable coolant heating. The first two methods used cathode-anode intake air and coolant of constant temperatures
(i.e., 263, 273 and 283 K) to directly heat the fuel cell, respectively. The third method utilized a pulse heating power to
heat the coolant to indirectly heat the fuel cell.

2.3 Assumptions

To simplify the calculations, the following assumptions are made for the quasi-two-dimensional model:

(1) In this model, natural convection driven by gravity is weaker in the vertical direction, so the effects of gravity



are ignored in the calculation of fuel and water transport in porous media;

(2)  The gas flow in the flow channel is considered to be laminar due to the small Reynolds number;

(3) Convective transport of gases in any direction in porous media is negligible due to the way diffusion dominates
material transport;

(4)  Liquid water is blown away quickly by the gas in the flow channel, so the liquid water volume fraction in the
flow channel is assumed to be zero;

(5)  The conductivity of the polar plates is high, so the potential distribution on the polar plates is uniform, and it is
assumed that the contact resistance at the interface between the polar plates and the diffusion layer is negligible;

(6)  Pressure is unchanged in the flow channel due to the low inlet flow rate and the short flow path.

2.4 Model verification

To verify the model, the simulation results were compared against the experimental data in Ref [42] at environment
temperatures of 270 and 253 K. The stability of the model is further compared for different numbers of model nodes (i.e.,
N=5 and 10). As shown in Fig. 2, the simulation results agree well with the experimental data under 273 K and start-up
current density (Istar) of 0.04 A/cm?. The maximum error is 1.8% under 253 K and 0.1 A/cm?, which meets the engineering
requirements. This maximum error occurs in the case of the initial membrane state water content A = 3.4. This is mainly
because the effect of membrane state water and its icing on the performance of the fuel cell are more sensitive in the
model than in practice. Fig. 2 also shows that there is insignificant difference between N=5 and N=10, indicating that a

stable accuracy of the model. Therefore, this study adopted N=5 model nodes to save computational time.
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Fig. 2. Verification of quasi-two-dimensional models under different operating conditions.
3 Results and discussion

3.1 Dynamic performance of low-temperature self-starting

The effect of constant current densities on the self-starting performance of PEMFC is studied. Fig. 3 shows the fuel
cell polarization curves at different starting current densities. As the current density increases, fuel cell start-up failures
happen substantially earlier. When Isars =0.1A/cm?, the fuel cell startup failure occurs at about 38 s. However, the startup

failure was advanced to 7 s at Isare =0.6 A/cm?. Also, the rate of fuel cell voltage reduction increases rapidly as the current
10



density increases. This is mainly because the rate of electrochemical reaction increases with current density, producing
more water. However, the temperature of the fuel cell is still below freezing, so it will rapidly freeze and thus increase
the resistance to ion transport. Thus, it is predictable that fuel cell cold starts are easier to maintain at low current densities.
In contrast, the cold start fails quickly at high current densities (Iswurt=0.6 A/cm?) and is therefore less feasible. In addition,
at the beginning of startup, the voltage rises briefly and then drops rapidly. The higher the starting current density, the
more obvious this trend is. This is mainly because higher current densities at the beginning of startup increase the cell
temperature and thus the electrochemical reaction rate more dramatically. Consequently, this voltage increase is more

significant at higher current densities.
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Fig. 3. Polarization curves of different starting current densities.

Fig.4 shows the variation of temperature with time during fuel cell startup at different current densities. The interior
of the fuel cell begins to warm up as time increases. The inlet channel temperature hardly changes during startup. The
temperature is highest at the cathodic CL where the chemical reaction is the most intensive, and decreases gradually in
the direction of flow channel. The temperature of the fuel cell is generally increasing as the starting current density
increases. Taking the running time of 5 s as an example, the maximum temperature of the fuel cell is 253.4 K when Isart
=0.2 A/em?, 254.6 K when Igar =0.4 A/cm?, and 255.8 K when I =0.6 A/cm?. This is mainly because higher current
densities bring more ohmic heating and increase the exothermic heating of the electrochemical reactions. There is almost
no change in the fuel cell temperature during the 15 s startup time at Igar =0.2 A/cm?. In comparison, the fuel cell

temperature increases by 1.5 K between 5-15 s at Iy =0.4 A/cm? and 2.6 K at Iare =0.6 A/cm?.
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Fig. 4. Temperature distribution at different starting current densities

Although the fuel cell can warm up quickly at high current densities, Fig. 3 shows that higher current densities cause
an earlier startup failure. At this point, the internal heat of the fuel cell is generated entirely by the ohmic resistor and the
temperature distribution becomes uneven. As shown in Fig. 4, the center of the fuel is invaded by low temperature when
running for 15 s at [sart =0.4 A/cm?. The temperature distribution for I =0.6 A/cm? shows that the center of the fuel cell
is also invaded by low temperatures at 5 s. However, the fuel cell does not cool down substantially. Instead, there is a
small increase in the overall temperature.

Fig. 5a shows the variation of water content in a cathodic CL at different starting current densities. During the cold
start, the water content of the cathode CL first increases and then decreases rapidly. The water content peaks at ~4 s at
Lstart =0.6 A/cm?, and ~7 s at Isare =0.1 A/cm?. At the same time, the rate of decrease in cathode water content grows as the
current density increases. After the water content reaches a maximum value, the water content within the cathode
decreases more rapidly as the current density increases. This is mainly because the temperature is still below freezing, so
ice is generated quickly when water is generated in the CL, as shown in Fig. Sb. Ice and water are obstacles to the
electrochemical reactions in the fuel cell. However, higher current density brings more ice and water. Then the ice phase
in the CL occupies all pore space and prevents the electrochemical reaction from proceeding. At this point, it also indicates

a cold start failure of the fuel cell.
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Fig. 5. Distributions of water (a) and ice (b) in the CL.

The maximum water content of the cathode CL increases with starting current density. The highest water content was
0.04% at Isare =0.1 A/cm? and 0.14% at Igare =0.6 A/cm?. This is mainly because the higher current density provides a
higher temperature and a faster chemical reaction rate at the cathode of the fuel cell. At this point, the cathode has a higher
saturated membrane water content, while the rate of water production is greater than ice, leading to a higher water content.
Fig. 5b shows that higher current densities lead to faster blocking of the cathode by ice. The time for 95% cathode ice
phase filling at each current density is the same as the time of fuel cell start failure. It can be assumed that the blockage
of the cathode CL by ice is the direct cause of fuel cell cold start failure. Therefore, although a high current density

provides a higher temperature, the startup failure time at Lsare =0.6 A/cm? is 29 s earlier than Lgar =0.1 A/cm?.

3.2 Effect of intake heating method

Since fuel cells with constant current densities cannot start successfully at an environment temperature of -20 °C. In
this section, intake air heating is considered to assist the PEMFC cold start. The fuel cell polarization curves for intake
heating-assisted cold start are shown in Fig. 6a. Overall, the cold-start maintains operation at Isar =0.2A/cm? for much
longer than Iswur =0.4 A/cm?. In this case, when the intake gas temperature (Tiniet) is 263 K, the fuel cell maintains operation
time for 31 s at Isar =0.2 A/cm?, which is 18 s more than Iy =0.4 A/cm?. At Tinet =273 K, the fuel cell maintains operation
at Isare =0.2 A/cm? for 50 s longer than at Isars =0.4 A/cm?. However, there is a different pattern at Tiniec =283 K. The fuel
cell fails to start and stops operation at about 22 s for I =0.4 A/cm?. At this time, the fuel cell voltage rises slowly after

20 s at Isar =0.2 A/cm?. It is preliminarily recognized that the fuel cell cold start was successful.
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Fig. 6. Polarization curves (a) and contents of liquid water and ice in the cathodic CL (b) of intake heating assisted cold
start.

The distributions of ice and temperature changes should also be analyzed. It is obvious that the higher the intake air
temperature, the longer the fuel cell maintains operation during the cold start. Moreover, the voltage of the fuel cell drops
rapidly at Isar =0.4 A/cm?, while the voltage drops much more slowly or even does not drop at Isar =0.2 A/cm?. This is
mainly related to the content of ice and water in the CL of the fuel cell cathode, as shown in Fig. 6b. When the ice content
in the cathode CL reaches 98% or more, the voltage of the fuel cell will experience a sudden drop and thus the cold start
will fail. At Igare =0.4 A/cm?, more water is produced because the chemical reaction is more intense, which will freeze
quickly at low temperatures. Therefore, in general, the fuel cell maintains operation for a shorter time at Lyt =0.4 A/cm?
than at I =0.2 A/cm?. The difference in the rate of ice production at different inlet temperatures is also more pronounced
at I =0.2 A/cm?. The difference in time to reach 98% ice content in the cathode CL between Tiniet =273 and 265 K is
35 s. However, at Tine: =283 K, the ice in the CL starts to melt at 36 s and rapidly turns into water. This is the reason why
the fuel cell can start successfully at Tiniet =283 with Isar =0.2 A/cm?.
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Fig. 7. Fuel cell temperature curves for intake heating assisted cold start.

Similarly, there is a significant difference in the effect of intake gas temperature on the fuel cell cathode, as shown in
Fig. 7. In the fuel cell cold start process, the temperature reaches above the freezing temperature and can maintain the
temperature without dropping, which marks the success of cold start. Obviously, at Tinet =283 K and Isir =0.2 A/cm?, the
temperature of the fuel cell rises to 273 K after 35 s and maintains an increasing trend. At Tine: =283 K, the fuel cell at
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Lstart =0.4 A/cm? maintains a faster rate of temperature rise than Isa =0.2 A/cm?. However, the fuel cell with Isar =0.4
A/cm? stops running at around 22 s and the temperature cannot continue to rise thus the fuel cell startup fails, because
the cathode CL reaches over 98% ice content. Overall, the fuel cell temperature rises faster at Isarr =0.4 A/cm? than 0.2
A/cm? at all inlet temperatures. A higher temperature of intake gas also results in a faster temperature rise of fuel cell.
The rate of temperature rises at Tinee =273 K is significantly lower than 283 K, and the rate starts to decrease after 35 s.
As a result, the fuel cell temperature increases to 270 K at about 66 s, but the startup fails. The cold start performance of
the fuel cell is the worst at the intake temperature of 263 K because the heat from the intake-assisted heating is the lowest.
In summary, the fuel cell can be cold started successfully at Tiniet =283 K with Isare =0.2 A/cm?, and the startup success

time is 35 s.
3.3 Effect of coolant heating method

In practice, separate intake heating requires additional auxiliary equipment, which increases the complexity of the

system. Heating the coolant is more easily accomplished by just adding a temperature control to the original equipment.

In the present paper, three coolant mass flow rates (Vg ) are selected, concluding Voo = 0.003 kg/s which is

. . . _ mass __\/ Mass
calculated according to the single runner size, Vg, =Vgas.and Voin =V" .

Fig. 8a describes the output voltage of the fuel cell for cold start at Isare =0.2 A/cm? with coolant heating. When the
coolant mass flow rate is 0.003 kg/s and the temperature of coolant (Tcoolant) 18 283 K, the fuel cell voltage remains almost

stable during operation. Whereas at 273 K, the fuel cell suddenly drops to 0 V at 62 s, which was 30 s later than at 263

K. When Voo =Vgr;:ss , the output voltage at Tcoolant =283 K suddenly drops to 0 V at 76 s, which is 37 s later than Tcoolant

=273 K and 46 s later than 263 K. However, when V_ .. =V, the fuel cell runs 59 s longer at Teoolant =273 K than at

263 K. This is mainly because the faster mass flow rate enhances convective heat transfer at the same coolant temperature.
This process increases the heat transfer allowing the cell to maintain better cold start performance. Similarly, at each

coolant flow rate, a higher coolant temperature improves the cold start performance of the fuel cell. As an example, when

Teoolant =273 K, the running time of the fuel cell is 53 s longer at V.

coolant
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Fig. 8. Output voltage of fuel cell with coolant heating at Isur =0.2 A/cm? (a) and Iswr =0.4 A/cm? (b).

The output voltage of the fuel cell for cold start at Iy =0.4 A/cm? exhibits a similar pattern to 0.2 A/cm?, as shown
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in Fig. 8b. The influence of coolant flow and temperature on the cold start is greatly reduced at Istare =0.4 A/cm? compared

to 0.2 A/em® At Vo = 0.003 kg/s, the fuel cell run time at Teoolant =273 K is only 4 s longer than at 263 K. However,

the effect of coolant temperatures on the cold-start performance is even weaker when Vo =Vgr:: * . This is mainly

because of the faster flow rate of the fuel cell inlet gas at Isare =0.4 A/cm?. The low-temperature gas directly contacts the
cell porous layer and thus reduces the fuel cell temperature. At the same time, faster electrochemical reactions lead to an
increased rate of icing in the CL. These lead to earlier failure of the fuel cell cold start and diminish the effect of the
coolant in heating the fuel cell.

Fig. 9a shows the temperature variation curve of the cathode CL in the fuel cell at Iy =0.2 A/cm?. Overall, a higher

coolant temperature increases the fuel cell cathode CL temperature. Taking Vo> = 0.003 kg/s as an example, the CL of

coolant

the fuel cell cathode is 274 K when Teoolant = 283 K, 267 K at Tcoolant = 273 K, and just 260 K at Teoolant =263 K. Therefore,

the higher the fuel cell temperature increases the total heat loss. In addition, the temperature of the cathode CL increases

with the coolant flow rate. The temperature gap of the cell at different coolant temperatures also increases. When V7>

= 0.003 kg/s, the temperature of the CL of the fuel cell cathode is 13.5 K higher at Tcoolant = 283 K than at 263 K. This

gap is reduced to 10 K when V_ o> =Vgr:fs *. While the coolant heats the fuel cell, the cooler fuel and air cause the heat

to dissipate from the cell. This also leads to the fact that the flow of high-temperature coolant can affect the cold start

performance of the fuel cell.
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Fig. 9. Temperature of the cathode CL with coolant heating at Isur =0.2 A/cm? (a) and Isur =0.4 A/cm? (b).
However, the temperature of the fuel cell shows different trends at I =0.4 A/cm?, as shown in Fig. 9b. Since the

running time of the fuel cell cold start is greatly reduced, the temperature of the cell does not rise to its limit. The

temperature of the cathode CL still maintains an increasing trend when the fuel cell stops running at Voo, =Vgr;:SS and

Teoolant = 283 or 273 K. However, under successful cold start conditions (i.e., V.7 = 0.003 kg/s, Teoolant = 283 K and

coolant

mass mass

ool =Vgas , Teoolant = 283 K), the temperature of the fuel cell is not lower than that at I =0.2 A/cm?, even though the

fuel cell is cooled more intensely at Iy =0.4 A/cm? by the cooler inlet gas. This is because the electrochemical reaction
generation and ohmic heats well compensate this heat loss.

As discussed in section 3.2, the success of cold start is determined by the ice content and the temperature of the CL.
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Fig. 10 shows variations of water and ice contents in the cathode CL with coolant heating. In general, the ice content rate

increases more slowly than the coolant temperature does. A higher coolant flow rate further reduces the ice generation

rate.
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Fig. 10. Water and ice contents in the cathode CL with coolant heating at Isur =0.2 A/cm? (a) and Isare =0.4 A/cm? (b).

As shown in Fig. 10a, there is no ice production at Vo, = 0.003 kg/s, Teootant = 283 K or Voo =Vias» Teoolant =

coolant ¢

283 K when the current density is 0.2 A/cm?. This is mainly because the high-temperature coolant causes the fuel cell to

warm up quickly, and the slow electrochemical reaction rate generates less water. This also results in the temperature

rising above the freezing temperature before ice is generated in the CL. The coolant flow is small at V.. =Vgas , which

has insufficient heat to raise the temperature quickly. So, the ice content of the CL will be over 98%, leading to a cold
start failure.

However, the electrochemical reaction produces more water at Iy =0.4 A/cm? (Fig. 10b), resulting in a higher rate

of icing than 0.2 A/em?. At Voo = 0.003 kg/s and Teoolant = 283 K, the cathode of the fuel cell ices up slowly at first,

coolant
and the ice content reached 60% at around 20 s. At the same time, because the fuel cell temperature increases to be above
the icing temperature, the ice in the CL begins to melt and eventually disappears completely. Overall, the ancillary
conditions for a successful fuel cell cold start at 253 K require the coolant temperature to be greater than the freezing

temperature of the water. The flow rate of the coolant must be sufficiently high. The fuel cell cold start success time is

the earliest (i.e., 8 s) at Isar =0.4 A/cm?, Teoolant = 283 K and V.

coolant :Vgas .
3.4 Performance of current density and heating power matching strategy

Controlling the heating power of the coolant is easier to achieve than controlling the temperature. In this section, an
adjustable coolant-assisted heating method matching the step-slope current variation is used to assist fuel cell cold start.
The current density, heating power and output voltage are shown in Fig. 11. The coolant flow rate is set to 0.003 kg/s.
The current density remains constant at 0.2 A/cm? until 13 s. At the same time, the coolant heating power is also kept at
25 W. In this process, the voltage of the fuel cell gradually increases until the coolant heating power becomes 0 W at
about 15 s. Subsequently, the voltage always maintains a decreasing trend until the coolant heating power becomes 25 W
again. At this stage, the voltage change of the fuel cell is still mainly caused by the current density. However, the fuel cell

current density increases to a stable value of 0.6 A/cm? after 40 s. The coolant heating power becomes the main
17



influencing factor of the fuel cell performance. The voltage of the fuel cell is gradually increasing in undulating changes
as the heating power changes periodically. This phenomenon is mainly caused by the temperature of the cathode CL,

which is shown in Fig. 12.
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Fig. 11. Variations of current density, voltage and coolant heating power with time.

During fuel cell startup, continuous coolant heating causes a rapid temperature rise. The coolant heating stops when
the temperature reaches about 280 K. At this point, the temperatures of the coolant and the fuel cell start to drop, which
leads to a decrease in the electrochemical reaction rate. The coolant is reheated when the temperature drops to 277 K.
This process is gradually improving the performance of the fuel cell because of the increase in temperature. In the early
stages of starting, ice is rapidly generated in the fuel cell as the temperature remains below 273 K. The ice content of the
fuel cell cathode reaches 2.2% at around 4 s. Positively, the temperature of the fuel cell rises above 273 K in about 5 s,
when the ice starts to melt. The ice content is near 0% after 15 s. The temperature of the fuel cell is also maintained above

the freezing point by heating of coolant, when the cold start of the PEMFC is successful.
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Fig. 12. Variations of temperature, ice and water at the cathode.

Since the fuel cell temperature can be maintained above 273 K, the performance of the fuel cell gradually increases
during the operation, as demonstrated in Fig. 11. As a result, the water content of the cathode CL increases rapidly. It
starts to become slow at around 60 s and gradually approaches 75%. Under this assisted heating method, the voltage and
temperature of the fuel cell oscillate and exhibit hysteresis due to the variation of the heating power. Therefore, in the

future, an in-depth study of the dynamic response speed of the model is required.

4 Conclusions
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This paper investigates the macro- and micro-performance of PEMFC cold-start at low temperatures with assisted
heating based on MATLAB Simulink. The evolution patterns of temperature distribution and phase change of water were
analyzed. An adjustable coolant-assisted heating method matching the step-slope current variation was proposed to realize
an optimal cold-start under low-temperature environments. The main conclusions are as summarized follows:

At a low temperature of 253 K, as PEMFCs cold started, the cathode generated water and solid ice formed in the
cathode catalyst layer rapidly, especially under higher starting current density because of much rich water generation.
solid ice extended to the cathode gas diffusion layer and the proton exchange membrane, progressively filling the pores.
Heating the intake gas emerged as an effective strategy to initiate the cold - start process. Because of the combined effects
of coolant heating and internal electrochemical heat generation, the temperature of the electrode plate first raised and
conducted heat internally. Subsequently, the temperature of the cathode catalyst layer (CL) surged rapidly, becoming the
first to reach 273 K, which was highly conducive to a successful cold-start. In the initial stage, the solid ice at the cathode
developed rapidly. The electrochemical reaction was also weakened because the ice occupies the space. Until the
temperature of the gas diffusion layer raised above 273 K, the ice in the CL got more heat and melted rapidly.

By implementing the proposed cold - start strategy featuring the adjustable coolant - assisted heating method in
tandem with the step - slope current variation, the cathode freezing rate was significantly slowed. The temperature of the
cathode catalyst layer raised to 263 K within approximately 5 seconds. At this point, the ice content in the catalyst layer
rapidly increased, reaching a maximum value and then remaining constant (2.2%). Around 10 s later, when the
temperature of the catalyst layer raised to 274 K, the ice absorbed sufficient heat and begins to melt rapidly, enabling the
fuel cell to successfully start within 15 s. While the temperature increased rapidly, the phase change of water was hindered
and the permeation of liquid water is sufficiently developed to ensure the humidity of the proton exchange membrane,
leading to enhanced fuel cell performance. However, the voltage oscillation needs to be solved by further optimizing the

dynamic response speed.
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