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Abstract: A set of Belleville springs integrated into an endplate plays a key role in a proton exchange
membrane fuel cell (PEMFC) stack, which makes the applied assembly force smoother, resulting from
the absorbed vibration and thermal expansion. The appropriate arrangement of Belleville springs is
important in PEMFC stack design. The aim of this study is to establish an equivalent beam model to
optimize the numbers and positions of Belleville springs to minimize endplate deformation. Based
on this, a finite element analysis (FEA) model of the PEMFC stack is proposed to further optimize the
cross-sectional shape of the endplate. For the endplate with two, three and four groups of Belleville
springs, its optimal positions correspond to 0.17lin, 0.27lin and 0.5lin (lin is the equal distance between
steel belts). In addition, the low thickness should be 2/3 of the high thickness of the curved endplate
for a uniform contact pressure distribution as well as the high-volume-specific power. However, the
curvature radius of the endplate arc is negative to the uniformity of the contact pressure distribution,
and particularly the internal cells of the PEMFC stack. This study provides a design direction for
endplates combined with Belleville springs in large fuel cell stacks clamped with steel belts.

Keywords: PEM fuel cell; uniform contact pressure distribution; endplate; Belleville springs;
equivalent beam model; FEA

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are great alternative vehicle power
source devices to the current existing internal combustion engine [1–3] and are critical
for the carbon peak and carbon neutrality goals in the transportation field, as well as the
sustainability of Earth’s energy. PEMFCs are potential energy devices that use hydrogen
and oxygen to produce electricity by way of an electrochemical reaction for driving a hybrid
fuel cell vehicle [4–6]. The efficiency of a PEMFC system is 50~60%, which is higher than the
10~16% efficiency of an internal combustion engine [1]. At present, PEMFCs have become
one of the current focuses of research due to their advantages of having high efficiency,
zero emissions, a low operating temperature and a quick start-up [7–10].

Since the output voltage of a single cell is limited, PEMFCs are usually composed of
many cells and are compressed together by endplates to form fuel cell stacks [11]. However,
since the fuel cell endplate deforms under the large clamping load applied by the steel
belts, a non-uniform contact pressure distribution occurs on the multiple interfaces of the
bipolar plate (BPP) and membrane electrolyte assembly (MEA) in the stack [12]. However,
the contact pressure distribution in the fuel cell stack is a major factor that affects the fuel
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cell performance. Appropriate deformation of the fuel cell endplate is essential to reduce
the ohmic resistance and prevent leakage of the reactant and coolant [13]. Furthermore,
excessive compression of endplate deformation may reduce the porosity of the gas diffusion
layer (GDL) and even cause damage [14]. Uniform deformation of the endplate is important
in order to achieve a highly efficient PEMFC electrochemical reaction [15].

The design of the endplate under assembly force is of key importance to a uniform con-
tact pressure distribution in a PEMFC stack [16]. Although increasing the endplate thickness
is conducive to increasing the endplate bending stiffness and strength, the volume-specific
power density of the fuel cell stack becomes less ideal [17]. Therefore, an appropriate
cross-sectional endplate shape needs to achieve an optimal balance between increasing the
endplate volume-specific power and reducing its deformation.

Moreover, it should be noted that the fuel cell endplate is not rigid, and it does
not directly come into contact with the BPP; a set of Belleville springs can be integrated
into the endplate and elastically connected to the BPP, which is used in order to make
the applied assembly force smoother and to absorb the compressive load resulting from
thermal expansion [18,19]. Fuel cell endplates with Belleville springs allow the support
of a large load with small deformation and have numerous advantageous and excellent
characteristics such as a long life, high energy storage capacity, low cost and greater
security, being widely used in fuel cell stack design and application, particularly in fuel cell
vehicles [20]. Since Belleville springs support large reaction forces as well as the endplate
under the assembly force of the fuel cell stack using steel clamping belts, and these two
forces are applied on the fuel cell endplate, the fuel cell endplate thus plays an important
role in dual forces, resulting in complex endplate deformation. Studying the arrangement
of Belleville springs on a fuel cell endplate with an optimal cross-sectional shape is essential
to determine uniform endplate compression.

Many researchers have provided several valuable works on the optimization design
of the endplate. Asghari et al. [18] utilized FEA to analyze the influence of the endplate
thickness on pressure distribution uniformity inside the stack. The optimum thickness
was 35 mm for their 5 kW PEMFC stack. Alizadeh et al. [21] established a PEMFC model
and investigated the effect of the endplate thickness and material properties on the contact
pressure distribution of an MEA. Zhang et al. [22] found that the endplate thickness has the
strongest effect on both the maximum stress and contact pressure distribution of the MEA.
Zhou et al. [23] developed a methodology based on a composite model and the equivalent
material property to predict the mechanical behaviors in a PEMFC stack and found that
the aluminum alloy endplate had a small deformation under the same compression ratio
compared to an epoxy endplate.

Some studies on topology optimization have proposed the optimization of the end-
plate for the high power density of fuel cells. Lin et al. [24] established a multi-objective
topology optimization model of the endplates in a PEMFC stack with nonlinear contact
boundary conditions to obtain the optimized material distribution (topology) of the end-
plate in a specific allowable design space. Not only was the endplate weight reduced by
over 25%, but also the contact pressure distribution uniformity in the fuel cell stack was
improved by over 65%. Liu et al. [25] proposed a multi-objective stepwise optimization
method for the endplate of a PEMFC stack clamped with steel belts. They divided the
2D optimization problem into shape optimization and topology optimization and used
the annealing algorithm to carry out cross-sectional shape optimization. The mass of the
optimized endplate was decreased by 39.50%, and the uniformity of the contact pressure
distribution was increased by 11.5%. Yang et al. [16] redesigned a ribbed PEMFC endplate
with the topology optimization method. The weight of the endplate was reduced by 14%,
and the standard deviation of the contact pressure distribution was reduced by 16.6%,
compared to the original endplate. Similarly, Zhang et al. [26] proposed a lightweight
endplate with the topology optimization method for uniform endplate deformation. The
weight of the designed endplate was reduced by 35%, and the uniformity of the contact
pressure distribution remain unchanged.
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In endplate design, some novel cross-sectional shapes have also been studied. Yu
et al. [27] presented a new design of asymmetric composite sandwich endplates that are
made of a reinforced carbon and glass fiber composite with a pre-curved cross-sectional
shape generated by the residual thermal deformation. Similarly, Yu et al. [28] continued to
employ an insulating foam–core composite sandwich structure with a pre-curved compliant
pressure for the fuel cell endplate to achieve both high insulation and a uniform contact
pressure distribution inside the stack. The experimental results showed that the new
endplate cross-sectional shape design achieved a uniform contact pressure distribution and
sufficient safety margins. Alizadeh et al. [29] designed a novel cross-sectional endplate
with a pneumatic pressure chamber, which is composed of two endplates and an O-
ring gasket. This structure can achieve a more uniform contact pressure distribution by
transmitting the air pressure inside the pocket to the PEMFC stack. However, this structure
is complex and not suitable for fuel cell vehicles. In their recent research, Barzegari et al. [30]
developed a central composite design method with FEA models to optimize the cross-
sectional geometric parameters of a pneumatic clamping system. The experiment showed
that the weight and the contact pressure distribution of the optimized pneumatic endplate
were significantly better than those of conventional endplates. Chung et al. [31] proposed a
novel clamping structure to generate a uniform contact pressure distribution and designed
a ribbed endplate to decrease its weight. The new design uses levers to move the clamping
force from the tire bolts to the optimal positions, which is better after optimization.

Based on previous studies on endplates with steel clamping belts in a PEMFC stack,
Belleville springs are generally installed under the endplate, which can absorb the impact
of the vibration from the fuel cell vehicle on the road and also adjust the uniform contact
pressure distribution caused by thermal expansion. The number and position of Belleville
springs and the cross-sectional shape of the endplate will have a critical impact on the
deformation of the endplate as well as the uniformity of the contact pressure distribution
inside the stack and the efficiency of the PEMFC stack.

Therefore, as mentioned previously, it is essential to study endplates with Belleville
springs combined with the optimal cross-sectional shape of the fuel cell endplates for a
uniform contact pressure distribution and even high fuel cell performance. A numerical
model of an endplate combined with Belleville springs clamped by four steel belts is
proposed using the equivalent beam method, and then the numbers and positions of
Belleville springs are optimized to achieve minimum deformation of the endplate in
the fuel cell stack. Based on this, the cross-sectional shape of the endplate is optimized
through FEA for the high-volume-specific power density. This work presents a practical
method and provides a design direction for fuel cell stack assembly with an endplate and
Belleville springs.

2. Description of the Equivalent Beam Model and FEA Model

For the purpose of this study, an equivalent beam model is established, and the defor-
mation of the endplate combined with different groups of Belleville springs is presented.
The Belleville spring positions and numbers are optimized in order to match the clamping
force and endplates. Additionally, based on this, an FEA model of a fuel cell stack with
10 cells is then established to optimize the cross-sectional shape of the endplate as well as
the evaluation of the contact pressure distribution in the PEMFC stack.

2.1. Equivalent Beam Model with Belleville Springs and an Endplate Clamped by Four Steel Belts

In the equivalent beam model, the Belleville springs and endplate with the clamping
force applied by the steel belts are equivalent to an elastic-supported beam model, in order
to illustrate the deformation of the endplate forced by the steel clamping belts and the
Belleville springs. It is necessary to propose some hypotheses, such as the following:

1. Only the axial compressive load is considered to be applied directly on the endplate
by the steel clamping belts with an equal distance for a uniform assembly load;
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2. The Belleville springs are equivalent to an elastic support on the endplate arranged at
an equal distance for a uniform reaction force in the PEMFC stack;

3. The BPP has a parallel flow channel, and the water and gas inlet and outlet are ignored,
which have little influence on the contact pressure between the BPP and MEA.

The equivalent beam model of the Belleville springs, endplate and clamping force
by the four steel belts is proposed, as shown in Figure 1, where Figure 1a–c, respectively,
correspond to the different numbers of Belleville spring groups, namely, two, three and
four groups.
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Figure 1. Equivalent beam model of Belleville springs, endplate and 4 steel clamping belts:
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As shown in Figure 1, F is the clamping load applied by each steel belt; lout is the
distance between the steel belts on both sides and the edges of the endplate; lin is the equal
distance between steel belts; a is the distance between the Belleville springs at the A/B
position and the inner steel belt; b is the distance between the Belleville springs at the A/B
position and the outer steel belt; c is the distance between the Belleville springs at the C/D
position and the inner steel belt. Since the cross-sectional shape of the endplate and applied
clamping force by the four steel belts are constant, the deformation of equivalent beams
will mainly depend on the variables a, b and c. For three or four groups of Belleville springs
applied on the endplate, the corresponding equivalent beam has an indefinite equation,
and the position variables a, b and c will affect the reaction force of the Belleville springs
at positions C and D (Figure 1b,c). In this part, for the endplate with two, three and four
groups of Belleville springs, the position variables a, b and c will be optimized to minimize
the deformation of the equivalent beam (endplate).

2.1.1. Two Groups of Belleville Springs

For the two groups of Belleville springs applied on the endplate, as shown in Figure 1a,
according to the material mechanics method, Equations (1) and (2) can be obtained based on
the force balance to present the deformation of the equivalent beam using the superposition
method [32]:

FA= FB= 2F (1)

yo2 =
F
EI

(
5
6

a3 +
1
2

a2lin − 1
4

al2in − 1
8

l3in

)
+

2F
K

(2)

where FA and FB are the constraint force of elastic supports A and B, respectively; yo2 is the
deformation in the middle of the equivalent beam with two groups of Belleville springs; E
is the equivalent Young’s modulus of the endplate; I is the inertia moment of the equivalent
beam; K is the stiffness of the Belleville springs.

In Equation (2), the deformation of the equivalent beam is composed of two parts: one
is caused by the hinged constraint, and the other one is caused by the elastic support of
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the equivalent Belleville springs. The equivalent beam deformation caused by the elastic
support is related to the applied load and Belleville spring stiffness, which has no relation
to position a. Therefore, the second part can be ignored when obtaining the Belleville spring
position in the equivalent beam deformation.

2.1.2. Three Groups of Belleville Springs

For the three groups of Belleville springs, as shown in Figure 1b, according to the
material mechanics method, Equations (3) and (4) can be obtained based on the force balance
to present the deformation of the equivalent beam using the superposition method [32]:

FA= FB= 2(F − FC

4
) (3)

yo3 =
F
EI

(
5
6

a3 +
1
2

a2lin − 1
4

al2in − 1
8

l3in

)
− FC

12EI

(
a+

1
2

lin

)3
+

2
K
(F−FC

4
) (4)

where yo3 is the deformation of the middle of the equivalent beam with three groups of
Belleville springs.

Considering the elastic support condition yC = FC/K and Equation (4), the constraint
reaction force FC of the elastic support C can be solved as

FC =
(10a3+6a2lin − 3al2in − 3

2 l3in)
18EI

K +(a+ 1
2 lin)3

F (5)

where FC is related to the distance between the Belleville spring at the A/B position and
the inner steel belt. If the constraint reactions of the three elastic supports are equal, then
FA = FB = FC = 4F/3. Additionally, with Equation (5), the value of a can be obtained using
Equation (6):

F
EI

[(
5
6

a3 +
1
2

a2lin − 1
4

al2in − 1
8

l3in

)
− 1

9
(a+

1
2

lin)
3
]
= 0 (6)

2.1.3. Four Groups of Belleville Springs

For the four groups of Belleville springs, as shown in Figure 1c, the applied load and
structure of the equivalent beam are symmetric. According to the material mechanics
method, Equations (7) and (8) can be obtained based on the force balance. Additionally,
Equations (9)–(12) can be obtained for the deformation of the equivalent beam using the
superposition method [32]:

FC = FD (7)

FA = FB = 2F − FC (8)

yCD = yF+yFr+yK (9)

yF =
F
EI

(
1
2
(3l − 2b − x)× (l − 2b)− 1

6
(l − b)3

)
(10)

yFr = −FC

EI

(
1
2
(3l − 2b − x)× (l − b + c)− 1

6
(l − b + c)3

)
(11)

yK =
2F − FC

K
(12)

where yF, yFr and yK are the deformations caused by the load F, constraint reaction Fr and
elastic support of the equivalent beam K, respectively.

2.2. Finite Element Model

Based on the influence of the Belleville spring numbers and positions on the defor-
mation of the endplate, an FEA model of a PEMFC stack with 10 cells considering the
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multiple interfaces between the BPPs and MEAs was established, aiming to analyze the
cross-sectional shape of the endplate as well as evaluating the contact pressure distribution.
The modeling was performed using the finite element code ABAQUS6.14.

2.2.1. Cross-Sectional Shape of the Endplate and Its Key Dimensional Parameters

The cross-sectional shape of the endplate and its key influencing parameters, as well
as the details of the central position of the arc section, are shown in Figure 2, where hl is the
low (left) thickness of the endplate; hm is the high (middle) thickness of the endplate; wep
is the half width of the endplate; c1, c2 and c3 are the arcs of the cross-section; o1, o2 and o3
are central positions corresponding to arcs c1, c2 and c3; r1, r2 and r3 are curvature radii
corresponding to arcs c1, c2 and c3.
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Figure 2. Cross-sectional shape of the endplate and its key influencing dimensional parameters.

2.2.2. Boundary Conditions

A 2D quarter symmetric FEA model of the fuel cell stack with the arc cross-section is
presented in Figure 3, with which the contact pressure distribution between the BPPs and
MEAs on the multiple interfaces of the 10 single cells with different cross-sectional shapes
of the endplate can be sufficiently evaluated through parametric design modeling. The
displacement is applied on the arc surface of the endplate to simulate the clamping force,
and the symmetry constraints are applied along the X and Y planes. The dimensions of the
components in the stack are presented in Table 1.
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Table 1. Dimensions of the components in the PEMFC stack.

Part Length/mm Width/mm Thickness/mm

Endplate 310 170 15
Collector plate 300 160 2

BPP 300 160 2
Sealant 294 156 0.625
MEA 300 160 0.5

2.2.3. Material Properties

All material properties of the components in the PEMFC stack are presented in Table 2.
It should be noted that the MEAs and sealants are linear elastic materials since the opti-
mization of the cross-sectional shape of the endplate is the main purpose of this study.

Table 2. Material properties of the components in the PEMFC stack [33].

Part Material Elasticity Modulus/MPa Poisson’s Ratio

Endplate Aluminum alloy 70,000 0.3
Collector plate Copper 108,000 0.33

BPP Graphite 10,000 0.25
Sealant Rubber 5 0.49
MEA Composite 21 0.1

3. Optimizing the Positions and Numbers of Belleville Springs to Minimize the
Deformation of the Endplate
3.1. Two Groups of Belleville Springs

For the two groups of Belleville springs on the endplate, as shown in Figure 1a, the
deformation of the equivalent beam with the Belleville spring position is shown in Figure 4.
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Figure 4. The deformation of the equivalent beam (2 groups of Belleville springs).

Since the equivalent beam is bent under the downward clamping force by the steel
belts and the upward reaction force by the two groups of Belleville springs, as shown in
Figure 1a, the deformation of the equivalent beam will be negative and positive, as shown
in Figure 4. The negative deformation indicates that the beam is convex, while the positive
deformation indicates that the beam is concave. This shows that the deformation of the
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equivalent beam changes with the relative positions (a and lin) of the Belleville springs and
the steel clamping belts.

Moreover, the midpoint deformation of the equivalent beam will be minimized if
a = 0.17lin, as shown in Figure 4. Therefore, in order to minimize the deformation of the
endplate of the fuel cell stack with two groups of Belleville springs, the Belleville springs
should be installed on the endplate at a position 0.17lin away from the inner steel belts.

3.2. Three Groups of Belleville Springs

For the three groups of Belleville springs on the endplate, as shown in Figure 1b, the
deformation of the equivalent beam with the Belleville spring position is shown in Figure 5.
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It can be found that the deformation of the equivalent beam changes with the relative
positions (a and lin) of the Belleville springs and the steel clamping belts. Moreover, the
midpoint deformation of the equivalent beam will be minimized if a = 0.27lin, as shown in
Figure 5. Therefore, in order to minimize the deformation of the endplate integrated with
three groups of Belleville springs, the Belleville springs should be installed on the endplate
at a position 0.27lin away from the inner steel belts.

3.3. Four Groups of Belleville Springs

For the four groups of Belleville springs, as presented in Equations (7)–(12), the relative
position variables b and c will determine the deformation of the equivalent beam. Due to
the limited allowance distance of the internal Belleville springs on the endplate, as shown
in Figure 1c, the interval of the position variable c is small. The position variable b (external
Belleville spring position on the endplate) has an important influence on the deformation
of the equivalent beam.

Variable b will be discussed. The deformation of the midpoint of the equivalent beam
with the Belleville spring position is shown in Figure 6 for when c is 0, 0.01lin, 0.02lin, 0.03lin,
0.04lin, 0.05lin, 0.06lin, 0.07lin, 0.08lin, 0.09lin and 0.1lin.

It can be found that the deformation of the equivalent beam changes with the relative
positions (b and lin) of the Belleville springs and the steel clamping belts on the endplate.
The midpoint deformation of the equivalent beam will be minimized near b = 0.5lin with
different values of c, as shown in Figure 6. Moreover, the b corresponding to the minimum
deformation of the equivalent beam will slightly decrease with the increase in the position
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of c. Therefore, in order to minimize the deformation of the endplate with four groups of
Belleville springs, the Belleville springs should be installed on the endplate at a position
0.5lin away from the inner steel belts.
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4. Optimizing the Cross-Sectional Shape of the Endplate for a Uniform Contact
Pressure Distribution

Based on the above analysis, the equivalent beam model with different steel clamping
belts is effective in obtaining the optimal position for different groups of Belleville springs
on the endplate of a PEMFC stack. However, the cross-section of the equivalent beam is
constant, as a rectangle. Therefore, an FEA model of the fuel cell stack was established
to analyze the cross-sectional shape of the endplate and evaluate the contact pressure
distribution between the BPPs and MEAs to further minimize the deformation of the
endplate. In this part, the evaluation coefficient of the uniform contact pressure distribution
is defined, and then the effects of the rectangular proportion and curvature radius of the
cross-sectional shape are optimized.

4.1. Evaluation of the Contact Pressure Distribution in PEMFC Stack

In order to evaluate the mechanical contact behavior of the fuel cells in a PEMFC stack,
the mean µ, the standard deviation σ and the variation coefficient cv of the contact pressure
are defined as follows:

µ =
∑i=N

i=1 Pi

N
(13)

σ =

√
∑i=N

i=1 (P i − µ)2

N
(14)

cv =
σ

µ
(15)

where Pi is the contact pressure on the multiple interfaces between the BPP and MEA of
each cell, and N is the total number of contact elements of the BPP and MEA.

In this study, the variation coefficient cv of the contact pressure is defined to evalu-
ate the uniformity of the contact pressure distribution in the PEMFC stack with the key
dimensional parameters of the cross-sectional shape of the endplate.

4.2. Effects of the Cross-Sectional Rectangular Proportion of the Endplate

The cross-sectional rectangular proportion of the endplate is defined as the ratio of
the area of the rectangular part to the entire cross-sectional area of the endplate. As shown
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in Figure 2, the entire cross-sectional area of the endplate can be approximately regarded
as the total areas of the rectangle and triangle. Therefore, the cross-sectional rectangular
proportion of the endplate can be represented by Equation (16):

ρh ≈ 2hl
hl+hm

(16)

where ρh is the cross-sectional rectangular proportion of the endplate.
As shown in Figure 2, the high thickness of endplate hm remains the same, and the low

thickness of the endplate hl increases from 0 to hm for different cross-sectional rectangular
proportions of the endplate. Figure 7 shows the variation coefficient cv of the contact
pressure obtained using the FEA model for each cell in the PEMFC stack with different
cross-sectional rectangular proportions of the endplate.
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It can be found from Figure 7 that the variation coefficient of the contact pressure
decreases with the cross-sectional rectangular proportion of the endplate until ρh = 0.8,
and then, the variation coefficient of the contact pressure is nearly constant. Therefore, the
low thickness of the endplate hl =

2
3 hm for a highly uniform contact pressure distribution

as well as maintaining the high-volume-specific power density of the PEMFC stack.

4.3. Effects of the Curvature Radius of the Cross-Sectional Shape of the Endplate

As shown in Figure 2, r1, r2 and r3 are the curvature radii corresponding to arcs c1, c2
and c3 with the corresponding centers o1, o2 and o3. Since the curvature radius can affect
the clamping force and the endplate deformation, the contact pressure distribution in the
PEMFC stack is evaluated with different curvature radii. To facilitate this evaluation, the
curvature radius of the circular arc is normalized to the relative curvature radius rg based
on the curvature radius of the circular arc corresponding to the center o2.

rg =
rj

r2
(17)

where rj is the curvature radius of the arc with the center between o1 and o3; r2 is the
curvature radius of the arc whose center is at o2, and o2 is on the center line of the cross-
section, as shown in Figure 2.
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The variation coefficient of the contact pressure for each cell in the PEMFC stack with
different relative curvature radii is shown in Figure 8 for when rg is 0.1, 0.5, 1, 1.5, 2 and 3.
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It can be found from Figure 8 that the variation coefficient of the contact pressure increases
with the curvature radius of the arc, which indicates that the effect of the curvature radius of
the arc is negative to the uniformity of the contact pressure distribution. A small curvature
radius of the cross-section is beneficial to the uniform contact pressure distribution.

Moreover, for the first and second single cells close to the end plate, the variation
coefficient changes slightly when rg increases from 0.1 to 0.5, but for cells 3, 4 and 5, as
shown in Figure 3, close to the center of the PEMFC stack, the variation coefficient of
the contact pressure changes significantly with the curvature radius. This indicates that
the curvature radius of the arc has an important influence on the internal cells of the
PEMFC stack.

5. Conclusions

In this study, an equivalent beam model was established for the optimization of
the Belleville spring positions and numbers in order to minimize the deformation of the
endplate for a uniform contact pressure distribution of a PEMFC stack. Based on this, an
FEA model with 10 cells considering the multiple interfaces between the BPPs and MEAs
was established to optimize the key dimensional parameters of the cross-sectional shape of
the endplate as well as the evaluation of the contact pressure distribution in the PEMFC
stack. The effects of the cross-sectional rectangular proportion and curvature radius of the
endplate were discussed. The presented equivalent beam and FEA models are effective
and desirable in designing and optimizing the endplate with Belleville springs in a PEMFC
stack assembly, which can increase the uniformity of the pressure distribution in the stack
and further increase the efficiency of the PEMFC stack.

Firstly, an effective equivalent beam model for the endplate clamped by four steel belts
with two, three and four groups of Belleville springs in a PEMFC stack was proposed, and
the deformation of the endplate was illustrated in order to minimize the deformation of the
endplate as well as the uniform contact pressure distribution in the PEMFC stack. Since
excessive assembly forces may lead to the failure of the Belleville springs in performing
their function in a fuel cell stack, it should be noted that the assembly forces should ensure
that the Belleville springs are within their allowable operating range.

Secondly, the optimal position of the two, three and four groups of Belleville springs
on the endplate with different numbers of Belleville springs is significant in minimizing the



Sustainability 2022, 14, 15928 12 of 13

deformation of the endplate, which is favorable to the uniform contact pressure distribution
in the PEMFC stack. Moreover, the external position of the Belleville springs on the endplate
is more important than the internal position of the Belleville springs, which should be
carefully designed during the assembly of a PEMFC stack.

Thirdly, the cross-sectional rectangular proportion of the endplate is significant for the
distribution of the contact pressure, and the high cross-sectional rectangular proportion of
the endplate can minimize the non-uniformity of the contact pressure in the PEMFC stack.

Finally, the curvature radius of the arc in the cross-sectional endplate also affects the
contact pressure distribution in the PEMFC stack; however, its effect is negative, and a small
curvature radius of the cross-section is beneficial to the uniform contact pressure distribution.

The results are significant in providing a design direction for PEMFC stacks integrated
with multiple groups of Belleville springs and steel belts.
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