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Abstract: In this paper, a finite time thermodynamic model of high temperature proton exchange
membrane fuel cell (HT-PEMFC) is established, in which the irreversible losses of polarization and
leakage current during the cell operation are considered. The influences of operating temperature,
membrane thickness, phosphoric acid doping level, hydrogen and oxygen intake pressure on the
maximum output power density Pmax and the maximum output efficiency ηmax are studied. As the
temperature rises, Pmax and ηmax will increase. The decrease of membrane thickness will increase
Pmax, but has little influence on the ηmax. The increase of phosphoric acid doping level can increase
Pmax, but it has little effect on the ηmax. With the increase of hydrogen and oxygen intake pressure,
Pmax and ηmax will be improved. This article also obtains the optimization relationship between
power density and thermodynamic efficiency, and the optimization range interval of HT-PEMFC
which will provide guidance for applicable use of HT-PEMFCs.

Keywords: HT-PEMFC; irreversibility; finite time thermodynamic optimization; power density;
thermodynamic efficiency

1. Introduction

With the decreasing of oil resources and the worsening of the natural environment,
most countries have developed new/renewable energy systems and are trying to change
their existing energy structure [1–3]. The proton exchange membrane fuel cell (PEMFC)
has had considerable attention paid to it due to its excellent performance, including high
energy conversion efficiency, low operating temperature, short start-up time, high power
density and small size, etc. As a reliable power source, it has been widely used in the field
of traffic engineering.

A conventional low-temperature proton exchange membrane fuel cell (LT-PEMFC)
operates at 40–80 ◦C. Liquid water produced by the reaction affects conductivity and gas
transmission, which makes the water management and gas management more complicated.
In addition, the Nafion membrane at low temperature has low tolerance to CO and S.
The high-temperature proton exchange membrane fuel cell (HT-PEMFC) equipped with
phosphoric acid-doped polybenzimidazole membrane (PA/PBI) can increase the operat-
ing temperature to over the water boiling point (100–200 ◦C) and maintain high proton
conductivity under high temperature operating conditions. Therefore, the corresponding
water management system can be simplified greatly and the reaction rate of the cathode
and anode can be improved, with a cell efficiency that is higher than LT-PEMFC [4].

In terms of modeling HT-PEMFCs, Cheddie et al. [5] established the output voltage
and power density model of HT-PEMFC based on PBI membrane which considered the
irreversibilities of activation polarization and ohmic polarization. The results found that the
voltage loss was caused by activation polarization and ohmic polarization, and membrane
conductivity and catalyst performance affected the polarization loss greatly. Hu et al. [6]
presented a two-dimensional model of HT-PEMFC with PA/PBI membrane, in which the
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polarization loss on the cathode side was mainly considered. The mathematical model of the
cathode exchange current density was established by linear sweep voltammetry (LSV) and
the ohmic polarization of the cathode is estimated by electrochemical impedance spectroscopy
(EIS). Numerical simulation results were in good agreement with the experimental results.
Scott et al. [7,8] developed the output voltage and power model of HT-PEMFC and investi-
gated the influence of operating temperature and operating pressure on open-circuit voltage,
exchange current density and diffusion coefficient. Kim et al. [9,10] studied the influence of
operating conditions on performance degradation of HT-PEMFC. The results showed that the
doping level and current density had a significant effect on the durability of HT-PEMFC.

The above mathematical models consider the influence of polarization losses on cell
output and degradation, but the influence of irreversibility of leakage current on cell
operation is neglected. In addition, in the application of a fuel cell engine, not only the
amount but also the quality of energy should be considered, so the efficiency model should
be added into the model to study the overall optimization performance.

The fundamental purpose of finite time thermodynamics is to seek ultimate perfor-
mance of thermodynamic processes and systems with the goal of reducing irreversibility
in finite time or under the constraints of finite size [11–16]. In terms of thermodynamic
optimization research of fuel cells, Watowich et al. [17] applied the optimal control theory
to determine the limit of the fuel cell operation process, and the current path and optimal
terminal state of the constrained cell in a limited time, so as to provide maximum output
power, maximum efficiency and maximum profit. Li et al. [18] utilized finite time thermody-
namics in HT-PEMFC performance analysis to investigate the effects of kinds of parameters.
Although leakage current was considered, concentration potential was not contained in the
reversible potential. Sieniutycz et al. [19,20] established the steady-state model of PEMFC
based on finite time thermodynamics. The influence of design and operation parameters
on the performance of fuel cells was analyzed, and the power limit was predicted from the
perspective of thermodynamic optimization. Li et al. [21] conducted ecological analysis on
LT-PEMFC and derived ecological coefficient of performance. In addition to the studies of
HT-PEMFC model, lots of development was devoted to materials [22–25] and component
degradation issues [26].

Firstly, aiming at the lack of irreversible factors, this paper established a thermodynamic
model that considered various polarizations and leakage current. Secondly, the influences
of operating temperature on Pmax and thermodynamic efficiency ηmax were studied. The
influences of operating temperature, membrane thickness, phosphoric acid doping level,
hydrogen and oxygen intake pressure on the optimal performance are discussed. Finally, the
optimal relationship between power density and thermodynamic efficiency is analyzed, and
the optimal interval of power density and thermodynamic efficiency is obtained.

2. Thermodynamic Model
2.1. Internal Processess of HT-PEMFC

As shown in Figure 1, HT-PEMFC converts chemical energy into electrical energy
through electrochemical reaction of hydrogen and oxygen.

The mass transfer mechanism of HT-PEMFC is much different from LT-PEMFC. LT-
PEMFC basically uses the Nafion membrane and the proton transport carrier sulfonic
acid functional group can separate hydrogen ions and form hydronium ions with water
molecules under humidified conditions; while in HT-PEMFCs, phosphoric acid replaces
the humidified water and chemical reaction and mass transfer are based on a so-called
Grotthuss mechanism. The chemical reaction and mass transfer within the anode, the
cathode and the membrane can be expressed as Equations (1)–(3):

Anode : H2PO−4 + H+ = H3PO4 (1)

Membrane : H3PO4 + PBI = H2PO−4 + PBI·H+ (2)

Cathode : PBI·H+ = PBI + H+ (3)
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When supplying hydrogen to the anode and oxygen to the cathode, hydrogen atoms
are separated into hydrogen ions and electrons under the action of anodic catalyst. Hy-
drogen ions pass through proton exchange membrane and electrons flow to the cathode
through the external circuit load; hydrogen ions combine with oxygen atoms and electrons
at the cathode to form water molecules at relative higher temperatures over water boiling
point. Therefore, water molecules are discharged in the gas phase avoiding water manage-
ment systems like LT-PEMFCs. The total electrochemical reaction of HT-PEMFC can be
formulated as Equations (4)–(6):

Anode reaction : H2 → 2H+ + 2e− (4)

Cathodic reaction : 2H+ +
1
2

O2 + 2e− → H2O(gas) + heat (5)

Total reaction : H2 +
1
2

O2 → H2O(gas) + heat + electricity (6)
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2.2. Reversible Output Voltage of HT-PEMFC

For HT-PEMFC, the reversible output voltage can be written as Equation (7),

Er = E0
r +

∆S
nF

(T − T0) +
RT
nF

ln(
pH2 p0.5

O2

pw
) (7)

where, Er is obtained under isothermal conditions; E0
r [18] is the reference standard voltage

at ambient temperature and pressure (298.15 K, 1 atm), and its value is 1.185 V; ∆S is the
change of standard molar entropy, T is operating temperature of the HT-PEMFC, T0 is the
ambient temperature, R is the gas constant, pH2 is the intake pressure of hydrogen, pO2 is
the intake pressure of oxygen, and pw is the pressure of discharging water vapor.

The entropy change is related to the operating temperature, Equation (8) [27]:

∆S
n

= −18.449− 0.01283(T) (8)
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2.3. Irreversible Loss of HT-PEMFC
2.3.1. Polarization Phenomenon

For a single electrode, the electrode potential with no current passing through is the equilib-
rium potential (Er), and the electrode potential with current passing through is Ecell. In general,
Ecell < Er, the absolute value of electrode potential difference (|Er − Ecell |) is overpotential.

The activation overpotential can be written as Equation (9) [5,28]:

Eact =
RT
2αF

ln(
I + Ileak

I0
) (9)

where, I is current density, I0 is exchange current density, Ileak is leakage current density,
α is transfer coefficient, Eact is activation overpotential. Exchange current density can be
expressed as Equation (10) [7]:

ln(I0) = 2.2266× 1000
T
− 0.4959 (10)

Ohmic overpotential can be calculated as the following Equation (11) [27]:

Eohm = I

(
lm
Km

+
2ld

σ
e f f
d

)
(11)

where, lm is membrane thickness, Km is proton conductivity in the membrane phase, ld is
thickness of diffusion layer, σ

e f f
d is electron conductivity. The proton conductivity can be

presented as Equation (12) [8]:

Km =
100
T

exp
[

8.0219−
(

2605.6− 70.1X
T

)]
(12)

where, X is the doping level of phosphoric acid of the proton exchange membrane.
If the reactant gas or oxidant is not supplied in time, the electrode surface cannot maintain

the reactant concentration, and concentration polarization will occur. In HT-PEMFC, the value
of the concentration overpotential is already included in the reversible potential.

2.3.2. Leakage Current

Theoretically, the electrolyte is an ionic conductor and has no electron transport.
However, in actual operation, some hydrogen and electrons will diffuse from the anode to
the cathode through the electrolyte, and a small number of electrons will flow outward
through the proton membrane. Such leakage current includes internal current and cross
current [29]. Therefore, the total current density generated by the fuel cell is equal to the
sum of the output current density and leakage current density,

Igross = I + Ileak (13)

where Igross represents the total current density generated on the fuel cell electrode, I is
the working current density that can be measured through the external load, and Ileak
represents the leakage current density.

Haji [30] found that the leakage current increased with the rise of operating tem-
perature and concluded that leakage current density and operating temperature met the
functional relationship:

lnIleak =

(
−2342.9

1
T
+ 9.0877

)
× ln 10 (14)
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2.4. Irreversible Output Voltage

The irreversible output voltage of HT-PEMFC can be expressed as Equation (15),

Ecell = Er − Eact − Eohm − Econ
= 1.185−

(
1.91× 10−4 + 1.33× 10−7T

)
(T − 298.15) + 4.13

×10−5T ln
PH2 PO2

0.5

0.0243 − 1.72× 10−5T ln
I+88458.17exp(−2342.9

T )
3.95×10−6T3−0.00424T2+1.523−183

+I
(

lmT
304696.11exp( 70.1X−2605.6

T )

) (15)

2.5. Power Density and Efficiency of HT-PEMFC

The power density [31] of HT-PEMFC can be expressed as Equation (16),

P = Ecell · I = (Er − Eact − Eohm − Econ)·I
= [1.185−

(
1.91× 10−4 + 1.33× 10−7T

)
(T − 298.15)

+4.13

×10−5T ln
PH2 PO2

0.5

0.0243

−1.72× 10−5T ln
I+88458.17exp(−2342.9

T )
3.95×10−6T3−0.00424T2+1.523−183

+I
(

lmT
304696.11exp( 70.1X−2605.6

T )

)
]I × 10−3

(16)

The total energy absorbed from hydrogen and oxygen is enthalpy of reaction [32],

∆H = ∑
k

∣∣∣∣denk
dt

∣∣∣∣hk(T)−∑
j

∣∣∣∣denj

dt

∣∣∣∣hj(T) =
I

nF
∆h(T) (17)

where ∆h(T) is molar enthalpy at temperature T, j is component of the reactants, k is
component of the products in the reaction.

For the energy conversion device, the basic definition of thermodynamic efficiency is
the ratio of actual useful work to the total energy input [33]. Therefore, thermodynamic
efficiency of HT-PEMFC can be expressed as Equation (18),

η = − P
∆ H = − (Er−Eact−Eohm)·I

∆H
= −192970× [1.185−

(
1.91× 10−4 + 1.33× 10−7T

)
(T − 298.15)

+4.13

×10−5T ln
PH2 PO2

0.5

0.0243

−1.72

×10−5T ln
I+88458.17exp(−2342.9

T )
3.95×10−6T3−0.00424T2+1.523−183

+I
(

lmT
304696.11exp( 70.1X−2605.6

T )

)
]I × 10−3/·h(T)

(18)

2.6. Thermodynamic Optimization

For HT-PEMFC, P is related to I, T, lm, pH2 , pO2 and X, so P can be expressed as
Equation (19) [34–37]:

P = f
(

I, T, lm, pH2 , pO2 , X
)

(19)

When the membrane thickness (lm), hydrogen intake pressure (pH2), oxygen intake
pressure (pO2) and membrane acid doping level (X) are determined, the power density
(P) is only related to current density (I) and cell operating temperature (T), so P can be
expressed as Equation (20):

P = g(I, T) (20)
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In Equation (22), when T = T1, the power density (P) is only related to the current
density (I), the maximum power density Pmax (P1) is obtained; when T = T2, the power
density (P) is only related to the current density (I), the maximum power density Pmax
(P2) is obtained. By analogy, when T = Tn, the maximum power density Pmax (Pn) can be
obtained. And the relationship between Pmax and T can be acquired.

Similarly, when operating temperature T, film thickness lm, oxygen intake pressure
pO2 , and film acid doping level X are determined, the corresponding curve between Pmax
and pH2 can be obtained.

When the operating temperature T, film thickness lm, hydrogen intake pressure pH2

and film acid doping level X are determined, the corresponding curve between Pmax and
pO2 can be obtained.

Similarly, thermodynamic efficiency (η) is related to current density (I), cell operating
temperature (T), membrane thickness (lm), hydrogen intake pressure (pH2 ), oxygen intake
pressure (pO2 ) and membrane acid doping level (X), so it can be expressed as formula (21):

η = h
(

I, T, lm, pH2 , pO2 , X
)

(21)

When the membrane thickness (lm), hydrogen intake pressure (pH2), oxygen intake
pressure (pO2) and membrane acid doping level (X) are determined, the thermodynamic
efficiency (η) is only related to current density (I) and cell operating temperature (T), so η
can be expressed as Equation (22):

η = j(I, T) (22)

In Equation (22), when T = T1, the thermodynamic efficiency (η) is only related to the
current density (I), the maximum thermodynamic efficiency ηmax (η1) is received; when
T = T2, the thermodynamic efficiency (η) is only related to the current density (I), the
maximum thermodynamic efficiency ηmax (η2) is received. By analogy, when T = Tn,
the maximum thermodynamic efficiency ηmax (ηn) can be obtained. And the relationship
between ηmax and T can be acquired.

Similarly, when operating temperature T, film thickness lm, oxygen intake pressure
pO2 , and film acid doping level X are determined, the corresponding curve between ηmax
and pH2 can be obtained.

When the operating temperature T, film thickness lm, hydrogen intake pressure pH2

and film acid doping level X are determined, the corresponding curve between ηmax and
pO2 can be obtained.

3. Results and Discussion

The relevant parameters in the HT-PEMFC model are shown in Table 1.

Table 1. Relevant data of HT-PEMFC.

Parameter Value

current density, I
(

A m−2
)

0–20,000 [27]

operating temperature, T (K) 373–473 [20]
intake pressure, pH2 , pH2 (atm) 1–3 [27]

thickness of membrane, lm (µm) 20, 60, 100 [27]
doping level, X 2, 6, 10 [27]

electronic number, n 2
faraday constant, F

(
C mol−1

)
96,485

ambient temperature, T0 (K) 298.15
transfer coefficient, α 0.25 [20]

diffusion layer thickness, ld (m) 2.6×10−4 [20]
electron conductivity, σ

e f f
d

(
S m−1

)
53 [20]
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As shown in Table 1, some parameters referenced in this paper are from the literature [27,38].
The choice of any type of fuel cell as the vehicle power is mainly based on the application scenario
of the vehicle and the demand of the power plant. Power density, dynamic response, output
efficiency, durability and life, fuel form, emission and other aspects are selected as key indicators
for passenger vehicles. PEMFC is superior to other fuel cells in terms of efficiency, dynamic
response, durability and life, fuel form and emission.

3.1. Model Validation

Figure 2 compares model Formula (15) prediction and experimental data at 398 K
and 448 K (lm = 20 µm; X = 6; pH2 = 1 atm; pO2 = 1 atm). The experimental studies in
the literature [8] and model studies in the literature [27,38] are both based on HT-PEMFC
equipped with PA/PBI membrane and have the same specifications. The results show
that the curve predicted by the cell output voltage model has a good agreement with
the experimental data. When leakage current is not considered in the model, the output
voltage is significantly higher than that predicted by the model, especially in the low
current density region. This is mainly because leakage current mainly affects the activation
polarization, as shown in Figure 3, the activation polarization potential changes most
significantly in the low current density region.

Figure 3 shows the variation curve of reversible voltage, polarized overpotential and
irreversible output voltage versus current density of HT-PEMFC. It can be seen that the
reversible voltage is a constant independent of current density. The activation overpotential
and ohm overpotential increase with the increase of current density, and the activation
overpotential changes greatly in the area of low current density. The irreversible output
voltage decreases as the current density increases.
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3.2. Maximum Output Performance at a Given Temperature

Figure 4 reflects the influence of operating temperature on Pmax and ηmax of HT-
PEMFC. As can be seen from the figures, Pmax and ηmax raise with the increase of tempera-
ture. From the perspective of electrochemical kinetics, the increase of operating temperature
enhances the proton conductivity of the membrane and reduces the electrochemical polar-
ization of the HT-PEMFC. Moreover, the increase of operating temperature can improve
the exchange current density and reduce the activation overpotential, so Pmax and ηmax
will be boosted.

Figure 4a shows the impact of operating temperature on Pmax and ηmax of HT-PEMFC
under different lm. It can be seen that with the decrease of proton membrane thickness,
Pmax and ηmax will increase. If the thickness of proton membrane is reduced, the barrier of
ions passing through proton membrane and the ohmic overpotential decrease. Therefore,
Pmax and ηmax will be improved. When the temperature is 433 K, Pmax increases by 50%
and the ηmax raises by 1.8% under the change of membrane thickness, which indicates that
the membrane thickness has little influence on ηmax. The reduction of membrane thickness
can improve the performance, but fuel penetration, short circuit and other problems always
limit the thickness.

Figure 4b reveals the effect of operating temperature on Pmax and ηmax of HT-PEMFC
under different X. It is obvious that with the increase of the acid doping level of the
membrane, Pmax and ηmax will improve, and the variation range of the low temperature
zone is greater than that of the high temperature zone. The doping level directly affects the
proton conductivity of the membrane. The increase of doping level enhances the proton
conductivity of the membrane, thus reducing ohmic overpotential. Therefore, Pmax and
ηmax will be improved. When the temperature is 373 K, Pmax increases by 84% under the
change of doping level; while when the temperature is 473 K, Pmax improves by 52% under
the change of doping level. When the temperature is 433 K, the ηmax raises by 0.8% under
the change of acid doping level. This indicates that doping level has little effect on ηmax.
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Figure 4c displays the influence of operating temperature on Pmax and ηmax of HT-
PEMFC under different pH2 . Obviously, with the increase of hydrogen intake pressure,
Pmax and ηmax will improve. The increase in pressure, on the one hand, increases the
diffusion rate of the gas and improves the mass transfer of the reaction gas, which increases
the reversible electromotive force of the HT-PEMFC; on the other hand, it increases the
gas concentration and reduces the effect of concentration polarization on the reversible
electromotive force. At the temperature of 433 K, Pmax boosts by 12.5% and the ηmax
enhanced by 4.5% under the influence of hydrogen intake pressure.

Figure 4d shows the effect of operating temperature on Pmax and ηmax of HT-PEMFC
under different pO2 . It can be seen that with the increase of oxygen intake pressure, Pmax
and ηmax will increase. At the temperature of 433 K, Pmax and the ηmax raises by 6.7% and
2.9% respectively under the change of oxygen intake pressure.

Mathematics 2021, 9, x FOR PEER REVIEW 9 of 15 
 

 

3.2. Maximum Output Performance at a Given Temperature 
Figure 4 reflects the influence of operating temperature on 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚  and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 of HT-

PEMFC. As can be seen from the figures, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚  and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 raise with the increase of tem-
perature. From the perspective of electrochemical kinetics, the increase of operating tem-
perature enhances the proton conductivity of the membrane and reduces the electrochem-
ical polarization of the HT-PEMFC. Moreover, the increase of operating temperature can 
improve the exchange current density and reduce the activation overpotential, so 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 
and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 will be boosted. 

 
 

(a) (b) 

  

(c) (d) 

Figure 4. Effect of operating temperature on 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 of HT-PEMFC under different parameters. (a) Different 𝑙𝑙𝑚𝑚; 
(b) different 𝑋𝑋; (c) different  𝑝𝑝𝐻𝐻2; (d) different 𝑝𝑝𝑂𝑂2. 

Figure 4a shows the impact of operating temperature on 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚  and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚  of HT-
PEMFC under different 𝑙𝑙𝑚𝑚 . It can be seen that with the decrease of proton membrane 
thickness, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚  and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 will increase. If the thickness of proton membrane is reduced, 
the barrier of ions passing through proton membrane and the ohmic overpotential de-
crease. Therefore, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 will be improved. When the temperature is 433 K, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 
increases by 50% and the 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 raises by 1.8% under the change of membrane thickness, 
which indicates that the membrane thickness has little influence on 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚. The reduction 
of membrane thickness can improve the performance, but fuel penetration, short circuit 
and other problems always limit the thickness. 

Figure 4b reveals the effect of operating temperature on 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚  and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚  of HT-
PEMFC under different 𝑋𝑋. It is obvious that with the increase of the acid doping level of 

360 380 400 420 440 460 480

T ， K

1

2

3

4

5

6

7

8

P
m

ax
,k

W
m

-2

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

η
m

ax

l
m

 = 20 μm

l
m

 = 60 μm

l
m

 = 100 μm

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

360 380 400 420 440 460 480

T ， K

1

2

3

4

5

6

7

8

P
m

ax
,k

W
m

-2

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

η
m

ax

X = 2

X = 6

X = 10

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

360 380 400 420 440 460 480

T ， K

1

2

3

4

5

6

7

8

P
m

ax
,k

W
m

-2

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

η
m

ax

P
H 2

 = 1 atm

P
H 2

 = 2 atm

P
H 2

 = 3 atm

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

360 380 400 420 440 460 480

T ， K

1

2

3

4

5

6

7

8

P
m

ax
,k

W
m

-2

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

η
m

ax

P
O 2

 = 1 atm

P
O 2

 = 2 atm

P
O 2

 = 3 atm

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

Figure 4. Effect of operating temperature on Pmax and ηmax of HT-PEMFC under different parameters. (a) Different lm;
(b) different X; (c) different pH2 ; (d) different pO2 .

3.3. Maximum Output Performance at a Given pH2

Figure 5 reflects the effect of hydrogen inlet pressure on Pmax and ηmax of HT-PEMFC
with. It can be seen from several figures that Pmax and ηmax increase with the raise of pH2 ,
but from a numerical point of view the increase is not large. The rise of pressure not only
increases the diffusivity of the bipolar gas, but also improves the concentration of the
bipolar gas and boosts the mass transfer of the reaction gas, which will strength the mass
transfer of the reaction gas and reduce the influence of concentration polarization on the
reversible potential.
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Figure 5. Effect of operating temperature on Pmax and ηmax of HT-PEMFC under different parameters. (a) Different lm; (b)
different X; (c) different T; (d) different pO2 .

Figure 5a shows the impact of pH2 on Pmax and ηmax of HT-PEMFC under different
lm. It can be seen that as lm decreases, Pmax and ηmax will increase. The thinner the proton
membrane is, the smaller the barrier for ions to pass through the proton membrane, that is,
the ohmic overpotential decreases.

Figure 5b reveals the influence of pH2 in Pmax and ηmax of HT-PEMFC under different
X. It is obvious that as the doping level of phosphoric acid increases, Pmax and

ηmax will increase. The improvement of doping level increases the proton conductivity
of the membrane.

Figure 5c displays the impact of pH2 on Pmax and ηmax of HT-PEMFC under different
T. It is obvious that as the temperature rises, Pmax and ηmax will increase, and the increase
is relatively large. When the operating temperature increases, the proton conductivity of
the membrane improves and electrochemical polarization decreases; at the same time, the
increase of operating temperature can boost the exchange current density, which reduces
the activation overpotential.

Figure 5d describes the effect of pH2 on Pmax and ηmax of HT-PEMFC under different
pO2 . As can be seen from Figure 5d, with the increase of pO2 , Pmax and ηmax will strength.
Obviously, pO2 has little effect on the maximum output of the cell.
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3.4. Maximum Output Performance at a Given pO2

The influence of oxygen intake pressure on Pmax and ηmax of HT-PEMFC is shown
in Figure 6. It can be seen from several figures that Pmax and ηmax raise with the increase
of pO2 , but from a numerical point of view the improvement is not large. The increase
in pressure improves the mass transfer of the reaction gas and reduces the influence of
concentration polarization on the reversible potential.
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Figure 6. Effect of operating temperature on Pmax and ηmax of HT-PEMFC under different parameters. (a) Different lm;
(b) different X; (c) different T; (d) different pH2 .

Figure 6a reflects the effect of pO2 on Pmax and ηmax of HT-PEMFC under different lm.
It can be seen that as the thickness of the proton film decreases, Pmax and ηmax will increase.

As shown in Figure 6b, pO2 has a significant effect on Pmax and ηmax of HT-PEMFC
under different X. It is obvious that as the doping level of phosphoric acid raises, Pmax and
ηmax will improve.

Figure 6c shows the impact of pO2 on Pmax and ηmax of HT-PEMFC under different T.
Obviously, as the temperature increases, Pmax and ηmax will increase and the increase is
relatively large.

Figure 6d reveals the effect of pO2 on Pmax and ηmax of HT-PEMFC under different pH2 .
It is obvious that with the increase of pH2 , Pmax and ηmax will enhance. It is clear that pH2

has little effect on the maximum output power Pmax.
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3.5. Maximum Output Performance at a Given pO2

In the application of fuel cell vehicle, not only the quantity but also the quality of
energy should be considered. Figure 7 shows the relation curve between power density
and thermodynamic efficiency under operating temperature T (453 K), hydrogen and
oxygen intake pressure pO2 , pO2(3 atm), membrane thickness lm (20 µm) and membrane
acid doping level X (10). In order to improve the calculation accuracy, P/Pmax is chosen to
transform the engineering problem into a mathematical problem. The curve is the willow
leaf curve going back to the origin. As shown in Figure 7, when P = PB, η = ηmax and
when η = ηA, P = Pmax. Thus, the optimal region of HT-PEMFC can be obtained.

PB ≤ P ≤ Pmax, ηA ≤ η ≤ ηmax
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Curve OABO is an optimization curve derived from the power and efficiency model.
When the operating point of the cell is located on the curve AB, its performance reaches
the best. When the running point is located in region 1©, it has better performance; when
the running point is located in the region 2©, it has the worst performance. Regions 3© 4© 5©
are unstable region, because these three regions are outside OABO curve; there exists no
operation points in the region 6© because P > Pmax, η > ηmax.

4. Discussion

In this paper, a finite time thermodynamic model of HT-PEMFC is established, which
takes the irreversibility caused by polarization and leakage current into account. The influ-
ences of operating temperature, proton membrane thickness, proton membrane phosphoric
acid doping level, hydrogen intake pressure and oxygen intake pressure on Pmax and ηmax
at a given temperature are studied. The results show that Pmax and ηmax both increase with
the increase of temperature. When the operating temperature is 433 K, with the decrease of
proton membrane thickness, Pmax improves greatly, but the decrease of membrane thick-
ness has little effect on ηmax. As the doping level of proton membrane phosphoric acid
increases, Pmax increases by 84% at the temperature of 373 K, and by 52% at the temperature
of 473 K. However, the increase of phosphate doping level has little influence on ηmax. The
increase of hydrogen intake pressure and oxygen intake pressure will increase Pmax and
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ηmax. The optimal relationship between power density and thermodynamic efficiency of
HT-PEMFC is also studied. The optimal interval of power density and thermodynamic
efficiency is PB ≤ P ≤ Pmax, ηA ≤ η ≤ ηmax.
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