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Abstract 

Fuel cell voltage modeling is important for fundamental research. The main focus of 
previous studies has been the working voltage segment, whereas the accuracy of the 
open circuit voltage (OCV), especially the dynamic OCV change process has been 
ignored. A semi-empirical model including the OCV and an electrochemical model 
has been proposed in this study to clarify the reversible voltage drop process. A 
mixed cathode potential drop that is assumed as corresponding to a piecewise 
function relationship with an active surface area is introduced in this study. Fitting 
results exactly coincide with the original data in two modes, namely a quasi-static 
condition in a bench test and a dynamic condition in a fuel cell city bus. In the 
dynamic OCV drop process, the voltage drop due to the hydrogen crossover current 
approximately corresponds to 0.003 V and the mixed cathode potential drop 
approximately corresponds to 0.02 V. 
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1 Introduction 

An increase in awareness with respect to environmental pollution and the 
growing energy crisis have spurred interest in developing new energy technologies 
[1]. A fuel cell vehicle with its high efficiency[2], low environment impact[3], and 
relatively long service life[4] is recognized by several governments and research 
institutions as a potential solution[5]. 
 The most basic research on the fuel cell corresponds to voltage modeling. The 
output characteristic of a fuel cell is highly non-linear[6], and it depends on several 
factors including temperature, reactant pressure, membrane hydration, reactant 
concentrations, and electrical load. With respect to different targets, the 
characteristics of different fuel cell voltage models are distinguishing. 
 The static voltage model is widely used as a research mechanism. A model 
presented by Amphlett et al. [7] is the most popular model and involves a 
combination of four parts, namely all physical parameters in a fuel cell system, 
effective pressures of oxygen and hydrogen, temperature, and the concentration of 
oxygen and hydrogen. The model provides a good mechanism to explain the voltage 
characteristic of a fuel cell. The basis for the study by Amphlett involves a study by RF 
Mann et al. [8] that simplified the activation voltage part and provided a detailed 
analysis of the parameters [9], [10]. Larminie and Dicks [11] used empirical equations 
to describe the voltage current fuel cell characteristic. The results indicate that a fuel 
cell working in its normal working range exhibits good performance. In this case, the 
parameters are determined by experimental results. Additionally, internal current is 
considered in the model, and this is important for voltage estimation in low current 
periods. A few similar models are also proposed to develop the method [12]. 
However, these models are too complex and not applicable. The Chamberline-Kim 
model [13], [14] neglected internal current in and combined i0 of the tafel equation 
with the Nernst potential. This model perfectly fits the experimental results. Besides, 
OCV is also related to temperature and pressure of hydrogen and oxygen[15][16], 
which makes this problem even more complex. 
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 Parameter identification is an important function for the fuel cell model. The 
aforementioned models are normally used for open circuit voltage (OCV) estimation, 
calculating resistance, transfer coefficients, and maximum possible current. In these 
models, the value of OCV depends on the ambient condition and the fuel cell health 
state, and this is very useful for system diagnosis. A suitable model that can 
accurately describe the OCV change is important for system analysis. 

The theoretical reversible OCV is higher than its practical value. Vilekar, S. A. et al. 
[17] proposed an OCV model to calculate the practical value. The internal current 
that includes hydrogen crossover current and electrical-short-circuit current across 
the PEM is added to this model. P. Spinelli et al. [18], [19] fitted the initial data with 
an arbitrary oxidation reaction and then proposed a semi-empirical model for 
hydrogen crossover current estimation. The model also treats the hydrogen 
crossover current as the main factor for OCV estimation. 

Jianlu Zhang et al. [20] proposed a special OCV estimation model to explain the 
difference between the theoretical and practical values. In addition to the voltage 
drop resulting from the hydrogen crossover current, a mixed OCV [21], [22] was 
analyzed in this study. They considered the effect of platinum oxide on a catalyst 
surface and indicated that a voltage drop resulting from the platinum oxide is thrice 
that of the hydrogen crossover. These results conflict with the results obtained by 
previous studies. However, the study did not detail a mathematical model to describe 
the mixed OCV drop. 

Sumit Kundu et al. [23] analyzed reversible and irreversible degradation in fuel 
cells during OCV durability testing. The active surface area decrease [24] is 
considered as the main factor that causes the OCV change. However, the study 
involved simply separating the reversible part from the degradation and did not 
sufficiently analyze the calculation of the reversible voltage drop. 

In conclusion, there is paucity of studies on modeling of OCV and especially on 
the reversible OCV drop process. The OCV is an important parameter for system 
diagnosis. Previous studies built an OCV model by considering hydrogen crossover 
current, electrical-short-circuit current, and active surface area change. However, the 
reversible OCV calculation continues to be unclear. It is necessary to clarify the 
reversible OCV drop model to obtain a more accurate value. 

This study proposes a semi-empirical model to estimate a reversible fuel cell OCV 
drop. Section 2 describes the reversible OCV drop process observed in the fuel cell 
city bus and bench test. Section 3 presents the voltage model and platinum 
electrochemistry model. A semi-empirical part is added to the OCV model. Section 4 
presents the model validation and results of the analysis. The model proposed in 
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section 3 is verified in two modes, namely a quasi-static process in the bench test 
and a dynamic process in a fuel cell city bus. The results indicate that the coefficient 
of the semi-empirical part varies in a reasonable range. 

2 Experimental 

The research group finished a fuel cell city bus demonstration [25], and the 
details of the fuel cell city bus are given in Table 1 and Figure 1 (a). 

While operating the fuel cell city bus, a remarkable reversible OCV drop that 
lasts for approximately several seconds is observed at every startup phase as shown 
in Figure 1.  

As shown in Figure 1 (b), an OCV is built in 2 s to reach the highest value of 1.02 
V when hydrogen and oxygen are supplied to the anode and cathode. However, the 
mean OCV drops slowly from 1.02 V to 0.98 V in the next 10 s. This phenomenon 
reappears again when the fuel cell stack is restarted. 

Typically, the fuel cell voltage is determined by the ambient condition and output 
current. Conversely, with respect to OCV, the output current corresponds to zero, and 
gas pressure and temperature are stable as shown in Figure 1 (c). The voltage drop is 
caused by a change in the internal state of the fuel cell. A more precise model is 
necessary to explain this phenomenon. 

Additional startup data is extracted from the demonstration operation to 
validate that this phenomenon isn’t simply accidental. As shown in Figure 1 (d), ten 
sets of startup data of fuel cell city bus are selected to analyze the reversible OCV 
drop process. There are two fuel cell stacks in the city bus connected in a series, and 
the ambient conditions are different for each day. The voltage drops from the highest 
voltage point are similar for both fuel cell stacks irrespective of the initial OCV value. 
The results prove that the phenomenon is repeatable for the bus system. 

However, a city bus is characterized by severe working conditions. The 
environmental temperature is especially completely different between summer and 
winter. Additionally, the sensors may be inaccurate and unsynchronized. A similar 
experiment is conducted in the bench test with a ten-cell short stack. An increase in 
the accuracy of sensor signals in the bench test can create a more stable working 
condition. 

Figure 2 (a) presents the fuel cell test bench. It satisfies the performance 
requirement of fuel cell test from 100 W to 10 kW. The test condition is set as shown 
in Table 2. All external conditions are fixed in the test bench in contrast to the 
unstable working condition in the city bus. 
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As shown in Figure 2 (b), when output current drops from 10A to 0A, a similar 
mean OCV drop of a ten cell stack is observed in the bench test. The absolute 
potential decreases slightly when fuel cell stack is held in the OCV condition. The 
mechanisms of both experiments are evidently the same. Additionally, a few 
interesting processes that are not included in a traditional OCV model are involved to 
explain this type of a voltage drop. Extant studies to date have not proposed 
mathematical models to explain the aforementioned phenomenon.  

A fuel cell in an open circuit condition does not output any power. The main 
difference between OCV condition and normal working condition corresponds to 
working potential. A catalyst under a high potential can result in the oxidation of 
platinum, and this may cover the catalyst particle and reduce reaction active sites 
[26], [27], [28]. This corresponds to a reversible reaction for a platinum particle. 

The chemical reaction in a fuel cell requires the help of a platinum catalyst. It is 
easy to understand that the reduction of reaction active sites results in the reaction 
rate drop. Furthermore, the performance drop caused by the ECSA ( electrochemical 
surface area ) decrease is validated by several correlation studies. 

In conclusion, it’s assumed that the reversible OCV drop is related to the 
reduction of reaction active sites. It is necessary to build an OCV model including the 
active surface area variation to validate reversible OCV drop process. 

3 Physical and mathematical models 

 According to the theoretical analysis, the modeling of reversible fuel cell OCV 
drop is separated into two parts. The first part involves the kinetic model of platinum 
particle reaction, and the second part involves the OCV model to estimate the real 
time OCV drop.  

As shown in Figure 3, the OCV model and platinum electrochemistry model are 
combined to describe the OCV drop process. It is possible to determine the reversible 
OCV drop in this model as long as the initial OCV and ambient conditions are given. 

3.1 Semi-empirical OCV model 

 Numerous studies examine fuel cell modeling. Normally, the fuel cell voltage is 
divided into four parts, namely reversible OCV, voltage loss of ohmic polarization, 
voltage loss of activation polarization, and voltage loss of concentration polarization. 
This study mainly focuses on OCV, and therefore ohmic polarization and activation 
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polarization are ignored. 
Based on extant studies, the OCV of a fuel cell is expressed as Eq. (1) [20] as 

follows: 

2

OCV OCV OCV OCV
Theor mix H xoverE E E E −= − −

 (1) 

 Where E𝑇𝑇ℎ𝑜𝑜𝑜𝑜𝑜𝑜
𝑂𝑂𝑂𝑂𝑂𝑂  denotes reversible OCV, E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂 denotes mixed cathode potential, 

and this corresponds to a local-cell mechanism that is considered to explain the Pt–
O2 reaction mechanism at the electrode in an O2 saturated acidic solution [20], [29]. 
Additionally, E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂  denotes the cathode potential decrease caused by H2 
crossover. 

Typically, E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂  is considered as a part of activation polarization that is 
normally constant. Conversely, for a dynamic process, E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂  is assumed to be 
not constant for the active surface area change under OCV conditions. In previous 
studies [30], [31], E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂  is expressed as Eq. (2), as follows: 

2 2 2

2 -x cover
0 0 0

/
= ln( )= ln( )= ln( )

cross cross cross
H H HOCV

H act

i I ECSA IRT RT RTE V
F i F i F i ECSAa a a

=
×

 (2) 

 Where IH2
cross is the absolute crossover current, ECSA denotes the 

electrochemically active surface areas of a platinum catalyst, and i0 denotes the 
exchange current density. When the operating condition is stable, i0, IH2

cross, and ECSA 
are considered as constants.  

With respect to E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂, there is no existing mathematical model to describe the 
voltage drop due to the PtO percentage increase. In the study, it is assumed as a 
piecewise function in Eq. (3). ECSA0 is a boundary value that mixed potential has a 
significant effect, Ssum is the total ECSA without PtO. It’s assumed that mixed cathode 
potential is determined by the percentage of PtO from 0 to ECSA0. When it gets 
larger and larger, the effect of PtO is saturated, and E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂 is regarded as a constant 
value. The coefficient k’

mix corresponds to an empirical parameter and is fitted by 
using experimental data. The boundary value ECSA0 is hard to choose in this study. 
Therefore, the first part is only used in the start-up stage, a dynamic process. When 
fuel cell is working, it’s seen as a static process, and the second part is chosen. 

0
mix

0 0

(1 / )
(1 / ) constant

PtO mix sum mixOCV

sum mix

k ECSA S k ECSA ECSA
E

ECSA S k ECSA ECSA
θ × = − × ≤

=  − × = >
 (3) 

 In conclusion, the platinum particle under high potential is gradually covered by 
an oxide film, and this may result in a change in θPtO. Therefore, the reversible 
voltage drop of fuel cell OCV combined with E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂  and E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂 is expressed as 
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Eq. (4) and (5) as follows: 
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(5) 

 The time scale corresponds to minutes, and thus IH2
cross and i0 are considered as 

constant. Hence, ∆Vocv is determined by the ECSA change. Based on Eq. (4) and (5), 
the reversible fuel cell OCV drop is calculated with a certain ECSA reduction.  
 

3.2 Platinum Electrochemistry model 

 Based on electrochemical reactions and the law of substance conservation, the 
platinum electrochemistry model describes the ECSA changing process and is used in 
the voltage model. 
 
Electrochemical reactions 
 The ECSA is related to the chemical reaction of platinum. Extant studies [26] 
simplified the chemical reaction of platinum particles under a high potential into the 
following three equations: 

2+ -Platinum dissolution:  Pt Pt +2e=  (6) 

+ -
2Platinum oxide film formation:  Pt+H O PtO+2H +2e=  (7) 

+ 2+
2Chemical dissolution of platinum oxide:  PtO+H Pt +H O=  (8) 

Eq. (7) denotes the most important process in this study. The catalysis between 
oxygen and the platinum catalyst is prevented when the platinum particle is covered 
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by an oxide film. A few previous studies consider the oxide as Pt(OH)2. However, 
Pt(OH)2 converts into PtO above 0.95 V. Thus, Eq. (7) is appropriate for the purposes 
of this study. Eq. (8) does not correspond to a combination of Eq. (6) and Eq. (7) and 
is considered as a specific chemical pathway.  

 
Rate equations 
 The reaction rate of (6) and (7) is obtained by Butler-Volmer equations. The 
platinum dissolution rate is shown in Eq. (9) as follows: 

2

2

,1 1
1

1 1
,1 1

1
,

exp ( ) -

exp ( )

a

vac
cPt

Pt ref

n F
E U

RT
r k

c n F
E U

c RT

a

θ
a+

+

  
-  

  
=        --        

 (9) 

1 1
1

2
Pt Pt

Pt

MU U
F r

θ σ
r

= − ×  (10) 

where r1 denotes the reaction rate and U1 denotes the adjusted thermodynamic Pt 
dissolution potential. The definitions of the other parameters are given in Table 3. 

Similarly, the platinum oxidation reaction is shown in Eq. (11) where r2 denotes 
the reaction rate and U2 denotes the adjusted thermodynamic Pt oxidation potential. 
The definition of the other parameters is also given in Table 3. 

,2 2
2

22 2
,2 2

22
,

exp - exp ( ) -

exp ( )H

aPtO

c
PtO

H ref

n F
E U

RT RT
r k c n F

E U
c RT

aωθ

a
θ

+

+

    -   
    

=        --        

 (11) 

0
2 2 t

1 1+
2 2

PtO PtO Pt Pt
P O

PtO Pt

M MU U
F r F r

θ σ σµ
r r

 
= × ∆ + − × 

 
 (12) 

Finally, the third reaction rate is expressed as Eq. (13) where r3 denotes the 
reaction rate and K3 denotes an equilibrium constant as follows: 

22
3 3

3

-
H

Pt
PtO

c
r k c

K
θ +

+

 
=  

 
 (13) 
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( )3 1 1 2 2exp FK nU n U
RT
 = −  

 (14) 

 
Based on the law of mass conservation, the fraction of the platinum surface 

covered by an oxide, the radius of a platinum particle, and the concentration of Pt2+ 
are calculated using Eq. (15)–(17) as follows: 

2 3

max

2PtO PtOd r r dr
dt r dt
θ θ −  = −   Γ   

 (15) 

( )1 2
dr M r r
dt r

= − +  (16) 

( )2 2
1 34Pt

dc
r N r r

dt
ε π+

= +  (17) 

 Where Γmax denotes the number of moles of active sites per unit of platinum 
area (it is considered as a constant value). Specifically, it is unreasonable to simply 
use a constant value to describe the growth of the oxide film. The reduction reaction 
of oxygen continues to proceed when the theoretical value of θPtO corresponds to or 
exceeds 100%. The percentage of the real active region exceeds θvac. The assumption 
of a constant is acceptable to simplify this problem,. 
 According to Eq. (9)–(17), the fraction of the platinum surface covered by oxide 
and platinum ion concentration is calculated under different potential cycles as 
shown in Figure 4. 
 Figure 4 (a) and (b) show the relationship between voltage, PtO percentage, and 
Pt ion concentration. The potential increase results in a rapid PtO percentage and Pt 
ion increase. Evidently, the reaction rate is sensitive to the potential change.  

As shown in Figure 4 (c), the fraction of the platinum surface covered by PtO 
gradually increases under a constant high potential and ultimately reaches a steady 
value. According to the simulation results, a higher potential leads to a higher 
fraction and faster response speed, and a reaction time less than 50 s continues to be 
unstable. However, the voltage fluctuation of the OCV condition in Figure 1 (a) is 
smaller than that in Figure 4. It is ignored for the simulation, and the PtO percentage 
change continues to constitute a dynamic process. 

The parameter and PtO percentage change is used in the Eq. (4) to obtain the 
OCV drop value. 
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3.3 Modelling procedure 

The solution of the coupled equations is based on the discrete element method. 
How to choose a suitable discrete time step is important for numerical calculation 
stability. Based on the electrochemical principle, a lower potential requires a shorter 
step to avoid the swing of reaction rate. Commercial software Matlab R2017a is used 
to implement the equations on a personal computer with Inter Core i5 2.60 GHz CPU 
and 8.00 GB RAM. 

4 Model validation and result analysis 

When a fuel cell starts from 0 V to OCV, the fraction of the platinum surface 
covered by PtO increases from 0% to 70%. This corresponds to a dynamic process as 
discussed in chapter 3.2 during the initial several seconds. As shown in Figure 1, the 
OCV data from the city bus is too short and continues to correspond to a dynamic 
process. Given that the working condition in the bench test is significantly more 
stable and repeatable, the bench test results are given priority over other results to 
simplify this problem. Subsequently, the dynamic voltage drop process is analyzed by 
a semi-empirical model. 

Quasi-static process in test bench 

 To reduce the effect of the gas filling process at the beginning of the OCV 
condition, the fuel cell stack continues to output a small current for several minutes 
and then turns to the OCV condition.  
 Based on the mathematical model in chapter 3, the voltage drop due to the ECSA 
decrease is divided into E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂 and E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂 . Conversely, for the bench test in this 
study, the PtO percentage increase in the OCV condition is milder than a normal start 
up process, and thus E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂 is ignored in the bench test part. Based on Eq.(5), OCV 
change is expressed as Eq. (18).  

2

1

|ln( )
|

OCV ECARTE
F ECAα

∆ =  (18) 

where R, α, F, and T are constants, and ECSA is obtained from a platinum 
electrochemistry model. Therefore, a forward calculation result is directly obtained in 

This article is protected by copyright. All rights reserved.



the quasi-static process. The estimation results are shown in Figure 5.  

 
(a) PtO percentage estimation 

 
(b) Reversible voltage drop estimation 

Figure 1 Model validation in quasi-static process 

Figure 5 (a) shows that the fuel cell works in two voltage steps, when the output 
current drops from 10A to 0A. As shown in Eq. (14), the PtO percentage increases to 
a stable value at each voltage step. It is evidently considered as a quasi-static process 
in the OCV region. In the switching process, the PtO percentage increases from 
approximately 40% to 70%. Furthermore, the OCV value exhibits significant drop. 

Similar experiments were conducted twice to validate the OCV model. Figure 5 
(b) shows the twice reversible OCV drop process. The voltage drop is perfectly 
repeatable in the bench test.  

With respect to the mathematical model, the fitting results of Eq. (18) coincide 
exactly with the original data shown in Figure 5 (b). The results indicate that the OCV 
drop is determined by the ECSA change and that Eq. (18) accurately estimates the 
reversible OCV drop in a quasi-static process. 

Dynamic process in city bus 

 When compared with the OCV drop in a quasi-static process, the voltage drop in 
a dynamic process is significantly higher. With respect to a dynamic process, the PtO 
percentage increases rapidly, and it is impossible to ignore the effect of the mixed 
cathode potential change. Therefore, the semi-empirical model presented as Eq. (3) 
is added to the voltage drop model to explain the OCV change. The least squares 
algorithm is used to confirm the value of k’

mix in Eq. (5). The structure of the least 
squares algorithm for the semi-empirical dynamic model is shown in Eq. (19)–(22) as 
follows: 
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 Where Hn denotes an input vector, θn denotes the target vector to solve, and 
Uocv denotes the OCV drop vector. The least squares results 𝛉𝛉𝐧𝐧�  for θn are calculated 
using Eq. (23)–(25) as follows: 
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opt arg min nn
n ε=  (25) 

 Where εn denotes the estimation deviation, Δ𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂|�
n,i denotes the predicted 

value with 𝛉𝛉𝐧𝐧�, and Δ𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂 denotes the actual OCV drop. Furthermore, nopt denotes 
the best least square solution to minimize εn, and this indicates a least square 
solution for k’

mix. 
As shown in Figure 1 (b), when the reaction gas is supplied to the fuel cell, the 

voltage increases from 0 V to the highest voltage point with increases in gas pressure. 
To rule out the impact of gas pressure, the highest potential point is set as the 
starting point to analyze the voltage drop process. The fitting results are shown in 
Figure 6. 
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(a) Voltage fitting and PtO percentage change 

 

(b) Voltage drop of E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂  and E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂  

Figure 2 Voltage drop fitting analysis in a dynamic process 

  Figure 6 (a) shows that OCV decreases with respect to time. Additionally, the 
descent speed corresponds to 0.02 V/10 s and is significantly faster than that of 
bench test that corresponds to 0.01 V/300 s. The PtO percentage increases from 38% 
to 47% in less than 10 s, and this is also faster than the result of the bench test. 
Based on Eq.(5), the fitting result also perfectly coincides with the original data.  

Figure 6 (b) further illustrates the voltage drop of each part. The mixed 
cathode potential drop is five times E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂 , which is validated in the 
quasi-static process. Given the increase in PtO, the balance of Pt–O2 reaction is 
broken, and the reversible OCV shifts to a lower value, thereby resulting in an 
increase in E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂.  

However, it is difficult to conclude as to whether this phenomenon is repeatable. 
In this study, 16 sets of reversible OCV drop data from the fuel cell city bus are used 
to validate the dynamic mode. The value of k’

mix is obtained from the above fitting 
results, and it approximately corresponds to −0.300 for fuel cell A and −0.174 for fuel 
cell B. The model validation results are shown in Figure 7. 
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(a) Predicted voltage drop in fuel cell A 

 

 
(b) Predicted voltage drop in fuel cell B 

Figure 3 Voltage drop fitting for several days of data from a city bus 

As shown in Figure 7 (a) and (b), the prediction reversible OCV drop is close to 
the original data. Additionally, the fitting deviations are acceptable for the 
mathematical model. This implies that the credibility of the fitting result k’

mix is 
validated and that the reversible OCV drop process is adequately described by the 
semi-empirical model. 

However, the potential drop rates are different for the two fuel cell stacks. The 
fitting result of k’

mix for fuel cell A approximately corresponds to −0.3, and that for 
fuel cell B approximately corresponds to −0.17 (which is half that of fuel cell A). 
Although it is difficult to explain as to why the OCV drop rate for fuel cell A is 

This article is protected by copyright. All rights reserved.



generally higher than that of fuel cell B, it is finally attributed to the difference 
between the fuel cell structure and initial OCV. 

 

Figure 4 Highest fuel cell potential in each data set 

Figure 8 shows the initial OCV value of the fuel cell stack. The voltage of fuel cell 
B is higher than that of fuel cell A. As shown in Eq. (7) and Figure 4 (c), an increase in 
the initial voltage leads to a faster achievement of a stable value and shortens the 
dynamic process. Therefore, the voltage drop of mixed cathode potential can reach 
the stable value faster when the initial OCV is high and when the dynamic process is 
short. Given the quasi-static process in the bench test, k’

mix is considered as 0 in the 
model, and a perfect fitting result is obtained. This verifies that a longer dynamic 
process results in a higher k’

mix.  
However, it is difficult to propose a model that predicts the value of k’

mix. The 
reversible OCV drop is very complex. A future study that considers the effect of 
absolute OCV value is needed to optimize the semi-empirical model.  

5 Conclusion 

This study analyzes reversible OCV drop in a start-up process. A semi-empirical 
model combined with an OCV and an electrochemical model is proposed to explain 
this phenomenon. The voltage drop is attributed to the following two reasons: 
E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂  and E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂. A new model for E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂 is proposed in the present study and 
is verified in two modes. 
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With respect to a quasi-static process in the bench test, the reversible OCV drop 
only corresponds to 0.01 V in 5 min. The voltage decrease due to E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂  
coincides exactly with the original data, and this perfectly validates the assumption 
of a decrease in the OCV. 

With respect to a dynamic process in the city bus, the voltage increases from 0 V 
to 1 V in 2 s, and the complete dynamic process lasts only for approximately 10 s. The 
voltage drop due to E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂 constitutes most of the reversible OCV drop. To describe 
the aforementioned phenomenon, it is assumed that E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂  exhibits a linear 
relationship with ECSA. The semi-empirical model perfectly fits the dynamic voltage 
drop process, and the fitting results are used to validate repeatability for two fuel cell 
stacks over several days. 

The validation results of two fuel cell stacks are different but repeatable. The 
OCV drop rate for fuel cell A is typically higher than that of fuel cell B. An increase in 
the initial OCV can lead to a faster dynamic process, and thus it is assumed that a 
higher initial OCV results in a lower k’

mix. Conversely, with respect to the quasi-static 
process in the bench test, the value of k’

mix is considered as 0 when PtO dynamic 
change process is ignored. 

Future research will examine a mechanism model of E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂  to optimize a 
semi-empirical model. Additionally, the relationship between k’

mix and initial OCV will 
be explored further. 
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Table 

Table 1 Parameters of the fuel cell city bus 

Column Value 

Length  12 m 

Weight  18 t 

Electric motor 

Max power 150 kW 

Rated power 75 kW 

Max speed 2600 r.min−1 

Fuel cell stack 

Max power 30 × 2 kW 

Rated power 25 × 2 kW 

Cell number 135 × 2 

Monolithic active area 276 cm2 

Power battery Capacity 60 Ah/34kW.h 

 Rated voltage 607 V 

 
Table 2 Working conditions in the test bench 

Column Value 

Temperature  60 °C 

Cathode stoichiometry 2.5 ( >5 L/min ) 

Anode stoichiometry 1.5 ( >2 L/min ) 

Cathode inlet pressure 103kPa 

Cathode outlet pressure 110kPa 

Cathode humidity 100% 

Anode humidity 100% 
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Table 3 Parameters of Platinum Electrochemistry model 

Symbol Parameter value 

k1 Pt dissolution reaction rate constant 3.4×10−9 

k2 Pt oxidation reaction rate constant 1.36×10−7 

k3 Pt reduction reaction rate constant 3.2×10−20 

θvac the fraction of the platinum surface that not covered by oxide  

θPt the fraction of the platinum surface that covered by oxide  

αa,1 anodic transfer coefficient of Pt dissolution reaction 0.5 

αc,1 cathodic transfer coefficient of Pt dissolution reaction 0.5 

αa,2 anodic transfer coefficient of Pt oxide reaction 0.35 

αc,2 cathodic transfer coefficient of Pt oxide reaction 0.15 

n1 Number of electrons transferred in Pt electrochemical dissolution 2 

n2 Number of electrons transferred in Pt electrochemical oxidation 2 

CPt2+ Platinum ion concentration  

CH+ H+ concentrate  

CPt2+,ref Reference platinum ion concentration 1000 mol/m3 

CH+,ref Reference H+ concentrate 1000 mol/m3 

U1
θ Standard thermodynamic potential of Pt dissolution 1.188 V 

U2
θ Standard thermodynamic potential of Pt oxidation 0.98 V 

σPt surface tension of Pt 2.37 J/m2 

σPtO surface tension of PtO 1 J/m2 

MPt molecular weight of Pt 0.1951 kg/mol 

MPtO molecular weight of PtO 0.2110 kg/mol 

r particle radius 2.5×10-9 m 

ρPt density of platinum 21090 kg/m3 

ρPtO density of PtO 14100 kg/m3 

∆µPtO
0 chemical potential shift for PtO −42300 J/mol 
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(a) Fuel cell city bus  

(b) OCV voltage change 

 
(c) Gas pressure and temperature 

 
(d) OCV drop comparison 

Figure 1 OCV drop in the fuel cell city bus 
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(a) 10kw fuel cell test bench 

 

(b) bench test result 

Figure 1 OCV drop in the fuel cell test bench 
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Figure 1 Mathematic model for reversible OCV drop 
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(a) Characteristics of platinum under a square wave voltage cycle 

 
(b) Characteristics of platinum under a triangular wave voltage cycle 

 

(c) PtO change under constant voltage 

Figure 1 Platinum electrochemical reaction 
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(a) PtO percentage estimation 

 
(b) Reversible voltage drop estimation 

Figure 1 Model validation in quasi-static process 
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(a) Voltage fitting and PtO percentage change 

 

(b) Voltage drop of E𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂𝑂𝑂  and E𝐻𝐻2−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂  

Figure 1 Voltage drop fitting analysis in a dynamic process 
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(a) Predicted voltage drop in fuel cell A 

 

 
(b) Predicted voltage drop in fuel cell B 

Figure 1 Voltage drop fitting for several days of data from a city bus 
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Figure 1 Highest fuel cell potential in each data set 
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