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ABSTRACT 
Research on Proton exchange membrane fuel cell 

(PEMFC) bulldozers is currently in its infancy. Performing 
crucial investgation of fuel cell operation characteristics 
and potential faults based on the bulldozer operating 
conditions is beneficial for the promotion of fuel cell 
applications. In this work, with a 110 kW PEMFC and a 90 
kW battery used as the power system for the bulldozer. 
The contents are threefold. Firstly, a numerical model 
integrating the bulldozer, cabin, motor and power 
system is established, and the accuracy and reliability of 
the model is evaluated. After that, based on the 
operating conditions of bulldozer including no-load, soil-
cutting, soil-transportation and unloading soil stage, the 
operation characteristics of the fuel cell system are 
analyzed. To detailed analyze the variation patterns of 
the various parameters inside the fuel cell under the 
aforementioned operating conditions, a three-
dimensional numerical model of fuel cell is established. 
The results indicate that PEMFC power and current 
density rapidly increase to 110 kW and 1.513 A/cm² 
during the soil-cutting phase, and then decrease rapidly 
to 50 kW and 0.551 A/cm² during the unloading soil 
phase, showing significant rate of change. The PEMFC 
stack temperature can reach a maximum of 346 K. The 
average liquid saturation in gas diffusion layer reaches a 
maximum of 0.30 at the end of the soil-transport phase, 
and the uneven distribution of internal liquid is 
significant. There is significant uneven distribution of 
liquid, which could lead to localized flooding issues at the 
end of soil-transport. Appropriate strategies need to be 
implemented to control. 
Keywords: Proton exchange membrane fuel cell 
(PEMFC), Potential faults, Bulldozer, construction 
machinery, Typical operating conditions 

NONMENCLATURE 

b Track wheel width, m 

 
# This is a paper for the 16th International Conference on Applied Energy (ICAE2024), Sep. 1-5, 2024, Niigata, Japan. 

c Soil cohesion coefficient 

CH2、CO2 
H2, O2 concentrations at the anode 
and cathode membranes, mol/cm3 

Cst Specific heat capacity, J/(kg·K) 
E Theoretical electrode potential, V 
F Faraday constant, 96 485 C/mol 
Fbr Bulldozing resistance, N 
Fcr Climbing resistance, N 
Fi Internal friction resistance, N 

Froll Rolling resistance, N 
△G Gibbs free energy, J/mol 
Jmax Actual current density, A/cm2 
k Rolling resistance coefficient 

Kpc, Kp 
Coefficient related to soil bearing 
friction angle 

M Weight of bulldozer, kg 
Mst Stack mass, kg 
PH2, PO2, PH2O Partial pressure of H2, O2, H2O, atm  
Qtot Reaction chemical energy, J 
Qcl cooling heat dissipation, J 
Qg gas flow heat dissipation, J 
Qst energy output, J 
R Gas constant, 8.314 J/(mol·K) 
r Unit volume of soil, N/m3 
Rohm Equivalent resistance, Ω 
T Actual temperature, K 
Uact Activation polarization, J 
Uohm Ohmic polarization, J 
Uconf Concentration polarization, J 
z Track subsidence, m 
γ Internal friction coefficient 
Ө Slope angle, ° 
ε1, ε2, ε3, ε4, ε5 Experience coefficient 

 

1. INTRODUCTION 
As the world's dedication to environmental 

stewardship deepens, there is an escalating urgency for 
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the transition of heavy machinery industries, which have 
long relied on fossil fuels. Proton exchange membrane 
fuel cell technology provides a new power solution for 
the heavy machinery industry with advantages such as 
zero emissions, high efficiency, and compatibility with 
renewable energy. However, bulldozers operate under 
harsh working conditions, with frequent and significant 
changes in fuel cell power, resulting in weak stability and 
low reliability of bulldozer fuel cells [4]. 

The unstable operation of fuel cell systems may lead 
to malfunctions. Variations in load can alter the reaction 
intensity within PEMFC stacks, potentially leading to 
malfunctions like flooding, membrane dehydration, 
hydrogen starvation, and catalyst decay [5,6]. A fault, if 
not promptly detected and addressed, can disrupt the 
PEMFC system's stable operation. A fault, if not promptly 
detected and addressed, can disrupt the PEMFC system's 
stable operation. In severe cases, it may lead to 
irreversible damage to the fuel cell stack or result in 
completing shutdown [7]. Therefore, the stable 
operation of PEMFC stacks is the key to the stable 
operation of the entire system. Zhang et al. [8] studied 
the effects of operating parameters such as back 
pressure, relative humidity, and stoichiometric ratio on 
the PEMFC performance through experiments, and 
demonstrated the uniformity and stability of PEMFC 
performance using polarization curves, electrochemical 
impedance spectroscopy, and segmented cell 
technology. The research results indicate that higher 
back pressure can improve the overall performance of 
PEMFC, and an increase in relative humidity can enhance 
the local performance, current distribution uniformity, 
and local stability of fuel cells. Meng et al. [9] studied the 
voltage response characteristics of PEMFC under 
different degrees of hydrogen and oxygen deficiency 
through experiments. The results show that in the 
absence of hydrogen, the response voltage exhibits a 
parabolic trend, which has a significant impact, and 
raising the working temperature can effectively alleviate 
the fault phenomenon. Both experiments and numerical 
simulations can reflect the PEMFC performance. The 
results show that a hydrogen vehicle with a degraded 
fuel cell consumes 14.3% more fuel than a fresh fuel cell 
hydrogen vehicle. At present, fuel cell bulldozers are still 
in the research stage. Real time monitoring of bulldozer 
fuel cells under bulldozer operating conditions is being 
carried out to clarify the operating characteristics of fuel 
cells under bulldozer operating conditions, which is 
conducive to achieving a more stable and reliable 
operating mode for fuel cell bulldozers. 

At present, PEMFC bulldozers are currently in its 
infancy. Real time monitoring of bulldozer fuel cells 
under bulldozer operating conditions is being carried out 
to clarify the operating characteristics of fuel cells under 
bulldozer operating conditions, which is conducive to 
achieving a more stable and reliable operating mode for 
fuel cell bulldozers. 

Therefore, this work established a one-dimensional 
(1D) simulation model of the PEMFC-battery bulldozer 
and a three-dimensional (3D) PEMFC model, and 
conducted reliability verification. Monitor the 
parameters of PEMFC-battery bulldozer under typical 
operating conditions, analyze the characteristics of 
electrical, reactant, temperature, liquid water and other 
parameters. This investigation into the effects of 
bulldozer operating conditions on PEMFC performance 
and potential faults is crucial for advancing the reliable 
application of PEMFC in construction machinery. 

2. NUMERICAL MODEL 

2.1 Physical model 

The schematic of PEMFC-battery bulldozer structure 
is shown in Fig.1. The bulldozer is driven by two motors, 
and its power is provided by a PEMFC with a rated power 
of 110 kW and a battery with a rated power of 90 kW. 
The electronic control unit (ECU) determines the output 
power of the PEMFC and battery based on the different 
operating states of the bulldozer. The power is provided 
by the battery when the motor's power demand is too 
low, and by the fuel cell when the motor's power 
demand is high. When the required power of the motor 
is greater than the rated power of the PEMFC, the excess 
power is provided by the battery. The basic parameters 
of fuel cell bulldozers can be found in Table 1. 

 
Fig. 1 Schematic of PEMFC-battery bulldozer structure 

Table 1 Parameters of PEMFC-battery bulldozer [11] 

Component Parameters Quantity 

PEMFC Rated power/kW 110 
bettery Rated power/kW 90 

Motor 
maximum power/kW 105 
maximum torque/Nm 800 
rated speed/rpm 1430 

Bulldozer 
curb weight/kg 28000 

track width/m 0.61 
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track length/m 3.05 

drive wheel radius/m 0.46831 

2.2 Numerical model 

(1) Bulldozer operation 
The resistance during the operation of bulldozers 

includes rolling resistance, bulldozing resistance, 
climbing resistance and traditional internal friction 
resistance [12] 

Rolling resistance: 
Froll=k⋅M                       (1) 

Bulldozing resistance: 
Fbr=b·(c·z·Kpc+0.5·z2·r·Kpr)           (2) 

Climbing resistance: 
Fcr=W·sin(Ө)                   (3) 

Traditional internal friction resistance: 
Fi=γ·W                     (4) 

(2)  PEMFC [13,14] 
The basic reaction of PEMFC stack: total reaction 

H2(g)+0.5O2(g)→H2O(g). The reaction occurring on the 

anode side is H2→2H++2e−, and the generated electrons 
reach the cathode side through an external circuit. 
H+reaches the cathode through a proton exchange 
membrane and reacts with oxygen at the cathode to 
produce water. The reaction occurring on the cathode 

side is O2+4H++4e−→2H2O. Electrons move directionally 
in an external circuit to generate current. 

Theoretical electrode potential of PEMFC: 

E=-
∆G

2F
+
RT

2F
[ln(PH2

)+
1

2
ln(PO2

) − ln(𝑃H2O)]     (5) 

However, the PEMFC stack is affected by the reaction 
rate, internal resistance, and differences in reactant gas 
concentration, leading to activation polarization, ohmic 
polarization, and concentration polarization losses. 

Uact=ԑ1+ԑ2T ln CH2
+ԑ3TlnCO2

+ԑ4T ln I          (6) 

Uohm=IRohm                (7) 

Ucon=-ԑ5 ln (1-
J

Jmax
)                  (8) 

(3) PEMFC temperature [16]: 
dTst

dt
=
Qtot-Qcl-Qg-Qst

CstMst
              (9) 

2.3 Model validation 

To verify the accuracy of the simulation model of the 
fuel cell bulldozer, the model was validated. Fig. 2 and 
Fig. 3 present the comparison results between the model 
simulation results and the experimental results. Fig. 2 
clearly shows that the speed error of the model is within 
1.0% and the power error is within 5.0%, compared with 
the experimental data [11]. According to Fig. 3, the 
polarization curve, power density and stack temperature 

errors of PEMFC are all within 6.5%, comparing the 
experimental data of references [15] and [16]. 
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(a) Speed 
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(b) Power 

Fig. 2 Comparison between simulation results and 
experiments of bulldozer [11] 
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(a) Polarization curve        (b) Power density 
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(c) Stack temperature 

Fig. 3 Comparison between simulated and 
experimental values of PEMFC[15, 16] 

3. RESULTS AND DISCUSSION 
The typical operating conditions of bulldozers 

include five operating states: 1-4 seconds of no-load, 4-
16 seconds of soil-cutting, 16-31 seconds of soil-
transportation, 31-33 seconds of unloading soil and 33-
50 seconds of no-load stage. Before operating this 
condition, the operating temperature of the fuel cell was 
343.15 K, and the bulldozer was moving at a speed of 0.4 
m/s with a slope of 0. 

3.1 Electrical monitoring 

Fig. 4 depicts the variation in battery power under 
typical operating conditions of bulldozers. It can be 
observed that the power required by the motor shows 
an initial increase followed by a slight decrease, and 
fluctuations around a certain power level. Subsequently, 
there is a rapid decrease in power followed by 
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fluctuations around another power level. The motor 
power is approximately 45 kW during 0-4 s. From 4-14 s, 
the power rapidly increases to a maximum of about 135 
kW. Between 15-18 s, the power decreases and 
fluctuates around 106 kW. The power rapidly decreases 
and fluctuates around 50 kW between 31 - 33 s. The main 
reasons are as follows: the bulldozer is in a no-load state 
during 0-4 s, experiencing fluctuating road conditions 
and speed variations, resulting in motor power 
fluctuating around 50 kW. The bulldozer is engaged in 
soil-cutting state from 4-16 s, reaching maximum digging 
depth at the 14 s, which increases digging resistance, and 
thus demands maximum motor power. The bulldozer is 
transporting soil during 16-31 s, requiring steady high 
power around 106 kW. The bulldozer is unloading soil 
state during 31-33 s, rapidly reducing the load and 
causing a swift decrease in power. From 33-50 s, it 
returns to a no-load stage with lower power demand, 
fluctuating around 50 kW due to minor terrain variations 
and speed changes. 

The power demanded by the motor is primarily 
supplied by the PEMFC. When the motor power demand 
is below 105 kW, the PEMFC provides all the power. If 
the motor power demand exceeds 105 kW, the excess 
power is supplied by the battery. This is primarily 
because when the motor power exceeds 105 kW, there 
are fluctuations in power demand. To minimize PEMFC 
fluctuations, the ECU controls the fluctuating power by 
having the battery handle it, thereby ensuring stable 
operation of the PEMFC. 
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Fig.4 The variation of battery power under typical 

operating conditions 
Fig. 5 illustrates the variations in PEMFC power 

distribution, current density, State of charge (SOC), 
PEMFC and cell voltage under typical operating 
conditions. It can be observed from Fig. 5(a) that a lot of 
operational power of the PEMFC is provided to the 
motor, and a small portion used to charge the battery. 
Additionally, the SOC gradually decreases during both 
the soil-cutting and soil-transportation stages. At the 8 s, 
the PEMFC reaches power of 110 kW, with 105 kW 
supplied to the motor and 5 kW used for charging the 
battery. From Fig. 5(b), it is noted that the trend of 

PEMFC current density aligns closely with the power 
trend, peaking at 1.513 A/cm2 during the soil-cutting and 
soil-transportation stages, and dropping to 
approximately 0.551 A/cm2 during no-load periods. 
Conversely, the trend in cell voltage shows an inverse 
relationship with current density, reaching a minimum of 
0.573 V during soil-cutting and soil-transportation 
stages, and approximately 0.738 V during no-load 
periods. 
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(a) PEMFC power allocation and SOC variation  
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(b) Trend of PEMFC current density and cell voltage 

variation 
Fig. 5: Changes in PEMFC power distribution, 

current density, SOC and cell voltage under typical 
operating conditions 

3.2 Reactant monitoring 

Fig. 6 shows the variation trend of inlet gas mass flow 
to the stack under typical operating conditions. It can be 
observed that the inlet mass flow at both the cathode 
and anode exhibits minor fluctuations before 4 s, 
increases after 4 s, and reaches maximum values around 
8 s. Subsequently, there are minor fluctuations around 
this point, with a rapid decrease in mass flow around 31 
s reaching a minimum value at approximately 35 s, 
fluctuating around this value thereafter. The mass flow 
at the cathode and anode fluctuates around 43.0 g/s and 
1.5 g/s during the no-load stage, respectively. Due to 
rapid power demand increase during the soil-cutting 
state, the mass flow at the cathode and anode quickly 
increases to approximately 115.52 g/s and 2.56 g/s. Due 
to rapid power demand decrease in the unloading soil 
stage, the mass flow decreases rapidly to around 43.0 g/s 
and 1.5 g/s respectively, fluctuating around these values. 
This is mainly because there is a rapid increase and 
decrease in motor power demand during the soil-cutting 
and soil-transportation stages. The power demand is 
relatively stable during the soil-transportation and no-
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load stages, resulting in smaller variations of reactant 
mass. 
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Fig. 6 Variations in inlet gases of the Stack under 

typical operating conditions 

3.3 Temperature monitoring  

Fig. 7 depicts the variation in stack and coolant 
temperatures under typical operating conditions. It is 
observed that the stack temperature, cathode/anode 
outlet temperatures, coolant inlet/outlet temperatures, 
and cathode inlet temperature exhibit a trend of gradual 
increase followed by a slow decrease over time. The 
cathode/anode outlet temperatures align closely with 
the stack temperature, starting at approximately 345 K, 
gradually increasing to about 349 K, and then slowly 
decreasing back to around 345 K. The maximum coolant 
inlet temperature is about 340 K, and the outlet 
temperature reaches of 346 K. This is primarily due to the 
higher power demand and stronger chemical reactions 
during the PEMFC soil-cutting and soil-transportation 
stages, resulting in more heat generation, whereas less 
heat is generated during no-load periods with lower 
power requirements. 

The cathode inlet temperature shows significant 
variation during the soil-cutting and soil-transportation 
stages, increasing from 335 K to 344 K and then 
decreasing to around 335 K. This is because during the 
soil-cutting stage, there is a substantial increase in air 
flow rate, leading to higher operational power of the air 
compressor and consequently more heat generation. 
Afterward, the temperature reduction is minimal as the 
air passes through the intercooler. Subsequently, the air 
enters the humidifier where the temperature of the 
humidified exhaust air is also high, resulting in a higher 
cathode inlet temperature. 

Additionally, Fig. 7 illustrates that the trend in anode 
inlet temperature is opposite to that of the cathode. 
During the soil-cutting phase, the temperature decreases 
from 294 K to 281 K and then increases to 294 K during 
the unloading soil stage. This is primarily reason that the 
anode is primarily heated and humidified by the 
hydrogen circulation pump. And during the soil-
transportation stage, an increase in hydrogen mass flow 
rate leads to a decrease in the temperature of the 

incoming gas mixed with the circulated gas from the 
hydrogen circulation pump. 
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Fig. 7 Variations in stack and coolant temperatures 

under typical operating conditions. 

3.4 Liquid water monitoring 

Fig. 8 shows the variation trend of liquid saturation 
in the PEMFC at different operating times of the 
bulldozer. Fig. 8(a) depicts the trend of liquid saturation 
in catalyst layer. It is observed that the liquid saturation 
rapidly increases during the soil-cutting stage, gradually 
stabilizes during the soil-transportation stage, sharply 
decreases during the unloading soil stage, and eventually 
stabilizes during the no-laod stage. The maximum 
average liquid water saturation reaches 0.18 at the 32 s 
and stabilizes at 0.13 after unloading soil. Fig. 8 (b) shows 
the liquid saturation in gas diffusion layer, the average 
liquid saturation reaching a maximum of 0.30 at the 32 s. 
The main reason is that from the soil-cutting stage, 
current density rapidly increases, maintains a higher 
value during pushing stage, and decreases during the 
unloading soil phase. This leads to corresponding 
changes in the water generated by the reactions. Fig. 8 
also indicate uneven distribution of liquid, with less at 
the gas inlet side and more at the outlet side, especially 
pronounced at the 32 s. This unevenness is primarily due 
to gas flow carrying away some liquid, gradually 
accumulating at the outlet side.  The water produced 
during the soil-transportation phase gradually 
accumulates, reaching its maximum at the 32 s. This 
causes uneven distribution of liquid in the 32 s. This 
phenomenon increases the likelihood of localized 
flooding towards the end of the pushing stage and the 
beginning of the dumping stage. 
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(a) Liquid saturation of catalytic layer 
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(b) Liquid saturation of microporous layer 
Fig. 8: liquid saturation of cathode 

4. CONCLUSIONS 
This work establishes a simulation model for a 

PEMFC-battery powered bulldozer, analyzing the 
variation trends in PEMFC performance under typical 
operating conditions. The aim is to clarify the stability of 
PEMFC operation and potential failure points during 
bulldozer operations. These findings provide insights into 
optimizing PEMFC performance and operational stability 
in PEMFC-battery bulldozers applications. The main 
conclusions are as follows: 

(1) PEMFC power and current density rapidly 
increase to 110 kW and 1.513 A/cm² during the soil-
cutting phase, and then decrease rapidly to 50 kW and 
0.551 A/cm² during the unloading soil phase, showing 
significant rate of change. 

(2) The PEMFC stack temperature can reach a 
maximum of 346 K. The average liquid saturation in gas 
diffusion layer reaches a maximum of 0.30 at the end of 
the soil-transport phase. The uneven distribution of 
internal liquid is significant. 

(3) There is significant uneven distribution of liquid, 
which could lead to localized flooding issues at the end 
of soil-transport. Appropriate strategies need to be 
implemented to control. 
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