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Abstract 

Proton Exchange Membrane fuel cell (PEMFC) technology for use in fuel cell vehicles 

and other applications has been intensively developed in recent decades. Besides the fuel 

cell stack, air and fuel control and thermal and water management are major challenges in 

the development of the fuel cell for vehicle applications. The air supply system can have 

a major impact on overall system efficiency. In this paper a fuel cell system model for 

optimizing system operating conditions was developed which includes the transient 

dynamics of the air system with varying back pressure. Compared to the conventional 

fixed back pressure operation, the optimal operation discussed in this paper can achieve 

higher system efficiency over the full load range. Finally, the model is applied as part of a 

dynamic forward-looking vehicle model of a load-following direct hydrogen fuel cell 

vehicle to explore the energy economy optimization potential of fuel cell vehicles. 

 

Keywords: fuel cell system; direct hydrogen fuel cell vehicle; optimization model; 

simulation 
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1 Introduction 

In recent decades the hydrogen Proton Exchange Membrane fuel cell (PEMFC) 

technology for use in fuel cell vehicles has been intensively developed by major auto 

companies. However, the use of fuel cells in vehicles is still far from the mass production 

subject to further technical development such as durability and cost [1]. Fuel cell 

applications in automobiles are particularly difficult because of the rapidly varying 

driving conditions in these applications. The fuel cell system consisting of the stack, air 

and fuel subsystem and water and thermal management subsystem is often designed to 

achieve a specified maximum power and the operation is optimized around the nominal 

operating point in order to maximize the overall system efficiency. In automotive 

applications, the fuel cell systems have to be able to adapt to a wide range of operating 

conditions such as frequent start-up and stop, sudden load changes, and varying power 

levels. Improper system design and control can cause air/fuel starvation, flooding, 

membrane drying, and pressure imbalance across the membrane, which will damage the 

fuel cell stack. Therefore, there is a need to develop a tool to optimize the fuel cell system 

operation over the full load range to achieve stable system operation and maximum fuel 

economy.  

 

Much work has been done in the past to model fuel cell systems, optimize the operating 

conditions, and simulate the fuel cell vehicles. Fuel cell models at the cell level are 

presented in [2-4]. Studies concerned with optimum operating conditions are discussed in 

[5-12]. The characteristics of the low pressure and high pressure fuel cell systems are 

addressed with regard to the system efficiency and transient response in [7,13,14]. 
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Lumped filling/emptying dynamic fuel cell models are presented in [15-17]. Air supply 

control strategies and analyses based on dynamic quasi-steady fuel cell operation are 

described in [15,18-23]. These studies established a good foundation for understanding 

fuel cell systems and fuel cell vehicles. However, the above models were developed for a 

specific fuel cell system or without considering the design of the stack, sizing of the 

system, or optimization of operating conditions. In addition, the models did not treat the 

transient dynamics of the system and its effect on system efficiency. A fuel cell system 

optimization model which treats on a controls basis the transient dynamics of the system 

and is applicable to a generic fuel cell design (scalable to fuel cells of arbitrary power) is 

needed for evaluating the fuel cell system in vehicles of various classes and for exploring 

the energy economy of those vehicles. The development and application of such a model 

are the subjects of this paper. 

 

The fuel cell system and its integration into a fuel cell vehicle are presented in section 2. 

The quasi-steady optimization model and optimum highest efficiency operation including 

transient dynamic effects are described in section 3. Simulation results of fuel cell-

powered vehicles with optimum operating conditions on various driving cycles are 

presented in section 4. The conclusions are summarized in section 5. 

2 Fuel Cell System for Vehicles 

2.1 Fuel Cell System 

The fuel cell stack is the heart of a fuel cell system. However, without auxiliary 

components such as the air compressor, humidifier and pressure and flow regulators, the 
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stack itself would not work. Fuel cell system configurations vary considerably in 

different applications. A direct hydrogen fuel cell system, as shown in Fig.1, typically 

involves the following four major auxiliary subsystems: air supply and control, fuel 

supply and control, water management, and thermal management subsystems. The air 

supply subsystem includes interacting components, namely, air compressor and expander, 

supply manifold, cathode side of the fuel cell stack, return manifold, and back pressure 

control valve. The fuel supply subsystem consists of a high pressure fuel tank, pressure 

regulator, supply manifold, the anode side of the fuel cell stack, and purge control valve. 

Water management subsystem includes air/fuel humidifiers or vapor injector and vapor 

condenser. The thermal management consists of the cooling loop for the stack and 

temperature control for humidifiers and a radiator. The four subsystems interact and have 

a large effect on the performance and efficiency of the fuel cell stack. 

 

The fuel cell system operation is complex due to the coupling of the subsystems - the 

stack, air and fuel supply, and the water and thermal management. In modeling the 

system, care must be taken to include the level of model complexity needed to adequately 

account for the impact of the different components on the overall system. The effect of 

transient phenomena on the electrochemical processes in the stack can be ignored due to 

their fast response. The response of the water and thermal management subsystems is 

relatively slow. Hence, the stack and humidifier temperature change slowly and can be 

considered as constants. Compared to the air filing/emptying dynamics, hydrogen supply 

from a high pressure tank is fast and its dynamics can be ignored. Therefore, only the 

transient dynamics related to the air supply subsystem can have a large impact on the 
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system performance and it is considered in the model. The parasitic loss from the air 

supply system accounts for about 80 percent of the total losses. Therefore, the air supply 

has a dominant impact on the system efficiency. The parasitic the losses from the water 

and thermal management subsystems used in the optimization model are scaled from the 

quasi-steady model [6] of those systems.  

 

A dynamic air supply model including the fuel cell stack manifold and channels and the 

compressor was developed and then integrated into the fuel cell system/vehicle model 

developed by the UCD fuel cell vehicle modeling group [5,11,21]. The system shown in 

Fig.2 contains component models for each of the key fuel cell system components.  

 

The stack current is used to calculate the hydrogen required. The optimum operating 

conditions such as mass flow, back pressure, and water and thermal management data, 

obtained from the quasi-steady fuel cell system optimization model, are used in the 

dynamic model. The optimal air mass flow is achieved through a combination of feed-

back and feed-forward control of the compressor. The back pressure of the stack is 

controlled by adjusting the opening area of the throttle through a feed-back and feed-

forward controller. Therefore, the fuel cell system is controlled to operate around its 

optimum conditions. The details of the transient dynamic model are given in [24]. 

2.2 Fuel Cell Vehicle Model 

The dynamic fuel cell system model was integrated into a forward-looking vehicle model 

of a load-following direct hydrogen fuel cell vehicle (DHFC). The fuel cell vehicle was 

not hybridized with a battery. The driver end of the fuel cell vehicle model shown in 
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Fig.3 consists of three main blocks: drive cycle, driver, and vehicle. The detailed vehicle 

model can be seen in [21,22]. The block of drive cycle defines the driving profile as 

velocity vs. time. The driver block represents the driver properties, generating the 

acceleration and brake commands to the vehicle block according to the driving cycle and 

the actual vehicle velocity. The block of vehicle includes vehicle body, traction motor 

and transmission, and fuel cell system. The motor and transmission subroutines generate 

the fuel cell current command for the fuel cell system model. Simulations are performed 

for various drive cycles such as FUDS, US06, HIWAY, JP1015, ECE, and NEDC. 

 

In a fuel cell vehicle, the hydrogen fuel may not be fully utilized. For closed end 

hydrogen fuel cell systems, frequent purging is used to remove the accumulated water 

vapor and nitrogen diffused through the membrane. The purging parasitic loss is 

neglected in this model. For an open-end hydrogen fuel cell, a pump is employed to 

circulate the unused hydrogen. This loss can be significant, but compared to the air 

supply system and cooling system, the power consumption of the fuel supply system is 

small and is neglected in the model. 

3 Optimization of Operating Conditions 

3.1 Optimization Model 

The fuel cell stack delivers electricity at high efficiency. However, the operation of the 

on-board auxiliaries significantly affects the performance and efficiency of fuel cell 

system. The fuel cell system optimization model was first developed by the UCD fuel 

cell vehicle modeling group in 2002 to analyze various air supply configurations and 
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their tradeoffs and to search for the optimum operating conditions to maximize the net 

system power and system efficiency. The optimization model in this paper was developed 

based on the former model with additional consideration given to the flow field channel 

design in the fuel cell stack, sizing of the air supply system, and the impact of the 

humidification and oxygen consumption on the pressure loss.  

 

The GUI of the quasi-steady fuel cell system optimization model is shown in Fig.4. The 

interface gives some key factors which affect the system optimization results. The fuel 

cell performance is sensitive to the mass flow of the reactants, which depends on the fuel 

cell stack design. The following are the key parameters: the number of cells, the active 

area of the cell, and flow field design including the channel shape, dimensions and 

spacing. In this optimization model, only rectangular flow channels are considered. A 

Vairex twinscrew compressor of 17.2 kW and a Solectria Induction motor and controller 

combination of 21 kW are employed for scaling the air supply system in the optimization 

model. Usually a compressor has best efficiency around the nominal operating point and 

lower efficiency in the lower load range. The ratio of compressor power to the maximum 

stack power is introduced to scale the air compression system.  

 

Temperature, relative humidity, operating pressure and the air mass flow are the four key 

external variables that have a major impact on the performance of the fuel cell stack. 

Assuming the stack temperature and the relative humidity are well controlled, the 

operating pressure and the air mass flow will determine the oxygen partial pressure at the 

cathode catalyst layer, which determines the resultant cathode overpotential for stack 
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current. In the optimization model, the average pressure in the stack is used to calculate 

the effect of the water vapor on the mass flow rate. Thermal and water management for 

fuel cells are challenging issues in automotive applications. Fuel cell operation at 

relatively low temperature requires a large radiator. A condenser is needed for recovering 

water for humidifying the inlet reactant gases. The losses from the coolant pump, radiator 

fan and condenser are small compared to the loss from the air compression subsystem. 

The water and thermal management components are scaled based results in [6] and the 

maximum stack power.  

 

The saturated water vapor pressure is the function of only temperature and is 0.46733 atm. 

at 80 °C. The change of the air mass flow caused by humidification is significant and 

should be considered for calculating the pressure drop on the flow channels of the stack. 

The dry air mass flow in the stack decreases due to the oxygen consumption in 

electrochemical reaction. The effect of the consumed oxygen on the change of the dry air 

mass flow should not be neglected when the stoich. ratio (SR) is less than 2.0. The 

oxygen, nitrogen and hydrogen diffusion through the membrane is small and its impact 

on the mass flow is neglected. The mole mass of the exhaust dry air depends on SR. 

However, the effect of the oxygen consumption at the cathode on the air mole mass is 

less than 2 percent and can be neglected in the fuel cell system optimization model when 

the SR is less than 2. The vapor mass flow contributes significantly on the stack pressure 

loss and is related to the dry air mass flow, pressure drop, and the back pressure 

according to the ideal gas law. The average pressure in the stack is used to calculate the 
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water vapor mass flow. The average mass flow in the stack is used to calculate the 

pressure loss in the optimization model. 

 

The actual pressure drop across the stack is related to the humid air mass flow, stack back 

pressure, and channel flow field plate design. The pressure loss can be obtained using the 

Darcy-Weisbach Law. In the optimization model, the maximum allowable pressure drop 

across the stack and the assumed flow path number (channel number) are known. First, 

the humid air flow rate is calculated with the back pressure, the dry air mass flow rate, 

and the interpolated pressure drop from the maximum allowable pressure drop. The 

actual pressure drop across the stack is then calculated. The model calculates for every 

triplet (the current density, J , the dry air mass flow, m&  and the back pressure, rP ) the 

net output power of ),,( rnet PmJP & . Then it scans among those which have 

),,( rnet PmJP & >0 and are within the safe operational region of the compressor, to find the 

one with max( ),,( rnet PmJP & ).  

)],,(max[),,( , rnetoptimalroptimalnet PmJPPmJP && =  

In other words, the optimal mass flow optimalm&  and back pressure optimalrP ,  will yield the 

maximum net power for certain J  values.  

 

In the last part of the calculation, the maximum actual pressure drop is obtained from the 

optimal results and compared with the input allowable pressure drop. If the maximum 

actual pressure drop on the stack matches the allowable pressure drop, the selected 

channel number is acceptable and the optimum operating conditions are also acceptable. 

Otherwise, the channel number is varied and the model is run until the maximum 
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optimum pressure drop on the stack is acceptable (less than the allowable pressure drop). 

The optimization process is given in Fig.5. 

 

3.2 Optimum Operating Conditions 

The number of cells in the stack is determined by the required voltage. The active cell 

area is obtained from the current needed at maximum power. The width/length ratio of a 

cell can be varied without changing the cell power at a given voltage. The channel 

dimensions are given according to the MEA mechanical properties. For optimal operation 

with varying SR and back pressure, the maximum allowable pressure drop across the 

stack is set to 0.4 atm. The flow path number (number of channels) is related to the 

maximum pressure drop in the cell. An initial channel number is assumed. The channel 

number is adjusted until the pressure drop for optimal operation approaches the allowable 

pressure drop. In the following analysis the relative humidity in the stack is set to 1.0 and 

the stack temperature is 80°C. 

 

It is of interest to compare fixed and varying pressure operation of the system. Hence the 

optimization model was modified to optimize the SR for fixed back pressure operation. 

For that analysis, the channel number from the optimum case with varying SR and back 

pressure is used and the allowable pressure drop is adjusted to match the maximum actual 

pressure drop in the stack. The modified optimization model was run with fixed back 

pressures of 2.0, 1.5, and 1.1 atm. The simulation parameters are listed in Table 1. A plot 

of system efficiency vs. system net power is shown in Fig. 6. The optimal polarization 
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curves, the compressor responses, and the pressure drop across the stack for different 

operating modes are shown in Fig.7, Fig.8 and Fig.9, respectively.  

 

The comparisons of the results for the different operating modes indicate the following: 

• The fuel cell system with optimal varying back pressure can achieve higher system 

efficiency over the full load range (Fig.6) and can produce more power than the fuel 

cell system operating at constant back pressures.  

• For the same fuel cell system with different operating modes, lower constant back 

pressure operation has higher pressure drop across the stack than other operating 

modes due to higher ratio of water vapor partial pressure to dry air partial pressure 

(Fig.9). 

• At low power demand, the fuel cell system operating at low pressure and at optimal 

back pressure has higher system efficiency than the fuel cell system operating at high 

pressure because of relatively low parasitic losses. 

• At high power demand, the high pressure operating mode and the optimal varying 

back pressure operation mode can achieve higher system efficiency compared to the 

low pressure operation due to the high oxygen partial pressure at the catalyst layer 

and low pressure loss on the stack. 

• At medium load demand, there is no apparent difference in the system efficiency for 

the different operation modes. However, low pressure operation requires a much 

larger humidifier than high pressure operation.  

• The optimal operation can achieve higher efficiency over wide load change. However, 

coordinated control of the compressor and the back pressure valve can be complicated 
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and is needed to avoid large transient voltage drops during rapid changes in power 

demand. 

4 Simulation Results for Fuel Cell Vehicles 

The optimum model of fuel cell operation was applied to the load-following DHFC 

vehicle [8] with an updated traction motor controller and a scalable dynamic fuel cell 

system model. The simulation results shown in Fig.10 indicate that the speed of the 

vehicle operating at the optimum conditions follows the drive profile seamlessly. 

However, the vehicle model with the dynamic fuel cell system has high voltage 

fluctuations. The high voltage drops that occur during fast accelerations can be avoided 

by hybridization of a fuel cell system with electric energy storage (batteries or 

ultracapacitors). Fig.11 shows the fuel cell system performance in a DHFC vehicle on the 

FUDS cycle. The system performance with the original quasi-steady fuel cell model [22] 

is also shown in Fig.11. It can be seen that the maximum power required during the 

FUDS drive cycle was approximated 40 kW. Most of the time the vehicle operates in low 

power range. Note that the fuel cell system efficiencies from the original quasi-steady and 

the new transient dynamic fuel cell vehicle calculations are consistent.  

 

The fuel economy of fuel cell vehicles on various drive cycles was calculated using the 

new fuel cell system model. The vehicle and fuel cell system parameters used in the 

calculations are given in Table 2 (Case 1) and Table 3 (Case 2). The DHFC vehicle 

model with the fuel cell system operating at the optimum operating conditions was 

compared with the DHFC vehicle with the fuel cell system operating at the fixed back 

pressures of 2.0 atm., 1.5 atm. and 1.1 atm. The fuel economies (Fig.12) for the various 
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driving cycles indicate that optimal varying back pressure operation can achieve a higher 

vehicle fuel economy compared to fixed high back pressure operation. The vehicle with 

the fuel cell system operating at the fixed low pressure has almost the same fuel economy 

as that of the vehicle with optimal varying back pressure operation. However, the low 

constant back pressure operation has lower maximum net fuel cell output power which 

will affect the vehicle acceleration performance. The low back pressure operation needs a 

larger humidifier and creates a higher stack pressure drop.  

 

Simulations were also run for the DHFC vehicle with a smaller fuel cell system (Case 2) 

to assess the effect of the size of the fuel cell system on vehicle fuel economy. The 

vehicle and fuel cell system parameters are given in Table 3. The simulated vehicle fuel 

economies for the various driving cycles are presented in Fig.13. The vehicle fuel 

economy in Fig.13 (case 2) was normalized with respect to the corresponding fuel 

economy of Case 1 for the each drive cycle and plotted in Fig. 14. It can be seen that 

employing a smaller fuel cell system in a DHFC vehicle has a little impact on the vehicle 

fuel economy for the optimal varying back pressure operation and low back pressure 

operation, but can significantly improve the fuel economy for the fixed high back 

pressure operation. 

5 Conclusions and Discussion 

A scalable fuel cell system model was developed for optimizing the operation of the fuel 

cell system. The design parameters of the stack and the sizing of the air supply and the 

water and thermal management subsystems were selected to maximize the system 

efficiency. The conditions for different operating modes were optimized by using the 
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system optimization model. The effects of optimizing the fuel cell system operation and 

the sizing of the fuel cell system on the vehicle fuel economy were studied for various 

drive cycles for a load following direct hydrogen fuel cell vehicle using the new transient 

dynamic fuel cell system model. 

 

The results of the study are summarized below: 

• Compared to fixed back pressure operation, the fuel cell system with the optimal 

varying back pressure operation can achieve higher system efficiency over the full 

operating range and can maximize the net system power. 

• For optimal varying back pressure operation and fixed low back pressure operation, 

the size of the fuel cell system has a little effect on the fuel economy of the vehicle. 

However, reducing the size of the fuel cell system will benefit the fuel economy of 

a DHFC vehicle with a fuel cell system operating at the fixed high back pressure. 

• The vehicle with the fuel cell system operating at fixed low pressure has almost the 

same fuel economy as that of the vehicle with optimal varying back pressure 

operation. However, the low constant back pressure operation has lower maximum 

net output power which will affect the vehicle acceleration performance. The low 

back pressure operation needs a larger humidifier and creates a higher pressure drop 

across the stack.  

 

The optimal operation of fuel cell system varies the back pressure and air supply SR 

according to the change of the power demand. These rapid changes in the operating 

conditions of the fuel cell stack can have a major impact on the lifetime of the fuel cell 
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stack due to the mechanical stresses on the MEA and the stack accessory components. 

Coordinative control of the mass flow and pressure of the cathode and anode sides of the 

stack is required. This is the main drawback of the optimal operation of the fuel cell 

system for automotive applications. These variations in operating conditions can be 

reduced by hybridizing the fuel cell system by the addition of electrical energy storage 

with batteries or ultracapacitors. In addition to reducing the sudden changes in operating 

conditions, the energy storage permits the capture of regenerative braking energy, which 

should improve the fuel economy by 10-15%. The fuel cell – battery hybrid vehicle and 

its control strategy and the effect of the transient response of the fuel cell system on the 

hybridization will be addressed in the future work. 
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Fig. 2 

 

 

 

 

 

 

Direct Hydrogen Fuel Cell System Model

.

Auxiliary 
Current

2

Stack
Voltage

1

Water/Thermal 
Management Subsystem    

Current

Cath. Exit Press.

Cath.  S.R.

Batt. Volt.

WTM Current

H2 Storage and Delivery

H2 Request

Fuel Utilization

H2 Flow into Anode

Stack Current

H2 Utility

Fuel Delivery Controller

Acc.Pedal Pos.

Stack Current

H2 Request

H2 Flow

Data Collection and Calculation

Stack Voltage

Stack Current

Auxiliary Current

Battery Voltage

Air Supply Subsystem & Fuel
Cell Stack Dynamic Model

Stack Current

H2 Utility

Batt. Volt.

Stack Volt.

Cath. Outlet Press.

Comp. Current

Stoic. Ratio

Battery Voltage 
for Auxiliaries

3

Acceleration
 Pedal Position

2

Stack 
Current

1

 

 

 

 

 

 



Page 23 of 37

Acc
ep

te
d 

M
an

us
cr

ip
t

23 
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Fig. 4 
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Fig. 7 
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Fig. 8 

 

 

 

 

0 20 40 60 80 100 120
1

1.5

2

2.5

Mass flow rate / g s  -1

C
om

pr
es

so
r p

re
ss

ur
e

 / 
at

m
.

 

 

Opt. Pr
Pr=2.0
Pr=1.5
Pr=1.1

 

 

 



Page 29 of 37

Acc
ep

te
d 

M
an

us
cr

ip
t

29 

 

 

Fig. 9 

 

 

 

 

 

0 200 400 600 800 1000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Current density / mA cm -2

P
re

ss
u

re
 d

ro
p 

on
 th

e 
st

ac
k 

/ a
tm

.

 

 

Opt. Pr
Pr=2.0
Pr=1.5
Pr=1.1

 

 

 

 

 



Page 30 of 37

Acc
ep

te
d 

M
an

us
cr

ip
t

30 

 

 

Fig. 10 
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Fig. 11 
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Fig. 12 
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Fig. 13 
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Fig. 14 

 

 

 

 

 

 

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

FUDS US06 HIWAY JP1015 ECE NEDC

Fu
el

 E
co

no
m

y,
 n

or
m

al
iz

ed
 t

o 
C

as
e 

1

Opt.Pr Pr=2.0 Pr=1.5 Pr=1.1
 

 

 



Page 35 of 37

Acc
ep

te
d 

M
an

us
cr

ip
t

35 

 

 

Table 1 

 

 

 

 

Fuel cell stack and system parameters 

No. of Cells 440 Width of Flow Path (mm) 1.2 

Active Area (cm2) 510 Depth of Flow Path (mm) 0.6 

No. of Flow Paths 15 Width of Landing Area (mm) 0.6 

Thickness of GDL 

(mm) 

0.15 Power Ratio of Twin Screw 

Compressor to Stack 

0.2 

 

 

 



Page 36 of 37

Acc
ep

te
d 

M
an

us
cr

ip
t

36 

 

 

Table 2 

 

 

 

Vehicle and fuel cell system parameters (Case 1) 

Vehicle and System Parameters 

Drag Coefficient 0.3 

Frontal Area (m2) 2.2 

Vehicle Hotel Load (kW) 0.3 

Vehicle Mass (kg) 1500.0 

Electric Motor (kW) 75.0 

Fuel Cell Stack and Auxiliaries 

Max. Net Power (kW) 87.6 

Gross Power (kW) 106.2 

Number of Cells 440 

Cell Area (cm2) 510.0 

Compressor (kW) 17.2 
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Table 3 

 

 

 

Vehicle and fuel cell system parameters (Case 2) 

Vehicle and System Parameters 

Drag Coefficient 0.3 

Frontal Area (m2) 2.2 

Vehicle Hotel Load (kW) 0.3 

Vehicle Mass (kg) 1500.0 

Electric Motor (kW) 50.0 

Fuel Cell Stack and Auxiliaries 

Max. Net Power (kW) 58.4 

Gross Power (kW) 70.8 

Number of Cells 440 

Cell Area (cm2) 340 

Compressor (kW) 11.4 

 

 


