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Abstract: In the near future, the use of FCVs (fuel cell vehicles) is expected to help mitigate environmental problems such as 
exhaustion of fossil fuels and greenhouse gas emissions. Manufacturers publish an FCV’s specific fuel consumption, but not its 
dynamic characteristics such as fuel consumption ratio and motor power ratio. Thus, it is difficult to reflect the dynamic 
characteristics of FCVs in lifecycle system evaluation. To solve this problem, we propose a fuel-consumption simulation method for 
FCVs using a 1.2 kW stationary PEMFC (proton exchange membrane fuel cell). In this study, the specific fuel consumption under 
driving cycles such as the Japanese 10-15 and the JC08 modes are determined and compared with the FCV simulation results 
obtained using fuel consumption ratios derived from the stationary PEMFC. In the simulation, the specific fuel consumption was 
found to be 1.16 kg-H2/100-km for the base case under the Japanese 10-15 driving cycle. 
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1. Introduction 

Environmental problems such as exhaustion of fossil 

fuels and GHG (greenhouse gas) emissions are 

associated with conventional diesel-powered and 

gasoline-powered automobiles. HEVs (hybrid electric 

vehicles), EVs (electric vehicles), and FCVs (fuel cell 

vehicles) have been developed to mitigate these 

problems. Having said that, HEVs also produce GHG 

emissions because they use fossil fuels, and EVs have a 

short range per charge, making both less than ideal 

solutions. 

On the other hand, FCVs, being hydrogen-powered, 

do not produce any harmful emissions during their 

lifecycle [1]. Hydrogen can be abundantly obtained 

from various resources such as fossil fuels, biomass 

and water, and it is therefore considered a promising 

alternative fuel [2]. FCVs therefore represent the best 

solution to the abovementioned problems [3]. 
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In an FCV, a FCS (fuel cell system) is used as a 

power source. An FCS comprises a PEMFC (proton 

exchange membrane fuel cell) and a battery. A 

PEMFC affords rapid startup, stable performance and 

easy operation in subzero temperatures, all of which 

are desirable for applications to vehicles [4]. 

Furthermore, the battery can be charged by the  

energy recovered during braking while the vehicle is 

running. 

Manufacturers publish an FCV’s specific fuel 

consumption, but not its dynamic characteristics such 

as fuel consumption ratio and motor power ratio. The 

fuel consumption ratio is the fuel consumption of each 

output power of fuel cell; it affects the specific fuel 

consumption. For calculating an FCV’s specific fuel 

consumption, its fuel consumption over a unit distance 

and range should be known. However, studies have 

thus far reported only on the fuel consumption ratios in 

the steady state [5], manufacturer-published values [6], 

or theoretically determined values [7, 8]. Therefore, it 

is important to determine the dynamic characteristics 

of FCVs through a lifecycle evaluation for a 
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hydrogen-based driving environment. Although a 

large-scale social evaluation using actual FCVs is 

desirable, doing so would be difficult and inefficient. 

To consider the effect of the dynamic characteristics 

on the specific fuel consumption, we propose a fuel 

consumption simulation method for FCVs powered by 

a 1.2 kW stationary PEMFC. In this study, the specific 

fuel consumptions in driving cycles such as the 

Japanese 10-15 and the JC08 modes are investigated 

and compared. Furthermore, the results of FCV 

simulation in the base cases are compared using the 

fuel consumption ratios derived from the stationary 

PEMFC. 

2. Simulation Conditions 

2.1 FCV Power Train 

FCVs are of two types. In one type, the FCS is the 

only installed power source, and therefore, braking 

energy cannot be recovered. In the other type, called as 

FCHVs (fuel cell hybrid vehicles), a battery is installed 

as a power source in addition to the FCS, and therefore, 

braking energy can be recovered and used for charging 

the battery. An FCHV vehicle is driven through motors 

installed in each wheel that draw power from the FCS 

and the battery. In this study, we use an FCHV because 

its specific fuel consumption is better than that of FCVs. 

Table 1 lists the vehicle parameters and specifications 

of the power train used in this study [5]. This data was 

obtained from Ref. [9]. The FCV’s power sources were 

a 45 kW FCS and a 1.5 kWh battery. The capacity and 

battery SOC (state of charge) are considered important 

parameters because they strongly influence the 

vehicle’s range. The battery SOC is the ratio of the 

residual battery charge at a given instant to the full 

battery charge; in this study, it ranges from 0.3 to 0.7 

[10]. The converters considered in this study are 

constant-efficiency ideal power converters. 

2.2 Driving Cycle 

A driving cycle is a series of data points representing 

the vehicle speed versus time. Many types of driving  

Table 1  Vehicle parameters. 

Item Value 

Vehicle total mass m 1,500 kg 

Final drive gear efficiency ηg 0.95 

Tire radius r 0.29 m 

Aerodynamic drag coefficient Cd 0.37 

Vehicle frontal area S 2.59 m2 

Air density ρ 1.21 kg/m3 

Rolling resistance coefficient μr 0.014 

Elctric motor Wmax 75 kW 

FCS WFCmax 45 kW 

Battery  1.5 kWh 

Efficiency of converters ηc 0.95 
 

cycles are used worldwide. In Japan, the 10-15 mode is 

used most commonly. It was defined in 1992 for urban 

driving (10 mode) and suburban driving (15 mode). 

However, no improvements have been made to it 

recently with regard to the measurement technique and 

changes in driving environment. The JC08 mode, a 

new driving cycle, is also considered [11]. Fig. 1 shows 

the vehicle speed at each every second. There are 

differences in the maximum speed, average speed, 

cruising distance and measurement times. Therefore, 

the specific fuel consumption in the JC08 mode is less 

than that in the 10-15 mode. In this study, we simulated 

FCV driving in both modes. 

2.3 Experimental Apparatus 

The experiment was carried out using a NexaTM 

power module (Ballard Power Systems, Inc.). Fig. 2 

shows the experimental apparatus. The NexaTM power 

module is a small, fully automated FCS consisting of a 

stack and auxiliaries. It has a rated output of 1.2 kW. 

Hydrogen (> 99.99% purity) is supplied at the anode 

flow field with no humidification, and five psi pressure 

is maintained during rated operations using a regulator. 

Ambient air humidified through an in-built humidity 

exchanger is supplied to the cathode flow field. Air is 

removed from the outlet with an additional amount of 

water, while the hydrogen outlet is sealed. The stack is 

air-cooled through 18 vertical cooling holes between 

the cells. 
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Fig. 1  Relationship between speed and time in each driving 
cycle. 
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Fig. 2  Schematic diagram of experimental apparatus. 
 

In the experiment, a 1 kW DC electric load 

(Takasago: FK–1,000 H) is used for loading the stack. 

The stack is operated at a variable power load of 

0-1000 W, and the cell currents, voltages, and fuel 

consumption rate are measured using purpose-built 

monitoring software (Ballad Power System: NexaMon 

OEM2.0). A DC power supply (Kenwood: PA16-8A) 

is used for startup. All measurements were performed 

at ambient temperature. 

Fig. 3 shows the performance of the PEMFC stack 

under constant power load operation. The open-circuit 

voltage is 42.12 V. The obtained output current and 

voltage obtained under a constant power load of 900 W 

are 32.34 A and 27.8 V, respectively. Fig. 4 shows the 

relationship between the fuel cell power and the fuel 

consumption under constant power load operation. The 

solid line indicates the fuel consumption ratio of the 

fuel cell in the steady state. 
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Fig. 3  PEMFC performance. 
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Fig. 4  Relationship between fuel cell power and fuel 
consumption. 

3. Methods 

3.1 Simulation Flowchart 

Fig. 5 shows the simulation flowchart. In this study, 

the FCV driving simulation is carried out using a 1.2 

kW stationary PEMFC under load following fuel cell 

operation. 

Therefore, the stationary PEMFC’s power is 

calculated using a scaled-down equation with regard to 

the car specifications, driving cycles, and FCS 

operation under rule-based management. The 

simulation results indicate the fuel consumption at the 

end of a driving cycle. This rate and the driving 

distance per driving cycle are used for calculating the 

specific fuel consumption. 

3.2 FCS Operation 

The driving simulation of the FCV with a battery is 

performed under FCS operation. The FCS operation 

performs  fuel  cell   power   management,  which 

influences fuel consumption in a driving cycle. In this  
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Fig. 5  Simulation flowchart. 
 

study, the FCS operation adopts rule-based 

management. The operation is executed in four 

different modes, namely, battery mode, FCS mode, 

hybrid mode, and charge mode, as summarized in 

Table 2. 

In the battery mode, the motor power Wm (kW) is 

supplied only by the battery because the FCS efficiency 

is low. The motor power is 0-5 kW, and the battery 

SOC is greater than 0.3 in this region, as follows: 

0
m b

F

W W

W




    (1) 

where, Wb (kW) denotes the battery power. In the FCS 

mode, the motor power is supplied only to the FCS, 

because its efficiency is high. The motor power 

exceeds 5 kW but is less than Wcons (kW), and the 

battery SOC is less than 0.3 in this region, as follows: 

m FW W                (2) 

where, WF (kW) denotes the FCS power and Wcons, the 

constant FCS power. Wcons affects fuel consumption. 

Thus, in this study, we use four different Wcons values 

for the four modes of operation: 10, 15, 20, and 25 kW. 

Furthermore, we define the base case as that in which 

Wcons is 20 kW. 

In the hybrid mode, the FCV power is supplied to 

both the battery and the FCS. The motor power exceeds 

Wcons (kW), and the battery SOC is greater than 0.3 in 

this region, as follows: 

m b cons

F cons

W W  +W

W W




   (3) 

Table 2  FCS operation mode. 

 
Battery SOC 

0-0.3 0.3-0.7 0.7-1.0 

Motor 
power 
(kW) 

-0 
Charge 
mode 

Charge mode ☓ 

0-5 FCS mode Battery mode 
Battery 
mode 

5-Wcons FCS mode FCS mode FCS mode

Wcons- FCS mode Hybrid mode 
Hybrid 
mode 

 

In the charge mode, braking energy is recovered and 

stored in the battery. The motor power is less than 0 W, 

and the battery SOC is less than 0.7 in this region, as 

follows: 

0
bat m K

F

Q W

W

 


   (4) 

where, Qbat (kW) denotes the battery SOC and ηg, the 

battery’s recovery rate (= 0.74) [12]. If the SOC is 

greater than 0.7, braking energy is not recovered in 

order to prevent overcharging. 

3.3 Conversion of Motor Power into FCS Power 

In this study, the FCV driving simulation is 

performed using a 1.2 kW stationary PEMFC, as 

described in Section 2.3, under the load following 

operation of the fuel cell. Therefore, the power of the 

stationary PEMFC is calculated using the conversion 

equation with regard to the car specifications, driving 

cycles, and FCS operation under rule-based 

management. These parameters are used for 

calculating the driving power, vehicle running 

resistance, and motor power consumption rate. The 

driving power F (N) is calculated under the assumption 

that the vehicle running resistance R (N) is equal to the 

driving power, as follows [13]: 

r a cF R R R R       (5) 

where, Rr, Ra, and Rc denote the rolling resistance, air 

resistance, and acceleration resistance, respectively. 

These factors are expressed as follows: 

r rR mg       (6) 

21

2a dR C Sv      (7) 

( )cR m m'       (8) 
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In Eq. (6), μr denotes the rolling resistance; m, the 

total vehicle mass; and g (m/s2), the gravitational 

acceleration (= 9.81). In Eq. (7), Cd denotes the 

aerodynamic drag coefficient; ρ (kg/m2), the air density; 

S (m2), the vehicle frontal area; and v (m/s), the vehicle 

velocity in the driving cycle. In Eq. (8), m’ (kg) denotes 

the inertial mass and α (m/s2), the acceleration rate in 

the driving cycle. Furthermore, the motor power Wm 

(kW) is expressed as follows: 

2
m

c g

rV
W F


 

              (9)

 
where, r (m) denotes the tire radius; V (m/s), the rolling 

velocity in the driving cycle; ηc, the converter 

efficiency; and ηg, the final drive gear efficiency. 

However, the FCS power WF exceeds 1.2 kW because 

the FCS installed in the FCV is rated at 45 kW. 

Therefore, in this study, the scaled down power of W 

(kW) is calculated using the conversion equation 

considering the motor power consumption of a 1.2 kW 

stationary PEMFC, as follows: 

0

F C SW
k

W
                 (10)

 
FW

W
k

                 (11) 

where, WFCS (kW) denotes the maximum FCS power 

and W0 (kW), the stationary PEMFC maximum power. 

3.4 Calculation of Specific Fuel Consumption 

In this experiment, the scaled-down power W is 

input to a DC electrical load connected to the 

stationary PEMFC every second. The input power 

range of the DC electrical load employed herein is 40 

-1,000 W. Therefore, the scaled-down power W is 40 

W; when this value is less than 40 W, we define it as 

the FCS’s idling state. 

At the end of a driving cycle, specific monitoring 

software is used for obtaining output parameters such 

as stack currents, voltages and hydrogen consumption 

rate. The specific fuel consumption is expressed as 

follows: 

FC V

100
FE kL

d
     (12) 

where, FEFCV (kg-H2/100-km) denotes the specific fuel 

consumption; L (kg), the total hydrogen consumption 

in this experiment; and d (km), the driving distance. 

4. Results and Discussion 

4.1 Experimental Result 

The FCS powers are calculated using Eqs. (1)-(9) 

and the vehicle parameter values. The maximm FCS 

power values obtained in the Japanese 10-15 and the 

JC08 modes are 23.6 kW and 25.7 kW, respectively. 

The scaled-down power W in this experiment is 

calculated using Eqs. (10) and (11). Fig. 6 shows the 

output power of the 1.2 kW PEMFC in the base case, 

which is not greater than 444 W. In this manner, the 1.2 

kW of the PEMFC is generated under the load 

following operation in the constant-power mode. In 

this experiment, the PEMFC stack power was not less 

than the scaled-down power W and showed sufficient 

response to the input value. 

4.2 Fuel Consumption in 10-15 and JC08 Modes 

Fig. 7 shows the specific fuel consumption values in 

the Japanese 10-15 and the JC08 modes. In this study, 

the battery is assumed to be fully charged initially; thus, 

the SOC starts from 0.7 for the driving cycles. 

For the base case wherein Wcons is 20 kW under the 

Japanese 10-15 and the JC08 modes, the specific fuel 

consumption values were 1.15 kg-H2/100-km and 1.16 

kg-H2/100-km, respectively. In other words, the 

specific fuel consumption under the Japanese JC08 

driving cycle was 0.56% higher. The reported specific 

consumption under the Japanese 10-15 mode [5] is 

1.09 kg-H2/100-km. It is less than that in this study, 

because the reported one was considered as zero under 

no output from the motor. In this study, however, the 

FCS consumes fuel in the idling state when the input 

value of W is less than 40 W. 

Fig. 8 shows that the final SOC values under the 

Japanese 10-15 and the JC08 modes were 0.65 and 0.64, 

respectively; the JC08 mode value is lower because the 

distance driven in that mode is longer. When Wcons is  
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Fig. 6  Output power of 1.2 kW PEMFC in base case. 
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Fig. 7  Specific fuel consumption in Japanese 10-15 and 
JC08 modes. 
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Fig. 8  Final SOC in Japanese 10-15 and JC08 modes. 
 

lower than 20 kW, the specific fuel consumption is low 

because battery power is consumed instead of FCS 

power. Therefore, the final SOC was less than that in 

the base case. 

Fig. 9 shows the rate of motor power under the 

Japanese 10-15 and the JC08 modes. The FCS power is 

0-5 kW or more than 70% of the measurement time. 

Because the vehicle is in the FCS or hybrid mode    

for the remaining measurement time, it affects the 

specific fuel consumption and the final SOC. When Wm 

exceeds 20 kW, the rate of motor power under the 

Japanese 10-15 mode was 0.5%. Thus, the specific fuel  
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Fig. 9  (a) Motor power rate in Japanese 10-15 mode; (b) 
motor power rate in JC08 mode. 
 

consumption and the final SOC differ little from the 

result of the base case. However, the specific fuel 

consumption under the Japanese JC08 mode was 

greater than that in the base case because the rate of 

motor power was 1.8%, which is higher than that under 

the Japanese 10-15 mode. 

4.3 Comparison of Specific Fuel Consumption 

In a previous research [5], the fuel consumption 

ratios in the steady state were used for calculating the 

specific fuel consumption. Thus, the specific fuel 

consumptions in the base case in the Japanese 10-15 

and the JC08 modes are compared with the calculation 

results arrived at using the fuel consumption ratios in 

the steady state obtained from the stationary PEMFC. 

Fig. 10 shows the specific fuel consumption yielded 

by the proposed simulation model used in this study and 

the calculated values using the fuel consumption ratios 

derived from the stationary PEMFC. The specific fuel 

consumptions obtained using the fuel consumption ratios 

in the steady state under the Japanese 10-15 and the JC08  
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Fig. 10  Comparison of specific fuel consumption in base 
case. 
 

modes are 1.06 kg-H2/100-km and 1.08 kg-H2/100-km, 

respectively. These consumptions are lower than the 

results of the proposed simulation method. 

Fig. 11 shows the dynamic behaviors of fuel 

consumption in the proposed simulation model. There 

is a similar tendency between the fuel consumption 

ratio of the FCS in the Japanese 10-15 and the JC08 

modes. Variability in the 5-10 kW range is 0.04 -0.28 g. 

A large difference is observed at an FCS power of 0 

kW owing to the power consumption by the auxiliaries. 

The median and standard deviation are calculated for 

four FCS power bins, namely, 0-5, 5-10, 10-15 and 

15-20 kW. Fig. 12 shows the median of fuel 

consumption for each bin. When the FCS power is 0 

kW, the specific fuel consumption is greater than that 

obtained using fuel consumption ratios derived from 

the stationary PEMFC. The state in which the FCS 

power is 0-5 kW occupies more than 70% of the 

measurement time, as shown in Fig. 9. Thus, the 

increase in the specific fuel consumption in this 

simulation is attributed to the fuel consumed by FCS 

idling. 

Fig. 13 shows the standard deviation of the fuel 

consumption observed from the experimental results. 

In this simulation, the fuel consumption varies widely, 

but the minimum standard deviation is 0.02 and the 

maximum is 0.04. These values are very small and are 

virtually constant. 

5. Conclusions 

In this study, a simulation model for determining the  
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Fig. 11  Distribution of the fuel consumption. 
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Fig. 12  Median of the fuel consumption. 
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Fig. 13  Standard deviation of the fuel consumption. 
 

specific fuel consumption of an FCV using a stationary 

PEMFC was proposed and evaluated. The specific 

fuel consumptions for driving cycles in four different 

modes were investigated and compared with the FCV 

simulation results using the fuel consumption ratios 

derived from the stationary PEMFC in the base case. 

The specific fuel consumption values under the 

Japanese 10-15 and the JC08 modes are 1.153 

kg-H2/100-km and 1.160 kg-H2/100-km, respectively, 

in the base case. When Wcons is lower than 20 kW, the 

specific fuel consumption is low because battery power 

is consumed instead of FCS power. Therefore, the final 

SOC is less than that in the base case. When Wcons is 

higher than 20 kW, the motor power rate under the 
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Japanese 10-15 mode is 0.5%. Thus, the specific fuel 

consumption differs slightly from that in the base case. 

The base case results are compared with the FCV 

simulation results using the fuel consumption ratios 

derived from the stationary PEMFC. In the Japanese 

10-15 and JC08 modes, the specific fuel consumption 

values obtained using the steady-state fuel 

consumption ratios are 1.06 kg-H2/100-km and 1.08 

kg-H2/100-km, respectively. These values are smaller 

than those obtained from the results of the proposed 

simulation method because the fuel consumption in 

actual systems is not constant in terms of the FCS 

power. Although this simulation precisely measures 

the specific fuel consumption, it can be used for 

determining the effect of dynamic characteristics such 

as variability in fuel consumption. Therefore, this 

method can provide independent and objective 

information on the real-world specific fuel 

consumption of FCVs. 
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