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Article  

Performance Analysis Of Electric Vehicles With 
Fuel Cell-Supercapacitor Hybrid System
Carlos Armenta-Déu * and Alejandro Arenas 

Universidad Complutense de Madrid, Madrid, Spain 

Abstract: This paper presents a new methodology to evaluate the performance of an electric vehicle 

hybrid power system consisting of a fuel cell and a supercapacitor. The study compares the results 

with those obtained for a battery-electric vehicle. The methodology extends to three driving modes, 

ECO, NORMAL, and SPORT, corresponding to conservative, moderate, and aggressive 

acceleration, and three driving conditions, low, medium, and high energy demand. We develop a 

simulation process to evaluate the energy consumption and the energy rate of a specific electric 

vehicle used as a prototype for the study. The methodology applies to a driving route that includes 

acceleration, deceleration, braking, and constant speed segments reproducing standard driving 

conditions in urban journeys. The proposed method considers combined driving modes, ECO, 

NORMAL, and SPORT, in each acceleration process, with variable fractions, 0% to 100%, for each 

mode. This methodology optimizes the simulation results as it fits the current driving way in urban 

environments. The simulation results show an average reduction in energy consumption of 37% 

and 27.1% in vehicle weight, contributing to lower energy use. The study concludes that using a 

hybrid power system, fuel cell/supercapacitor, instead of a battery in electric vehicles is beneficial, 

especially in journeys with frequent acceleration processes. 

Keywords: electric vehicle; fuel cell; supercapacitor; hybrid power system; energy efficiency 

improvement; energy reduction; power system management; optimization 

Introduction 

The electric vehicle represents today the alternative to engine combustion cars in the search for 

a cleaner environment. The electric vehicle industry mainly operates with electric batteries to propel 

EVs; however, the problems associated with the scarcity of lithium, the main component of electric 

vehicle batteries [1–4], which may limit the use of battery electric vehicles [5–7], forced the 

manufacturers to search for an alternative propelling system, hydrogen [8–12]. 

The development of hydrogen fuel cell electric vehicles (HFCEVs) is a pending task to 

implement this kind of transportation in the modern society [13,14]. The low specific power of fuel 

cells is the main problem that arise when using hydrogen cells in electric vehicles [15,16]. 

Consequently, fuel cells cannot power electric vehicles in high demanding power periods because of 

the dynamics of hydrogen cell operation, using batteries to power the vehicle [17,18]. Battery vehicles 

are more capable, but the high current supply leads to high discharge rate, which affect the driving 

range [19–22]. 

The hydrogen system is lighter than batteries needed to propel a vehicle; however, the 

acceleration capacity decreases. To reduce this effect, we can use supercapacitors, which operate like 

batteries but with much higher charge and discharge capacity, weighing much less than a battery 

bank and playing the role of a power boost [23–25]. 

In this work, we simulate the performance of electric vehicles equipped with a hybrid system 

made up of a fuel cell and a supercapacitor, determining the gain in the driving range compared to 

the single fuel cell system. 

Fuel cell Electric Vehicle (FCEV) 
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The basic structure of a fuel cell power system in an electric vehicle consists of a series and 

parallel fuel cell grouping to generate the required voltage and current to supply power to the electric 

motor. Figure 1 shows the schematic layout of the fuel cell power system in an electric vehicle. 

The global voltage of the Fuel Cell system is determined using the following equation: 

( )FC s r act ohm concV N V V V V= − Δ − Δ − Δ   (1) 

Ns is the number of serial fuel cells, Vr is the reversible voltage of the fuel cell, and ΔV is the 

voltage drop [26]. Sub-indexes act, ohm, and conc account for the activation process of chemical 

species [27–29], ohmic losses due to ionic and contact resistance [30], and concentration effects caused 

by mass transportation [31,32]. 

 

Figure 1. Schematic view of a Fuel Cell System for Electric Vehicles. 

The total current generated by a group of fuel cells depends on the hydrogen flow according to 

the process: 
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Np is the number of parallel cells of the fuel cell system, e- is the electron electric charge, and ρ, 

M, and V are the density, molecular weight, and hydrogen flow, respectively. 

Combining equations 1 and 2: 
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Considering that the reversible fuel cell voltage and the voltage drop, ΔV, are constant: 
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Where the constant CH2 is: 

( ) 2
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ρ
−= − Δ   (5) 

Supercapacitor 

We may find three types of supercapacitors, electrochemical double-layer capacitors (EDLC), 

pseudo-condensers, and hybrid condensers [33–35]. The working mechanism of a supercapacitor is 

faradaic, non-faradaic, and a combination of both [36–41]. Faradaic supercapacitors characterize by 

electric charge transfer between electrode and electrolyte; however, in the non-faradaic type, there is 

no chemical reaction but a charge redistribution due to physical processes [42]. 

EDLC supercapacitors, used in high-density storage systems, are known as ultra-condensers and 

derive from classical condensers [43]. Nevertheless, the storage capacity of an EDLC is of farads, but 

in classical condensers is only of micro or mini-farads [44]. The greater storage capacity of an EDLC 

is due to its electrode/electrolyte electrochemical structure since the storage is in ionic form, which 

allows it to deliver high power. Indeed, the porous structure of the electrode increases the storage 

surface, and the charge density, which combined with a longer charge exchanging time, produces 

higher storage capacity. 

Due to the higher storage capacity, the electric vehicle industry uses EDLC for regenerative 

braking and acceleration processes as an alternative to batteries [45]. The quick charge/discharge 

process in EDLC reduces the energy losses and increases the efficiency [46]. 

Performance Simulation 

To run the simulation, we design a prototype representing the main characteristics of a different 

electric vehicle model selection. We replace the batteries of the prototype with a hybrid fuel cell and 

supercapacitor unit. The simulation run applies to three scenarios, high, medium, and low energy-

demanding routes, corresponding to the three types of driving according to the drivers’ attitude, 

aggressive, moderate, and conservative mode. An acceleration of 2.75 m/s2, 1.75 m/s2, and 1.25 m/s2 

characterizes the three driving modes, respectively. 

The driving conditions for the simulation running correspond to the different processes included 

in urban routes, acceleration, deceleration, constant speed, and braking. These processes occur with 

a non-defined sequence in a daily urban route; therefore, to simplify the calculation, we grouped all 

segments corresponding to the same process independently of the time they occur. Nevertheless, 

since the driving conditions at which the process takes place are not the same, for instance, different 

initial and final speeds or variations in the slope of the route, we divided every process into segments 

that share the same driving conditions. Tables 1–3 show the result of this classification. 

Table 1. Characteristics of the route for the simulation (low demanding). 

Slope (º) 
Initial speed 

(km/h) 

Final speed 

(km/h) 

Number of 

segments 
Driving condition 
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Table 2. Characteristics of the route for the simulation (medium demanding). 

Slope (º) 
Initial speed 

(km/h) 

Final speed 

(km/h) 

Number of 

segments 
Driving condition 
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Table 3. Characteristics of the route for the simulation (high demanding). 

Slope (º) 
Initial speed 

(km/h) 

Final speed 

(km/h) 

Number of 

segments 
Driving condition 
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The driven distance for every case is 8.17 km for a global driving time of 0.2 hours. 

The simulation considers that the acceleration is not constant in all cases since the driver may 

accelerate the electric vehicle differently during a segment; therefore, we divided each acceleration 

process into three, 30% of the time accelerating at conservative mode (ECO mode), 60% at moderate 

acceleration (NORMAL mode), and 10% at aggressive acceleration (SPORT mode). 

The simulation also calculates the charge consumption, in Ah/km, and the hydrogen flow 

required for every segment. The calculation method is the same as the one applied to electric vehicles 

equipped with batteries. 

Today, we find few commercial electric vehicles equipped with fuel cells; therefore, to obtain a 

valid result from the simulation process, we take the Hyundai NEXO as a reference, with a reported 

hydrogen consumption rate of 0.95 kg/100 km [47]. We use previous results as a reference for the 

process efficiency [48], adapting the results to a lighter and less powerful electric vehicle (Figure 2). 

Figure 2 extends the analysis of the fuel cell power up to 300 kW, which corresponds to a heavy 

truck; however, in our case we establish the limit in 70.15 kW, corresponding to a light vehicle (red 

dotted line). 

 

Figure 2. Efficiency and hydrogen consumption rate for a Fuel Cell Electric Vehicle. 

If we adapt the efficiency curve in Figure 2 to the prototype tested in our case, we obtain (Figure 

3): 
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Figure 3. Efficiency of the prototype Fuel Cell (simulation results). 

The algorithm inserted in Figure 3 shows the polynomial function that fits the calculated 

efficiency of the simulated fuel cell. We notice the perfect fitting between theoretical calculation and 

correlation fit. 

The efficiency allows the technician or user to determine the fuel consumption through the 

required energy for every segment.  

Technical Data 

To run the simulation we use specific technical data for the fuel cell/supercapacitor hybrid 

system. Table 4 shows the main parameters of the battery that powers the electric vehicle. 

Table 4. Values of the battery main parameters for the simulation process. 

Parameter Value 

Front area (A) 2.5 

Aerodynamic coefficient (Cx) 0.3 

Rolling coefficient (μ) 0.03 

Air density (ρ) 1.225 

Discharge efficiency (ηD) 0.85 

Regenerative process energy efficiency (ηr) 0.70 

Vehicle mass (kg) 1000 

Battery voltage (V) 400 

Maximum power (kW) 150 

The vehicle mass corresponds to the curb weight without a powertrain, battery, or fuel 

cell/supercapacitor hybrid system. The efficiencies, discharge and regenerative braking correspond 

to the battery discharge (wheel to the battery) and charge (battery to wheel) efficiency, which 

currently depend on temperature and driving mode; however, in our case, we consider these 

parameters constant for the simulation run. The selected efficiencies correspond to the Nissan LEAF 

model; A. Boretti [49] reports wheel-to-battery and battery-to-wheel efficiencies for the Nissan LEAF 

within the range of 30%-79% and 55.3%-89.6%. We adopted representative values within the intervals 

based on statistical studies [50,51]. Nevertheless, since a battery and a supercapacitor do not have 

Ef
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Power
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identical performance, the charge/discharge cycling efficiency values are different; therefore, we use 

specific coefficients for each system at the simulation run. 

According to the above statement, the parameter values used for the simulation in the case of 

supercapacitor are (Table 5): 

Table 4. Values of the main parameters for the hybrid fuel cell/supercapacitor system (simulation 

process). 

Parameter Value 

Front area (A) 2.5 

Aerodynamic coefficient (Cx) 0.3 

Rolling coefficient (μ) 0.03 

Air density (ρ) 1.225 

Fuel Cell average efficiency (ηD) 0.55 

Discharge efficiency (%) 0.80 

Regenerative process energy efficiency (ηr) 0.90 

Vehicle mass (kg) 1000 

Operating voltage (V) 69 

Supercapacitor maximum power (kW) 16 

Fuel Cell maximum power (kW) 70.15 

Hydrogen storage tank mass (kg) 85.71 

Fuel Cell mass (kg) 56 

Fuel Cell consumption rate (kg/100 km) 0.95 

Supercapacitor capacitance (F) 130 

Supercapacitor mass (kg) 14 

In absence of enough technical data for the Hyundai NEXO, the prototype used for evaluation 

in the present study, we base our analysis on data taken from the Technical Data Sheet of Toyota 

MIRAI [52] and the webpage for Hyundai NEXO [47], which are electric vehicles of similar 

characteristics to the Hyundai NEXO. 

Previous work [53] evaluated the supercapacitors' efficiency during the regenerative process, 

reporting values between 80% and 98%. We decided to apply intermediate data within the mentioned 

interval to operate under similar conditions in the case of the battery propelling system. 

We calculate the hydrogen storage mass tank using the technical data provided for the Hyundai 

NEXO [54] and apply the data for the Toyota MIRAI technical characteristics, resulting in the values 

reported in Table 4 [55]. 

The supercapacitor used for the simulation run is the model XLM-69R0137A-R” from EATON 

[56] since it supplies maximum power compatibility to the required value in the simulation. 

Energy Evaluation 

To calculate the energy consumption by the electric vehicle in every step of the route, we apply 

the dynamic equations to the driving conditions and the driving mode according to the drivers’ 

attitude; the calculation procedure comes from previous work from one of the authors [57–62]. 

Mechanic required power derives from the dynamic driving conditions, and it is expressed by: 

mech T avP F v=   (6) 

vav is the average value of the vehicle speed, and FT represents the total mechanical force, which 

obtained from: 

                       

21 cos
2T x avF ma C A v g mρ µ α= + +

  (7) 

The mass m accounts for the vehicle and power system mass, battery, or hybrid system. The 

parameter a represents the vehicle acceleration, and α is the slope of the route. 
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Because the electric motor does not operate at full efficiency mode: 

                                   el mech elP P η=
  (8) 

P and η are the power and efficiency of the electric motor. 

The battery capacity, Cbat, depends on the required energy to cover the expected driving range; 

( )b a t e l i
i

C P t=    (9) 

Where i is the number of segments included in the driving range. 

Combining equations 6 thru 9: 

( )
1 cos
2bat el x av ii

i av avi i

a
C m C A v g m t

v v

α
η ρ µ

    
= + +    

     
   (10) 

Considering the acceleration process develops uniformly: 

( )
1 cos2 1
2

av
bat el x av i ii

i in avi i

v
C m C A v t g m t

v v

α
η ρ µ

    
= − + +    

     
   (11) 

The analysis of statistical data shows there is a relation between the capacity and the mass of an 

electric vehicle battery [63]: 

9.0914 0.033bat batm C= +   (12) 

Because the vehicle mass depends on the battery mass: 

bat EVm m m= +   (13) 

Combining Equations 11, 12 and 13: 

[ ]( ) ( ) [ ]( )
1 cos2 9.0914 0.033 1 9.0914 0.033
2

av
bat el bat EV x av i bat EV ii

i in avi i

v
C C m C A v t g C m t

v v

α
η ρ µ

    
= + + − + + + +    

     
  (14) 

Equation 14 is a recurrent function that forces the application of an iteration process to determine 

the battery capacity correct value. 

Using the fuel cell and supercapacitor, we must adapt the vehicle to the hybrid system; following 

the same procedure as in the battery electric vehicle, we determine the required amount of hydrogen 

from: 

2

2

el
H

H

W
n

Qη
=   (15) 

Where 
2Hn represents the mass of hydrogen, in moles, Wel is the electric work, QH2 is the 

hydrogen combustion heat, and η is the combustion process efficiency. 

Using the relation between mass and number of moles: 

2

2 2

H el

H H

m W

M Qη
=   (16) 

2HM is the hydrogen molecular weight. 

In terms of power: 

2
2

2

H
Hel

H

Q
P m

M
η

•

=   (17) 

Which provides the relation between the electric power and the hydrogen mass flow. 

The capacity of the supercapacitor is determined from the classical expression: 
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2 22 SC
SC

o f

P
C t

V V
=

−
  (18) 

PSC is the power delivered by the supercapacitor, and Vo and Vf are the voltages of the 

supercapacitor at the fully charged and discharged state. 

Equation 18 is only valid if Vf ≥Vmin, where Vmin is the minimum value of the supercapacitor 

voltage. 

Simulation Results 

The simulation looks for improving the management of the electric vehicle power supply 

system, a methodology previously used with good results [64]. One of the main goals of this 

simulation process is to optimize the performance of the electric vehicle power system to a more 

extend field of application than economics [65].  

The simulation process includes the energy consumption calculation and power supply 

capacity. Additionally, we calculate the mass of the power source and electric vehicle to obtain the 

global weight. The simulation runs for the three defined scenarios, high, medium, and low 

demanding energy conditions, and for the three driving modes, aggressive (SPORT), moderate 

(NORMAL), and conservative (ECO), corresponding to high, medium, and low acceleration, 

respectively. 

First group of simulations focuses on the electric vehicle equipped with a battery. Table 5 shows 

the results of the simulation. 

Table 5. Results for the simulation of the battery electric vehicle performance. 

Driving mode 
 Energy demanding level 

Magnitude  Low Medium High 

ECO 

Charge consumption rate (Ah/km) 0.468 0.470 0.472 

Energy consumption rate (Wh/km) 187.316 188.090 188.760 

Charge consumption rate (Ah/100 km) 46.829 47.023 47.190 

Energy consumption rate (Wh/100 km) 18.732 18.809 18.876 

Capacity (Ah) 187.316 188.090 188.760 

Energy (kWh) 74.926 75.236 75.504 

Battery mass (kg) 549.594 551.315 552.802 

NORMAL 

Charge consumption rate (Ah/km) 0.569 0.571 0.573 

Energy consumption rate (Wh/km) 227.483 228.360 229.109 

Charge consumption rate (Ah/100 km) 56.871 57.090 57.277 

Energy consumption rate (Wh/100 km) 22.748 22.836 22.911 

Capacity (Ah) 227.483 228.360 229.109 

Energy (kWh) 90.993 91.344 91.644 

Battery mass (kg) 638.848 640.796 642.461 

SPORT 

Charge consumption rate (Ah/km) 0.587 0.589 0.591 

Energy consumption rate (Wh/km) 234.892 235.709 236.392 

Charge consumption rate (Ah/100 km) 58.723 58.927 59.098 

Energy consumption rate (Wh/100 km) 23.489 23.571 23.639 

Capacity (Ah) 234.892 235.709 236.392 

Energy (kWh) 93.597 94.284 94.557 

Battery mass (kg) 655.314 657.131 658.648 

The comparative analysis of the simulation results for the three driving modes shows an increase 

in all the parameter values as we move from ECO to SPORT mode, in close agreement with what we 

expected. Table 6 shows the increasing ratio. 
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Table 6. Ratio of simulation values for the battery performance parameters. 

NORMAL/ECO SPORT/NORMAL SPORT/ECO 

1.214 1.032 1.254 

To calculate the energy consumption, we consider that each acceleration process combines the 

three driving modes, ECO, NORMAL, and SPORT, at different proportions. The fraction in which 

each driving mode contributes may change; therefore, we selected all combinations provided the sum 

of the fractions equals one. 

The car must meet the driving range requirement, so we used the highest battery capacity of the 

proposed scenarios, corresponding to the fastest acceleration. Analogously, the heaviest battery is 

selected to cover all cases and all accelerations.  

We observe the SPORT and NORMAL mode have similar values with a slight difference of 3.2%. 

However, from ECO to NORMAL mode, the increase reaches 21.4% and 25.4% from ECO to SPORT; 

therefore, we may conclude that the ECO mode represents the most significant energy saving. Figures 

4–6 show the results of the calculation for the three driving modes and driving conditions. 

 
Figure 4. Combined consumption for low demanding energy rate in battery electric vehicles. 

Combined consumption (kWh/100 km) 
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Figure 5. Combined consumption for medium demanding energy rate in battery electric vehicles. 

 

Figure 6. Combined consumption for high demanding energy rate in battery electric vehicles. 

To determine the combined consumption using Figures 4–6 the user should operate in the 

following way: 

a. Chose the type of demanding energy rate and select the corresponding figure 

Combined consumption (kWh/100 km) 

Combined consumption (kWh/100 km)
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b. Select the fraction of conservative (ECO), moderate (NORMAL) and aggressive (SPORT) driving 

mode for the acceleration 

c. Search for the selected values in the figure 

d. Draw a vertical line downwards, joining all points of selected values until reaching the X-axis 

e. The crossing point corresponds to the searched value 

To automatize the process, we developed a control routine based on the algorithms that produce 

the results in Figures 4–6. Figure 7 shows the flowchart of the control routine. 

 

Figure 7. Flowchart of the control routine for combined consumption calculation. 

The following example helps the user to operate manually using Figures 4–6. 

Step 1 

Control routine: Demanding energy rate? ECO/NORMAL/SPORT 

User: NORMAL 

Control routine selects Figure 5 

Step 2 

Control routine: Fraction of ECO/NORMAL/SPORT acceleration? 

User: 0.5/0.3/0.2 

Control routine searches and marks selected points (black circles in Figure 8), then draws a right 

vertical line joining the circles (dotted black line in Figure 8). The crossing point with the X-axis 

determines the combined consumption (black rhombus). 

 

Demanding 
energy rate? 

Selection of 

Search for 
selected 

Fraction of ECO, 
NORMAL AND 

SPORT? 

Drawing of the Combined 
consumption 

Combined consumption (kWh/100 km) 
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Figure 8. Operational mode to determine combined consumption for specific driving conditions 

(medium demanding rate) and modes in battery electric vehicles. 

The second group of simulations deals with the electric vehicle equipped with the hybrid fuel 

cell and supercapacitor system. Table 7 shows the results of the simulation. 

Table 7. Results for the simulation of the performance of the electric vehicle hybrid system. 

Driving mode 
 Energy demanding level 

Magnitude  Low Medium High 

ECO 

Energy consumption rate (Wh/km) 123.84 124.28 124.66 

Energy consumption rate (Wh/100 km) 12.38 12.43 12.47 

Hydrogen consumption (kg/100 km) 1.29 1.29 1.30 

Energy (kWh) 49.53 49.71 49.86 

Vehicle mass (kg) 1178 1178 1178 

NORMAL 

Energy consumption rate (Wh/km) 136.55 137.00 137.38 

Energy consumption rate (Wh/100 km) 13.66 13.70 13.79 

Hydrogen consumption (kg/100 km) 1.76 1.77 1.77 

Energy (kWh) 54.62 54.80 54.95 

Vehicle mass (kg) 1178 1178 1178 

SPORT 

Energy consumption rate (Wh/km) 148.11 148.56 148.95 

Energy consumption rate (Wh/100 km) 14.81 14.86 14.90 

Hydrogen consumption (kg/100 km) 2.87 2.87 2.88 

Energy (kWh) 59.24 59.42 59.58 

Vehicle mass (kg) 1178 1178 1178 

In a similar way than for the battery electric vehicle, the comparative analysis of the simulation 

results for the three driving modes in the hybrid system electric vehicle shows an increase in all the 

parameter values as we move from ECO to SPORT mode, in close agreement with what we expected. 

Table 8 shows the increasing ratio. 

Table 8. Ratio of simulation values for the battery performance parameters. 

NORMAL/ECO SPORT/NORMAL SPORT/ECO 

1.103 1.084 1.196 

1.214* 1.032* 1.254* 

The data in italic mode correspond to the battery electric vehicle. We notice that the increasing 

rate reduces in all driving conditions concerning the battery electric vehicle, except for the NORMAL 

to SPORT case, which means that the acceleration effects are of lower importance in the case of a 

hybrid system due to the supercapacitor, which supports the acceleration processes. These results 

confirm the benefits of using a supercapacitor for acceleration instead of a battery. 

Comparing data from Tables 5 and 7, we realize that there is a significant reduction in the energy 

and energy consumption rate for all driving modes. Table 9 shows the values of the comparative 

analysis. 

Table 9. Comparative analysis of energy reduction between hybrid system and battery power supply 

for electric vehicles. 

↓Magnitude Driving mode → ECO NORMAL SPORT 

Energy (kWh)/Energy consumption rate (kWh/100 km) 34% 40% 37% 
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We observe that the reduction in energy consumption is 37%, on average, when using a hybrid 

fuel cell and supercapacitor system. This reduction is due to a higher performance of the hybrid 

system in the acceleration processes, where the supercapacitor supplies power to the electric vehicle. 

Repeating the process of energy calculation for the hybrid fuel cell and supercapacitor system, 

using the developed algorithms, we obtain the energy consumption for the three driving modes and 

driving conditions (Figures 9–11). 

 

Figure 9. Combined consumption for low demanding rate of energy in electric vehicles with hybrid 

fuel cell and supercapacitor system. 

 

Combined consumption (kWh/100 km)

Combined consumption (kWh/100 km) 
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Figure 10. Combined consumption for medium demanding rate of energy in electric vehicles with 

hybrid fuel cell and supercapacitor system. 

 

Figure 11. Combined consumption for high demanding rate of energy in electric vehicles with hybrid 

fuel cell and supercapacitor system. 

Comparing the results obtained from the simulation process for the two tested power systems, 

battery and hybrid system, fuel cell, and supercapacitor, we can summarize that the average 

reduction when using the hybrid system is 37% in the power system capacity and 27.1% in the vehicle 

weight. 

Conclusions 

The use of supercapacitors for acceleration processes redounds in an improvement of the electric 

vehicle performance. 

The combination of supercapacitor and fuel cell in a hybrid system to power electric vehicles 

represents a reduction in the capacity of the power supply and in the vehicle weight. 

The average reduction of the energy consumption for a specific driving range, when using the 

hybrid system is 37%. 

The replacement of the battery by the fuel cell/supercapacitor unit lowers the vehicle weight by 

27.1%, which contributes to reduce energy consumption. 
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