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Abstract 
This work aims to study and analyze a hybrid power system for electric vehicles consisting of a dual low and high-rate lithium battery 
block and a fuel cell. In this configuration, the high-rate lithium battery powers the electric car in high power demand processes like 
acceleration mode or on an uphill road; the low-rate battery operates at a low output power range, servicing the auxiliary systems and 
low power loads and the fuel cell supplies energy at intermediate power demand conditions, normal driving mode, constant velocity, 
or flat and downhill terrain. The dual power system improves global efficiency since every power unit operates optimally depending 
on driving conditions. Power sharing optimizes the lithium battery performance and fuel cell capacity, minimizing the size and weight 
of each energy system and enlarging the driving range. A comparative study between different lithium battery configurations and fuel 
cells shows an efficiency improvement of 31.4% for the hybrid dual battery block and fuel cell operating in low, high, and intermediate 
output power ranges, respectively. The study is based on a simulation process recreating current driving conditions for electric cars in 
urban, peripheral, and intercity routes. An alternative solution consisting of a hybrid system, fuel cell, and a high-rate lithium battery 
produces a 29 % power gain.

1. Introduction
Today, the lithium batteries are the current power sources for 
electric vehicles because of their high specific energy and power 
density, which make them especially suitable for driving conditions 
[1-10]. They offer high lifespan, low maintenance, and reasonable 
high autonomy, meaning good driving range [11-12]. Lithium 
batteries are less sensitive than other type of batteries to changes 
in discharge conditions, with low influence of discharge rate on its 
capacity; nevertheless, sudden changes in power demand provokes 
a capacity variation, thus of driving range [13-14]. An additional 
effect due to continuous variation of the discharge rate generates 
aging effects, which reduce battery lifespan [15-20]. This situation 
is unavoidable since driving includes acceleration and deceleration 
processes, changes in vehicle velocity, and power demand variation 
at uphill road segments.

Many studies focus the performance characterization of lithium 
batteries under variable driving conditions, which include 
dynamic conditions and thermal effects [21-31]. Indeed, changes 
in temperature generate either a reduction or increase of battery 

capacity and driving range as well as lifetime lowering [32-35]. 
Among the many parameters that influence the lithium battery 
performance, sudden changes in draining current is perhaps the 
most important [36-37].

Driving protocols devoted to analyze the response of lithium 
batteries to operational driving conditions, like NEDC, WLTP, 
FTP-75 or JC08, show how the battery reacts to sudden changes 
in vehicle speed, thus in discharge rate, to estimate the driving 
range for electric vehicles [38-49]. These protocols evidence a 
reduction in driving range if dynamic conditions include higher 
and longer acceleration, as in the case of NEDC and WLTP 
[50-54]. This latter protocol replaces the former one because it 
represents a more realistic layout of current driving mode in our 
society, where acceleration occurs more often and lasts longer 
[55-56]. The implementation of electric vehicles equipped with 
lithium batteries is a political decision to reduce GHG emissions, 
especially in urban zones where pollution is critical; however, 
the limited autonomy compared to internal combustion engine 
(ICE) cars represents a barrier for future customers [57-71]. The 
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increasing battery autonomy and EV driving range is one of the 
main subjects of present research in the lithium batteries field and 
electric vehicle applications.

Another problem derived from using electric vehicles is the 
frequent battery recharge, which means to get access to a recharge 
point connected to grid. In urban areas a private or public charging 
station is the solution, but the density of this type of installations 
is still scarce in many cities [72-78]. This situation represents a 
significant drawback in the implementation of EVs because the 
fear of a sudden vehicle stop due to total discharge of the battery 
is an impediment on the acquisition of electric vehicles by future 
customers. A compromise solution between environmental 
protection and easy access to quick energy release from fossil fuels 
is the hybrid (HEV) or plug-in hybrid electric vehicle (PHEV), 
where a combination of ICE car and EV occurs. The hybridization 
between internal combustion engine and electric motor provides 
long driving range and lower carbon emissions than conventional 
cars only powered by ICE, but continues having pollutant effects 
and still requires charging the battery, either from the grid like in 
plug-in hybrid electric vehicles or from the combustion engine as 
in HEV [79-93].

Alternative powering system is the fuel cell electric vehicle 
(FCEV), which depends on hydrogen supply for operating. FCEV 
also works on electricity generated at the fuel cell; therefore, 
its autonomy depends on the hydrogen stored in the fuel tank. 
Driving range for FCEV currently exceeds the EV autonomy but 
still requires a hydrogen recharging process; the great advantage 
is the quickness of the process, faster than recharging an electric 
battery [94-98]. Fuel cell cars have significant advantages 
regarding electric vehicles, like quicker fuel recharge, longer 
driving range, and less weight [99-106]; however, fuel cell suffers 
from lower performance when releasing energy at high rates, 
which makes them unsuitable for sudden quick discharges [107-
111]. Proton exchange fuel cells (PEM), which equip electric 
vehicles, traditionally show low specific power, forcing them to 
modify fuel cell structure to face high power demand rates, such 
as accelerations or uphill road segments [112-115]. Other types 
of fuel cells show higher performance to high discharge rates 
but suffer from slow energy release, which is incompatible with 
driving conditions [116-118].

Combining a high-rate lithium battery for heavy driving conditions, 
a low-rate battery for auxiliary services and small electric loads, 
and a fuel cell for medium power rates provides a very effective 
hybrid system to power electric vehicles in any condition. This 
configuration reduces the size and weight of the electric vehicle 
power source, enhances the performance, increases the energy 
efficiency, and enlarges the driving range. On the other hand, a 
hybrid system like the one proposed in this paper is suitable to 
operate on single power source, battery or fuel cell or in combined 
mode with both power sources supplying energy simultaneously, 
if necessary. Additionally, this configuration is able to switch from 
one power source to another if the electric vehicle control system 
determines the driving conditions, enhances the power system 

global efficiency with the switching. A fuel cell and lithium battery 
hybrid system allows preserving energy for emergency situations, 
like the miscalculation of driving range resulting in unexpected 
sudden stop of the electric vehicle because of power exhaustion.

2. Theoretical Foundations
Proton Exchange Membrane Fuel Cell (PEMFC) output power 
operates in a high range, depending on the set configuration. 
PEMFC characterizes by a low voltage, typically 1.23 volts per cell 
in ideal conditions, and a limited delivering intensity depending on 
the cell size.

Since the voltage of a Fuel Cell depends on the activation, ohmic 
and concentration processes, we may establish

Vr is the reversible voltage of the fuel cell, and ΔV is the voltage drop 
[119] due to activation [120-122], ohmic [123], and concentration 
[124] processes.

The global current generated by a fuel cell depends on the hydrogen 
flow according to the following expression:
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MH2 is the hydrogen molecular weight. 

Fuel cell delivers power within variable efficiency depending on the power rate, as 

shown in Figure 1 [125]. 
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We observe in Figure 1 that fuel cell operates at optimum 
efficiency when delivering 25% of its maximum output power. 
Since in electric vehicles, the output power changes according to 
driving conditions, fuel cell cannot operate at maximum efficiency 
at all times; therefore, to optimize the operation of the hybrid 
power system, it is recommended to set up a high efficiency range 
in which the fuel cell should operate. To maximize the fuel cell 
efficiency during electric vehicle operation, we select a maximum 
efficiency variation of 10% from the peak value, from 0.54 to 0.60, 
according to data shown in Figure 1. This range corresponds to 
an output power factor from 0.10 to 0.48, which means the fuel 
cell should cover the electric vehicle power demand within 10% 
to 48% range.

If we apply fuel cell efficiency curve to driving conditions, it 
is necessary to obtain an algorithm that matches the efficiency 
evolution; since the curve is complex and does not respond 
to a low degree polynomial function, we divide the curve 
in sections where different algorithms apply. According to 
this methodology, we can express the fuel cell efficiency as:
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FP is the output power factor. 
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For electric vehicle power demand below the lower threshold of fuel cell output power, 

we should use the low-rate discharge lithium battery since the discharge rate for this 

power range is low; however, for power demand above the upper threshold of the fuel 

cell output power, the high rate discharge lithium battery should power the electric 

vehicle. 

Power requirement in electric vehicles derived from the classic dynamic equation: 
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The term into brackets represents the global force on the electric vehicle, and <v> is the 

average velocity. Global force consists of four terms, inertial (ma), drag (v2), rolling 

(mg), and uphill or downhill (mgsin) force, where m, a and v are the vehicle mass, 

acceleration and speed,  and  the drag and rolling coefficient, and  the road tilt. 

The control system should detect the vehicle speed and acceleration to calculate power 

demand. Drag coefficient derives from the vehicle aerodynamic coefficient through the 

equation [126]: 
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For electric vehicle power demand below the lower threshold of fuel cell output power, 

we should use the low-rate discharge lithium battery since the discharge rate for this 

power range is low; however, for power demand above the upper threshold of the fuel 

cell output power, the high rate discharge lithium battery should power the electric 

vehicle. 

Power requirement in electric vehicles derived from the classic dynamic equation: 
2 sinEVP ma v mg mg v          (10) 

The term into brackets represents the global force on the electric vehicle, and <v> is the 

average velocity. Global force consists of four terms, inertial (ma), drag (v2), rolling 

(mg), and uphill or downhill (mgsin) force, where m, a and v are the vehicle mass, 

acceleration and speed,  and  the drag and rolling coefficient, and  the road tilt. 

The control system should detect the vehicle speed and acceleration to calculate power 

demand. Drag coefficient derives from the vehicle aerodynamic coefficient through the 

equation [126]: 

1
2 xC S    (11) 

Where  is the air density, Cx is the aerodynamic coefficient, and S the vehicle front 

surface. 

Since the aerodynamic coefficient and front surface are characteristic parameters for 

every vehicle, and the air density remains constant within the operating temperature 

range, we may consider the drag coefficient is constant.  

Rolling coefficient depends on vehicle speed and tires pressure as in [127]: 

 7 210.005 0.01 9.5 10x v
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Where p is the pressure of the vehicle tires in bars and the vehicle 
speed, v, is expressed in km/h.

In case we consider the influence of vehicle speed on the rolling 
coefficient, we should apply the following expression:
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in km/h. 

In case we consider the influence of vehicle speed on the rolling coefficient, we should 

apply the following expression: 
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We calculate the rolling coefficient measuring the ambient temperature and vehicle 

speed and applying equation 14. 

Control system determines tilt road from an installed altimeter, from Google Maps or 

equivalent application [128]. 

Control system determines vehicle speed combining distance over time data and 

acceleration from the expression [129]: 
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Since in acceleration processes, the velocity changes, the control system uses short 

distance step in equation 15. 
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Cn is the nominal battery capacity provided by the manufacturer, and Iref is the reference 
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The control system adds the calculated DOD values and compares 
the cumulated data with the limit DOD value for the battery; when 
reaching this value, the control system blocks access to this battery 
and connects to the other one, if available, or to the fuel cell is both 
batteries are exhausted.

The control system regulates the hydrogen flow to the fuel 
cell according to equation 5; provided we configure the fuel, 

the reversible cell voltage, and the voltage drop are known; 
therefore, the hydrogen mass flow only depends on the cell power 
consumption, PFC, which is determined using equation 6.

4. Engineering Design
Hybrid fuel cells and lithium battery power systems for electric 
vehicles respond to a layout shown in Figure 4.

                           Figure 4: Schematic View of a Hybrid Fuel Cell-Lithium Battery Power System for Electric Vehicles

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 4 shows the schematic layout of the fuel cell power system 
for an electric vehicle. Power system shown in Figure 4 operates 
under the control protocol set up by the implemented software, 
which includes the output power factor thresholds and the criteria 
corresponding to the specific power source configuration. The 
power system control activates or deactivates every power source 
according to the power demand and the output power factor. 
The activation and deactivation occurs automatically, with no 
delay, thanks to the electronic control system, which ensures a 
continuous power supply to the electric vehicle at all times. The 

power source supplies energy not only to run the vehicle but to 
serve the auxiliary elements, which means a negligible fraction 
of the global consumed energy, especially when compared to the 
required energy to power the vehicle.

5. Simulation
Hybrid system evaluation requires a simulation process that 
reflects the driving conditions, whichever they are. To facilitate 
the analysis of the hybrid system performance, we define a specific 
route which includes all road types and driving conditions, say 
horizontal, uphill and downhill road, acceleration, deceleration 
and constant driving. Combining all them, we obtain a route like 
the one shown in Figure 5 [130].

Figure 5: Simple daily round trip route
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Green, red and gray segments in Figure 5 represent the acceleration, 
deceleration and constant velocity processes. We consider an urban 
standard round trip route for a total driving time of 20 minutes and 
a travelling distance of 20 km each way.

Applying driving conditions to the round trip route shown in Figure 
5, we obtain the evolution of the power demand (Figure 6) [21].

                                                              Figure 6: Evolution of the Power Demand with Time
Values for Figure 6 derive from the electric vehicle characteristics listed in Table 1
Parameter Unit Symbol Value
Weight kg m 1644
Front area m2 S 2.5
Aerodynamic coefficient --- Cx 0.30
Rolling coefficient --- u 0.015
Air density kg/m3 p 1.133

Table 1: Electric Vehicle Characteristics
Integrating power evolution in Figure 6 over the time, results a consumed energy of 4.568 kWh. Test runs on an electric vehicle 
prototype equipped with a 60 kWh battery. Partial distance corresponding to the running test is 30 kilometers. Therefore, the electric 
vehicle prototype driving range results 394 km, consistent with standard values in commercial electric vehicles. We consider an electric 
vehicle powered by a 145 CV (106 kW) electric engine to run the simulation. Applying the fuel cell efficiency curve, we divide the power 
range in three sections: lower than 10%, between 10% and 48%, and higher than 48% of the maximum power source; therefore, power 
thresholds are 10.6 kW and 50.9 kW.

To analyze the different power configurations, we develop the simulation for the following cases (Table 2):

Power demand range (kW) → 0-10.6 10.6-50.9 50.9-106
Power source configuration
A Low rate battery Fuel Cell
B Fuel Cell High rate battery
C Fuel Cell High rate battery
D Low rate battery Fuel Cell High rate battery

Table 2: Power Source Configuration

Depending on the configuration adopted for the electric vehicle power system, we have different energy consumption for the low, 
medium and high section; therefore, for the global process. Table 3 shows the simulation results for the configurations indicated in Table 
2
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Configuration A B C D
Low 7,686 57,803 57,803 7,686
Medium 86,655 40,410 86,655 86,655
High 31,854 15,269 15,269 15,299
Total 126,195 113,482 159,727 109,641

Table 3: Energy Consumption (kWh) for Different Power Source Configuration

The analysis of simulation results show that D-configuration is the 
one that uses less energy, therefore, the most efficient. The use 
of Fuel Cell for low and medium output power, C-configuration, 
increases the energy consumption and penalizes the efficiency. 
Nevertheless, using the Fuel Cell only for low output power 
range, B-configuration, produces better results with lower 
energy consumption and higher efficiency. An intermediate value 

for the consumed energy and system efficiency occurs for the 
A-configuration, where high rate battery is omitted, and Fuel Cell 
powers the vehicle for medium and high output power factor. We 
size the power source elements applying the configuration criteria 
set up in Table 2 to simulation results in Table 3. Table 4 shows the 
energy capacity, in kWh, of the three power units depending on the 
power source configuration.

Configuration Low rate battery Fuel Cell High rate battery
A 7.7 118.5 ---
B --- 57.8 55.7
C --- 144.5 15.3
D 7.7 86.7 15.3

Table 4: Energy Capacity (kWh) for the Power Units
We rounded energy capacity values to accommodate simulation 
results to commercial data.

Since Fuel Cell has no storage energy but a hydrogen reservoir, 
we should convert energy capacity in Table 4 into hydrogen mass 
storage. Applying equations 4 and 6 and considering the standard 
values for a PEMFC [107]:

Configuration A B C D 

Low 7,686 57,803 57,803 7,686 

Medium 86,655 40,410 86,655 86,655 

High 31,854 15,269 15,269 15,299 

Total 126,195 113,482 159,727 109,641 
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Which results in the following values:

Configuration A B C D
Low 6.758 3.296 8.237 4.941

Table 5: Hydrogen Mass Flow for the Fuel Cell Unit (kg/s)

Applying the Fuel Cell operational time for every configuration, 
and considering a 500 atmosphere tank pressure, the hydrogen 
tank volume results (Table 6):

Configuration A B C D
Low 118.1 29.9 194.8 72.1

Table 6: Hydrogen Tank Volume (liters)

The analysis of results from Table 6 shows that A and C 
configuration requires a rank volume that exceeds the current 
value for a light electric vehicle; therefore, these configurations 

are unsuitable for commercial applications.
B-configuration requires a lower hydrogen tank but needs larger 
high rate battery capacity, which means more space and higher 
cost, since the high rate batteries are more expensive than low rate 
ones. 

On the other hand, D-configuration is more complex than 
B-configuration since it requires two type of lithium battery 
instead of a single one. Nevertheless, the higher cost of high 
rate lithium battery compensates the additional cost of the more 
complex layout.

6. Conclusions
The combination of Fuel Cell with low and high rate lithium 
batteries for powering electric vehicles results the most efficient 
configuration of hybrid power source, minimizing the global 
energy consumption when used for the appropriate output power 
range. In this case, we recommend using the low rate battery for the 
low output power range, the Fuel Cell for the intermediate output 
power range, and the high rate battery for high output power range. 
Output power range is 0% to 10% for low one, 10% to 48% for 
intermediate, and above 48% for high one. An alternative solution 
is a hybrid Fuel Cell and high rate lithium battery, which shows a 
less complex structure and a little higher energy consumption. This 
configuration operates with the Fuel Cell for the low output power 
range and within the high rate lithium battery for intermediate and 
high output power range. Despite an apparent less complex layout 
for this configuration, it may not represent a cheaper system since 
bigger size of the high rate lithium battery compensates for the 
extra cost of double lithium battery system.
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Alternative configurations like using the low rate lithium battery 
for the low output power range and Fuel Cell for intermediate and 
high range, or Fuel Cell for low and intermediate output power 
range and high rate lithium battery for high output power range 
are not suitable for commercial applications because of the large 
hydrogen tank required to service the Fuel Cell unit.
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