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On the Trade-Off between Battery Size and Sustainability
for a Fuel Cell Hybrid Electric Vehicle

Tatiana Santos Andrade,* Shangwei Zhou, Jia Di Yang, Rhodri Jervis,
and Torbjörn Thiringer

1. Introduction

As an urgent response to the environmental issues caused by
fossil fuel-based vehicles, the transportation sector is experienc-
ing a rapidly growing electrification.[1–3] Among zero tailpipe car-
bon emission vehicles, battery and fuel cell electric cars have
emerged as the most promising options. Despite their exponen-
tial commercialization in the last decade, some challenges still
restrain market penetration.[4–7] Regarding fuel cell vehicles
(FCVs), besides the uncertainty of the hydrogen economy,[8,9]

improving car efficiency and evaluating its sustainability have
arisen as major concerns toward their development.[10–15]

FCVs are hybrid vehicles, since their
powertrain is also composed of a battery
to support the power dynamics; this battery
is usually significantly smaller, about 50
times lower capacity, than a battery electric
vehicle pack. Being only fueled by hydrogen,
balancing the battery charging/discharging
operation is challenging, while minimizing
fuel cell consumption.[14–18] For instance,
increasing the battery capacity can improve
vehicle efficiency by allowing more buffer
energy in the system; however, it is limited
by the battery’s added extra weight and the
fuel cell efficiency profile.[18] The rule-based
energy management strategy established as
the most applicable in real vehicle applica-
tions,[15] was linked to battery sizing by
Hu et al.[19] The study proposes that power
demand-based and state-of-charge (SOC)-

based control were more suitable for a powertrain composed of
large and small batteries (<5 kWh), respectively. Despite the
study’s limitation to a certain drive cycle, that is, the new
European driving cycle, and downsized fuel cell, that is, compared
to a commercial FCV, it has been shown that small batteries are
more sensitive to the vehicle power load. However, smaller batter-
ies, besides being lighter, present a lower carbon print in their
manufacturing
process. Thus, defining the control strategy and the battery size
becomes a trade-off with sustainability that, to the best of our
knowledge, is mostly neglected in current evaluations. Even
though FCVs have no tailpipe emissions, depending on the hydro-
gen source, that is, gas reforming, gas reforming with carbon
capture, and renewables (gray, blue, and green hydrogen, respec-
tively), the fuel consumption and battery size can be more or less
relevant.[20,21]

Therefore, in this work, we aim to investigate the combined
impact of battery sizing and control strategy on the efficiency of
FCVs across different drive cycles. Unlike existing studies, which
typically address these aspects separately, we also address the
trade-off of battery sizing and carbon emissions. The specific
contributions of this work are: 1) modeling an FCV powertrain
based on collected data of a commercial FCV and simulation for
the Worldwide Harmonized Light Vehicles Test Procedure
(WLTP), NREL2VAIL, and US06 drive cycles. 2) Quantifying
and analyzing hydrogen consumption in the designed FCV using
a varied battery capacities and control strategies, that is, SOC-
and power demand-based, based on collected data from a com-
mercial FCV. 3) Analyzing whether the energy-consumption
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Fuel cell vehicles (FCVs) offer a promising route to decarbonization of the
transport sector. Since all FCVs benefit from hybridization with a small battery
pack, understanding the impact and limitations of the fuel cell and battery sizing
regarding the vehicle’s energy efficiency and environmental aspects is needed to
support the development of these technologies. Herein, fuel cell hybrid vehicles
with different battery sizes concerning the impact on energy efficiency and carbon
emissions for three different drive cycles are investigated. Results suggest that
increasing the battery capacity (up to 5 kWh) can considerably lower the hydrogen
consumption. The fuel consumption saving can balance the carbon emissions for
the extra battery size, up to 50 000 km driven, if gray hydrogen is used as a fuel. In
the case of green hydrogen fuel, the extra battery size is mostly justified only
if speed-aggressive driving is frequently used and/or if the green hydrogen
production generates close to 5 kg-CO2/kg-H2.

RESEARCH ARTICLE
www.entechnol.de

Energy Technol. 2025, 13, 2402411 2402411 (1 of 6) © 2025 The Author(s). Energy Technology published by Wiley-VCH GmbH

mailto:tatianas@chalmers.se
https://doi.org/10.1002/ente.202402411
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.entechnol.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fente.202402411&domain=pdf&date_stamp=2025-03-06


reduction provided by a bigger battery also reduced carbon emis-
sions, considering the FCV fueled by gray, blue, or green
hydrogen.

2. Methodology

2.1. Vehicle Modeling

To design and model the vehicle system diagram, the following
components were considered: the vehicle dynamics (the wheels),
gear, electric motor, inverter, battery, converter, and the fuel cell.
All the components were modeled in a steady-state using
MATLAB. The vehicle powertrain is represented in Figure 1
and further described.

The vehicle dynamics, that is, concerning the total force acting
on the wheels, was assumed to be the sum of the friction, rolling,
grading, and acceleration forces.[22]

Fwheels ¼ Ffriction þ Frolling þ Fgrading þ Facc (1)

in which

Ffriction ¼ 1
2
ραCdAf vcar2 (2)

Frolling ¼ Crm g (3)

Fgrading ¼ Crm g cosðαÞ (4)

Facc ¼ macc (5)

where ρα refers to the air density, Cd is the aerodynamic drag
coefficient, Af is the vehicle’s cross-sectional area, vcar is the vehi-
cle speed, Cr is the rolling resistance coefficient, m is the
vehicle’s mass, g is the gravity constant, α is the road inclination
angle, and acc is the acceleration. The vehicle specifications are
listed in Table 1.

The powertrain components, shown in Figure 1, were mod-
eled based on experimental data previously reported. For
instance, the single-speed gear with 97% efficiency and a ratio
of 10 was assumed.[23] The electric motor was an eight-pole per-
manent magnet synchronous motor and the inverter was DC–AC

insulated-gate bipolar transistor converter as previously
described.[24,25] The converter between the fuel cell and the bat-
tery was assumed to have 95% efficiency based on refs. [26,27].
The battery model was based on reported data of a pouch-cell
Li-ion battery used in electric vehicles with a nominal voltage
of 3.6 V and a resistance of 3 mΩ per cell.[26,27] The battery size,
that is, 9.2 kWh in the reference battery, was scaled to four
different capacities: 1.6, 3.2, 4.8, and 6.4 kWh modeled in a
100-cell series composition. The smallest size corresponds to
the battery size of a commercial FCV, that is, Toyota Mirai,[28]

abbreviated in this work as the Std size. The battery weight
was assumed to be 6.25 kg per kWh. The battery-maximum pulse
C-rates were 10 and 20 C for charging and discharging, respec-
tively, based on refs. [29,30]. Thus, the bigger the batteries, the
higher the charging and discharging C-rates. All the simulations
started with the battery at 80% SOC. The 114 kWmaximum-power
fuel cell was designed based on collected data from a 370-cell stack
of a commercial FCV, that is, ToyotaMirai. The FCVwas equipped
with a controller area network data logger system that measures
voltage and current flow signals of the battery, and the fuel cell
as previously reported.[31] To fit the data points, the first part of
the curve, power up to 20 kW, a six-degree polynomial profile
was used, while for values higher than 20 kW up to 114 kW, a lin-
ear relation was established. The data collected along with the
fitted curve used in the model are shown in Figure 2, showing
a maximum efficiency of around 67% which aligns with the
reported data.[28]

Figure 1. System diagram representation for the fuel cell vehicle powertrain.

Table 1. Vehicle specifications.

Parameter [initials] Value [unit]

Mass [m] - FCV 1990þ Battery mass [kg]

Air density [ρα] 1.225 [kg m�3]

Aerodynamic drag coefficient [Cd] 0.3 [�]

Cross-sectional area [Af] 2.5 [m2]

Rolling resistance coefficient [Cr] 0.01 [�]

Gravity constant [g] 9.82 [m s�2]

Wheel radius [r] 0.3 [m]
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Two control strategies were implemented in the FCV to split
the power between the fuel cell and the battery, that is, power and
SOC-based. The implemented controls were based on the profile
of collected data from the FCV previously reported,[31] with mod-
ifications as further described. Some common features were
designed for both control strategies during low-load power, decel-
eration, and steady-state speed as per the previous description.
Meanwhile, distinct modeling was implemented during the
acceleration peaks aiming at investigating the control strategy’s
impact on vehicle energy consumption. Thus, in both strategies,
the fuel cell avoids operation at a load lower than 5 kW with the
battery providing most of the power. During deceleration, the
battery takes the regenerative braking power. The fuel cell pro-
vides power at steady-state speed, that is, acc = 0, and most of the
power during acceleration peaks. While the fuel cell is the power
source during steady-state speed, both the fuel cell and the bat-
tery share the power during acceleration, that is, acc > 0. At the
acceleration peaks, the power that comes from the fuel cell and
the battery differs for each control strategy based on either the
battery SOC or the power load. In the first strategy, a SOC-based
control, the fuel cell power output ranged from 5 to 114 kW, lin-
early correlated with the battery SOC, which varied between 30%
and 90%. In that case, the fuel cell balances the battery SOC by
providing more power as the battery discharges. Thus, the lower
the SOC, the higher the fuel cell, for example, 114 kW at 30%
SOC. For the second strategy, a load-based control was imple-
mented. In that case, the battery and the fuel cell share a percent-
age of the total load required from the power source in the
acceleration peaks, that is, 20/80. Thus, in that case, the fuel cell
is always the main power source during the acceleration sup-
ported by the battery.

The designed powertrain was simulated for the WLTP Class 3,
US06, and NREL2VAIL drive cycles. The selected drive cycles
have aimed at covering average driving conditions, and being
representative of extreme conditions that would require a severe
battery usage. The WLTP, which is representative of standard
real driving conditions, is the current global standard drive cycle
used to evaluate car emissions. This drive cycle is 23.25 km
long, with an average speed of 46.5 km h�1. While the WLTP

represents an average driving condition, the US06 and
NREL2VAIL were used here to evaluate extreme driving condi-
tions, that is, aggressive and uphill drive cycles. Thus, the US06
has high speeds with an average speed of 77 km h�1 and quick
acceleration peaks for a 12.8 km long course. Meanwhile, the
NREL2VAIL represents high-speed driving on a rocky mountain
track in Colorado. Figure 3A–C shows the drive cycle profile of
WLTP, US06, and NREL2VAIL. Figure 3D shows the elevation
profile of NREL2VAIL. Both WLTP and US06 were implemented
considering no road inclination.

2.2. Carbon Emission Analysis

To relate the carbon emissions of the vehicle fuel consumption
and the battery size, the amount of km-driven to compensate for
the extra carbon emission added by the battery’s extra weight and
its related manufacturing process were calculated. A range of
60 to 120 kg CO2 emissions per kWh related to the battery
manufacturing process was assumed considering reported val-
ues for lithium-ion batteries.[32] The amount of km-driven was
calculated as the ratio of the battery’s extra emissions and the
vehicle’s reduced consumption per km.

dcompensationðkmÞ ¼ Battery extra emissions ðkgÞ
Fuel emissions kg

km

� � (6)

For the fuel consumption, the CO2 emissions associated with
hydrogen production from the different sources were assumed.
The potential fuel sources for the vehicle were gray, blue, and
green hydrogen, where gray hydrogen is related to the hydrogen
produced by natural gas reforming, blue hydrogen is the gray
hydrogen with carbon capture, and green hydrogen is hydrogen
produced by renewables, for example, solar and wind energy.
The CO2 emissions per kg of hydrogen produced are estimated
to be in range from 10 to 15 kg for gray hydrogen, 5 to 10 kg for
blue hydrogen, and 0 to 5 kg for green hydrogen, with the

Figure 2. Fuel cell profile obtained from the commercial FCV and the fitted
curve used in the model.

Figure 3. Speed profile for A) the WLTP Class 3, B) US06, C) NREL2VAIL
drive cycles, and D) elevation profile for the NREL2VAIL drive cycle.
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variation in each range reflecting differences in production
methods, energy sources, and technological efficiencies.[20,21]

3. Results and Discussion

The energy consumption per kilometer regarding the control
strategies and the battery size has revealed varied trends accord-
ing to the drive cycle, as shown in Figure 4 and discussed.

As expected, the FCV was more energy-consuming, that is,
about 50% higher, when driving in the NREL2VAIL and US06
cycles due to their grading and/or speed-aggressive profile.
Other extreme driving conditions, such as intense cold weather,
although beyond the scope of this work, have been reported to be
beneficial for FCV efficiency due to the possibility of using heat
from the system. Concerning the control strategy, the hydrogen
consumption per kilometer was generally lower by using the
load-based control for all the drive cycles considered, as shown

in Figure 4, demonstrating the advantage of this strategy com-
pared to the SOC-based. Regarding the battery size, double-
sizing the battery capacity was more suitable than the Std size
for all the drive cycles analyzed, as shown by the lower hydrogen
consumption per kilometer in Figure 4. However, the further
increase was dependent on the control and drive cycle.
Generally, bigger batteries provide more buffer energy in the sys-
tem, allowing for low fuel consumption. However, the buffered
energy supplied by the double-sized battery in the load-based
control, already has sufficient capacity to minimize the losses
caused by the battery restraints, that is, braking energy recovery
limitation due to the maximum battery charging or the battery
SOC limits. Thus, in the load-based control, bigger batteries
(>3.2 kWh), except in the US06 drive cycle as further discussed,
did not provide significant fuel savings to compensate for
the increased weight of the battery, as shown in Figure 4.
Figure 5 displays the losses per component of the FCV composed
of the single (Std) and double sized (2Std) batteries, showing the

Figure 4. Hydrogen consumption per km (g-H2 km
�1) for the FCV in the WLTP, NREL2VAIL, and US06 drive cycles comprising different battery capaci-

ties. “Std” stands for the capacity of those present in a commercial FCV, while “2Std”, “3Std”, and “4Std” represent a battery of 2, 3, and 4 times bigger.
The consumption was evaluated for two control strategies: SOC-based, based on the battery SOC, and load-based, based on the load required from the
drive cycle.

Figure 5. Consumption and losses per km for the FCV composed of the single size (Std) and double size (2*Std) battery capacity in the WLTP,
NREL2VAIL, and US06 drive cycle.
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significant reduction in the battery restrain losses, that is, related
to the limitations in the maximum battery charging and SOC
limit for the double-sized battery. The differences in the drive
cycles and the control strategy are further discussed.

Up to the double-sized batteries, the control strategies did not
show significant differences in the hydrogen consumption for
the WLTP and the US06 drive cycles. In the SOC-based control,
the fuel cell operation is shifted to higher efficiencies, adding
fewer losses from the fuel cell. However, the battery operates
at higher power, which is related to more electrical losses in this
component; thus, balancing the overall vehicle fuel consump-
tion, as shown in Figure 6. Despite the similar consumption
for the WLTP and US06 using different controls, the SOC-based
control was more efficiency-limiting in the NREL2VAIL com-
pared to the load-based demonstrated by the higher overall con-
sumption in Figure 5. In the SOC-based control, the fuel cell
operation maintains the SOC level as soon as the battery dis-
charges, not allowing enough battery capacity for the braking
energy downhill in the NREL2VAIL. The load-based control
reduces this issue, which enables the SOC fluctuation dependent
on the drive cycle load, as shown in Figure 6.

Therefore, the values obtained for the doubled-size battery
using the load-based control were used to analyze if the reduced
fuel consumption is justified by the extra carbon emissions
caused by the battery’s increased capacity. Note that the higher
the battery restraint losses, as shown in Figure 5, the higher the
energy savings, a bigger battery can provide. In an aggressive
drive cycle, such as the US06 drive cycle, where there is high
braking energy in the deceleration points, it is more favorable
to have a bigger battery due to the high battery restrain losses.
As shown in Figure 5, for the US06, there is a higher fuel con-
sumption reduction when there is increase in the battery size,
that is, about three times higher reduction when doubling the
size compared to the other drive cycles. In that case, even the
triple-sized battery significantly reduces the fuel consumption,
as illustrated in Figure 4. However, since it does compensate
for the other drive cycles, the double-sized battery was investi-
gated regarding the environmental compensation. The distance
a vehicle should travel to compensate for extra emissions added
by the double-sized battery strongly depends on the drive cycle
and the source of hydrogen used (green, blue, or gray), as shown
in Figure 7. Since green hydrogen has low carbon emissions
associated with its production, the fuel consumption reduction
provided by the addition of a bigger battery is less justified in
terms of carbon emissions. Thus, even in the worst case of green
hydrogen production emissions and low battery-related emis-
sions, the vehicle should drive about 1/3 of its lifetime, that
is, 60 000 km considering a 180 000 km lifetime, to start to com-
pensate for the extra emissions added by the battery. Unless the
vehicle is mostly speed-aggressive driving such as in the US06, in
that case, much fewer kilometers are already enough, that is,
minimum of about 20 000 km for green hydrogen. Thus, as
hydrogen production shifts to more sustainable sources, the
need for larger batteries becomes less justified for reducing car-
bon emissions.

For future investigations, considering the trade-off with the
cost of bigger batteries should add value to the analysis of
increasing the battery capacity. Furthermore, with the advance-
ment of the technologies involved some of the parameters con-
sidered in this work, such as manufacturing carbon emissions,
might become outdated and in a need of re-evaluation. It can
also be pointed out that despite the lower carbon emissions
related to green hydrogen, implications such as land use, water

Figure 6. Battery SOC (%) variation in the FCV for the NREL2VAIL drive
cycle, while using the control strategies: SOC-based, based on the battery
SOC, and load-based, based on the load required from the drive cycle.

Figure 7. Distance driven by the FCV to compensate for the extra emissions provided by the extra weight of a double-sized battery compared to the one-
sized battery considering the hydrogen fuel source and the battery manufacturing-related emissions.
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consumption, and other lifecycle impacts might also play a role
concerning sustainability. Other extreme driving conditions,
such as intense cold weather, which was recently pointed out
as beneficial to FCV efficiency due to the onboard heating
usage,[31] could also bring more understanding to the trade-
off between FCV battery sizing and carbon emissions.
Concerning the scope of this work, the main outcomes are next
summarized.

4. Conclusion

In this work, the impact of increasing the battery size of a FCV was
investigated regarding its trade-off between efficiency and sustain-
ability. The main conclusions of this work are: 1) Double-sized
batteries (3.2 kWh) compared to the battery size of a commercial
FCV could considerably reduce hydrogen consumption. In the
control strategy selected, bigger battery sizes would bring fuel sav-
ings to the vehicle to compensate for the battery’s extra weight just
for the aggressive-speed drive cycle. Generalizing these results, the
battery size should have enough capacity/pulse charging to take
the regenerative braking of the lowest deceleration points.
Thus, aggressive-driven profiles are the ones that get most benefit
from the battery’s increased size. 2) To compensate for the extra
carbon emissions added from the double-sized battery, the source
of hydrogen used as a fuel and the drive cycle (green, blue, or gray)
strongly affects a distance the car should travel. For instance,
speed-aggressive drive cycles using gray hydrogen can compensate
for the extra carbon emission added by the bigger battery in less
than 15 000 km driven. On the other hand, in less-aggressive drive
cycles, such as the WLTP, at least 60 000 km should be traveled
when fueled by green hydrogen to compensate for the extra carbon
emissions provided by the bigger battery.
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