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A B S T R A C T   

The urgency to decarbonize the transportation sector covers all kinds of vehicles, here included high- 
performance competition vehicles. Among the technologies able to guarantee zero emissions during the use 
phase, fuel cells (FCs) and energy storage systems (ESS), e.g. batteries, offer a great and still largely underex
plored potential for complementary and synergic use in hybrid powertrains. Vehicles based on such technologies 
are cells-battery hybrid electric vehicles (FCHEV), and a niche of these are electric supercars (FCHES). In this 
context, the degrees of freedom of hybrid powertrains design and the different requirements of FCs and batteries 
frame the highly complex task of defining a clear and objective methodology to identify an optimal ratio among 
FC-battery power sources, whose lack jeopardizes a rigorous decision process as well as a general consensus and 
leads to the acceptance of sub-optimal solutions. 

In this study an energy/power-based methodology is developed in MATLAB environment considering the 
longitudinal vehicle dynamics of a typical high-performance parallel FCHES, using telemetry data from a real 
racetrack as common target for all the evaluated powertrain candidates and using realistic mass values. Under 
the constraint of equal performance (i.e., equal lap time), several FC-battery parallel hybrid powertrains are 
numerically evaluated with varying relative energy, power, weight, and under different regenerative braking 
levels. The set of obtained results allows to draw an objective rightsizing on the FC-battery power share and on 
the required energy capacity for a parallel FCHEV, as well as mass, hydrogen consumption, etc. The presented 
methodology offers a general use workflow applicable to any category of vehicles, supporting the engineering of 
hybrid FC-battery high-performance propulsion systems. The developed code will be made available upon 
request under the FAIR (Findable, Accessible, Interoperable, Reusable) guidelines.   

1. Introduction 

The urgency to decarbonize the transportation sector has led to the 
emergence of hybrid powertrains in the past decades, combining the 
complementarity of conventional internal combustion engines (ICEs) 
with battery-powered electric motors (EMs), allowing state-of-the-art 
reduction in fuel consumption thanks to the possibility to operate the 
ICE/EM at their maximum efficiency and to the possibility to recover 
part of the braking energy to recharge the battery (regenerative 
braking). However, this has come at the cost of more expensive and 
complex powertrains, due to the coexistence of multiple power sources 
and the need to define control logics for their synergic operation. In the 
quest for powertrain electrification, fully electric powertrains have 
recently emerged in the form of Battery Electric Vehicles (BEVs) and 

Fuel Cells Electric Vehicles (FCEVs), the former solely relying on a 
battery pack fulfilling the entire energy and power needs of the vehicle, 
whereas the latter separating the energy storage in the fuel (e.g., 
hydrogen) tank from the power generator (the energy converter, i.e. the 
fuel cell) [1,2]. In mobility applications, Polymeric Electrolyte Mem
brane Fuel Cells (PEMFCs) have emerged as the candidate cell type, 
given the absence of corrosive liquids, the high power density, and the 
rapid response; however, fuel cells are inherently not suitable to highly 
rapid load transients due to accelerated membrane and catalyst degra
dation and to the risk of reactants starvation at electrodes. This has 
created the need for an auxiliary power source (e.g. a low-to-medium 
capacity battery) for peak power demands, leading to Fuel Cell-battery 
Hybrid Electric Vehicles (FCHEV) [3]. 

In a generic hybrid powertrain, the general layout (e.g. series/ 
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parallel, etc.) as well as the logical rules for the power share between the 
multiple power sources are crucial design choices, determining a 
cascade of consequences regarding the components design (e.g. auxil
iary systems, cooling circuit design, etc.). In this fundamental design 
stage, several methods and tools were created to support the powertrain 
development as well as to compare alternative solutions, especially 
when the introduction of innovative technologies prevented a carry-over 
of pre-existing concepts. In this context, the ADVISOR [4–6] code from 
the National Renewable Energy Laboratory (NREL) was the first publicly 
available tool to investigate model-based powertrain comparisons [7,8], 
supported by several validation studies carried out on commercially 
available hybrid light-duty vehicles [9,10]. In [11] Huang et al. used 
embedded ADVISOR models to study the hybrid ratio (i.e., FC/battery 
power share) of a FCEV, although the generality of the identified value 
(0.59) was not discussed. Feng et al. [12] studied a virtual FC-battery 
hybrid powertrain for a bus on several driving cycles, identifying the 
respective power levels to 70 and 50 kW. Similar studies were conducted 
by Cipollone et al. [13] and Di Battista et al. [14], who introduced a 
power-based methodology to size the powertrain of a FCHEV, focusing 
on a research vehicle and on the re-design of a BEV architecture to 
maximize the driving range, respectively. Carignano et al. [15] pre
sented an accurate model-based description of the Toyota Mirai FC- 
battery hybrid powertrain, still being able to consider a FC rated 
power of 80 kW based on duty cycle assumptions and corroborating the 
design choices of the existing model. Di Ilio et al. [16] designed a par
allel hybrid fuel cell-battery powertrain for a heavy-duty yard truck for 
port logistics, sizing the fuel cell on the mean power requested by the 
duty cycle and choosing a battery able to provide the remaining power 
contribution to the maximum requested power. However, under the 
typical constraint of state of charge recovery (i.e., the ESS state of charge 
at the end of cycle must be identical to the initial one), and even in the 
hypothesis of a steady-state FC operation at the target power, the 
incompleteness of regenerative braking and the efficiencies associated 
with battery charging/discharging process invalidate the choice of its 
target power value as the exact mean value of the power profile. Hence, 
an iterative procedure needs to be developed, as discussed in Cipollone 
et al. and Di Battista et al. [13,14], which must include the powertrain 
mass variation associated to the iteration on power/energy for FC/ESS, 
respectively. More recently, Jouda et al. [17] proposed a comparison of 
learning-based methodologies to optimize the fuel economy of a hybrid 
fuel cell vehicle, although they dealt with an existing FCHEV and the 
control strategy was the object of the study, hence not addressing the 
issue of rightsizing the baseline powertrain. Li et al. [18] proposed an 
adaptive Energy Management System (EMS) method for FCHEV, again 
addressing the issue of identifying the best control strategy. Hu et al. 
[19] presented an EMS study dealing both with fuel economy and with 
durability of fuel cell and battery combining deep reinforcement 
learning (DRL) and Pontryagin’s minimum principle (PMP), and Fu et al. 
[20] applied an adaptive random forest (ARF) algorithm for an online 
EMS for a generic FCHEV. The mentioned studies make an advanced use 
of machine learning (ML) models to optimize EMS, rather than to 
rightsize the powertrain components, still showing that despite the 
availability of useful tools to compare alternative powertrains, still 
several assumptions are used to define key input data (e.g., the FC power 
equal to the mean duty cycle power) in the design of a hybrid FC-battery 
powertrain. In case such inputs are not available, or when designing a 
brand-new innovative powertrain, the lack of a general-use methodol
ogy leads to a non-rigorous decision process or to a trial-and-error 
approach. Hence, the knowledge gap that is identified is the need for 
creation of an objective methodology to design a hybrid fuel cell-battery 
powertrain to support its fundamental choices, e.g. the power share 
between the fuel cell and the auxiliary power source, as well as the 
energy capacity of this last. To this aim, a power- and energy-based 
general methodology is devised in this study for a parallel-type 
FCHEV powertrain, whose generality applies to all kind of vehicles 
and duty cycles. The study is conducted in MATLAB environment, and 

the developed code will be made fully accessible upon request under the 
FAIR (Findable, Accessible, Interoperable, Reusable) indications. For 
demonstration purposes, the methodology is applied to a high- 
performance supercar (FCHES) on a racetrack driving cycle, and two 
power share strategies (FC- and ESS-dominant, respectively) are tested, 
with and without regenerative braking. This vehicle choice well repre
sents a case where hybrid FC-battery propulsion is unusual to date, and 
where the upcoming decarbonization targets will require brand-new 
propulsion architectures to be devised. Therefore, this study exem
plifies the early stage of a brand-new innovative powertrain develop
ment. The results show that for all cases well-defined ranges of ESS 
capacity and FC power can be identified as optimal, hence indicating a 
rightsizing approach for both power/energy sources. This is considered 
a decisive support tool in guiding the designer in the careful selection of 
components, and the model generality is considered a key enabler for 
the development of decarbonized powertrains in all the mobility sectors. 

2. Methodology 

2.1. Model equations 

The development of an innovative powertrain architecture requires a 
method to predict the vehicle performance and driving range. From the 
perspective of a powertrain designer, the objective is to formulate a 
mathematical model of the vehicle, enabling parametric evaluations 
associated with variations in fundamental design parameters such as 
mass, power, and stored energy, which are of interest for all the pow
ertrain architectures. In case of a hybrid powertrain, a key design choice 
is the definition of the power share between the multiple power sources. 
All vehicles must produce a tractive effort to satisfy the power demand 
of the driver, be it for a homologation test or to achieve a performance 
target. This force propels the vehicle, and it is transmitted to the ground 
by the drive wheels. It can be calculated using a simple model for the 
vehicle longitudinal dynamics, here reported for completeness. 
Considering a vehicle of mass m, with a velocity v and a road with a slope 
of angle φ, the resistances that must be overcome are associated to the 
rolling resistance, to the aerodynamic drag, to the resistance caused by 
the component of the vehicle’s weight acting down the slope, resulting 
in the vehicle longitudinal acceleration under a given tractive power. 
The rolling resistance (Frr, Eq. (1)) is mainly caused by the hysteresis 
losses in the tires, and it is approximated as independent of the vehicle 
speed and only a function of its weight and of the coefficient of rolling 
resistance (μrr), although velocity-dependent formulations could be 
introduced for further detail [1]. 

Frr = μrrmg (1)  

The aerodynamic drag (Fad, Eq. (2)) depends on the vehicle frontal area 
(A), on the drag coefficient related to aerodynamic design (Cd), on the 
air density (ρ), and on the vehicle speed. 

Fad = ρACdv2 (2)  

The hill climbing force (Fhc) is the force necessary to overcome a slope, 
calculated as in Eq. (3): 

Fhc = mgsinφ (3)  

Finally, during the acceleration transients, a force is needed to modify 
the vehicle speed. From Newton’s second law, the linear acceleration of 
the vehicle (Fla) is calculated as in Eq. (4). Ignoring the contribution 
related to the rotational acceleration (i.e., the force associated to angular 
acceleration of the rotating parts), a reasonable approximation can be 
adopted by increasing the mass by 5 % in Eq. (4), following the 
assumption in [2]. 

Fla = ma (4) 
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The total tractive effort (Fte) is the algebraic sum of all the previously 
described terms, as in Eq. (5), and the required tractive power (Pte) to 
obtain a prescribed speed and distance profile is calculated as in Eq. (6): 

Fte = Frr + Fad + Fhc + Fla (5)  

Pte = Ftev (6)  

In order to relate the tractive power to that needed by the electric motor, 
the powertrain efficiencies are included in the model. Considering an 
electric vehicle, the efficiency of the gear system (ηg) is generally 
assumed to be constant, as there is only one gear. The efficiencies of the 
motor and its controller (inverter) are typically bundled (ηmot), given the 
practical convenience in measuring the efficiency of the entire system. 
The efficiencies of the motor, controller, and gear system imply that the 
electrical power demanded by the motor (Pmotin , Eq. (7)) exceeds the 
mechanical motor’s power (Pmotout ), which is higher than the traction 
power (Pte) according to Eq. (8): 

Pmotin =
Pmotout

ηmot
7  

Pmotout =
Pte

ηg
8  

During the deceleration phase, the electric motor can be used to slow the 
vehicle and the efficiencies operates in the opposite direction. Therefore, 
less power is obtained from the motor, as in Eq. (9): 

Pmotin = Pmotout ηmot (9)  

Concerning the energy storage system (ESS), the same principles 
regarding efficiency can be applied as those described for the motor. In 
this study, the concept of a generic ESS is used for maximum generality, 
thus being applicable both to rechargeable batteries and super
capacitors. Therefore, when the ESS is providing power (Pess) to the 
motor Eq. (10) is used, whereas when the motor operates as a regener
ative device Eq. (11) is used. 

Pess =
Pte

ηess
(10)  

Pess = Pteηess (11)  

Throughout the study, a positive power value indicates that it is deliv
ered from the power source, i.e. the powertrain (FC or ESS, or both) is 
supplying power, whereas a negative power denotes braking or ESS 
recharging. This last contribution originates either from the fuel cell 
system or via regenerative braking. 

Considering the overall efficiency ηm (including motor and drivetrain 
efficiencies), in case of a positive tractive power (Pte) Eq. (12) is used, 
with the opposite sign Eq. (13) is used. 

Pm =
Pte

ηm
(12)  

Pm = Pteηm (13)  

Finally, during the braking phase a regenerative power flow (Prb) is 
calculated as in Eq. (14), with rb being a defined coefficient ranging from 
0 (no regenerative braking recovery) to 1 (complete regenerative 
braking recovery). The remaining power is dissipated via mechanical 
braking. 

Prb = rbPte (14)  

2.2. Drive cycle 

As a reference drive cycle for a FCHEV, the telemetry of the Noao car, 

a hybrid electric racing car developed by the Association des Entreprises 
Pole de la Performance Nevers Magny-Cours [21] is used. The published 
data consist of velocity and time profiles which have been recorded in 
the international circuit of Magny-Cours (Fig. 1 [21]). In this study, the 
original speed telemetry data is multiplied by a factor of 1.5 to represent 
the performance levels of a typical supercar (Fig. 2). Starting from the 
telemetry data, the required power to realize the speed and distance 
profile is reported in Fig. 3. 

2.3. Power split model 

The idea underlying this study is to devise a comprehensive yet 
generic methodology to address the power split in the architecture of 
fuel cell-hybrid electric vehicles, here demonstrated on a supercar case 
(FCHES). Starting from the fundamental vehicle model described in 
Section 2.1 and the duty cycle in Section 2.2, still a degree of variability 
remains in infinite combinations to distribute the power between the 
two sources, unless additional constraints and specifications are added. 
The main objective of the presented methodology is to determine 
fundamental design aspects, such as the power output of the FC and the 
optimal size of the ESS under equal performance, including their weight 
impact on the vehicle mass and on the hydrogen consumption and 
storage requirements, and not on optimizing the control strategy. For 
advanced optimization of the power control strategy the reader is 
referred to specific sources [22], but the aim of the present study is to 
discuss a universal methodology for FC/ESS sizing for a generic vehicle 
and duty cycle. In this context, the study does not delve into the detailed 
characteristics of the FC or of the ESS (e.g., in case of a rechargeable 
battery the type of cell, number of cells, etc.), but rather addresses the 
topic from the general perspective of power repartition between FC/ESS 

Fig. 1. Map of the Magny-Cours circuit, from [21].  
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to deliver a specific performance, which will be finally differentiated 
based on criteria such as the specific hydrogen consumption. These are 
the fundamental design data needed to guide the identification of per
formance targets for both the FC and ESS, be it for internal development 
as well as to select them from supplier’s datasheets. 

The study is conducted in the MATLAB environment, developing an 
in-house code using the speed profile of the designated driving cycle as a 
common boundary condition (mission) for all the investigated solutions. 
Therefore, all the evaluated powertrains deliver an identical perfor
mance (i.e., lap time), although largely differing in the respective masses 
of the FC/ESS. An iterative procedure is incorporated to introduce a 
constraint on the State of Charge (SOC) recovery of the ESS, i.e. the end- 
of-mission SOC value must be within a prescribed tolerance from the 
begin-of-mission SOC value. Once convergence is reached, the model 
indicates a target power that the FC must deliver to the ESS. The 
described process is reiterated for increasing ESS sizes, each character
ized by an increment in the energy content (measured in kWh). After 
each iteration, the procedure incorporates the update of the FC power
train mass, determined by the maximum power to be delivered 

throughout the drive cycle, and the adjustment of the FC and ESS mass. 
The data pertaining the variability in the mass of the FC (comprising the 
mass of the fuel cell stack and all necessary auxiliaries for complete 
functionality) are derived from publicly available datasheets of com
mercial fuel cells (Ballard, Symbio, etc.) [23], whereas for the ESS a 
dedicated database on Li-ion battery packs is employed containing in
formation on the mass of the battery cell and the entire package 
(including the shell, cables, etc.) [24]. For the scope of the powertrain 
sizing, linear regressions are assumed for both FC and ESS sizing on 
power and energy, respectively, although more refined non-linear 
functions can be used. The objective is to compare several powertrain 
architectures on an equal performance basis, necessarily requiring 
different output power from FC/ESS and resulting in associated mass 
variations; the adopted iterative process allows to discern the implica
tions of these variables on the vehicle’s performance, finally focus on 
fuel consumption. 

With regard to the ESS, the model introduces assumptions pertaining 
to the maximum power obtainable or rechargeable. Specifically, the 
limitation is imposed on the maximum C-rate, defined as the maximum 

Fig. 2. Velocity and distance profiles of a single lap of the Magny-Cours circuit, modified from [21] for the present study.  

Fig. 3. Acceleration [m*s− 2], tractive force [N], power [W] and energy [kWh] profiles extrapolated from the telemetry data.  
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current that the ESS can provide over determined period [2,25]. A 
maximum limit of C50 is chosen, aligning with the requirements for an 
electric supercar model. 

2.4. Power split strategies 

In the perspective of the parallel hybrid powertrain operation, two 
power distribution strategies have been devised for the FC and the ESS to 
demonstrate the methodology, hereafter named V1 (Dynamic) and V2 
(Range Extender – REx) strategy. The parameters chosen to discern the 
different power values are the sign of the tractive power (Pte) and the 
state of charge (SOC) of the ESS. 

The V1 strategy imposes a high priority for power delivery on the FC, 

which is the main power source to follow the power requested by the 
driving cycle, explaining the Dynamic name. For this purpose, specific 
values of SOC (SOCon, SOCoff) are defined and reported in Table 1. The 
ESS is required to assist the FC in satisfying a portion of the power 
demanded by the load, within the limit imposed by the assumed C-rate. 
In Fig. 4 the power levels that are delineated in the code to optimize the 
power split for the V1 strategy are reported. Primarily, the system’s 
behaviour is dictated by assessing the power requested (Pmot). Subse
quently, the SOC is examined to determine the magnitude of power that 
each power source must deliver, attributing to the FC the dominant role 
in the power supply for the V1 strategy. Additionally, two different 
levels of power required from the fuel cell (Pidle,Ptarget , with Pidle < Ptarget) 
are defined in order to restore the SOC value in braking conditions and 
in ESS low-power scenarios. 

An alternative scenario is depicted with the V2 strategy, reported in 
Fig. 5. In this scenario, the ESS is the dominant power source, with the 
FC serving as ESS recharger to recover the specified initial SOC condi
tion, explaining the Range Extender – REx name. For this strategy two 
values of the SOC are specified in Table 1: when the upper limit (SOC
REx_up) is reached, the ESS operates in high power assistance mode (H- 
PAM), and the power split prescribes the ESS discharge until the lower 
SOC limit (SOCREx_low) is attained. At this point, the ESS operates in low 
power assistance mode (L-PAM), and the power split modifies to mini
mize the power demanded from the ESS, thus facilitating a sufficient 
recharge of the SOC by the FC and the regenerative braking, if present. 
Consequently, in L-PAM mode the ESS predominantly recharges until 

Table 1 
SOC values of the power split optimization model.  

Power Split Strategies Parameter Value 

V1 – V2 SOCinit  0.9 
SOCmin  0.1 
SOCmax  1.0 
SOCon  0.2 
SOCoff  0.95  

V2 SOCREx_low  0.4 
SOCREx_up  0.95  

Fig. 4. Synthetic map of the V1 strategy (Dynamic).  

Fig. 5. Synthetic map of the V2 strategy (REx).  
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the SOCREx_up (or the initial SOC if at the end of the duty cycle) is 
recovered. This strategy is inspired to the published data for the Hyundai 
N Vision 74 concept [26], and the powertrain specifications of this 
concept denote an optimization of the power distribution to ensure 
performance while simultaneously maintaining a FC power lower than 
100 kW. It should be noted that even with this strategy the possibility 
exists that the FC must deliver all the power required by the drive cycle. 
This situation could arise when the ESS is in a state of low SOC or if it is 
undersized, causing the power demand to exceed the limits of discharge 
power imposed, and in Fig. 5 this value (ESSth) is reported for both the 
strategies described. In addition, the power recuperated from regener
ative braking is indicated as Prb. The section of the code when Pte < 0 is 
not reported in the synthetic map of the V2 strategy as it is equal to that 
of the V1 strategy (Fig. 4). 

The graphical representation in Fig. 6 exemplifies the power distri
bution for a single lap with a 5 kWh ESS, employing the telemetry data 
from Section 2.2, and it is reported here for methodology explanation 
purposes. The inherent disparity between V1 and V2 strategies is 
distinctly observable. Indeed, the former strategy is characterized by a 
primary FC contribution, with the ESS assuming a supportive role during 
peak power demands throughout the driving cycle. The second power 
distribution strategy (V2) in Fig. 6 shows the two power assistance 
modes (H-PAM and L-PAM) constituting the V2 strategy. As evident, in 
the H-PAM mode the ESS significantly contributes to the load manage
ment. This mode persists until the predefined SOCREx_low limit is attained 
(as illustrated in the specific case, 71 s from the beginning of the drive 
cycle). Subsequently, the system shifts to the L-PAM mode, wherein the 

computation of the target power required to restore the initial SOC is 
undertaken. In this phase, the ESS partially follows the demanded load 
while simultaneously is being recharged by the combined FC power 
delivery and the regenerative braking. Both strategies conform to the 
aggressive driving style as classified in [27], and in Fig. 6-b two levels of 
target FC power are distinguishable, corresponding to the target value 
itself and its half. 

2.5. Hydrogen consumption 

Regarding hydrogen consumption, the available fuel cell data (e.g. 
from published datasets, [23]) are used as a benchmark for the current 
state-of-the-art polarization curve for high-performance fuel cell stacks. 
These are used to design a representative fuel cell stack model aligning 
with the power range typical of the load for the examined duty cycle. 
The fundamental curves representing the fuel cell model performance 
are depicted in the Fig. 7. 

The model is used to derive the data pertaining the operating points 
of the FC system starting from the requested FC power (Fig. 7-a) to 
obtain the individual cell voltage and current (Fig. 7-b), finally calcu
lating the associated hydrogen consumption. The code implements the 
fundamental FC equations based on the Faraday’s law to derive the 
hydrogen flow rate for given current and voltage cell operation, as in Eq. 
14 where ṁH2 is the hydrogen mass flow rate, P is the FC power, MH2 is 
the molar mass of hydrogen, ne is the number of exchanged electrons per 
fuel molecule (equal to 2 for hydrogen), F is the Faraday’s constant and 
V is the cell voltage. The mass of the consumed hydrogen is calculated 

Fig. 6. Power split strategies for FCHEV (Magny-Cours circuit) with ESS = 5 kWh: V1 (top) and V2 (bottom).  

Fig. 7. Power-current (a) and polarization (b) curves for the fuel cell stack model.  

M. Diana et al.                                                                                                                                                                                                                                  



Energy Conversion and Management: X 23 (2024) 100663

7

via time integration of Eq. 12 over the entire duty cycle duration. 

ṁH2 =
PMH2

neFV
14  

The developed MATLAB code will be made fully accessible upon request 
fulfilling the FAIR (Findable, Accessible, Interoperable, Reusable) in
dications. 

3. Results 

The analysis conducted in this study focuses on the power- and 
energy-based sizing of a representative hybrid powertrain electric 

supercar (FCHES). In this context, a comparative evaluation is con
ducted, considering a range of ESS energy in-between 5–25 kWh. The 
MATLAB model described in Section 2 is used to determine the suitable 
FC power rating for each ESS size, and it is applied to the V1 and V2 
strategies. Additionally, the regenerative braking coefficient was eval
uated as another variable in the 0–40 % interval. The chosen values are 
consistent with the current state of the art in hybrid powertrain archi
tectures [2], with specific reference to their application in a typical 
supercar. All the scenarios adhere to identical boundary conditions 
(Table 1), and as target distance a 5-laps period of the Magny-Cours 
circuit is considered, obtained by repeating the reference lap telem
etry data and consisting in a total distance of 30.7 km and an overall 
duration of 682 s. This choice ensures a sufficient driving range for 
coherent strategy comparability: with the highest energy ESS (25 kWh), 
the V2 strategy did not allowed the SOC recovery for shorter driving 
distance. This limitation lies in the need that the specified threshold 
(SOCREx_low) is reached for L-PAM mode activation, as is the case with 
ESS > 6 kWh. A shorter mission duration would have prevented the 
recovery of the initial SOC before the mission end, thus jeopardizing the 
V2 strategy comparison against V1. Additionally, it is specified that the 
study requirement for same initial and final SOC is necessary to consider 
the driving cycle repeatable, thus representing a portion of a hypo
thetical longer race duration. 

Table 2 
Vehicle parameters and efficiencies.  

Parameter Value 

Vehicle mass, m [kg] 1125 
Frontal area, A [m2] 2 
Drag coefficient, Cd 0.35 
Rolling resistance, µrr 0.012 
ηg [2] 1.0 
ηm [21] 0.9215 
ηess 1.0  

Fig. 8. Results for V1 strategy (rb = 40 %): a) Power split [W] with indication of FC power range in light blue area, b) Power source mass [kg], c) Fuel economy [km/ 
kgH2], d) Power fuel cell average [W], e) Cumulative H2 consumption [kg]. ESS data in red, FC data in blue, powertrain data in black. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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For completeness, it is specified that the road elevation of the circuit 
is ignored, thus the term in Eq. (3) is zero. In Table 2 the used vehicle 
parameters are reported, including the efficiencies utilized in the model. 
All the values used for efficiencies in the present study are chosen as the 
most realistic values to the authors’ knowledge, for the sake of results 
representativeness. Concerning the ESS efficiency (ηess), it is typically in 
the range of 0.95. However, in this model and for the sake of powertrain 
comparison, it is assumed as unity in all the analyses, accepting a minor 
error relatively to the power input/output for the ESS. 

Considering the value of ηg, the Eq. (8) results Pmotout = Pte. Equally 
to what is established for the acceleration phase in the preceding 
equation, the same simplification is adopted for the deceleration phase 
(Eq. (9)). The gross weight of the vehicle is obtained by adding the mass 
of the driver, fuel, and powertrain. In this study, the powertrain archi
tecture of the fuel cell hybrid electric supercar comprises the FC and an 
ESS, e.g. the battery pack. 

3.1. V1 strategy results 

Fig. 8 illustrates the results obtained from implementing the model 
employing the V1 strategy, with a regenerative braking value of 40 %. 
The upper-left graph (Fig. 8-a) delineates the curves representing the 
maximum power outputs of both the ESS and the FC, along with its 

target power. For the sake of clarity, the target power denotes the 
minimum power which the FC is required to deliver to ensure the 
restoration of the SOC to its initial condition. As illustrated in the syn
thetic maps (Fig. 4, Fig. 5), this power is provided by the FC in accor
dance with the demanded load and the SOC. Furthermore, the maximum 
power output of the FC is contingent on these conditions and represents 
the peak power that the FC must provide throughout the drive cycle. The 
trend (Fig. 8-a) illustrated by the target power shows a reduction for 
increasing ESS energy, which is the opposite trend than the increasing 
maximum ESS power, which stabilizes at 11 kWh. This is explainable by 
considering the FC and ESS complementary role in vehicle propulsion: as 
the ESS size and energy increase, its supportive role grows in the tractive 
effort, leaving a reduced power burden on the FC. This trend stabilizes at 
the peak values required by the driving cycle are achieved, rendering 
further ESS or FC size increase unnecessary (or even negative, consid
ering the added weight and volume). The increase in the ESS size and its 
capacity to handle an extended power range adverses the demand on the 
FC, reducing the number of power level variations it needs to perform 
during the driving cycle and ultimately lowering the FC power rating 
itself. The FC mass (Fig. 8-b) clearly follows a trend similar to the 
maximum FC power delivered during the driving cycle, as lightweight 
solutions are more and more sufficient to deliver a reduced power [24], 
and this explains its independence on mass for ESS capacity higher than 

Fig. 9. Results for V1 strategy (rb = 0 %): a) Power split [W] with indication of FC power range in light blue area, b) Power source mass [kg], c) Fuel economy [km/ 
kgH2], d) Power fuel cell average [W], e) Cumulative H2 consumption [kg]. ESS data in red, FC data in blue, powertrain data in black. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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11 kWh in Fig. 8-b. On the other hand, the ESS mass increases linearly 
with the stored energy. Regarding the hydrogen consumption, the data 
collected in Fig. 8-c/e indicate the optimal solution, here identified in a 
powertrain configuration with a 13 kWh ESS and 200 kW peak power 
FC. The examined version demonstrates similar cumulative hydrogen 
consumption values in the 11–13 kWh versions: however, a slight ESS 
oversizing to 13 kWh could prove advantageous in terms of lower FC 
target power at the cost of a moderate weight increase. Subsequently, 
the trend clearly shows an increase with the growth of the ESS energy 
and, consequently, its mass, resulting in a deterioration of consumption 
performance. It is here underlined that despite the oversized configu
rations show a marginal increase in hydrogen consumption, the small or 
higher entity of it is considered of secondary relevance in this study, 
aiming at identifying a reference optimal size of FC and of the battery 
based on the absolute minimum hydrogen use. 

The analysis of the results for the V1 strategy is completed by 
examining the effects of the absence of regenerative braking on the 
powertrain architecture, i.e. the ESS recharging is only operated by the 
FC. The results in Fig. 9 show no substantial differences in terms of 
power split (a) and power source masses (b) trends. However, the de
viation in results is remarkable in hydrogen consumption and the 
average FC power. Ultimately, similar to the case with 40 % regenera
tive braking, the optimal solution (highlighted in green) in terms of fuel 

economy (c, e) is the powertrain configuration utilizing a 13 kWh ESS 
and a FC with a maximum deliverable power of 200 kW. In this case as 
well, a close resemblance in hydrogen consumption values is observed 
with the 11 kWh and 15 kWh powertrain versions, explainable by the 
same considerations made earlier. The combination of a lower ESS mass 
compared to the 15 kWh case and lower fuel cell target power compared 
to the 11 kWh case justifies the 13 kWh version as the superior solution. 
From this point onward, the increase in hydrogen consumption (e) 
shows a clear worsening trend. 

3.2. V2 strategy results 

Moving to V2 strategy, the results for the same span of ESS energy 
(5–25 kWh) are reported in Fig. 10, with a regenerative braking value of 
40 %. Referring to the power split graph (a), a notable differentiation is 
observed compared to the trends previously outlined for the V1 strategy. 
Specifically, the trend of the FC target power exhibits a peak at a ESS 
energy content of 13 kWh, contributing to a non-monotonic pattern. For 
a clear understanding of this phenomenon, it is necessary to delve into a 
discussion concerning the SOC. 

Fig. 11 illustrates the SOC throughout the entire driving cycle for ESS 
energy values of 13 and 15 kWh. For a 13 kWh ESS, the model prediction 
entails discharging from the initial SOC level (SOCREx_up = 0.95) to the 

Fig. 10. Results for V2 strategy (rb = 40 %): a) Power split [W] with indication of FC power range in light blue area, b) Power source mass [kg], c) Fuel economy 
[km/kgH2], d) Power fuel cell average [W], e) Cumulative H2 consumption [kg]. ESS data in red, FC data in blue, powertrain data in black. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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specified threshold (SOCREx_low = 0.4), followed by a complete 
recharging phase. This procedure is repeated twice within the duration 
of 5 laps of the circuit under examination. This pattern is attributed to 
the insufficiency of the 13 kWh ESS for the specified duty cycle, resulting 
in two distinct discharge-recharge phases and requiring a more powerful 
FC. In the powertrain version equipped with a 15 kWh ESS, a single 
discharge and recharge cycle within the thresholds suffices for the same 
mission, hence explaining the different trend in Fig. 11. 

The highlighted difference significantly impacts the final value of the 
target power. In Fig. 12, the graphs related to the power split for the 13 
and 15 kWh cases are presented. It is notable that, in the case of the 13 
kWh, the ESS operates in L-PAM mode twice, each with a duration 
shorter than 150 s. The target power, as reported in Fig. 10-a, is 
approximately 354 kW. Conversely, with the 15 kWh ESS, the optimi
zation model manages the FC power flow by significantly extending 
(>400 s) the duration of the L-PAM mode for the ESS, resulting in a 
lower target power for the FC to restore the initial SOC. However, it is 
underlined that such discontinuity in results is clearly due to the specific 
vehicle and duty cycle, whose occurrence will vary with the variation of 
any of the model boundary conditions, but which must always be 
accounted for. Ultimately, the limits imposed by the ESS energy content 
prove to be disadvantageous in terms of hydrogen consumption, as it 
implies a higher maximum power that the FC must deliver, and conse
quently, a higher overall mass of the FC system (351 kg for the 13 kWh 
ESS, dropping to 281 kg for the 15 kWh ESS). The most efficient 

solutions (highlighted in green, Fig. 10-e) with the V2 strategy under 
consideration, in terms of fuel economy, are identified in the versions 
with a 15 and 17 kWh ESS and a peak FC power respectively of 224 and 
272 kW. These versions align with the previously described single 
charge–discharge cycle pattern for the mission under consideration. The 
cumulative consumed hydrogen value is very similar even in the case of 
the 15 kWh ESS, although the slight advantage in lower average power 
of the FC (d) is crucial despite its worse characteristics in terms of higher 
maximum power (a) and, therefore, system mass (b). 

Finally, the results for power split optimization with the V2 strategy 
are analysed without regenerative braking, as in Fig. 13. Regarding the 
FC target power (a), for cases with 9 kWh and 11 kWh, the transition 
from two to a single discharge-recharge cycle is evident, and the 
explanation is the same as that observed in the previous paragraph with 
regenerative braking. As for the maximum FC power, a non-monotonic 
trend is observed with increasing ESS energy. The variability in this 
curve is a direct consequence of the power peaks in the drive cycle that 
must be respected, especially with a low-energy ESS or with a low SOC. 
The latter case is here particularly critical due to the lack of braking 
energy recovery, resulting in higher demand on the FC to maintain the 
SOC above the minimum threshold and restore it to the initial value. The 
mass trend (b) closely follows the required maximum power. Under the 
assumptions set for this strategy, the power distribution optimization 
model highlights the powertrain version with a 7 kWh ESS as the best 
solution in terms of hydrogen consumption. This aligns with the 

Fig. 11. SOC of the ESS for the V2 strategy: 13 kWh (top), 15 kWh (bottom).  

Fig. 12. Power split employing V2 strategy for 5 laps of Magny-Cours circuit for 13 (top), 15 (bottom) kWh ESS.  
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principles defining the V2 strategy. Opting for a smaller ESS with a 
reduced energy content is advantageous, resulting in weight savings. 
Additionally, less power is required for recharging it to identical 
thresholds, leading to hydrogen savings. Despite the dual cycle of dis
charging and charging (Fig. 11), it remains more convenient in terms of 
fuel economy. In fact, this version is associated with a fuel cell with a 
peak power of 234 kW, with the lowest fuel cell system mass (285 kg). 

3.3. Comparison of best-performing cases 

With the aim of globally comparing the four set of results (for V1 and 
V2 strategy, with and without regenerative braking), in Fig. 14 the best- 
performing cases concerning fuel economy are reported. The results 
show that the V1 strategy is advantageous for both regenerative braking 
values. In terms of FC target power (a), V1 (rb = 40 %) exhibits the 
lowest fuel consumption values, and likewise, the maximum FC power 
values for V1 are lower than the V2 counterparts, resulting in a benefit in 
terms of the total mass of the powertrain (b). As expected, the average 
power (d) at which the FC must operate to follow the imposed vehicle 
mission is lower for the V1 strategy by 19.6 % in the comparison be
tween the two regenerative braking coefficient values. The same com
parison for the V2 strategy yields a difference of 18.6 %. The disparity 
between the two strategies, at an equal regenerative braking value, is 

considerably smaller (<0.15 %). The absence of regeneration contri
bution results in a significant burden in terms of fuel economy and 
consumed hydrogen (c, e). As evident, the increase in cumulative 
hydrogen consumption for completing the mission amounts to +21.6 % 
and +18.7 %, respectively, for the V1 and V2 strategies. This would 
imply, in the design phase, considering a higher on-board hydrogen 
mass and, an increased volume for hydrogen storage; however, this is 
not considered in the overall mass evaluation given the lower order of 
magnitude and the negligible impact on the powertrain mass. Ulti
mately, the V1 strategy performs better than the V2 strategy regarding 
fuel economy, saving around 3.2 % of hydrogen for the mission of 5 laps 
of the Magny-Cours circuit. 

Additionally, an analysis of the FC power intermittency is conducted, 
along with the time spent at different power levels during the drive cycle 
(f), where the number of power variations and duration spent at idling, 
target and requested power is reported. Specifically, the power reques
ted encompasses all the power values delivered by the FC, excluding 
those computed as target power. Therefore, it pertains to all power 
fluctuations imposed by the load that must be supplied by the FC itself, 
specifically in cases where the required power exceeds the pre
determined threshold for the ESS (ESSth) or in case of low SOC. Partic
ularly noteworthy is that the V1 strategy must adjust the power level 
175 times, irrespectively of regenerative braking. During the entire drive 

Fig. 13. Results for V2 strategy (rb = 0 %): a) Power split [W] with indication of FC power range in light blue area, b) Power source mass [kg], c) Fuel economy [km/ 
kgH2], d) Power fuel cell average [W], e) Cumulative H2 consumption [kg]. ESS data in red, FC data in blue, powertrain data in black. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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cycle duration (682 s), 587 s are spent on the value of target power (86 % 
of the total time), and in the remaining 95 s (14 % of the total time) the 
FC modulates the output power to follow the drive cycle request. Under 
the same regenerative braking strategy (40 %), the V2 strategy is 
characterized by significantly fewer power level changes than in V1, 
counting only 49 adjustments for this mission (− 72 %). Concerning the 
time allocation in the V2 strategy, the outcomes reveal a significant 
duration at idle power (258 s, 38 % of the total time), and in the 
remaining 422 s (62 % of the total time) at target power, with only 2 s on 
requested power (0.3 % of the total time). In the absence of regenerative 
braking, the FC spends less time at idle power (170 s, 25 % of the total 
time), while the durations at target power (483 s, 71 % of the total time) 
and requested power (29 s, 4 % of the total time) increase accordingly. 
Considering that the duty cycle variation is one of the responsible factors 
for accelerated cell degradation [3,28], the V2 strategy clearly out
performs the V1 one on this aspect, although it may not be the primary 
focus in a FCHES. However, this implication is of primary importance in 
cases where the Membrane Electrode Assembly (MEA) degradation is 
critical due to reactants starvation, oxygen and humidity in
homogeneity, and hot spots caused by imperfect cooling [29]. These are 
situations that can arise with a highly dynamic load for the FC, espe
cially under a wide range of requested power. Finally, it is underlined 
that the model generally is confirmed by the similar values obtained 
under all four scenarios in the mean FC power (110–130 kW, with/ 

without regenerative braking, respectively) as visible in Fig. 14(b), 
whereas a relatively broader spectrum is identified for the ESS energy 
(7–17 kWh, Fig. 14(a)). These are fundamental key data to design brand- 
new hybrid powertrains based on FC/ESS, and their robust calculation is 
the main aim of the developed methodology. 

Finally, another key assessment concerns the rated weight of the fuel 
storage system. Considering the hydrogen mass consumption values in 
Fig. 14(e) associated with the defined five laps period of the circuit, and 
in order to maximize the generality of the study, an arbitrary target 
value for driving range equal to 120 km is defined. However, another 
significant degree of analysis regards the choice between two different 
hydrogen storage technologies, i.e. in cryogenic liquid or compressed 
gaseous form. These are marked by a multiplicity of complementary 
advantages and disadvantages, generally favouring the compressed 
gaseous form due to several technical and energetic issues with cryo
genic liquefaction. However, the higher hydrogen density allowed by 
storage in liquid form will be a crucial factor in a future application, 
especially in high-performance vehicles, where the quest for weight and 
size reduction is constant. By these remarks and with the support of 
some specific weight parameters [30], an additional comparison is 
carried out (Fig. 15) starting from previous cases regarding the weight of 
the whole tank system. 

Fig. 14. Results for V1 − V2 strategies (rb = 0–40 %): a) Power split [W], b) Total mass powertrain [kg], c) Fuel economy [km/kgH2], d) Power fuel cell average 
[W], e) Cumulative H2 consumption [kg], f) Fuel cell use (power variations [-], power level [s]). 
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4. Conclusions 

In the niche of high-performance applications, the development of 
Fuel Cell Hybrid Electric Vehicles (FCHEV) assumes a pivotal role as a 
symbolic representation of disruptive propulsion technology for a sector 
still reliant on combustion systems (both stand-alone and hybrid). 
However, defining the power distribution between the main energy 
sources in a hybrid powertrain is one of the most delicate phases of 
development, due to the high risk of incurring an undersized or over
sized solution, as well as posing severe constraints on virtually all the 
subsequent design stages. The purpose of this work is to provide a 
methodology for a rightsized solution by presenting a power split opti
mization model for a hybrid fuel cell-battery powertrain. Developed in 
the MATLAB environment and distributed upon request to the authors 
under the FAIR (Findable, Accessible, Interoperable, Reusable) guide
lines, the model considers the drive cycle and the vehicle parameters 
tailored to the characteristics of typical supercars. In addition, two 
distinct power split strategies are examined for demonstrating purposes, 
representing opposing solutions (V1 and V2, i.e. Dynamic and REx, 
respectively) each maximizing the utilization of a specific power source. 
The results indicate that:  

• The influence of regenerative braking significantly affects the 
hydrogen consumption for both operational strategies, leading to a 
considerable rise in the average FC power and powertrain mass. This 
ultimately results in an approximate 20 % increase in hydrogen 
consumption.  

• V1 strategy (FC as a primary power source) demonstrates a reduced 
hydrogen consumption compared to V2, although the difference is 
marginal, thus reinforcing the methodology generality. Considering 
that both strategies aim to restore the SOC to its initial state, this 
highlights how the optimal point in the power distribution is more 
influenced by the sizing of power/energy of the power sources rather 
than by the specific strategy.  

• V2 strategy (ESS as a primary power source) exhibits significantly 
reduced utilization of the FC, lowering the frequency of power var
iations and ensuring an extended life at maximum performance. 
Although this aspect is not of primary concern in the context of high- 
performance supercars, it is worth to include it in the analysis for the 
sake of study generality on different classes of vehicles.  

• Both strategies identify an optimal FC peak power in the range of 
200 kW (maximum power) and a ESS energy capacity of 11–15 kWh, 
with the only exception of the V2 (REx) strategy without regenera
tive braking showing an optimal sizing with a smaller (7 kWh) ESS 
due to the reduced recharging possibility. 

The proposed methodology enables the identification of powertrain 
solutions characterized by primary reference values for power and en
ergy, leveraging the simplicity of a zero-dimension model in providing 
essential elements to lay the foundations of the project at an early design 
stage. The power split optimization model ensures a more rapid iden
tification of optimal combinations primarily based on fuel economy, 
paving the way towards deeper optimization including volume, effi
ciency, and overall performance of the powertrain. 
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