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ABSTRACT

This work presents the development of a hydrogen-based green energy system for powering fuel cell electric
vehicles (FCEVs), with a specific focus on sustainable urban transportation. Current battery-electric vehicles still
face persistent challenges, primarily related to high manufacturing cost, limited driving autonomy, and the need
for extensive charging infrastructure. To overcome these limitations, a novel prototype was designed and imple-
mented, integrating an autonomous hydrogen production unit directly within the vehicle. The system is supported
by photovoltaic sources for renewable energy input and Lithium-ion batteries for efficient storage and operational
stability. The hydrogen produced on board is utilized by a reversible Proton Exchange Membrane Fuel Cell (PEMFC),
which converts the chemical energy into electricity to drive the vehicle’s engine and supply auxiliary systems. This
integrated approach ensures continuous energy availability while minimizing dependence on external charging sta-
tions. The proposed concept demonstrates several advantages, including extended driving range, reduced refueling
time, increased system autonomy, and zero carbon dioxide emissions. Moreover, the design contributes to urban

air quality improvement and aligns with Circular Economy (CE) protocols by promoting renewable integration and
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resource efficiency. Overall, the study highlights hydrogen-based embedded systems as a promising pathway to-

wards clean, sustainable, and resilient mobility solutions.

Keywords: PEMFC; Green Hydrogen; Sustainable Transport; Electrochemical Modeling; Hybrid Vehicle; Simulation;
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1. Introduction

Most vehicles use an internal combustion engine
causing significant air pollution and the inability to meet
new clean energy standards for zero €O, emissions!.
In this context, petrol or diesel vehicles produce at least
100 grams of CO;, every kilometer, which is much higher
than the Kyoto, Copenhagen recommendations and Paris
COP21 policies. However, with the application of Euro
3 through Euro 6 standards, European member States
must refuse to approve the registration, sale, and oper-

ation of vehicles that exceed €O, HC and NO;, emission
limits. These specifications are as follows: for Euro 3,
the maximum €O, emissions were set at 500 mg/km.
However, with the implementation of Euro 6 standards
in 2015, this limit was reduced to 80 mg/km. More-
over, the production of diesel cars will be phased out
in Europe starting in 2030, followed by gasoline cars in
2035. Table 1 presents the limit standard values for pol-
lutants released in grams per kilowatt-hour (g/kWh), ni-
trogen oxides (NOx), carbon monoxide (CO), hydrocar-
bons (HC) and particles[?].

Table 1. European standards for greenhouse emissions.

Standards Reference Date NOx (g/kWh) HC (g/kWh) CO (g/kWh)
Euro 0 88/77 01-10-1990 14.4 2.4 11.2
Euro | 91/542 (A) 1-10-1993 9 1.23 49
Euro Il 91/542 (B) 1-10-1990 7 11 4
Euro III 1999/96 1-10-2001 5 0.66 21
Euro IV 1999/96 1-10-2006 3.5 0.46 1.5
Euro V 1999/96 1-10-2009 2 0.46 1.5
Euro VI Regul. (CE) 31-12-2013 0.4 0.13 1.5

During the last decade electric vehicles (EVs) and
hybrid electric vehicles (HEV), equipped with lithium-
ion batteries were developed and produced on a large
scale to resolve this problem. For example, in 1997, Toy-
ota launched the Prius, the first hybrid electric car to be
marketed with 18,000 units, and then followed in 2010
by Nissan, Tesla, and Hyundai with 100,000 electric cars
in circulation. In 2021, a Chinese electric SUV model en-
tered the market with a price point of €40,000, featur-
ing a 150 kW powertrain and 60 kWh battery capacity
that delivered a 400 km range. The vehicle required ap-
proximately 6 hours for a full charge using a standard
6.6 kW AC charging system. However, this technology
still faces significant obstacles to overcome before the
internal combustion engine becomes obsolete, such as
low autonomy, a slow battery charging period, as well
as heavy infrastructure for installing devices and charg-
ing stations in kiosks or urban stations. On the produc-

tion side, the materials required to produce batteries are
very limited and may not support a true global quantity
of vehicles 3.

As an alternative to the latter strategy, a second tech-
nology has recently taken hold but is not yet widely man-
ufactured, namely green hydrogen energy technology for
electric vehicles such as cars, buses, trucks, trains, and
boats. Current and near future market studies estimate
that the hydrogen vehicle market is taking off, especially
for heavy vehicles. Hydrogen fuel cell vehicles have ad-
vantages over electric cars, such as faster times and signif-
icantly reduced battery size [l. Without the challenges as-
sociated with hydrogen production and distribution, hy-
drogen fuel cell vehicles could have outperformed elec-
tric vehicles as an alternative to the traditional internal
combustion engine and electric gas station charging de-
vice. As proof of this, in 2020, the Toyota Mirai sedan
with an electric motor powered by compressed hydrogen
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fuel cells had crossed the second generation milestone,
even lower than the Hyundai Nexo, Skoda Citigo and Da-
cia Rabi. In 2021, a hybrid solution was proposed by PSA
Automotive, which filed a patent PT/FR2022/050011, on
a hybrid electric vehicle combining a hydrogen fuel cell
and a Li-lon battery, which attempted to find a technical
solution for the vehicle range. But the problem of storage,
whether electrical with batteries or chemical with hydro-
gen, remains the weak link in such an application, with-
out forgetting security and heavy refueling infrastructure.
As for public transportation, in 2017, train manufacturer
Alstom launched the prototype of the Coradia train pow-
ered by hydrogen fuel cells, with support from the Ger-
man Ministry of Transport. The train was launched to pas-
sengers in September 2018, with a range of 1000 km and
a speed ranging from 80 Km h™'to 140 Km h™*[*l, How-
ever, hydrogen can be highly explosive, making hydrogen
To

minimize this risk of explosion and to reduce the costs,

distribution a dangerous and expensive process .

this project presents the development of a new reversible
fuel cell strategy to minimize hydrogen storage on the ve-
hicle. The proposed design enables the real-time produc-
tion and consumption of hydrogen through an onboard
electrolysis system powered by photovoltaic panels and
battery storage. This approach minimizes the need for
large hydrogen storage tanks by directly feeding the gen-
erated hydrogen into the Proton Exchange Membrane
Fuel Cell (PEMFC) for immediate conversion into electri-
cal energy during vehicle operation. Such configurations
have been demonstrated in experimental setups to en-
hance efficiency and safety while reducing system weight
and complexity. Another advantage of this innovation is
the increase in the vehicle energy autonomy and the min-
imization of the use of charging points, which facilitates
the logistics and operating infrastructure of sustainable
transport[°],

This paper introduced a mathematical-empirical
model of a proton exchange membrane fuel cell (PEMFC)
that incorporates dynamic characteristics related to cell
electrochemistry, energy balance, and reactant flow.
The existing steady state model is expanded to enable
dynamic electrochemical analysis[®l. The study includes
electric and thermal modeling with reactant flow analy-

sis for a well-studied fuel cell stack, specifically the Fuel

cell model’]. Simulation of the model is performed us-
ing the Matlab-Simulink environment[®l. To validate the
proposed model, a small car prototype was developed to
conduct measurements and experimental results.

2. Materials and Methods

2.1. The Green Hydrogen Vehicle Structure

The primary goal of our research and innovation
was to design a compact, eco-friendly vehicle powered
by water. This solution aims to be both economical and
sustainable by replacing compressed hydrogen with a
system that generates hydrogen in real time to supply
PEMFC. These fuel cells then produce the electrical en-
ergy needed to run the vehicle’s engine. The process
relies on water electrolysis to produce hydrogen on de-
mand, which is used to power the fuel cell. Additionally,
photovoltaic panels installed on the vehicle’s roof pro-
vide supplementary energy to the battery during elec-
trolysis, especially when the fuel cell’s charge is inade-
quate [,

The PEMFC fuel cell functions as an electrochemi-
cal generator, transforming chemical fuel into electrical
energy. It consists of two electrodes separated by a spe-
cialized electrolyte membrane. This membrane permits
the passage of ions (polarized atoms) but blocks free
electrons. When fuel interacts with the anode (the first
electrode) and the cathode (the second electrode) is ex-
posed to air, a chemical reaction occurs, releasing elec-
trons and generating an electric current 1%,

The sequence of the car operating process (Figure
1) is as follows:

- Filling up the water tank once a month.

- The electrolyser powered by the photovoltaic pan-
els (in the event of insufficient charge) transforms
the water into hydrogen H; and oxygen O,.

- The Oy is released into the air while the H; is recov-
ered by the PEMFC fuel cell.

- PEMEFC reacts by synthesis to reproduce water and
provide an electric current cyclically and as needed.

- The DC/DC (electric converter) converts continu-
ous electrical energy into alternating energy to op-
erate the vehicle’s electric motor.
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The car starts to drive and start according to the
command from the monitor and the dashboard.

The previous cycle operates repetitively and contin-

uously.

PV Array

L) Supercapacitor

Hydrogen Tank

Oxygen Tank

Final Drive
&
Differential

Figure 1. Diagram of the hybrid vehicle system, integrating onboard electrolysis, PEMFC, and photovoltaic panels for sustainable

power generation.

2.2. Block Diagram of the Power Genera-
tion

The system is composed of three tanks: water, hy-
drogen and oxygen for storage to ensure a long auton-
omy. The fuel cell technology can operate reversibly

(electrolysis and water synthesis)['ll. The electricity

Converter
DC/AC
B

needed to produce hydrogen is supplied by solar PV: in
the event of poor or no lighting, the battery will take over
as an auxiliary source of electricity. The battery will be
recharged by braking the vehicle. The PEMFC fuel cell
delivers a continuous voltage which will be converted to
alternative 220V/50 Hz via an inverter (DC/AC) to fed
the vehicle’s AC motor (Figure 2).

Wheels

Mator Transmission

i

Wheels
“reation of electricity energy f 12 and O2 —
DC
—l
Electrolyze water from solar or battery AC

Figure 2. Block diagram of the electric power generation.
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2.3. Fuel Cell System

Fuel cells are devices that electrochemically con-
vert the chemical energy stored in a fuel, such as hydro-
gen, directly into electrical energy, with heat produced
as a byproduct. The technology is promising for mobile
and stationary applications due to its high energy effi-
ciency in cogeneration mode, low emissions, excellent
dynamic response, modularity, and durability. Among
the various types under development, the Proton Ex-
change Membrane Fuel Cell (PEMFC) has become a lead-
ing candidate. Its advantages include a solid polymer

electrolyte, rapid start-up times, a relatively low opera-

tional temperature range (50-90 °C), and a high specific
energy density (111,

A typical PEMFC unit is centered around a Mem-
brane Electrode Assembly (MEA). This core component
consists of a solid polymer-ionomer membrane situated
between an anode and a cathode. Each electrode is
coated with a catalyst layer, often containing platinum,
and a Gas Diffusion Layer (GDL). The entire assembly is
compressed between conductive bipolar plates, which
also feature flow channels for the reactant gases. Con-
necting multiple such cells in series forms a stack, en-
abling the system to deliver power at useful voltages and
currents (Figure 3).

Electric power

Unused
hydrogen

Anode

Proton

Oxygen

Cathode

exchange
membrane

Figure 3. Fuel cell operation.

In operation, hydrogen fuel is supplied to the anode
compartment, while an oxidant (typically oxygen from
air) is fed to the cathode. The key electrochemical re-
actions occur at the three-phase boundaries within the
porous electrodes. At the anode, hydrogen molecules
are oxidized, releasing protons and electrons (Equation
1). The protons migrate through the ion-conductive
membrane to the cathode, while the electrons travel
through an external circuit, generating a useful electric
current. At the cathode, oxygen molecules combine with
the arriving protons and electrons to form water (Equa-
tion 2). The overall cell reaction is the combination of

hydrogen and oxygen to produce water, electricity, and
heat (Equation 3).

2H, — 4H' +4de” (1)
4HY +4e™ 4+ Oy — 2H20 (2)
2Hs + Og — 2H50 + electricity + heat 3

The operation of the PEMFC (Figure 3) is as fol-
lows:
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v' Gaseous dihydrogen (H;) coming from the tank is
sentto the anode of the fuel cell, while dioxygen (0;)
coming from the tank (22) arrives at the cathode.

v" Molecules (H;) decompose into two protons (H")
and two electrons (e”).

v' The H* ion pass through a porous membrane to-
wards the cathode of the battery, but not the elec-
trons which will be blocked by the membrane.

v' Aplatinum conductive wire between the anode and
the cathode allows the passage of electrons. This
circulation of negative charges creates an electric
current which powers the motor.

v Atthe cathode, H* ions and electrons combine with
0, to form water (H,0), which is released as vapor.

In addition to the main stack, a complete fuel cell
system incorporates various auxiliary devices. These in-
clude a fuel processor unit, which may consist of a gas

reformer, storage tank and a drive cycle of a testing ve-

hicle. The fuel cell is considered the main source due to
its ability to store large quantities of energy for an ex-
tended period. The solar panels are used for electrolysis,
activated when the drive cycle is positive. In this system,
dry hydrogen is supplied from a pressurized tank to the
anode through a pressure regulator, maintaining anode
pressure at 70 atm. A mass flow meter records the hy-
drogen consumption rate at the anode, while excess gas
is re-circulated using a diaphragm pump. Purified air,
obtained from a compressor, is supplied to the cathode,
and a back pressure regulator (BPR) ensures cathode
pressure remains at 3 atm (Figure 3). The fuel cell sys-
tem is internally humidified, employing a circulating wa-
ter stream that passes through a radiator. This process
not only humidifies the reactants but also helps maintain
atemperature of approximately 75 °C. The nominal stack
voltage is 400 V, with a current between 100 A and 250
A. More details about the parameters of the Hydrogen
Electric Vehicle (HEV) are provided in Table 2 1213,

Table 2. Parameters of the HEV.

Element Parameters Value
Nominal power 90 kW
Number of cells (serie/parallel) 176
Fuel Cell (PEMFC) Hydrogen tank pressure 70 atm
Oxygen tank pressure 35 atm
Input voltage 400V
MPPT power 1 kW
PV array Solar luminance 1000 W m2
Number of cells 4
capacity 1kWh
Battery Voltage (serie/parallel) 385V
socC 85%
Power 75 kW
Vehicle Mass 2000 Kg
Density 1.2 Kgm™

2.4. The PEMFC Model

A PEMFC is not an energy storage device like a bat-
tery but an energy converter, transforming the chemi-
cal potential of hydrogen directly into electrical power
via electrochemical processes. The selection of PEMFC
technology for this application is motivated by its favor-
able attributes, which include a high power-to-weight ra-
tio, mechanical robustness, a solid electrolyte that mini-
mizes maintenance, rapid start-up capability, and scala-

bility across a wide power spectrum (10 kW to 10 MW).

Furthermore, PEMFCs operate with high efficiency and
produce zero greenhouse gas emissions at the point of
use, aligning with environmental sustainability goals for
applications ranging from centralized power generation
to zero-emission transportation. The operational behav-
ior ofa PEMFCis inherently nonlinear and is governed by
a multitude of interacting parameters, including operat-
ing temperature, reactant partial pressures, membrane
hydration levels, and the applied electrical load. To ren-
der the system amenable to modeling and simulation, a

set of simplifying assumptions is adopted [*4]:
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- The electrolyte membrane is assumed to be fully hy-
drated.

- A one-dimensional, lumped-parameter modeling
approach is employed.

- The stack operates at a uniform, isothermal temper-
ature.

- While total pressure is considered uniform, the par-
tial pressures of the reactants are variable and im-
pact performance.

For the electrochemical modeling, several steady-
state empirical models have been developed by Mann et
al. 20005 and Kim et al.[?]. A generalized model out-
lined by Amphlett et al.[%], capable of describing various
fuel cell types, is considered here, and incorporated with
dynamic features to develop a basic fuel cell model. PEM

fuel cell characteristics are typically represented by po-
larization curves. The thermodynamic equilibrium po-
tential of the hydrogen/oxygen reaction is reduced by
various overvoltage terms associated with mass trans-
port, and ohmic phenomena within the cell. In other
words, the output voltage of a single cell is influenced by
different current, temperature, and pressure-dependent

factors.

2.5. Equivalent Diagram of a Fuel Cell

The electronic model of the fuel cell can be illus-
trated by the diagram of Figure 4. The model is equiva-
lent to a Thevenin generator characterized by its couple

(Enernst, Ry;,) which delivers on an electrical load 71,

pac
—
+
v ohmic A
+
U act v
- pac Charge
con
+
ENerns .I. \

Figure 4. Electric model of a fuel cell.

The Ry, is the internal resistance of Thevenin gen-

erator, and can be expressed as:

Ract + Rcom
1+ ]Cw(Ract + Rcom)

Rth = Rcom + (4)
w=271F
F: frequency
As the current in the fuel cell is continuous, we can
adopt F=0.
In this case, (Ry) becomes:
Rth = Ract + Rohm + Rcom (5)

The output voltage of the fuel cell can be expressed

as follows [18l:

EFC = Enernst - ‘/a,ct - Vohm - ‘/com (6)
The expression of the Nernst equation ! is as fol-
lows [20]:
ENernst = 1.229 — 0.85 % T—(T — 298.15)+ -
7

4.3085 % 107°T [In (Pg,) + 0.5 % In (Po,)]

Py, and Py, are respectively the pressures of hydro-
gen and oxygen at the inlet of the cell expressed in atmo-
spheres (atm). According to Amphlett’'s model and the

following[?11:
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Vaet = [&1 + 6T+ &TIn (Co,) + &T In(Ipc)]  (8)

With

Irc is fuel cell current.

&1,&9, &3 and &, are parameters of the fuel cell. C,,
is the concentration of Oxygen (mol cm™3).

C,2 can be computed by Henry expression as fol-

lows (221,

P02

= 5.08 % 106¢—498/T )

002

The ohmic drop voltage across the cell is the result
of the electronic resistances of the bipolar plates and can

be given by the expression 1%l

Vohm = Irc(Ry + Re) (10)

Where

Ry =&+ 86T+ &drc (11

- Ry is the resistance of the membrane.
- Rcisthe contactresistance to the conduction of elec-

The concentration voltage is the following 23!

Vcom=B< / —1> (12)
Jmax
Finally, the output voltage of the PEMFC is:

Vstack - Ncell * EFC (13)

- Visack is the output voltage of the PEMFC (all cells).
- Nge: number of cells in series.
- Epernse: is the thermodynamic. potential of a single

cell Vact: is the activation voltage.

- Vonm: is the ohmic voltage.

- Veom: is the concentration voltage

- T:cell temperature (K).

- PH;: Hydrogen pressure (atm).

- Py,: Oxygen pressure (atm).

- J:is the current density of the cell (A cm™2).

- Jmax: is the maximum current density of the battery

(Acm™).

- B:is aweighting constant.

The values of the used parameters of the PEMFC are

trons. presented in Table 3.
Table 3. Parameters values 2%,
Parameter Value Parameter Value
& —6.5x 1071 &s 3.3
& 4.3 x 1073 & —7.5x 103
&3 —1.9x 1074 &7 1.1 x 1073
I 1.8 x 1075 Jmaz 0.05
R.C. 3x10°3 Py 0.1
B 16 x 1073 Poo 0.1

2.6. The Vehicle Modeling

Electric vehicles are subject to physical forces dur-
ing driving, such as gravity, wind, rolling resistance, and
inertial force that affect vehicle motion. The driving
force required by the vehicle can be calculated by the fol-
lowing expression [24:

PL=PR+ PAR+ PA+ PG (14)

Where:

- PL:is driving force.
- PR:isthe rolling resistance.

- PAR:is the wind force.
PA: is the inertia force.

PG: is the gravity vehicle force.

PL = CrMpey * g * cos(a) (15)
PAR =0.5%p.Cag * Ay * V2, (16)
PA = Mpew * Apev * Vieu (17)
PG = Mpey * g sin(a) (18)
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With :

- Cg: is the vehicle coefficient of rolling resistance.
- My is the vehicle mass (2000).

- Vhe: is the vehicle speed (km h™1).

- Apes: is the vehicle acceleration (m s72).

- Ay: is the vehicle equivalent cross-section (m™2).
- g: the gravity (9.81 m/s?).

- p: Air density (kg m™3).

-« is the street inclination.

The required vehicle power can be expressed as:

P _ Ppy — Ppk (19)
e NGx * Minv * MM

Where :

- Pgy: is the electric vehicle power.
- Pgg: is the braking power.

Fuel Cell -V Curve

- 7ngx: is the gear efficiency.
Ninv: 1S the inverter efficiency.

- nu: is the vehicle motor efficiency.

3. Simulation Results
3.1. PEMFC Simulation

The non-ideal voltage losses—activation, ohmic,
and concentration significantly influence the opera-
tional efficiency of the PEMFC, as documented in prior

studies [25-27],

Figure 5 presents a simulated polariza-
tion curve, which exhibits three distinct regions: a sharp
initial voltage drop at low currents due to activation po-
larization, a linear decline in the mid-current range dom-
inated by ohmiclosses, and a rapid voltage fall-off at high

currents caused by mass transport limitations.

-
-
T
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—
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0.5 0.6 0.7 0.2 0.9 1

Current Density (Mn:mzjl
Figure 5. Polarization curve of a fuel cell.

The developed dynamic model was implemented in
the Matlab-Simulink environment (Figure 6). The sim-
ulation incorporates the PEMFC stack model integrated
with its auxiliary systems, including reactant supply and
a defined drive cycle. The model inputs are the controlled

flows of pressurized hydrogen and air. The stack’s out-

put voltage is dynamically computed based on the load
current, operating temperature, and reactant pressures.
The simulation period, set to 2500 seconds, was chosen
to capture the system’s complete transient response un-
der the specified driving profile, as shown in Figure 7.
The parameters of the fuel sale are set in Table 4.
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Figure 7. Hydrogen pressure (MPa), consumption (g), and energy output (M]) over one hour, showing stable operation at 63
MPa after consuming 500 g H,.
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Table 4. Fuel cell parameters.

Parameter Value Name
Neent 400 Number of cells in stack
aredce 280 cm™2 Cell area
tmembrane 125 pm Membrane thickness
tydl, 250 um Anode gas diffusion layer (GDL) thickness
tydic 250 um Cathode gas diffusion layer (GDL) thickness
io 8e-05 A cm™? Exchange current density
i, 1.4 Acm™ Max (limiting) current density
« 0.5 Charge transfer coefficient
Pmembrane 2000 Kgm™ Density of dry membrane
M embrane 1.1 Kg mol™* Equivalent weight of dry membrane

3.2. Consumed Hydrogen, Produced En-

ergy and Autonomy

The amount of hydrogen needed to power a 90 kW
fuel cell (PEMFC) is:

Hcons:PFC*n*DH (20)

- Pgc: is the energy density of hydrogen = 33 kWh/kg
- 1 is the efficiency of the PEMFC cell = 55%
- Dy is the power of the PEMFC = 90 kW

These values give hydrogen consumption around
1.36 kg/h. The autonomy of the vehicle in hours, can be

deduced as :

AH(in Hours) — V:st/Hcons (2 1)
- Vg is the volume of the storage H; tank.

If we adopt a speed (S,: in km/h), then the auton-

omy in kilometers will be:

In the case where the mean speed is 80 km/h and

the storage tank is 5 kg of H;, then the PEMFC autonomy
is equal to 3.67 hours or in other terms around 300 km.

Figure 7 gives an illustration of the hydrogen pres-
sure, consumption and provided energy during the first
hour of driving or functioning. We can observe that the
fuel cellisunder 70 bar pressure (Figure 7). However af-
ter 2500 sec, it becomes 63 (MPa) and this occurs after
the consummation of 500 (g) of hydrogen which devel-
ops an energy of 44 M] or an equivalent of 12 kWh.

4. Vehicle Test Procedure

The Federal Test Procedure (FTP)-75 test proce-
dure for the city vehicle driving cycle is a series of stan-
dard tests defined by the United States Environmental
Protection Agency (EPA) to measure exhaust emissions
and fuel consumption of gasoline-diesel, electric and hy-
brid cars, and also to estimate the range in distance trav-
eled by an electric vehicle.

The test protocol which is illustrated in the Figure
8, is divided into four phases. The characteristics of the
cycle are as follows: - Distance traveled: 17.7 km - Dura-
tion: 1874 seconds - Average speed: 34 km/h.

60
Cold- Stabilized Phase Hot Soak Period Hot-Start
50 Start 506-1372s Transient
ransient Phase
Phase 505s
£ 30 0-505s
=
E 30
-
@
a
w 20
10
0
0 500 1000 1500 2000 2500

Time, s

Figure 8. Speed-time profile of the Test Procedure.
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According to Figure 9, we can observe the tem-
poral evolution of PEMC current, voltage, power and
temperature during the first hour according to FTP-75
test protocol. We can observe a concordance of the
vehicle behavior with the target profiles of Figure 8.
Cold and hot starting periods are zones where the con-
sumed hydrogen and power are highest (80KW), how-

ever the temperature of the fuel cell is maintained sta-
ble around 80 degree during the cycle of the function-
ing. The contribution of the oxygen is to reduce the
cell temperature, which we observe in the third zone
(1400-2000 sec): in this case, the temperature of the
cell began to decrease gradually, reaching 70 degree at
2000 sec.
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Figure 9. PEMFC current (A) (a), voltage (V) (b), power (kW) (c), and temperature (°C) (d) during FTP-75 test, showing stable

operation and cooling effect of oxygen flow.

5. Vehicle Speed

The FTP-75 speed profile and protocol was used
and the time was set to 1400 seconds which correspond
to first and second periods of the protocol (starting or
transit period, stable or permanent period). Figure 10

represents the temporal speed profile of the HEV during
the 1400 seconds. In comparison with the standard FTP-
75 profile, the vehicle traveled almost 18 km at a speed
above 37 km/h and reaches its stable regime at full en-

ergy from 200 seconds (Figure 10).

Speed (Km)

a0 |-

Drive Cycle Source

0 500

1000 1500

Times (s)

Figure 10. Temporal speed profile of the HEV.

Up to 505 seconds, the vehicle went through its
cold start transient period characterized by significant
vibration before reaching its highest speed. Then the
cycle was stable up to 1372 seconds at intermediate
speed. Finally, the vehicle speed returned to zero for
the remainder of the cycle (1400 seconds). The max-
imum produced power, P = 45 kW, for a maximum of
170 seconds. The obtained results demonstrate the hy-
bridization benefit of the PEMFC fuel cell and the bat-
tery to give more efficiency and power to the electric
vehicle motor.

Figure 11 shows the evolution of the vehicle’s sup-
plied power during the same period of 1400 seconds.
Shows that at the beginning of the cycle, current is fully

drawn from the battery, then current is drawn from the
PEMFC for the rest of the cycle. We can notice that dur-
ing any braking, the fuel cell remains on standby and the
battery goes to the recharge phase, although the braking
time is the braking delay. Itis a common practice that the
PEMFC is slower in terms of operating response and that
is why the battery is supposed to start powering the elec-
tric motor. The battery terminal voltage varies accord-
ing to vehicle operation conditions. Furthermore, the
battery state of charge (SOC) varies between 48.5% and
60% as illustrated in Figure 12. The obtained results
demonstrate the hybridization benefit of the PEMFC fuel
cell with Li-Ion battery to give more efficiency and power
to the electric vehicle motor.

35



Clean Energy Technologies | Volume 01 | Issue 02 | September 2025

50000

40000 |

-10000
0

power_dssipated

Time (s)

Figure 11. Provided vehicle power.

60

YodOoe %
™

0 200 400 400

| —— SoC%

800 1000

Time (s)

Figure 12. Battery State of Charge during the cycle FTP75.

6. Discussion

The reversible PEMFC coupled with a hydrogen
tank and the vehicle’s battery forms a more powerful
hybrid propulsion system. When the vehicle is mov-
ing, the PEMFC produces electricity from hydrogen to
When the vehicle is sta-

tionary, the PEMFC can operate in electrolyzer mode

power the electric motor.

to recharge the battery from water, using electricity
from solar panels. This hybridization between battery-
electric cars and hydrogen-powered cars is highly ad-
vantageous from a propulsion and power perspective.
The electric battery provides good energy efficiency for
urban journeys, while the hydrogen fuel cell ensures
greater autonomy, shorter recharge times, and suitabil-
ity for longer trips. Additionally, this hybridization re-

duces the weight and size of the electric vehicle by de-

creasing battery volume. It also offers more flexibility
for the driver, who can choose the appropriate combi-
nation of battery and/or fuel cell usage depending on
their journey and needs, optimizing energy efficiency
based on driving conditions.

The hybrid PEMFC-battery system enhances propul-
sion efficiency, with the PEMFC providing steady power
and the battery handling peak demands. Experimen-
tal validation on the prototype yielded voltage-current
curves (400-500V, 100-250 A), an efficiency of 55%, and
a hydrogen output of 1.36 kg/h, aligning with simulation
results. The 5 kg H; tank (70 atm) supports dynamic driv-
ing conditions, with onboard electrolysis producing ap-
proximately 0.5 kg/h H;, supplemented by the tank dur-
ing sudden power demands (e.g., acceleration). Excess
hydrogen is stored, ensuring no shortages during FTP-75
cycles. This approach minimizes the need for large hydro-
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gen storage tanks, enhancing safety and reducing system
weight.

Modeling Limitations: The isothermal and constant-
pressure assumptions simplify the model but may over-
estimate efficiency by 5-10% under variable conditions,
such as rapid temperature changes or pressure drops. Fu-
ture models could incorporate transient thermal dynam-
ics and pressure fluctuations to improve accuracy and bet-
ter reflect real-world performance.

The obtained results demonstrate that the perfor-
mance of a fuel cell is highly dependent on the temper-
ature of the stack. Higher temperatures typically ele-
vate the polarization curve, indicating enhanced perfor-
mance. However, excessively high temperatures can lead
to membrane dehydration and stack degradation. There-
fore, maintaining an optimal temperature (between 70
and 80 °C) is crucial for achieving peak performance. The
effective partial pressure of hydrogen and oxygen in the
fuel cell is determined by the reactant flow rates at the
anode and cathode, as well as the magnitude of the stack
current. Analytically, an increase in fuel cell current corre-
sponds to a higher consumption of hydrogen and oxygen,
leading to a decrease in reactant pressure.

The fuel cell stack is projected to generate a maxi-
mum power of 90 kW at an operating temperature of ap-
proximately 80 °C. The voltage input for the PEMFC falls
within the range of 400 to 500 V. A slow chemical reac-
tion in the activation region leads to a nonlinear voltage
drop due to a reduction in voltage. Following the acti-
vation region, the fuel cell operates in the ohmic region,
with a voltage drop from about 475V to 415 V. The ohmic
loss in this region is caused by electrical resistance in the

electrode, resulting in a linear voltage drop. The region

Table 5. Performances indicator’s Comparison with recent HEV models

of maximum performance, at 205 A and 440 V, is consid-
ered ideal for fuel cell operation. Transitioning from the
ohmic region, the fuel cell enters the mass transport re-
gion, starting ataround 415 V and ending near 400 V. The
loss of mass concentration in this region is due to the dif-
fusion of reactants from flow channels to reaction sites,
with slower transportation of reactants in higher current
operating regions leading to a more noticeable loss.

On the other hand, the tests of the hydrogen electric
vehicle according to the FTP-75 protocol showed that the
speed of the car reached its steady state with the desired
values after 200 seconds. However, the power provided
by the fuel cell is 45 kW for reduced speeds not exceed-
ing 50 km/h. The deficit is provided by the battery, espe-
cially during acceleration or high speeds. The values ob-
tained showed that the average hydrogen consumption
is approximately 0.5 kg/100 km, which provides an en-
ergy output of 15 kWh and a range of 4 hours or approx-
imately 300 km for an average speed of 80 km/h. These
values are encouraging, especially since they can be im-
proved if an energy and driving management supervisor
is used.

By comparing our results with those from other ref-
erences and international organizations, as well as recent
HEV developments by Toyota, Hyundai, BMW, Honda,
and Mercedes, indicators show that our model is compet-
itive despite being a non-industrial prototype in the final
stages of development. Observing the values in Table 5,
we notice that our HEV model performs comparably to
other hydrogen vehicles. If we double the power of our
prototype, we could match the performance of BMW and
Hyundai models while potentially exceeding them in effi-

ciency.

[28]

Model Power Autonomy H; Tank Time of Consumption (kg) Vehicle Mass
(Kw) (km) (kg) Charging (min) H2/100 km (kg)

Toyota Mirai 114 650 5.6 3-5 0.76 1850
Hyundai Nexo 120 666 6.3 5 0.95 1950
Honda Clanty 130 589 5.5 3-5 0.84 1830
BMW I Hydrogen 170 500 6.0 3-4 1.20 2100
Mercedes-Benz 147 493 4.4 3 1.03 2345
Hyundai XCIENT 190 400 32.0 8-20 1.50 19500
Our model 90 300 4 5 0.5 2000
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7. Conclusions

The transition towards sustainable urban trans-
portation has been a pivotal focus in recent years, driven
by the imperative to reduce carbon emissions and air
pollution. (EVs) and (HEVs) equipped with lithium-ion
batteries have emerged as promising alternatives to tra-
ditional internal combustion engine vehicles. However,
despite their potential, EVs and HEVs face significant
challenges, including limited range, prolonged charging
times, and the need for extensive charging infrastructure.
In response to these challenges, a novel approach utiliz-
ing hydrogen-based green energy for powering electric
vehicles has been proposed and developed in this study.

By integrating an on-board hydrogen production
system with a photovoltaic source and Li-Ion battery, the
proposed system extends vehicle range, boosts motor
propulsion, reduces recharge times and offers more en-
ergy flexibility during driving.

The developed car prototype is designed with re-
generative braking and energy recovery, in no-load, de-
celeration or braking mode. The drive is done without
a gearbox and without drive shafts, resulting in a re-
duction in the weight of the vehicle, the bulk and the
power required. The analysis study is based on both em-
pirical and fundamental physical relationships, captur-
ing various aspects related to transient phenomena in
cell electrochemistry, energy balance, and reactant flow.
The models are simulated using Matlab-Simscape soft-
ware, and then compared with experimental data, col-
lected from a small prototype developed in our labora-
tory. The obtained results demonstrated that the fuel
cell (FC) could provide approximately 70% of the re-
quired current once the vehicle was in motion, with the
remaining 30% supplied by the battery.

Finally, the scalability of hydrogen fuel cell tech-
nology presents opportunities for applications beyond
passenger vehicles, including buses, trucks, trains, and
boats. This versatility positions hydrogen as a viable
solution for a wide range of transportation needs. De-
spite the promising prospects of hydrogen-based green
energy systems, several challenges must be addressed
such as the high cost and the security structure of hydro-
gen storage which requires high safety devices.
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