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Abstract: Currently, transitioning from fossil fuels to renewable sources of energy is needed, con-
sidering the impact of climate change on the globe. From this point of view, there is a need for
development in several stages such as storage, transmission, and conversion of power. In this paper,
we demonstrate a simulation of a hybrid energy storage system consisting of a battery and fuel cell in
parallel operation. The novelty in the proposed system is the inclusion of an electrolyser along with a
switching algorithm. The electrolyser consumes electricity to intrinsically produce hydrogen and
store it in a tank. This implies that the system consumes electricity as input energy as opposed to
hydrogen being the input fuel. The hydrogen produced by the electrolyser and stored in the tank
is later utilised by the fuel cell to produce electricity to power the load when needed. Energy is,
therefore, stored in the form of hydrogen. A battery of lower capacity is coupled with the fuel cell
to handle transient loads. A parallel control algorithm is developed to switch on/off the charging
and discharging cycle of the fuel cell and battery depending upon the connected load. Electrically
equivalent circuits of a polymer electrolyte membrane electrolyser, polymer electrolyte membrane
fuel cell, necessary hydrogen, oxygen, water tanks, and switching controller for the parallel op-
eration were modelled with their respective mathematical equations in MATLAB® Simulink®. In
this paper, we mainly focus on the modelling and simulation of the proposed system. The results
showcase the simulated system’s mentioned advantages and compare its ability to handle loads to a
battery-only system.

Keywords: hybrid energy storage; proton electrolyte membrane; fuel cell; electrolyser; hydrogen
tank; oxygen tank; water tank; MATLAB® Simulink® modelling; Scilab®; energy storage

1. Introduction

The current global warming scenario is aggravating, at an alarming rate, the increase in
the production of greenhouse gases (GHG) [1]. As development progresses, the demand for
energy keeps increasing, leaving us with no choice other than to utilise the available reserves
and search for additional alternative energy sources [2]. To meet our increasing demands,
fossil fuels are being consumed at an exorbitant rate to provide energy for servicing our
needs [3]. Combustion of fossil fuels produces GHG which lead to an increase in global
temperatures [4]. To fight the issue, the Paris agreement was signed by 194 countries
who agreed to slow down the negative impact of climate change by reducing fossil fuel
consumption over the course of a decade [5]. Since then, development has shifted focus
toward improving the efficiency of producing, storing, and transmitting energy, and since
then, invention and innovation of several methodologies have been undertaken to explore
ways to improve the system [6]. Despite this, the global warming scenario seems to be
escalating steadily, urgently demanding the need for alternative and renewable energy
sources [7,8]. Several alternative methods for producing energy have been developed and
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introduced into the market. From the energy storage point of view, the industry seems to be
lagging in terms of the primary technology used to store energy, that is, batteries [9]. Battery
technologies have achieved high efficiencies, but they pose a threat to the environment in
terms of the materials used to produce them [10].

Several alternatives for storing energy exist in the development stage [11]. Amongst
the available options, hydrogen is viewed as one of the most promising alternatives to re-
place fossil fuels [12]. Governments are establishing ambitious targets for making hydrogen
technology commercially viable and are supporting those industries that are focusing on
improving this field of technology [4,5]. With the boom of electric cars and their commercial
success, hydrogen technology is not far away from taking the helm, as it has the potential to
be superior in several factors as compared with existing battery systems [13]. However, the
gap is yet to be filled in terms of technological advancements, and making it commercially
viable is in the hands of those in research and development [14,15].

The idea of hydrogen being utilised as an energy carrier medium has been around
for decades. It started at a scientific meeting in Stockholm in the 1970s, where a group
of scientists spoke about sending energy in the form of hydrogen through pipelines [16].
Since then, the trial for exploring hydrogen’s potential has been on and off [17]. Hydrogen
has been tested to be used as a means of storing energy. For the past two decades, several
companies have developed hydrogen-based systems and have deployed them commer-
cially, especially in the transportation sector [18]. The transportation sector accounts for a
significant portion of global energy demand and consumption [19]. Moreover, heavy-duty
vehicles that provide transportation services to support industries demand significant
energy, which is currently satisfied by relying on diesel as its primary fuel [20].

To date, hydrogen is still considered to be an energy carrier of the future and has
begun to establish itself [21]. This is attributed to its high energy density, which enables
hydrogen to store enormous amounts of energy that can be later delivered for significantly
extended periods [22]. Hydrogen systems have several benefits over existing systems [23].
They are reliable, offer longevity, have a higher energy density, environmental compatibility,
flexibility with intermittent renewable sources, low pollution, and a hazard-free nature,
and are safer than existing batteries [24,25]. All the highlighted advantages make hydrogen
potentially a better choice than batteries in energy-demanding applications. For example,
they could be implemented in heavy-duty vehicles to satisfy the energy demand in the
transportation sector which accounts for almost a quarter of the total energy demand of
the globe [26]. Studies have shown that fuel cell-powered heavy-duty vehicles offer better
range, vehicle longevity, and significantly lower transportation and maintenance costs [27].
Hydrogen is a substance with extremely low mass density and very low energy content
by volume. This implies that hydrogen occupies a large space to store minimal quantities.
Therefore, the storage of hydrogen is a crucial aspect to be considered to utilise fuel cell
technology. In practice, three methods are used to store hydrogen: Hydrogen is cooled to
extremely low temperatures in cryogenic tanks, compressed and stored in high-pressure
tanks, and stored in metal hydride tanks. The first two methods require additional energy
to cool/compress hydrogen which add to the operational costs. Metal hydride tanks for
storing hydrogen employ metals that absorb hydrogen [28]. The latter is considered to be
the best amongst the specified methods due to no requirements for energy, smaller volume,
and safety.

Hydrogen is produced by various methods. Electrolysis and steam methane reform-
ing are the two most established methods [29]. Electrolysis is considered to be the better
alternative among the two as it is more efficient and reliable [30,31]. It is also the clean-
est method [32]. However, an electrolyser requires electricity as a source of energy for
producing hydrogen. The source of electricity supplied to the electrolyser determines
the nature of the hydrogen. The hydrogen available in the market is classified as green,
blue, and grey hydrogen. The term ”green hydrogen” is coined for hydrogen produced
from clean and renewable energy sources, whereas ”grey hydrogen” is produced from the
electricity generated by the combustion of fossil fuels [33]. ”Blue hydrogen” is produced
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by a hybrid of renewable and fossil fuel sources and includes carbon capture and storage.
The production of blue and grey hydrogen is harmful to the environment. Therefore, the
energy source to produce hydrogen is of prime importance [34].

The electrolysis process is a chemical reaction carried out with electrodes, where a
water molecule is broken down into hydrogen and oxygen. The electrochemical reaction
occurring in an electrolyser is non-spontaneous, and therefore, it requires an external source
of electricity. The reaction is further improved by conducting it in a membrane medium
that acts as a catalyst. The membrane is non-conductive, and the structure is designed such
that the membrane is sandwiched between the electrodes. The process of electrolysis is
carried out by an electrolyser. Alternatively, a fuel cell carries out the reverse function of an
electrolyser [35]. When hydrogen and oxygen are allowed to contact the membrane of a fuel
cell, they undergo a spontaneous reaction producing electricity across its electrodes [36].

Investments into years of research and development have produced several fuel cell
technologies. The six main categories are: (a) proton exchange membrane fuel cell (PEMFC),
(b) alkaline fuel cell (AFC), (c) phosphoric acid fuel cell (PAFC), (d) molten carbonate fuel
cell (MCFC), (e) solid oxide fuel cell (SOFC), and (f) microbial fuel cell (MFC) [12]. The
preferable one is the polymer electrolyte membrane (PEM) fuel cell [37]. The electrolysers
and fuel cells show great potential for the future as they offer higher efficiency than existing
energy systems, with a few commercial downsides that can be filled with the help of
research and development. Further advancements in the development of PEM technology
have emerged over the years, improving its efficiency by above 75% and reducing its
manufacturing costs by a staggering 95% between 2005 and 2012 alone [12]. The reliability
of PEM technologies has improved to the stage where they offer excellent support to the
intermittent nature of renewable sources, which could ensure the production of green
hydrogen in the near future [38]. Recent technologies have emerged that even allow PEM
technologies to function bi-directionally as an electrolyser and a fuel cell [39]. The apparatus
serves as a regenerative fuel cell and can be used to reform hydrogen.

In the current scenario, fuel cell-based hybrid vehicles are now available in the market.
However, fuel cell technology has failed to achieve market success despite its several
benefits [40]. The cost of external hydrogen solely accounts for its failure. The major
disadvantage of hydrogen is its energy content by volume, which implies that a huge
tank is required to store even 1 kg of hydrogen [41]. To overcome this issue, hydrogen
should be stored under high pressure or at extremely low temperatures [42]. Alternatively,
metal-hydride-based tanks also exist [43]. However, all of this increases the cost and makes
storage and transportation of hydrogen difficult and commercially unfeasible. Overall,
the major disadvantages in utilising fuel cell technology are: (a) the need for efficient
production of green hydrogen, (b) the need for robust ways to store hydrogen, and (c) the
need for a low-cost and safe way to transport hydrogen.

In this paper, we illustrate a possible solution to the third issue by eradicating the need
for transporting hydrogen fuel to every location. Electric grid lines are available even to
remote locations and transmitting energy through the lines is far cheaper than carrying fuel
to those locations. A similar reason explains why electric vehicles are promoted over fossil
fuel cars even though the electricity needed for the cars is produced by burning fossil fuels.
Similarly, instead of transporting hydrogen fuel, electricity could alone be transmitted to
the location to produce the necessary hydrogen locally, thereby, lowering costs. This is
possible by incorporating an electrolyser that is used to produce hydrogen locally, to be
utilized later by a fuel cell to generate and supply electric energy when there is a load.
Modelling of a hybrid fuel cell and battery hybrid system has been well explored and its
benefits have been illustrated in several journals. However, in this paper, we demonstrate a
system where hydrogen is produced intrinsically in the hybrid system with the help of an
electrolyser. This carries the advantage of lower charging cost, as transmitting electricity is
significantly cheaper than transporting hydrogen. Additionally, the proposed system also
has a smart switching algorithm that detects the availability of power supply, load, and
state of charges to switch the fuel cell and battery accordingly to charge themselves and
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supply the load optimally. The proposed hybrid system is still not as efficient to replace
batteries in every scenario. Nevertheless, the proposed topology shows potential as it has
higher energy density, longer life, and no hazardous materials such as batteries.

As mentioned earlier, an electrolyser is utilised for producing hydrogen intrinsically
in the system by consuming electricity, which could be later consumed by a fuel cell based
on its demand. This would imply that the system would produce and consume hydrogen
of its own within its confined hydrogen, oxygen, and water tanks. Thus, eradicating the
need for external production, storage, and transportation of hydrogen, and opening doors
for potential hydrogen commerce without the need for hydrogen refuelling stations. The
system would reduce operational costs as a trade-off for the initial cost of including an
electrolyser. The proposed system is mathematically modelled using MATLAB® Simulink®.

The contribution of this study is to propose a system that excludes the utilisation of
hydrogen as fuel input and exploits only the advantages of the hydrogen system. This is
accomplished by realising the following aspects:

We focus on designing a mathematical model of the proposed system using MATLAB®

Simulink®. The result is the combined system’s mathematical model, which includes an
electrolyser, fuel cell, necessary hydrogen, oxygen, and water tanks and the parallel control
algorithm modelled in the simulation.

• The main focus is on the topology of the proposed system and not on its current
practical viability.

• The design, however, strives to include the practical auxiliary losses of such a system
to the extent that mathematical modelling allows it to. This is to ensure a small step
toward similarity and closeness to real-world results to try to showcase the solidarity
of the proposed system.

• We demonstrate the operation of the proposed system in a test condition with various
scenarios to showcase its robust design.

• We also try to demonstrate the advantages of the proposed system as compared with
a battery-only system.

The paper is organised in the order as follows: In Section 2, we describe the system
working in detail; in Section 3, we describe the modelling of individual components of the
system with their respective mathematical equations; in Section 4, we describe the Simulink
model of separate components connected to form the proposed system; in Section 5, we
discuss the results; and in Section 6, we provide the conclusions.

2. Proposed System

The system proposed in this paper aims to overcome the challenge of input fuel being
hydrogen. The system contains an electrolyser and a fuel cell working in either direction
of hydrogen reformation. It comprises three tanks, two of them are for storing hydrogen
and oxygen produced by the electrolyser and one tank is for storing water produced by
the fuel cell. The input power for the system is electricity from the grid. The electrolyser
consumes electrical energy and water to produce hydrogen and oxygen, which are stored
in their separate tanks. The electrical energy consumed is stored as hydrogen in the form of
chemical energy. Therefore, energy is stored for later use. When there is a load connected,
the chemical energy of hydrogen is converted into electrical energy with the help of a fuel
cell. This cycle eradicates the need for the entire system’s input fuel to be hydrogen, that is,
hydrogen is produced internally rather than fed to the system. A fuel cell is not suitable for
supplying energy to all types of loads, and has a downside of poor power density. This
is overcome by connecting a battery in parallel with the fuel cell. The battery is chosen
such that the capacity rating of the battery is much lower than the fuel cell since the battery
only serves the purpose of handling load transients. The control algorithm takes care of the
switching of the battery.

The switching operation of the system is as follows:

Charging When a power supply from the grid is available, the electrolyser is switched
on to produce hydrogen and the battery is charged simultaneously until they are both
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full. If a load is connected to the system during the charging process, then, the load
is also switched to be directly connected in parallel to the grid. This ensures that the
power is not wasted due to auxiliary losses of the cycle, and instead directly powers
the load.
Start When there is no load connected (with no power supply), the fuel cell is switched
on. To support the slow start-up time of the fuel cell, the switching control turns on
the battery to support the transient.
Stable supply When the fuel cell is capable of supporting the load stably, the switching
control disconnects the battery. When there is a load transient, the switching control
connects the battery to handle the transient.
Recharge battery When the battery state of charge is below a particular threshold, the
switching control connects the fuel cell to charge and replenish the battery to a certain
SOC value. The switching control checks the fuel availability before connecting the
battery. Additionally, the fuel cell is allowed to charge the battery only when it is either
able to stably supply a load or when it is not connected to a load at all. This is to ensure
that the battery is always available to support the fuel cell during load transients.

The block diagram for the proposed system is shown in Figure 1.
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Although the simulation system is built to resemble the practical system, the system
is designed with certain assumptions and limitations. The assumptions, however, do
not significantly affect the system’s output and ensure that the output is comparable.
The system assumptions are: (a) The PEM electrolyser and PEM fuel cell systems are
assumed to maintain their respective temperatures at a stable value with necessary cooling
systems. The assumptions are worth noting as the fuel cell and electrolyser temperature
affects the performance figures [44]. (b) The fuel cell and electrolyser stack are assumed to
maintain their humidity at stable values. Similar to temperature, the humidity values also
appreciably affect the performance values, as they determine the flow of liquids inside the
stack. (c) The third assumption points to the internal resistances of the fuel cell stack. In
practice, the internal resistance value fluctuates based on various parameters. However,
they are not considered in this model and are assumed to have a constant value. (d) The
pressure drops inside the fuel cell, and the electrolyser stack is not considered. (e) The
modelled tanks in the system are purely mathematical and do not resemble any hydrogen
storage system in practice. The auxiliary losses tied with the tanks are not considered.
However, the losses are not considered if the tank system is compared to hydrogen storage
in metal hydride tanks; they do not require any extra energy [43].
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Despite the assumptions, the system has inevitable limitations that are not included in
the modelling: (a) The effects of the flow of liquids within the fuel cell and electrolyser stack
are not depicted in the modelling of the system. (b) In practice, the performance of the fuel
cell depends on its temperature, which implies that the start-up time and response time
are affected and varied by the temperature [45]. This system is not dynamically modelled
to accommodate this aspect. The modelled system includes constant values of auxiliary
losses to accommodate for the limitations up to an extent.

3. System Components

In this section, the modelling and explanation for each component of the system are
given in detail along with necessary diagrams and equations. The proposed system is a
product of the individual components connected together, considering the unit transforma-
tion of parameters between components.

3.1. Buck Converter

Typical energy storage systems operate at a fixed bus voltage value. The bus voltage
value of the system is 24 V. Therefore, stepping down and regulating the system’s input
and the output voltage is necessary. A buck converter is chosen for simplicity. The input
side buck converter feeds power to the electrolyser, while the output side buck converter
feeds the load. The selection of buck converter parameters is based on its input and output
voltage values. The inductor and capacitor values for the buck converter design were
derived from Equations (1) and (2) [46]. The circuit is designed in a closed-loop structure to
get a stable and reliable output. The equivalent circuit diagram of the buck converter is
depicted in Figure 2.

L1 =
Vout(1 − D)

fsw∆IL
(1)

C1 =
Vout(1 − D)

∆Vout ∗ 8L1 ∗ ( fsw)
2 (2)
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3.2. Fuel Cell

Fuel cells can be modelled in three different forms: equivalent electrical, chemical,
and experimental models [44]. An experimental model requires actual fuel cell hardware,
which incurs high capital costs. This can be avoided by utilising the other two models. A
chemical equivalent model requires knowledge of several thermodynamic aspects such as
diffusion, mass transport, and heat transfer, which make the system complex and difficult
to debug [44]. An electrical equivalent circuit is established using mathematical equations
that facilitate the simulation to perform the significant weight lifting.

The elemental electromotive force produced by the cell is given by the Nernst equation
of a fuel cell described in Equation (3). The significant losses governing the output of the
fuel are concentration losses, activation losses, and ohmic losses. The concentration losses
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are caused due to limitations in the mass transport of electrons inside the stack during
high current densities. The concentration losses are considered by the voltage constant.
The operation of the fuel cell has little effect on the concentration losses. Therefore, the
open-circuit voltage is described in Equation (4). The activation losses are included during
operation, where it is caused by the uncertainties resulting in slower reaction rates inside
the fuel cell, affecting the fuel cell’s performance by not meeting the load demand. This
is described in Equation (5). In practice, the fuel cell’s output voltage is further affected
due to the inclusion of its ohmic losses. The net output voltage of the fuel cell is given by
Equation (6). The Tafel slope used in the activation determines the ability of the fuel cell to
adapt its current concerning the change in its voltage, given in Equation (7):

En = 1.229 V + (TFC − 298 K)·−44.43
zF

+
RTFC

zF
ln
(

PH2P1/2
O2

)
(3)

Eoc = KcEn (4)

E = Eoc − NFC A ln
(

IFC
io

)
· 1

s
(

Td
3

)
+ 1

(5)

VFC = E − Rohm IFC (6)

A =
RTFC
zαF

(7)

3.3. Electrolyser

For the modelling of the electrolyser, the equations describing its operation are de-
rived from thermodynamic aspects. However, the formulas governing the operation of
an electrolyser are rather simpler. They are obtained from Faraday’s laws of electroly-
sis. An equivalent circuit of a required electrolyser is modelled using the mathematical
equations in MATLAB® Simulink®. The equivalent circuit of the electrolyser is shown in
Figure 3. The expected output from the electrolyser is the hydrogen production rate, given
in Equation (8) [13]. The amount of hydrogen produced by the electrolyser depends on
the current drawn by the electrolyser and the molar volume of hydrogen. The formula for
molar volume is given in Equation (9):

VH = Vm(103)(60)
I

2F
(8)

Vm =
R(273 K + TEL)

PEL
(9)
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3.4. Storage Tanks: H2/O2/H2O

There are three tanks in the proposed system: hydrogen, oxygen, and water. The tanks
play a crucial part in the proposed system as they store the necessary fluids. On the one
hand, the electrolyser consumes electricity and water to produce hydrogen and oxygen,
which are stored in the first two tanks. On the other hand, the fuel cell consumes from
these tanks to produce electricity and water. The water produced by the fuel cell is stored
in the water tank, which is again consumed by the electrolyser. The cycle goes on and on
depending on the charging and discharging cycle of the system. A dynamic module for
the tank level is constructed in MATLAB® Simulink® based on the instantaneous pressure
of the tank given by Equation (10), and the formula for the compressibility factor is given
in Equation (11) (the tanks modelled in the system are purely mathematical and do not
replicate any of the specified tank systems):

Pt − Pti = Zc ×
NH2RTt

MH2Vt
(10)

Zc =
PtVm

RTt
(11)

The consumption and production of each fluid in its respective tanks are governed by
Equations (12)–(14) [7]:

QH2(t + ∆t) = QH2(t) +
[

Fp
H2(t) + Fc

H2(t)− LH2

]
∆t (12)

QO2(t + ∆t) = QO2(t) +
[

Fp
O2(t) + Fc

O2(t)− LO2

]
∆t (13)

QH2O(t + ∆t) = QH2O(t) +
[

Fp
H2O(t) + Fc

H2O(t)
]

∆t (14)

On the fuel cell’s side, the H2 and O2 consumption and H2O production are given by
Equations (15)–(17):

Fc
H2 = SH2 3600NFC IFC

2F
1

ηFC
(15)

Fc
O2 =

SO2

2SH2 Fc
H2 (16)

Fp
H2O =

Fc
H2

SH2 (17)

Similarly, on the electrolysers’ side, H2 and O2 production and H2O consumption are
given by the Equations (18)–(20) [7]:

Fc
H2O = SH2O 3600NEL IEL

2F
ηEL (18)

Fp
H2 =

Fc
H2O

SH2O (19)

Fp
O2 =

Fp
H2
2

(20)

3.5. Control Algorithm

The control algorithm governs the system’s operation. The system’s algorithm is
pictorially depicted as a flowchart in Figure 4. In total, 13 unique cases are derived as a
permutation of unique cases from Figure 4. Based on the availability of power supply and
load, the switching ensures optimal charging and discharging for all cases of operation.
To do this, the system has four switches: at the input side of the electrolyser (EL), at the
output side of the fuel cell (FC), at the input side of the battery charging circuit (BI), and at
the supply to load connection circuit (IL). These four switches are turned on/off based on a



World Electr. Veh. J. 2022, 13, 188 9 of 22

unique combination sent by the ”control algorithm” block. To produce this unique set of
Boolean codes, the system reads four different parameters in Boolean format to identify
the current case of operation. The four input parameters are the detection of power supply
availability (IN), detection of load (OUT), H2 fuel availability (FS) and battery SOC (BS).
The unique output code for each case along with input and output Boolean parameters
are illustrated in Table 1. The novelty in the algorithm is that it controls the charging of
the system, simultaneously supplies the load when there is a power supply, and smartly
recharges the battery with the fuel cell if it can, even in the presence of a load.
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Table 1. Switching algorithm with legend.

Case
INPUT OUTPUT

IN OUT FS BS EL FC BI IL

1 1 0 0 0 1 0 1 0

2 0 1 1 1 0 1 0 0

3 0 1 1 0 0 1 1 0

4 1 1 0 0 1 0 1 1

5 0 1 0 1 0 0 0 0

6 0 1 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0
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Table 1. Cont.

Case
INPUT OUTPUT

IN OUT FS BS EL FC BI IL

8 1 1 0 1 1 0 0 1

9 1 1 1 0 0 0 1 1

10 1 1 1 1 0 0 0 1

11 1 0 0 1 1 0 0 0

12 1 0 1 0 0 0 1 0

13 1 0 1 1 0 0 0 0

IN—input power supply; OUT—connected load; FS—fuel availability; BS—battery SOC; EL—electrolyser switch;
FC—fuel cell switch; BI—battery charge; IL—connect load to grid.

4. Simulation
4.1. System Simulink Models

The entire proposed system is modelled using Simulink as separate blocks that are
connected to resemble the entire system. The whole system is shown in Figure 5. Each
block containing segments of the system is further illustrated in detail.
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The buck converter on the input side takes its input from the isolation and rectification
circuit. The isolation secures the system from surges while the rectification circuit converts
the AC input waveform into a DC waveform. The buck converter then steps down the
voltage to 24 V, which is the operating voltage of the electrolyser. Figure 6 depicts the buck
converter on the input side.

The electrolyser block calculates the ideal potential of one cell, the molar volume of
hydrogen, and the amount of hydrogen produced by the electrolyser. The electrolyser
output carries the value of the amount of hydrogen produced, the number of cells in the
stack, electrolyser current, and molar volume. The Simulink diagram for the electrolyser
system is depicted in Figure 7. The hydrogen tank requires the molar volume value for
calculating the tank pressure. At the same time, the remaining values are necessary for
calculating the hydrogen consumed and tank quantity values.
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Figure 7. Electrolyser system.

The hydrogen tank system calculates the hydrogen consumed and the partial pressure
of the tank. The hydrogen produced is directly available from the electrolyser. The tank
receives the fuel cell current value to calculate the hydrogen consumed value. The tank
passes its partial pressure value to the fuel cell for its operation. It uses the hydrogen
produced and consumed values to calculate the quantity of hydrogen in the tank. Addi-
tionally, the latter values are sent to the oxygen and water tanks, where their quantities are
proportionally calculated. The storage tank system is shown in Figure 8. The hydrogen
tank system is depicted in Figure 9.
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Figure 9. Hydrogen storage tank.

The fuel cell system receives the partial pressure value from the tank system and
passes it to the block containing its stack. The other necessary parameters of the fuel cell
that are assumed to be static are fed into the stack block in the form of constants. The fuel
cell block calculates the output voltage value of the fuel cell and generates an electrical
equivalent signal. The signal terminals are considered to be the output of the fuel cell.
Figure 10 shows the inside of the fuel cell block. Figure 11 illustrates the simulation circuit
of the output side buck converter.
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4.2. Simulation of Comparison Test

To compare and illustrate the difference in energy consumption between the hybrid
and battery-only systems, a test condition of an electric kart (low power) is designed for
simulation. The vehicle drive cycle is simulated on a global homologation drive cycle
namely, the “worldwide harmonized light vehicle test procedure” (WLTC) for estimating
the energy consumption in Wh/km. Since the modelled vehicle is of low power, class
1 WLTC is adopted for the simulation (for vehicles with a low power-to-weight ratio). The
simulation for the test condition is designed in Scilab®. Figure 12 shows the adopted WLTC
drive cycle and Figure 13 shows the simulation design for the test.
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Figure 13. Scilab® simulation diagram.

The specifications of the vehicle and both of the energy systems are illustrated in
Table 2 below. To facilitate the necessary simulation, the values of the specifications were
adopted from Ballard Power Systems® Nexa 1.2 kW Fuel Cell, Exicom® 2 kWh Li-ion
battery, Bosch® 750Wh battery, and Quantum Fuel Systems® 1 kg hydrogen tank [47–51].
The values are considered purely for virtual comparison purposes and not to compare with
a real-world scenario. Table 2 displays the specifications in a compiled fashion.
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Table 2. Vehicle and energy system specifications.

Vehicle Specifications

Kerb weight 30 kg

Driver weight 70 kg

Tire radius 0.28 m

Hybrid System Battery-Only System

Rated power 2 kW Rated power 2 kW

Capacity 33.7 kWh Capacity 2 kWh

Mass 34 kg Mass 16 kg

Volume 108.4 L Volume 8.53 L

5. Results and Discussions

Before discussing the obtained results, it is vital to clarify the application of the
proposed system. The proposed system is an alternative for applications where a battery
is used. The hybrid system intends to replace the battery in large-scale scenarios where a
fuel cell, electrolyser, and battery can be accommodated, for example, in an electric vehicle.
To illustrate the working of the developed hybrid system, a test situation is considered
with different sections. All the sections collectively illustrate the hybrid system’s output in
different scenarios. For understanding, section (n) will be considered the period between
section (n) and section (n + 1) in the graphs shown in Figures 14 and 15. In Section 1, the
hybrid system is given a power supply from the grid. In this section, it is depicted that
the switching algorithm turns on the electrolyser and also allows the battery to charge.
In Section 2, a load of 800 W is connected while the input supply is still available. In
this section, since the power supply is still available, the electrolyser is still switched on
to produce hydrogen. Additionally, the system supplies power to the load directly by
conditioning the voltage from the grid. This is depicted in the input and load graphs, where
the input power increases with load. The fuel cell and battery output graphs show that no
power is withdrawn from them in this section. In Section 3, the load is disconnected while
the supply is on, switching the system back to the way it functioned in Section 1. The input
power supply is then disconnected in Section 4.

In Section 5, a load of 800 W is introduced again, now in the absence of an input
power supply. In this period, the fuel cell is turned on to supply power to the load. This is
depicted in the load and fuel cell graphs. At this medium load, the mean power value of
the fuel cell is considered. The buck converter, however, smoothens the output. In Section 6,
an extra load of 800 W is connected to the system. Since the new total load exceeds the
fuel cell’s power rating of 1.26 kW, the battery supports the fuel cell to meet the new load
demand. This is depicted in the battery graph. Section 7 has the extra load disconnected,
switching the system back to the way it functioned during Section 5. Finally, in Section 8,
all loads are disconnected and there is also no input power. It is evident from the graphs
that the battery supports the system during transients and additional load.

Before the test demonstration, the fuel tank is set at half-filled capacity and the battery
SOC is set at 50%. The voltage within the system connections is maintained at 24 V with
the help of the buck converters. Table 3 depicts the ratings of the electrolyser, the overall
rating of the hybrid system, and the individual ratings of the fuel cell and battery.
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Table 3. System ratings.

Fuel Cell Rating Battery Rating

Nominal voltage 24 V Nominal voltage 24 V

Rated power 1259 W Rated capacity 30 Ah

Electrolyser Rating Hybrid System Rating

Operating voltage 24 V Operating voltage 24 V

Rated power 1 kW Rated power 2 kW

Rated capacity 33 kWh + 0.7 kWh

To observe the load performance, the hybrid system’s output is compared to the
output of a typical battery-only system against an identical load. A typical battery of 24 V
and 2 kW power rating is taken for comparison. The battery-only system’s rated power is
the same as the proposed system’s combined rated power. The systems are both connected
across the identical load individually and are simulated for the same time period. Figure 16
shows the output comparison between both systems.

World Electr. Veh. J. 2022, 13, x FOR PEER REVIEW 18 of 22 
 

To observe the load performance, the hybrid system’s output is compared to the 
output of a typical battery-only system against an identical load. A typical battery of 24 V 
and 2 kW power rating is taken for comparison. The battery-only system’s rated power is 
the same as the proposed system’s combined rated power. The systems are both con-
nected across the identical load individually and are simulated for the same time period. 
Figure 16 shows the output comparison between both systems.  

 
Figure 16. Output comparison graph. 

The potential of the proposed system over a battery-only system is its energy den-
sity. The energy consumption and densities obtained from test vehicle simulation with 
the WLTC homologation drive cycle are illustrated in Figure 17. With the adopted com-
ponents, the theoretical cost of the hybrid system is approximately estimated to be USD 
8000, whereas the estimated cost of the battery-only system is approximately USD 300. 
The steep difference in cost is due to the high price of fuel cell systems. Slashing further 
costs in the proposed system lies in the courtesy of future innovations. However, in the 
current scenario, the proposed system would be cheaper for large volume applications, 
since extending the capacity of the hybrid system would only require extra tanks. 

 
Figure 17. Comparison of systems. 

6. Conclusions 
Progress in a direction that involves replacing fossil fuels and polluting battery 

components is unavoidable in the current scenario of global warming. With hydrogen as 

Figure 16. Output comparison graph.

The potential of the proposed system over a battery-only system is its energy density.
The energy consumption and densities obtained from test vehicle simulation with the
WLTC homologation drive cycle are illustrated in Figure 17. With the adopted components,
the theoretical cost of the hybrid system is approximately estimated to be USD 8000,
whereas the estimated cost of the battery-only system is approximately USD 300. The steep
difference in cost is due to the high price of fuel cell systems. Slashing further costs in the
proposed system lies in the courtesy of future innovations. However, in the current scenario,
the proposed system would be cheaper for large volume applications, since extending the
capacity of the hybrid system would only require extra tanks.
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6. Conclusions

Progress in a direction that involves replacing fossil fuels and polluting battery com-
ponents is unavoidable in the current scenario of global warming. With hydrogen as a
possible future energy carrier, it is essential to develop efficient and robust methods to make
hydrogen systems commercial for the future. Replacing input hydrogen with electricity
would be a step towards reducing costs. In certain situations, allowing the system to
produce its own hydrogen could prove advantageous considering the cost of transporting
hydrogen. Eliminating the usage of hydrogen as input fuel by utilising electricity to charge
a system to produce its own hydrogen could entirely cut down the costs of transporting
hydrogen in sophisticated tank systems and the capital required for erecting fuel stations.

It is important to mention that the designed system has its downsides. It does not
include the dynamic parameters of the electrolyser and fuel cell stacks. It does not consider
the losses and energy requirements of tanks used to store the fluids. It charges slower as
compared with a battery-only storage system. The system cannot be visualized for replacing
a battery in small-scale applications, such as smartphones. Nevertheless, to compensate for
a few downsides, the proposed system’s modelling is designed with considerably lower
efficiencies. However, it is worth noting that higher efficiency designs are achieved on the
industrial scale, thus, still widening the potential for the proposed system topology.

With respect to the focus in this paper, i.e., only on modelling of the proposed system
topology, we also attempt to illustrate its potential over a battery-only system. The results
exhibit the potential of the system with respect to three different aspects. The dynamic
nature of the system is demonstrated, wherein it handles the load and/or charges its
components in the presence of a power supply or absence thereof. We compare the system’s
output against a battery-only system to showcase its ability to handle a load. In addition, the
potential of the sytem is illustrated by calculating the system’s average energy consumed,
volumetric energy density, and specific energy density against a battery-only system under
a certain test method. With the combined energy density of fuel cells and power density of
batteries, the proposed system could conceptually carry larger amounts of energy and yet
supply practical loads in spite of its practical inefficiencies. Considering the high initial cost
and higher minimum weight in the current scenario, the proposed system is not beneficial
in every case. However, it could be theoretically considered beneficial for certain large
applications such as in large electric vehicles or high-range electric vehicles, and static
applications such as inverter energy storage and energy storage at remote locations with
a grid.
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Nomenclature

L1 Buck converter design inductance (mH)
C1 Buck converter design conductance (µF)
Vout Buck converter output voltage (V)
D Duty cycle
fsw Switching frequency (Hz)
∆IL Current ripple (A)
∆Vout Voltage ripple (V)
En Nernst voltage (V)
TFC Fuel cell operating temperature (T)
z Number of moving electrons
F Faraday’s constant
PH2 Partial pressure of hydrogen (atm)
PO2 Partial pressure of oxygen (atm)
F Faraday’s constant
EOC Open circuit voltage (V)
KC voltage constant at nominal condition
E Fuel Cell Voltage Source (V)
A Tafel Slope (V)
iO Exchange current (A)
Td Response time (s)
VFC Fuel Cell output voltage (V)
Rohm Internal resistance (Ω)
α Charge Transfer Coefficient
VH Amount of Hydrogen produced by Electrolyser (mL/min)
Vm Molar volume of hydrogen
R Universal gas constant (J mol/K)
TEL Operating temperature of electrolyser (C)
PEL Operating pressure of electrolyser (atm)
Pt Hydrogen tank pressure (Pascals)
Pti Hydrogen tank initial pressure (Pascals)
ZC Compressibility Factor
NH2 Amount of hydrogen fed to the tank (mL/min)
Tt Temperature of tank (K)
MH2 Molar mass of hydrogen (kg/mol)
Vt Volume of tank (m3)
QH2 Quantity of hydrogen in tank (mL/min)
QO2 Quantity of oxygen in tank (mL/min)
QH2O Quantity of water in tank (mL/min)
Fp

H2 Hydrogen produced (mL/min)
Fc

H2 Hydrogen consumed (mL/min)
Fp

O2 Oxygen produced (mL/min)
Fc

O2 Oxygen consumed (mL/min)
Fp

H2O Water produced (mL/min)
Fc

H2O Water consumed (mL/min)
LH2 Hydrogen loss
LO2 Oxygen loss
SH2 Stochiometric ratio of hydrogen
SO2 Stochiometric ratio of oxygen
SH2O Stochiometric ratio of water
NFC Number of cells in Fuel cell stack
IFC Fuel cell current (A)
ηFC Fuel cell efficiency
NEL Number of cells in Electrolyser stack
IEL Electrolyser current (A)
ηEL Electrolyser efficiency
h Planck’s constant
k Boltzmann constant
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