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Abstract: This paper presents an experimental prototype of hydrogen fuel cells suitable for training
engineering students. The presented system is designed to teach students the V-I characteristics of the
fuel cells and how to record the V-I characteristics curve in the case of a single or multiple fuel cells.
The prototype contains a compact electrolyzer to produce hydrogen and oxygen to the fuel cell. The
fuel cell generates electricity to supply power to various types of loads. The paper also illustrates how
to calculate the efficiency of fuel cells in series and parallel modes of operation. In the series mode of
operation, it is mathematically proven that the efficiency is higher at lower currents. Still, the fuel cell
operating area is required where the power is the highest. According to experimental results, the
efficiency in the case of series connection is approximately 25%, while in parallel operation mode, the
efficiency is about 50%. Thus, a parallel connection is recommended in the high current applications
because the efficiency is higher than the one resulted from series connection. As explained later in
the study plan, several other experiments can be performed using this educational kit.
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1. Introduction

The history of fuel cells (FC) goes back to the 1800s when Anthony Carlisle and William
Nicholson first described the electrolysis process. In 1839, William Grove was credited
with the first fuel cell [1]. He made a “Gas Battery,” which consists of separate platinum
electrodes submerged in a sulfuric acid electrolyte solution. The gas battery produced
12 amps and 1.8 volts [2]. Friedrich Ostwald described the theoretical understanding of FC
and explained FC components’ roles in 1893 [3]. Using coal-derived gas, Ludwig Mond
performed experiments on FC in 1889 and utilized platinum as an electrode [4]. The output
parameters achieved by this FC were 0.73 V and 6 Ampere per square foot [5,6]. Alder
Wright and C. Thompson developed a similar fuel cell, but these cells had the problem of
leaking gases from one chamber to another [7]. That is why they produced a voltage of less
than 1 to meet the electricity needs. Louis Paul and Joseph (1832-1913) [8] also thought that
the fuel cell electrochemical process lacks practicality due to needing costly metals, and
coal was inexpensive, so it was impossible to develop a new system with higher efficiency
with less electricity cost [9]. In the early 1900s, Emil Baur performed experimentation on
various FC types, especially on high-temperature FC [10]. This work led to FC types being
researched for these days, such as Molten Carbonate Fuel Cell (MCFC) and Solid Oxide
Fuel Cell (SOFC) devices [11].

Current energy sources primarily depend on fossil fuels [12,13]. However, due to
technological advancements, energy demand is increasing while fossil fuels are depleting
due to their limited supply resulting in a considerable energy gap. As per IEA, during
the last two decades, an increase of 49% in energy demand has been observed [14,15].
Moreover, all emerging economies depend on their energy sector for development [16]. To
meet this energy demand, keeping in view fossil fuel depletion, the focus these days is to
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explore renewable energy technologies such as hydrogen energy, solar energy, bioenergy,
etc. Although solar and wind energies are renewable, they are intermittent and not dis-
patchable [17]. Solar photovoltaics and wind energy system often require energy storage
elements to mitigate intermittency, stabilize the power system, and improve the utilization
rate [18]. Fuel cells are dispatchable, and their system is less complex. Hydrogen can be
produced from water through electrolysis and used as fuel in fuel cells for electricity pro-
duction or power in fuel cell-based vehicles [16]. In 2022, the total market size of hydrogen
energy was USD 136 billion, giving rise to the creation of more than 10,000 new jobs [19].
The hydrogen economy has the potential to lead the energy sector in the future.

Fuel cells are similar to batteries in how they store chemical energy in the form of
hydrogen and oxidant [20]. The fuel cell will continue to produce power until fuel and
oxidant are supplied, thus behaving like a factory. The capacity of the fuel cell depends
upon the fuel tank size. Therefore fuel cell power rating may vary from a few kW to
MW [21]. Surplus energy from renewable energy sources during fewer peak hours can be
used for the electrolysis of water, producing hydrogen. This hydrogen can later be used in
the fuel cell to produce electricity during peak hours or for electricity breakdown [22]. This
paper will describe, through several experiments, the operation of fuel cells and calculate
the energy efficiency for series and parallel connected fuel cells on the portable educational
prototype. In addition, it also describes the principle of operation of electrolyzers, which is
used to the splitting of water molecules into hydrogen and oxygen [23,24].

The rest of this paper is organized as follows: Section 2 presents the theoretical back-
ground of the fuel cell. Section 3 illustrates the portable kit’s setup and the experiments’
details. Sections 4 and 5 present the experimental results of the prototype and the conclu-
sions, respectively.

2. Theoretical Background

This section presents the theoretical background given to learners before starting
experimentation. The theoretical background can be divided into four sections, as described
in the following subsections.

2.1. Applications of Fuel Cells

Integrating fuel cells into automobiles may transform the automotive industry since
hydrogen energy is renewable. The reactants of fuel cells are oxygen and hydrogen, with
water as a byproduct. Almost a decade ago, hydrogen and electricity were positioned as
the greatest conceivable replacements for traditional fossil-fuel automobiles. Nonetheless,
battery-powered electric vehicles continue to dominate the transition to our envisioned en-
vironmentally friendly transportation system. However, historical data patterns reveal that
hydrogen-powered cars have yet to ramp up the pace of integration into our transportation
system. Electric vehicles, on the other hand, outsell hydrogen-powered vehicles owing to
the considerable hydrogen infrastructure needed, which is still lacking when compared to
electric vehicle charging stations [25,26].

The main component of fuel cell vehicles is the fuel cell itself, motor, battery, coolant,
and air cleaning system, as shown in Figure 1. Fuel cells produce electricity to power
the electric vehicle’s motor by converting hydrogen. The charging time of electric cars is
a significant problem that can take even hours, but in the case of fuel cell vehicles, the
tank can be refilled within minutes, just like conventional vehicles. Moreover, in terms of
mileage, fuel cell vehicles outperform electric vehicles [27].

Daisie et al. [28] simulated vehicle proton exchange membrane FC application. This
simulation model examined FC fuel economy in automotive applications and control
strategies. Controlling the air compressor, cooling system, and other auto parts could boost
PEMFC efficiency. Two cases were studied. The first case had perfect air compressor control,
while the second had none. Because vehicle load changes with speed, this simulation
examined power train performance under various load cycles. Rajesh et al. [29] discussed
FC vehicle fuel economy. FC vehicles had 2.7 times the fuel economy of conventional
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vehicles. FCV fuel economy competed with IC engine vehicles even at 0.6 V, the theoretical
cell voltage of 0.7 V. FC efficiency and low driving load profiles drove this fuel economy.
The parasitic losses are minimized in the FC. In non-hybrid vehicles, FC voltage below
0.6 V reduces fuel economy. FC vehicles need the air management system because it has the
highest parasitic losses. The air management system should provide reasonable turndown
and operate at low pressures.
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Figure 1. The main components of the hydrogen fuel cell vehicles.

Other uses of hydrogen FC can be found in both the residential and commercial sectors.
The residential and commercial sectors contribute 30% of greenhouse gas emissions globally,
which can be reduced by replacing the conventional system with an FC grid-connected CHP
system. A 1 kW FC system can help to reduce the 1250 Kg CO, emissions per household. It
was found that the energy supply from FC production units to the residential sector will be
more cost-effective than the local grid supply due to the low operational cost of the fuel
cell [30]. Research is now focusing on integrating FC into CHP and cogeneration units to
generate electricity for the residential and commercial sectors. As hydrogen is produced
from water and 70% of the earth is covered in water, the potential of hydrogen energy is
immense. SOFC can operate at high temperatures, even at 800 °C, so it is most suitable for
application in cogenerations power units and CHP [31].

2.2. Electrolyzer

Electrolyzers contain cathode and anode electrodes, which are positively and neg-
atively charged, respectively. An electrolyte separates these electrodes. The theory of
operation and the behavior of the different electrolyzers depends upon ionic species and
electrode materials. The most common electrolyzers are polymer electrolyte membrane
electrolyzers (PEM) [32], alkaline electrolyzers [33], and solid oxide electrolyzers [34]. The
comparison of the state-of-the-art electrolyzers has been given in Table 1 [35,36]. In terms of
performance during hydrogen evolution reaction, platinum has been proven to be the best
catalyst in alkaline and acidic environments. However, the reaction kinetics in the alkaline
environment are much slower than acidic environment due to sluggish water dissociation,
which reduces the magnitude of the response by 2-3 times. Therefore, alkaline electrolysis
has been a more economical option at the industrial level [37].
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Table 1. Comparison of different types of electrolyzers.
Alkaline PEM Solid Oxide
Electrolyte 15-35% NaOH or KOH Perfluorosulfonic acid ZrO, doped
Cell seperator Diaphragm Electrolyte membrane Electrolyte membrane
Anode reaction 40H™ — O, +2H,0 +4e~ H,O — 2H™" +0.50; + 2¢~ H,0 +2¢~ — Hy + 0%
Cathode reaction 2H,0 +2¢~ — Hp +20H™ 2H" +2¢~ - Hy 0% 5050, +2¢~
Typical Temperature 50-20°C 80-100 °C 750-1000 °C
Durability 100,000 h 10,000-50,000 h 500 -2000 h
Capacity 1-700 Nm? per hour 1-100 Nm? per hour 1-10 Nm? per hour
Cost 1300$ per kWh 2000$ per kWh 2300$ per kWh
- Commercialized technology - Commercialized technology
- Cost effective - Fast dynamic characteristics - High efficiency
Advantages X i i X . X
- High nominal output power - Fast start operation - Direct synthesis gas generation
- Abundance of raw material - Pure hydrogen output
- Still in devel t ph
. - Slow cold start - Electrodes are made of valuable electrodes mm ev'e opment phase
Disadvantages - High cost

- vulnerability to impurities in - High cost
- Slow start

2.3. Cell and the Stack
2.3.1. Operating Principles

Hydrogen is introduced as fuel, while oxygen acts as an oxidant. The reaction at the
anode happens, and hydrogen undergoes oxidation and e- leaves the cell. Another reaction
occurs at the cathode. Electrons e- enter the cell at the cathode side O, undergo reduction,
react with the hydrogen, and form the water. A catalyst helps to speed up the hydrogen
splitting into electrons and hydrogen ions at the anode. These hydrogen ions are transferred
to the cathode through the electrolyte membrane while electrons pass through an external
circuit resulting in an electric current. Therefore the electronic conductivity of the catalyst
layer is of crucial importance. The area where electrolytes, electrodes, and reactants come
into contact is called the reaction area. The higher the reaction area, the higher the amount
of current produced. Reaction kinetics is another crucial parameter. A fast reaction rate
has higher output, while sluggish kinetics result in lower output, which is why a catalyst
is used to enhance FC’s production and overall efficiency. Electrons and ions produced
at either electrode must be consumed at the other electrode to keep charge balance as
electrons are small in size than ions. Therefore, their movement is effortless. At the same
time, ions have large sizes and must pass through electrolytes, making their movement
difficult. Ion’s movement takes place through a hopping mechanism. For efficient ion
movement, the electrolyte must be very thin. Water is produced as a byproduct and must
be removed continuously. Otherwise, it may accumulate in the fuel cell and strangle it.
Thus the transport of fuel and oxygen will be disturbed [38].

2.3.2. Fuel Cell Stack and Components

The anode is a negative electrode where the oxidation of fuel occurs. Free electrons
produced are transferred from the anode to an external circuit. The anode is provided with
fuel channels for the even distribution of fuel on the catalyst surface. The cathode is a
positive electrode where reduction takes place. It is supplied with flow channels that help
to distribute oxidants over the catalyst surface. At the cathode, electrons are collected from
an external circuit that combines oxygen and hydrogen, forming water. The electrolyte
helps conduct ions and is also called a proton exchange membrane. It is a permeable
membrane that allows ions to pass through it while blocking electrons. Current collectors
transfer electrons between two electrodes in the case of one cell, while in the case of a
stack, they conduct electrons from one cathode to another cell’s cathode. In most designs,
structure integrity is provided by the current collector. Coolants are also provided to
current collectors for the dissipation of waste heat.

The one-cell voltage is 0.9 V, which is very small. Various cells are connected in series
or parallel to draw a higher power output depending on the application’s requirement for
a higher voltage or current. For a series connection, the cathode and anode are connected.
In contrast, for a parallel connection, the anode of one cell is connected to the anode of
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another adjacent cell, and the same goes for cathodes. A conduction plate called a bipolar
plate is used between the anode of one cell and the cathode of the next cell. This bipolar
plate is made up of graphite, which offers good electrical conductivity and helps supply
gas electrodes. However, it is challenging for bipolar plates to achieve good conductivity
and gas supply. Therefore, on bipolar plates, a set of grooves is made. A bipolar plate has
two surfaces used for the diagonal flow of hydrogen and oxygen [39]. Figure 2 shows the
internal component of FC and the stack.

Bi-polarplate  Anode Membrane Cathode  Bi-polarplate

@)

Fuel cell stack

(b)

Figure 2. The main components of the fuel cell (a) internal parts and (b) fuel cell stack.

2.4. Material Flow

For continuous current production, fuel cells must be continuously supplied with
hydrogen and oxygen. At high currents, reactant must be uniformly and constantly
supplied; otherwise, it may cause gas starvation. Flow field plates are provided with
fine channels and grooves for efficient reactant delivery that help distribute the reactants
uniformly over the FC surface. The performance of flow field channels depends on the
size and shape of the channels. Therefore, selecting the proper flow field channel pattern
is critical for the better performance of FC [40]. Poor design of flow patterns can result in
poor fuel delivery and product removal resulting in flooding of fuel cells and blocking fuel
delivery. Fuel blockage and flooding reduce power output and decrease the structure’s
lifetime. The blockage occurs because cell polarity could be locally reversed in gas-starved
parts, which might lead to corrosion and material degradation [41].

3. The Portable Educational Prototype of Hydrogen Fuel Cell

The prototype of the training equipment consists of an electrolyzer, two fuel cells, a
variable resistor, a light bulb, and an electric motor, as shown in Figure 3. The electrolyzer is
a device used for the electrolysis of water. It consists of two water tanks filled with different
gases during the electrolysis process. The tank marked with Hj is filled with hydrogen,
while the tank marked with O; is filled with oxygen [23], as shown in Figure 4. A fuel cell
is an electrochemical device that works on the principle of converting chemical energy into
electrical energy, similar to a battery, but cannot store electrical energy. This new technology
for generating electricity has dramatically reduced carbon dioxide emissions. However, as
mentioned earlier, this gas contributes to global warming [42]. Fuel cells can be used in
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transport applications such as the automotive industry and stationary applications such as
power plants [43]. Fuel cells are shown in Figure 3 in the center of the model. The output
voltage of each cell is typically around 0.9 V. The fuel cell’s operation principle is explained
theoretically in the previous section. Figure 5 on the left shows what fuel cells look like
in more detail on the prototype model, and Figure 5 on the right shows the connectors:
electrolyzer, fuel cell, variable resistor, lamp, and electric motor. In Figure 5, on the right,
you can see a variable resistor. The electrical resistance changes its value with the help of a
rotary switch, depending on whether the button turns clockwise or counterclockwise. The
lamp and the electric motor are used as nonlinear loads. The lamp has an operating voltage
of 1.5 V. The electric motor is DC and operates at a voltage of 1.5V to 6 V.

Electrolyzer

Components (motor,

resistances, lamp) Fuel cells

Figure 3. The educational prototype of the fuel cell.

O, storage element
H, storage element

Cathod
Reaction chamber
Anode

Figure 4. The electrolyzer.
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Figure 5. Fuel cells (left) and various electric loads (right).

The Principle of the Electrolyzer Prototype Board

It is known that all substances consist of atoms, and an atom is a sphere containing a
nucleus and electrons moving randomly around the nucleus. The nucleus contains protons
and neutrons [44,45]. A proton can be considered an electrically charged particle of a
certain mass. The mass of protons is challenging to describe to human consciousness,
and it is mp = 1.672622 x 10~?7 kg [46]. The neutron, on the other hand, is electrically
neutral. The mass of a neutron is approximately equal to the mass of a proton. An electron
is a negatively charged particle, and its mass does not play a significant role in an atom
because it is very small compared to a proton and a neutron, and the mass of an electron is
me = 9.109383 x 103! kg, which shows that the mass of an electron is more than 1000 times
smaller than protons or neutrons [47]. Each atom contains an equal number of protons and
electrons, which means that the atom is electrically neutral [6]. In order for the fuel cell
to work, it needs a certain amount of hydrogen (H). Hydrogen is the simplest chemical
element that is the first element in the periodic table. One of the ways to obtain hydrogen
is electrolysis. Electrolysis of water is splitting a water molecule into hydrogen and oxygen
atoms [23] utilizing an electrolyzer.

An electrolyzer is a device that consists of two tanks, an anode and a cathode, and a
chamber in which the electrolysis of water (H,O) takes place. Distilled water is poured into
the water tanks, and the electrolyzer is turned ON, which uses electricity from the external
source for its operation. When the electrolyzer is switched on, the circuit is closed. The
current flows through the water and the electrodes together underwater in the reaction
chamber. The reaction chamber is bounded by an anode and a cathode, which is visually
enlarged in Figure 6 to help explain how the process works, and the light blue field in the
figure represents distilled water. The direct current source is connected to the electrodes,
and because of it, electrons move from the negative pole of the direct source (cathode)
through the water to the positive pole of the direct source (anode). This process also creates
an excess of electrons that the water receives, producing negatively charged hydroxide ions
and hydrogen [23]. Figure 7 shows the working principle of the electrolyzer.

Hydrogen is gaseous and goes up into the hydrogen tank Figure 7a. The hydrogen
oxide ions are negatively charged (each ion that previously received one electron at the
cathode) and move through the water toward the anode. Naturally, these processes do not
happen one by one, but several of them at once. Figure 7b shows how the four hydroxides
are moved to the anode, which is positively charged and attracts them. Each hydroxide
ion divides previously collected electrons and gives them to the positive pole of the source,
and these ions react with two molecules of H,O. Then the form of O, (two oxygen atoms)
is combined, which further travels in gaseous form to the hydrogen tank, parallel to the
chemical reactions described earlier. Figure 7c shows how a chemical reaction occurs at the
anode, which begins with six water molecules that release four electrons at the positive pole
of the current source. Water now reacts with four hydronium molecules (H3O + — ions).
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Furthermore, according to Figure 7d, positively charged ions of hydronium molecules
receive one electron at the cathode. This is accompanied by a reaction in which each ion
releases a hydrogen atom, and ordinary water is formed again [45].

O

Figure 6. Expanded view of the electrolyzer’s reaction chamber.

40H — H,O+H,+4e
| oH”

OH~

OH
| P

©)

6H,0 — 3H,0 + O, + &
| H,0

H,O
H,O
H,O
H,0O

H,O

(©) (d)

Figure 7. The principle of the electrolyzer board: Reactions at the cathode (a,d) and the anode (b,c).

4. Experimental Setup

Along with the model, a software part was also prepared: the interface to the portable
educational prototype., where experiments can be performed with the education prototype
are proposed. The list of experiments is shown in Figure 8.
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Exp 1 and 2: familiarity with Exp 3:Producing Exp 4: Electrolyzer
equipment Hydrogen from water characteristics

Exp 5: Faraday 1°' law
(Production)

Exp 7: Faraday 1°' law
(Consumption)

Y

Exp 8: Characterizations of FC Exp 9: Efficiency Evaluation

Exp 6: Missing rate

Figure 8. Optimized plan for experimental studies using the prototype.

4.1. First and Second Experiment: Familiarity with the Equipment

The first and second experiments introduce learners to the prototype. These two
experiments illustrate the connection between the electrolyzer, fuel cells, and the motor
as a load. First, the electrolyzer is turned on, producing oxygen and hydrogen, which are
brought to the fuel cells through pipes in a gaseous state. Then, in the cells, the chemical
energy of the gases is converted into electricity, which drives the connected engine. In
the second part, voltage, current, and power are measured, and the V-I characteristic of
series-connected fuel cells is recorded.

The voltmeter measurements show the result of the second part, in which the volt-
age of the motor connected to the series connection of the fuel cells is measured. The
resultis V =1.65 V. It is written on the model that one cell gives a voltage of 0.9 V. The
measurements show a voltage drop of 0.15 V on the measuring instruments. The current
measurement indicates that I = 0.012 A. The active power of the consumer is determined
by using a wattmeter, which indicates that P = 0.02 W. This reading can also be checked
using the power equation P = V x I = 1.65 x 0.012 = 0.0198 W, which is close to the one
indicated by the wattmeter.

4.2. Third Experiment: Water = HyO

The experiment aims to conduct electrolysis of water and pay attention to the amount
of oxygen and hydrogen produced. From the already-known chemical notation (H,O), it
can be noticed that water contains two atoms of hydrogen and one of oxygen, which means
that the hydrogen produced is twice the oxygen produced. Figure 9 shows the hydrogen
and oxygen containers after the experiment. It is also demonstrated that the experiment
produced 60 mL of hydrogen and 30 mL of oxygen, proving the composition of H,O, two
hydrogen atoms, and one oxygen atom.

4.3. Fourth Experiment: Electrolyzer Characteristics

In this experiment, the characteristics of the electrolyzer are investigated. The inves-
tigation is completed by connecting the electrolyzer to an external power source. Then
gradually increasing the electrolysis current. The characteristic is recorded using an in-
terface program. Figure 10 shows that no current flows through the electrolyzer until a
voltage of 1.4 V is reached. That means that until the threshold voltage of 1.4 V is reached,
the electrolyzer will not start the electrolysis process. This alone will not provide fuel
for the fuel cell, and it can also be seen that the maximum power of the electrolyzer is
approximately 3.8W (Figure 10).
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Figure 9. Tanks O, and Hj.

2.0 4.0

1[A]
[m] d

05 r1o

05

0.0 05 1.0 15 2.0

VIV
Figure 10. The Characteristics of the Electrolyzer: P-V curve (blue) and I-V curve (red).

4.4. Fifth Experiment: Faraday’s First Law: Production of Hp

In this experiment, it was proposed to examine the production of H; in dependence
on time and the current flowing through the electrolyzer. In the first part of the experiment,
the value of the current does not change, but only the production of Hj is read at certain
time intervals. According to the results, Table 2 was obtained and showed the production
of Hj as a function of time. According to Table 3 it can be seen that the production of Hj is
proportional to the positive value of the electric current.

Table 2. The production of H; as a function of time.

Time [s] 60.0 90.0 120.0 150.0 180.0 210.0 240.0
Production Hp, V [mL] 7.0 11.0 14.0 18.0 21.0 24.0 28.0

Table 3. The Production of Hy vs. the Current [A].

I[A] 0.40 0.80 1.20 1.60 20
Production H, V [mL] 9.0 16.0 26.0 35.0 44.0
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4.5. Sixth Experiment: Missing Rate

As mentioned previously, the hydrogen atom is tiny and difficult to store [48]. In
this experiment, hydrogen leakage in the tank is investigated. Figure 11 shows the tank
Hy after the investigation. After filling the hydrogen tank to 50 mL, let everything stand
for 5 min. The level has dropped by 4 mL, meaning the leakage rate is 0.8 mL/min.
This experiment illustrates that high-quality equipment is needed to store the hydrogen.
Therefore, instructors must be careful with hydrogen leakage. Due to its propensity for easy
diffusion, hydrogen is less likely to pose a fire or explosion threat in open or well-ventilated
spaces. However, hydrogen poses a safety hazard if it accumulates in an enclosed or
unventilated location. Therefore, ensuring a well-ventilated room is an essential step to
performing these experiments safely [49,50].

Figure 11. Consumed Hj.

4.6. Seventh Experiment: Faraday’s First Law (Consumption)

Before describing the fuel cell consumption experiment, learners should be familiar
with its operation principle and components (Figure 12). Figure 12, fuel cell stack, shows
that the cell consists of five parts. On the far left and right are the bipolar plate, then two
electrodes, the anode and the cathode, and in the middle, there is a membrane. From the left
is the entry of hydrogen (Hy), while oxygen (O;) comes from the right. When the hydrogen
molecules pass to the anode, their bond is broken because the electrons start moving
through it. Now the hydrogen molecules become positively charged ions. On the other
hand, oxygen arrives at the cathode and waits for the electrons that have left the hydrogen.
The directed movement of electrons from the anode to the cathode represents an electric
current. When electrons reach oxygen, their atoms absorb electrons, becoming negatively
charged ions. Therefore, hydrogen ions can pass through the membrane and combine with
oxygen ions to form water (H,O). The ions cancel each other out because the electrons lost
by the hydrogen get to the oxygen, and when these ions come into contact, they cancel
each other out. It follows from this that the main product is electricity. Electricity and the
byproducts are ordinary water and heat [51]. The experiment aims to measure hydrogen
consumption dependent on time and electrolysis current. The hydrogen tank is filled to
60 mL in the first part. Furthermore, switch off the electrolyzer and set the resistance so that
a current of 600 mA flows through the circuit. Then the results are recorded, and Table 4 is
obtained. The results show that the consumption increases with time, as does the gas that
is leaked.
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Figure 12. The Structure of a Fuel Cell.

Table 4. The Production of H, vs. Time [s].

Time [s] 60.0 120.0 180.0 240.0
Volume of Hy [mL] 44.0 38.0 34.0 28.0
loss Hy [mL] 0.80 1.60 240 3.20
consumed H, [mL] 15.20 20.40 23.60 28.80

In the experiment’s second part, the tank was filled with 60 mL of hydrogen after the
electrolyzer was turned off. Then, the current passing through the resistor was measured
with an ammeter. The resistance is set so that the current is of a certain amount, according
to the table. Each measurement lasted 2 min, and the results are recorded in Table 5.

Table 5. The production of Hj vs. the current [mA].

I[mA] 400 800 1200
Volume of H, [mL] 52 46 42
loss Hp [mL] 1.6 1.6 1.6
consumed H, [mL] 6.4 124 16.4

Table 5 shows that consumption is proportional to the amount of current. However,
the gas leaked is always the same because it depends on time, and from the previous
experiment, a gas loss constant of 0.8 mL/min was determined, which must be taken
into account.

4.7. Experiment 8: Characterization of Fuel Cells

This experiment consists of three parts, V-I characteristics curve of fuel cells is ex-
amined for a single fuel cell and also different connections, which can be either serial or
parallel. This portable prototype contains two fuel cells on which experiments are carried
out. The first part investigates the characteristics of a single fuel cell. The tank is filled with
hydrogen, and the variable resistor is set to the highest resistance. The characteristic of the
fuel cell is then recorded, and the resistance is gradually reduced during the recording. The
connection diagram is shown in Figure 13, which also the V-I characteristic curve of a single
fuel cell. The Figure also shows that the maximum voltage of one fuel cell is approximately
equal to Vmax = 0.9 V and decreases almost linearly with increasing resistance. From the
characteristics curve, the maximum power is about Pmax = 0.45 W. In the second part
of the experiment, the cells are connected in parallel, and the measurement procedure is
repeated. First, the tank is filled with 60 mL of hydrogen, then the variable resistor is set to
the highest possible value, and then the characteristic is recorded. During recording, the
resistance of the variable resistor decreases. The connection diagram is shown in Figure 14,
which also shows the obtained characteristic curve. This characteristic (Figure 14) shows
that the maximum voltage is approximately equal to Vmax = 0.9 V. The maximum current
is significantly higher than the previous characteristics curve. A parallel connection is
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used in applications where the voltage should remain approximately the same as the load
current increases. In this case, the load is a variable resistor. In the third part, the charac-
teristic of serially connected fuel cells is recorded according to the scheme of Figure 15.
The hydrogen tank is filled as in the previous part, and the same process of recording the
characteristics of the fuel cell is performed. It is assumed that the voltage must be doubled
because two DC sources are connected in series, which means that now the maximum
voltage should be Vmax = 0.9 4+ 0.9 = 1.8 V. Figure 15 shows that the maximum voltage is
approximately equal to Vmax = 1.8 V. It can be seen from the characteristic that this series
connection is used in applications where the power stays relatively high with increasing
load. The maximum power is approximately Pmax = 0.58 W, while the maximum current
is approximately Imax = 1.2 A.

2.0 -20
1.5 1 ~15
< 2
g o
S 107 L0 3
O [
0.5 ~0.5
0050 b2 04 06 08 10 0
Voltage [V]

Figure 13. The characteristic V-I curve (red) and V-P curve (green) for a single FC. The test circuit
and the FC connection is shown in the upper right corner.

4.8. Efficiency of the Fuel Cell

Each technical energy system has input and output power, and the ratio of these two
quantities gives energy efficiency. Energy appears in various forms, such as chemical,
electrical, thermal, etc. Efficiency is important because it is an indicator of the utilization of
energy sources and is always less than 100% [23]. The formula for the fuel cell efficiency is
obtained by first using the formula for the electrical work obtained at the output of the fuel
cell [23].

Wetectricat = V.I.t 1

where W electrical is the electrical work, V is the voltage, I represents the current, and ¢
is the time in seconds. Chemical energy is calculated from the calorific value of the input
material, and the consumed volume of hydrogen, and chemical energy also represents the
input energy [46].

Wenemical = HHz - Vol 2)

where Wpemica is the chemical work, Vol is the volume, and Hy, is the hydrogen calorific
value. The hydrogen has a fixed calorific value, which is 11,920 kJ per cubic meter. The
efficiency of fuel cells is given by:

Welcctrical VIt
= = 3
7 Wchemical HHZ - Vol ( )
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Figure 14. The characteristic V-I curve (red) and V-P curve (green) for parallel-connected FCs. The
test circuit and the parallel connection of FCs is shown in the (upper right corner of the graph).
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Figure 15. The characteristic V-I curve (red) and V-P curve (green) for serially-connected FCs. The

test circuit and the series connection of FCs are shown in the (upper right corner of the graph).

4.9. Evaluation of the Characterization Results

The experiment connects the electrolyzer to an external voltage and changes the
electrolysis current. The hydrogen level is set to 0 mL, then turn on the electrolyzer, and
the hydrogen level in the tank is visible after three minutes. The electrolysis current was
set to 1.2 A. The results of the evaluation of the experimental measurements. The leak rate
increases the mean production value from the previous experiment, and the leak rate is



Appl. Sci. 2023,13, 608

150f18

0.8 mL/min, which means that 2.4 mL of hydrogen leaked out in three minutes. According
to the Equation (4), the energy efficiency of the electrolyzer is obtained:

Wehemical  Hp, - Vol 11920 - (24.33 +2.4) - 1073

o _ — = 0.8677 4
Nelectrical Wolectrical V.I-t 1.7-1.2-180 @

The results show the efficiency of the electrolyzer at currents of 1.2 A, which is equal
to 0.8677 or 86.77%. Other measurements are made in the same way. Only the electrolysis
current is changed.

4.9.1. Serially-Connected FC

The mean consumption value is reduced by the leakage rate from the previous experi-
ment, and the leakage rate is 0.8 mL/min, which means that 2.4 mL of hydrogen leaked
out in three minutes. Therefore, according to the Equation (5), the energy efficiency of the
fuel cell can be calculated:

Wy V-I-t+I*R 029-1-180+12-0.1

Tfe = W, Hp, - Vol 11920- (4533 —2.4) - 103

=0.102 (5)

The equation shows that the energy efficiency of the cells on the model is 0.102 or 10.2%.
Other measurements are made the same way. Only the current of the series-connected fuel
cells is changed using a variable resistor. Energy efficiency is calculated according to the
Equation (5). The working power of the fuel cell is calculated according to the equation.

Pre=1-V [W] ©)

where Py, is the delivered power of the fuel cell, I and V are the operating current and
voltage, respectively. It can be concluded that mathematically speaking, the efficiency is
most significant at lower currents. However, that area could be more interesting for practical
applications since the goal is to achieve the highest possible power during operation and,
therefore, a higher current load. Thus, the system’s maximum efficiency is calculated
according to the Equation (7) by taking the maximum value of the efficiency of the fuel cell
and multiplying it by the maximum value of the efficiency of the electrolyzer.

Nt = Nge - e = 0.5166 - 0.9396 = 0.4854 (7)
The maximum efficiency of the series-connected fuel cell system is 48.54%.

4.9.2. Parallel-Connected FC

Experiments are performed with fuel cells connected in parallel, which are connected
to a variable resistor that changes the current. The voltmeter is connected in parallel, and
the ammeter is with a shunt in series. Figure 14 shows the connection diagram. Before
starting the experiment, fill the tank with hydrogen and then connect the circuit as in
Figure 14 and adjust the variable resistor so that a current of 1000 mA flows through it.
Hydrogen consumption is recorded for three minutes, and the measurement has repeated
three times. The mean consumption value is reduced by the leakage rate from the previous
experiment, and the leakage rate is 0.8 mL/min, which means that 2.4 mL of hydrogen
leaked out in three minutes. The energy efficiency of the fuel cell is calculated according to
the following equation:

~ Woeetriewd . V-I1-t+I2-R 044-1-180+1%-0.1
T = Weemict  Hi, -V 11920+ (19 — 2.4) 10 3

= 0.4008 8)

This equation shows that the energy efficiency of the cells on the model is 0.4008 or
40.08%. Other measurements are performed in the same way. Only the current of parallel
connected fuel cells is changed. Thus, for currents equal 0.4-1 A, the efficiency is about 50%,
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which is more than the case of a series connection. This type of connection is preferred for
applying a fuel cell in practice. The system’s maximum efficiency is calculated according
to the Equation (9) by taking the maximum efficiency value of the fuel cell in parallel
connection and multiplying it by the maximum efficiency value of the electrolyzer.

Nt = Nge - e = 0.6671-0.9396 = 0.6268 9)
The maximum efficiency of the system of parallel connected fuel cells is 62.68%.

5. Conclusions

This paper presents an experimental prototype suitable for the education of Electrical
engineering students. The portable educational prototype is capable of a simple recording
of V-I characteristics of different connections of fuel cells (serial and parallel). Furthermore,
the prototype can help obtaining the analysis and operation procedure of the electrolyzer,
and visualizing the operation of electric loads, such as motor and bulb. Experimental
analysis of the electrolyzer illustrates that water electrolysis produces 60 mL hydrogen
and 30 mL oxygen. The study proves that water composition (H,O) has two atoms of
hydrogen and one atom of oxygen. The V-I characteristics show that the electrolyzer has
a threshold voltage of 1.4 V. If the threshold voltage is not reached, no current will flow
through the electrolyzer. Therefore, the water electrolysis process will not be performed.
The electrolyzer, as a two-tank system, has losses in terms of hydrogen leakage. Thus, the
experiment determined a hydrogen leakage constant of 0.8 mL/min, from which it can be
concluded that high-quality equipment for hydrogen storage is needed.

The paper also determined the efficiency of fuel cells in series and parallel modes of
operation. In the series mode of operation, it is mathematically proven that the efficiency is
higher at lower currents. Still, the fuel cell operating area is required where the power is
the highest. According to the V-I characteristic of the series connection, the current value is
between 0.6 and 0.8 A. According to the results, it obtained an efficiency of approximately
25%. On the other hand, in the parallel operation mode, the power constantly increases by
increasing the current according to the V-I characteristic. According to the test results, the
efficiency is approximately constant for the current between 0.4 and 1 A, which is about
50%. Thus, a parallel connection is recommended in the application of fuel cells.
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The following abbreviations are used in this manuscript:

IEA International Energy Agency
MCFC Molten Carbonate Fuel Cell
SOFC  Solid oxide fuel cell

FCV Fuel cell vehicles

CHP Combined heat and power
PSO Particle swarm optimization
AFC Alkaline fuel cells

PAFC  Phosphoric acid fuel cells
71Oy Zirconium dioxide
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