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ABSTRACT

Hydrogen is known to be the cleanest fuel due to its zero-
emission capability. It’s inherently immense energy content
makes it the fuel for future but, it’s economical, safe and
efficient usage for power generation remains a challenge.
Fuel cell is a chemical device that runs on hydrogen and
oxygen gases to give out electricity and water that is capable
of replacing the conventional fossil-fuels in various
applications. This paper gives construction and functional
details of various fuel cells that are commercially available.
The reported types of fuel cell are categorized based on fuel
oxidizer electrolyte, state of aggregation of the reactants, and
electrolyte/operating ~ temperatures.  The  operational
parameters of each type are disclosed. Pros and cons of
specific fuel cell types are listed along with their possible
applications. Further, performance of typical fuel cells is
analyzed with the help of a polarization curve and their
respective efficiencies. The presented work summarizes the
trends in hydrogen fuel cell market and throws light on the
technology that probably would contribute towards
sustainable development of society. The state of the art
review on this promising technology would help better
understanding the future directions of a sustainable energy
development and its usage thereof.

Key words: hydrogen energy, clean fuel, fuel cell

technology, fuel cell types, fuel cell efficiency

Nomenclature

AG Gibbs free energy charge
AS Change in entropy
AH Change in enthalpy

The absolute temperature of the oxidation

Faraday value or constant

T
E Maximum EMF
F
N

Number of faradays transferred in the course of
the reaction

AVy Voltage gain with an increase in temperature
T,and | Temperature
T,
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Py and | Cell pressure
P,
i Exchange current density
I Current through cell
R Total cell resistance
i Limiting current

1. INTRODUCTION

In the 21% century era, fuel cell has emerged as a clean
power source on the earth. Fuel cell has many applications in
different fields requiring portable or stationary power supply
— be it automobile industry, defense industry or remote area
power supply [1]. Fuel cell manufacturer like Ballard from
Canada, Heliocentric and SFC energy from Germany are the
leading producers of different types of fuel cell.

In 1802 Sir Humphrey Davy gave the concept of fuel cell
and the associated chemical reactions but, failed to describe
the operation of a carbon cell working at room temperature
with nitric acid as an electrolyte. In 1839 [2], first hydrogen-
oxygen cell was successfully operated by Sir William Grove,
and the data was reported as a ‘Gaseous Voltaic Battery' in
his experiments. In this cell, the reaction between hydrogen
and oxygen produced water and electric current. Sir William
Grove finally published three important papers in 1842 [3],
1843 [4] and 1845 [5]. In 1842 article, Grove repeated his
previous work and recognized a second phenomenon, i.e.,
‘Decomposition of water through its composition.' The fuel
cell invented by Sir William Grove also proved the principle
of regenerative. Fifty years later in 1889, L. Mond and C.
Langer [6] justified Grove's work and established that Grove
including later investigators overlooked the necessity of
maintaining the activity of the catalyst unimpaired. They
found that the most suitable absorbent for gas batteries is
platinum black, when wet, it almost losses its condensing
power. The problem is solved by using the quasi-solid foam
as an electrolyte.

In 1921, the importance of kinetics in the development of a
practical fuel cell was given [7]. The high-temperature cell
was designed by the Baur et al. in which they used carbon as
anode, molten alkaline carbonate as electrolyte and iron
oxide as cathode. When they operated the cell at 1000°C,




they faced the problems with the materials and disposal of
slag.

British scientist and engineers have done much of the
pioneering work in basic and applied fuel cell research in the
laboratory. F.T. Bacon, and J.C. Frost of Cambridge
University developed, built and demonstrated in August
1959, a 6kW fuel cell power unit that drove a forklift truck,
a circular saw and a welding machine. H.K. lhrig of Allis-
Chalmers, almost simultaneously in America, demonstrated
in October 1959 to the press a 15kW fuel cell tractor. The
effort made by the National Aeronautical and Space Agency
(NASA) is remarkable for the application of fuel cells to
meet auxiliary power requirements in some of the space
projects.

2. WORKING OF HYDROGEN-OXYGEN FUEL
CELL

The main features of a fuel cell [8-9] are shown in Figurel,
and Figure 2 shows the working of a fuel cell. The figure
includes a fuel electrode on anode, air electrode on cathode
as oxidant and an electrolyte. The fuel and oxidizing agents
are fed through the electrodes and are brought into contact
with the electrolyte. Reaction between the oxidizing agent
and fuel produces voltage at the electrodes. The positive
terminal of the cell is the oxygen electrode, and the negative
terminal of the battery is the fuel. The electrons with other
ions are conducted through the electrolyte and travels from
one electrode to another, completing the electrical circuit to
satisfy the connected external load. The fuel cell continues
to operate as the current flows through the load and the
reactants (fuel and oxidant) are fed. The electromotive force
(emf) of the fuel cell is in the order of 1V. In series, many
cells are connected to provide a terminal voltage which is
known as ‘module.’ Depending on the mode of operation, a
fuel cell battery constitutes several modules connected either
in series or parallel.

Separator
s - Air
Fuel - (
(] s
- |
— J/I -
A
Electrolyte

Elactrades

Figure 1: Schematic Diagram of Fuel Cell

The Gibbs free energy change, accompanying the oxidation
of the fuel at the absolute temperature relates to the
corresponding enthalpy and entropy changes given in
equation 1.
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AG = AH —TAS (1)
The AG determines the maximum emf of the cell in terms of
equation 2.

E = —AG/nF 2
The hydrogen-oxygen cell can be used to explain fuel cell
principles. Two electrodes which are made up of platinum
foil immersed in an electrolyte (solution which is of
potassium hydroxide or sulphuric acid). In the fuel cell, the
anode is fed with hydrogen gas, where it gets disassociated
in the presence of catalyst forming H" ions and electrons,
after that it passes to the electrolyte. The cathode is supplied
with the oxygen gas which acquires electrons and reacts with
water from the electrolyte (potassium hydroxide KoH
solution) to form hydroxyl ions OH". In the electrolyte, the
OH and the H" ions are in equilibrium with the water (H,0).
In [10-11] a DC power of 100 to 200 mA/cm? is applied at a
voltage of about 1V which is typically on the electrical
output of an individual cell. The overall reactions of
hydrogen ions consumed at the oxygen electrode are
replaced by the hydrogen electrode as given in equation 3.

1
H, +2 0, » H,0 3)
Electron flow
— —
H, 0y
Carbonate | o—
ons
€052
Water and Carbon
heat out dioxide in

Figure 2 : Working of fuel cell

The reactants used in the fuel cell should be easily available
and cheap. The heart of the fuel cell is the design and choice
of the materials for the electrodes [12-13]. They are highly
corrosive in the environment and must conduct electricity
well. The electrodes are lightweight, thin, and the reactants
are externally supplied through the electrodes. The most
useful or conventional electrode catalysts in a fuel cell are
made up of platinum or graphite [12]. In a fuel cell, many
variables of electrolyte are used.

Fuels for fuel cell

The selection of fuel depends upon the volume, storage-
ability, availability, transportability, and cost. The most
important fuel is hydrogen because the combination of
hydrogen and oxygen releases more energy as compared to
the other fuels. However, hydrogen fuel is the most
expensive fuel and its safe and efficient storage is a
challenge. Hydrogen is present as a chemical compound (i.e.
hydrocarbon) in almost all conventional fuels, for example
Methane, Butene, Toluene, Ethane, Benzene, Butane,
Kerosene, Decane, Octane, and many others. [9]. It is also



found chemically bonded with nitrogen in Ammonia and
Hydrazine or in alcoholic groups like Methanol, etc. [9-15].

Pros and Cons of a hydrogen-oxygen fuel cell

The fuel cell has many pros compared to the conventional

fossil fuels [16], but fewer cons. Some pros and cons are

listed below:

e High Efficiency

Low thermal emission

Good fuel flexibility

Non-polluting

Low maintenance cost

e Low chemical emission

Based on lower heating value (LHV), the effectiveness of

the fuel cell is 45 to 55%, and in hybrid, the effectiveness of

the cell is 70%. The fuel cell is highly efficient in the peak

load, but it is more efficient in the partial load [17]. The

noise is also less in fuel cell because the moving part is only

the fuel and the cooling system.

There are two cons i.e.

e The cost for the stationary electric generation is too high

o The hydrogen used in the fuel cell is quite expensive and
its storage requires energy expenditure.

3. TYPES OF HYDROGEN-OXYGEN FUEL CELL

There are many different types of fuel cell based upon the
fuel-oxidizer-electrolyte combination, temperature, and
pressure at operation [9]. Fuel cells are also classified as
regenerative, direct, and indirect fuel cells [9]. Direct fuel
cells depend upon the temperature i.e., low temperature.
Hydrogen-halogen, metal-oxygen, hydrogen-oxygen, and
organic compound-oxygen fuel cells are in the category of
the low temperature direct fuel cells. In the medium
temperature category ammonia-oxygen, hydrogen-oxygen
and organic compound-oxygen fuel cells are included. In the
high temperature category, carbon-monoxide-oxygen and
hydrogen-oxygen fuel cells are included. These three
temperature-based fuel cells fall under the direct fuel cell
category. On one side, reformer and bio-chemical fuel cells
fall under the indirect fuel cell category; and on the other
side, chemical, radioactive, electrical, photochemical and
thermal fuel cell form a part of the regenerative fuel cells as
shown in figure 3. The classification, according to the states
of aggregation of the reactants, appears to be the most
rational method. This method distinguishes most clearly
between methods of construction and operation [12-15].
» Gaseous Fuel Cell: In the gaseous fuel cell new
subdivision is classified depending upon the type of
oxidizing agent used i.e., liquid oxidizing agent and gaseous
oxidizing agent.
o Liquid oxidizing agent: In this oxidizing agent,, solution
of bromine, hydrogen peroxide and chlorine are present as
shown in equation 4.

H, + H,0, - 2H,0 4)
o (Gaseous oxidizing agent: In this oxidizing agent, solution
of oxygen, chlorine, air, and mixture of many more gases are
used as a fuel. The electrochemical reaction in terms of
equation 5:
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Hy +% 0, > Hy0 5)
» Liquid Fuel Cell: The advantage of a liquid fuel cell is
that it can be dissolved in the electrolyte easily because of
the H,O, (Liquid oxidant). Gaseous and liquid fuel-based
fuel cells fall under the category of a direct fuel cell. The
best known and highly developed direct fuel cell is
hydrogen-oxygen cell. Among all the available direct fuel
cells, "hydrazine cell" has reportedly been the best performer
under the liquid fuel cell category [12]. The chemical
reaction that takes place inside a liquid fuel cell is as shown
in equation 6 below.
CH;0H + 3H,0, - CO, +5H,0 (6)
» Solid Fuel Cell: In this category, direct hydrocarbon fuel
cell is less developed, but such cells are more efficient than
the other conventional fuels that are being used in internal
combustion engine. However, the disadvantage of this cell is
its high cost. The associated chemical reaction that takes
place in this solid fuel cell in terms of equation 7:
C+0,-Co,

()
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Figure 3: Classification of Fuel Cells

Regenerative Fuel Cell: The regenerative cell is similar to a
rechargeable battery (Secondary) which means the reactants
can be regenerated again and again. The main limitation of
this cell is its mammoth cost due to recycling of the
reactants. The regenerative fuel cell is used as chemical
reactors. The chemical reaction associated to this cell is:
CH;.CHOH.CH; +20H™ - CH;.CO.CH; + 2H,0 + 2e~
The fuel cell based on the classification of electrolyte or
temperature:

(1). Phosphoric Acid Fuel Cell (PAFC)

(2). Alkaline Fuel Cell (AFC)

(3). Solid Oxide Fuel Cell (SOFC)

(4). Molten Carbonate Fuel Cell (MCFC)

(5). Direct Methanol Fuel Cell (DMFC)

(6). Proton Exchange Membrane Fuel Cell (PEMFC)



In [18], the detail of all the fuel cell that ever came into
existence is discussed. The life of any typical fuel cell
depends upon its operating temperature, thermo-mechanical,
physio-chemical properties of materials used for fabrication
of its components i.e., current collector, electrolyte, and
electrodes, etc. Classification of fuel cell based upon the
operating temperature involves low temperature and high
temperature fuel cells. In a low-temperature fuel cell, charge
carriers in the electrolyte are hydroxyl ions or protons.
Various low temperature fuel cells are AFC, PAFC, PEFC,
and DMFC, whereas high-temperature fuel cells are SOFC
and MCFC. In high temperature fuel cells, charge carriers
are mainly oxygen ions and carbonate ions. The
characteristics of the various fuel cells are explained as
below:

(1). Phosphoric Acid Fuel Cell: The evolution of this cell
took place in 1965. As the name suggest, phosphoric acid
with 100% concentration is used as an electrolyte in this
type of cell. Its operating temperature is in the rage of 150 to
220°C. Reportedly, the electro catalyst used is generally
platinum, on both anode and cathode sides [18]. Cathode
catalyst, particularly in PAFC, is studied vigorously by
many researchers using various electrochemical and physical
methods [19 - 22]. The charge carrier in this fuel cell is H"
ions. The primary cell component is made up of graphite and
the primary fuel is enriched with the H, gas. Since, PAFC
involves an external reforming of the fuel it takes hours to
start operating. The power density of this cell is 55%, and
the performance of this cell is lower than the alkaline fuel
cell. It is the first conventional fuel cell that got
commercialized. A typical PAFC-based power plant's
capacity ranges from 50 to 200 kW, although some plants
have a capacity ranging from 1MW to 5 MW. The 11 MW
grid-connected is the largest reported plant in the world [20-
21]. Figure 4 shows the schematic diagram of a PAFC. The
electrochemical reactions incurred in a PAFC are as below:
The chemical reaction of the anode is:

H, » 2H* + 2e~
The chemical reaction of the cathode is:

1
502 +2H* +2e” - H,0
The overall chemical reaction of this fuel cell in terms of

equation 8:

Hy +% 0, > Hy0 ®)
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Figure 4: Phosphoric Acid Fuel Cell

The performance of cell depends mainly upon few
parameters such as cell life, temperature and pressure. It
should be noted that many problems could occur in a
pressurized cell due to high current density [22].
o Effect of temperature in the cell: Reduction of oxygen on
the platinum improves the temperature of the cell. The
operating temperature is reasonably valid in the range of 180
to 250°C as shown in equation 9.

AVy(mv) = 1.15(T, — T;) 9)
e Effect of pressure in the cell: With the increase in the
pressure the performance of cell is generally increased [23].
In the equation the theoretical change in the voltage as a
function of pressure in terms of equation 10:

AV, =146 Log (2) (10)
1

The operating temperature range is 177 to 218°C and the
pressure range is 0.1 to 1 Mpa. These ranges are based on
the experimental data.
o Effect of cell life: In a PAFC [24-26] the efficiency
degrades over time. The below equation shows the overtime
of cell degradation in terms of equation 11.

AV = —3mv/1000h (11)
Average working life of a typical PAFC is between 10,000h
to 50,000nh. The efficiency of the cell is 55% but the
performance of this cell is lower than the alkaline cell
because of slow oxygen reduction rate.

(2). Alkaline Fuel Cell: Generally, KOH is the electrolyte
used in such type of cells. Usually, 85% concentration of
KoH is used for high temperature operations whereas, 35 to
50% concentration is used for lower temperature operations.
The schematic diagram of this cell is shown in Figure 5. A
typical alkaline fuel cell could operate between the
temperature ranges of 50 to 200°C. However, its usual lower
operating temperature is 50°C and high operating
temperature is 200°C. In this type of fuel cell, OH ions are
the charge carrier and platinum-based material acts as a
catalyst.



Electrical Current

=3 =
Hydrogen In Ciygen In
H
2 T - <=0,
: +
L Vs
E..
T OH™ =
Hy0| | |
I E..
Water and - -
Heat Qut J - &
h L "n\
Anode‘r | Cathode
Electrolyte

Figure 5: Alkaline Fuel Cell

Electrolyte is the primary cell component, and H, is the
primary fuel in a typical AFC. The average efficiency of the
AFC is 50 to 60 % of the combined cycle. In 1960, the first
AFC was developed and was used for running the vehicle as
well as the Apollo space vehicle [27-28]. While operating on
O, and H, an AFC performs better than other fuel cells. The
electrochemical reactions of this fuel cell are:
The chemical reaction of anode:

2H, + 40H™ —» 4H,0 + 4e~
The chemical reaction of cathode:

0, + 2H,0 +4e~ - 40H™
The overall electrochemical reaction of this fuel cell in terms
of equation 12:

2H, + 0, - 2H,0 (12)

The alkaline electrolytes have advantages over the acid
electrolytes to their lower over potential. Therefore, in such
cells KOH is chosen as the preferred electrolyte over NaOH
on the cathode side [27-28]. In 1980s, the development of
AFCs reached its peak [29] due to more favorable oxygen
reduction [30-31] and fuel oxidation-reduction [32-34] in
alkaline condition. In [35], comparison of AFC with PEFC is
reported whereas, in [36-42], different types of fuel cell are
discussed that are used as AFCs.

(3). Direct Methanol Fuel Cell: This fuel cell is also
known as Direct Methanol Proton Exchange Fuel Cell
(DMPEFC). It is a special type of low-temperature fuel cell
that operates on the principle of a PEMFC, as shown in
Figure 6. Various components of a DMFC are two bi-polar
end plates that act as anode and cathode, catalysts, and an
electrolyte membrane. In 1960s, Murray and Grimet [43]
have reported an impressive work of stacking 40 DMFC
together which operates at 50°C. In this type of fuel cell, H
ions are the charge carrier and platinum-based material acts
as a catalyst.
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The primary fuel in a typical DMFC is methanol and
average cell efficiency is up to 30 to 40%. From 1960 to the
early 1980s, the trend of using conventional electrolytes got
changed [44] and in 1990s, polymer-based electrolytes were
introduced in DMFC [45]. The chemical reaction of this cell
is:
The chemical reaction of the anode is:

CH;0H + H,0 » C0O, + 6H* + 6e~
The chemical reaction of the cathode is:

3
502 +6H+ +66_ —>3H20

The overall electrochemical reaction of this cell in terms of
equation 13:

CH;0H +20, > €O, + 2H,0 (13)
It is revealed through research that when the ceramic type
electrolyte is used, then the operating temperature of the
DMFC could reach between 450°C to 500°C [46-47]. The
main disadvantage of this fuel cell is the slow startup. It
takes more time to start compared to other fuel cells because
of its high operating temperature. This cell has two major
applications [48-53] - portable power generation, and power
source for civil and military environments. It has low weight
and that is why it is suitable for substituting batteries.

(4). Molten Carbonate Fuel Cell: This cell got introduced
in 1960s. Combination of an alkali carbonate is generally
used as an electrolyte in this cell and hence, the name of cell
MCFC. The operating temperature of this cell is between
600°C and 700°C. Carbonate ions (CO;”) are the charge
carriers in the cell and nickel serves as a catalyst. End plates
of this fuel cell are made from stainless steel to avoid
corrosion and the fuels used are CH., H,, and CO..
Efficiency of a MCFC ranges from 55 to 65% which is
higher than other fuel cells. Figure 7 shows the schematic
diagram of a MCFC.
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The in-situ fuel conversion concept is termed as the ‘Direct
Fuel Cell’ (DFC). In [54] review of DFC is discussed, the
efficiency of this cell is 70% [55]. The electrochemical
reaction of this cell is:
The chemical reaction of the anode is:

H, +C03 - H,0 + COy + 2e~
The chemical reaction of the cathode is:

Fa
.;l’«.r\clcha".r | ‘\Caih ccde
‘ Elecirolyte
iy CO7 ol —

Figure 7: Molten Carbonate Fuel Cell

1
50, + €0, +2e™ > CO3

The overall electrochemical reaction of this cell in terms of
equation 14:

Hy + 20, + C0, = Hy0 + CO, (14)
The MCFC is the second generation fuel cell after PAFC
because it is also used for commercial purposes. [56-61]
report on the various cell component used in fabrication of a
MCEFC. [60-61] critically discuss the design of a MCFC. The
MCFC cell is mainly used in marine applications or the
automobile applications [62-65].

(5). Solid Oxide Fuel Cell: The electrolyte used in this cell
is solid, non-porous metal oxide. Its operating temperature is
between 700°C to 1000°C. This cell has the highest
operating temperature amongst all fuel cells. The O~ ions are
the charge carriers, and the catalysts used in this cell is made
up of Perovskite (a calcium titanium oxide mineral
composed of calcium titanate) as shown in Figure 8. The
primary cell components of the cell are of ceramic. The
efficiency of this cell is similar to a MCFC, and the power
density of this cell is 1.5 to 2.6 (kW/m?).
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Tabular and flat are the two different configurations of the
SOFC. SOFC was developed in 1950s, but it was in 2000s
when its mechanical characteristics were improved [66-70].
The electrochemical reaction of this fuel is:
The chemical reaction of the anode is:

H,+ 0~ - H,0 + 2e~
The chemical reaction of the cathode is:

1
502 +2e” > 07

The overall electrochemical response of this cell in terms of
equation 15:

Hy +2 0, > Hy0 (15)
This cell has high flexibility to a vast variety of fuels,
including coal gas [71], biomass-derived gas [72], and
landfill gas [73].

(6). Polymer Electrolyte Membrane Fuel Cell: This cell is
also known as Proton Exchange Membrane Fuel Cell
(PEMFC). This cell is a solid polymer fuel cell. The
operating temperature of this fuel cell is between 50° to
100°C. This cell falls in the category of low-temperature fuel
cells. Charge in a typical PEMFC is carried by H ions,
platinum serves as an electro-catalyst, and nafion membrane
as a proton exchange medium between anode and cathode as
shown in Figure 9. The efficiency of this cell is similar to
the AFC, and the power density of this cell is 3.8 to 6.5
(kW/m?). This cell is suitable for vehicle power [74-75].
The first organic cation exchange polymer membrane in the
fuel cell was given in 1959 [76-77]. The review on the
electrodes of this cell is discussed by Lister [78]. The
electrochemical reactions associated with a PEMFC are:
The chemical reaction of the anode is:

H, » 2H* + 2e~
The chemical reaction of the cathode is:

1
502 +2H* +2e” - H,0
The overall chemical reaction of this fuel cell in terms of

equation 16:

Hy +% 0, > Hy0 (16)
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PEMFC can generate power from watts to kilowatts. That's
why this cell is almost used in every application where
electricity generation is needed [79-80]. This cell is already
used in an electric wvehicle, scooters, submarine, an
automobile, etc. In the distributed power generation, this cell
is also tested for homes, buildings, and shops [19-20].
PEMFC up to 70kW power is used in transportation
industry, 500kW power for stationary applications and more
than 500kW is used for portable power applications.

4.FUEL CELL PERFORMANCE

Fuel cell performance differs in real practical operation than
a theoretical model working under ideal conditions. It is
important to gauge both the performances for better
understanding of the fuel cell system [81].

(1). Ideal Fuel Cell Performance: This performance
depends upon the electrochemical reactions that occur with
oxygen and different fuels within a working fuel cell. In a
low-temperature fuel cell, generally metal catalysts help to
achieve possible reaction and where commonly used fuel is
H,. In a high-temperature fuel cell, the most commonly used
catalysts are nickel and non-noble metal, common fuel used
is H,.

The Nernst equation is defined in the ideal performance of a
fuel cell, which is represented as cell voltage. The ideal
standard potential across a typical fuel cell running on liquid
water product is 1.229V whereas; it drops below 1.229 V
when fuel cell utilizes gaseous water products.

(2). Actual Performance: In the actual performance, when
the useful amount of electrical energy is obtained from a
cell, then its equilibrium potential decreases because of
irreversible losses. The polarization losses consist of
activation, concentration, and ohmic losses. At low current
density, the activation loss is dominant, and ohmic loss
varies directly with current, as shown in Figure 10.
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Figure 10: Voltage/Current Characteristics of Ideal and Actual
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e Activation Polarization Loss: It is directly related to the
rates of electrochemical reaction for 50 t0100 mV. The

general form of the equation in terms of equation 17:

RT i

n= ELnE (17)

e Ohmic Loss: The ohmic polarization loss is because of
the flow of ions in the electrolyte and flow of electrons
through the electron material as shown in equation 18.

N=1iR (18)
e Concentration Loss: These losses are associated with the
purity of the reactant gases i.e. hydrogen and oxygen.
Generally, concentration of the reactants is directly
proportional to the operational efficiency of any fuel cell.
The general form of the equation of concentration of loss in
terms of equation 19.

RT i

n= F Ln (1 - I)

n

(19)

5.Conclusions and future scope

The state of art review presented on the currently prevailing
trends in hydrogen fuel cell technology summarizes the
types, construction, working, and key operation parameters
that plays a significant role to achieve the optimum
efficiency. Categorization of fuel cells on the basis of
reactants gives a broad spectrum of sources of hydrogen gas
available for usage in the field of alternate power generation.
From the given chemical reactions of the individual type of
fuel cell, the role of electrolytes as well as charge carriers is
clearly defined. Since current trends in fuel cells involve
usage of compressed hydrogen and oxygen gases (produced
by expenditure of energy) as reactants, it cannot be
considered as a sustainable solution to the global power
needs. The intermediate steps involve losses across each
system and the efficiency from energy in (while
compressing the gases) to energy out (in form of electricity
generation), what we have named as round-the-trip
efficiency, drops significantly. The future directions in the
fuel cell technology seek development of reversible cells
that could run both as electrolyser and fuel cell thereby,
reducing the incurred losses and hence improving the overall



efficiency. Also, fuel cells have clearly a long way to go
contributing towards a sustainable development and no
single alternate power generation system could fulfill the
world’s energy demand. Renewable energy harnessing
systems in combination with fuel cell technology as a hybrid
system could be foreseen as a tangible solution to the
problem. More research, therefore, is required in system
integration of both renewable and fuel cell technology in
order to achieve the set targets of energy production from
alternate energy sources, which could make the hydrogen
fuel cell technology commercially and technically viable for
society.
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