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2.1 � Introduction

The current movement toward environmentally friendlier and more efficient power 
production has caused an increased interest in alternative fuels and power sources 
[1]. Fuel cells are one of the older energy conversion technologies, but only within 
the last decade have they been extensively studied for commercial use. The reliance 
upon the combustion of fossil fuels has resulted in severe air pollution, and extensive 
mining of the world’s oil resources. In addition to being hazardous to the health of 
many species (including our own), the pollution is indirectly causing the atmosphere 
of the world to change (global warming). This global warming trend will become 
worse due to an increase in the combustion of fossil fuels for electricity because of 
the large increase in world population. In addition to health and environmental con-
cerns, the world’s fossil fuel reserves are decreasing rapidly [2]. The world needs a 
power source that has low pollutant emissions, is energy efficient, and has an unlim-
ited supply of fuel for a growing world population. Fuel cells have been identified as 
one of the most promising technologies to accomplish these goals.

Many other alternative energy technologies have been researched and developed 
[1, 3]. These include solar, wind, hydroelectric power, bioenergy, geothermal energy, 
and many others. Each of these alternative energy sources have their advantages and 
disadvantages, and are in varying stages of development. In addition, most of these 
energy technologies cannot be used for transportation or portable electronics. Other 
portable power technologies, such as batteries and supercapacitors also are not suit-
able for transportation technologies, military applications, and the long-term needs 
of future electronics. The ideal option for a wide variety of applications is using a 
hydrogen fuel cell combined with solar or hydroelectric power. Compared to other 
fuels, hydrogen does not produce any carbon monoxide or other pollutants. When 
it is fed into a fuel cell, the only by-products are oxygen and heat. The oxygen is 
recombined with hydrogen to form water when power is needed [4, 5].
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Fuel cells can utilize a variety of fuels to generate power—from hydrogen, 
methanol, and fossil fuels to biomass-derived materials. Using fossil fuels to gen-
erate hydrogen is regarded as an intermediate method of producing hydrogen, 
methane, methanol, or ethanol for utilization in a fuel cell before the hydrogen 
infrastructure has been set up. Fuels can also be derived from many sources of bio-
mass, including methane from municipal wastes, sewage sludge, forestry residues, 
landfill sites, and agricultural and animal waste [6–8].

Fuel cells can also help provide electricity by working with large power plants 
to become more decentralized and increase efficiency [7]. Most electricity pro-
duced by large fossil fuel burning power plants is distributed through high volt-
age transmission wires over long distances. These power plants seem to be highly 
efficient because of their large size; however, a 7 to 8 % electric energy loss in 
Europe, and a 10 % energy loss in the United States occur during long-distance 
transmission [9]. One of the main issues with these transmission lines is that they 
do not function properly all the time. It would be safer for the population if elec-
tricity generation did not occur in several large plants, but is generated where the 
energy is needed. Fuel cells can be used wherever energy is required without the 
use of large transmission lines.

Fossil fuels are limited in supply, and are located in select regions throughout 
the world. This leads to regional conflicts and wars which threaten peace. The lim-
ited supply and large demand dries up the cost of fossil fuels tremendously.

Other types of alternative energy technology such as fuel cells can last indefi-
nitely when nonfossil fuel-based hydrogen is used.

2.1.1 � Fuel Cells

Fuel cells are energy conversion devices that continuously transform the chemical 
energy of a fuel and an oxidant into electrical energy. The fuel and oxidant gases 
lick the anode and cathode and are continuously fed promoting the oxidation reac-
tion of fuel and oxidant gas reduction. Fuel cells will continue to generate electric-
ity as long as both fuel and oxidant are available [6, 10, 11].

There are different types of fuel cells, showing a flexibility that could replace 
most of the devices for the production of electricity covering outputs ranging from 
a few W to several MW [6, 12].

A first classification distinguishes cells in high temperature (HT) up to 
1100  °C, used in stationary systems for cogeneration processes, aerospace and 
marine applications, and low temperature (LT), from 60 to 120  °C, for low-cost 
portable devices and automotives.

Power can be provided by fossil fuels, coal, biogas, and biomass (for PAFC, 
PEMFC, MCFC, SOFC), alcohol (DMFC), and hydrogen (PEMFC and AF).

A further classification of FCs is based on the electrolyte. In PEMFC and 
DMFC the electrolyte is a polymeric material with cation exchange capacity; 
Alkaline FCs (AFCs) have a KOH solution as electrolyte; MCFCs have electrolyte 
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based on molten carbonate of lithium and potassium; SOFC is based on phos-
phoric acid.

The FCs are often presented as the solution to the problem of the future produc-
tion of electricity and for transport vehicles.

Indeed, this technology presents several advantages:

•	 low emissions, but depend on the fuel used, especially as regards the release of 
NOx, CO, and particulate

•	 high energy efficiency, especially when compared to those of thermal machines
•	 weak noise
•	 different operating temperatures
•	 modular construction, so by putting in series or in parallel several elementary 

units you are covering the power range required
•	 more simple construction, and thus greater reliability and easier maintenance 

[10, 13].

These advantages justify the strong interest, particularly from many automotive 
companies, to develop the technology based on fuel cells for automotive [14, 15].

Nevertheless, there are some problems to be solved in order that fuel cells can 
be competitive and penetrate the market:

•	 the cost, due to the high value components
•	 the weight and volume, especially in the automotives
•	 the length of life, still very low (a few thousand hours for cars, about 40,000 for 

stationary systems)
•	 thermal management, for the large amount of heat exchange with an operative 

cooling system [16–19].

2.1.2 � Comparison with Batteries

A fuel cell has many similar characteristics with batteries, but also differs in 
many respects. Both are electrochemical devices that produce energy directly 
from an electrochemical reaction between the fuel and the oxidant. The battery 
is an energy storage device. The maximum energy available is determined by the 
amount of chemical reactant stored in the battery itself. A battery has the fuel and 
oxidant reactants built into itself (onboard storage), in addition to being an energy 
conversion device. In a secondary battery, recharging regenerates the reactants. 
This involves putting energy into the battery from an external source. The fuel cell 
is an energy conversion device that theoretically has the capability of producing 
electrical energy for as long as the fuel and oxidant are supplied to the electrodes 
[11]. Figure 2.1 shows a comparison of a fuel cell and battery.

The lifetime of a primary battery is limited because when the amount of chemi-
cal reactants stored in a battery runs out, the battery stops producing electricity. In 
addition, when a battery is not being used, a very slow electrochemical reaction 
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takes place that limits the lifetime of the battery. The electrode of a battery is also 
used in the process; therefore, the lifetime of the battery is dependent on the life-
time of the electrode. In comparison, a fuel cell is an energy conversion device 
where the reactants are supplied. The fuels are stored outside the fuel cell. A fuel 
cell can supply electrical energy as long as fuel and oxidant are supplied. The 
amount of energy that can be produced is theoretically unlimited as long as the 
fuel and oxidant are supplied. Also, no leakage occurs in a fuel cell, and no corro-
sion of cell components occurs when the system is not in use [11, 13, 19].

2.1.3 � Comparison with Heat Engine

A heat engine converts chemical energy into electric energy like fuel cells, but 
through intermediate steps. The chemical energy is first converted into thermal 
energy through combustion, then thermal energy is converted into mechanical 
energy by the heat engine, and finally the mechanical energy is converted into 
electric energy by an electric generator.

This multistep energy process requires several devices in order to obtain elec-
tricity. The maximum efficiency is limited by Carnot’s law because the conversion 
process is based upon a heat engine, which operates between a low and a high 
temperature [11, 13, 19]. The process also involves moving parts, which implies 
that they wear over time. Regular maintenance of moving components is required 
for proper operation of the mechanical components. Figure 2.2 shows a compari-
son between a fuel cell and a heat engine/electrical generator.

Since fuel cells are free of moving parts during operation, they can work reli-
ably and with less noise. This results in lower maintenance costs, which make 
them especially advantageous for space and underwater missions. Electrochemical 
processes in fuel cells are not governed by Carnot’s law, therefore high operat-
ing temperatures are not necessary for achieving high efficiency. In addition, the 
efficiency of fuel cells is not strongly dependent on operating power. It is their 

Fig. 2.1   Comparison of a fuel cell and a battery [11]
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inherent high efficiency that makes fuel cells an attractive option for a wide range 
of applications, including road vehicle power sources, distributed electricity and 
heat production, and portable systems [11, 13, 19].

2.2 � Sectors of Applications

Conventional power generation relies upon fossil fuels, which produce a signifi-
cant amount of pollutants, and there is a limited supply. Many alternative energy 
approaches have been proposed, such as bio fuel, hydroelectric power, batteries, 
wind, solar, bioenergy, and geothermal energy [1]. All of these sources can pro-
vide energy, but every method has advantages and disadvantages. Fuel cells are 
needed because they provide electric power in applications that are currently 
energy limited. For example, one of the most annoying things about a laptop com-
puter is that the battery gives out after a couple of hours.

Each market needs fuel cells for varying reasons described as follows:

•	 Portable sector
	 In coming years, portable devices, such as laptops, cell phones, video recorders, 

and others, will need greater amounts of power for longer periods of time. Fuel 
cells are very scalable and have easy recharging capabilities compared to batter-
ies. Cell phone technology is advancing rapidly, but the limiting factor for the 
new technology is the power. More power is required to provide consumers with 
all of the functions in devices they require and want. The military also has a 
need for long-term portable power for new soldier’s equipment. In addition, fuel 
cells operate silently, and have low heat signatures, which are clear advantages 
for the military [20–24].

•	 Stationary sector
	 Stationary fuel cells can produce enough electricity and heat to power an entire 

house or business, which can result in significant savings. These fuel cells may 
even make enough power to sell some of it back to the grid. Fuel cells can also 
power residences and businesses where no electricity is available. Sometimes 

Fig. 2.2   Comparison of a fuel cell to a heat generator [11]
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it can be extremely expensive for a house not on the grid to have the grid con-
nected to it. Fuel cells are also more reliable than other commercial generators 
used to power houses and businesses. This can benefit many companies, given 
how much money they can lose if the power goes down for even a short time 
[25–29].

•	 Transportation sector
	 Many factors are contributing to the fuel cell push in the automotive market. 

The availability of fossil fuels is limited, and due to this, an inevitable price 
increase will occur. In addition, legislation is becoming stricter about control-
ling environmental emissions in many countries all over the world. One of the 
new pieces of legislation that will help introduce the fuel cell automobile mar-
ket in the United States is the Californian zero emission vehicle (ZEV) mandate, 
which requires that a certain number of vehicles be sold annually in California. 
Fuel cell vehicles also have the ability to be more fuel efficient than vehicles 
powered by other fuels. This power technology allows a new range of power 
use in small two-wheeled and four-wheeled vehicles, boats, scooters, unmanned 
vehicles, and other utility vehicles [30–34].

2.3 � History of Fuel Cells

Fuel cells have been known to science for about 150 years. They were minimally 
explored in the 1800 s and extensively researched in the second half of the twen-
tieth century. Initial design concepts for fuel cells were explored in 1800, and 
William Grove is credited with inventing the first fuel cell in 1839 [11, 13, 35]. 
Various fuel cell theories were contemplated throughout the nineteenth century, 
and these concepts were studied for their practical uses during the twentieth cen-
tury. Extensive fuel cell research was started by NASA in the 1960s, and much 
has been done since then [36]. During the last decade, fuel cells were extensively 
researched, and are finally nearing commercialization. A summary of fuel cell his-
tory is shown in Fig. 2.3.

In 1800, William Nicholson and Anthony Carlisle described the process of 
using electricity to break water into hydrogen and oxygen. William Grove is cred-
ited with the first-known demonstration of the fuel cell in 1839. Grove saw notes 
from Nicholson and Carlisle and thought he might “recompose water” by combin-
ing electrodes in a series circuit, and soon accomplished this with a device called a 
“gas battery.” It operated with separate platinum electrodes in oxygen and hydro-
gen submerged in a dilute sulphuric acid electrolyte solution. The sealed contain-
ers contained water and gases, and it was observed that the water level rose in both 
tubes as the current flowed. The Grove cell, as it came to be called, used a plati-
num electrode immersed in nitric acid and a zinc electrode in zinc sulfate to gener-
ate about 12 A of current at about 1.8 V.

Friedrich Wilhelm Ostwald (1853–1932), one of the founders of physical 
chemistry, provided a large portion of the theoretical understanding of how fuel 
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cells operate. In 1893, Ostwald experimentally determined the roles of many fuel 
cell components.

Ludwig Mond (1839–1909) was a chemist who spent most of his career devel-
oping soda manufacturing and nickel refining. In 1889, Mond and his assistant 
Carl Langer performed numerous experiments using a coal-derived gas. They used 
electrodes made of thin, perforated platinum, and had many difficulties with liq-
uid electrolytes. They achieved 6 A per square foot (the area of the electrode) at 
0.73 V.

Charles R. Alder Wright (1844–1894) and C. Thompson developed a similar 
fuel cell around the same time. They had difficulties in preventing gases from 
leaking from one chamber to another. This and other causes prevented the battery 
from reaching voltages as high as 1 volt. They felt that if they had more funding, 
they could create a better, robust cell that could provide adequate electricity for 
many applications.

The French team of Louis Paul Cailleteton (1832–1913) and Louis Joseph 
Colardeau came to a similar conclusion, but thought the process was not practical 
due to needing precious metals. In addition, many papers were published during 
this time saying that coal was so inexpensive that a new system with a higher effi-
ciency would not decrease the price of electricity drastically.

William W. Jacques (1855–1932), an electrical engineer and chemist, did not 
pay attention to these critiques, and startled the scientific world by constructing a 
carbon battery in 1896. Air was injected into an alkali electrolyte to react with a 
carbon electrode. He thought he was achieving an efficiency of 82 %, but actually 
obtained only an 8 % efficiency.

Emil Baur (1873–1944) of Switzerland and several of his students conducted 
many experiments on different types of fuel cells during the early 1900s. His work 
included high-temperature devices, and a unit that used a solid electrolyte of clay 
and metal oxides.

Fig. 2.3   Main milestones in the history of fuel cells [36]

2.3  History of Fuel Cells
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O.K. Davtyan of the Soviet Union did many experiments to increase the con-
ductivity and mechanical strength of the electrolyte in the 1940s. Many of the 
designs did not yield the desired results, but Davtyan’s and Baur’s work contrib-
uted to the necessary preliminary research for today’s current molten carbonate 
and solid oxide fuel cell devices [11, 13, 35].

2.4 � Fuel Cells Fundamentals

To understand and quantify fuel cell performance, one must begin with the ther-
modynamic description of the fuel cell [36]. A fuel cell continuously produces 
electrical work and waste heat. The fuel cell can generate electricity continuously 
since it is an open system. The fuel cell is operated continuously for a given time 
period, Δt, during which reactants (fuel and oxidant) are added and products 
removed to maintain an electrical potential. If current is allowed to flow, a differ-
ence in electrical potential (also known as electrochemical overpotential) is main-
tained at the electrode interface through which charge transfer can occur. Charge 
carriers migrate across the cell when there is nonequilibrium between the electri-
cal and chemical potentials across the cell. The movement occurs from a higher to 
lower potential energy. Thus, the chemical affinity or change in Gibbs free energy 
of reaction drives an electric current. The change in Gibbs free energy of reaction 
is available at any instant to perform electrical work.

The Gibbs free energy, G, is defined to be [13, 36, 37]

where P = pressure, V = volume, T = temperature, E = energy, and S = entropy.
At constant pressure and temperature (usual conditions of an electrochemical 

reaction), the change in the Gibbs free energy for a reaction, ΔG (J/mole) is

From the first law of thermodynamics, assuming the fuel cell is operated 
reversibly,

where q = heat and w = work (J/mole). Thus, equating terms and simplifying,

Again, assuming reversible operation of the fuel cell,

Thus,

(2.1)G = E+ PV− TS

(2.2)�G = �E+ P�V−T�S

(2.3)�E = q+ w = q+ welectrical−P�V

(2.4)�G = q+ welectrical−T�S

(2.5)q = qreversible = T�S

(2.6)�G = welectrical
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The change in Gibbs free energy of reaction (J/mole) is referenced to the amount 
of fuel. The electrical work (J) in an open system operated continuously over a 
given time period, Δt, where reactants (mole/s) are added and products removed 
to maintain the electrical potential are given for hydrogen–oxygen reaction by

where mH2  =  flow rate of hydrogen for the H2/O2 reaction (mole/s) and 
Δt = operation time (s).

The average rate of work generation during the time interval, Δt, is the power 
(J/s).

One can mathematically demonstrate that for any direct anodic oxidation reac-
tion for any fuel cell or hybrid system containing any fuel cell at any operating 
temperature and any pressure, the reversible work, welectrical, (J/mole) is equal to 
the change in Gibbs free energy of reaction at the standard state (STP), ΔGo [38, 
39].

This reversible work is regarded as the maximum work. For the case of direct 
oxidation of hydrogen, one has

where mH2inlet = flow rate of hydrogen fuel into system.
Inerts and/or water are added to or are present in a reformate with the hydrogen 

entering the system.
Exergy is a measure of heat quality or capability to do work. Exergetic effi-

ciency, ζ, is the ratio of actual electrical work and the reversible work:

Using Eq.  (2.8), the actual or observed electrical work for direct oxidation of 
hydrogen, a fuel cell is given by

where ΔGact = actual change in Gibbs free energy of reaction associated with the 
electrical work, J/mole, mH2utilized =  flow rate of hydrogen utilized by fuel cell 
(moles/s) (mH2utilized equals the amount in the fuel cell anode inlet; mH2anode inlet; 
minus the amount in the anode outlet; mH2anode outlet).

For reforming done prior to the system, mH2inlet = mH2anode inlet. Thus, from 
Eqs. (2.8), (2.9), and (2.10)

where fuel utilization (μF) is

Using Eq.  (2.8) for the reversible work, one can calculate the maximum thermal 
efficiency (maximum work for given energy input) of a fuel cell or fuel cell hybrid 
(fuel cell and heat engine) system for the H2 oxidation reaction, where ΔHo is 

(2.7)mH2�G�t = mH2welectrical�t = Welectrical

(2.8)Wrev = mH2inletwrev =mH2inlet�G◦�t

(2.9)ζ = Welectrical/Wrev

(2.10)mH2utilized�Gact�t = Welectrical

(2.11)ζ = (mH2utilized�Gact�t)/
(

mH2inlet�G◦�t
)

= mF�Gact/�G◦

(2.12)µF = µH2utilized/ mH2inlet

2.4  Fuel Cells Fundamentals
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the reaction enthalpy for hydrogen direct oxidation (J/mole) at STP and where the 
inlet hydrogen is completely utilized in the fuel cell:

For the H2 oxidation reaction, ηth max equals 0.83 (HHV) and 0.945 (LHV). One 
can also define a fuel cell intrinsic thermal efficiency at any temperature ηint(T) by 
ΔGth(T)/ΔHo. One can also define for the fuel cell an intrinsic exergetic efficiency 
at any temperature [38, 40]:

ΔGth(T) is defined as the free energy of the reaction, here the H2 oxidation reac-
tion, at temperature, T, for unit concentrations of products and reactants. ΔGth(T) 
is associated with Eo(T). ΔGo at STP with unit species concentrations is associ-
ated with Eo.

The actual thermal efficiency of the fuel cell is defined as the ratio of the work 
output to energy input, so we have

It can be shown from Eqs. (2.11), (2.13), (2.14), and (2.15) that

If one knows the reversible work which is a function of fuel, system components, 
and system structure, one can separate thermal efficiency into an exergetic compo-
nent and a fuel component.

Exergetic performance is determined by fuel cell performance which ultimately 
means fuel cell voltage. The link between the macroscopic thermodynamic param-
eters and fuel cell voltage can be developed as follows:

The W electrical is also defined electrically as

where

n	� = mole,
F	� = Faraday’s constant (J/mole/volt),
E	� = fuel cell voltage (volt)

In general, from Eqs. (2.7), (2.10), and (2.17)

Since for the H2 direct oxidation reaction,

then, in general

Specifically, using Eq. (2.20),

(2.13)ηthmax = �G◦/�H◦

(2.14)ζint(T) = �Gth(T)/�G◦

(2.15)η = mH2utilized�Gact�t/
(

mH2inlet�H◦�t
)

= µF�Gact/�H◦

(2.16)η = µF�Gact/�H◦
= ηint(T)ζ/ζint(T) = ζ ηth max

(2.17)Welectrical = −nFE

(2.18)mH2�G�t = Welectrical = −nFE

(2.19)2mH2�t = n

(2.20)�G = −2FE
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and

so

One of the central, steady-state fuel cell performance equations is thus given by

and combining with Eq. (2.16), one has

Exergetic efficiency and thermal efficiency are actually time-dependent functions 
describing the performance of the fuel cell at any time t.

These can be written as

and

DRζ (t), the exergetic efficiency rate of change, is a natural and instantaneous 
measure of the change in fuel cell performance occurring at any time t:

It can be seen from Eqs. (2.26) and (2.27) that the rate of change in exergetic effi-
ciency and rate of change of thermal efficiency are directly proportional.

Equation (2.28) is the second central equation for fuel cell performance since it 
is an equation that can be used in the assessment of degradation, generally defined 
as the change of area-specific resistance (ASR) with time [41].

2.4.1 � Fuel Cell Operations

Fuel cells can be operated in a variety of modes, including constant fuel utiliza-
tion, constant fuel flow rate, constant voltage, constant current, etc. For the case 
of constant mF and constant E, from Eq.  (2.28), DRz (t) = 0, in which case the 
fuel cell is operating at constant exergetic efficiency. This mode of operation is 
achieved by lowering the current by lowering the hydrogen flow rate as the fuel 
cell degrades. As can be seen from Eqs. (2.26) and (2.27), to operate at constant 
exergetic efficiency is to operate at constant thermal efficiency.

(2.21)�Gac = −2FE

(2.22)�G◦
= −2FE◦

(2.23)
ζ = mH2utilized�Gact�t/

(

mH2inlet�G◦�t
)

= µF(−2FE�t)/
(

−2FE◦�t
)

= µFE/E
◦

(2.24)ζ = µFE/E
◦

(2.25)η = ζ ηth max = ηthmaxµFE/E
◦

(2.26)ζ (t) = µF(t)E(t)/E
◦

(2.27)η(t) = ζ (t)ηthmax = ηthmaxµF(t)E(t)/E
◦

(2.28)∂(ζ (t))/∂t = DRζ (t)

2.4  Fuel Cells Fundamentals
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However, efficiency is not the only important performance measure. As the 
current is lowered at constant voltage operation, the fuel cell power density is 
decreasing. Below a certain level of power or power density, given by

It is no longer economical to operate a fuel cell or fuel cell system. Power is 
the third central equation for fuel cell performance. General expressions can be 
derived for fuel cell performance involving the variables E, J, mF, pressure, and 
fuel flow rate to explore the full envelope of fuel cell operation.

The actual fuel cell potential is decreased from its full potential, the Nernst 
potential, because of irreversible losses. Multiple phenomena contribute to irre-
versible losses in an actual fuel cell. For the hydrogen oxidation reaction, the func-
tionality of fuel cell voltage, E, is typically given by [42–44]

where

F	� = Faraday’s constant,
J	� = appropriate current (amperes/cm2),
s	� = electrolyte charge carrier conductivity (S/cm),
L	� = electrolyte thickness (cm),
A	� = fuel cell active area (cm2),
η
a
act	� = activation polarization for the anode,

η
c
act	� = activation polarization for the cathode,

η
a
conc	� = concentration polarization for the anode,

η
c
conc	� = concentration polarization for the anode,

Rohmic	� = �series ohmic resistance of all nonelectrolyte fuel cell components 
including interconnect,interlayers, and contact layers,

Eo
H2/O2rxn(T) = voltage at unit concentrations for H2/O2 reaction at temperature T.

The six negative terms on the RHS of Eq.  (2.30) are the usual definition of 
ASR. The comprehensive functionality of E and the more general definition of 
ASR have recently been developed for solid-state fuel cells with dense, mixed, 
ionic–electronic conducting electrolytes using the Wagner mass transfer model 
(MTM) [41, 45, 46]:

(2.29)P(t) = E(t) J(t)

(2.30)E(T) = EN(T) − LJ/Aσ − RohmicJ − η
a
act − η

c
act − η

a
conc − η

c
conc

(2.31)
EN(T) = E◦

H2/O2rxn(T)+ RT/2F ln
(

PH2(a)P
1/2
O2(c)/PH2O(a)

)

= Nernst voltage

(2.32)

E = EMTM

(

1−
(

J=O − Jext
)

/J=O

)

−L J=O/Aσ
=

O −RohmicJ− η
a
act − η

c
act − η

a
conc − ηleakage
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where

Rohmic	� = series ohmic resistance of all nonelectrolyte fuel cell components, 
including interconnect, interlayers, and contact layers, which is multi-
plied by the appropriate current, J, for each type

JO	�=, Je, and Jext are the current terms from the Wagner MTM, (JO
=− Jext)/

JO
= = the shorting ratio,

ηleakage	� = fuel leakage polarization, EMTM (anode–electrolyte interface to cath-
ode–electrolyte interface) is the reversible voltage in the Wagner MTM 
model

The comprehensive model for solid-state fuel cells incorporates not only the 
typical definition of ASR, but also electronic shorting, leakage, and other current 
loss mechanisms. The first term on the RHS of Eq. (2.32) is not an ASR term.

A general ASR definition for solid-state fuel cells can be defined as follows:

where Rionic =  L/Aσo =  ionic resistance of electrolyte and Rleakage =  ηleakage/
Jleakage = resistance attributed to fuel leakage.

This definition of ASR is very general. However when generalized, ASR and 
rate of change of ASR are not broad enough concepts to describe all the phenom-
ena affecting fuel cell performance, such as electronic shorting.

The goal of a fuel cell should be to maximize exergetic or thermal efficiency and to 
minimize degradation while producing as much power as possible. These three goals 
can be achieved by improving the fuel cell design (more conductive electrolyte, better 
electrocatalysts, improvement in electrode structures, thinner cell components, etc.) 
[10] and/or by adjusting the operating conditions (e.g., higher temperature, higher gas 
pressure, and change in gas composition to lower the contaminant concentration).

As shown in Fig.  2.4, the activation polarization (reaction rate loss) is sig-
nificant at lower current densities [10, 11]. At this point, electronic barriers must 
be overcome prior to ion and current flow. Ohmic polarization (resistance loss) 

(2.33)ASR = Rionic + Rohmic +
(

η
a
act + η

c
act + η

a
conc + η

c
conc

)

/J=O + Rleakage

Fig. 2.4   Typical current 
voltage performance [10]
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changes directly with current, increasing over the entire range of current because 
cell resistance remains essentially constant. Concentration polarization (gas trans-
port loss) occurs over the entire range of current density, but they become signifi-
cant at high limiting currents where it becomes difficult to provide enough reactant 
flow to the cell reaction sites.

Changing the cell operating parameters (pressure and temperature) can have 
an advantageous or a disadvantageous impact on fuel cell performance and com-
promises in the operating parameters are essential to meet the application require-
ments of lower system cost and acceptable cell life [10, 11].

2.5 � Characteristics and Features

Fuel cells have many inherent advantages over conventional combustion-based 
systems, making them one of the strongest candidates to be the energy conversion 
device of the future (Fig. 2.5). They also have some inherent disadvantages that 
require further research and development to overcome them.

2.5.1 � High Efficiency

The amount of heat that could be converted to useful work in a heat engine is lim-
ited by the ideal reversible Carnot efficiency, given by the following equation:

where Ti is the absolute temperature at the engine inlet and Te is the absolute 
temperature at the engine exit. However, a fuel cell is not limited by the Carnot 
efficiency since a fuel cell is an electrochemical device that undergoes isothermal 
oxidation instead of combustion oxidation. The maximum conversion efficiency of 
a fuel cell is bounded by the chemical energy content of the fuel and is found by

(2.34)ηCarnot = (Ti− Te)/Ti

(2.35)ηrev = �Gf/�Hf

Fig. 2.5   Efficiency 
comparison between fuel 
cells and other energy 
conversion devices with 
respect to system size [6]
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where ΔGf is the change in Gibbs free energy of formation during the reactions 
and ΔHf is the change in the enthalpy of formation (using lower heating value 
(LHV) or higher heating value (HHV)) [10, 11, 13].

Figure  2.6 illustrates the thermodynamic efficiency for fuel cells and Carnot 
efficiency for heat engines [11]. In light vehicles, for instance, the efficiency of 
a fuel cell-powered car is nearly twice the efficiency of an internal combustion 
engine-powered car. The fact that the number of energy transformations that occur 
within a fuel cell stack is less than that of any combustion-based device, when the 
required output is electricity, plays a significant role. This is because losses are 
associated with each energy transformation process; thus, the overall efficiency of 
a system generally decreases as the number of energy transformations increases.

2.5.2 � Reduced Harmful Emissions

The only products from a fuel cell stack fuelled by hydrogen are water, heat, and 
DC electricity. And with the exception of controllable NOx emissions from high-
temperature fuel cells, a hydrogen fuel cell stack is emission-free. However, the 
clean nature of a fuel cell depends on the production path of its fuel.

For instance, the products of a complete fuel cell system that includes a fuel ref-
ormation stage include green house emissions (e.g., CO and CO2). When the hydro-
gen supplied to the fuel cell is pure (i.e., not reformation-based hydrogen which is 
always contaminated with COx), the durability and reliability of the fuel cell sig-
nificantly improve in comparison to when we run the fuel cell on reformation-based 
hydrogen. This is one of the most important advantages of fuel cells in comparison 
to heat engines, i.e., fuel cells are inherently clean energy converters that ideally 

Fig. 2.6   Thermodynamic efficiency for fuel cells and Carnot efficiency for heat engines [11]

2.5  Characteristics and Features
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run on pure hydrogen. This fact is actually pressingly driving researchers and the 
industry to develop efficient and renewable-based hydrogen generation technolo-
gies based on clean water electrolysis to replace the conventional reformation-based 
ones. Systems that integrate renewable-based hydrogen generation with fuel cells 
are genuinely clean energy generation and conversion systems that resemble what 
the energy industry is striving to achieve. It is worth mentioning that when we take 
into consideration the emissions from the fossil fuel reformation process, some heat 
engine systems appear to be less polluting than fuel cell systems [47, 48]. For non-
renewable energy-based water electrolysis, the emissions and energy used for the 
electrolysis process make it more harmful to the environment than conventional 
combustion heat engines. Moreover, it is economically unfeasible since any fossil 
energy used for hydrogen production is going to be always more than the energy 
content of hydrogen. According to the studies by Argonne National Laboratory [49], 
3,000,000–3,500,000 BTUs of fossil energy are used for the production of 1,000,000 
BTUs of hydrogen through fossil energy-based water electrolysis. This only stresses 
the significance of the aforementioned conclusions regarding using renewable-based 
water electrolysis for hydrogen production [50].

2.5.3 � Modularity

Fuel cells have excellent modularity. In principle, changing the number of cells-
per-stack and/or stacks-per-system allows us to control the power output of any 
fuel cell system. Unlike combustion-based devices, a fuel cell’s efficiency does 
not vary much with system size or load factor. In fact, as opposed to conventional 
power plants, fuel cells have higher efficiencies at part loads compared to full 
loads. This would prove advantageous in large-scale fuel cell systems that would 
normally run on part load instead of full load. Additionally, the high modularity of 
fuel cells means that smaller fuel cell systems have similar efficiencies to larger 
systems. This feature greatly facilitates the future integration of fuel cells (and 
hydrogen systems in general) in small-scale distributed generation systems, which 
hold a great potential in the power generation industry. It is worth noting, however, 
that reformation processors are not as modular as fuel cell stacks. This presents 
another reason to shift to renewable-based hydrogen production technology.

2.5.4 � Prompt Load Following

Fuel cell systems generally have very good dynamic load following characteristics 
[51, 52]. This is partially due to the prompt nature of the electrochemical reactions 
that occur within a fuel cell. Again, when the fuel cell system includes a fuel ref-
ormation stage, the load following ability of the system noticeably decreases as a 
result of the slower nature of the reformation process.
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2.5.5 � Static Nature

Due to its electrochemical nature, a fuel cell stack is a static silent device. This is 
a very important feature that promotes the use of fuel cells for auxiliary power and 
distributed generation applications in addition to portable applications that require 
silent operation. The fact that a fuel cell system has very few dynamic parts (and 
hence, almost no vibrations) makes fuel cells design, manufacturing, assembly, oper-
ation, and analysis simpler than that of heat engines. Nevertheless, for fuel cell sys-
tems that use compressors instead of blowers for the oxidant supply, noise levels can 
noticeably increase. As such, fuel cell designers tend to avoid using compressors due 
to their high parasitic load, noise production, cost, weight, volume, and complexity 
relative to fans and blowers. The static nature of a fuel cell also reflects on its low 
maintenance requirements in comparison to competing technologies such as heat 
engines, wind turbines, and concentrated solar power plants.

2.5.6 � Range of Applications and Fuel Flexibility

Fuel cells have diverse applications ranging from micro-fuel cells with less than 
1 W power outputs to multi-MW prime power generation plants. This is attrib-
uted to their modularity, static nature, and variety of fuel cell types. This qualifies 
fuel cells to replace batteries used in consumer electronics and auxiliary vehicu-
lar power. These same properties also qualify a fuel cell to replace heat engines 
used in transportation and power generation. Fuel cells are also highly integrable 
to most renewable power generation technologies. Fuel cells that operate on low-
temperature ranges require short warm-up times, which is important for portable 
and emergency power applications.

While for fuel cells that operate on medium-to-high temperature ranges, utiliza-
tion of waste heat both increases the overall efficiency of the system and provides 
an additional form of power output useful for domestic hot water and space heat-
ing residential applications or CHP industrial-level applications. Fuels for a refor-
mation-based fuel cell system include methanol, methane, and hydrocarbons such 
as natural gas and propane. These fuels are converted into hydrogen through a fuel 
reformation process. Alternatively, direct alcohol fuel cells (e.g., direct methanol 
fuel cells) can run directly on an alcohol. And even though fuel cells run best on 
hydrogen generated from water electrolysis, a fuel cell system with natural gas ref-
ormation also possesses favorable features to conventional technologies [13].

Fuel cells have been rapidly developing during the past 20 years due to the 
revived interest in them that started during the 1990s. However, they are still not at 
the widespread-commercialization stage due to many technical and sociopolitical 
factors, with cost and durability being the main hurdles that prevent fuel cells from 
becoming economically competitive in the energy market. The main challenges 
are detailed as follows:

2.5  Characteristics and Features
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2.5.7 � High Cost

Fuel cells are expensive. Experts estimate that the cost-per-kW generated using 
fuel cells has to drop by a facto of 10 for fuel cells to enter the energy market 
[16, 18]. Three main reasons behind the current high cost of fuel cell stacks are: 
the dependence on platinum-based catalysts, delicate membrane fabrication tech-
niques, and the coating and plate material of bipolar plates [17]. While from a 
system-level perspective, the BoP components such as fuel supply and storage 
subsystems, pumps, blowers, power and control electronics, and compressors con-
stitute about half the cost of a typical complete fuel cell system. More specifically, 
whether renewable or hydrocarbon based, the current hydrogen production BoP 
equipment are far from being cost-effective. Technological advances in contami-
nate removal for hydrocarbon-based technologies are essential if the cost of fuel 
cell systems is to meet planned targets. Nevertheless, if fuel cells successfully 
enter the mass production stage, their costs are expected to significantly drop and 
become consumer affordable due to the fact that manufacturing and assembly of 
fuel cells is generally less demanding than typical competing technologies, such as 
heat engines.

2.5.8 � Low Durability

The durability of fuel cells needs to be increased by about five times the current 
rates (e.g., at least 60,000  h for the stationary distributed generation sector) in 
order for fuel cells to present a long-term reliable alternative to the current power 
generation technologies available in the market. The degradation mechanisms and 
failure modes within the fuel cell components and the mitigation measures that 
could be taken to prevent failure need to be examined and tested. Contamination 
mechanisms in fuel cells due to air pollutants and fuel impurities need to be care-
fully addressed to resolve the fuel cell durability issue.

2.5.9 � Hydrogen Infrastructure

One of the biggest challenges that face fuel cells commercialization is the fact 
that we are still producing 96 % of the world’s hydrogen from hydrocarbon ref-
ormation processes [53]. Producing hydrogen from fossil fuels (mainly natural 
gas) and then using it in fuel cells is economically disadvantageous since the 
cost-per-kWh delivered from hydrogen generated from a fossil fuel is higher 
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than the cost-per-kWh if we were to directly use the fossil fuel. Thus, promot-
ing renewable-based hydrogen is the only viable solution to help the shift from 
a fossil-based economy to a renewable-based, hydrogen-facilitated economy. 
Moreover, development of hydrogen storage mechanisms that provide high 
energy density per mass and volume whilst maintaining a reasonable cost is 
the second half of the hydrogen infrastructure dilemma. Any widely adopted 
hydrogen storage technology will have to be completely safe since hydrogen is 
a very light and highly flammable fuel that could easily leak from a regular con-
tainer. Metal- and chemical hydride storage technologies are proving to be safer 
and more efficient options than the traditional compressed gaseous and liquid 
hydrogen mechanisms. However, more research and development are needed to 
reduce the relatively high cost of the hydride storage technologies and to further 
improve their properties.

2.5.10 � Water Balance

Water transport within a fuel cell is a function of water entering with inlet 
streams, water generated by the cathodic reaction, water migration from one 
component to another, and water exiting with exit streams. Generally speaking, a 
successful water management strategy would keep the membrane well hydrated 
without causing water accumulation and blockage in any part of the MEA or 
flow fields. As such, maintaining this delicate water balance inside a PEMFC 
over different operation conditions and load requirements is a major technical 
difficulty the scientific community is required to fully address [54]. Flooding of 
the membrane; water accumulation in the pores and channels of the GDL and 
flow fields; dryness of the membrane; freezing of residual water inside the fuel 
cell; dependence between thermal, gases, and water management; and humidity 
of the feeding gases are all subtle and interdependent facets in the water man-
agement of a PEMFC. Improper water management within a PEMFC leads to 
both performance loss and durability degradations [54, 55] as a result of per-
manent membrane damage, low membrane ionic conductivity, nonhomogeneous 
current density distribution, delamination of components, and reactants starva-
tion. As such, water management strategies range from direct water injection to 
reactant gases recirculation. The performance evaluation of a water management 
technique could be accomplished using empirical liquid water visualization or 
micro- and macroscale numerical simulation [44]. Nonetheless, fundamental 
understanding and comprehensive models of water transport phenomena within 
a fuel cell are highly needed in order to develop optimized component designs, 
residual water removal methods, and MEA materials according to application 
requirements and operation conditions [56].

2.5  Characteristics and Features
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2.5.11 � Parasitic Load

The parasitic load required to run the auxiliary BoP components reduces the over-
all efficiency of the system. This is clearly evident when the power required to 
run auxiliary components such as air compressors, coolant pumps, hydrogen cir-
culation pumps, etc., is included in the efficiency calculations. Additionally, the 
weight and size of fuel cell systems will need to be reduced in order for fuel cells 
to become compatible with onboard transportation applications and small-scale 
portable applications.

2.5.12 � Codes, Standards, Safety, and Public Awareness

The lack of internationally accepted codes and standards for hydrogen systems in 
general and fuel cells in particular has a negative reflection on the public’s accept-
ance of hydrogen power solutions. Government officials, policy makers, busi-
ness leaders, and decision makers would feel more reassured about supporting 
early stage hydrogen power projects if general best practices and consistent safety 
standards in the design, installation, operation, maintenance, and handling of 
hydrogen equipment were established. The general public needs to be convinced 
that hydrogen is similar to conventional fuels in certain aspects and different in 
other aspects. But overall, hydrogen does not pose a safety issue if properly han-
dled and regulated, just like any other conventional fuel. Codes and standards for 
hydrogen systems could be made available by the continuous collection of more 
real-world data and initiation of more trial projects and lab experiments, a process 
that could be regulated by a professional society or a government initiative (in the 
US, the Safety, Codes, and Standards subprogram of the Department of Energy 
Hydrogen and Fuel Cells Program is attempting to take this vital role) [10]. In 
Table 2.1 the main properties of different fuel cells are reported.

Table 2.1   Summary of the main advantages and disadvantages of fuel cells [6]

Advantages Disadvantages

Less/no pollution Immature hydrogen infrastructure

Higher thermodynamic efficiency Sensitivity to contaminants

Higher part-load efficiency Expensive platinum catalysts

Modularity and scalability Delicate thermal and water management

Excellent load response Dependence on hydrocarbons reforming

Fewer energy transformation Complex and expensive BoP 
components

Quiet and static Long-term durability and stability issues

Water and cogeneration applications Hydrogen safety concerns

Fuel flexibility High investment cost-per-W

Wide range of applications Relatively large system size weight
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2.5.13 � Types

Fuel cells can be designed in various ways including many geometries, pla-
nar, tubular, radial, etc., and using many fuels and electrolyte charge carriers. 
Distinction of fuel cell types begins with the type of electrolyte used in the cells, 
the charge carrier, and the operating temperature. Low-temperature fuel cells 
(PEFC, AFC, and PAFC) require noble metal electrocatalysts to achieve practical 
reaction rates at the anode and cathode, and H2 is the only acceptable fuel for the 
PEMFC. With high-temperature fuel cells (MCFC and SOFC), the requirements 
for catalysis are relaxed, and the number of potential fuels expands. (Other types 
of fuel cells are not addressed here, such as biological and enzymatic fuel cells.) 
For example, carbon monoxide “poisons” a noble metal anode catalyst such as 
platinum in low-temperature fuel cells, but it competes with H2 as a reactant in 
high-temperature fuel cells where non-noble metal catalysts such as nickel can be 
used.

The operating temperature and required useful life of a fuel cell dictate the 
physicochemical and thermomechanical properties of materials used in the cell 
components (e.g., electrolyte, electrodes, and interconnect) [10].

Aqueous electrolytes are limited to temperatures of >200 °C because of their 
high water vapor pressure and/or rapid degradation at higher temperatures. The 
operating temperature also determines the type of fuel that can be used in a fuel 
cell. The low-temperature fuel cells with aqueous electrolytes are, in most practi-
cal applications, restricted to H2 as a fuel. In high-temperature fuel cells, CO and 
even CH4 can be used because of the inherently rapid electrode kinetics and the 
lesser need for high catalytic activity at high temperature.

Table 2.2 summarizes the main differences between the most common fuel cell 
types.

Table 2.2   Comparison of FCs with their performance parameters [6]

Fuel cell Cell voltage Start-up time Power density (W/m2) Temperature 
(°C)

PEMFC 0.7–0.8 Seconds 3.8–6.5 60–100

AFC 1.0 Seconds 1.0 100–250

PAFC 1.0 Few minutes 0.8–1.9 150–250

MCFC 0.7–1.0 Few minutes 1.5–2.6 500–700

SOFC 0.8–1.0 Few minutes 0–0.15 700–1000

DMFC 0.2–0.4 Few seconds 1.0–2.0 60–200

DCFC 0.7–1.0 Few minutes 0.5–1.0 650–800

DFAFC 0.6–1.0 Seconds 0.5–1.2 60–100

DBFC 0.6–1.0 Seconds 0.5–1.2 70–100

2.5  Characteristics and Features
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2.6 � Fuel Cells Types

2.6.1 � Proton Exchange Membrane Fuel Cell (PEMFC)

Proton exchange membrane fuel cells (PEMFC) are believed to be the best type 
of fuel cell as the vehicular power source to eventually replace the gasoline and 
diesel internal combustion engines. PEMFCs are currently being developed and 
demonstrated for systems ranging from 1 W to 2 kW.

PEM fuel cells use a solid polymer membrane (a thin plastic film) as the elec-
trolyte. The standard electrolyte material currently used in PEM fuel cells is a 
fully fluorinated Teflon-based material produced by DuPont for space applications 
in the 1960s. The DuPont electrolytes have the generic brand name Nafion, and 
the types used most frequently are 113, 115, and 117 [13, 57–62, 68]. The Nafion 
membranes are fully fluorinated polymers that have very high chemical and ther-
mal stability. This polymer is permeable to protons when it is saturated with water, 
but it does not conduct electrons.

The fuel for the PEMFC is hydrogen and the charge carrier is the hydrogen ion 
(proton).

The best catalyst for both the anode and cathode is platinum. This catalyst was 
used at a content of 28 mg/cm2 of Pt. Due to the high cost of Pt in recent years the 
usage has been reduced to around 0.2  mg/cm2, yet with power increasing [13]. 
Platinum is dispersed on porous and conductive material, such as carbon cloth or 
carbon paper. PTEF will often be added also, because it is hydrophobic and so will 
expel the product water to the surface from where it can evaporate [13, 63–68].

At the anode, the hydrogen molecule is split into hydrogen ions (protons) and 
electrons. The hydrogen ions permeate across the electrolyte to the cathode while 
the electrons flow through an external circuit and produce electric power. Oxygen, 
usually in the form of air, is supplied to the cathode and combines with the elec-
trons and the hydrogen ions to produce water. The reactions at the electrodes are 
as follows:

Compared to other types of fuel cells, PEMFCs generate more power for a given 
volume or weight of fuel cell [57–62]. This high-power density characteristic 
makes them compact and lightweight. In addition, the operating temperature is 
less than 100 °C, which allows rapid start-up. These traits and the ability to rapidly 
change power output are some of the characteristics that make the PEMFC the top 
candidate for automotive power applications [57–62].

Anode : H2(g) → 2H+

(aq) + 2e−

Cathode : 1/2 O2(g) + 2H+

(aq) + 2e− → H2O(l)

Overall : H2(g) +
1/2 O2(g) → H2O(l)
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Other advantages result from the electrolyte being a solid material, compared to 
a liquid. The sealing of the anode and cathode gases is simpler with a solid elec-
trolyte, and therefore, less expensive to manufacture. The solid electrolyte is also 
more immune to difficulties with orientation and has less problems with corrosion, 
compared to many of the other electrolytes, thus leading to a longer cell and stack 
life.

One of the disadvantages of the PEMFC for some applications is that the oper-
ating temperature is low. Temperatures near 100  °C are not high enough to per-
form useful cogeneration. Also, since the electrolyte is required to be saturated 
with water to operate optimally, careful control of the moisture of the anode and 
cathode streams is important.

2.6.2 � Alkaline Fuel Cell (AFC)

Alkaline fuel cells (AFCs) have been used by NASA on space missions and can 
achieve power-generating efficiencies of up to 70  % [13, 69–72]. The operating 
temperature of these cells range between room temperature to 250 °C. The elec-
trolyte is aqueous solution of alkaline potassium hydroxide (30–75 w %) soaked 
in a matrix [13]. (This is advantageous because the cathode reaction is faster in the 
alkaline electrolyte, which means higher performance).

Several companies are examining ways to reduce costs and improve operating 
flexibility. AFCs typically have a cell output from 300 W to 5 kW [71]. The chem-
ical reactions that occur in this cell are as follows:

Another advantage of AFCs are the materials such as the electrolyte and catalyst 
used are low cost [69, 70]. The catalyst layer can use either platinum or nonpre-
cious metal catalysts such as nickel [72–75]. Successful achieving of very active 
and porous form of a metal which has been used for alkaline fuel cells from the 
1960s to the present, is the use of Raney metals. These are prepared by mixing the 
active metal (Ni) with an inactive metal, usually aluminum. The mixture is then 
treated with a strong alkali that dissolves out the aluminum. This leads a porous 
material, with very high surface area [13]. A disadvantage of AFCs is that pure 
hydrogen and oxygen have to be fed into the fuel cell because it cannot tolerate the 
small amount of carbon dioxide from the atmosphere.

Over time, carbon dioxide degrades the KOH electrolyte which can lead to sig-
nificant issues. Two commonly used solutions are refreshing the KOH electrolyte 
or carbon dioxide scrubbers. Due to these limitations, AFCs are not used for many 
power applications.

Anode : 2H2(g) + 4(OH)−(aq) → 4H2O(l) + 4e−

Cathode : O2(g) + 2H2O(g) + 4e− → 4(OH)−(aq)

Overall : 2H2(g) + O2(g) → 2H2O(l)

2.6  Fuel Cells Types
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2.6.3 � Phosphoric Acid Fuel Cells (PAFC)

PAFCs are very efficient fuel cells, generating electricity at more than 50 % effi-
ciency [13]. About 85 % of the steam produced by the PAFC is used for cogenera-
tion. This efficiency may be compared to about 35  % for the utility power grid 
in the United States. As with the PEMFC Pt or Pt alloys are used as catalysts at 
both electrodes [76]. The electrolyte is inorganic acid, concentrated phosphoric 
acid (100 %) which will conduct protons [77–79]. Operating temperatures are in 
the range of 150–220 °C. At lower temperatures, PAFC is a poor ionic conductor, 
and carbon monoxide (CO) poisoning of the platinum catalyst in the anode can 
become severe [76, 80, 81].

Two main advantages of the phosphoric acid fuel cell include a cogeneration 
efficiency of nearly 85 % and its ability to use impure hydrogen as fuel. PAFCs 
can tolerate a carbon monoxide concentration of about 1.5  % which increases 
the number of fuel types that can be used. Disadvantages of PAFCs include their 
use of platinum as a catalyst (like most other fuel cells) and their large size and 
weight. PAFCs also generate low current and power comparable to other types of 
fuel cells [13].

Phosphoric acid fuel cells are the most mature fuel cell technology. The com-
mercialization of these cells was brought about through the Department of Energy 
(DOE) and ONSI (which is now United Technologies Company (UTC) Fuel Cells) 
and organizational linkages with Gas Research Institute (GRI), electronic utilities, 
energy service companies, and user groups.

The chemical reactions for PAFCs are as follows:

2.6.4 � Direct Methanol Fuel Cells (DMFC)

A Direct Methanol Fuel Cell (DMFC) works creating an electric potential by 
the reaction between methanol and oxygen, specifically it produces electricity 
through an electrochemical process without combustion and without the need for a 
reformer system for the fuel [82].

The electric potential is created using a polymeric membrane that is selective to 
certain chemical molecules, in this case the membrane allows the passage of H+ 
ions (proton conductivity). On one side of the membrane, an aqueous solution of 
methanol with CH3OH concentration of around 1 M (3w%) is feed to the anode 

Anode : H2(g) → 2H+

(aq) + 2e−

Cathode : 1
/

2O2(g) + 2H+

(aq) + 2e− → H2O(l)

Overall : H2(g) +
1
/

2O2(g) + CO2 → H2O(l) + CO2



55

catalyst where the catalytic decomposition of methanol molecules producing CO2 
and H2 is oxidized to H+ ions at the anode [13]. The protons produced can migrate 
to the cathode of the cell through the membrane where the electrons produced to 
the anode, passing through an external circuit, reduce the oxygen that is plugged 
in, allowing the formation of water.

The reactions occurring in the DMFC are as follows:

Because none of the methanol oxidation reaction proceeds as readily as the oxida-
tion of hydrogen, there are considerable activation overvoltages at the fuel anode, 
as well as at the cathode in the DMFC. This is the main cause for the lower per-
formance. Much work has been done to develop suitable catalysts for the anode of 
the DMFC. It is usually used as mixture of Pt and Ru in equal proportions. Other 
bimetal catalysts have been tried but this 50:50 Pt/Ru combination seems to guar-
antee the best performances [13, 82–84]. The cathode reaction in the DMFC is the 
same as that for the hydrogen fuel cells with acid electrolyte, so the same catalyst 
is used. There is no advantage in using the more expensive Pt/Ru bimetal catalyst 
used on the anode [13, 82–84].

The research and development of novel proton exchange membranes (PEMs) 
is known to be one of the most challenging issues regarding the direct methanol 
fuel cell technology [85–87]. The PEM is usually designated as the heart of the 
DMFC, and should ideally combine high proton conductivity (electrolyte proper-
ties) with low permeability toward DMFC species. Additionally, it should have a 
very high chemical and thermal stability in order to enable the DMFC operation at 
up to 150 °C. For this reason, a variety of PEMs have been developed by various 
researchers using different preparation methods [85, 88].

The different companies producing polymer electrolyte membranes have their 
specific patents. However, a common theme is the use a sulphonated fluoropoly-
mers, usually fluoroethylene. The most well known and well established of these 
is Nafion (®Dupont), which has been developed through several variants since 
1960s.

2.6.5 � Molten Carbonate Fuel Cell (MCFC)

The electrolyte in the molten carbonate fuel cell uses a liquid solution of lithium, 
sodium, and/or potassium carbonates, soaked in a matrix. MCFCs have high fuel-
to-electricity efficiencies ranging from 60 to 85 % with cogeneration, and operate 

Anode : CH3OH(l) + H2O(l) → CO2 + 6H+

(aq) + 6e−

Cathode: 6H+

(aq) + 3/2O2(g) + 6e− → 3H2O(1)

Overall : CH3OH(l) + 3/2O2(g) → CO2 + 2H2O(l)

2.6  Fuel Cells Types
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at about 620–660  °C [89–91]. The high operating temperature is an advantage 
because it enables a higher efficiency and the flexibility to use more types of fuels 
and inexpensive catalysts. This high operating temperature is needed to achieve 
sufficient conductivity of the electrolyte [13, 89, 90].

Molten carbonate fuel cells can use hydrogen, carbon monoxide, natural gas, 
propane, landfill gas, marine diesel, and coal gasification products as the fuel. 
MCFCs producing 10  kW to 2  MW MCFCs have been tested with a variety of 
fuels and are primarily targeted to electric utility applications. MCFCs for station-
ary applications have been successfully demonstrated in several locations through-
out the world.

The reactions at the anode, cathode, and the overall reaction for the MCFC are

The high operative temperatures and the electrolyte chemistry can be responsible 
of some issues. The high temperature requires significant time to reach operating 
conditions and responds slowly to changing power demands. These characteristics 
make MCFCs more suitable for constant power applications. The carbonate elec-
trolyte can also cause electrode corrosion problems [92, 93]. Furthermore, since 
CO2 is consumed at the anode and transferred to the cathode, introduction of CO2 
and its control in air stream becomes an issue for achieving optimum performance 
that is not present in any other fuel cell [13].

The history of Molten Carbonate Fuel Cell (MCFC) can be traced back to the 
late nineteenth century when W.W. Jacques had produced his carbon–air fuel cell, 
a device for producing “electricity from coal.” This device used an electrolyte of 
molten potassium hydroxide at 400–500 °C in an iron pot [94]. Jacques suggested 
to replace molten alkali electrolytes with molten salts such as carbonates, silicates, 
and borates.

By the 1930s Davtyan proposed a baked mixture of 43  % calcined Na2CO3, 
27  % monazite sand (a mixture of rare earth oxides), 20  % WO3, and 10  % 
soda glass [95]. By treatment at 850  °C a mixture containing Na3PO4, Na2CO3, 
Na2WO4, Na2SiO3, and oxides of CeO2, La2O3, and ThO2 was obtained [95]. 
The mixture was constituted by a porous framework of high-melting rare earth 
oxides in which was constrained a eutectic mixture of molten carbonates, phos-
phates, tungstates, and silicates. The eutectice mixture provided the means of ionic 
conduction.

The works of Broers and Ketelaar [95] established that molten carbonates as 
the preferred electrolyte for carbon containing fuels, since other molten salts tested 
were decomposed by steam produced at the anode of the fuel cell. Broers and 
Ketelaar [95] proposed a mixture of lithium, sodium, and/or potassium carbonates 

Anode : H2(g) + CO2−
3 → H2O(g)+ CO2 (g) + 2e−

Cathode : 1/2 O2 (g) + CO2(g)+ 2e− → CO2−
3

Overall : H2(g) +
1/2 O2 (g) + CO2 (g) → H2O(g) + CO2(g)



57

impregnated into a porous disk of magnesium oxide. Using carbonates there was 
no problem in replacing CO2 at the cathode, which was effectively transferred 
through the molten electrolyte to the anode.

There was a general decline in interest in MCFCs during the 1970s but by the mid-
1980s R&D the interest for MCFC has grow mainly in Japan and Europe [13, 95].

In recent years, MCFC development has been focused mainly on large-scale 
stationary and marine applications, where the relatively large size and weight of 
the MCFC and slow start-up time are not a problem. Molten carbonate fuel cells 
are under development for use with a wide range of conventional and renewable 
fuels.

The modern MCFC system has a high efficiency typically above 50 % and very 
low emissions. Since it operates at high temperature (about 650 °C) it can be used 
for cogeneration, combined heat and power, and distributed electricity generation. 
Most applications have so far been for stationary plants in hospitals, hotels, and 
resorts where the fuel is natural gas. The MCFC has been demonstrated to run on 
propane, coal gas, and anaerobic digester gas [90, 94, 96, 97]. Plants have been 
published for integrated coal gasifier/MCFC systems.

2.6.5.1 � Components of the Molten Carbonate Fuel Cells

Materials

The heart of the molten carbonate fuel cell (MCFC) is the electrolyte, which is an 
ion-conducting molten salt [13, 90, 95, 96, 98–100]. This is typically a mixture of 
two or three alkali metal lithium, potassium, or sodium carbonates. The mixture 
is solid at room temperature but about 400 °C and above it becomes molten and 
is able to conduct carbonate (CO3

2−) ions. The molten carbonate in an MCFC is 
constrained within a porous solid material named electrolyte matrix. An important 
feature of the electrolyte matrix is the chemical stability toward the molten salt 
that penetrates in the matrix framework and many efforts have been done in the 
last 20–30 years for the development of new materials [89, 94]. Alumina can be 
used as an MCFC matrix since it can be obtained by simple coprecipitation from 
an aqueous solution of aluminum nitrate, and can be made into a thin sheet. The 
so obtained γ-alumina, changes phase to more stable α-form at high temperatures 
(1200 °C). For this reason the long-term stability of the matrix could be an issue 
and has been investigated [101–105]. In particular lithium from the electrolyte will 
react over time with the alumina to form lithium aluminate (LiAlO2), which also 
exists in two interchangeable α and γ phases: above 700 °C, γ-LiAlO2 appears to 
be the more stable form, at 600–650 °C, the α form is more stable. The industry is 
directed to the use of α -LiAlO2 for long-term stability [13].

The powdered matrix material is mixed with a binder to obtain sheets of  
100–300 mm thickness. The carbonate electrolyte is also manufactured as similar 
thin sheets: cells are usually made by a sandwich of electrolyte and matrix sheets.  

2.6  Fuel Cells Types
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The stacks are assembled by building up layers of cells inserting current collectors 
and separator plates between one cell and the next. Once the cell or stack is assem-
bled and mechanically clamped together, it is slowly heated up to above the melt-
ing temperature of the electrolyte. Once the electrolyte melts, it penetrates into the 
pores of the matrix.

Materials of anode and cathode of the MCFC are typically porous nickel and 
nickel oxide, respectively, in form of thin sheets [95].

Electrolyte

State-of-the-art MCFC electrolytes contain typically 60 wt% carbonate con-
strained in a matrix of 40 wt% Li–AlO2. The α form of Li–AlO2 is the most stable 
in the MCFC electrolyte at low temperatures and is used in the form of fibers of 
o1 mm diameter. Other materials (e.g., larger size particles of Li–AlO2) may be 
added and many details are proprietary [99, 100].

The ohmic resistance of the MCFC electrolyte has an important and large 
effect on the operating voltage compared with most other fuel cells. Under 
typical MCFC operating conditions, it has been established that the electrolyte 
matrix contributes some 70 % of the ohmic losses. There is a direct relationship 
between the thickness of the electrolyte layer and the ionic conductivity. The 
thinner the electrolyte, the lower the ohmic resistance, and electrolyte matrices 
0.2–0.5 mm in thickness can give better performances. However thicker materi-
als are more stable, so low resistance and long-term stability must be optimized. 
For the MCFCs the typical power density at 650 °C is 0.16 Wcm2 [13, 92, 93, 
95, 106, 107].

It has been found that for the carbonates, a eutectic mixture of lithium and 
potassium carbonates

Li2CO3-K2CO3 (62:38  mol%) is good for atmospheric pressure operation, 
whereas the lithium and sodium carbonate mixture Li2CO3-Na2CO3 (60:40 mol%) 
is better for improved cathode stability when the cell is operated at elevated pres-
sure [13, 95, 108–110].

An important difference between MCFC and other fuel cells is the condition-
ing of the electrolyte that is carried out once the stack is assembled. Layers of 
electrodes, electrolyte and matrix, and the various nonporous components are 
assembled together, and the stack is heated slowly. As the carbonate reaches its 
melt temperature (over 450 °C), it is absorbed into the ceramic matrix. This pro-
cess can lead to some shrinkage of the components, and it is needed to pay atten-
tion to the mechanical design of the stack. An MCFC stack typically takes 14 h or 
more to reach the operating temperature. Another important aspect is that every 
time the MCFC stack is heated and cooled through the electrolyte melt tempera-
ture, stresses are set up, which can lead to cracking of the electrolyte matrix and 
permanent cell damage caused by fuel crossover. Thermal cycling of MCFC stacks 
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is therefore best avoided and MCFC systems are ideally suited to applications that 
need a continuous power supply.

Anode

Because the anode reaction is relatively fast at MCFC temperatures, a high sur-
face area anode catalyst is not required [13, 95, 111–114]. State-of-the-art anodes 
are made of a sintered Ni–Cr/Ni–Al alloy with a thickness of 0.4–0.8  mm and 
porosity of 55–75  %. Fabrication is carried out usually by tape casting a slurry 
of the powdered material, which is subsequently sintered. Chromium is added to 
the basic nickel component to reduce the nickel sintering that could give rise to 
a decay in the MCFC, performances. However, chromium can react with lithium 
of the electrolyte causing some loss of electrolyte. Addition of aluminum can 
improve both creep resistance in the anode and electrolyte loss due to the forma-
tion of LiAlO2 within the nickel particles. Ni–Cr/Ni–Al alloy are well established 
materials for the anodes, however nowadays the research is addressed to obtain 
new and less expensive materials. Moreover many efforts are addressed toward 
sulfur resistance materials such as LiFeO2.

Cathode

One of the major problems with the MCFC is that the state-of-the-art nickel 
oxide cathode material shows a weak, but significant, solubility in molten car-
bonates [13, 95, 114–119]. Through dissolution, some Ni2+ ions are formed in 
the electrolyte and diffuse toward the anode, leading to precipitation of metallic 
nickel dendrites. This precipitation can cause internal short circuits with subse-
quent loss of power. It has been reported [13] that solubility is reduced if the 
more basic, carbonates are used in the electrolyte. The addition of some alkaline 
earth oxides (CaO, SrO, and BaO) to the electrolyte has also been found to be 
beneficial [13].

With state-of-the-art nickel oxide cathodes, nickel dissolution can be mini-
mized by (1) using a basic carbonate, (2) operating at atmospheric pressure and 
keeping the CO2 partial pressure in the cathode compartment low, and (3) using 
a relatively thick electrolyte matrix to increase the Ni2+ diffusion path. By these 
means, cell lifetimes of 40,000  h have been demonstrated under atmospheric 
pressure conditions. For operation at higher pressure, alternative cathode materi-
als such as LiCoO2 have been investigated. This has a dissolution rate in molten 
carbonate an order of magnitude lower than that of NiO at atmospheric pressure. 
Dissolution of LiCoO2 also shows a lower dependency on the partial pressure of 
CO2 than NiO.

2.6  Fuel Cells Types
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2.6.5.2 � Cell Configuration

MCFC can have different configurations depending on the flows of fuel and oxi-
dant streams. Fuel and oxidant that flow on opposite sides of each cell can be 
flowing in the same direction from inlet to outlet (coflow), in opposite directions 
(counterflow), or at 90° to each other (crossflow) [13, 95, 114, 120–124].

If the gases supplied to the cells are connected manifold externally to the stack, 
then the crossflow configuration is the only option and gas inlets and outlets for 
the fuel and oxidant can be located on the four sides of the stack. Figure 2.7 shows 
the cross-flow configuration adopted by CFC Solutions.

Cross-flow has many advantages: it allows a homogeneous reactant distribution 
to the cell, a uniform fuel utilization over the cell, a low pressure drops through 
the gas channels. Moreover, simple and less expensive separator plates than other 
configurations can be employed.

However, the significant disadvantages of large temperature profiles across the 
face of the electrodes and gas leakage and migration (ion pumping) of the electro-
lyte must be taken into account [123, 124].

If internal manifolding is applied, then coflow or counterflow can be config-
ured [13, 123, 124]. With coflow, the concentrations of reactants on both sides of 
the cells are highest at the inlet and decrease toward the outlet. Concentrations of 
products increase toward each outlet. Coflow produces a larger temperature gradi-
ent across the cell than counterflow, especially when internal reforming is applied. 
With internal reforming, counterflow is normally the best option and results in the 
best distribution of current density and temperature throughout the cell.

The operating temperature of the MCFC of around 650  °C provides ideal 
opportunities from a system design perspective. At these temperatures with a suit-
able catalyst, internal reforming can be carried out. Most available fuels, such as 

Fig. 2.7   Configuration of MCFC [13]



61

natural gas, liquefied petroleum gas, and biogases, need to be reformed to a hydro-
gen-rich gas for the fuel cell. This can be done external to the cell or stack but 
by carrying out the endothermic reforming reactions inside the MCFC (internal 
reforming), advantage is taken of the reaction to provide cell or stack cooling [13, 
95, 114].

2.6.5.3 � Steam Reforming

Methane reforming Eq.  (2.36) is the simplest example of steam reforming (SR). 
This reaction is endothermic at MCFC temperatures and over an active solid cata-
lyst the product of the reaction in a conventional reforming reactor is dictated by 
the equilibrium of Eq. (2.36) and the water–gas shift (WGS) reaction Eq. (2.37). 
This means that the product gas from a reformer depends only by the inlet steam/
methane ratio (or more generally steam/carbon ratio) and the reaction temperature 
and pressure. Similar reaction can be written for other hydrocarbons such as natu-
ral gas, naphtha, purified gasoline, and diesel. In the case of reforming oxygenates 
such as ethanol [125, 126], the situation is in some way more complex, as other 
side reactions can occur. With simple hydrocarbons, like as methane, the forma-
tion of carbon by pyrolysis of the hydrocarbon or decomposition of carbon mon-
oxide via the Boudouard reaction Eq. (2.38) is the only unwanted product.

In the MCFC carbon formation can be avoided by carrying out some degree of 
prereforming externally to the fuel cell stack. Prereforming consists of vaporiz-
ing the fuel and passing this with steam over a suitable catalyst. It converts high-
molecular-weight hydrocarbons to methane, thereby reducing the risk that they 
pyrolyze or decompose to carbon in the MCFC stack [13, 127]. Moreover, in this 
way some hydrogen is present at the inlet of the fuel cell. If excess steam is used 
carbon monoxide decomposition is avoided due the Boudouard equilibrium. A 
hydrocarbon fuel such as diesel may be represented by the empirical formula CH2 
and prereforming of this fuel may be represented as

Prereforming is usually carried out at modest temperatures (i.e., 320  °C) over a 
supported nickel catalyst in an adiabatic reactor [13].

Any fuel, including gases produced by the gasification of coal, wood waste, or 
other organic waste or biogas from digesters, that is fed to either the anode com-
partment directly or to an external reformer or prereformer must contain low sul-
fur to avoid poisoning of the reforming or prereforming catalyst [128].

(2.36)CH4 + H2O = CO+ 3H2

(2.37)CO+ H2O = H2 + CO2

(2.38)2CO = C+ CO2

(2.39)3CH2 + 2H2O → 2CH4 + CO2 + H2 (prereforming)

2.6  Fuel Cells Types
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2.6.5.4 � MCFC Internal Reforming and Steam Reforming Catalyst

One of the advantages of the MCFC over low-temperature fuel cells is the ability 
to internally convert fuels such as methane or natural gas directly into hydrogen 
via internal steam reforming [127, 129–132]. The reforming reaction is endother-
mic, therefore by cooling the stack can reduce the heat that is removed out of the 
stack in the cathode exhaust stream. So the flow of air to the cathode (which nor-
mally provides the cooling for the stack) can be reduced. In this way the CO2 par-
tial pressure through the cathode compartment is raised, leading to a higher cell 
voltage, moreover it reduces the parasitic electrical load on the system related the 
cathode air compressor. For these reasons an internal reforming MCFC system has 
a higher efficiency than an external reforming system.

There are two approaches to internal reforming. Indirect internal reforming 
(IIR): the reforming reaction takes place in channels or compartments within the 
stack that are adjacent to the anode compartments, the heat generated in the cell is 
transferred to the reforming channels, and the product from the reforming is fed to 
the anode channels.

In direct internal reforming (DIR) the reforming reaction is carried out on the 
fuel cell anode itself (or as close to it as possible); in this way hydrogen produced 
by reforming is immediately consumed by the electrochemical cell reaction allow-
ing to shift the equilibrium of the reforming and WGS reactions to the right as 
product is consumed by the electrochemical reaction [13, 95, 133–135]. The DIR 
approach is best carried out at low pressures with catalyst inside the anode com-
partment close to the anode of the cell.

In the IIR configuration, commercial reforming catalyst (e.g., nickel/alumina) 
exhibits little deactivation because the cell temperature is generally much lower 
than in a conventional reforming plant (usually above 800 °C) [13, 136–139]. The 
stability of a DIR catalyst, however, is strongly affected by the anode environment. 
Conventional catalysts decay usually via two mechanisms—sintering of the metal 
particles or support leading to a loss of catalytic surface area, or poisoning of cata-
lyst active sites by sulfur [13, 128].

Carbonate retention has been the biggest issue for MCFC developers. There are 
two mechanisms for loss of carbonate from the cells, namely, creepage and loss by 
vapor phase transport [140, 141].

Steam reforming of ethanol has been demonstrated in the MCFC and proceeds 
rather differently to the reforming of hydrocarbons [125, 126]. Rinaldi et al. [121] 
studied ethanol reforming over supported metal catalyst (nickel on doped mag-
nesium oxide). They concluded that acetaldehyde is the main unwanted product. 
Further catalyst optimization may improve the selectivity in the MCFC.

Some tests have been carried out recently with catalysts of titanium dioxide 
promoted with lanthanum or samarium oxides [13].
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2.6.6 � Solid Oxide Fuel Cell (SOFC)

The SOFC is a complete solid-state device that uses an oxide ion-conducting 
ceramic material as the electrolyte. The electrolyte is a nonporous solid, such as 
Y2O3 stabilized ZrO2 with conductivity-based oxygen ions [122, 128, 142–144]. 
Yttria-stabilized zirconia (YSZ) is the most commonly used material for the elec-
trolyte. It was first used as a fuel cell electrolyte by Baur and Preis in 1937 [145]. 
The anode is usually made of a Co-ZrO2 or Ni-ZrO2 cement [13, 95, 146, 147], 
while the cathode is made of Sr-doped LaMnO3 (LSM) [13, 148–150].

The anode, cathode, and overall cell reactions are

SOFCs efficiency is lower than MCMF although the operating temperature (850–
1000  °C) is higher. The high operating temperatures imply that precious metal 
electrocatalysts are not needed, hence reducing the cost of cell components; it is 
also possible to use carbon-based fuels directly, removing the need for external 
reformers, further reducing the cost [13]. The high operating temperature of SOFC 
enables relatively inexpensive electrode materials to be used. Moreover, SOFC 
has high tolerance to impurities due to the catalytic properties of the nickel anode 
catalyst unlike PEMFC. The conductivity of the fuel cell materials increases with 
temperature [151, 152]. The dominant losses in SOFCs is mainly due to the ohmic 
resistance losses, thus increasing the temperature enhances the SOFC efficiency. 
Noticeable interest to develop electrolytes that are able to operate at lower tem-
peratures is ongoing for several reasons: lowering the operating temperature would 
reduce the costs and improve cell lifetime [153].

The main configurations of SOFC are tubular, bipolar, and a planar, this last 
being developed more recently [13, 154–156]. SOFCs can operate at a high 
enough temperature to incorporate an internal fuel reformer that uses heat from 
the fuel cell. The recycled steam and a catalyst can convert the natural gas directly 
into a hydrogen-rich fuel. The waste heat allows the developmet of cogenerative 
processes enhancing energy efficiency to very attractive levels.

Power-generating efficiencies could reach 60 to 85  % with cogeneration [13, 
128, 142–144, 146–150, 154–158]. Tubular SOFC technology has produced as 
much as 220 kW [154, 155]. Japan has two 25-kW units online, and a 100 kW 
plant is being tested in Europe [6, 159]. SOFCs coupled with small gas turbines 
are high-efficiency systems that have a combined rating in the range of 250 kW 
to 25 MW, and are expected to fit into grid support or industrial onsite generation 
markets [6, 13, 159].

Anode : H2(g) + O2−
→ H2O(g) + 2e−

Cathode : 1/2 O2(g) + 2e− → O2−

Overall : H2 (g) +
1/2O2 (g) → H2O(g)

2.6  Fuel Cells Types
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2.6.6.1 � Components of the Solid Oxide Fuel Cells

Electrolyte

In an SOFC the electrolyte is exposed to both oxidizing (air side) and reducing 
species (fuel side) at high temperatures. Several properties of the SOFC electrolyte 
are required: (1) Sufficient ionic conductivity (the electronic conductivity of the 
electrolyte must be sufficiently low in order to provide a high energy conversion 
efficiency); also the oxide ion conductivity must be high to minimize the ohmic 
loss. (2) Dense structure, in order to produce maximum electrochemical per-
formance. (3) Stability since the electrolyte is exposed to the air and the fuel at 
elevated temperatures. This requires that the thermal expansion coefficients must 
match at the interfaces.

Typical electrolyte materials for SOFCs are oxides with low valence element 
substitutions, sometimes named acceptor dopants [13, 95] which create oxygen 
vacancies through charge compensation. For SOFC applications, there are various 
materials that have been explored as electrolyte, yttria-doped zirconia (YSZ) and 
gadolinium-doped ceria (GDC) are the most common materials used for the oxide-
conducting electrolyte. Above 800 °C, YSZ becomes a conductor of oxygen ions 
(O2−); zirconia-based SOFC operates between 800 and 1100 °C. The ionic con-
ductivity of YSZ is 0.02 S m−1 at 800 °C and 0.1 S cm−1 at 1000 °C. A thin elec-
trolyte (25–50 μm) ensures that the contribution of electrolyte to the ohmic loss in 
the SOFC is kept to a minimum.

Zirconium oxide-based electrolyte (YSZ)

Yttria-doped zirconia (YSZ) is stable under reducing and oxidizing conditions. It 
is a pure ionic conductor, completely nonreactive with anode and cathode at oper-
ating and production temperatures. Above 800 °C, YSZ becomes a conductor of 
oxygen ions (O2−) and typically operates at 800–1100 °C. The ionic conductivity 
of YSZ is 0.02 S m−1 at 800 °C and 0.1 Scm−1 at 1000 °C. A thin electrolyte (25–
50 μm) ensures that the contribution of electrolyte to the ohmic loss in the SOFC 
is kept to a minimum. Its thermal expansion has to be close to other fuel cell com-
ponents and it must be gas tight to prevent direct combination of fuel and oxidant. 
Pure zirconia is not used, as its ionic conductivity is too low for fuel cell use [160].

Cerium oxide-based electrolyte

Doped cerium dioxide materials are candidates for the electrolyte for cell opera-
tion at T  ≤  600  °C, because of their higher oxide ion conductivity (Ce0.9Gd-

0.1O-1.95: 0.025O−1  cm−1 at 600  °C) compared to YSZ (<0.005 Ω−1  cm−1). 
Gadolinium- or samarium-doped cerium dioxide provides the highest ionic con-
ductivity in cerium dioxide-based materials owing to similar ionic radii of Gd3+/
Sm3+ and Ce4+. The main issue of doped cerium dioxide is the onset of electronic 
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conduction in reducing conditions at T ≥ 650 °C owing to the reduction of Ce4+ 
to Ce3+ to compensate the formation of oxygen vacancies [13].

Perovskite electrolytes

The perovskite structure (ABO3) offers an opportunity for a material scientist to 
selectively substitute either the A or the B ion by introducing isovalent or aliova-
lent cations. The compound (La, Sr)(Mg, Ga)O3 (LSMG) has been developed as 
an oxide ion conductor. The use of LSMG is attractive because it has reasonable 
oxide ion conductivity and is compatible with a variety of cathodes, in particular 
the highly active ones. Other interesting materials, such as Bi4V2O11 (BIMEVOX 
(bismuth metal vanadium oxide)), have also been mentioned in the literature.

Cathode

The cathode electrode operates in an oxidizing environment of air at 1000 °C. The 
cathode electrode is a porous structure that allows mass transport of reactants and 
products.

Materials suitable for an SOFC cathode have to satisfy the following require-
ments: high electronic conductivity; stability in oxidizing atmospheres at high 
temperature; thermal expansion match with other cell components; compatibil-
ity and minimum reactivity with different cell components; sufficient porosity to 
allow transport of the fuel gas to the electrolyte/electrode interface [148–150].

LSM, (La0.84Sr0.16)MnO3, a p-type semiconductor, is most commonly used 
for the cathode material. Although adequate for most SOFCs, other materials may 
be used, particularly attractive being p-type conducting perovskite structures that 
exhibit mixed ionic and electronic conductivity [13]. The advantages of using 
mixed conducting oxides become apparent in cells operating at around 650 °C. As 
well as the perovskites, lanthanum strontium ferrite, lanthanum strontium cobalite, 
are proposed in literature [13, 160–162].

LaMnO3 can react with the YSZ electrolyte at high temperature producing 
insulating phases of lanthanum zirconate [13].

Anode

The key requirements for the anode are high conductivity, stability in reduc-
ing atmospheres, and sufficient porosity to allow good mass transport. The most 
common anode for SOFCs is the Ni/YSZ cermet. Ni is chosen among other com-
ponents because of its high electronic conductivity and stability under reducing 
conditions. Moreover, Ni activates both direct oxidation and steam reforming. The 
use of YSZ has multiple purposes: to inhibit sintering of the nickel [160, 161], to 
guarantee thermal expansion coefficient (TEC) comparable with other fuel cell 
components (mainly the electrolyte), and to increase the triple phase boundary 
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(TPB) [163, 164]. The anode porosity (20–40 %) ensures good mass transport and 
improves the triple boundary by allowing O2− ion movement within the anode 
electrode [13, 160]. A small amount of ceria is added to the anode cermet to 
improve ohmic polarization loss at the interface between the anode and the elec-
trolyte. This also improves the tolerance of the anodes to temperature cycling and 
redox changes within the anode gas [13, 160].

The TPB is a key area and it is important to increase this surface area since in 
this point the oxygen ions and the hydrogen gas are brought together to react at the 
surface of the nickel site [160, 165–167].

2.6.6.2 � Fuel Reforming

The high operational temperature of SOFCs has two benefits: high efficiency and fuel 
flexibility. The high operating temperature allows the production of high-quality off-
gases, which can be used for cogeneration processes [122, 154–156, 168], or to heat 
the reformer for endothermic steam reforming reactions, or even to fire a secondary 
gas turbine. Therefore, SOFCs have a high electrical efficiency, higher than other fuel 
cells [13, 95]. Moreover, a variety of fuels can be reformed within the cell stack (inter-
nal reforming) or through a separate fuel reformer (external reforming). This flexibil-
ity allows use of fuels such as biogas [169], liquid hydrocarbon fuels, and landfill gas. 
These fuels can be reformed to a mixture of hydrogen and carbon monoxide.

In the internal reforming arrangement, two configurations are employed: the 
direct internal reforming (DIR), and indirect internal reforming (IIR).

In the DIR the fuel reforming occurs directly on the fuel cell anode where the fuel 
is converted into a hydrogen-rich mixture directly inside the anode compartment: 
electrochemical reaction and fuel reforming reactions simultaneously take place at 
the anode. This is a simple and very efficient design and involves low capital costs. 
However, some issue must be taken into account: the anode compartment must be 
equipped with a proper catalyst for the steam reforming; carbon deposition is favored 
due to the larger content of fuel at the anode side; temperature distribution should not 
be homogeneous due to cooling caused by the endothermic reaction [170–175].

The problems of DIR can be in some way overcame by the indirect internal 
reforming (IIR) configuration. IIR uses a separate fuel reforming catalyst that is 
integrated within the SOFC stack upstream of the anode side, and typically utilizes 
heat and water from the SOFC stack. Therefore, in this case only a thermal cou-
pling between the reformer and the SOFC stack exists. Obviously, the IIR configu-
ration results in a higher system complexity and in higher capital costs [127, 133].

IIR should not be as efficient as DIR, however t it allows a more stable cell per-
formance. Since the external reformer is physically separated from the fuel cell stack 
it can be operated at different pressures and temperatures if necessary. This is of par-
ticular importance because in this way it is possible to eliminate the problem of car-
bon deposition via fuel decomposition that deactivates the anode [13, 133, 168, 169].
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2.6.6.3 � Solid Oxide Fuel Cell Configurations

The most common SOFC designs are planar and tubular, and their many variants.
In the planar SOFC, cell components are thin and flat plates electrically con-

nected in series. A generic schematic of a planar SOFC design is shown in Fig. 2.8 
[176]. The planar cells can be electrolyte supported, electrode supported, or metal 
supported. For instance, the cell may be in the form of a circular disk fed with 
fuel from the central axis, or it may be in the form of a square plate fed from the 
edges. Planar designs offer several potential advantages, including simpler and 
less expensive manufacturing processes and higher power densities, than tubu-
lar cells. However, planar designs need high-temperature gas-tight seals between 
the components in the SOFC stack; but these still remain a challenging area for 
the successful commercialization of planar SOFCs [177, 178]. The electrochemi-
cal performance is highly dependent on cell materials, electrode microstructures, 
and cell geometric parameters. The cell was optimized with an anode of thickness 
0.5 mm and porosity ~57 %. The anode interlayer was ~20 mm. The electrolyte 
was ~8 mm and cathode interlayer ~20 mm. The flow rates of humidified hydro-
gen and air were 300 and 550 mL min−1, respectively. The maximum power den-
sity obtained is about 1.8 Wcm2 at 800 °C [179–181].

In the tubular SOFC design, components are flat tubes and joined together to 
give higher power density and easily printable surfaces for depositing the elec-
trode layers. It may be of a large diameter (>15 mm), or a microtubular cells with 
a smaller diameter (<5 mm) [44, 179, 182]. Figure 2.9 illustrates a tubular SOFC 
in which the oxidant (air or oxygen) is introduced through an alumina injector 
tube positioned inside the cell. The oxidant is discharged near the closed end of 
the cell and flows through the annular space formed by the cell and the coaxial 
injector tube. The fuel flows on the outside of the cell from the closed end and is 
electrochemically oxidized while flowing to the open end of the cell generating 

Fig. 2.8   Planar SOFC 
design [176]
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electricity. Part of the fuel is recirculated in the fuel stream and the rest combusted 
to preheat the incoming air and/or fuel. The exhaust gas from the fuel cell is at 
600–900 °C depending on the operating conditions. The single biggest advantage 
of tubular cells over planar cells is that they do not require any high-temperature 
seals to isolate the oxidant from the fuel, and this leads to very stable performance 
of tubular cell stacks over long periods of time (several years). However, their 
areal power density is much lower (about 0.2 Wcm−2) compared to planar cells, 
and manufacturing costs are high [183–185].

A single planar or tubular SOFC generally produces a low voltage and 
power and the connection into a stack is needed in order to give higher power. 
Electrochemical performance, structural and mechanical integrity gas manifold 
and ease of fabrication are important targets for the improvements of cell perfor-
mances [176, 186].
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