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Fuel Cells

Jacob Brouwer
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Fuel cells are electrochemical devices that convert the chemical energy of a
fuel directly to usable energy — electricity and heat — without combustion.
This is quite different from most electric generating devices (e.g., steam tur-
bines, gas turbines, and reciprocating engines) which first convert the chem-
ical energy of a fuel to thermal energy, then to mechanical energy, and, finally,
to electricity. In the last decade, fuel cells have emerged as one of the most
promising technologies to meet the nation’s energy needs for the 21st cen-
tury. They produce electricity at efficiencies of 40 to 60% with negligible
harmful emissions, and operate so quietly that they can be used in residential
neighborhoods. Fuel cells are particularly well suited to the distributed
power generation market because of these characteristics as well as their scal-
ability, high efficiency, and modularity.

In the 1960s, fuel cells were developed for space applications that required
strict environmental and efficiency performance. The successful demonstra-
tion of efficient and environmentally sensitive fuel cells in space led to their
serious consideration for terrestrial applications in the 1970s. Due to the
emergence of several new fuel cell types (e.g., solid oxide and molten carbon-
ate), the last 10 to 15 years have seen a tremendous expansion and diversifi-
cation of developers and manufacturers which has dramatically expanded
the list of potential products and applications of fuel cells.



There are many challenges and technical hurdles, however, that the fuel cell
community must face in order for fuel cells to be widely used in the distrib-
uted generation market. The first challenge is establishment of the market.
Fuel cells could contribute to the establishment of a distributed generation
market if they become more economically competitive with current technolo-
gies. The key challenge is to produce an ideal hydrogen-fueled engine (a fuel
cell) that can cost-effectively produce power in the hydrocarbon-based econ-
omy of today. This is the most significant technical challenge with regard to
integrating fuel cell systems with available infrastructure, reducing their cap-
ital cost through volume manufacturing, and achieving widespread use in
various sectors.

6.1 Principles of Operation

Fuel cells are similar to batteries containing electrodes and electrolytic mate-
rials to accomplish the electrochemical production of electricity. Batteries
store chemical energy in an electrolyte and convert it to electricity on demand
until the chemical energy has been depleted. Applying an external power
source can recharge depleted secondary batteries, but primary batteries must
be replaced. Fuel cells do not store chemical energy but, rather, convert the
chemical energy of a fuel to electricity. Thus, fuel cells do not need recharging
and can continuously produce electricity as long as fuel and oxidant are sup-
plied (Brown and Jones, 1999).

Figure 6.1 presents the basic components of a fuel cell, which include a pos-
itive electrode (anode), a negative electrode (cathode), and an electrolyte.
Fuel is supplied to the anode, while oxidant is supplied to the cathode. Fuel
is electrochemically oxidized on the anode surface, and oxidant is electro-
chemically reduced on the cathode surface. Ions created by the electrochem-
ical reactions flow between the anode and cathode through the electrolyte.
Electrons produced at the anode flow through an external load to the cath-
ode, completing an electric circuit.

A typical fuel cell requires both gaseous fuel and oxidants. Hydrogen is
the preferred fuel because of its high reactivity, which minimizes the need
for expensive catalysts. Hydrocarbon fuels can be supplied, but typically
require conversion to hydrogen prior to entering the fuel cell (for lower
temperature fuel cells) or within the fuel cell (for higher temperature fuel
cells). Oxygen is the preferred oxidant because of its availability in the
atmosphere. As indicated in Figure 6.1, the electrolyte serves as an ion con-
ductor. The direction of ion transport depends upon the fuel cell type,
which determines the type of ion that is produced and transported across
the electrolyte between the electrodes. The various fuel cell types are
described in a later section.



6.1.1 Fuel Cell Stack

A single fuel cell is only capable of producing about 1 volt, so typical fuel cell
designs link together many individual cells to form a stack that produces a
more useful voltage. A fuel cell stack can be configured with many groups of
cells in series and parallel connections to further tailor the voltage, current,
and power produced. The number of individual cells contained within one
stack is typically greater than 50 and varies significantly with stack design.

Figure 6.2 presents the basic components that comprise a fuel cell stack.
These components include the electrodes and electrolyte of Figure 6.1 with
additional components required for electrical connections and/or insulation
and the flow of fuel and oxidant through the stack. These key components
include current collectors and separator plates. The current collectors con-
duct electrons from the anode to the separator plate. The separator plates
provide the electrical series connections between cells and physically sepa-
rate the oxidant flow of one cell from the fuel flow of an adjacent cell. The
channels in the current collectors serve as the distribution pathways for the
fuel and oxidant. Often, the two current collectors and the separator plate are
combined into a single unit called a bipolar plate.

6.1.2 Fuel Cell System

The preferred fuel for most fuel cell types is hydrogen. Hydrogen is not
readily available, however, but the infrastructure for the reliable extraction,
transport or distribution, refining, and/or purification of hydrocarbon fuels

FIGURE 6.1
Fuel cell diagram.



is well established in our society. Thus, fuel cell systems that have been devel-
oped for practical applications to date have been designed to operate on
hydrocarbon fuels. This typically requires the use of a fuel processing system,
or “reformer,” as shown in Figure 6.3. The fuel processor typically accom-
plishes the conversion of hydrocarbon fuels to a mixture of hydrogen-rich
gases and, depending upon the requirements of the fuel cell, subsequent
removal of contaminants or other species to provide pure hydrogen to the
fuel cell.

In addition to the fuel cell system requirement of a fuel processor for oper-
ation on hydrocarbon fuels, a power conditioning or inverter system is
needed. This is required for the use of current end-use technologies, which are
designed for consuming alternating current (AC) electricity, and for grid con-
nectivity in distributed power applications. Since the fuel cell produces direct
current (DC) electricity, the power conditioning section is a requirement for
fuel cell systems that are designed for AC-based distributed generation. In the

FIGURE 6.2
Isometric view of the basic components of a fuel cell stack.

FIGURE 6.3
Schematic representation of a fuel cell system.
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future, systems and technologies may be amenable to the use of DC electricity,
which would allow significant cost savings by avoiding the inverter.

6.2 Fuel Cell Types

Five principle types of fuel cells are currently in various stages of commercial
availability or undergoing research, development, and demonstration for
distributed generation applications. These five fuel cell types are significantly
different from each other in many respects; however, the key distinguishing
feature is the electrolyte material, which is generally used to identify each of
the five fuel cell types: (1) alkaline fuel cell (AFC), (2) molten carbonate fuel
cell (MCFC), (3) phosphoric acid fuel cell (PAFC), (4) proton exchange mem-
brane fuel cell (PEMFC), and (5) solid oxide fuel cell (SOFC).

6.2.1 Alkaline

Alkaline fuel cells (AFCs) were the first type of fuel cell to be widely used for
space applications. AFCs contain a potassium hydroxide (KOH) solution as
the electrolyte and operate at temperatures between 100 and 250°C
(211 to 482°F). Higher temperature AFCs use a concentrated (85 wt%) KOH
solution, while lower temperature AFCs use a more dilute KOH solution
(35 to 50 wt%). The electrolyte is contained in and/or supported by a matrix
(usually asbestos) that wicks the electrolyte over the entire surface of the elec-
trodes. A wide range of electrocatalysts can be used in the electrodes (e.g., Ni,
Ag, spinels, metal oxides, and noble metals). The fuel supplied to an AFC
must be pure hydrogen. Carbon monoxide (CO) poisons an AFC, and carbon
dioxide (CO2) reacts with the electrolyte to form potassium carbonate
(K2CO3). Even the small amount of CO2 in the air (about 370 PPM) must be
considered for operation of an AFC (Hirschenhofer et al., 1998).

6.2.2 Molten Carbonate

The electrolyte in a molten carbonate fuel cell (MCFC) is an alkali carbonate
(sodium, potassium, or lithium salts, Na2CO3, K2CO2, or Li2CO3) or a combi-
nation of alkali carbonates that is retained in a ceramic matrix of lithium alu-
minum oxide (LiAlO2). An MCFC operates at 600 to 700°C where the alkali
carbonates form a highly conductive molten salt with carbonate ions –(CO3)
providing ionic conduction through the electrolyte matrix. Relatively inex-
pensive nickel (Ni) and nickel oxide (NiO) are adequate to promote reaction
on the anode and cathode, respectively, at the high operating temperatures of
an MCFC (Baker, 1997).



MCFCs offer higher fuel-to-electricity efficiencies than lower temperature
fuel cells, approaching 60%, and greater fuel flexibility. The higher operating
temperatures of MCFCs make them candidates for combined-cycle applica-
tions in which the exhaust heat is used to generate additional electricity.
When the waste heat is used for cogeneration, total thermal efficiencies can
approach 85%.

The two leading U.S. MCFC developers are Fuel Cell Energy (Connecticut)
and M-C Power Corporation (Illinois). In addition to the U.S. developers,
MCFC technology is being developed in both Europe and Japan. Demonstra-
tion plants of up to 2 MW have been designed, constructed, and tested.

6.2.3 Phosphoric Acid

Phosphoric acid fuel cells (PAFCs) are the most mature fuel cell technology.
PAFCs use a concentrated 100% phosphoric acid (H3PO4) electrolyte retained
on a silicon carbide matrix and operate at temperatures between 150 and
220°C. Concentrated H3PO4 is a relatively stable acid that allows operation at
these temperatures. At lower temperatures, problems with CO poisoning of
the anode electrocatalyst (usually platinum) and poor ionic conduction in the
electrolyte become problems (Hirschenhofer et al., 1998). The electrodes typ-
ically consist of TeflonTM-bonded platinum and carbon (PTFE-bonded Pt/C).

PAFC fuel cells produced by the ONSI Corporation are the world’s first
commercially available fuel cell product (King and Ishikawa, 1996). Turnkey
200 kW plants are now available and have been installed at more than 180
sites in the United States, Europe, and Japan. Operating at 200°C, the PAFC
plant also produces heat for domestic hot water and space heating with an
electrical efficiency of 36 to 40%.

6.2.4 Proton Exchange Membrane

The proton exchange membrane fuel cell (PEMFC) is also known as the solid
polymer or polymer electrolyte fuel cell. A PEMFC contains an electrolyte
that is a layer of solid polymer (usually a sulfonic acid polymer whose com-
mercial name is NafionTM) that allows protons to be transmitted from one
face to the other (Gottesfeld and Zawadinski, 1998). PEMFCs require hydro-
gen and oxygen as inputs, though the oxidant may also be ambient air, and
these gases must be humidified. PEMFCs operate at a temperature much
lower than other fuel cells because of the limitations imposed by the thermal
properties of the membrane itself (Appleby and Yeager, 1986). The operating
temperatures are around 90°C. The PEMFC can be contaminated by carbon
monoxide, reducing the performance and damaging catalytic materials
within the cell. A PEMFC requires cooling and management of the exhaust
water in order to function properly (Gottesfeld and Zawadinski, 1998).

The development of PEMFC technology is primarily sponsored by the
transportation sector, which includes most automobile manufacturers, and



several companies specializing in the advancement and manufacture of
PEMFC technology (e.g., Ballard, Allied Signal, Siemens, IFC, H-Power, Plug
Power, Avista Labs, Energy Partners, etc.).

6.2.5 Solid Oxide

Solid oxide fuel cells (SOFCs) are currently being demonstrated in various
sizes from 1 kW up to 250 kW plants. SOFCs utilize a non-porous metal oxide
(usually yttria-stabilized zirconia, Y2O3-stabilized ZrO2) electrolyte material.
SOFCs operate between 650 and 1000°C, where ionic conduction is accom-
plished by oxygen ions (O–). Typically, the anode of an SOFC is cobalt or
nickel zirconia (Co-ZrO2 or Ni-ZrO2), and the cathode is strontium-doped
lanthanum manganite (Sr-doped LaMnO3) (Singhal, 1997; Minh, 1993).

SOFCs offer the stability and reliability of all-solid-state ceramic construc-
tion. High-temperature operation, up to 1000°C, allows more flexibility in the
choice of fuels and can produce very good performance in combined-cycle
applications. SOFCs approach 60% electrical efficiency in the simple-cycle
system and 85% total thermal efficiency in cogeneration applications
(Singhal, 1997).

The flat plate and the monolithic designs are at a much earlier stage of
development typified by subscale, single-cell, and short-stack development
(kW scale). Companies pursuing these concepts in the U.S. are Allied-Signal
Aerospace Company, Ceramatec, Inc., Technology Management, Inc., and
Ztek, Inc. At least seven companies in Japan, eight in Europe, and one in Aus-
tralia are developing SOFCs. Tubular SOFC designs are closer to commercial-
ization and are being produced by Siemens Westinghouse Power
Corporation (SWPC) and a few Japanese companies.

6.3 Comparison of Fuel Cell Types

Table 6.1 presents a summary comparison of the four primary fuel cell types
under serious consideration for distributed power generation (e.g., MCFC,
PAFC, PEMFC, and SOFC). Notice that the higher-temperature fuel cells do
not require an external reformer. The PAFC and PEMFC units tend to use pre-
cious metal catalysts, while catalysts of the MCFC and SOFC units are typi-
cally nickel based. These differences lead to many variations in design and
function which will be described in more detail in the next section.

6.3.1 Fuel Cell Design

A fuel cell power system embodies more than just the fuel cell stack, and the
design of a fuel cell system involves more than the optimization of the fuel



cell section with respect to efficiency or economics. It involves the minimiza-
tion of the cost of electricity (or cogenerated product) within the constraints
of the desired application. For most applications, this requires that the funda-
mental processes be integrated into an efficient plant with low capital costs.
Often, these objectives are conflicting, so compromises or design decisions
must be made. In addition, project-specific objectives such as desired fuel,
emission levels, potential uses of rejected heat (electricity, steam, or heat),
desired output levels, volume, or weight criteria, all influence the design of
the fuel cell power system.

6.3.2 Fundamental Limitations

The ideal performance of a fuel cell depends upon the electrochemical reac-
tions that occur within the fuel cell. Table 6.2 presents a summary of the elec-
trochemical reactions that occur within the various fuel cell types. The lower-
temperature fuel cells (AFC, PAFC, and PEMFC) all require noble metal (e.g.,
platinum) electro-catalysts to achieve practical reaction rates at the anode
and cathode, and they typically require hydrogen fuel. The higher-tempera-
ture fuel cells (MCFC and SOFC) typically use nickel-based materials to
accomplish the electrochemistry described in Table 6.2. In addition, as indi-
cated in Table 6.2, higher-temperature fuel cells can electrochemically react
with hydrogen as well as other fuels (e.g., CO and CH4). Note that carbon
monoxide poisons the noble metal catalysts of lower-temperature fuel cells,

TABLE 6.1

Comparison of Key Features of the Four Fuel Cell Types Under Serious Consideration 
for Distributed Power Generation (Hirschenhofer et al., 1998, with permission)

MCFC PAFC PEMFC SOFC

Electrolyte Immobilized 
liquid molten 
carbonate

Immobilized 
liquid 
phosphoric 
acid

Ion exchange 
membrane

Ceramic

Operating 
temperature

650°C 205°C 80°C 800–1000°C now, 
600–1000°C in 
10–15 years

Charge carrier CO3
– H+ H+ O–

External reformer 
for CH4 (below)

No Yes Yes No

Prime cell 
components

Stainless steel Graphite-based Carbon-based Ceramic

Catalyst Nickel Platinum Platinum Perovskites
Product water 
management

Gaseous 
product

Evaporative Evaporative Gaseous product

Product heat 
management

Internal 
reforming + 
process gas

Process gas + 
independent 
cooling 
medium

Process gas + 
independent 
cooling 
medium

Internal 
reforming + 
process gas



but serves as a source of fuel (H2) for the higher-temperature fuel cells. Also
note that the reactions of CO and CH4 in Table 6.2 are presented as anodic
electrochemical reactions. In reality, these reactions may not occur on the
anode surface but, rather, through water–gas shift, and steam reformation
chemical reactions likely produce hydrogen in the gas phase (Hirschenhofer
et al., 1998).

The ideal performance of a fuel cell is determined by the potential volt-
age level that it can theoretically produce. This potential voltage is called
the Nernst potential and is defined by the Nernst equation. For the general
reaction

aA + bB → cC + dD

the Nernst equation can be expressed as

where Eo is the reversible standard potential for a cell reaction, E is the ideal
equilibrium potential, T is temperature, T is Faraday’s constant, and P is
pressure. Therefore, for each of the fuel cell types, there is a theoretical volt-
age level that can be achieved which is determined by the Nernst equation
for each of the electrochemical reactions that occur within the cell. Note that
according to the Nernst equation, the ideal cell voltage can be increased by
operation at higher pressures for a given temperature.

Table 6.3 presents fuel cell electrochemical reactions and their correspond-
ing Nernst equations. The reaction of hydrogen and oxygen produces water,
but when a carbon-containing fuel is used at the anode, carbon dioxide is also

TABLE 6.2 

Fuel Cell Anode and Cathode Reactions

Fuel Cell Type Anode Reactions Cathode Reactions

Alkaline (AFC) H2 + 2(OH)– → 2 H2O + 2e– 1/2O2 + H2O + 2e– → 2(OH)–

Molten Carbonate 
(MCFC)

H2 + CO3
2– → H2O + CO2 + 2e–

CO + CO3
2–  → 2CO2 + 2e– 1/2O2 + CO2 + 2e– → CO3

2–

Phosphoric Acid 
(PAFC)

H2 → 2H+ + 2e– 1/2O2 + 2H+ + 2e– → H2O

Proton Exchange 
Membrane (PEMFC)

H2 → 2H+ + 2e– 1/2O2 + 2H+ + 2e– → H2O

Solid Oxide (SOFC) H2 + O2– → H2O + 2e–

CO + O2– → CO2 + 2e–

CH4 + 4O2– → 2H2O + CO2 + 8e– 1/2O2 + 2e– → O2–

E Eo
RT
2T
--------⎝ ⎠

⎛ ⎞ PA
a PB

b

PC
c PD

d
-----------------

⎝ ⎠
⎜ ⎟
⎛ ⎞

ln+=



produced. For MCFCs, CO2 is required at the cathode to maintain a constant
carbonate concentration in the electrolyte. Because CO2 is produced at the
anode and consumed at the cathode in MCFCs, the partial pressure of CO2 is
included in both the anode and cathode Nernst equations of Table 6.3.

The ideal standard potential of a hydrogen oxygen fuel cell is 1.229 volts.
Figure 6.4 presents the ideal potential for each of the cell reactions versus
temperature. Note that the ideal potential for some of the primary fuel cell
reactions increases with decreasing temperature. This is very different from
all of the typical generation technologies based upon heat engine designs,
which exhibit decreased performance with reductions in temperature.

6.3.3 Practical Limitations

The reversible standard potentials presented in the previous section deter-
mine the fundamental limitations on the performance of fuel cell technolo-
gies. These fundamental limitations would suggest that voltage levels greater

TABLE 6.3 

Fuel Cell Reactions and Corresponding Nernst Equations

Fuel Cell Reaction Nernst Equation

H2 + 1/2O2 → H2O E = Eo + (RT/2F) ln [PH2
/PH2O] + (RT/2F) ln [PO2

1/2]
H2 + 1/2O2 + CO2(c) → H2O + 
CO2(a)

E = Eo + (RT/2F) ln [PHH2
/PH2O(PCO2)a] + (RT/2F)

ln [PO2
1/2(PCO2)]c

CO + 1/2O2 → CO2 E = Eo + (RT/2F) ln [PCO/PCO2] + (RT/2F) ln [PO2
1/2]

CH4 + 2O2 → 2H2O + CO2 E = Eo + (RT/8F) ln [PCH4/P2
H2OPCO2] + (RT/8F) ln [PO2

1/2]

FIGURE 6.4
Reversible ideal potential for FC electrochemical reactions versus temperature.



than one volt could be achieved with fuel cells. This would correspond to
very high efficiencies for the conversion of fuel chemical energy to electricity.
However, there are practical limitations to the performance of fuel cells that
are due to several physical processes (e.g., transport and chemical reaction)
which do not occur without losses.

The physical processes associated with these losses include: (1) transport of
reactants to the gas/electrolyte interface, (2) dissolution of reactant in electro-
lyte, (3) transport of reactant through electrolyte to the electrode surface,
(4) pre-electrochemical homogeneous or heterogeneous chemical reaction,
(5) adsorption of electro-active species onto the electrode, (6) surface migra-
tion of adsorbed species, (7) electrochemical reaction involving electrically
charged species, (8) post-electrochemical surface migration, (9) desorption of
products, (10) post-electrochemical reaction, (11) transport of products away
from the electrode surface, (12) evolution of products from electrolyte, and
(13) transport of gaseous products from electrolyte/gas.

The losses associated with these chemical and physical processes are gen-
erally manifested in three major fuel cell losses. In electrochemical terms,
losses are often referred to as overpotentials (i.e., the potential over that
observed to reach theoretical potential), polarizations, or overvoltages. The
three major losses are:

1. Activation overpotential (polarization)
2. Ohmic overpotential (polarization)
3. Concentration overpotential (polarization)

These losses are irreversible and result in a practical cell voltage that is less
than the ideal voltage. Activation polarization is generally a result of losses
associated with slow chemical reactions (e.g., overcoming the activation
energy of chemical reactions). Ohmic polarization is loss due to the flow of
electricity through the fuel cell which resists the flow of electricity, and con-
centration polarization is caused by transport phenomena which lead to
lower concentrations of reactants at the electrochemical surface than in the
bulk flow (Appleby and Foulkes, 1989).

Figure 6.5 presents a comparison of the ideal and actual voltage versus cur-
rent characteristics of a typical fuel cell. Note that activation polarization is
dominant at lower current densities where electronic barriers must be over-
come before significant current can flow and reactant species can be con-
sumed. Ohmic polarization varies directly with current and increases over
the whole range of current densities. Gas transport losses occur throughout
the current density range but are most prominent in leading to concentration
polarization when current densities are large and reactants are rapidly con-
sumed at the electrode surfaces. A thermodynamic analysis of these losses
can be performed to yield the dependence of the major losses on cell operat-
ing parameters, which is presented in the following sections.



6.3.3.1 Activation Polarization

Thermodynamic analyses indicate that activation polarization occurs when
the rate of an electrochemical reaction on an electrode surface is controlled by
slow electrode kinetics. The rate of electrochemical reactions, similar to
chemical reactions, involves overcoming an activation barrier before chemi-
cal reaction can occur. In the case of electrochemical reactions, this activation
energy ranges from 50 to 100 mV and is governed by the Tafel equation
(Atkins, 1986) as follows:

where α is the electron transfer coefficient, n is the number of electrons par-
ticipating in the reaction, R is the universal gas constant, T is the temperature,
T is Faraday’s constant, i is the current, and io is the exchange current density.
The exchange current density is a measure of the maximum current that can
be drawn with negligible polarization (i.e., ηact = 0).

6.3.3.2 Ohmic Polarization

Ohmic polarization is caused by resistance to the flow of ions in the electro-
lyte and resistance to the flow of electrons through the electrodes. The domi-
nant losses are those associated with flow of ions through the electrolyte.
These losses can be reduced by decreasing the distance between the elec-
trodes (shortening the ionic flow distance) and/or enhancing the ionic con-
ductivity of the electrolyte material. Typically, the losses due to electrolyte
and electrode resistance are lumped together. Ohm’s law governs these
losses as follows:

FIGURE 6.5
Ideal and actual fuel cell current and voltage characteristics.
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6.3.3.3 Concentration Polarization

 

Concentration polarization is caused by the formation of a reactant concen-
tration gradient at the electrode surface. This concentration gradient is
formed due to the rapid consumption of reactants at the electrode surface
when the bulk fluid does not have sufficient time to replenish the reactants to
their original concentration. This loss of potential can be caused by a number
of physical mechanisms including (1) diffusion in the gas phase within the
electrode pores, (2) solution of reactants into the electrolyte, (3) dissolution of
the products out of the electrolyte, and (4) diffusion of reactants and products
between electrolyte and electrochemical reaction sites. The overall effect of
concentration overpotential is determined as follows:

where 
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 is the limiting current, a measure of the maximum rate at which a
reactant can be supplied to an electrode.

 

6.4 Efficiency

 

The efficiency of a fuel cell is closely related to the voltage level that can be
practically produced. The total cell voltage includes contributions from the
anode and cathode as well as the ohmic polarization. Each of the electrodes
can be affected by activation and concentration overpotentials as follows:
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Thus, overall cell performance is reduced by five primary overpotentials as
presented in the equations above. Typically, cathodic losses far exceed losses
at the anode, primarily due to the stability of the oxygen molecule compared
to the primary reactants participating in anodic electrochemistry (e.g., hydro-
gen). In addition, activation overpotentials are typically greater than ohmic
losses, which are greater than concentration overpotentials for typical fuel
cells at typical operating conditions. In general, the losses lead to practical
cell voltages in the range of 0.6 to 1.0 volts.

Figure 6.4 presents the voltage levels achieved by each of the fuel cell types
versus temperature as well as the reversible cell potential. Note that some of
the highest voltage levels are achieved for the higher temperature fuel cell
types even though the reversible potential decreases with increasing temper-
ature. This is primarily due to reductions in activation overpotentials at
higher temperatures.

The voltage levels presented in Figure 6.4 roughly correlate with system
efficiency such that practical fuel cell efficiencies are greatest for alkaline fuel
cells, followed by the high-temperature molten carbonate and solid oxide
fuel cells. The lower-temperature proton exchange membrane fuel cells can
achieve practical efficiencies that exceed those observed for phosphoric acid
fuel cells but are less than either alkaline or higher-temperature fuel cell sys-
tems. When operated on natural gas, system fuel-to-electricity conversion
efficiencies have been observed as presented in Table 6.4.

 

6.5 Operating Parameters

 

Fuel cell performance is affected by operating parameters such as tempera-
ture, pressure, reactant gas concentrations, reactant utilizations, and current
density. These parameters determine the ideal cell potential as well as the
magnitude of the losses described above. There is a wide variety of operating
points that can be selected for a specific design, and the modification of oper-

 

TABLE 6.4 

 

Typical Efficiency Ranges for Fuel Cell Systems Operating on Natural Gas

 

Fuel Cell Type
Range of Fuel-to-Electricity Efficiency 
(Natural Gas Operation, LHV Basis)

 

Molten Carbonate (MCFC) 50–60%
Phosphoric Acid (PAFC) 38–45%
Proton Exchange Membrane (PEMFC) 33–45%
Solid Oxide (SOFC) 40–55%

 



 

ating parameters can have beneficial effects on system performance in one
case and detrimental effects in the other.

To illustrate just one of the design considerations, Figure 6.7 presents the
typical relationship between voltage and power levels for a fuel cell. One
would typically desire to operate a fuel cell at its maximum current density to
reduce the required size and potentially reduce the cost of the fuel cell. How-
ever, as Figure 6.5 indicates, this leads to operation at lower voltage levels
which lowers the available voltages and cell efficiency as indicated above.
Typically, fuel cells are designed to operate at a point that yields a good com-
promise of low operating cost (higher cell efficiency at higher voltages and
lower power densities) and low capital cost (less cell area due to higher power
densities and lower voltages). This is further complicated by the fuel cell sys-
tem requirements, which may dictate overall volume limitations or require
certain levels of heat generation within the stack to provide the fuel reformer
with sufficient heat to overcome the endothermic reforming reactions.

In the following paragraphs, further considerations are made for the
effects of operating conditions such as temperature and pressure on fuel cell
performance.

 6.5.1 Temperature  

The operating temperature of a fuel cell affects the change in entropy associ-
ated with the electrochemical reactions that occur within that cell. As operat-
ing temperature increases, the entropy change increases, leading to a
reduction in the reversible potential of the fuel cell (see Figure 6.4). Therefore,
with all other parameters unchanged, increases in operating temperature

 

reduce

 

 fuel cell performance and efficiency. However, as shown in Figure 6.4,
practical cell voltages tend to increase with increasing temperature due to
reductions in some of the overpotentials. The increased performance of fuel
cells with increasing operating temperature may be offset by practical limita-
tions on materials, increased corrosion, electrode and catalyst degradation,
and electrolyte loss.

 

6.5.2 Pressure

 

The direct effect of the operating pressure of a fuel cell is to change the con-
centration of reactants at the electrode surfaces. Thus, according to the Nernst
equation, as operating pressure increases, partial pressures of reactants
increase and the reversible cell potential increases. In addition, as operating
pressure increases, gas solubility and mass transfer rates increase, reducing
some overpotential associated with these processes. Electrolyte loss by
vaporization is typically reduced and overall system efficiencies are
increased with increasing operating pressure. However, parasitic losses, in

 



 

particular those associated with the compression of the air (and fuel) stream,
increase with increasing operating pressure. In addition, increased materials
requirements (larger pipes, containment vessels) and increased controls
hardware must be taken into consideration in the system design to ensure
increased performance with increased operating pressure.

 

6.5.3 Gas Concentration

 

Reactant gas composition has a strong effect on the performance of fuel cells.
The Nernst equation, presented earlier, indicates a logarithmic dependence
of electric potential on the partial pressures of the reactants. These reactant
partial pressures are directly proportional to reactant gas concentration (and
pressure) through the ideal gas law. Therefore, cell voltages and cell effi-
ciency increase with increasing reactant gas concentrations.

 

6.5.4 Utilization

 

Reactant gas utilization also strongly influences the performance of fuel cells.
Unlike combustion systems, fuel cells are not typically designed to utilize
100% of the reactants but, rather, a certain fraction of the reactants to allow
the presence of reactants along the entire reactive surface area. Without this
consideration, reactants would be consumed at the end of the flow channels
through the cell, with the final portion of the cell unable to produce a voltage
and reducing the overall performance.

The overall voltage of any fuel cell is determined by the portion of the cell
with the lowest reactant gas concentration, which changes within each
stream as the reactants are utilized. A fuel cell adjusts to the minimum local
Nernst potential because the electrodes are typically good electronic conduc-
tors leading to isopotential surfaces. Therefore, less than 100% utilization is
desired, with some type of reactor (usually catalytic) used to consume the
remainder of the fuel to recover thermal energy for use within the system.
This understanding notwithstanding, cell efficiency is directly increased with
increases in utilization.

 

6.5.5 Current Density

 

Finally, the operating current density of a fuel cell has an impact on cell per-
formance. As indicated in previous sections, the polarizations (activation,
concentration, and ohmic) are all affected by the operating current levels.
Typically, activation losses are high when operating at low current levels, and
concentration losses are high at very high current densities. Ohmic losses are
directly proportional to operating current levels throughout the range of cur-
rent densities.

 



 

6.6 Fuels and Fuel Processing

 

6.6.1 Primary Fuels

 

The primary fuels used in fuel cell systems today include natural gas, hydro-
gen, and methanol. The most common fuel used in fuel cell systems devel-
oped for distributed generation is natural gas. Natural gas is widely available
in many countries at reasonable prices and is, therefore, the primary fuel of
choice. Typically, a natural gas fuel processor is integrated into the system
design for a fuel cell power plant. This integration requires the supply of heat
to the fuel processor to overcome the endothermicity associated with refor-
mation chemistry. This heat can be supplied by the fuel cell (e.g., exhaust flow
into the fuel processor) or by a combustor (auxiliary or anode gas reactor).
The most common strategy uses steam reformation over a catalyst, but many
other reformation technologies are available, including partial oxidation and
autothermal reformation. When steam reformation is used, steam must be
supplied to the fuel processor; the steam can be provided through the fuel cell
exhaust stream or a separate steam generator. Other fuels that can be used in
fuel cell systems today include hydrogen, which can be used directly in all
fuel cell types, and methanol, which can be used directly only in a direct
methanol fuel cell but can easily be reformed for use in other fuel cell systems.

 

6.6.2 Secondary Fuels

 

Several other fuels have been demonstrated as viable candidates for use in
fuel cells. These are listed in this chapter as secondary fuels, since they are not
considered primary candidates for widespread application in fuel cells for
distributed power generation. However, each of the following fuels has been
demonstrated, to some extent, as a feasible fuel to utilize in fuel cells:

• Landfill gas
• Digester gas
• Gasoline
• Diesel
• JP-8 (military fuels)
• Dimethyl ether
• Ethanol
• New petroleum distillates
• Coal gasification products
• Naphtha

 



 

Depending upon the fuel selection above, many considerations must be
made. Some fuels are more difficult to reform than others. Some require
extensive processing before they can be used. Other fuels are only available
in limited markets and can be considered opportunity fuels. In all cases,
contaminants such as sulfur must be removed from the gases that enter the
fuel cell.

 

6.6.3 Fuel Cell Stack Fuels

 

The primary fuels that can be directly utilized within fuel cell stacks to date
are hydrogen, carbon monoxide, methanol, and dilute light hydrocarbons
like methane, depending upon the fuel cell type. Table 6.5 presents various
fuel cell types and the primary fuels that they are amenable to using. Note
that the presence of sulfur is not tolerated by fuel cells in general and that the
SOFC is the most inherently fuel-flexible of the fuel cell types. MCFC units
are also quite fuel-flexible.

All fuel cells prefer hydrogen as the primary fuel. Methanol can be used
directly in a certain type of PEMFC called a direct methanol fuel cell. Carbon
monoxide is a poison for lower temperature fuel cells but is used as a fuel in
the high temperature fuel cells (e.g., SOFC and MCFC). CO may not actually
react electrochemically within these cells. It is commonly understood that CO
is consumed in the gas phase through the water–gas shift reaction as follows:

CO + H
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 CO
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The hydrogen formed in this reaction is subsequently consumed electro-
chemically. Methane can be oxidized directly using a solid oxide fuel cell;
however, high concentrations of CH

 

4

 

 lead to severe coking problems. There-
fore, only fuels containing dilute concentrations of CH4 can be oxidized
directly in current SOFCs. In addition, the oxidation of CH4, like that of CO,

 

TABLE 6.5 

 

Effects of Various Gaseous Reactants on Various Fuel Cell Types (Hirschenhofer 

 et al., 1998, with permission)
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may not actually occur at active electrochemical sites within an SOFC. Rather,
CH4 is probably reformed within the cell through steam reformation chem-
istry as follows:

6.6.4 Fuel Processing

Fuel processing depends on both the raw fuel and the fuel cell technology.
The fuel cell technology determines what constituents are desirable and
acceptable in the processed fuel. For example, fuel sent to a PAFC needs to be
H2-rich and have less than 5% CO, while both the MCFC and SOFC fuel cells
are capable of utilizing CO. PEMFCs require a pure hydrogen stream with
less than 10 ppm CO. In addition, SOFCs and internal reforming MCFCs are
also capable of utilizing methane (CH4) within the cell, whereas PAFCs are
not. Contamination limits are also fuel cell technology specific and therefore
help to determine the specific cleanup processes required.

Since the components and design of a fuel processing subsection depend
on the raw fuel type, the following discussion is organized by the raw fuel
being processed.

6.6.4.1 Hydrogen Processing

When hydrogen is supplied directly to the fuel cell, the fuel processing sec-
tion becomes a simple fuel delivery system.

6.6.4.2 Natural Gas Processing

Natural gas is usually converted to H2 and CO in a steam reforming reactor.
Steam reforming reactors yield the highest percentage of hydrogen. In addi-
tion to natural gas, steam reformers can be used on light hydrocarbons such
as butane and propane. In fact, with a special catalyst, steam reformers can
also reform naphtha. Steam reforming reactions are highly endothermic and
need a significant heat source. Often, the residual fuel exiting the fuel cell is
burned to supply this requirement. Fuels are typically reformed at tempera-
tures of 760 to 980°C. Partial oxidation reformers can also be used for convert-
ing gaseous fuels, but do not produce as much hydrogen as steam reformers.

Natural gas has sulfur containing odorants (mercaptans, disulfides, or
commercial odorants) for leak detection. Since neither fuel cells nor reformer
catalysts are sulfur tolerant, the sulfur must be removed. This is usually
accomplished with a fixed or packed bed of zinc oxide or the possible use of
a hydrodesulfurizer if required.

CH4 2H2O        catalyst      CO2 + 4H2+



6.6.4.3 Liquid Fuel Processing

Liquid fuels such as distillate, naphtha, diesel, and heavy fuel oil can be
reformed in partial oxidation, autothermal, and preferential oxidation
reformers. All commercial partial oxidation reactors employ non-catalytic
partial oxidation of the feed stream by oxygen in the presence of steam with
flame temperatures of approximately 1300 to 1500°C.

Partial oxidation, autothermal reformation, and preferential oxidation fuel
processing techniques use some of the energy contained in the fuel to convert
these hydrocarbons to H2 and CO. For example, the overall partial oxidation
reaction for pentane is exothermic and is largely independent of pressure.
The process is usually performed at elevated pressure in order to yield
smaller equipment.

6.6.4.4 Coal Processing

Numerous coal gasification systems are available today. The most common
systems are moving-bed or fixed-bed reactors, fluidized-bed reactors, and
entrained-bed reactors, all of which use steam and air or oxygen to partially
oxidize coal into a gaseous product. Heat required for gasification is essen-
tially supplied by the partial oxidation of the coal. Overall, the gasification
reactions are exothermic, so waste heat boilers are often utilized at the gas-
ifier effluent. The temperature, and therefore composition, of the product gas
is dependent upon the amount of oxidant and steam and the design of the
reactor that each gasification process utilizes.

6.6.4.5 Gas Cleanup

Gasifiers typically produce contaminants, which need to be removed before
entering the fuel cell anode. These contaminants include H2S, COS, NH3,
HCN, particulates, tars, oils, and phenols. The contaminant levels are depen-
dent on both the fuel composition and the gasifier employed. Gas cleanup
equipment that efficiently and reliably removes the contaminant species for
coal gasification products to the specifications required by fuel cells is yet to
be demonstrated.

6.6.4.6 Other Solid Fuel Processing

Solid fuels other than coal can also be utilized in fuel cell systems. For exam-
ple, biomass and refuse-derived fuels (RDF) can be integrated into a fuel cell
system as long as the gas product is processed to meet the requirements of
the fuel cell. The resulting systems would be very similar to the coal gas sys-
tem with appropriate gasifying and cleanup systems.



6.7 Cogeneration

Although fuel cells are not heat engines, significant quantities of heat are still
produced in a fuel cell power system which may be used to produce steam
or hot water, or may be converted to electricity via a gas turbine, steam bot-
toming cycle, or some combination thereof.

6.7.1 Low- and High-Grade Heat

When small quantities of heat and/or low temperatures typify a fuel cell
exhaust, the heat is either rejected or used to produce hot water or low-pres-
sure steam. For example, in a PAFC cycle where the fuel cell operates at
approximately 205°C, the highest pressure steam that can be produced is
something less than 200 psia. At the other end of the spectrum is the SOFC,
which operates at 1000°C and often has a cell exhaust temperature of approx-
imately 815°C after air preheating. Gas temperatures of this level are capable
of producing steam temperatures in excess of 540°C, which makes the SOFC
more than suited for a steam-bottoming cycle.

Whenever significant quantities of high temperature waste heat are avail-
able, high-pressure steam can be generated or a combined-cycle or hybrid
heat engine fuel cell approach can be considered. This can be accomplished
in many different configurations and can include a large number of technol-
ogies (e.g., steam turbine, gas turbine, and Stirling engine) in combination
with a fuel cell. In those cycles, heat engines utilize the high grade heat to pro-
duce electricity for dramatic increases in overall fuel-to-electricity efficiency.

A bottoming cycle simply adds a heat engine to the fuel cell exhaust for uti-
lizing the heat produced in the fuel cell to produce electricity. This is typically
a consideration when the exhaust of the fuel cell is available at low pressure.
When a fuel cell operates under pressurized conditions, the high-tempera-
ture, high-pressure exhaust could potentially power a gas turbine whose
exhaust could be utilized subsequently in a heat recovery steam generator
and/or steam turbine.

Many of the cycles described above, which utilize the heat available in a
fuel cell system, are called hybrid cycles. These cycles are described in more
detail in the following section.

6.7.2 Hybrid Fuel Cell — Heat Engine

Hybrid fuel cell systems have been designed to obtain the highest possible
fuel-to-electricity efficiency by using the heat produced by the electrochem-
ical oxidation of fuels within a fuel cell to produce electricity. A hybrid
system recovers the thermal energy in the fuel cell exhaust and converts it
into additional electrical energy through a heat engine. Several heat engines



have been considered for this type of system including gas turbines, steam
turbines, and reciprocating engines. The only conversion device which has
been tested in this role to date is a microgas turbine (or micro-turbine gener-
ator, MTG).

A microgas turbine fulfills this role with some particular synergistic benefits:

• MTGs require relatively low turbine inlet temperature which can
be supplied by the exhaust of a high temperature fuel cell.

• MTGs operate at relatively low pressure ratios amenable to hybrid
fuel cell applications.

• The fuel cell can be operated under pressurized conditions,
improving its output and efficiency.

• Sufficient thermal energy is contained in the fuel cell exhaust to
power the compressor (for fuel cell pressurization) and an electric
generator (to produce additional electricity).

• The power density of the system can be increased.
• Overall system cost is lower on a $/kW basis.

The hybrid fuel cell–gas turbine concept integrates a high-temperature
MCFC or SOFC with a gas turbine, air compressor, combustor, heat exchang-
ers, and several balance-of-plant items to produce a hybrid system. Synergis-
tic effects of the combined fuel cell–gas turbine lead to electrical conversion
efficiencies of 72 to 74% lower heating value (LHV) for systems under 10 MW.
Larger hybrid systems are being considered which may be able to achieve
fuel-to-electricity efficiencies greater than 75%.

Figure 6.6 presents a schematic system diagram for a generic hybrid fuel
cell–gas turbine system to illustrate the concept of hybrid fuel cell systems.
Compressed air and fuel pass through a gas-to-gas heat exchanger (recuper-
ator) which is typically used to recover heat from the combustion product
gases leaving the gas turbine. The heated fuel and air streams pass into the
anode and cathode fuel cell compartments of the fuel cell, respectively, where
the electrochemical reactions take place. Fuel cell exhaust gases that already
contain thermal energy from the electrochemical reactions are subsequently
mixed and burned, raising the turbine inlet temperature. The thermal energy
contained in this stream replaces that typically delivered by the conventional
combustion section of the gas turbine engine. Expansion of the fuel cell
exhaust gases through the gas turbine provides an inexpensive means for
recovery of the fuel cell waste heat.

High-pressure hybrid systems or topping arrangements are the most likely
of the hybrids to be commercialized in the near future. The simplest of these
systems is a topping-cycle SOFC integrated with a recuperated gas turbine,
as shown in Figure 6.6. This particular arrangement operates with an SOFC
system that can capture and recirculate steam-laden anode exhaust gases to
an internally integrated fuel reformer in order to produce hydrogen and



carbon monoxide, as shown in Figure 6.6. The potential benefits are obvious.
High electrical conversion efficiencies are possible. The combination of fuel
cells and heat engines provides a cost-effective new system with greater flex-
ibility to meet the needs of the distributed power generation market.

Hybrid cycles are myriad. Typical fuel cell gas turbine configurations
include topping cycles (where the fuel cell replaces a combustor and genera-
tor, and the gas turbine is the balance-of-plant) and bottoming cycles (where
the fuel cell uses the gas turbine exhaust as an air supply and the gas turbine
is balance-of-plant). In general, topping cycles lead to the highest efficiency
systems with high oxygen concentration at the cathode, fewer cells required
in the fuel cell stack as compared to low pressure systems, and higher power
density. Bottoming cycles perform well depending on fuel cell type and are
simple to integrate, easy to start, and simple to control. To achieve high
efficiencies, most of the electricity of a hybrid system is produced in the fuel
cell (typically between 70 and 80%).

6.8 Interconnection and Control

6.8.1 Power Conditioning

Power conditioning for a fuel cell power plant includes power consolidation,
current control, direct current (DC) to alternating current (AC) inversion

FIGURE 6.6
Generic hybrid solid oxide fuel cell gas turbine cycle schematic.



(unless the application is DC), and stepping the voltage up through a trans-
former. In addition, power quality aspects such as maintaining consistent
voltage and frequency with low harmonic distortion, as well as the transient
response of the power conditioning equipment, should be considered. When
connected to the utility grid, additional considerations may include intercon-
nection equipment and switch-gear, synchronization, real power ramp rate,
and reactive power (VAR) support capabilities.

An important aspect of power conditioning equipment is the efficiency of
the power conversion and conditioning. These efficiencies vary widely with
system design but are typically on the order of 94 to 98% (Hirschenhofer
et al., 1998). Fuel cells can be used to supply DC to power systems such as
DC-driven motors, batteries, UPS systems, solenoids, controls, electronic
equipment, or other DC equipment. In fact, most of the consumer electron-
ics equipment (e.g., televisions, stereos, telephones, video cameras, etc.) and
all computers and computer-based equipment and controls use DC electric-
ity. In most cases, this DC voltage is provided by a connection to an AC sup-
ply followed by conversion of the AC voltage to DC voltage in an AC-to-DC
converting power supply. Even with the direct use of fuel cell DC current,
quality power conditioning equipment is required to maintain voltage lev-
els and accommodate fluctuations in desired current flow. This could be
accomplished at much lower cost and higher efficiencies. Fuel cells offer the
opportunity of direct use of DC electricity and the elimination of many of
these power supplies and concomitant energy losses in the future. However,
since current technologies are already designed to accommodate the AC
electricity that is standard, most fuel cell systems are designed with invert-
ers to convert DC current to AC electricity. The power conditioning system
that is required includes the capability of delivering real power and reactive
power to the user. The power conditioning system also usually includes the
provision of power to the fuel cell system auxiliaries and controls.

FIGURE 6.7
Typical relationship between voltage and power for fuel cells.



Power conditioning equipment can be designed and constructed in many
different manners and can include the use of solid-state inverters, voltage
transformers, and controls. Typically, fuel cell operating parameters such as
fuel flow rate and demanded electrical output must be controlled by the
power conditioning equipment to maintain power quality. In addition, the
power conditioning equipment and wiring are typically designed to with-
stand utility grid or user disturbances in voltage and current including volt-
age spikes, voltage shorts, and overcurrent disturbances.

6.8.2 Utility Interconnection

A fuel cell can be designed and installed in a number of different modes. The
various modes of operation include parallel operation with the utility grid to
supply a user, direct connection to the utility grid, backup power to a nor-
mally grid-connected load, and connection to a dedicated load. The most
commonplace installations to date are those of the first type. In all of the
modes of operation listed above, except the last case, some interaction with
the utility grid is required. Interconnection with the utility grid has many
advantages including reliability improvement, increase in load factor, and
reductions in electricity demand. Connection with the utility grid, however,
requires that the power conditioning equipment provide:

• Synchronization with the grid,
• Voltage regulation to within ± 2%
• Frequency regulation to within ± 0.5%
• Reactive power supply adjustable between 0.8 lagging and 1.0

power factor without impact to power output
• System fault protection
• Suppression of ripple voltage feedback
• Suppression of harmonics to within IEEE 519 limits
• High efficiency
• High reliability
• Stable operation

Current inverter and power conditioning equipment is available to meet all
of the above requirements with some need for cost reduction, which could be
accomplished through volume manufacturing (Penner, 1995). However, a
few technical challenges still exist with regard to the inverter system’s capa-
bility to supply current transients associated with motor starts, the operation
of overcurrent devices to clear equipment or cable faults, or other inrush cur-
rents (Hirschenhofer et al., 1998).



Whether a fuel cell is connected to a dedicated load or to the utility grid,
the response of the fuel cell to system disturbances or load swings must be
considered. The fleet of ONSI PC-25TM 200 kW power plants, the only
commercial fuel cell fleet today, has demonstrated power conditioning
equipment responses that should be characteristic of most current systems.
These system responses are as follows (King and Ishikawa, 1996; Hirschen-
hofer et al., 1998):

1. No transient overload capacity beyond the power rating of the
fuel cell

2. Load ramp rate of 0 to 100% in one cycle when operated indepen-
dent of the grid

3. Load ramp rate of 10 kW/second when grid connected
4. Load ramp rate of 80 kW/second when operated independent of

the grid and following the initial ramp up to full power

6.9 Dispatchability

The dispatch and control of fuel cell systems (as well as other distributed gen-
eration technologies) in the future may be accomplished through a virtual
power exchange. The virtual power exchange could be comprised of a collec-
tion of computer programs running in real time to monitor and control (to
some degree) the output of many distributed systems so that they appear to
the independent system operator (ISO) and power exchange (PX) as a single
dispatchable entity. This may become necessary because the present capabil-
ities of the ISO and PX do not accommodate dispatch of many thousands of
small generators.

The virtual power exchange concept includes the capability to (1) predict
individual and aggregated building loads and coincident distributed gener-
ation asset availability; (2) make financial decisions in real time regarding
which distributed generation units should be operated and when; (3) com-
municate with individual distributed generation units over the Internet,
wireless fiber, and radio frequency links; and (4) diagnose individual distrib-
uted generation unit performance for reliability assessments in real time.

A key feature of aggregating many distributed generation devices is that
overall efficiency can be optimized by allowing the distributed generation
devices to run at optimal power levels for the particular unit. The integrated
software package that could accomplish these tasks does not exist today, but
each component has been used in other applications and could be integrated
into a stand-alone package.



6.9.1 Control Techniques

Control of a fuel cell system must include an evaluation of safety, economics,
and overall system (grid or local user) reliability and/or needs. The price of
electricity, the impact to operations, and the cost of fuel and maintenance
must all be taken into account. The goal of the control scheme is to determine
whether or not the fuel cell should be operating during a particular period.
Generally, a simple hour-ahead control method is sufficient if the start-up
transients of the generator are not too inefficient. Chapter 7 presents some of
the techniques that can be used to control on-site generation. Each of these
could be applied to a fuel cell system. The control strategies include:

• Threshold control — always run if load demand is greater than a
predetermined threshold

• Buy-back priority — used when power needs to be sold back to
the utility

• Simple buy-back — power is sold back to the utility at a predeter-
mined rate, measured by a separate meter

• Net metering — user pays utility for net power consumed
• Cooling/heating priority control — cogeneration
• Optimal control — minimizes cost over lifetime of fuel cell
• Complete optimization — optimizes fuel cell and complete system

operation

6.9.2 Current Status

The ONSI PC-25TM PAFC units available for commercial sale are currently
capable of being monitored and controlled remotely through a telephone line
connection. This product is completely Internet-ready and allows safe and
reliable operation without manned attention for several months at a time.
Regular inspection of the units is recommended and can be accomplished on
a periodic basis, with one service professional attending to the inspection of
several units at a time. The typical fleet performance with this scenario has
been remarkable, and, in most cases, the remote, unmanned control and
operation of the ONSI units has been readily accepted by the regulatory
groups responsible for siting and permitting of such installations. The ONSI
Corporation has made great strides in the development and implementation
of the technology throughout the world to set the stage for more widespread
use of unmanned, remote operation and control of distributed power gener-
ation. It is expected that the type of Internet-ready technology, controls, sit-
ing, and operation contained within the ONSI systems and installations to
date will be representative of all fuel cell systems that emerge in the market-
place of the future.



6.10 Fuel Cell Systems Costs

The cost of fuel cell systems has been dramatically reduced since their first
use in space applications. Estimates of the installed cost of fuel cell systems
applied to the Apollo and Gemini missions range in the millions of dollars
per kilowatt of capacity ($/kW). Since the first demonstration of fuel cells for
distributed power generation, the installed cost of fuel cell systems has been
dramatically reduced from the order of $1 million/kW to the current price of
about $4000/kW.

The high cost of fuel cell systems is due to several factors. The first is the
utilization of high-cost materials in the construction of fuel cell systems (e.g.,
noble metal catalyst materials). The amount of high-cost materials required
for effective operation has been dramatically reduced in recent years. This is
particularly true for proton exchange membrane fuel cell performance,
which has been increased with a reduction in platinum catalyst loading. The
second factor is complicated designs with increased instrumentation and
controls not optimized for ease of manufacturing, and the third is labor inten-
sive manufacturing processes. The fourth and most important factor for con-
tinued high cost of fuel cell systems to date is the lack of volume production,
which impacts not only fuel cell stack material cost, design, and manufacture,
but also the cost of all system and balance-of-plant items.

One of the best sources of information on fuel cell costs is available through
the U.S. Department of Defense (DoD) Fuel Cell Program, which has
installed more than 30 ONSI PC-25TM 200 kW fuel cells and is providing pub-
licly available feedback and information regarding their installation and per-
formance. This information is readily available at www.dodfuelcell.com (DoD
Fuel Cell Program Web site, 1999). This fleet of PAFC units is managed by the
Construction Engineering Research Laboratory (CERL) for the Defense Util-
ities Coordinating Council on behalf of all branches of the military. Informa-
tion provided at this site includes not only cost information, but also
information on reliability, availability, efficiency, installation requirements,
and more.

Data from the DoD Fuel Cell Program indicate that the complete installed
cost of commercially available fuel cells today is approximately $1.1 million
for an ONSI PC-25TM PAFC unit. At a rated output of 200 kW, this corre-
sponds to $5412/kW installed (DoD Fuel Cell Program Web site, 1999). All of
these installations qualified for the DoD Fuel Cell Buy Down Program, man-
aged by the Federal Energy Technology Center (FETC Web site, 1999), which
reduced the cost of the installed fuel cells to approximately $4400/kW. Note
that these prices reflect purchases over the last seven years.

All fuel cell manufacturers require some savings due to volume manufac-
turing to reach the target prices for distributed power generation systems
which are in the range of $800 to $1000/kW. At this price for installed cost,



the increased efficiency of fuel cell systems compared to other distributed
generation technologies can make them strictly cost competitive. With the
additional reductions in pollutant emissions that fuel cell systems can pro-
vide, fuels cells portend a tremendously competitive distributed generation
technology. Reaching the target price identified above with reliable fuel cell
systems is the primary challenge facing the fuel cell community.

6.11 Technology Development and Barriers

Fuel cells have been shown to provide electricity from both hydrogen and
fossil fuels at efficiencies greater than any other electric generating device.
Emissions from fuel cells have been shown to be near zero for most pollutants
of concern (e.g., NOx, SOx, CO, and hydrocarbons) depending upon the spe-
cific fuel cell technology and application. Fuel cells are scalable down to very
small sizes while maintaining extraordinary fuel efficiency and environmen-
tal sensitivity. So why are fuel cells not playing a major role in today’s market,
and why do some experts not expect them to become widely utilized until at
least ten years from now? There are several reasons, each of which is a critical
and current area of research, development, and demonstration for fuel cell
technologies.

6.11.1 Cost Reduction

The high capital cost for fuel cells is by far the largest factor contributing to
the small market penetration of fuel cell technology. The high capital cost (on
a $/kW basis) has led to an electric power sector wary of installing fuel cells
or using them in other systems (e.g., transportation applications). Reducing
the installed cost of fuel cell technology is perhaps the most important driver
of fuel cell research, development, and demonstration (RD&D) today. This
RD&D encompasses many aspects of the fuel cell industry and research
community. Specific areas in which cost reductions are being investigated
include (1) materials, (2) complexity of integrated systems, (3) temperature
constraints, (4) manufacturing processes, (5) power density (footprint reduc-
tion), and (6) benefit from economies of scale (volume) through increased
market penetration.

6.11.2 Fuel Flexibility

The ability of fuel cells to operate on widely available fossil fuels as well as
handle variations in fuel composition reliably and without detrimental impact
to the environment or the fuel cell is necessary. In addition, the capability of



operating fuel cells on renewable and waste fuels is essential to capturing
market opportunities for fuel cells.

The primary fuel used in a fuel cell is hydrogen, which can be obtained
from natural gas, coal gas, methanol, landfill gas, and other fuels containing
hydrocarbons. Increasing the fuel flexibility of fuel cells implies power gen-
eration that can be ensured even when a primary fuel source is unavailable.
This will increase the initial market opportunities for fuel cells and enhance
market penetration. Specific RD&D topics being addressed to increase the
fuel flexibility of fuel cells include (1) non-traditional fuel storage (H2),
(2) transportation fuel reforming, (3) renewable fuels processing (reform-
ing, gasifying, clean-up), (4) biogas operation, and (5) tolerance to gas sup-
ply variation.

6.11.3 System Integration

The development and demonstration of integrated fuel cell systems in grid-
connected and transportation applications, as well as the development and
demonstration of hybrid systems for achieving very high efficiencies, are
important to the success of fuel cell technology. In order to minimize the cost
of electricity, integrated fuel cell systems must be developed and demon-
strated. For most applications, this requires that the fundamental processes
be integrated into an efficient plant with capital costs kept as low as possible.
Specific systems and system integration RD&D occurring today include
(1) power inverters, (2) power conditioners, (3) hybrid system designs,
(4) hybrid system integration and testing, (5) operation and maintenance
issues, and (6) robust controls for integrated systems.

6.11.4 Endurance and Reliability

Fuel cells could be great sources of premium power if they could be demon-
strated to have superior reliability and power quality and could be shown to
provide power for long continuous periods of time. The power quality of fuel
cells alone could provide the most important marketing factor in some appli-
cations and, coupled with longevity and reliability, would greatly advance
fuel cell technology.

Although fuel cells have been shown to be able to provide electricity at
high efficiencies with exceptional environmental sensitivity, the long-term
performance and reliability of certain fuel cell systems have not been signifi-
cantly demonstrated to the market. Research, development, and demonstra-
tion of fuel cell systems that will enhance the endurance and reliability of fuel
cells are currently underway. The specific RD&D issues in this category
include (1) endurance and longevity, (2) thermal cycling capability, (3) dura-
bility in installed environment (seismic, transportation effects, etc.), and
(4) grid-connection performance.



6.12 Summary

Governmental regulations are a significant driver for the consideration of
environmentally sensitive technologies. The consideration of fuel cells has
benefited from governmental regulations because of the special characteris-
tics of fuel cells (highly efficient and low polluting). If governmental regula-
tions or credits provide additional incentives for the consideration of highly
efficient systems — through carbon dioxide reduction credits to address glo-
bal climate change — then fuel cells will benefit because of that high effi-
ciency. However, the most significant drivers will likely be those provided by
the global free market which is increasingly aware of fuel cell benefits,
increasingly considerate of high efficiency technologies (e.g., the Kyoto pro-
tocol and Buenos Aires accords), and increasingly participatory in the devel-
opment of cost-effective systems to solve the energy environmental
challenge. This market will eventually produce lower-cost fuel cell systems
that will outperform current technologies in every respect (life cycle cost,
environmental sensitivity, etc.), which will lead to their widespread use in
distributed power generation. 
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