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Preface

FUEL CELLS: TECHNOLOGIES FOR
FUEL PROCESSING

Fuel cells are rapidly approaching commer-
cial viability. Fuel cells are clean and efficient
energy sources for transportation, stationary,
and distributed power. Private industry, acade-
mia, as well as government agencies (particu-
larly in developed countries) are actively
engaged in developing cost effective fuel cell
technology. The fuel processor is a critical
component of a fuel cell power system and
must be able to provide a clean Hy or Hp-rich
synthesis gas to the fuel cell stack for long-
term operation. In spite of the increasing tech-
nical and commercial importance of fuel cells,
there are few books in which fuel processing
technology is treated comprehensively. The
majority of books over the years about fuel cells
address fuel processing technologies only
briefly; e.g., in a single section in a chapter.

Fuel Cells: Technologies for Fuel Processing
provides an overview of the most important
aspects of fuel reforming to the generally inter-
ested reader, researcher, technologist, teacher,
student, or engineer. The topics covered include
all aspects of fuel reforming: fundamental
chemistry, different modes of reforming, cata-
lysts, catalyst deactivation, fuel desulfurization,
reaction engineering, novel reforming concepts,
thermodynamics, heat and mass transfer
issues, system design, and recent research and
development.

vii

By focusing on the fundamentals, this book is
intended to be a source of information now and
in the future. By avoiding time-sensitive infor-
mation/analysis (e.g., economics) this book
will serve as a single source of information for
scientists and engineers in fuel processing tech-
nology. The material is presented in such a way
that this book will serve as a reference for grad-
uate level courses, fuel cell developers, and fuel
cell researchers.

No attempt is made to describe the fuel cell
itself—e.g., there is no in-depth discussion of
the various electrolytes in proton exchange
membrane (PEM) or solid oxide fuel cells
(SOECs). Rather, a sufficient description of the
fuel cell is included to show how it affects the
fuel reformer—e.g., CO removal from the refor-
mate is required by PEMs, but not SOFCs. Also,
no attempt was made to include the hydrogen
production from non-carbon sources such as
water electrolysis, borohydrides, etc.

It is a pleasure to thank those who have made
this project possible. First of all, we would like
to thank all our coauthors. We are very grateful
they were able to dedicate their valuable time to
this project. It has been our pleasure to work
with all the contributors involved in this book.
Their effort in combining their own research
with recent literature in the field of fuel process-
ing is highly appreciated. This effort would not
have been possible without their willingness to
share their valuable knowledge, insight, and
experience. Moreover, we express our gratitude
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for their responsiveness to deadlines and review
comments.

We also want to express our sincere grati-
tude to all reviewers who provided their
thoughtful and timely comments. We would
like to thank Debra Benson (Performance
Results Corporation, Morgantown, WV) for
her skillful assistance in modifying and
redrawing several figures for this book. We
would like to thank Stacy Kief (U.S. Depart-
ment of Energy, Morgantown, WV) for
authentication of the text. We gratefully
acknowledge Mark W Smith (URS Corpora-
tion, Morgantown, WV) for his kind sugges-
tions throughout this project. Thanks to Mike

PREFACE

Bergen (URS Corporation) for his support
during this book. Also, thanks to Anita Koch
(development editor) and Poulouse Joseph
(project manager) from Elsevier for their
help in coordinating the publication process.
Our appreciation also extends to the senior
Acquisition Editor for Chemistry and Chemi-
cal Engineering books Kostas Marinakis for
his support of this project. We would also to
thank Elsevier for their commitment to this
book.

Dushyant Shekhawat
James J. Spivey
David A. Berry
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CHAPTER

1

Introduction to Fuel Processing

Dushyant Shekhawat *, David A. Berry *

, James J. SpiveyT

*National Energy Technology Laboratory, U.S. Department of Energy, 3610 Collins Ferry Road,
Morgantown, WV 26507-0880, USA and "Department of Chemical Engineering, Stadium Drive,
Louisiana State University, Baton Rouge, LA 70803, USA

OUTLINE

1.1. Clean Energy 1
1.2. Fuel Cells ] 2
1.3. Fuel Processors 2
1.4. Reforming Modes 3

1.5. Thermal Integration of the Fuel
Processor and Fuel Cell 4

1.6. Challenges for Fuel Cells and Fuel
Processors
1.6.1. Fuel Flextbzlzty
1.6.2. Catalyst

1.7. Scope of This Book
1.7.1. Fundamental Focus
1.7.2. Fuel Cell Details

N L b

1.1. CLEAN ENERGY

One of the most critical challenges facing the
world is the development of clean, reliable, and
efficient energy conversion processes. Because
the standard of living of virtually all nations is
directly related to per capita energy consump-
tion [1,2], the demand for energy will inevitably
increase. At the same time, it is widely accepted
that this increasing demand for energy must not
compromise the environment.

Advanced technologies designed to meet
this challenge include processes as different as

Fuel Cells DOI: 10.1016/B978-0-444-53563-4.10001-X

wind, solar, hydroelectric, photovoltaic, and
others. Among the most promising near-term
technologies are those based on fuel cells,
which convert chemical energy into electrical
energy with higher efficiencies and far fewer
environmental effects than other options.
Several studies have recently reported on the
technical viability and economics of fuel cell
systems for various applications [3—14]. Fuel
cells are being developed for use in transporta-
tion as well as for stationary and distributed
power systems.

Copyright © 2011 Elsevier B.V. All rights reserved.
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FIGURE 1.1 Schematic representation of an
individual fuel cell [15].
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1.2. FUEL CELLS

Fuel cells are essentially continuously oper-
ating batteries, which generate electricity from
a fuel, such as hydrogen, and an oxidant, such
as air. A schematic representation of a fuel cell
with the product/reactant gases and the ion
conduction flow directions through the cell is
shown in Fig. 1.1.

Each type of fuel cell is designed to meet
a different application. For example, the proton
exchange membrane (PEM) fuel cell is being
pursued by a number of companies because of
its low operating temperature, response to tran-
sients [16], and compact size, which make it
desirable for a number of residential [17—20],
commercial, and military [21] applications.
Solid oxide fuel cells (SOFCs) are being devel-
oped for small-scale stationary power applica-
tions, auxiliary power units (APUs) for
vehicles [8,22—24], mobile generators for
civilian as well as military applications [25].
See Chapter 2 for a detailed discussion of
various fuel cells and their specific applications.

1.3. FUEL PROCESSORS

The purpose of a fuel processor is to convert
a commonly available fuel, such as gasoline,
diesel, or natural gas, into a gas stream con-
taining primarily, or only, the compound(s)
required by the fuel cell. A representative
process diagram for a fuel processor designed
to convert a liquid fuel (with added water to
maximize H, yield and prevent catalysts

Shift
reactor

- l #Air

—p Power

»| CO oxidation

v

Reformer Fuel cell

= h 4 l

Vaporizer(s) j¢—
(fuel & water)

T

Fuel Water
FIGURE 1.2 Generic fuel processor.

Condenser

Exhaust
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deactivation) into a CO-free gas stream con-
taining essentially only H; and CO; is shown
in Fig. 1.2. The fuel processor may consist of
three steps, depending on the type of fuel
cell (high or low temperature) it is coupled
with: reforming of the liquid fuel into syngas,
water gas shift (WGS), and preferential oxida-
tion of CO.!

The fuel to power the fuel cells can, in prin-
ciple, be a wide range of oxidizable
compounds, such as hydrogen, CO, CHy, and
methanol. Regardless of the type of fuel cell,
the fuel processor must produce a hydrogen-
rich gas stream. Because a widely available
hydrogen infrastructure does not exist, the
hydrogen-rich gas can most readily be derived
from the reforming of hydrocarbon fuels,
which can take advantage of a well-developed
existing infrastructure. Depending on the appli-
cation, there are a wide range of conventional
fuels, such as natural gas (methane) [26,27],
methanol [28,29], ethanol [30,31], dimethyl
ether [32,33], propane [34,35], butane [36,37],
gasoline [38,39], kerosene [40,41], jet fuels
[24,42], diesel [43,44], and biodiesel [45,46],
which can be reformed to produce the
hydrogen-rich reformate needed to power the
fuel cell. Alcohol-based fuels are also widely
studied for the production of H; for fuel cells
because they can be reformed at relatively
low temperatures and are free of sulfur
compounds. Fischer—Tropsch fuels, which

contain virtually no sulfur, aromatics, metals,
or other toxics [47], are also being considered
for reforming applications.

Because each type of fuel cell requires
a different fuel, the fuel processor must be
designed to match the fuel cell. For example,
low-temperature fuel cells like PEMs require
relatively pure hydrogen and cannot operate
in the presence of CO concentrations greater
than 10—20 ppm for any significant time.
However, high-temperature fuel cells like
SOFCs can utilize CO as well as hydrogen, so
the shift reactor and CO oxidation step would
not be needed, and reformate could be fed
directly to the fuel cell.

1.4. REFORMING MODES

There are three predominant modes of cata-
lytic reforming: partial oxidation (POX), steam
reforming (SR), and oxidative steam reforming
(OSR).? All three involve oxidation of the hydro-
carbon fuel to produce a hydrogen-rich
synthesis gas. These three reactions are shown
below”:

POX: CnHp, +gOQ—*1’ICO +%H2 1.1)

SR : CpHp 4 nH,O—nCO + (n + %) H;
12)

! In this configuration, water is added to maximize H, yield and to minimize catalyst deactivation. Water is not essential, but
illustrates one design option. Also note that the fuel cell exhaust, consisting primarily of steam and CO,, is condensed and
(at least partially) recycled in this example. This can help maximize overall thermodynamic efficiency. A separate gas
cleanup step, which would typically be located just downstream of the reformer, is not shown, but may be needed in some

applications.

2 Autothermal reforming (ATR) is a special case of OSR, in which the ratio of oxygen and steam is such that the net heat of

reaction is zero at the reformer temperature.

® These reactions show only CO and H; as the products. CO, and H,O are inevitably present in the product gas as well,
but are not shown here for the sake of simplicity since CO and H; are the oxidizable products of the reforming reactions,
and hence the fuels of interest for fuel cell applications. Note that the stoichiometry of the OSR reaction is not unique -
there is no unique set of stoichiometric coefficients that balance the equation. See note 2 — ATR corresponds to one set of
coefficients that both balances the equation and results in a net heat of reaction of zero at the reformer temperature.
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OSR: ChoHm + HHO+0,—-CO+Hy (1.3)

The mode of operation has a significant
impact on overall efficiency and operating char-
acteristics of a fuel cell system. In principle, the
reactions within the fuel processor can be either
non-catalytic (thermal) or catalytic. Depending
on the fuel, mode of reforming, and catalyst
type, temperatures for catalytic systems typi-
cally range from 600 °C to 1000 °C [48,49]. The
higher temperatures required for non-catalytic
reforming can lead to formation of unwanted
oxides of nitrogen. Non-catalytic reformers
also require more costly materials of construc-
tion, and result in lower system efficiency due
to the larger temperature difference between
the fuel cell and reformer. For these reasons,
they are not widely used, and are not consid-
ered further here.

Each of these modes is covered in a separate
chapter (SR — Chapter 4, POX — Chapter 5, and
OSR — Chapter 6). Additional modes of reform-
ing such as CO; (dry) reforming (Chapter 7) and
plasma reforming (Chapter 8) are also discussed
in detail in this book.

1.5. THERMAL INTEGRATION
OF THE FUEL PROCESSOR
AND FUEL CELL

Thermal integration is an important aspect of
the fuel processor. Fig. 1.3a depicts a fuel cell
coupled to a catalytic POX reformer. This type
of reformer operates at temperatures very
close to the ~800 °C operating temperature of
modern SOFCs. However, both the reformer
and the fuel cell involve exothermic oxidation
reactions, and heat is produced in both. This
does not allow for a high degree of thermal inte-
gration and limits overall system efficiency.

Catalytic SR represents the other end of the
reforming spectrum (Fig. 1.3b). Fuel is mixed
with steam instead of O, in the reformer, to

produce a very hydrogen-rich synthesis gas.
The reaction is highly endothermic, and therefore
requires an external source of heat to maintain the
reactor temperature. The amount of energy
required is generally on the order of 22% of the
lower heat of combustion of a liquid fuel [48].

OSR is actually a hybrid of POX and SR
(Fig. 1.3¢), and is arguably the most thermally
efficient means of producing a hydrogen-rich
gas stream from liquid fuels [50]. In this type
of reactor, fuel, air, and steam are mixed and
reacted in a thermally neutral manner such
that the endothermic SR reaction is thermally
balanced by the exothermic POX reactions (i.e.,
no net heat gain/loss).

1.6. CHALLENGES FOR FUEL CELLS
AND FUEL PROCESSORS

1.6.1. Fuel Flexibility

Although fuel cells provide a clean, efficient
alternative to conventional energy conversion
processes, widespread use of fuel cells requires
a production and distribution network for the
hydrogen-rich gas stream that these systems
require. As fuel cell technology becomes more
economically practical, an adequate gaseous
fuel supply must be provided to meet the
large-scale demand. This will likely require
that fuel processors be designed to generate
a relatively uniform hydrogen-rich gas stream
from the wide range of fuels that are available
at different locations — natural gas, ethanol,
gasoline, diesel, etc. These fuels contain widely
varying classes of compounds — methane,
aromatics, etc. — as well as varying levels of
contaminants that must be removed, such as
sulfur. This requires different types of catalysts
and post-reformer treatment process, such as
sulfur removal and water gas shift steps.

For example, consider the most widely avail-
able fuels — gasoline and diesel. Despite their
logistical appeal as feedstocks for H, production,
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FIGURE 1.3 Thermal integration of
reformer with fuel cell system: (a) partial
oxidation (POX) reformer, (b) steam
reformer, and (c) autothermal reformer.
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these fuels are relatively difficult to reform for
a variety of reasons related to both catalyst
and reactor design. These fuels are complex vari-
able mixtures of hundreds of hydrocarbon
compounds containing mainly olefins, alkanes,
naphthenes, and aromatics. The differing boiling
points of these components can make fuel vapor-
ization and mixing in fuel processors difficult.
Pyrolytic and carbon-forming tendencies of
some hydrocarbon species at the elevated
temperature required to vaporize all components
may lead to carbon deposition on the catalyst.

Fuel cell stack

Cathode

1.6.2. Catalyst

The reformer catalyst is perhaps the most
critical element of the fuel processor. The cata-
lyst must be active and selective for the fuel of
choice; and stable and resistant to poisoning
and sintering while subjected to transients in
flow, temperature, and pressure [51,52]. For
successful operation at commercial scale, the
reforming process must be able to achieve
high conversion of the hydrocarbon feedstock
at high space velocities, as well as at high Hj
and CO selectivities.



