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Preface

Fossil fuels are projected to remain the dominant source of energy in the foresee-

able future. Nevertheless, their dwindling reserves and associated pollutions have

motivated intensive research for finding alternative resources as well as more effi-

cient utilization of these carbon-intensive fuels. Solid oxide fuel cells (SOFCs)

are one of the most promising electrochemical technologies offering several path-

ways for decarbonization. First, they are not constrained to the Carnot limits,

offering very high energy conversion efficiencies. Second, they are flexible to uti-

lize a wide range of fuels, including those extracted from renewable resources.

They are also highly modular, but adaptable to be integrated with a variety of

applications and services including vehicles and mobile applications, remote or

distributed power generation, as well as large-scale industrial power generation.

Most of all, the unmixed nature of the involved electrochemical reactions offers

one of the most promising technologies for carbon capture integration.

Nonetheless, such unique characteristics come at the price of more convoluted

processes. Considering the enormous options for process integration and intensifi-

cation, the number of alternative solutions grows sharply with the size of the

problem, thereby requiring efficient methodologies with tailor-made solution

algorithms for decision-support. Such methodologies should be able to systemati-

cally generate alternative candidate solutions and then, quantitatively based,

screen on rigorous performance indicators. Nevertheless, the design indicators for

SOFC systems are to large extent competing and conflicting, including economic

performance, environmental footprints, operation safety, flexibility, and process

controllability. Most of all, many of the involved decisions span over a broad

spectrum of spatial and temporal scales, extending from the molecular design of

SOFC materials, microstructures, and grains to the involved electrochemical reac-

tions and transport phenomena, phase behavior, and fluid dynamics, and further

to process equipment, plant-wide operation, and energy supply chains. The key

observation is that the design and operation of SOFC systems is a multiscale and

multifaceted research area, requiring the involvement of experts from several sci-

ence and engineering disciplines.

Design and Operation of Solid Oxide Fuel Cells aims to address this need by

providing a multidisciplinary perspective on the systems engineering of SOFC

systems. The book has two parts. The first offers in-depth insights into the theo-

retical foundation of the underlying phenomena, design considerations, and opera-

tional strategies. The features of interest include the technological growth of

SOFCs among other fuel cell technologies, thermodynamic considerations,

mechanical properties, engineering the materials for SOFCs, multiscale modeling

and optimization of SOFC systems, process synthesis, integration, and intensifica-

tion, process control, fault analyses, operational safety, and loss prevention. The

second part of the book is application-oriented and explores topics such as the

fuel flexibility in SOFC systems with emphasis on the application of renewable

xvii



energies and reversible solid oxide cells (ReSOCs) for energy storage, as mobile

applications in cars, trucks, locomotives, undersea vehicles, and aircrafts, as well

as stationary and distributed applications for power generation and the utilization

of SOFCs for waste minimization.

We hope that this contribution will impact the research field, especially

through promoting a multidisciplinary vision for systems engineering of solid

oxide fuel cells, and welcome all constructive feedback from readers.

Dr. Mahdi Sharifzadeh, on behalf of all coauthors

October 2019
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CHAPTER

1Technological change in
fuel cell technologies

Mirko Hu1, Giorgio Triulzi2,3 and Mahdi Sharifzadeh4
1IMT School for Advanced Studies, Lucca, Italy

2School of Management, Universidad de los Andes, Bogotá, Colombia
3Sociotechnical Systems Research Center, Massachusetts Institute of Technology, MA, United

States
4Sharif Energy Research Institute, Sharif University of Technology, Tehran, Iran

1.1 Introduction to technological change
The ability to quantify technical change in technology is an important input

for business and research strategic decisions [1]. Betting on the winning tech-

nology and correctly identifying or even predicting the technology’s life cycle

are important determinants of business success and long-term survival in the

market place [2]. When we talk about objective quantification of technologi-

cal change we can consider either the diffusion of technology in the market

from a mainly economic perspective or the improvement of functional perfor-

mance [3].

The diffusion of technology adoption in the market, typically follows an

S-shaped curve [1,4] as pictured in Fig. 1.1. In the S-shaped model it is clear

how in the different technological life cycle phases, there are different factors

contributing to the spread of the technology [5,6]. Initially most of the resources

are invested in the research and development (R&D) field. In this phase the

main component that pushes the adoption is the learning-by-searching factor,

which generates different designs that are adopted by different niches of early

adopters. The scaling-up of production following the emergence of a dominant

design represents the turning point. When the technology is introduced in the

market the learning-by-doing factor reinforces the existing learning-by-

searching factor and drives the penetration of the technology into the market.

Furthermore, a specific group of technologies such as mass-produced technolo-

gies (e.g., solar PV) benefits from the economies of scale effect [7,8], which is

the unit cost reduction derived by the production in series of a large quantity of

a specific product. During the market maturity stage the technology reaches the

peak of the diffusion rate, which then starts to wear off as both learning-by-

Design and Operation of Solid Oxide Fuel Cells. DOI: https://doi.org/10.1016/B978-0-12-815253-9.00001-X
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searching and learning-by-doing disappear. The technology diffusion arrives at

a saturation point that is usually explained either by having served all available

users or by an upper limit given by technical constraints that limit further

improvement in performance or cost [1]. It is at this stage that efforts to design

newer technologies ramp up.

The curves used to represent the S-shaped technological life cycle of a tech-

nology are the logistic curves. The equations are inspired by the behavior of bio-

logical systems and they are characterized by the presence of an upper limit.

Eqs. (1.1)�(1.3) are the most commonly used equations in the field of technologi-

cal change.

Pearl2Reed Y5
L

11 aebð2 btÞ Yl 5 ln
Y

L2Y

� �
52 lna1 bt (1.1)

Fisher2Pry
Y

L2 Y
5 e2aðt2t0Þ Yl 5 ln

Y

L2 Y

� �
5 2a t2 bð Þ (1.2)

Gompertz Y 5 Lebe
2kt

Yl 5 ln
Y

L2 Y

� �
5 lnb2 kt (1.3)

On the other hand if the focus of attention is not market diffusion of a given

technology, but rather its performance improvement rate, Moore’s law (1.4) and

FIGURE 1.1

Technology life cycle with the main contributors to the growth rate.
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Wright’s law (1.5) are to the functional forms that best serve the task [9�11].

In [12] we found the different applications of S-shaped curves and Moore’s

law.

Moore Y 5Y0e
bt lnY 5 lnY0 1 bt1 et (1.4)

Wright Y 5 aXðlnb=ln2Þ lnY 5 lna1
lnb

ln2

� �
lnX (1.5)

Eqs. (1.4) and (1.5) describe the improvement of the performance or cost of a

technology, Moore’s law in time, and Wright’s law as a function of cumulative

production. Sahal [13] demonstrated that the two laws are fundamentally equiva-

lent when cumulative production increases exponentially over time. In this case a

generalized version of Moore’s law is sufficient to describe performance (or cost)

improvement of a technological domain [10].

Summing up, technology adoption on the one hand and performance and cost

improvements on the other hand are two faces of the same coin. Learning effects,

as well as the physical characteristics of the technology, determine its improve-

ment rate, which, in turn, is related to its adoption rate. Furthermore, as a technol-

ogy diffuses its cumulative production and learning effects helps further

decreasing its cost and improving its performance. The curves depicting techno-

logical diffusion have a typical S-shaped curve where the different technological

phases are visible. The curves for performance growth are usually exponential,

therefore, they are linear on a semilogarithmic scale, the slopes of the curves are

used to compare the growth rates of different technologies. The purpose of the

diffusion curve is to identify the stage of the technology. The purpose of the per-

formance growth curve is to quantify the speed of improvement of a specific tech-

nology to compare it with alternative technologies and inform investment

decisions (Table 1.1).

When we analyze a technology we need to address two other important issues,

namely (1) defining a performance measure for the technology and (2) character-

izing the nature of the technology itself. First, depending on the properties we are

considering, it is possible to create several performance measures [14].

Nevertheless, in the literature, technologies with specific operations are linked to

Table 1.1 Main differences between technological diffusion curves and
performance growth curves.

Technological diffusion
Performance improvement
curve

Content Market diffusion, learning effects Performance improvement, cost
reductions

Plot S-shaped Exponential or power law
Purpose Identifying technological stage and

actions to take
Identifying fast-growing
technologies
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fixed performance measurements. In the case of fuel cells, it could be convenient

to use the stored energy per unit cost or the power per unit cost [15] thanks to the

double operation mode of the technology that can either store energy or generate

power. Moreover, these measurements include the technical and the economic

aspects of the technology (Table 1.2).

Second, it is important to classify technologies into categories because differ-

ent technologies follow different patterns of innovation. Huenteler et al. [16] rec-

ognized that process-intensive products such as solar PV or fuel cells have few

technological components and are produced in large scales, so the technological

domains advance initially by focusing on product innovation and then by focusing

on process innovation (Fig. 1.2).

In the case of recent technologies there could be a lack of the data that we

need to build performance growth curves. Therefore patent data, which is highly

available, is used instead.

Table 1.2 Technological operations and related performance measurements
[15].

Operation Relative performance measurement Unit

Storage Stored specific energy Wh=L
Energy storage density Wh=kg
Stored energy per unit cost Wh=USDðyearÞ

Transformation Specific power W=L
Power density W=kg
Power per unit cost W=USDðyearÞ

Transportation Powered distance W3 km
Powered distance per unit cost W3 km=USDðyearÞ

FIGURE 1.2

Classification of various energy technologies [16].
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1.2 A survey of the patents related to various fuel cell
technologies

1.2.1 Fuel cell technologies

The rapid consumption of fossil fuels and the need for new sustainable sources of

energy led to the discovery of various hydrogen production methods and the

invention of fuel cell technologies [17]. Hydrogen technologies, which comprise

fuel cell technologies, have several advantages compared to other green power

technologies. First, the energy generated is less pollutant if the hydrogen is pro-

duced through clean methods. Second, the fuel used is considered safe. Third, the

energy generated has high quality characteristics. Last, hydrogen technologies

could overcome the problem of the intermittent nature of the other green power

technologies such as solar and wind systems [18]. Additional important advan-

tages of fuel cells are the light weight of the devices in the case of mobile appli-

cations, the maximum achievable theoretical efficiency that is not limited by the

Carnot efficiency and is up to 80% combined to high temperature thermal

machines, the high efficiency in low power applications (in the range of 40%�
60% [19,20]), and the electrical adaptability of the fuel cells to the load.

Moreover, other interesting properties are the mechanical simplicity of the

devices, for example, few moving parts or none, and quiet or completely silent

functioning [21] (Fig. 1.3).

Due to the variety of fuel cell technologies the range of possible applications

is very broad. Historically NASA sustained the initial research in the technologi-

cal domain of fuel cells for manned space missions. The industry applied the

same technologies to transportation and stationary power generation. Only

recently, with the reduction of the fuel cell dimensions, has the fuel cell technol-

ogy spread to portable applications or even wearable and implantable uses [23].

Solid oxide fuel cells (SOFCs) have very high efficiency and can produce

clean electricity out of several types of fuel [24]. Moreover, as SOFCs operate at

high temperature conditions, they present several side effects such as high reac-

tion rates, tolerance to impurities, and the possibility to use them as steam genera-

tors to extract further energy. Another use of SOFCs is as electrolyzers. SOFCs

can produce hydrogen by using excess electricity. In industry, high temperature

electrolysis can capture low-grade heat to improve the kinetics of electrochemical

reactions that are endothermic. However, one of the most interesting combina-

tions for the future of sustainable energy is the use of both intermittent green

power technologies and solid oxide electrochemical technology [25].

In Fig. 1.4 there is a representation of the structure of the fuel cell classifica-

tions in the cooperative patent classification (CPC) system. In Table 1.3 we com-

pare fuel cell technology categories in the same patent classification system. It is

possible to recognize that the division of fuel cells is made according to the corre-

sponding electrolyte typology. Namely, Nafion used by proton exchange mem-

brane fuel cell (PEMFC) and the derived fuel cells [direct alcohol fuel cell

71.2 A survey of the patents related to various fuel cell technologies



(DAFC), direct methanol fuel cell (DMFC)], yttria stabilized zirconia by SOFC,

molten carbonates by molten carbonate fuel cell (MCFC), and mixed organic and

inorganic electrolytes by biofuel cells. Regenerative fuel cells are based on the

same types of fuel cells with the additional ability to reverse the electrochemical

process.

FIGURE 1.3

A hydrogen fuel cell. (A) Channeling of H2 to the anode, H2 is split into H atoms. (B)

Catalyst splits hydrogen ions (H1 ) and electrons. H1 passes through polymer electrolyte

membrane (PEM) and electrons become current. (C) Channeling O2 to the cathode and

the formation of water with electrons and H1 [22].

FIGURE 1.4

Hierarchical representation of fuel cell classifications.
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Table 1.3 Comparative table of fuel cell technology subgroups in the patent database.

CPC
Code Technology Electrolyte

Operating
temperature
(�C) Typical power

Electrical
efficiency Applications Advantages Disadvantages References

Y02E60/
521

Proton
exchange
membrane
fuel cells
(PEMFC)

Nafion 50�100 ,1�250 kW 53%�
58%

Backup power;
portable power;
transportation

Reduced corrosion;
manageable
electrolyte; quick
start-up

Expensive catalysts;
expensive electrolyte; high
sensitivity to fuel
impurities

[26�28]

Y02E60/
522

Direct alcohol
fuel cells
(DAFC)

Nafion 120�140 300 W�5 kW ,70% Military; space programs;
backup power;
transportation

More choices of
materials; low
activation voltage

Intolerant of CO and CO2 [28,29�32]

Y02E60/
523

Direct
methanol fuel
cells (DMFC)

Nafion 60�130 ,5 kW 63% Transportation;
portable applications

Easy fuel storage;
simple structure
without thermal
management

Low power density, fuel
crossover, high cost

[33�35]

Y02E60/
525

Solid oxide
fuel cells
(SOFC)

Yttria
stabilized
zirconia

500�1000 1 kW�30 MW ,70% Portable applications;
residential power;
transportation; power
plants

Flexible fuel choice;
high overall
efficiency;
impurities and CO
tolerance; absence
of liquid in cell; low
costs

Long heat up and cool
down time

[24,36�38]

Y02E60/
526

Molten
carbonate
fuel cells
(MCFC)

Molten
lithium,
sodium,
potassium
carbonates

600�700 100 kW�10 MW 45%�
50%

Stationary power
generators; distributed
power and heat
generation

No use of noble
catalyst; use of CO
as fuel

Component degradation;
material and production
costs

[39�42]

Y02E60/
527

Biofuel cells Thionin
diffusing
mediator;
organic
substrate;
solutions

3�80 ,10
μW�50 mW

25%�
81%

Powering microelectronic
systems; environmental
remediation; sanitation
systems

Low operation
temperatures; use
of mild reactions;
cost of biocatalysts

Degradation of enzymes;
low power output; unclear
stability and durability
conditions

[43,44]

Y02E60/
528

Regenerative
or indirect
fuel cells, for
example,
redox flow
type batteries

Nafion;
yttria
stabilized
zirconia

50�900 1 kW�30 MW ,58% Space vehicles, satellites,
submarines, aircraft,
energy supply system

Round-trip energy
conversion, high
specific energy
density, H2O as
fuel carrier, light-
weight, durable

Expensive
electrocatalysts; fragility of
the Nafion binder;
degradation and cost of
the polymer membrane,
bipolar plates, gas
diffusion packing

[45�49]



One challenge of studying technological development through patent analysis

is to keep pace with the rapidly growing number of patents in the domain. There

are several papers in the literature that carried out patent analyses on fuel cell

technologies [32]. Barrett [50] studied the opportunities, key companies, and

emerging trends through patent analysis. Huang and Yang [51] focused more on

companies, countries, and authors associated with published papers and patents

related to fuel cells. Reports such as Refs. [52,53] are very comprehensive case

studies that guide possible stakeholders in their decisions on investing, or not, in

the technology. These studies are focused primarily on publication growth, geog-

raphy, and key companies of the patent activity. However, they rarely compare

the different fuel cell technologies. In our study we try to close this gap.

As Fig. 1.5 shows, if we do not consider the general classification code for

fuel cells, SOFCs have the largest number of patents, with 1139 in total. This cor-

responds to 18% of the patents related to fuel cell technologies. DMFC patents

are the second-most numerous with 978 (15%) patents. Surprisingly the PEMFC

class has fewer patents than its subtechnology class. Both PEMFC and RFC have

11% of the patents (696 and 709, respectively).

From 1976 to 2015 the number of USPTO patents granted to fuel cell technol-

ogies has increased from 8 in 1976 to 1356 in 2016, as shown in Fig. 1.6. In 2016

there was a peak of published patents and in 2017 the number of published

patents was more than halved (579). The data for 2018 was incomplete at the

time of writing this book. As discussed in [53] the decreasing worldwide trend

started in 2007 and the authors pointed out that the global economic crisis was

the main cause of the smaller number of published patents in the fuel cell sector.

255; 
4%

107; 2%

978; 15%

2099; 32%

476; 7%

696; 11%

709; 11%

1139; 18%

Total

Biofuel

DAFC

DMFC

Fuel cells

MCFC

PEMFC

RFC

SOFC

FIGURE 1.5

Total number of patents published for each category.
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In Fig. 1.7 we can observe the initial predominance of regenerative and indi-

rect fuel cell patents. The technology dominance in the patenting activity is

quickly substituted by the introduction of SOFC technology and the steady

presence of a small percentage of MCFC-related patents. MCFC and SOFC

technologies gain more and more space in the patenting landscape at
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FIGURE 1.6

Total patents granted per year.
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FIGURE 1.7

Ratio of patenting activity among different fuel cell technological domains per year. The

data is derived from the patent grant year.
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regenerative and indirect fuel cell technology expenses. In 1995 DMFC patents

started to appear, whereas the share of MCFC patents began to decrease. In

2007 we observe the first patents classified generically as fuel cells, a class that

quickly became predominant in the following years. In the last two years

(2016�2018), we observe that the share of regenerative or indirect fuel cell

patents started to increase again. DAFC and biofuel cell technologies have been

niche technologies since their appereance in the patenting landscape (1975 and

1998, respectively).

In Fig. 1.8 we can obtain two main pieces of information. Namely (1) the

four most active applicant countries and (2) their patenting portfolio in the fuel

cell technological domain. Most of the patent applications are from US compa-

nies and institutions with almost 2500 patents. The other main countries are

Japan, Korea, and Germany. Surprisingly, the number of general fuel cell

patents having a Japanese assignee is as large as for US ones, despite the lower

number of total Japanese patents. Moreover it seems that US applicants have

been quite active in the regenerative or indirect fuel cell and MCFC technolo-

gies. On the other hand, none of the other applicant countries published many

patents in those classes of fuel cell technologies. In Japan and Korea the DMFC

technology is quite popular. United States and Japan applicants also hold many

SOFC patents. We discuss the motivations behind these figures in Section 1.3 in

which we analyze the patenting activity of the main companies doing research

on fuel cells.
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FIGURE 1.8

Total number of patents published per applicant country.
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1.3 A survey of industrial research (company review)
Research in the fuel cell technology domain has been shifting from educational

and academic purposes to industrial applications since 2007 when this technology

entered the commercialization stage [52]. In Fig. 1.9 it is observed that the top

companies and institutions that were leading the patenting activity in fuel cell

technology started to decrease their relative contribution from 2005, while new

companies emerged in the patenting landscape. The top applicants before 2005

were mainly nonprofit research institutions focusing on the energy research (The

United States Department of Energy, Institute of Gas Technology, Energy

Research Corporation).

The current situation shows a totally different landscape. In Table 1.4, if we

ignore the applicants labelled as ‘N/A’, the principal applicants are companies in

the automotive, power generation, or electric and electronic device sectors.

Bloom Energy Corporation and Honda Motor Co., Ltd. have been the most active

for the SOFC technology with 66 and 52 patents, respectively, whereas the other

applicants do not have more than 11 patents in this field. Samsung Sdi Co., Ltd.

and Kabushiki Kaisha Toshiba have been leading the patenting activity for

DMFC with 122 and 74 patents, respectively. PEMFC patents are well distributed

among all the top applicants, whereas, unsurprisingly, DAFC and biofuel fuel cell

patents are scarce through all the companies considered for they are not
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FIGURE 1.9

Relative patent activity by top 10 applicants before 2005 versus top 10 applicants after

2005.
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Table 1.4 Top 10 applicants and their patent portfolio.

Applicant SOFC RFC PEMFC MCFC Fuel cells DMFC DAFC Biofuel Grand total

N/A 71 45 40 20 33 24 4 14 251
Honda Motor Co., Ltd. 52 4 37 1 148 1 243
Gm Global Technology Operations, Inc. 1 29 163 2 8 2 205
Toyota Jidosha Kabushiki Kaisha 8 1 21 2 166 3 2 203
Bloom Energy Corporation 66 20 21 18 71 4 1 201
Samsung Sdi Co., Ltd. 9 1 13 37 122 8 190
Kabushiki Kaisha Toshiba 3 2 4 15 2 74 100
Nissan Motor Co., Ltd. 11 3 19 2 58 6 99
Panasonic Intellectual Property Management Co., Ltd. 7 10 56 1 1 75
Hyundai Motor Company 1 9 56 2 1 69
Grand total 228 77 203 58 790 236 25 19 1636



suitable for the sectors taken into consideration here (mainly automotive and

power generation). Although MCFC and RFC had a glorious past it seems that

currently companies prefer focusing on other fuel cell technologies.

In Fig. 1.10 it is even clearer how Bloom Energy Corporation, Samsung Sdi

Co., Ltd., and Kabushiki Kaisha Toshiba R&D departments decided to focus on

specific fuel cell technologies (DMFC and SOFC) rather than applying for more

general fuel cell patents. Bloom Energy Corporation, Nissan Motor Co., Ltd., and

Honda Motor Co., Ltd. are the applicants with the most diversified portfolio. Car

manufacturing companies seem to have a similar portfolio with a comparable

ratio of SOFC, PEMFC, and general fuel cell patents.

1.4 Quantification of the technological changes in solid
oxide fuel cells

From the patent analysis it is possible to observe the predominance of SOFC tech-

nology in the patenting landscape since its introduction. The flexibility of the

SOFC applications is also evident by observing the presence of the related patents

in the portfolios of most of the top applicants. SOFC technology has already

entered the mature phase and that could possibly translate into profits for compa-

nies that invested in the development of the technology [54]. Moreover, during

the mature stage fast cost reductions are expected. The velocity of the maturation

is reflected by the learning rate, which is a measure in learning curve methodol-

ogy. In this method the cost reduction is measured with respect to the doubling of

the production capacity in accordance with Wright’s law [55]. Depending on the

stage of the SOFC technology, the authors calculated a learning rate variable

from 14% to 17% for the R&D stage, and 27%6 15% for the following stages

(Table 1.5). Wei et al. [56] compared the learning rates of several fuel cell
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FIGURE 1.10

Comparison of the patent portfolios of the top 10 applicants.
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technologies in the United States and Japanese markets. The author observed that

data related to SOFCs production in California showed very low or near-zero cost

reduction and consequently a nearly absent effective technological advance. The

techno-economic studies on SOFC technology focused on economic factors such

as the economies of scales and manufacturing systems. The increasing importance

of the manufacturing technologies for the construction of the SOFCs demonstrates

that the technological changes in SOFCs are shifting from being related to the

product performance to the exploration of more cost-efficient production pro-

cesses [55].

1.5 Methodology
We performed the technological forecasting on fuel cells by adapting the proce-

dure developed by Benson and Magee [57] to Patentsview.org API and using the

CPC system introduced in 2013 [58]. The procedure starts from a patent database

that collects patent data such as patent number, publication year, citation refer-

ences, and number of times a patent is cited. With a script we connected to the

patent database to retrieve the patents relevant to the technological domain con-

sidered and we saved the data in a comma-separated values (csv) file. With

another script we selected the important data from the csv file and we cleaned it

up, thereby transforming the patent data into structured data. In the next step we

performed some simple statistical analyses on the structured data such as the cal-

culation of the average publication year and the count of cited patents within

three years from the publication year of each patent in the relevant set (Fig. 1.11).

The first problem was to identify the best patent database. There are several

options, some of which are free while others need a license. ESPACENET and

Patentsview are two examples of free patent databases. In our initial work we

used Patentsview because it affords the possibility of downloading bulk patent

Table 1.5 Learning and cost reduction phenomena in different stages for
solid oxide fuel cells [55].

Learning
rates (%)

Pure
learning
phenomena

Learning1EoS
for only
materials

Learning1EoS
for only
equipment

Learning1
automation
(β5 0.7)

All
reduction
cost
phenomena

Research and
development
(R&D) stage

16 16 16 16 16

Pilot stage 27 44 28 36 44

Early
commercial
stage

1 5 12 10 12

All stages
included

20 27 22 28 35

16 CHAPTER 1 Technological change in fuel cell technologies

http://Patentsview.org


data. The original method developed by Benson and Magee was based on key-

word searches and the classification overlap method (COM). The COM method

was used to identify the most representative international patent classification

(IPC) code and the United States patent classification (USPC) code for the tech-

nological domain from a set of patents initially retrieved using only a list of key-

words. Then the patents labeled with the most representative IPC and UPC codes

were intersected to find a set of patents highly relevant to the technological

domain. The methodology used in this chapter to retrieve the relevant set of

patents is different as we used CPC codes only. CPC codes were developed

jointly by the European patent office and the US patent and trademark office in

an effort to create a single system that could potentially replace the IPC system

and the USPC system. The CPC system can be considered as a more detailed ver-

sion of the IPC system. In the case of fuel cell technologies we found that it pro-

vides specific subclasses that allow distinguishing different types of fuel cells

neatly.

In Table 1.6 the main CPC codes related to fuel cell technologies are listed.

FIGURE 1.11

Patent analysis process [59].
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We fed the CPC codes to the script one by one and saved the obtained pat-

ent data related to the years from 1976 to 2015. We estimated the performance

improvement rate of each fuel cell subtechnology following the methodology

developed by Triulzi et al. [60]. These authors proposed several potential

patent-based predictors of the technological improvement rate based on theo-

retical conjectures. These predictors reflected four properties of a technologi-

cal domain, namely (1) the immediacy, (2) pace of obsolescence, (3)

centrality, and (4) the concentration of new assignees in the patenting

landscape.

Triulzi et al. selected 30 technological domains for which they already had the

historical performance time series data that they used to estimate the observed

yearly performance improvement rates for each domain. The heterogeneity in the

30 improvement rates allowed them to have enough variance to test different

patent-based predictors. Then the authors [50] collected the patent data using the

COM method described briefly in the previous section and computed several

patent-based measures for each domain. After testing different measures as pre-

dictors of the technological improvement rate, Triulzi et al. found that the most

accurate and reliable estimation was given by Eq. (1.6) with an R2 5 0:63.

Predicted yearly performance improvement rate for a technology domain i5

eð6:159873 average normalized patent centralityi25:01885Þ 3 e

σ2
i

2
(1.6)

The authors used a measure of centrality called search path node pair (SPNP)

normalized through a citation network randomization procedure to correct for dif-

ferences in time of appearance and citation practices across technologies. The raw

SPNP measure was initially developed by Hummon and Dereian in 1989 [61].

This method measured the centrality of a node within a citation network by count-

ing the number of paths entering and exiting through that node. The centrality

used in the estimation of the improvement rate is the average normalized overall

Table 1.6 CPC codes and corresponding fuel cell technologies.

Y02E60/50 Fuel cells
Y02E60/521 Proton exchange membrane fuel cells (PEMFC)
Y02E60/522 Direct alcohol fuel cells (DAFC)
Y02E60/523 Direct methanol fuel cells (DMFC)
Y02E60/525 Solid oxide fuel cells (SOFC)
Y02E60/526 Molten carbonate fuel cells (MCFC)
Y02E60/527 Biofuel cells
Y02E60/528 Regenerative or indirect fuel cells, for example, redox flow type batteries
Y02E60/56B Fuel cell combined
Y02E60/563 Fuel cell cogeneration
Y02E60/566 Fuel cell chemical production
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centrality of a domain’s patents computed with respect to the whole patent cita-

tion network including all patents granted by the USPTO between 1976 and 2015.

This is the same measure that we use in this book.

1.6 Results
In this section we present the results of the research. We organized the results in

three subsections. In the first subsection we analyze overlaps and interconnections

between the different patent sets. The second subsection deals with a centrality

analysis of the most important patent sets with the least overlaps. In the last sub-

section we report the estimation of the performance improvement rate for each

fuel cell technology and a rationalization of the technology development of the

two fastest-improving technologies.

1.6.1 Evaluation of patent sets: overlaps and interconnections

In Fig. 1.4 the CPC code “Y02E60/50” is a general code to classify patents related

to the general technological domain “fuel cells.” The codes starting with “Y02E60/

52” are the classifications used for the patents according to the design or the type

of the fuel cells contained in the patents. “Y02E60/522” is a subtype of “Y02E60/

521” and “Y02E60/523” is a subtype of “Y02E60/522”. It can be noticed from the

number of patents that a subtype code does not necessarily have fewer patents. As

an example, Y02E60/521 has 416 patents, whereas its subgroup Y02E60/523 has

903 patents. This means that researchers put more patenting efforts into the more

specific technology of DMFC rather than the more general technology of PEMFC.

Y02E60/56B is a code that includes both fuel cells with cogeneration technol-

ogies and fuel cells with the production of chemicals. The former technology

relies on the fact that fuel cells produce water vapor at a high temperature and a

gas turbine can use the water vapor to produce electricity. On the other hand, fuel

cell reactors can produce useful chemicals along with electricity generation with a

process called electrochemical cogeneration [62].

Fig. 1.12 shows the overlaps between the main patent sets. The values on the

diagonal represent the share of patents that are uniquely found in the subdomain

under observation (row-wise). On the other hand, we calculated the values off-

diagonal as the number of patents shared between the two patent sets divided by

the total number of patents in the patent set located on the row. We can observe

that most of the subdomains have a high percentage of patents uniquely belonging

to that patent set. This percentage is relatively low only for PEMFC, DAFC, and

SOFC (61%, 33%, and 57%, respectively). PEMFC shares its patents with the

SOFC set (3%). DAFC has a large overlap with DMFC (33%). We expected such

overlap as DMFCs are a DAFC subtechnology. The SOFC set shares patents with

the general fuel cells patent set (22%) and PEMFC patent set (18%).
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Fig. 1.13 shows an analysis of the cross-technologies citations. The analysis is

useful to understand whether, and how much, two technologies are related. We

followed the work and the methodology developed by Alstott et al. [63]. The

authors used citations as a measure to assess the knowledge relatedness between

technological domains. More precisely, they calculated the z-scores of the number

of citations between any pair of subdomains. These are calculated as the differ-

ence between the number of citations from one domain to another and its

expected number of citations were randomly made,1 divided by the standard

1 The expectation is formulated by randomly rewiring citations between patents preserving each time

the filing year of the citing and the cited patent, the number of citations made and received by each

patent and the share of citations that go to other patents of the same class. The expected number of cita-

tions given these constraints is an hypergeometrically distributed random variable. As such, we can

compute its expected value and standard deviation analytically. Alstott et al. [62] show how to do that.

FIGURE 1.12

The overlap between the major fuel cell technologies.
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deviation. The higher the z-scores, the more related the two technological subdo-

mains are. Darker colors correspond to stronger relatedness and blank cells corre-

spond to the impossibility to calculate the z-scores due to the absence of observed

citations. We can observe in Fig. 1.13 that there are several large z-scores on the

diagonal. In particular the large values on the diagonal for biofuel cells, DMFC,

RFC, and SOFC shows that these are relatively independent clusters of patents.

DMFC is the domain that has the least knowledge relatedness with other domains.

We can explain this fact by observing Fig. 1.4. DMFC is a very specific subclass

of PEMFC, therefore the knowledge relatedness is very low.

1.6.2 Patent centrality analysis

We used patent centrality values to obtain the mean centrality of the technological

domains and subdomains. These were filled in Eq. (1.6) to estimate the yearly

performance improvement rates for each fuel cell technology. We also performed

an analysis of the most central patents in each set to rank them by their

FIGURE 1.13

The z-scores of citations between the major fuel cell technology patent sets.
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importance in the overall patent citation network. We used as filters a normalized

measure of the patent citations within 3 years from filing and the centrality mea-

sure described briefly in the methodology section. The two measures allow us to

get the most important patents and to avoid those patents that received few cita-

tions. By analyzing 30 of the most central and highly cited patents in each subdo-

main, it was possible to reconstruct the main technological trajectories for the

development of the technology.

In Table 1.7 most of the MCFC central patents are related to the general struc-

ture of the fuel cells. The composition of the devices is described carefully by the

patents. Patents 4169917, 4192906, 4554225, 4943496, and 5811202 belong to

this typology. Among the remaining central patents there are patents that describe

the structure of a fully internally manifolded fuel cell stack (4753857, 4769298,

5045413, 5077148, 5227256), patents that contain the improvement to the electro-

lyte design (4818639, 4761348, 5399443), and patents focused on the design of

the plate separator (5698337, 4977041, 6040076, 6410178). Patent 6458477 pro-

posed a fuel cell for a high-efficiency power system with an operating range from

20�C to 2000�C.
Regarding SOFC in Table 1.8 the most central patents from 1978 to 1992

(4226692, 4344904, 4330633, 4609562, 4614628, 4920014, 4950562, 5171645,

Table 1.7 Top 30 most central patents for molten carbonate fuel cell
(MCFC) subdomain.

Patent
number

Filing
year Organization Title

4169917 1978 Energy Research Corporation Electrochemical cell and separator
plate thereof

4192906 1978 Energy Research Corporation Electrochemical cell operation and
system

4250230 1979 In Situ Technology, Inc. Generating electricity from coal in
situ

4308299 1980 General Electric Company Lithiated nickel oxide
4511636 1983 Individual(s)
4514475 1984 Individual(s)
4554225 1984 Tokyo Shibaura Denki

Kabushiki Kaisha
Molten carbonate fuel cell

4753857 1986 Ishikawajima-Harima Jukogyo
Kabushiki Kaisha

Laminated fuel cell

4659635 1986 The United States
Government as represented
by the Department of Energy

Electrolyte matrix in a molten
carbonate fuel cell stack

4818639 1987 Gas Research Institute Molten carbonate electrolyte
creepage barrier

(Continued )
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Table 1.7 Top 30 most central patents for molten carbonate fuel cell
(MCFC) subdomain. Continued

Patent
number

Filing
year Organization Title

4769298 1987 Ishikawajima-Harima Jukogyo
Kabushiki Kaisha

Laminated fuel cell

4761348 1987 The United States of America
as represented by the
Secretary of the Air

Electrolytic cell stack with molten
electrolyte migration control

4977041 1988 Ishikawajima-Harima Heavy
Industries Co., Ltd.

Fuel cell and method of
ameliorating temperature
distribution thereof

4943496 1989 Hitachi, Ltd. Fuel cell, electrode for the cell and
method of preparation thereof

5045413 1990 Institute of Gas Technology Fully internal manifolded fuel cell
stack

5077148 1990 Institute of Gas Technology Fully internal manifolded and
internal reformed fuel cell stack

5227256 1991 Institute of Gas Technology Fully internal manifolded fuel cell
stack

5185220 1991 MSW Power Corporation Fuel cell clamping force equalizer
5409784 1993 Massachusetts Institute of

Technology
Plasmatron-fuel cell system for
generating electricity

5348814 1993 Matsushita Electric Industrial
Co., Ltd.

Internal reforming type molten
carbonate fuel cell

5399443 1994 Electric Power Research
Institute, Inc.

Fuel cells

5698337 1996 Energy Research Corporation Process for preparing a separator
plate for a melt carbonate fuel cell
and separator plate prepared
according to this process

5811202 1997 MSW Power Corporation Hybrid molten carbonate fuel cell
with unique sealing

6045933 1998 Honda Giken Koygo
Kabushiki Kaisha

Method of supplying fuel gas to a
fuel cell

6040076 1998 MSW Power Corporation One piece fuel cell separator plate
6410178 1999 Aisin Takaoka Co., Ltd. Separator of fuel cell and method

for producing same
6458477 2000 ZTE Corporation Fuel cell stacks for ultra-high

efficiency power systems
7491431 2004 NanoGram Corporation Dense coating formation by

reactive deposition
7279655 2004 Pliant Corporation Inductively coupled plasma/partial

oxidation reformation of
carbonaceous compounds to
produce fuel for energy production

7781695 2007 Pliant Corporation Inductively coupled plasma/partial
oxidation reformation of
carbonaceous compounds to
produce fuel for energy production



Table 1.8 Top 30 most central patents for the solid oxide fuel cell (SOFC)
subdomain.

Patent
number

Filing
year Organization Title

4226692 1978 Individual(s) Solid state combustion sensor
4344904 1980 Sumitomo Aluminium

Smelting Company,
Limited

Sintering method of zirconia

4330633 1981 Teijin Limited Solid electrolyte
4609562 1984 Westinghouse Electric

Company LLC
Apparatus and method for depositing
coating onto porous substrate

4614628 1984 Massachusetts
Institute of Technology

Solid electrolyte structure and method for
forming

4920014 1988 Sumitomo Metal
Mining Co., Ltd.

Zirconia film and process for preparing it

4950562 1989 Toa Nenryo Kogyo
Kabushiki Kaisha

Solid electrolyte type fuel cells

5171645 1991 Gas Research Institute Zirconia-bismuth oxide graded electrolyte
5342703 1992 NGK Insulators, Ltd. Solid electrolyte type fuel cell and method

for producing the same
5160618 1992 Air Products and

Chemicals, Inc.
Method for manufacturing ultrathin
inorganic membranes

5409371 1994 IGR Enterprises Oxygen welding and incorporating a novel
gas separation system

5993989 1997 Siemens
Westinghouse Power
Corporation

Interfacial material for SOFC

6004688 1997 Board of Regents, The
University of Texas
System

SOFC and doped perovskite lanthanum
gallate electrolyte therefor

6372375 1999 CeramPhysics Ceramic fuel cell
6287432 1999 Standard Oil Company Solid multi-component membranes,

electrochemical reactor components,
electrochemical reactors and use of
membranes, reactor components, and
reactor for oxidation reactions

6609582 1999 Delphi Technologies,
Inc.

Power generation system and method

6207311 1999 Siemens
Westinghouse Power
Corporation

SOFC operable over wide temperature
range

6165431 1999 Eltron Research, Inc. Methods for separating oxygen from
oxygen-containing gases

6607821 2001 NanoProducts
Corporation

Applications and devices based on
nanostructured nonstoichiometric
substances

(Continued )
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5342703, 5160618) are related to the electrolyte, either to an innovative structure

or composition or to the method of producing it. After 1992 patents started to

focus on improving the operation of the SOFC technologies. Engineers started to

investigate new applications of SOFCs (5409371) and to extend the technology

operating range by using novel materials (5993989, 6004688, 6372375, 6287432).

Since 2000 there have been three main technological trajectories; namely, power

generation (6609582, 7648785, 7213397), low temperature operation (7413687,

8463529), and improvements in the manufacturing process (7326611, 7569876,

8304818).

The fuel cell combined subdomain is a relatively recent subdomain. Table 1.9

includes central patents with filing years succeeding 1999 and has a

Table 1.8 Top 30 most central patents for the solid oxide fuel cell (SOFC)
subdomain. Continued

Patent
number

Filing
year Organization Title

6548424 2001 ASM Microchemistry
Oy

Process for producing oxide thin films

6602595 2002 NanoProducts
Corporation

Nanotechnology for inks and dopants

6787264 2002 General Electric
Company

Method for manufacturing fuel cells, and
articles made therewith

6777353 2003 ASM Microchemistry
Oy

Process for producing oxide thin films

7648785 2004 Eaton Corporation Clean power system
7213397 2005 Eaton Corporation Mechanism and method of combined fuel

reformer and dosing system for exhaust
aftertreatment and anti-idle SOFC APU

7326611 2005 Micron Technology,
Inc.

DRAM arrays, vertical transistor structures
and methods of forming transistor
structures and DRAM arrays

7413687 2005 U.T. Battelle, LLC Low temperature proton conducting
oxide devices

7569876 2007 Micron Technology,
Inc.

DRAM arrays, vertical transistor
structures, and methods of forming
transistor structures and DRAM arrays

8463529 2009 Eaton Corporation System and method of operating internal
combustion engines at fuel rich low-
temperature-combustion mode as an on-
board reformer for SOFC-powered
vehicles

8304818 2010 Micron Technology,
Inc.

Dram arrays, vertical transistor structures,
and methods of forming transistor
structures and dram arrays

251.6 Results



Table 1.9 Top 30 most central patents for the fuel cell combined
subdomain.

Patent
number

Filing
year Organization Title

6214485 1999 Northeastern
University

Direct hydrocarbon fuel cells

6793711 2000 Eltron Research,
Inc.

Mixed conducting membrane for carbon
dioxide separation and partial oxidation
reactions

6479178 2001 Northeastern
University

Direct hydrocarbon fuel cells

6902838 2001 General Motors
Corporation

Cogeneration system for a fuel cell

6815102 2002 General Electric
Company

Energy management system for a rotary
machine and method therefor

6834831 2002 The Boeing
Company

Hybrid SOFC aircraft auxiliary power unit

7067208 2002 Ion America
Corporation

Load matched power generation system
including a SOFC and a heat pump and an
optional turbine

7118818 2002 Rolls-Royce, plc SOFC system
7410713 2002 General Electric

Company
Integrated fuel cell hybrid power plant with
recirculated air and fuel flow

6871491 2003 Robert Bosch
GmbH

Combustion system having an emission
control device

6896988 2003 FuelCell Energy,
Inc.

Enhanced high efficiency fuel cell/turbine
power plant

7045231 2003 Protonetics
International, Inc.

Direct hydrocarbon reforming in protonic
ceramic fuel cells by electrolyte steam
permeation

7147072 2004 Delphi
Technologies, Inc.

Method and apparatus for providing hybrid
power in vehicle

7216246 2004 Kabushiki Kaisha
Toshiba

Electronic apparatus and supply power
setting method for the apparatus

7465512 2004 Rolls-Royce, plc SOFC stack
7520350 2004 individual(s) System and method for extracting propulsion

energy from motor vehicle exhaust
7575822 2004 Bloom Energy

Corporation
Method of optimizing operating efficiency of
fuel cells

7213397 2005 Eaton Corporation Mechanism and method of combined fuel
reformer and dosing system for exhaust
aftertreatment and anti-idle SOFC APU

7250690 2005 Samsung Techwin
Co., Ltd.

Distributed power generation system using a
fuel cell and a method of controlling the same

7370666 2005 Sprint
Communications
Company L.P.

Power system with computer-controlled fuel
system

(Continued )
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miscellaneous collection of central patents which combine the different fuel cell

technologies with cogeneration production technologies such as electricity pro-

duction without emission of undesired gases (6214485, 6479178, 7213397,

8349504, 6871491, 7520350), synthesis gas production (6793711), and mechani-

cal (and electrical) power generation (6902838, 6815102, 6896988, 6834831,

7250690, 7358622).

Concerning PEMFC in Table 1.10 it is possible to observe that the most cen-

tral patents are very recent. More than two-thirds of the central patents were filed

after 2000 and almost one-third of the patents were filed in the biennium 2011

and 2012. Therefore we can divide the central patent set into three main groups,

namely (1) the period from 1993 to 1999, (2) the period from 2002 to 2009, and

(3) the period from 2011 to 2012. In the first period engineers focused mainly on

improving the transportation of H1 through the electrolyte (5336570, 5458989,

5509942, 6312846). Central patents were also about the insulator (5912088) and

general PEMFC structure (6103412). In the second period the central patents are

Table 1.9 Top 30 most central patents for the fuel cell combined
subdomain. Continued

Patent
number

Filing
year Organization Title

7358622 2007 Samsung Techwin
Co., Ltd.

Distributed power generation system using a
fuel cell and a method of controlling the same

7615875 2007 Sprint
Communications
Company L.P.

Power system for a telecommunications
facility

7635926 2007 Sprint
Communications
Company L.P.

Redundant mobile power supply system

7878280 2007 Bloom Energy
Corporation

Low pressure hydrogen fueled vehicle and
method of operating same

8182658 2008 Kabushiki Kaisha
Toyota Jidoshokki

Electrochemical device and exhaust gas
purification apparatus

8071246 2009 Bloom Energy
Corporation

Method of optimizing operating efficiency of
fuel cells

8221911 2009 Sumitomo Electric
Industries, Ltd.

Method for operating redox flow battery and
redox flow battery cell stack

8403258 2009 Airbus Operations
GmbH

Power regulating device for an aircraft

8463529 2009 Eaton Corporation System and method of operating internal
combustion engines at fuel rich low-
temperature-combustion mode as an on-
board reformer for SOFC-powered vehicles

8349504 2010 Individual(s) Electricity, heat and fuel generation system
using fuel cell, bioreactor and twin-fluid bed
steam gasifier
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Table 1.10 Top 30 most central patents for the proton exchange membrane
fuel cell (PEMFC) subdomain.

Patent
number

Filing
year Organization Title

5336570 1993 Individual(s) Hydrogen powered electricity generating
planar member

5458989 1994 Individual(s) Tubular fuel cells with structural current
collectors

5509942 1994 Individual(s) Manufacture of tubular fuel cells with
structural current collectors

5912088 1997 Plug Power Inc. Gradient isolator for flow field of fuel cell
assembly

6103412 1998 Mazda Motor
Corporation

Polymer electrolyte fuel cell

6287717 1998 Gore Enterprise
Holdings, Inc.

Fuel cell membrane electrode assemblies
with improved power outputs

6312846 1999 Integrated Fuel Cell
Technologies, Inc.

Fuel cell and power chip technology

7056614 2002 Honda Giken Koygo
Kabushiki Kaisha

Membrane electrode assembly and fuel cell
unit

6867159 2003 Ballard Power
Systems Inc.

Application of an ionomer layer to a
substrate and products related thereto

7338692 2003 3M Innovative
Properties
Company

Microporous PVDF films

6991866 2004 Integrated Fuel Cell
Technologies, Inc.

Fuel cell and power chip technology

7029779 2004 Integrated Fuel Cell
Technologies, Inc.

Fuel cell and power chip technology

7465512 2004 Rolls-Royce, plc SOFC stack
7691514 2004 The Regents of the

University of
California

Polymer�zeolite nanocomposite
membranes for proton-exchange-membrane
fuel cells

7799485 2005 Nissan Motor Co.,
Ltd.

Fuel cell system and composition for
electrode

8518594 2007 Encite, LLC Power cell and power chip architecture
8834700 2007 Encite, LLC Method and apparatus for electrochemical

reaction
8389175 2008 UTC Power

Corporation
Fuel cell having a stabilized cathode catalyst

8663868 2008 3M Innovative
Properties
Company

Microporous Polyvinylidenefluoride (PVDF)
films

8343684 2009 Individual(s) Fuel cell device and system
8153318 2011 Individual(s) Method of making a fuel cell device
8257884 2011 Individual(s) Method of making a fuel cell device

8293429 2011 Individual(s) Method of making a fuel cell device

(Continued )
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mostly related to the improvement of the previous design by increasing durability

and performance and reducing costs (7056614, 6867159, 6991866, 7029779,

7691514, 7799485, 8518594, 8834700, 8389175, 8343684). Finally, in the third

period most central patents are related to methods to make PEMFCs (8153318,

8257884, 8293429, 8309266) and new designs (8409764, 8968957, 8911916,

8936887).

Regarding biofuel cells in Table 1.11 the first central patents can be traced

back to 1975, at the beginning of the patenting activity. The patent (3941135) is

related to a biofuel cell compatible with a heart pacemaker and, hence, for bio-

medical purposes. The second-oldest central patent is 4117202, which is the

application of biofuel cells to the conversion of solar power to electricity via bio-

logical processes. The remaining patents until 2001 focused on enzymatic fuel

cells (4224125, 4490464, 6294281, 6500571, 6531239, 6495023). In 2003, orga-

nizations started to study how to reduce the dimensions of the biofuel cells for

biomedical implants (7160637, 7368190, 7687186, 7816025). The latest central

patents are related to power generation through microbial fuel cells (8663852,

8012616, 7927749, 8518566).

Finally, the central patents of RFC technology are evenly spread through the

years from 1974 to 2007 (Table 1.12). We can recognize three main periods. In

the first period researchers focused on different ways to build a battery that can

charge and discharge through reduction�oxidation cells (3981745, 3994745,

3996064, 4133941, 4159366, 4192910). There are also patent numbers 4021323

and 4215182 which deal with solar conversion. In the 1980s and 1990s, engineers

were interested in lowering the operating temperature of regenerative fuel cells

(4410606, 4738904), improving efficiency through new materials such as the all-

Table 1.10 Top 30 most central patents for the proton exchange membrane
fuel cell (PEMFC) subdomain. Continued

Patent
number

Filing
year Organization Title

8309266 2011 Individual(s) Fuel cell device and system
8409764 2011 Individual(s) Fuel cell device and system
8449702 2011 Bloom Energy

Corporation
Method for SOFC fabrication

8968957 2011 Honda Motor Co.,
Ltd.

Fuel cell

8293417 2012 Individual(s) Solid oxide fuel cell device
8911916 2012 Honda Motor Co.,

Ltd.
Fuel cell

8936887 2012 Samsung
Electronics Co., Ltd.

Composite electrolyte membrane for fuel
cell, method of manufacturing the
membrane, and fuel cell including the
membrane

291.6 Results



Table 1.11 Top 30 most central patents for the biofuel cell subdomain.

Patent
number

Filing
year Organization Title

3941135 1975 Siemens Aktiengesellschaft Pacemaker with biofuel cell
4117202 1977 Individual(s) Solar powered biological fuel cell
4224125 1978 Matsushita Electric Industrial

Co., Ltd.
Enzyme electrode

4490464 1982 Individual(s) Electrode for the electrochemical
regeneration of coenzyme, a
method of making said
electrode, and the use thereof

4541908 1984 Ajinomoto Company, Inc. Heme protein immobilized
electrode and its use

6294281 1998 TheraSense, Inc. Biological fuel cell and method
6500571 1999 Powerzyme, Inc. Enzymatic fuel cell
6531239 2001 TheraSense, Inc. Biological fuel cell and methods
6495023 2001 Michigan State University Electrochemical methods for

generation of a biological proton
motive force and pyridine
nucleotide cofactor regeneration

7258938 2002 Sharp Kabushiki Kaisha Polymer electrolyte fuel cell
7005273 2002 TheraSense, Inc. Method for the determination of

glycated hemoglobin

7482072 2003 GRIntellectual Reserve, LLC Optimizing reactions in fuel cells
and electrochemical reactions

7160637 2003 The Regents of the University of
California

Implantable, miniaturized
microbial fuel cell

7368190 2003 Abbott Diabetes Care Inc. Miniature biological fuel cell that
is operational under physiological
conditions, and associated
devices and methods

7018735 2003 Abbott Diabetes Care Inc. Biological fuel cell and methods
7709133 2005 UT-Battelle, LLC Electrically conductive cellulose

composite
7635530 2005 The Board of Trustees of the

University of Illinois
Membraneless electrochemical
cell and microfluidic device
without pH constraint

7687186 2006 Canon Kabushiki Kaisha Enzyme electrode, and sensor
and biofuel cell using the same

7816025 2007 Canon Kabushiki Kaisha Enzyme electrode, enzyme
electrode producing method,
sensor and fuel cell each using
enzyme electrode

7871739 2007 Sony Corporation Fuel cell and electronic device

(Continued )
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vanadium redox battery (4786567, 6468688), and transforming “traditional” tech-

nologies such as SOFC into two-mode, energy storage and energy recovery, tech-

nologies (5492777, 7150927). In the third period the central patents focused on

the invention on hydrogen storage and generation devices (6875536, 7282294,

7879205).

1.6.3 Technology performance improvement analysis and
discussion of possible drivers of faster performance
improvements

Fig. 1.14 compares the observed yearly functional performance improvement rates

of 30 technological domains studied in previous works [14,60] with the estimated

Table 1.11 Top 30 most central patents for the biofuel cell subdomain.
Continued

Patent
number

Filing
year Organization Title

7695850 2007 Panasonic Corporation Electrode for use in oxygen
reduction

7858243 2008 University of Wyoming
Research Corporation

Influential fuel cell systems
including effective cathodes and
use with remediation efforts

7888433 2008 GM Global Technology
Operations LLC

Sulfonated-polyperfluoro-
cyclobutane-polyphenylene
polymers for PEM fuel cell
applications

8114544 2009 HRL Laboratories, LLC Methods and apparatus for
increasing biofilm formation and
power output in microbial fuel
cells

7709113 2009 The Penn State Research
Foundation

Bio-electrochemically assisted
microbial reactor that generates
hydrogen gas and methods of
generating hydrogen gas

8785059 2009 Smith & Nephew, Inc. Power generation
8663852 2010 University of Massachusetts Aerobic microbial fuel cell
8012616 2010 The Government of the United

States of America, as
represented by the Secretary of
the Navy

Advanced apparatus for
generating electrical power from
aquatic sediment/water
interfaces

7927749 2010 Xerox Corporation Microbial fuel cell and method
8518566 2010 Oakbio, Inc. Multielectrode microbial fuel cells

and fuel cell systems and
bioreactors with dynamically
configurable fluidics
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Table 1.12 Top 30 most central patents for the regenerative fuel cell
subdomain.

Patent
number

Filing
year Organization Title

3981745 1974 United Technologies
Corporation

Regenerative fuel cell

3996064 1975 The United States of America
as represented by the
Secretary of the Air

Electrically rechargeable REDOX
flow cell

4021323 1975 Texas Instruments
Incorporated

Solar energy conversion

3994745 1976 Ford Motor Company Secondary battery with separate
charge and discharge zones

4133941 1977 The United States of America
as represented by the
Secretary of the Air

Formulated plastic separators for
soluble electrode cells

4159366 1978 The United States of America
as represented by the
Secretary of the Air

Electrochemical cell for rebalancing
redox flow system

4192910 1978 Individual(s) Catalyst surfaces for the chromos/
chromic redox couple

4215182 1979 Institute of Gas Technology Conversion of solar energy to
chemical and electrical energy

4310396 1980 Societe d’Etudes et de
Recherches en Sources
d’Energie Nouvelles
(SERSEN)

Method for desalination of water,
in particular sea water

4410606 1982 Individual(s) Low temperature thermally
regenerative electrochemical
system

4738904 1986 Hughes Aircraft Company Low temperature
thermoelectrochemical system and
method

4814241 1987 Director-General of Agency of
Industrial Science and
Technology

Electrolytes for redox flow batteries

4786567 1988 Unisearch Limited, A.C.N. All-vanadium redox battery
4874483 1989 Chiyoda Corporation Process for the preparation of

redox battery electrolyte and
recovery of lead chloride

5346778 1992 Energy Partners, Inc. Electrochemical load management
system for transportation
applications

5376470 1993 Rockwell International
Corporation

Regenerative fuel cell system

5492777 1995

(Continued )
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Table 1.12 Top 30 most central patents for the regenerative fuel cell
subdomain. Continued

Patent
number

Filing
year Organization Title

Westinghouse Electric
Corporation

Electrochemical energy
conversion and storage system

5631099 1995 Individual(s) Surface replica fuel cell
6468688 1998 Pinnacle ARB Limited High energy density vanadium

electrolyte solutions, methods of
preparation thereof and all-
vanadium redox cells and batteries
containing high energy vanadium
electrolyte solutions

6507169 2001 Farnow Technologies PTY
Limited

Energy storage system

6516905 2001 Ballard Power Systems Inc. Vehicle with a fuel cell system and
method for operating the same

6579638 2001 Individual(s) Regenerative fuel cell system
6620539 2001 Energy Conversion Devices,

Inc.
Fuel cell cathodes and their fuel
cells

6692862 2001 Squirrel Holdings Ltd. Redox flow battery and method of
operating it

6641945 2002 Individual(s) Fuel cell
6875536 2002 Texaco Ovonic Fuel Cell LLC Catalytic hydrogen storage

composite material and fuel cell
employing same

7226675 2002 Ovonic Battery Company,
Inc.

Very low emission hybrid electric
vehicle incorporating an integrated
propulsion system including a fuel
cell and a high power nickel metal
hydride battery pack

7150927 2003 Bloom Energy Corporation SORFC system with non-noble
metal electrode compositions

7282294 2004 General Electric Company Hydrogen storage-based
rechargeable fuel cell system and
method

7879205 2007 Samsung Electronics Co.,
Ltd.

Hydrogen generating apparatus,
fuel cell power generation system,
method of controlling hydrogen
generating quantity and recorded
medium recorded program
performing the same
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growth rates of 12 major fuel cell subdomains. We can observe that the fuel cell

subdomains are estimated to improve at a rate between 8% and 20% per year.

This puts them in a mid-range of improvement speed, bounded by “photolithogra-

phy” on the upper end and “batteries” on the lower end. MCFC and SOFC are the

fastest-growing fuel cell technologies, whereas the RFC subdomain is the slowest.

Fig. 1.15 shows a probabilistic comparison of the estimated growth rates of

the main fuel cell subdomains. The left panel shows the probability density func-

tion (PDF) of the estimated rate. As we can see it is very unlikely that the actual

improvement rate for any fuel cell technology would be faster than 50%�60% a

year. The right panel shows the cumulative distribution obtained from the results

reported in the left panel. We can interpret this cumulative function by observing

that, for instance, there is a 50% chance that all actual improvement rates are

below 20% a year. Based on the PDFs, we can estimate the likelihood that one

observed subdomain is improving faster than another domain. This likelihood is

reported in Fig. 1.16 for any pair of domains. This figure confirms that the fuel

cell subdomains that are likely to be the fastest improving are SOFC and MCFC,

whereas biofuel cell and RFC are likely to be the slowest.

FIGURE 1.14

The performance improvement rate of the major fuel cell technologies (shown in red) and

30 other technological domains.
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FIGURE 1.15

Probability density functions of the estimated performance improvement rates of the main

fuel cell technologies.

FIGURE 1.16

Heatmap representing the likelihood that an observed technological subdomain is growing

faster than another subdomain.
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In the following paragraphs we compare the history, barriers, and key drivers

of the two faster-growing technologies, namely SOFC and MCFC.

The invention of SOFCs has its roots in the mid-19th century with the first

discoveries related to a fuel cell capable of producing energy through the combi-

nation of hydrogen and oxygen [38]. Scientists had been improving the technol-

ogy and from a patent citation network analysis and it emerges that one of the

fundamental patents in the development of the technology (4510212) was granted

in 1985 by the USPTO to an invention by the US department of energy [32]. The

patent described an innovative configuration of the SOFC that improves the ther-

momechanical properties of the technology [64]. The first applications of solid

conductors were lamps [65]. Currently the main applications are in the field of

clean power generation, but there are some technical barriers that are limiting the

potential advancement of this technology [66]. Milewski recognized the main

technical limitations for the SOFCs that span from thermal to design and effi-

ciency issues. On the other hand the major driver for the technological improve-

ment of SOFC technology has always been the higher efficiency achievable

compared to the thermal machines under the same operating conditions [38].

Furthermore the key drivers that led to the development of the SOFCs rather than

the other fuel cell technologies are the possibility of directly using natural gas

[67]. Current barriers and key drivers of SOFC technology are summarized in

Table 1.13. Because of the maturity stage of the SOFC technology, technical and

nontechnical factors are important for its technological development.

MCFCs along with SOFCs are both considered high-temperature fuel cells.

Nevertheless MCFC technology is unpopular [70] compared to its main techno-

logical competitor. Even though the two technologies share the starting decade of

development (the 1960s) and MCFC technology was apparently more advanta-

geous, during the 1980s SOFCs quickly advanced technologically thanks to the

R&D efforts of Westinghouse Power Corporation. In the same years the problems

related to the building materials of MCFCs started to emerge. Currently the tech-

nology has entered the commercialization phase and the next step is the realiza-

tion of a pilot plant to convince the market that the technology is convenient. The

success of the MCFCs is strictly linked to energy prices. The lower they are, the

Table 1.13 Current barriers and key drivers of solid oxide fuel cell (SOFC).

Barriers Key drivers References

• Low thermal resistance
• Complexity of reforming of
hydrocarbon fuels

• Insufficient overall energy
efficiency

• Insufficient utilization of the
fuel in the anode

• Higher efficiency achievable
compared to thermal machines

• Fuel flexibility
• Energy demand (since the Oil Crisis in
1974)

• Environmental concerns

[38,66�69]
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least convenient is the adoption of the technology. Moreover, other nonfuel cell

technologies are being developed rapidly such as Stirling engines and small gas

turbines. The key drivers for the technological development of MCFCs are the

changes in the energy market (higher energy prices predicted) and the legislations

(stringent environmental laws). Furthermore MCFC technology has to be devel-

oped in those applications where the fuel cell is the most advantageous such as

with biogas, for the tolerance of the technology to the gas composition [71].

In Table 1.14 we sum up the nontechnical barriers and the key drivers that apply

to MCFC performance improvement.

1.7 Conclusion and future research direction
Fuel cell technologies are exiting the hype phase and are approaching maturity

stage with a very fast improvement rate. Fuel cells have many applications and

they can function in a wide range of operating conditions. Moreover the materials

used for the different fuel cell technologies are very diverse. United States, Japan,

Korea, and Germany are leading the patenting activity due to the geographical

presence of firms strongly interested in the development of the fuel cell technolo-

gies applied to the products that they make. Interestingly, historically the develop-

ment of the technological domain was first sustained by mostly nonprofit

institutions and currently by the industry (automotive, power generation, appli-

ances). The shift demonstrates that fuel cells have scientific and economic inter-

ests. Among the various fuel cell technologies, MCFC and SOFC are quite

promising, and they have reached a mature stage in which fast technological

growth, fueled by several learning factors, is expected. In accordance, we identi-

fied MCFC as the fastest-improving technology among the fuel cell technologies.

SOFC comes second. By observing the patent analysis results of SOFC it is possi-

ble to notice the initial popularity of the technology that was gradually substituted

by the newest fuel cell technologies. Currently MCFC has reached the commer-

cialization stage and it is ready to be demonstrated.

Table 1.14 Current barriers and key drivers of molten carbonate fuel cell
(MCFC).

Barriers Key drivers Reference

• Low energy costs

• Liberalization of energy market
• Competition with fast advancing
technologies

• Environmental protocols and
legislation

• Bonuses for clean power
generation systems

• Rise of the energy demand (e.g.,
coal gasification)

• Unique advantage of MCFC

[71]
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Technological forecasting is a fast-changing field; therefore, it is necessary to

revise the results of the current research frequently using the latest advances in

scientometrics. Some suggested research directions are:

1. Improving the accuracy of the growth prediction with actual historical

performance data for commercialized fuel cell technologies.

2. Using the central patents analysis to define barriers.

3. Performing a predictive cost analysis using the forecasting tools.

4. Identifying the life-cycle stage in a quantitative way.
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CHAPTER

2Thermodynamics and
energy engineering

Venkatesan Venkata Krishnan
School of Science, Engineering and Design, Teesside University, Middlesbrough, United

Kingdom

2.1 Introduction to thermodynamics of energy conversions
Thermodynamics dictate limits to which energetic transformations can occur, that

is, all energy is conserved in a process (First Law) and heat cannot be transferred

from low to high temperature without the application of work, and heat cannot be

completely converted to work (Second Law). The subject itself with its concepts

and laws evolved from observing the operation of devices that convert heat to

work (electricity is work, and is therefore included as well).

One of the key technology developments in the electrical age was the inven-

tion of the electrical motor operating on electrical power, produced by the genera-

tor (another key advance of this era), which, in turn, is operated by flow or

pressure driven processes. Other than hydroelectric and wind power, the majority

of electrical power arises from pressure driven flows derived from heat released

by chemical reactions, namely burning of fuel. Hence, modern technology relies

on the conversion of heat energy to work, that is, electricity.

This led to work or electricity production from heat via thermomechanical

engines that operate in a cyclic mode, namely processes that operated in multiple

stages with a working fluid which returns to the starting point, only to repeat

itself, for example, the Brayton cycle, Rankine cycle, and the theoretical Carnot

cycle.

Examples of thermomechanical engines include the steam turbine and, later,

the gas turbine, which have been prime movers for the generation of electricity

over the past century and earlier. Such devices are also known as heat engines

and are usually characterized by a few attributes [1], such as:

1. They require a high-temperature heat source to provide high-quality heat.

2. The next stage is to convert this heat to work, that is, only possible if a flow

is generated, via a device like a rotating shaft or impeller.

3. Not all the heat is converted to the work (as per the Second Law of

thermodynamics) and a part of the heat is rejected to a low-temperature

reservoir, that is, water bodies or atmosphere.
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4. It is a cyclic process, thus the stages are repeated.

This is reflected in the performance of commonly engineered products such as

thermal power plants and in refrigerators (in the latter case, heat flows in the

opposite direction with the addition of power) [1,2].

However, there are examples of cyclic processes that are not truly cyclic in

the thermodynamic sense, namely internal combustion (IC) engines, although

they do undergo a mechanical cycle. This concept can be demonstrated in an IC

engine where fuel and air are brought in from outside and the exhaust gases upon

combustion are released, that is, the working fluid is not conserved within the

process. Nevertheless these are also included within the broad purview of heat

engines.

Naturally, these cyclic processes are governed by efficiency, which is

expressed as work produced or heat energy input. Engineers have for many gen-

erations worked on maximizing energy output by maximizing the efficiency of

these processes, but they are limited by practical temperature constraints. The

basic definition of efficiency arising from the First Law of thermodynamics

[1�4], that is, η5W(net)/Qin, where W(net)5Qin�Qout, can be applied to the theo-

retical Carnot engine efficiency, which is then transformed to ηCarnot5 1�Tc/TH.

Therefore the higher the temperature of the hot heat source, or the lower the tem-

perature of the cold heat sink, the higher the efficiency. However, this is the max-

imum possible efficiency achievable for a “reversible” process and is the

efficiency limit for any “cyclic” process.

Thermodynamics has traditionally created and defined entities or variables

that describe heat flows as enthalpy, reversible work as Gibbs free energy, and

the concept of entropy, which describes the irreversibility of a process and is

defined by the well-known formula dS5 dQ/T, first identified by Clausius.

Entropy is shown to be a state function as the cyclic integral (i.e.,
Þ
dQ=T) for a

reversible Carnot cycle is zero. It is also an undeniable reality that all processes

in nature are irreversible and, therefore, the concept of entropy generation

assumes great significance. Hence the Clausius definition becomes an inequality

(i.e.,
Þ
dQ=T # 0) which can then be rewritten as ΔS5 change in entropy between

one state and another5
Ð 2
1
dQ=T$ 0 [1].

2.2 Thermodynamics of electrochemical cells
Electrochemical cells that convert chemical energy directly into electricity are

termed galvanic cells (as opposed to electrolytic cells where the process is the

reverse) and include batteries and fuel cells. These are clear alternatives to ther-

momechanical engines and are not capped by Carnot efficiency limits.

Bearing in mind that the fuel cell is not a cyclic process with a working fluid

and is actually a steady-state flow process [2], the statement of the First Law of

thermodynamics is therefore expressed simply as ΔH5Q1W (where W is
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Welectrical) due to the flow of electrons or ions in an electrochemical cell. The heat

term (Q) can be replaced with TΔS, bringing in the concept of entropy (applied

to a reversible and isothermal process) and leading to the expression

ΔH5 TΔS1Welectrical.

As an electrical energy producer the focus of the technologist is maximizing

Welectrical; the maximum value attainable is when the process is reversible, which

may be expressed as Welectrical,max5ΔH�TΔS. This is also equal to the change

in the Gibbs free energy (ΔG) (as postulated by the Gibbs equation). Therefore

the maximum efficiency of a fuel cell as represented by the First Law principles,

which is ηcell,max5Welectrical,max/ΔH, where ΔH will be the heat of the fuel cell

reactions, namely electrochemical oxidation of hydrogen, or oxidation of syngas

or methanol, depending on the type fuel utilized. Since hydrocarbon combustion

reactions release condensable water, one can represent ΔH as either a higher

heating value (HHV) or a lower one (LHV) [1�5]. The maximum work is also

expressed in voltage terms, as nFE, where n is the number of electrons transferred

per unit mole of limiting reactant, which is usually the fuel, while F is the

Faraday’s constant (96,487 Coulombs per mole of electrons transferred) and E is

the Nernst voltage of the electrochemical cell. This can then be written more spe-

cifically as Eo, leading to the maximum value, which is known as thermodynamic

efficiency [5] as shown in Eq. (2.1).

ηcell;max 5
Welectrical;max

ΔH
5

ΔG�

HHV or LHV
5

nFE�

HHV or LHV
(2.1)

If one were to use LHV instead of HHV [the former is used regularly for solid

oxide fuel cells (SOFCs) since the product is vapor] the ηcell,max will be higher.

Therefore one school of thought insists that comparisons of thermodynamic effi-

ciencies for different types of fuel cells should be done using the same basis (i.e.,

HHV) so it can be applicable to other types of fuel cells such as proton exchange

membrane fuel cells, direct-methanol fuel cells, alkaline fuel cells, as well.

However, as will be discussed later in this chapter, many engineers and tech-

nologists have departed from this level of thinking and are urging the use of

exergy as a way of defining the efficiency of a process, that is, defining efficiency

in terms of the power produced relative to the maximum possible power achiev-

able (exergy).

Coming back to the conventional First Law definition of efficiency, if one

were to summarily compare the efficiency of cyclic or thermomechanical engines

with electrochemical engines (fuel cells), the latter are not bound by operational

temperature limits (as in a cyclic engine). They are, instead, limited by TΔS and

if the entropy generation approaches zero, thermodynamic efficiency can

approach 100% (direct carbon-fueled SOFCs [6]), something that is highly

improbable for cyclic engines operating under most industrial conditions.

For the case where solid phase carbon itself is a fuel, where the overall cell

reaction is C1O2-CO2, the standard enthalpy changes in high temperature

(600�C) is about 2395.4 kJ/mol. For the same reaction the ΔS is only 1.6 J/K/
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mol at the same temperature. Applying the Gibbs equation (ΔG52394 kJ/mol)

implies that the fuel cell efficiency (thermodynamic) is almost 100% [6].

There are many instances where thermodynamic (reversible) efficiency

exceeds theoretical Carnot engine efficiencies [5], although as the temperature

increases beyond 800�C and if one assumes the cold reservoir temperature to be

about 50�C, efficiencies of heat engines begin to surpass that of fuel cells (hydro-

gen can be taken as an example, although CO and syngas show similar trends).

This need not be a dampener against high-temperature fuel cells (i.e., MCFCs and

SOFCs) because all these devices operate irreversibly since no electrochemical

process operates at infinitesimal current, just as no cyclic process operates under

reversible conditions, and polarization losses at high temperatures are very low.

As systems get more complex, heat management within the fuel cell system

ensures high overall system efficiencies and, as such, high-temperature operation

is the preferred choice, particularly for stationary applications. A more nuanced

method for quantifying SOFC efficiency uses the concept of exergy, as discussed

in Section 2.3.

2.3 Exergy concepts in heat to power conversions
The development of exergy as a concept is relevant to assessing the performance

efficiency of an engine in relation to its maximum potential. Exergy is a more

modern interpretation of the concept of Gibbs free energy that has been used sig-

nificantly to describe thermodynamic efficiencies and is synonymous with maxi-

mum reversible work extractable in a fuel cell [5]. Exergy may also be described

as a chemical equivalent of potential energy used in mechanical systems.

Exergy is initially postulated as the extent of departure of a system in its exist-

ing state from a reference state, which is quite simply the Earth’s atmosphere

(i.e., if a system has a temperature, pressure, or composition different from the

environment then the system has exergy). A classic argument made to distinguish

exergy from energy is that the atmosphere around us has considerable energy but

no exergy, which means that any system in equilibrium with the atmosphere (or

the reference state) in terms of temperature, pressure, and composition is incapa-

ble of doing work.

Therefore exergy refers to a system having a certain potential for doing

work and once this work is done the system will reach a final state of equilib-

rium with its surroundings [3�5]. The route taken to achieve this transformation

is also important in terms of whether the process is irreversible or reversible.

The familiar term irreversibility can thus be equated to a new term, exergy

destruction. Therefore in a system where one can reduce the irreversibility, then

it can be said that the extent of exergy destruction is also reduced. In the case of

fuel cells, reducing irreversibilities or lowering exergy destruction is achieved
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by operating at regions of low polarization, that is, high voltage (low current

density).

A basic postulation of exergy [1,4] for any state relative to a reference state

(also termed as the dead state) is:

Exergy Ex5 U2Uoð Þ1Po V 2Voð Þ2To S2 Soð Þ1KE1 PE (2.2)

In many instances, and particularly in heat cycles, we ignore the kinetic

energy (KE) and potential energy (PE) terms as they are zero at reference state.

The above formulation is referred to in the literature as physical exergy and is

applicable to systems where there are mass and enthalpy flows. If these flow pro-

cesses contain heat evolution or heat supply term, Q, then the exergy value arising

from that heat content can be postulated using the Carnot efficiency as shown in

Eq. (2.3) [1,4].

Exergy transfer from heat ; Exheat 5Q 12
To

T

� �
(2.3)

The concept of exergy has been extended to “chemical exergy” [4,5] as well.

In the case of cyclic heat engines a thermomechanical term describes exergy

[Eq. (2.2)], while in the case of a fuel cell a chemical component is also intro-

duced, as discussed next.

The differential expression for Gibbs Energy, in terms of deviation from a

thermodynamic equilibrium is written as follows [5]:

@G5V@P2 S@T 1
X

μi@ni (2.4)

From here, integrating between the limits of the existing temperature and pres-

sure (T, P) and the reference state (i.e., state of the environment) as mentioned

earlier (To and Po), exergy can be formulated as [1,3�5]:

Physical and chemical exergy5ToðS�SoÞ�ðH�HoÞ2
X

niðμi�μi;oÞ1Xheat (2.5)

The term for chemical exergy for a system (XChem) that comprises an ideal

mixture (i5 1 to j) at a set of temperature and pressure conditions can be further

formulated as:

XChem 5
X

ni μi�μi;o

� �
5RTo

Xj

i51
yiln

yi

yie

� �
(2.6)

Using exergy as a basis for calculating the effectiveness of an SOFC, stand-

alone units or hybrid SOFC plants are useful since they directly attempt to iden-

tify irreversibilities at every stage in a plant. One can potentially identify a large

irreversibility and adjust process variables to bring it down to an acceptable level.

However, the overall exergetic efficiency can only be optimized through formu-

lating the interactions between all process components. Further details on exergy

formulations are discussed using specific examples in later sections.
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2.4 Overview of basic modeling and conventional
approaches to the energetics of solid oxide fuel cells

Modeling of SOFCs at various levels (viz., cell, stack, balance of plant) and the

overall systems level have continued to progress over the past 25�30 years.

Modeling approaches can be described as 0-dimensional, 1-dimensional, or by

using a more advanced computational fluid dynamic (CFD) model [7]. 0D models

are useful for overall systems or plant simulation and do not offer details related

to the design and dimensions of individual components and/or their performance.

In the 0D category, the modeling effort focusses on overall SOFC plant energetics

and efficiency. These types of models are strongly rooted in thermodynamic con-

cepts described in the introduction to this chapter. The classic treatment of ener-

getics revolves around the First Law definition of efficiency starting from the

very basic thermodynamic efficiency to the more modern understanding consider-

ing the irreversibility expressed as exergy destruction during cell operations.

1D models comprise electrochemical models with ionic or electronic transport

formulations, Fick’s law-type expressions (e.g., equimolar counter diffusion, com-

bining gas phase binary diffusion, and Knudsen diffusion) for concentration polari-

zation [8,9]. The main aim of these approaches is to model current�voltage curves

and electrochemical impedance spectroscopy data via estimations of the different

types of polarization/polarization resistances. In thermodynamic terms the focus has

been on estimating the irreversibility in single or button cell performances.

Modeling approaches can also be classified based on length scales, that is,

over cell component thicknesses ranging from small single cell or button cells

(one-dimensional model) to large cell areas (2 or 3 dimensional models where

fuel and air utilizations are key factors, and temperature or flow gradients that

exist in 3 dimensions), which necessitate multiphysics (CFD) approaches (consid-

ering thermal effects, that is, heat transfer, flow coupled with chemical or electro-

chemical reactions, and accounting for material stresses and deformations)

[10,11]. These are of great value toward stack and hotbox designs where heat

effects, namely hot spots, and other degradation phenomena are of importance.

In this chapter the major thermodynamic analysis for SOFC standalone and

hybrid systems fall under the category of 0D models as they relate to overall ener-

getics calculations. However, the work done by Calise et al. [12] and Sciacovelli

and Verda [13] combine the thermodynamic principles of exergetic analysis and

entropy generation, with finite element modeling for a tubular SOFC itself using

1D models.

2.4.1 Modeling of solid oxide fuel cell�hybrid cycles

There are different types of processes designed around the SOFC stack, including

standalone SOFC stack-systems [14�19], hybrid SOFC�steam turbines

(SOFC�ST) [19,20], hybrid SOFC�gas turbines (SOFC�GT) [18,21�27] and
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their combination (SOFC�GT�ST) [18,22,27] in a bid to boost the overall

efficiency of electricity production. These hybrid energy configurations include a

bottoming cycle where waste heat from the stack exhaust is extracted in different

ways and is utilized in a thermodynamic cycle or heat engine to derive additional

power prior to being irreversibly transferred to the environment.

To highlight the importance of the bottoming cycle one can go back to the

concept of thermodynamic efficiency in Eq. (2.1) (i.e., ηth5ΔG/ΔH5
(ΔH�TΔS)/ΔH) at the temperature of operation of the fuel cell, as explained in

the following paragraph. From a thermodynamic perspective, the efficiency of a

fuel cell is highest at the lowest temperatures (i.e., ambient temperatures). This is

true for most cases, particularly for hydrogen and carbon monoxide, which are

the most likely fuel components that participate in electrochemistry. Since the

TΔS term dominates with the increase in temperature, the maximum reversible

work (ΔG) from a fuel cell decreases with a reduction in temperature. However,

the lower the temperature the slower are the reaction kinetics and, consequently,

the higher the polarization resistance (irreversibility), which will lower the operat-

ing efficiency drastically. Therefore to go to high temperatures as is done in

SOFCs is a practical necessity despite the lower thermodynamic efficiency. The

idea of the bottoming cycle is to use the fuel cell exhaust at high temperatures in

a cyclic heat engine, thereby generating additional power or efficiency; the fuel

cell operating at high temperature lowers the irreversibility’s under those condi-

tions, whereas the bottoming heat engine operates under a practical Rankine or

Brayton cycle with steam or gas, respectively [5]. These cycles can utilize useful

exergy to generate maximum work. Introducing bottoming cycles leads to lower

exergy destruction, that is, if the bottoming cycles are not incorporated the corre-

sponding exergy would doubtlessly be destroyed.

Larminie and Dicks [5] have discussed how to achieve efficiency limits for a

fuel cell operating on hydrogen and for a Carnot cycle with a 100�C exhaust (T2).

Under the assumption that zero work is done (100% irreversibility), that is,

ΔG5 0, maximum temperature can be reached, TF5ΔH/ΔS. This maximum

temperature for the proposed Carnot engine (T1) is used as the limit for a bottom-

ing cycle. By fixing a suitable value as the low-temperature exhaust (sink), e.g.,

100oC one can plot the Carnot efficiency limit as a function of temperature up to

the maximum value, TF.

ηCarnot 5 12
T2

T1
for all T1 #TF (2.7)

Meanwhile, the thermodynamic efficiency for hydrogen as fuel in the fuel cell

is calculated as a function of temperature as well, as shown in Eq. (2.8).

ηTh 5
ΔG

ΔH
from thermodynamic properties of the fuel cell reaction (2.8)

Calculations for the hydrogen-powered fuel cell�heat engine combined cycle

show that the (thermodynamic) efficiency is a constant value throughout the
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temperature range, assuming a purely reversible process [5]. Therefore operating

as close to a reversible condition becomes the primary criteria of the process

designer, that is, the design engineer can thus freely choose a reasonably high

temperature for this purpose up till the maximum temperature limit, TF, computed

earlier.

Early SOFCs operating at 1000�C were particularly suited for hybrid process

configurations. There are two very basic forms of bottoming cycles; one uses

waste heat to generate steam and operate a steam turbine, and a second entails

pressurized operation of a stack. This is followed by combustion, releasing the

high-pressure exhaust gas to power a gas turbine. There have also been attempts

to have a combined gas turbine, steam turbine bottoming cycle, and steam

injected in gas turbine (STIG) in the bid to maximize efficiency.

2.4.2 Modeling of stack-system configurations

Furthermore, within the SOFC system itself configurations vary, such as total or

partial internal reformation of fuel versus complete prereformation (external refor-

mation). This can be combined with partial recirculation of flue gas exhaust into

the anode system, which lowers the fresh feed steam requirements for natural gas

reformation (Fig. 2.1) once the requisite steam-to-carbon ratio is maintained [15],

and configuring the process by adjusting fuel utilization to either maximize elec-

trical output or to strike a balance between electricity and heat production (com-

bined heat and power). The very basic configuration must include an after-burner

following the stack to combust unconverted fuel from the stack and in the process

preheating the feedstock as seen in many process flow diagrams reviewed in this

work.

Fig. 2.2 shows a very simple configuration by Peters et al. [16] that demon-

strates the efficacy of anode recycling applicable to a hydrogen-fueled cell. Most

of the other configurations include anode off-gas recycling as well. While there is

no reformation and there is no requirement of moisture in the stack for this case,

the authors condensed out the water formed in the stack, thereby recycling the

hydrogen with the recycle ratio being almost 100% in one of their case studies.

This configuration uses up parasitic power in the form of the anode recycle

blower, but the fuel is nearly 100% hydrogen as it enters the stack (in case of

100% recirculation), thereby leading to high cell/stack performance. Enhancement

of First Law efficiencies have been reported by recycling and removal of product

water from the anode off-gas in this work.

For natural gas and hydrocarbons, partial external reformation or prereforma-

tion (methanation) of feedstock is the most widely used configuration in most

SOFC stacks (almost all the configurations reviewed in this chapter) since the

exothermic nature of the electrochemical oxidation is somewhat regulated by

the endothermic reformation. This type of balancing is needed since airflow on

the cathode side has to be increased for the removal of excess heat. This would
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lead to higher power consumption for the air blower and add to the parasitic

power consumption in an SOFC system.

Chan et al. [17] demonstrated a configuration wherein all reformation occurs

externally (discussed further in Section 2.8, on exergy calculations). Published in

2002 this type of configuration was reflective of the earlier state-of-the-art. A

totally different configuration involving complete internal reformation within the

stack was discussed by Calise et al. [24,25]. In practical terms this adds to the

complexity of the anode material and energy balance, but will be very optimal in

terms of thermal gradients in the cell. In cases of partial or total internal reforma-

tion, Gibbs free energy minimization algorithms for multireaction equilibria

[1�4] are used to predict exit anode compositions, discussed further on in this

chapter.

Other schemes that will be discussed further onward in this chapter include

biomass gasification integrated SOFC plant for CHP (Rokni et al. [21,28] and

Panopolous et al. [29]). In some of these case studies efficiencies are calculated

using the First Law of thermodynamics basis, whereas in many others the concept

of exergy is used where the performance efficacy of the system is correlated with

the irreversibility in the operation.

FIGURE 2.1

Tubular solid oxide fuel cell (SOFC) stack configuration with calculated values [15].

512.4 Overview of basic modeling and conventional approaches



2.5 Fuel utilization in the anode of an solid oxide fuel cell
stack

Fuels such as natural gases are always cofed with moisture (about 2.5 to 1 steam-

to-carbon ratio, to prevent coking on Ni-catalysts) available from a steam boiler

and undergo either partial or total internal reformation to syngas in the anode of

the SOFC stack. Complicating this is the added variable of partial recycling of

the anode off-gas, which has the advantage of recycling part of the steam. This

lowers the latent heat demand arising from fresh water and helps in enhancing

efficiency [15,16], notwithstanding the detrimental effect of feed dilution. The

recycle ratio is also adjusted to maintain the safe steam-to-carbon ratio in the

anode of a stack.

As an example, for the configuration outlined in Fig. 2.1, Campaneri [15] for-

mulated a First Law-based electrical efficiency term(LHV basis) to include fuel

utilization, Uf (or fuel utilization factor) as:

ηel 5
Wel

LHV
5

nFE

LHV
5

nFVcellUfΓH2

LHV
(2.9)

In this example, Campaneri [15] has used ΓH2 as the fuel equivalent hydrogen

content, which can then be written as ΓH25XH21XCH41XCO, where XCH4 and
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Air-
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FIGURE 2.2

Systems layout for hydrogen-powered solid oxide fuel cell stack with anode recycling, off-

gas recirculation, and condensation [16].
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XCO are the fractions of methane and CO that contribute to hydrogen formation

as per the reformation and water gas shift (WGS), respectively.

The reactions are the following:

CH4 1H2O-CO1 3H2

CO1H2O2CO2 1H2O

Therefore the fuel utilization factor, Uf, may be expressed as:

Uf 5
NH2;consumed

ðNH2;in 1NCO;in 1 4NCH4;inÞ
(2.10)

The factor of 4 in the denominator is due to the fact that the consumption of

one mole of methane generates 4 moles of hydrogen, overall.

Uf is a global number for fuel utilization where a single pass conversion mea-

sure across the cell or stack can also be evaluated based on the recycle ratio of

the anode off-gas (e.g., Uf of 85% compares to 69% conversion per pass, for the

example used) [15].

In the cases of partial or total internal reformation and anode recycling esti-

mating fuel utilization requires a complex calculation. Typically within the SOFC

stack the hydrocarbon is not expected to undergo direct electrochemical oxidation

as a dominant pathway given that the Ni-catalyst facilitates reformation in the

presence of steam, followed by a WGS equilibrium. The WGS reaction is primar-

ily an equilibrium step under most SOFC operating conditions. The likely compo-

nents that undergo electrochemical oxidation are CO and H2 or in some cases

only H2. In the case of the latter, the CO is either converted completely via the

shift reaction or unreacted. Therefore there are instances where authors have used

fuel utilization (Uf) calculated based on hydrogen alone. Campanari [15] used Uf

based on hydrogen undergoing the electrochemical reaction only, that is, the

assumption being that CO (in equilibrium with CO2) passes through the fuel cell

stack as unutilized fuel and is finally combusted in the after-burner. However,

this assumption may not be entirely true under modern-day configurations where

the anodes are complex and multifunctional, for example, Ni (or Ni-bimetallic)

with ceria (Gd-doped ceria or Sm-doped ceria).

The fuel cell configuration described by Campanari [15], as do many other

configurations [15�28,30], incorporates an after-burner that combusts all uncon-

verted fuel from the SOFC stack in a plenum chamber, generating high-grade

heat (high temperature) which is integrated within the process.

The heat generated from the combustor can be enhanced by lowering the fuel

utilization in the stack (using less electrical power), thus releasing surplus heat

for commercial applications. On the other hand, increasing fuel utilization (using

more electricity) will produce less heat in the after-burner, thus leaving much less

for commercial heating applications. This is usually dictated by the market

requirements for heat and power, that is, SOFC systems that are tailored for com-

bined heat and power applications may have the flexibility to adjust Uf levels to
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meet customer demands for heat versus electricity. High-grade heat from the

combustor after heat integration can also be directed to appropriate bottoming

cycles for generating additional power, as seen in later sections of the chapter.

Alternatively as shown in configurations by Haseli et al. [24] in Fig. 2.3, a

small portion of methane (natural gas) fuel is split and used in the after-burner to

raise the temperature of the exhaust appropriately for facilitating bottoming

cycles, namely gas or steam turbines with enhanced heat recovery.

In the analysis provided by Calise et al. [25], internal reformation and WGS

reaction achieve equilibrium within the stack itself for a totally internally

reformed fuel cell and is only hydrogen generated from these reactions that par-

ticipates in the electrochemical reaction. This is the same as Campanari’s asser-

tion [15] reported earlier. In this example, there are no anode recycle streams

and, therefore, fuel utilization is directly related to the amount of hydrogen

reacted in the cell. Fuel utilization has a critical influence on individual efficien-

cies, namely SOFC versus steam turbine cycle, and is discussed further as

exergy destruction.

Calise et al. [26] discuss the strategy for part-load versus full-load operations

for a hybrid SOFC�GT where options range from varying fuel and airflow rates,

combustor bypass, gas turbine bypass to gas turbine rotor speed. Fuel utilization

in the SOFC stack can be one of the tunable parameters to address variable loads.

The former can be achieved by variation in fuel mass flow rate or even air mass

flow rate, combustor bypass, and stack bypass of the fuel (as shown in a few

models in [24]) on the SOFC stack side in addition to variations in gas turbine

operations.

FIGURE 2.3

Solid oxide fuel cell (SOFC) stack�gas turbine and power turbine hybrid flow diagram

[24].
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For a very simple case of a hydrogen-powered SOFC stack [16] with the con-

figuration shown in Fig. 2.2, the very basic concepts of fuel utilization and the

effect of recycling are presented in Eqs. (2.11) and (2.12):

Uf 5
_NH2;reacted

_NH2;in
:100 (2.11)

RR5
_NRecirculated

_NAnode Out

:100 (2.12)

Uf being the stack utilization based on molar component flows and RR being

the recycle ratio based on total flows. Fuel utilization of the system is therefore

expressed as:

Uf ;system 5
Uf

12RR � ð12Uf Þ
(2.13)

van Biert et al. [19] also distinguished the basis for fuel utilization, namely

the single pass fuel utilization (Uf,single pass) versus the global fuel utilization (Uf,

g) as a function of the recirculation ratio.

Uf ;single pass 5
12RR

ð12RRÞ � Uf ;g
� Uf ;g (2.14)

which is the same as Eq. (2.13) after reorganization.

To summarize, it is important to note that fuel utilization is one of the key

parameters that determine efficiency of electrical power generated by SOFC or

SOFC�hybrid plants. In the following sections, we will review some of the

results that demonstrate how fuel utilization can affect the exergy utilized in the

SOFC stack and thereby influence the overall system efficiency, and that there is

usually an optimal solution for this factor.

2.6 Efficiency calculations in solid oxide fuel cell stacks
Rokni [20], in their SOFC�steam turbine (Rankine cycle) hybrid and in their

SOFC�Stirling engine hybrids have defined efficiency by combining thermody-

namic efficiency, voltage efficiency, and fuel utilization. Having postulated the

thermodynamic efficiency, ηrev (as shown earlier), and the voltage efficiency, ηV,
as:

ηrev 5
ΔGFuel

LHVFuel

(2.15)

ηV 5
V

ENernst

(2.16)

an expression for overall electrical efficiency is formulated accounting for operat-

ing voltage (voltage efficiency) and fuel utilization (UF), as:
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Overall efficiency5 ηRevηVUF 5
PSOFC

LHVH2 _nH2;in 1LHVCO _nCO;in 1LHVCH4 _nCH4;in
� � (2.17)

This value is only for the SOFC stack and is an efficiency term based on the

First Law.

The calculation for hydrogen, CO, and methane inlet flows can be set via a

material balance, although the extent of reaction can be determined by consider-

ing multireaction equilibrium—these results are inserted in the denominator in

Eq. (2.14). This is a standard calculation using the criterion of Gibbs free energy

minimization considering all the species (viz., H2, CO, CO2, H2O, CH4, and N2)

which is explained in various thermodynamics textbooks [1�4]. In systems soft-

ware packages such as Aspen Plus, the Gibbs reactor option is used for these cal-

culations. Rokni [20] used the traditional method of Lagrange multipliers [1�4]

and arrived at final compositions of the stack exhaust with the above equilibrium

assumptions. In the case of a prereformer, yet again, the Gibbs free energy mini-

mization algorithm is used to get the exit concentrations.

Peters et al. [16] used a very simple hydrogen-fueled SOFC standalone system

and investigated the effect of anode off-gas recycling for the efficiency of the sys-

tem. The simulation of the system with anode off-gas recycling is compared to

that of a nonrecycling system. Parameters such as recycle ratio and electrical

demands on the recycle blower will influence the overall efficiency of the process

and there appears to be an optimal solution to the usage of anode gas recycling.

The overall power calculations [16] are based very simply on overall power

output, starting from the stack (i.e., DC power). This is then converted to AC

power using a suitable value for inverter efficiency. Additionally in any SOFC

power plant, “parasitic power” losses occur, predominantly composed of blower

power consumption.

The overall electrical efficiency is:

ηElec 5
ðUcell � Ncell � Acell � icellÞηInv 2Blower power;AC

_mH2inLHVH2

(2.18)

where, Ucell—cell voltage; Ncell—number of cells in stack; Acell—area of each

cell; icell—operating current density of the cell, ηI—inverter efficiency. The terms

in the denominator are self-explanatory and reflect the total heat input to the sys-

tem. In this work [16] this is a First Law-based efficiency term and does not treat

the efficiency based on exergy analysis.

Peters et al. [16] defined the term thermal efficiency (not to be confused with

the thermodynamic efficiency discussed earlier) as - heat output divided by the

total heat input, provided by the entering fuel, namely hydrogen, in this case.

ηThermal 5

P _QHeat sink

_mH2in:LHVH2

(2.19)

Isentropic efficiencies of the blower are modified by using factors to adjust

the irreversibility and mechanical blower efficiency.
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However, a Second Law treatment toward the calculation of efficiency is

particularly relevant for SOFCs since the focus of the process engineer is to avoid

as much irreversibility as possible. This means utilizing as much of the exergy

available for power and heat, and the efficiency calculated in this way is consid-

ered a more pragmatic measure of the efficacy of a process. This is discussed fur-

ther along in later sections.

2.7 Estimating efficiencies and irreversibility’s in solid
oxide fuel cell�hybrid processes

As discussed in Section 2.4.1 bottoming cycles are very attractive in generating

additional power, and some more heat, for low-grade heat applications like

domestic hot water. Some of the bottoming cycles include steam turbines

(Rankine cycle), reciprocating pumps (Stirling cycle [20,28] or Seiliger cycle

[19]), gas turbine (Brayton cycle), and steam and gas turbines in series. SOFCs

can also be connected to a biomass gasifier, which is primarily a “topping” cycle,

generating fuel to the SOFC stack [21,28,30]. However, the allothermic biomass

gasifier [29] receives the exhaust heat from the SOFC stack and, in that sense,

becomes a bottoming cycle.

SOFC�heat engine hybrids can be extended to their fullest potential wherein

the heat from the exhaust of the gas turbine (located downstream of the after-

burner that follows the SOFC stack) is used to generate steam from the fresh

water supply. The idea is to utilize fully the flue gas heat to make steam in the

heat recovery steam generator (HRSG) section.

HRSGs can be used to generate steam for heating purposes or to drive a steam

turbine to generate more electricity. If used for cogeneration with either a gas tur-

bine or a gas turbine�SOFC hybrid, HRSGs can maximize plant efficiencies. In

such a situation the overall capital costs will be higher due to the very high inven-

tory of equipment (viz., SOFC stack, gas turbine, HRSG balance of plant equip-

ment such as evaporators and steam drums, and steam turbines) [31].

Typical plant data involving HRSG application [31] demonstrate that for a

burner or fuel cell exhaust flue gas flow (mostly CO2 and water vapor) the rate of

702 kg/s at an inlet temperature of 596�C HRSG can recover about 371 MW of

heat (as steam) resulting in an outlet venting temperature of 119�C. Exhaust gases
at temperatures of 430�C�650�C are typically used for steam production. HRSGs

extract heat from the hot flue gases by convection or radiation, or both, and the

water is pumped to sufficiently high pressure to produce high-pressure steam.

Bang-Møller et al. [22] examined the combination of the SOFC stack with a

microgas turbine to produce combined power and heat. The fuel feedstock was

obtained from gasifying the biomass and the energy balance depicted in a Sankey

diagram (Fig. 2.4).
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The energy flows over the entire process flow diagram shown in the Sankey

diagram are very clearly marked at each stage of the process. The input biomass

has an LHV of 499 kW, while the electrical power generated by the SOFC stack

is 275 kW (about 55% efficiency, based on the First Law). From the First Law

type of calculation it follows that 45% of the enthalpy is given off as heat out of

which about 138 kW is used for heating. That leaves 82 kW of heat lost via flue

gas and another 4 kW lost elsewhere within the process. The loss of 82 kW in

flue gas is only an apparent inefficiency as any further usage of this low-grade

heat appears to be the only way to improve the process efficiency. Therefore

Bang-Møller et al., effectively pointed out the value of using exergy as a more

FIGURE 2.4

Sankey diagram of the energy flows (values in kW) in the reference case. The wet and dry

biomass flows are evaluated using lower heating values in the illustration (values on a

higher heating value basis written in parentheses) [22].
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meaningful Second Law basis calculation. The exergy data is discussed later on

in the chapter.

Arsalis [23] showed process calculations for SOFC�GT�ST (HRSG). The

gas and steam turbines with HRSG (an example of a bottoming cycle) can maxi-

mize overall plant efficiency. The first part of the plant is the SOFC with the fuel

compressor, followed by a gas turbine. The temperature of operation of the SOFC

is about 1000�C, which allows for successive bottoming cycles. Steam-to-carbon

ratios, pressure, fuel utilization, and SOFC operating temperatures were key para-

meters for SOFC stacks. The second part of the plant [23] is the HRSG, which is

implemented in up to 3 pressure stages as seen in many commercial plants,

described earlier [31]. The number of pressure stages is also a design parameter,

for example, 1 or 2 or 3 stages, or another 3-stage configuration with reheating

between stages. Arsalis [23] estimated efficiencies and costing results for all these

configurations.

The final performance efficiencies were calculated (using MATLAB simula-

tions) assuming seasonal variations in load demand, which are compartmentalized

within times and then averaged out over the full year, as described by Eq. (2.17).

Considering seasonal variations, time-averaged efficiency is evaluated as:

ηtot 5
X
i

_WiΔti
_QHΔti

(2.20)

where, _Wi is the power output for that period of time (Δti) and corresponds to

either 25%, 50%, 75%, or 100% loads and _QH is the heat supplied in terms of

total LHV and flow rate of the fresh fuel.

Arsalis [23] summed up the ratio of the work done to the heat input, over the

ith interval where each interval has a certain load factor (i.e., 25%, 50%, or 75%

of 100% load). Given Δti, the time duration of the ith interval, this equation pro-

vides a yearly average of overall efficiency, which is about 60% with small varia-

tions. This type of efficiency analysis is still based upon the First Law definition.

However, an efficiency of about 68% has been simulated for the case of a

10 MWe SOFC�GT�ST hybrid cycle with a triple pressure with reheat HRSG.

For such SOFC hybrid plants, fuel utilization plays a key role as well—a maxi-

mum efficiency is reached with a fuel utilization of 85%. This indicates that the

more the fuel utilization in the stack the more the power is generated with higher

efficiency, although very high fuel utilization causes severe fuel dilution and low-

ering of performance, thereby leading to efficiency loss (Fig. 2.5).

Haseli et al. [24] discussed a SOFC�hybrid operating at 1000�C with a con-

ventional gas turbine configuration. In addition to a First Law assessment (mate-

rial and energy balance) they have also carried out a Second Law analysis of the

cycle (entropy generation). The latter method attempts to proportion the total irre-

versibility among the individual components of the entire process. Entropy gener-

ation calculations are carried out for each component and added up for the

process as a whole. Parametric studies investigating the effect of the compression
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ratio in the gas turbine and the effect of turbine inlet temperature (TIT) on the

irreversibility are also discussed.

The fuel supplied is methane and it is assumed to undergo internal reformation

to syngas (the flow of steam is, however, not shown in the flow diagram, but it

can be assumed that the fuel supply could well be a fuel�steam mixture) that

undergoes electrochemical oxidation. Electrochemical oxidation of methane is

also considered as a possible route toward the conversion of the latter and is

included in the simulation software. There is no anode recycling in this process.

Moreover a small part of the methane supply bypasses the SOFC stack and is fed

to the combustor (also known as the after-burner or in some cases the tail gas oxi-

dizer) to ensure that significant heat is available for the gas and power turbines at

sufficiently high pressure.

The T�S diagram of the GT�SOFC cycle (Fig. 2.6) is a good representation

of the irreversibility occurring in the SOFC�GT assembly. The stages identified

in the T�S diagram are correlated with the nodes in the process flow diagram

shown in Fig. 2.3. Although air as a working fluid undergoes compositional dif-

ferences and is not conserved the paths from 1 through to 8 are good representa-

tions of entropy changes vis-à-vis temperature, and for a full estimate of entropy

generated for all the equipment used in the process. Effective work was done

only in sections 3�4, and 5�7 of Figs. 2.3 and 2.6, although part of the expan-

sion work in 5�7 is consumed to counter the work done by the compressor in

nodes 1�2. The process flow diagram in Fig. 2.3 is elementary in the sense that

it does not show steam generation for the fuel internal reformation nor does it

show the preheat of the fuel. Nevertheless the approach is useful since there is a

direct illustration of thermodynamic cycles in a T�S diagram.

Haseli et al. [24] did a component-by-component energy and entropy balance

(i.e., compressor, turbines, SOFC, recuperator, and combustor) (Fig. 2.7).

All entropy terms can be added now (i.e., summing up the entropy) for each

equipment or process occurring in the SOFC plant and simplifying the mass flow

FIGURE 2.5

Variation of First Law efficiency with stack fuel utilization [23].
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terms (viz., _m1 5 _m2 5 _m3) and with the other set of terms (i.e.,

_m5 5 _m6 5 _m7 5 _m8; and _mfuel 5 _mfuel;FC 1 _mFC;comb) in place a final expression

for entropy generation across the entire plant can be formulated as shown in

Eq. (2.21).

S
Cycle
Gen 5 _m8s8 2 _m1s1 2 ð _msÞfuel 2

_Qcomb

Tcomb

1
_QLoss

TSink
(2.21)

This expression is a consequence of lumping together all individual compo-

nents together as a system boundary, as is usually done to formulate entropy gen-

eration in a system vis-à-vis the surroundings (Fig. 2.8).

The process simulation software that calculates the individual compositions of

the streams and their overall enthalpies and entropies can thus make estimates of

the entropy generations as a function of certain parameters such as the compres-

sion ratio of the compressor (rp) and TIT (Fig. 2.9A and B). The latter is also

connected with the fuel utilization in the stack and is, therefore, an important

parameter.

The TIT is a function of the adiabatic flame temperature of the combustor or

after-burner downstream of the SOFC stack. The lower the TIT the higher the

overall plant efficiency, which suggests that if the fuel utilization is lower the

TIT will be higher, but efficiency will also be lower, namely higher irreversibil-

ity, despite leading to higher power output.

FIGURE 2.6

T�S diagram of a solid oxide fuel cell (SOFC) stack�gas turbine cycle used in Fig. 2.3

[24].
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FIGURE 2.7

(A) Schematic of solid oxide fuel cell section with inlet and outlet flows [24]. (B)

Schematic of post-solid oxide fuel cell combustor section with inlet and outlet flows [24].

FIGURE 2.8

Entropy balance schematic of overall control volume for the gas turbine�solid oxide fuel

cell cycle [24].
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FIGURE 2.9

(A) Effects of turbine inlet temperature (TIT) on the thermal efficiency and specific power

input of a gas turbine�solid oxide fuel cell (GT�SOFC) plant of Fig. 2.3 using a

compression ratio of 4 [24]. (B) Comparison of the entropy generation rate versus the

compression ratio for a gas turbine plant with and without the SOFC [24]. (C) Comparison

of the thermal (electrical) efficiency at various compression ratios between a GT plant with

and without a SOFC stack [24].



Additionally entropy generation is enhanced with compression ratio and is

higher for a GT�SOFC hybrid plant than for a GT plant on its own. However,

Fig. 2.9C reveals superior performance of the GT�SOFC hybrid in the form of

thermal efficiency, which is higher for most compression ratios than the corre-

sponding GT alone plant. Therefore given the seemingly misleading results of

higher entropy production and yet resulting in higher efficiencies the exergy

destruction analysis may be more revealing as a way to compare cycles under var-

ious parametric variations.

In another configuration by Rokni the SOFC stack is integrated with a

Rankine cycle [20] using a HRSG (Fig. 2.10A and B), discussed earlier, and in

another set with a Stirling cycle [21,30]. The Rankine cycle�SOFC stack oper-

ates using natural gas as feedstock [20], while the Stirling cycle�SOFC stack has

been investigated for many fuels (viz., natural gas, methanol, ethanol, dimethyl

ether (DME) [21]) and with the biomass gasified effluent syngas.

Rokni [20] simulated an SOFC�Rankine hybrid cycle wherein two different

methods for fuel processing were used, one with adiabatic steam reformation

(ASR) (Fig. 2.10B) and one with a catalytic partial oxidizer (CPO) (Fig. 2.10A)

in order to evaluate the thermodynamics of each process configuration. From a

practical standpoint, in case of high-pressure operations generally used in

SOFC�GT combines there are material degradation and safety issues; therefore,

the SOFC stack with Rankine cycle (HRSG) offers a safer and lasting solution,

providing good combined cycle efficiencies.

The simulations in Rokni’s work were carried out using an inhouse software

tool called dynamic network analysis (DNA), which computes thermodynamic

calculations. The key aspects of this software include equations of state models

for fluids, numerical solvers for differential and algebraic equations, and a

detailed library for component calculations (e.g., heat exchangers, dryers, burners,

etc.). Rokni [20,21,30] used the DNA software extensively for all the system cal-

culations reviewed. The methodology is essentially to solve the mass and energy

balance for all components across all equipment, including heat losses from

components.

The HRSG configuration entails preheating of the incoming air to the SOFC

stack by the off-gases from the HRSG. Rokni [20] focused on this and examined

its effect on plant efficiencies. The simulation of the SOFC�Rankine cycle

hybrid was discussed earlier with reference to the anode outlet composition calcu-

lations using the Gibbs free energy minimization method. The same method is

also used for prereformer calculations, assuming outlet equilibrium. Rokni used

the same Gibbs free energy approach for his calculations for all the systems

investigated.

The after-burner exhaust following the SOFC stack provides high-quality heat

and is now passed through an HRSG and achieved in three stages, namely (1) the

economizer, which heats the pressurized water to the steam temperature, followed

by (2) the evaporator that converts the liquid to vapor, and then (3) the super
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FIGURE 2.10

(A) Combined solid oxide fuel cell�steam turbine (SOFC�ST) cycle plants with catalytic

partial oxidation reformer; bottoming cycle and Rankine cycle with a single pressure level

[20]. (B) Combined SOFC�ST cycle plants with adiabatic steam reformer; bottoming cycle

and Rankine cycle with a single pressure level [20] . ECO, Economiser; EVA, Evaporator;

SUP, Superheater; HEX, Heat Exchanger.



heater (SUP). These three stages were described earlier [31] and by van Biert

[19] as key elements of a modern HRSG unit.

The power generated is calculated as follows. As discussed earlier the thermo-

dynamic efficiency as well as the voltage efficiency and fuel utilization are all

lumped together and represented as the overall efficiency term.

Electrical power production;PSOFC 5 ηRevηVUf ½LHVH2: _nH2;in 1LHVCO: _nCO;in 1LHVCH4: _nCH4�

which is in effect Eq. (2.14) rewritten. Since this process configuration uses exter-

nal partial reformation the fuel entering the stack has an equilibrium mixture of

H2, CO, and CH4.

Evaluation of the overall efficiency of an integrated system can be done by

combining individual stages (i.e., the SOFC stack and the HRSG steam turbine).

An effectiveness term for the HRSG unit is also used in this calculation, defined

as:

εHRSG 5
THRSG;in 2THRSG;out

THRSG;in 2TAir
(2.22)

where εHRSG is the effectiveness factor for the HRSG.

The overall efficiency (ηTh) is therefore:

ηTh 5 ηSOFC 1 ηST 12 ηSOFC
� �

εHRSG (2.23)

where the steam cycle efficiency is formulated as:

ηST 5
Power from steam cycle

Heat available through HRSG
(2.24)

In a comparative assessment of the ASR versus the CPO the simulation shows

slightly higher efficiencies of the overall plant (Table 2.1) with CPO prereforma-

tion. Refer to Fig. 2.10A and B for the corresponding process configuration. One

of the characteristics for the CPO is that the off-gases are at a higher temperature,

which means that the feeding temperature for the Rankine cycle (steam turbine)

is higher. This is to be expected because the CPO is an exothermic process while

the ASR is endothermic. This will result in higher power from the steam cycle

and slightly higher energy efficiency as shown in Table 2.1.

The key changes in configuration reveal a very small increase in overall ther-

mal efficiency (term used by the author; it is important to clarify that this means

electrical efficiency since it relates to the total power produced) for the CPO sys-

tem vis-à-vis the ASR system. The fuel dilution incurred due to CPO prereforma-

tion is somewhat offset by the anode recycle in the ASR configuration, which

provides similar dilution of the fuel feed. Consequently the efficiency of the

SOFC stack alone is a mere 1% higher for the ASR. The average stack tempera-

tures are in the region of 750�C and if one were to increase them to about 800�C
the efficiencies for all stages will be enhanced further. From a practical point of

view higher temperatures do pose greater harm to the stack components in terms

of materials degradation (e.g., seals, Cr-poisoning), most so for planar SOFCs.
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In the same work Rokni [20] added a level of complexity to the process by

introducing cathode air preheating. The author emphasized that the HRSG gas

outlet temperature is still high (i.e., 218�C�232�C) and wanted to use this further

for preheating the inlet cathode air. The end result is that the HRSG gas outlet

temperatures may be brought down to as low as 90�C with very little consequence

to the SOFC power generated and the SOFC efficiency compared to the earlier

configurations. However, the steam turbine power output is enhanced, thereby

raising the overall power output and efficiency to about 68%. Table 2.2 shows the

changes in the values for this configuration.

The plant efficiency, steam turbine process efficiency, and the SOFC stack

efficiencies for CPO and ASR cases may be evaluated as a function of fuel utili-

zation in the stack in the range from 72% to 82%. The general conclusion is that

the overall hybrid plant efficiencies decreased with increased SOFC stack utiliza-

tion, probably indicating that the Rankine cycle is more sensitive to the stack fuel

utilization and that the loss of fuel for the HRSG influences the power generated

in the latter.

Rokni [21] used another bottoming cycle attached to an SOFC stack (i.e., the

Stirling cycle) while keeping the overall plant power production at 10 kW with a

variety of fuels. The hybrid process comprises the after-burner, which combusts the

unconverted fuel from the anode. The after-burner is now a part of the Stirling

engine (1�5 kW), which is a combination of 2 isochoric and 2 isothermal steps as

discussed in various thermodynamics textbooks [1�4]. The Stirling engine combus-

tor is cooled by circulating water, for example, in a domestic household.

Table 2.1 Comparison of catalytic partial oxidizer (CPO) prereformation
versus adiabatic steam reformation (ASR) [20].

Stream, variable

CPO
prereformer
configuration

ASR
prereformer
configuration

Heat recovery steam generation (HRSG) gas side
inlet temperature (from after-burner) (�C)

526.3 455.6

HRSG gas side outlet temperature (from after-
burner) (�C)

218.2 232

Steam turbine inlet temperature (�C) 496.3 425.6
Steam turbine pressure (bar) 69.97 59.97
Steam turbine inlet mass flow (kg/s) 6.33 5.47
Overall plant power output (MW) 38.03 36.72
Power output from solid oxide fuel cell (SOFC)
cycle only (MW)

31.04 31.23

Power output from steam turbine cycle only (MW) 6.99 5.49
Efficiency of the SOFC stack alone (%) 51.4 52.4
Overall thermal efficiency (electrical), lower heating
value basis (%)

63 61.7
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In this work SOFC stacks are powered using not only natural gas but also

ammonia, DME, methanol, and ethanol [21]. For DME, methanol, and ethanol

a “methanation reaction” integrated with steam reformation wherein conversion

of syngas (from reformation) to methane occurs and is included as well in the

fuel utilization. Ammonia does not require any fuel processing. Keeping the

feed mass flow rate constant during the variation of fuel utilization from 75%

to 80%, the power from the bottoming cycle increases with a decrease in fuel

utilization in the SOFC stack since more fuel is now burnt in the combustor.

Net efficiency from the plant increased with the decrease in stack fuel utiliza-

tion (except in the case of ammonia) just as observed in the earlier simulation

[20].

On the other hand, increase in stack operating temperature increases overall

efficiency due to the complex interplay of various phenomena; lowering stack

temperature is linked with lower fuel utilization due to lower electrochemical

kinetics. Lowering stack temperature also entails adjustment in the temperature of

the prereformer, which, in turn, may affect the extent of prereformed or metha-

nated feed fuel. If the overall fuel utilization in the stack is lowered because of

these factors the quantity of unconverted fuel available for the combustor is high-

er and the power produced via the Stirling cycle may be more, which could lead

to increased plant efficiency.

Using the energy and mass balances calculated by a process Table 2.3 shows

the variations in the process using the Stirling cycle and the appropriate modifica-

tions in fuel processing for the various types of fuels used.

Table 2.2 Catalytic partial oxidation (CPO) prereformation versus adiabatic
steam reformation (ASR) [20].

Stream, variable

CPO
prereformer
configuration

ASR
prereforming
configuration

Heat recovery steam generation (HRSG) gas side
inlet temperature (from after-burner) (�C)

526.3 455.6

HRSG gas side outlet temperature (from after-
burner) (�C)

218.2 232

Steam turbine inlet temperature (�C) 496.3 425.6
Steam turbine pressure (bar) 69.97 59.97
Steam turbine inlet mass flow (kg/s) 6.33 5.47
Overall plant power output (MW) 41.06 40.34
Power output from solid oxide fuel cell (SOFC)
cycle only (MW)

30.92 31.03

Power output from steam turbine cycle only (MW) 10.14 9.21
Efficiency of the SOFC stack alone (%) 51.2 52.3
Overall thermal efficiency (electrical), lower heating
value basis (%)

68 67.7
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The efficiency of an SOFC plant operating on ethanol is shown to be the high-

est owing to the lowest airflow in the cathode, which results in the lowest con-

sumption of parasitic power (via the air blower). Much of the data is dependent

upon SOFC polarization models; however, it shows the strong dependency of

overall performance on fuel utilization and the various interrelated parameters, as

discussed above.

Going one step further [30] a biomass gasification plant is integrated with the

SOFC stack and the Stirling cycle as shown in Fig. 2.11.

The anode exit gas composition and the methanator exit compositions were

established using Gibbs free energy minimization as done in an earlier work by

Table 2.3 A hybrid plant operating at 10 kW total electrical power output
with fuel utilization580% [21].

Parameter

NG fuel,
catalytic
partial
oxidizer
(CPO) (fuel
processing)

Dimethyl
ether
fuel

Ethanol
fuel

Methanol
fuel Ammonia

(Adiabatic steam reformation/
methanation) and partial

recycling
Only
preheated

Fuel flow (kg/h) 1.33 2.13 2.15 3.06 3.34
Airflow (kg/h) 58.44 60.82 52.09 71 58.71
CPO/meth, inlet
temp (�C)

525 300 300 300 N/A

CPO/meth, outlet
temp (�C)

650 595 528 566 N/A

Burner outlet
temp (�C)

1256 1304.8 1346.9 1200.1 1152.2

Stirling outlet
temp (�C)

632.8 635.2 637.4 630.0 627.6

Stirling power
(kW)

1.105 1.177 1.121 1.121 1.062

Parasitic power
consumption (kW,
air blower)

0.131 0.135 0.116 0.158 0.135

Net solid oxide
fuel gas (SOFC)
power output (kW)

8.895 8.823 8.879 8.879 8.938

Thermal efficiency,
lower heating
value (%)

59.03 58.58 62.62 59.04 57.89

SOFC plant
efficiency (%,
Stirling is constant
at about 26.1%)

52.5 51.7 55.6 51.9 51.8
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the same author. In this work [30] Rokni also carried out an economic analysis in

addition to the energy balance and efficiency calculations for the plant; however,

this is beyond the scope of this chapter. For a plant of 120 kW electrical power

output the calculations for an SOFC fueled by wood chip biomass yield a First

Law efficiency of only 41% for the full plant partly because of the quality of the

fuel syngas, which comprises a large proportion of diluents.

In summary, in several of the above examples in combined cycles, notwith-

standing the fundamental representation of the electrochemistry via the

Butler�Volmer equation, the emphasis has been on calculations of plant effi-

ciency based on the considerations of the First Law. There have been some exam-

ples wherein entropy changes were calculated step-by-step in each node of a

combined cycle process and added up to give a measure of the overall entropy

generation in the power plant. In Section 2.8 case studies that show the usage of

exergy and the Second Law of thermodynamics for determining the efficiency of

SOFC or SOFC�hybrid systems are presented.

2.8 The exergy approach (Second Law) for estimating
irreversibility in processes

Throughout this chapter so far various configurations were analyzed and showed

how SOFC operating parameters like fuel utilization (Uf), stack operating

FIGURE 2.11

System layout for integrated biomass gasification, solid oxide fuel cell (SOFC) stack and

Stirling cycle as the bottoming cycle with combined heat and power output [30]. CP,

Cathode Preheater; AP, Anode Preheater; GAP, Gasifier Air Preheater; SG, Steam Generator.
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temperature, extent and type of prereformation, anode recycling, along with other

parameters such as gas turbine compression ratio (rp) and TIT together affect the

electrical efficiency based on the First Law of thermodynamics. In this section

the emphasis is on the cumulative exergy utilization for the whole process

obtained by making exergy balances for each element of the process. The notion

of exergy was introduced and in the case of the SOFC stack, prereformer, and

combustor both physical and chemical exergies need to be considered since there

are compositional changes. However, for heaters, turbines, and compressors phys-

ical exergy numbers are enough. To recap, exergy is the extent of departure of a

system in its existing state from a reference state and it represents the “potential”

for performing work by the system. Every time work is done (i.e., electricity is

generated) part of the exergy is utilized and part of it is destroyed. By controlling

the irreversibility (exergy destruction) in devices like SOFC stacks, it is possible

to evaluate an optimal target for utilization of available exergy.

In this section a few examples are discussed where energy and entropy bal-

ances and notably exergy terms are formulated. The main objective is to study

methods by which irreversibility under operating conditions is accounted for so

that it may be minimized.

The physical exergy may be written as [16,30]:

EPhy;n 5 Hn 2Hoð Þ2 ToðSn 2 SoÞ (2.25)

where the subscript “n” refers to the stream number or node number in the

nomenclature [17]. This term is inclusive of each of the components in the stream

(e.g., CO, H2, CO2, etc.).

Chemical exergy is formulated by [29]:

eChem;n 5
X

i
xiEo;i 1RTo

X
i
xiln½xi� (2.26)

where xi is the mole fraction of component “i”; Eo,i, is the specific exergy of the

component “i” at standard conditions—standard (reference) environmental condi-

tions are usually 298.15K (To), and 1.013 bar (Po). All individual exergies need to

be summed up in the proportion of their molar fractions to obtain a specific

exergy value, eChem (J or kJ/mol), which is then multiplied by the total molar

flow rate for the stream (Nn) of interest EChem,n5Nn eChem,n, and added to the

physical exergy.

In Chan et al. [17] exergy computations for the SOFC standalone plant operat-

ing on methane for each stream were done using the above formulae. Two differ-

ent types of efficiencies were computed (First Law-based efficiency calculated to

be 62%, and Second Law-based efficiency at about 60%). The key difference

between the First Law and Second Law was attributed by Chan et al. [17] to the

fact that the chemical exergy of the fuel is higher than its corresponding LHV.

For a hybrid allothermic biomass gasification process integrated with a SOFC

stack, exergetic calculations were carried out by Panopolous et al. [29]. Since the

heat available in each stream has enough exergy to perform work, another way of
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estimating the latter is to use the Carnot efficiency. Exergy of each heat stream in

the flowsheet can be calculated based on a Carnot factor relative to a sink temper-

ature, To, since heat, Q, is available for work and Carnot efficiency represents the

maximum potential for work (which is, in effect, the exergy) and thus exergy for

any process in that stream is computed.

For material streams the exergy values will include the chemical exergies and

will apply to units like SOFC stack, prereformers, and combustors. The equation

can be thus rewritten for exergy changes in the heat streams (physical exergy)

and the exergy for changes in the material streams (chemical exergy). A full bal-

ance of the chemical and physical exergies executed in this manner gives an esti-

mate of the overall exergy utilization [29]. For the SOFC stack alone Panopolous

et al., conducted an exergy balance by making the former the control volume

(Fig. 2.12) and using the Aspen Plus software tool for processing the heat and

mass balance. FORTRAN codes are used to solve the electrochemical models and

equations (e.g., Butler�Volmer equation). The operating temperature of the

SOFC was 900�C with the off-gas from the stack going into a secondary fixed-

bed combustor (Fig. 2.13). Being an allothermic biomass gasification reactor the

heat from the fixed-bed combustor is used for the gasification of biomass.

The overall exergy balances for heat streams and material streams are

expressed as [29]:

X
IN

Ej 1
X
IN

EQ
TIN

" #
2

X
OUT

Ek 1
X
OUT

EQ
TOUT

" #
2 I5

X
OUT

EWork (2.27)

Egas

Eair

Edepleted gas Edepleted air

PSOFC

SOFC
TSOFC = 1173K

FIGURE 2.12

Control volume for solid oxide fuel cell (SOFC) stack of the flowsheet in Fig. 2.12 [29].
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This expression consists of the exergy flows in and out (material and energy

flows [denoted by a superscript Q]). The term I, refers to the exergy “losses” due

to energy dissipation and/or material losses. The right-hand side output power

produced by the process is the control volume.

The electrical efficiencies for the SOFC based on the Second Law of thermo-

dynamics (i.e., based on the exergy of the material streams) is:

ηexer;Elec 5
PSOFC

ExergyFuel 1ExergyAir
(2.28)

FIGURE 2.13

Flowchart of the combined solid oxide fuel cell (SOFC) or allothermal biomass gasification

power plant where biomass gasification acts like the bottoming cycle [29].
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Calise et al. (SOFC�GT hybrid) [25] assumed the equilibrium for the steam

reformation and WGS reactions with hydrogen being the only fuel undergoing

electrochemical oxidation. The exergy formulations for the SOFC stack are:

f _nIne ~xChem;in1 _mInexPhys;in
� 	

2 _nOute ~xChem;out1 _mOutexPhys;out
� 	gAnode

1 f _nIne ~xChem;in1 _mInexPhys;in
� 	

2 _nOute ~xChem;out1 _mOutexPhys;out
� 	gCathode 5 _ExD 1Vcell:I

(2.29)

where, e ~xChem;in, molar specific chemical exergy, kJ/mol; exPhys;in, mass specific

physical exergy, kJ/kg; _ExD, exergy destruction rate, kW.

For a SOFC stack, _ExD, is the exergy destruction rate to which is added the

VCell�I, which is the useful work done. This formulation is very much on the lines

of Panopolous et al. [29] and given in Eq. (2.27).

Calise et al. [25] demonstrated the difference between the First Law expres-

sions of efficiency [Eq. (2.30)] and the Second Law (exergetic) value

[Eq. (2.31)].

η1st law 5
VCell � I
z �ΔhH2

(2.30)

where z is the rate of reaction (i.e., hydrogen consumption in the stack).

In Eq. (2.41) the left-hand side of the equation may be written simply as the

changes in inlet and outlet exergies for the cathode and anode as ΔExChem,Anode,

ΔExChem,Cathode, ΔExPhys,Anode, ΔExPhys,Cathode. By adding all the left-hand side

terms they can be arranged as ΔExergySOFC,total and incorporated into an effi-

ciency term as:

ηExergy 5
VCell � I

ð2ΔExergySOFC;totalÞ
(2.31)

The formulation of exergies is done in the same way as before, that is, by

including the chemical and physical exergy of all the components. The full-scale

exergy balance of the SOFC stack is done by considering the fuel and the air

together and considering the exergy destroyed. As in all cases VCell�I correlations
are obtained using activation polarization Butler�Volmer models, ohmic resis-

tance estimates, and concentration polarization models by considering the effects

of fuel dilution along the cell geometry within the stack. After completing mate-

rial and energy balances, by using a simulation software tool the same type of

exergy formulations can be done for all the other unit operations in the hybrid

plant.

Without going into the details of the values obtained by the simulation a brief

summary of parametric studies on the plant performance is presented here. To

begin with, under operating conditions of any equipment maximum exergy

destruction occurs in the SOFC stack (compared to heat exchangers, compressors,

turbines, combustors, etc.). Calise et al. also obtained trends that show that the

higher the fuel utilization in the stack the higher the plant efficiency (including
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efficiency of the SOFC system). This is because, obviously, more fuel is con-

verted via the electrochemical step and, consequently, a smaller amount of fuel is

sent to the combustor, allowing less power in the bottoming cycle (gas turbine).

This appears to be different from the trends shown by Rokni [19,28], part of

which could be explained by different plant configurations. Another important

point demonstrated by Calise [25] in Fig. 2.14, is that by operating at lower cur-

rent densities (higher cell voltage), exergy destruction is reduced, due to lower

overpotentials. Therefore in order to ensure maximum fuel utilization, lower cur-

rent densities and, consequently, higher cell area (and higher capital cost) is the

preferred route. The exergetic calculations shown in Fig. 2.15 show the effect of

the current density on electrical efficiency and the destroyed exergy.

A similar approach toward the calculation of component-by-component irre-

versibilities by Bavarsad [27] showed very similar trends (using FORTRAN code

and calculating the detailed material and energy balance for a SOFC�GT hybrid

with HRSG bottoming cycle). The author also carried out a stage-by-stage exergy

balance and identified the irreversibility at each stage (i.e., the exergy destroyed).

Given the fact that the maximum power is derived from the SOFC stack it is also

logical to expect the maximum exergy destruction from it as well.

A valuable insight from their data is that SOFCs operating toward higher cur-

rents invariably lead to more irreversibility. Higher currents would also result in

higher power delivered by the stack, but will release more heat (more exergy

destruction) in the stack, which will then have to be counter-balanced by higher

FIGURE 2.14

Plant efficiencies versus current density [25].
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air flows and, consequently, more parasitic power consumption. Therefore there

has to be a balance between system power density and system efficiency.

Motaher et al. [28] analyzed a SOFC�GT hybrid whose performance was

enhanced by steam injection (STIG). The SOFC stack encompasses the internal

reformation of the fuel and here again hydrogen was considered the fuel for elec-

trochemical oxidation. Here the method used is to estimate the irreversibility at

each stage and the SOFC stack performance is simulated in much the same way

as discussed earlier (i.e., usage of Butler�Volmer kinetics to estimate

polarization).

Motaher et al. [28], defined an exergetic efficiency term, ψ, in the following

manner for any unit in the process (i.e., SOFC stack or fresh feed�recycled gas

mix or gas turbine):

ψunit 5 12
_I unitP

Exergy Inunit
(2.32)

where _I unit represents the irreversibility (in W or kW) from that unit. In a multi-

component system this term will include a summation of the irreversibilities for

each component, which is the resultant exergy defect (input exergies�output

exergies from the respective units).

To distinguish between the total system efficiency (First Law basis) and the

system exergetic efficiency (Second Law basis), Motaher et al., used Eqs. (2.33)

and (2.34). The total work done by the hybrid system is represented as _WSys and

in case of the exergetic efficiency the term ð _mfuelεf ÞSys is used, where _mfuel is the

FIGURE 2.15

Local exergy destruction rates versus current density [25]. HRSG, Heat recovery steam

generation; GT, gas turbine; SOFC, solid oxide fuel cell.
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rate of fuel consumption and the specific exergy utilized in the process, given by

εf .

ηsys 5
_Wsys

_ðmfuelLHVÞsys
; which is the 1st law definition of efficiency (2.33)

ψsys 5
_Wsys

_ðmfuelεf Þsys
; which is the 2nd law definition of efficiency (2.34)

As shown in Fig. 2.16 a comparative assessment of the irreversibilities is

shown, wherein the authors have demonstrated that STIG configuration with the

gas turbine in the GT�SOFC hybrid drastically improves overall exergetic effi-

ciency of the plant to 65.34% (by reducing irreversibilities in the exhaust stream)

from 58%, which was achievable with a gas turbine�SOFC hybrid. While the

nuances of the STIG are not very relevant to this review there is another clear

demonstration that irreversibilities are very high in the SOFC stack and this

should serve as a reminder that considerable enhancements in the SOFC stack are

necessary to boost the overall systems efficiency (or exergetic efficiency) in

hybrid systems.

Among the latest work in this area Van Biert et al. [19] in analyzing the effi-

ciency of several hybrid cycles formulated exergy similarly as:

_Exloss; exergy loss5 PAC;out 2PAC;in

� 	
1

X
ð _Exin 2 _ExoutÞ (2.35)

_Ex is a combination of physical and chemical exergy.

FIGURE 2.16

Comparison of the irreversibility in system components of the solid oxide fuel cell

stack�gas turbine (SOFC�GT) base case versus SOFC�GT (steam injected in gas

turbine, STIG) system [28].
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_ExPhys 5 _n � f h2 hoð Þ2To � s2 soð Þg (2.36)

_ExChem 5 n � _X
j
yi � exj 1RTo

X
j
yj � lnyj

n o
(2.37)

where s is the specific entropy, exj, is the specific exergy of component j, and R

being the universal gas constant; the subscript “o” indicates the reference environ-

mental conditions and yi the mole fractions of each component in the stream.

Another term, relative exergy loss, is introduced here, which is based on the

exergy of the fuel input to the stack and is not the exergetic efficiency as

described earlier.

δk 5
_Exloss;k
_Exfuel;in

� 100% (2.38)

Without going into the details of the various hybrid cycles it is instructive to

examine the broad conclusions of the SOFC standalone system in light of the

exergetic values. First, the system efficiency increases with higher global fuel uti-

lization (700�C stack operation), an observation that is similar to that by Calise

et al. [26], for exactly the same reasons discussed earlier (i.e., higher cell voltage,

lower overpotentials). The efficiency reported here was 62.7% for a global fuel

utilization of 90%. Of course in most SOFC stacks such high fuel utilization may

not be practical given the constraints of concentration polarization, particularly in

anode-supported cell geometries.

Similarly, relative exergy losses [defined in Eq. (2.35)] obtained at cell opera-

tion of 700�C and at a cell voltage of 0.7 V are high for lower fuel utilization

(viz., 65%) since the exhaust from the stack still has high exergy. At high fuel uti-

lizations, B90%, the air that goes to the burner is relatively in excess vis-à-vis

the unconverted fuel; hence, more exergy is destroyed in the air preheater due to

the high heat duty.

The abovementioned examples show how engineers address the processes con-

sidering the exergy footprint and evolve strategies to mitigate exergy destruction.

For example, the fuel utilization in the stack may be lowered to an acceptable value

and the expected exergy loss mitigated by adding a bottoming cycle.

Exergetic analysis for heavy hydrocarbons with advanced fuel
processing

As discussed by Nehter et al. [32], the usage of heavy fuels requires external ref-

ormation to the extent that the all higher hydrocarbons be converted to a mixture

of methane and syngas. Auxiliary power units (APUs) operating on SOFCs in die-

sel vehicles (viz., trucks) tend to lower diesel emissions during idling since idling

times of trucks operating over long distances is significant. Fuel processing prior

to the APU stacks is required and can be done by any of the methods such as

steam reformation (SR), catalytic partial oxidation (CPOx, or POx) or autothermal

reformation (ATR).
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Kang et al. [33] used a surrogate fuel hexadecane (C16H34), which is very sim-

ilar to the average molecular weight of commercial diesel and is a straight chain

molecule as most of the diesel fraction is. However, as the authors report, the

fuel-processing data for the surrogate molecule is not a good comparison with

commercial diesel since the latter has a small proportion of aromatics, which are

more refractory toward SR.

The three mechanisms of fuel processing are reviewed as:

SR:

C16H341 32H2O-49H21 16CO2; ΔH5 2336 kJ/mol

POx:

C16H341 16O2-17H21 16CO2; ΔH525694 kJ/mol

ATR:

C16H341 16H2O1 8O2-33H21 16CO2; ΔH521739 kJ/mol

As the authors mention, ATR can be controlled to be net exothermic or net

endothermic by adjustment of the O2-to-moisture ratio. It offers lower hydrogen

yield compared to SR, but higher than POx. Other advantages are the lowered

propensity for carbon deposition, which is a vital characteristic for complex fuels.

It is interesting to note that by adjusting the ratio of O2 to fuel and correspond-

ingly the moisture levels, one can obtain the standard ΔH to be 0 kJ/mol (at

298K). A value of O2/C16H34 of 5.78 provides this figure. However, this is

obtained using a stoichiometric amount of moisture in the feed. Higher quantities

of moisture are needed to suppress coking.

In Fig. 2.17 the authors plot an “efficiency” value of a fuel processing for an

ATR system as given by the equation:

Efficiency %ð Þ5 Flow rate of Hydrogen producedð Þ � ðLHV of HydrogenÞ
LHV of fuelð Þ � ðFeed fuel flow rateÞ (2.39)

Fig. 2.17 shows how at the O2/C16 value of 5.78 a maximum value of effi-

ciency is obtained, which is approximately 91%. This relates to the production

rate of hydrogen, which is essential for the input to the SOFC stack in terms of

stack performance.

Additionally Kang et al., report from their experimental results [33] that there

are nonuniformities within the catalytic bed when ATR is in progress, for exam-

ple, initially there is stronger tendency towards POx whereas toward the latter

part of the bed SR dominates. Therefore there are temperature gradients across

the catalyst bed that are not ideal and are not in-keeping with the exact thermo-

neutral reaction that is expected. This type of nonideality is more in keeping with

the kinetics of the competing reactions rather than thermodynamics.

Nehter et al. [32] reported an exergetic analysis of two basic fuel-processing

operations and compared them in terms of exergetic efficiency. As mentioned ear-

lier in the chapter, the exergy of a fuel containing stream is equal to the Gibbs

free energy calculated with respect to the environmental conditions used as refer-

ence, namely ambient temperature of 25�C, 1 bar atmospheric pressure, and a
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standard air composition (N2, O2, and rare gases, with CO2 and moisture at

approximately 0.00031 and 0.03171, respectively). Expressions for exergy calcu-

lations were discussed earlier in this chapter. With respect to an input stream

(e.g., fuel feedstock) whose physical exergy can be calculated as mentioned ear-

lier (Ein) an exiting stream is shown to lose part of the exergy based on either

work or chemical reactions and, thus, leaves the process with a physical exergy of

Eout. The exergetic efficiency can be postulated as shown in Eq. (2.40).

ηex 5
Eout

Ein

(2.40)

However, as per Nehter’s nomenclature, the above term (Eq. 2.40) is only the

physical exergy efficiency wherein Eout and Ein are the physical exergy numbers

for the fuel entering and leaving the fuel processor, respectively. The chemical

exergy term (ηex;Chem;FP) was considered separately, as (Efuel being the LHV of

the diesel surrogate fuel, in this case):

ηex;Chem;FP 5
WRev;SOFC

Efuel

(2.41)

The reversible work in a SOFC WRev;SOFC has been calculated as a function of

the integral of the Gibbs free energy change as a function of the fuel utilization

[FU] (measure of dilution) at the respective temperature of cell operation:

WRev;SOFC 5

ðFU2
FU1

ΔG Tð ÞdðFUÞ (2.42)
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In other words, the chemical exergy, which is equivalent to the reversible

work, is now averaged over a range of feedstock dilution.

In this manner the authors have computed the effect of fuel processing on the

overall exergetic efficiency for two types of fuel processing approaches; namely

SR (500�C and 750�C) and CPO. While the SR consumed heat with a small com-

ponent of exothermicity induced by methanation, as in the case of 500�C, the
CPO released heat due its strong exothermicity. However, chemical exergy is

lowered immensely in the case of CPO since about 32% of the diesel is precom-

busted prior to the SOFC stack. This translates into an overall exergetic efficiency

of the SOFC and fuel processing together of about 58%, remaining approximately

invariant at both fuel-processing temperatures. Interestingly, the SR�SOFC sys-

tem showed an overall exergetic efficiency of 86%�87% at both temperatures of

fuel processing, which is considerably higher than that for the CPO fuel proces-

sor. The analysis shows that despite the high heat available in the case of the

CPO and the heat consumption in case of the SR, chemical exergy of the refor-

mate is the deciding factor in the overall exergetic efficiency of the process.

These are, of course, thermodynamic efficiencies and do not take into account the

overpotentials in the SOFC, but provide a useful upper limit as a function of the

choice of fuel processing. A similar analysis is applicable to other fuels as well.

2.9 Summary and conclusion
In this chapter key concepts of thermodynamics as applied to SOFC stacks and

systems and SOFC-bottoming cycle hybrid systems are presented. The emphasis

here is to understand, after review of several process simulations, how efficiencies

of SOFC or SOFC-combined cycles are calculated, initially with the principles of

the First Law of thermodynamics, and second, using exergetic concepts and

exergy analysis. The general concepts of free energy, reversibility (and, conse-

quently, irreversibility), and entropy as applied to SOFC stacks and associated

systems are reviewed via a few select case studies. Since many of the solutions

derived from the case studies use advanced software there is not much discussion

on each of the material and energy balance solutions calculated. Instead variations

in key energetic parameters like electrical efficiency and exergy destruction as

functions of fuel utilization, current densities, and process configuration are pre-

sented to showcase the current state of the art of thermodynamics and its

evolution.

Exergetic formulations and exergetic efficiencies offer a realistic assessment

of the performance and effectiveness of all types of engines and equipment for

SOFCs, gas turbines, heat exchangers, and combustors. Exergy excludes

completely that part of enthalpy that can never be used for work; hence exergetic

efficiency only provides a relative value of work accomplished in relation to the

maximum work permissible. Therefore exergetic efficiency is based on the

812.9 Summary and conclusion



Second Law of thermodynamics and not on the traditional work�enthalpy defini-

tion (First Law).

Many of the processes reviewed are simulated using zero-dimensional models.

Although a few researchers have combined exergy analysis with finite element

modeling there are good possibilities toward integrating exergy and thermody-

namics with CFD-type heat transfer (fluid mechanics) electrochemistry in the

future, that is, exergy formulation at a differential level.

The hybridization of SOFCs with gas turbines, steam turbines, HRSG, and

others serve to enhance both First Law and Second Law (exergetic) efficiencies,

but, as shown in many simulations, SOFC stack irreversibilities still play a major.

There are many instances reviewed in this chapter that show how SOFC stack

performances are limited by high irreversibilities (exergy destruction). Exergy cal-

culations and exergy trends, therefore, indicate a few areas for technological

breakthroughs, namely better-performing SOFC cells. These are:

1. Advanced cathodes to lower cathodic overpotentials, for example, higher ionic

conductivities, higher electronic conductivities, etc.

2. Multifunctional anodes, which can absorb a higher degree of internal fuel

reformation. To facilitate this, catalytic functionalities that are more effective

toward CO oxidation in addition to hydrogen oxidation are required.

3. Advanced microstructures for cathodes and anodes that enhance three phase

boundaries, thereby leading to lower polarization.

4. Thinner and dimensionally stable electrolytes in addition to combinations with

higher ionic conduction leading to lower ohmic polarization. To achieve this

there needs to be advanced manufacturing processes that offer precision in

dimension in addition to materials compatibility and dimensional stability.

Other major challenges relating to SOFCs, namely degradation of electrodes,

chromium poisoning, and cost reduction are independent of thermodynamics or

systems analysis, and are the subject of material physicochemical investigations.
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3.1 Introduction
Solid oxide fuel cells (SOFCs) are highly efficient, electrifying generators which

directly convert chemical energy into electrical power. Fuel cells convert the

chemical energy stored in fuels into electrical energy without burning the fuel

and making gaseous pollutants. As they operate in high temperatures a wide range

of fuels can be fed to them and both hydrogen and hydrocarbons can be used as

the fuel. The operating temperature of a cell can be as high as 1000�C or for a

low-temperature SOFC as low as 400�C [1] depending on the ionic conductivity,

electric conductivity, and other properties of the electrolytes and layers of the cell

[2]. SOFC’s high-operating temperature requires them to be subtly designed, fab-

ricated, and analyzed. From a mechanical perspective the geometry of a device is

an important parameter in the distribution of stresses, temperatures, and the con-

centration of species and, consequently, its electrochemical performance.

Analogous to heat or mass exchangers, the arrangement of cells and flow configu-

ration is another important parameter for determining the performance of an

SOFC stack. Hence the first part of this chapter is allocated to the geometry and

configuration of SOFC cells and stacks. In addition, there are limited numbers of

materials that can be used in the structure of high-temperature devices such as

SOFCs. This limited choice of materials is not only expensive, but also requires

special technics. Therefore the second section of this chapter is devoted to the

fabrication methods used for manufacturing SOFCs. The commercialization of

this technology highly depends on the reliability of SOFC modules and requires

� Both authors contributed equally to this chapter.
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the identification of various failure modes, which are discussed later on.

Furthermore the thermal analysis of SOFCs is considered and discussed in

Section 3.4. The chapter ends with a conclusion and summary section where the

most potent research areas for further investigation are proposed.

3.2 Configuration and geometry
All SOFCs contain four main elements, namely a porous anode, dense electrolyte,

porous cathode [which together are called the membrane electrode assembly

(MEA)], and an interconnector. If there is only one MEA in an SOFC it is called

a single cell or short stack. However, SOFCs with more than one MEA with a

series or parallel layout for producing more power and voltage are called SOFC

stacks. On both sides of each MEA there is a ceramic or metallic membrane for col-

lecting electrical produced current, called the interconnector. The electrochemical

reactions occur where the electrolyte and electrodes meet each other. This impor-

tant place is called the triple phase boundary (TPB) and determines the active

area of an SOFC. A set of one or more MEAs with some interconnectors form

the SOFC cell or stack. There are three main categories of SOFCs based on their

temperature, cell support, and geometry.

High-temperature, intermediate-temperature, and low-temperature SOFCs

operate at approximately 1000�C, 800�C, and 600�C (or lower), respectively. The

electrolyte and electrode materials, cell geometry, and the involved reactions

are the major parameters that determine the operating temperature of a certain

SOFC type. High-temperature SOFCs are the most electrically efficient among

SOFCs [3].

The main reason for the high cost of SOFCs is their high-operating tempera-

ture, which requires expensive materials to ensure stability and durability under

elevated temperatures. The materials that can be used as electrolytes in SOFCs

are required to have high-ionic and low-electrical conductivity. In addition they

must be stable when exposed to reducing and oxidizing environments. Yttria-

stabilized zirconia (YSZ) is the most common material used as electrolytes in

SOFCs. However, operating SOFCs at relatively low temperatures allows the use

of a wide range of inexpensive materials for other parts of the cell, resulting in

reducing the cost of their fabrication [1]. One of the main materials that satisfies

these properties is gadolinia-doped ceria, or GDC (Gd0.1Ce0.9O1.95), which can be

applied at relatively low temperatures (below 600�C).
In each cell there must be a section that provides mechanical strength as well

as structural support, and is generally thicker than other layers. There are five

types of SOFCs based on the kind of part used for structural support: cathode sup-

ported and anode which are categorized under electrode-supported SOFCs; elec-

trolyte supported, porous substrate-supported, and interconnector or metallic

supported SOFCs. When the main parts are used as the supporting section (i.e.,
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first three types) the cell is called self-supporting and when the other parts are

used as the supporting section (i.e., last two types) the cell is called and external

supporting SOFC. Electrolyte-supported SOFCs have some advantages over

electrode-supported ones, including less susceptibility to redox and other failures.

However, the thicker the electrolyte layer is the higher the operating temperature

and ohmic resistance will be. Thus higher temperature and ionic resistance make

electrolyte-supported SOFCs undesirable [4] making the electrode-supported

(especially anode-supported) SOFCs the most common type of SOFC.

3.2.1 Cell geometric configurations

SOFCs are divided into two main geometry types, namely tubular and planar con-

figurations. Planar configurations have advantages in power density, production

cost, and thermal-cycle stability over tubular geometries. The higher power den-

sity of planar SOFCs in comparison to tubular ones is due to their lower electrical

path and resistance. Their lower production cost is because of the applicability of

mass-production methods for manufacturing planar SOFCs [5]. In contrast, tubu-

lar SOFCs are better in high-temperature sealing, stability of thermal cycling, and

mechanical strength due to their symmetric shapes. They also have faster start-up

and shut-down operations in comparison to planar SOFCs. For mobile applica-

tions high voltage and fast start-up are needed simultaneously. Planar SOFCs due

to their low structural stability and tubular SOFCs due to their low power density

cannot provide high voltage and fast start-up and, hence, are not appropriate for

mobile applications. In Sections 3.2.1.1�3.2.1.5 other geometrical configurations

introduced by researchers to overcome these disadvantages are discussed.

3.2.1.1 Integrated planar (segmented in series) solid oxide fuel cells
An integrated planar SOFC (IP-SOFC) or an SOFC segmented in series (SIS-

SOFC) is a configuration between planar and tubular that was designed and pro-

moted by Rolls�Royce. Fig. 3.1 presents a schematic view of an IP-SOFC.

FIGURE 3.1

A schematic view of an integrated planar (IP) or segmented in series (SIS) solid oxide fuel

cell (SOFC) [5].
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This geometry has some advantages over regular planar and tubular designs.

The smaller number of interconnectors used in the design helps lower the weight

and cost of the IP-SOFC over other designs [6]. In addition the shorter and sim-

pler external mechanical and electrical connection (current path) improves the

cell performance and the power density of the SIS-SOFC over regular geometries

[5]. However, the main limitations of this geometry are its relatively weak sealing

and integrity of the interconnectors, which can be minimized by microstructural

optimization and suitable material selection [6].

Bujalski et al. [7] compared the transient performance of an IP-SOFC with

planar and tubular ones in thermal cycling experiments. They found that during

temperature ramping or its fall, start-up and shut-down procedures of the cell

were smaller than critical size and no damage will occur. Thus they suggested

that cell size should be reduced to a millimeter-scale.

3.2.1.2 Cone-shaped solid oxide fuel cells
The concept of cone-shaped SOFCs comes from the SIS design. In this design, as

shown in Fig. 3.2, several conically shaped tubular SOFCs are gathered in series.

As the single SOFCs are fitted to each other, this design is self-supporting. The

fuel flows from the core of the cells and passes one by one, while the oxidant

flows over outside the stack [8]. This configuration is similar to tubular SOFCs in

fuel and air passage and since its shape is like a cone they are called cone-shaped

tubular SOFCs. This geometry was introduced by Sui and Liu [8].

3.2.1.3 Flat tubular solid oxide fuel cells
Another common geometric configuration for SOFCs is flat tubular SOFCs (FT-

SOFC). In this design planar and tubular configuration are combined to produce

an SOFC with higher cell power density by reducing electrical losses as well as

better thermal stability and sealing. However, the thermal resistance of this con-

figuration is relatively high. Fig. 3.3 presents a schematic view of a flat tubular

SOFC. There is an anode porous substrate with extruded channels for fuel

FIGURE 3.2

Schematic view of a cone-shaped SOFC: (A) anode, (B) electrolyte, (C) interconnect

materials, (D) cathode [9].
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passage, an electrolyte layer, as well as an interconnector layer around the anode.

Fuel flows through the channels and oxidant flows over the cathode. The cross-

section of channels can be any arbitrary shape. This configuration was suggested

and designed by Siemens�Westinghouse.

Interconnectors have two essential duties in this configuration; they connect

cells electronically and they are barriers between the fuel and oxidant of neigh-

boring cells. Thus they should be relatively impermeable to gas, have high chemi-

cal stability in both fuel and oxidizer, and have high-electronic conductivity. In

this regard the main challenge that researchers faced was the design and material

selection for the interconnectors in FT-SOFCs. There are two main types of inter-

connectors, namely metallic and ceramic. Ceramic interconnectors have lower

electrical conductivity and are expensive in comparison to metallic counterparts.

However, ceramic interconnectors have negligible permeability to gas. Hence in a

flat tubular configuration in which the fuel and oxidizer are in contact with the

interconnector, using ceramic materials is mandatory [11].

3.2.1.4 Honeycomb solid oxide fuel cells
This design consists of a series of cells. The early configuration of this design

is electrolyte-supported, as shown in Fig. 3.4A. Here the electrolyte layer forms

a honeycomb structure supporting the cell. Due to the thickness of the electro-

lyte layer in this configuration it has a higher ohmic resistance and, conse-

quently, lower electrochemical performance. In addition, some channels are for

the passage of air while others are for the passage of fuel. To solve this prob-

lem another type of cell has been suggested where the electrode provides the

structural support of the honeycomb and the design is electrode-supported.

Fig. 3.4B illustrates an electrode-supported honeycomb SOFC. In an electrode-

supported SOFC the structural support is provided by one of the electrodes,

while the other electrode is inside each channel. Therefore each channel can act

as an independent SOFC [12]. The durability of this type of cell is high enough

for increasing the start-up rate up to 100�C/min [13]. This design was first pro-

posed by ABB.

FIGURE 3.3

A schematic view of a flat tubular SOFC [10].
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3.2.1.5 Microtubular solid oxide fuel cells
As it is evident from the name of this geometry that it is a tubular SOFC with a

diameter in the scale of 5 mm or smaller. Because of the small size of all their

parts, especially the wall thickness, they are highly resistant to thermal shocks.

Therefore they reach their operating temperature in a relatively short time, in the

order of a minute, in comparison to large-scale SOFCs with a start-up that takes

one hour or more. In addition, with decreasing the diameter of the tubes the ratio

of the surface-to-volume increases, thus the power density of these types of cells

improves drastically. Despite these advantages, small diameter of the cell reduces

the cell capability to collect electrical current. Manufacturing microtubular

SOFCs (MT-SOFCs) is challenging [6]. Phase inversion is the common method

for MT manufacturing which is introduced in Section 3.3.6.

There are several other designs aimed at exploiting the advantages of planar

and tubular SOFC geometries while reducing their disadvantages. Delta 8 or trian-

gular design is one example of such a configuration and was proposed by Nagel

et al. [14]. This new design entails a tubular geometry with a triangular cross-

section as shown in Fig. 3.5. The authors found that this geometry had sealing

properties similar to tubular SOFCs while, at the same time, the current path is

short in comparison to planar SOFCs.

The electrochemical performance of different SOFC geometric and stack con-

figurations are presented in Table 3.1.

The focus of the above discussions was the cell geometries. For designing

stack SOFCs it is important to note that a free expansion length must be

FIGURE 3.4

Schematic view of a honeycomb SOFC: (A) electrolyte-supported, and (B) electrode-

supported.
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considered for the expansion and shrinkage of adjacent cells due to high-

temperature gradients frequently occurring during start-up and shut-down opera-

tions [14]. The stack configurations are discussed in Section 3.2.2.

3.2.2 Stack configurations

Cells are compactly assembled to create an SOFC stack in order to produce more

voltage and power. In stacks the distribution of the fuel and oxidant flows and

their orientation relative to each other are important parameters for ensuring flow

uniformity, temperature distribution, and chemical potential throughout the stack.

The uniformity of the flow is a key parameter in determining stack performance.

Its significance is due to the fact that the uniformity of the oxidant flow over the

cathode results in a better cooling effect. In addition, uniform fuel distribution

results in homogenous species transport in the anode. The orientation of the fuel

and the oxidant flow relative to each other can be co-, counter-, or cross-flow in

analogy to other heat or mass exchange equipment. The other important design

FIGURE 3.5

Schematic view of a delta 8 or triangular SOFC [14].
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Table 3.1 Electrochemical performance of different cells studied by various researchers.

Geometry
type Fabrication method

Number of
cells in a
stack Anode/electrolyte/cathode Fuel

Temperature
(�C) Output

Flat tubular
SIS-SOFC
[5]

Extrusion, screen printing
and dip coating

Five cells Ni�ScSZ/ScSZ�GDC/
LSCF�GDC, LSCF

3%
humidified
H2 and air

800 0.62 W/
cm2

Cone-
shaped
SOFC [8]

Slip casting Three cells NiO�GDC/YSZ/LSCF�GDC Humidified
H2 and air

800 0.9 W
and 2.9 V
OCV

Cone-
shaped
SOFC [9]

Dip coating � NiO�YSZ/YSZ/LSM�YSZ Humidified
H2 and air

850 1 W/cm2

Cone-
shaped
SOFC [15]

Gel casting and dip coating Four cells NiO�YSZ/YSZ/LSM�YSZ 3%
humidified
H2 and air

800 3.4 W

Cone-
shaped
SOFC [1,16]

Slip casting and dip coating Two cells NiO�GDC/GDC (15 μm)/
BSCF�GDC

Moist H2

and air
400 1.86 V

OCV

Flat tube [10] Screen printing and
extrusion

� Lanthanum�manganese-
doped CaTiO3 perovskite
interconnector

3%
humidified
H2 and air

800 0.207 W/
cm2

Honeycomb
SOFC [12]

Extrusion, dip coating, and
slurry injection

� NiO�GDC/10ScSZ/LSM
Cathode supported

Humidified
H2 and air

650 2 W/cm3

Microtubular
SOFC [17]

Phase inversion and dip
coating

Single cell NiO�YSZ (240 μm)/YSZ
(10 μm)/LSM�SDC (20 μm)

H2 and air 600/800 0.277/
0.752 W/
cm2

Micro-
tubular
SOFC [18]

Phase inversion, dip coating,
and high-temperature
cosintering

Single cell NiO�YSZ/YSZ/LSM�YSZ
with electrode catalyst

15%
humidified
H2 and air

750 0.78 W/
cm2

Single-
chamber
SOFC [19]

Dry pressing and screen
printing

Single cell NiO�CGO/CGO (150 μm)/
LSCF�CGO (70�30 wt.%)
(30 μm)

CH4/O25 2 600 0.26 W/
cm2

BSCF: Ba12ySryCo12xFexO3; CGO: gadolinia-doped ceria; GDC: gadolinium-doped ceria; LSCF: La0.5Sr0.5Fe0.5Co0.5O3; LSM: La1�xSrxMnO3; LSM�YSZ:
La2ZrO7 and SrZrO3; ScSZ: scandia-stabilized zirconia; SDC: Sm-doped ceria; YSZ: yttria-stabilized zirconia.



considerations are header and distributors of each flow. The common design for

manifolds are the stacks with single-inlet/single-outlet and double-inlet/single-outlet

configurations. The single-inlet/single-outlet configuration contains spinal, serpen-

tine, radial, and Z-flows.

Most studies on the effect of the flow configuration on cell performance are

approached numerically. Some studies compared different flow configuration

including co, cross, and counter configurations with respect to the flow uniformity

and temperature distribution. Choudhary and Sanjay [20] investigated different

cell parameters in a planar stack with co and counter-flow configurations numeri-

cally. They observed that the co-flow configuration results in thermal stress as its

temperature distribution as well as current density distribution are more uniform.

Kupecki et al. [21] investigated cross-, co-, and counter-flow configurations for a

1 kW planar stack numerically. They reported that cross-current configuration

was superior because of its even temperature distribution.

Almost all numerical studies consider uniform flow in their simulation.

However, Huang et al. [22] experimentally and numerically studied the validity

of the flow uniformity assumption in different planar stacks with a single and

double inlet. They compared their results with the results of a similar simulation

where the uniform flow was assumed. The authors concluded that uniform flow is

a valid assumption and does not affect the results significantly. They also observed

that adding some small guides near the inlet and the outlet areas of the double-

inlet/single-outlet stack increased the power density of the cell by about 11%.

3.3 Fabrication methods of solid oxide fuel cell elements
A thicker functional layer results in higher operating temperature and ohmic resis-

tance [4]. For instance, Kim et al. [23] reported that decreasing electrolyte thickness

from 10.5 to 6.5 μm, increases maximum power density from 0.74 to 1.12 W/cm2.

Thus the main challenge in fabricating SOFCs is to manufacture electrodes or elec-

trolytes that have thinner layers. The main cost-effective SOFC fabrication methods

are tape casting, screen printing, different coating, and deposition methods. All of the

components in an SOFC can be fabricated using one or more methods of fabrication,

for example, an anode can be fabricated using tape casting while the cathode can be

fabricated using the screen-printing method. The choice of method of production for

each component is mainly based on the resulting electrochemical and mechanical

performance as well as the durability of the final cell. In Sections 3.3.1�3.3.6

various fabrication methods of different parts of an SOFC will be discussed.

3.3.1 Tape casting

As it is obvious from the name of this method, a slurry is cast to prepare flexible

tapes for electrode and electrolyte support and functional layers with a thickness
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of 10�1000 μm. Fig. 3.6 presents a schematic view of the tape-casting method.

Almost all slurries in this method contain ceramic and polymer powders, solvents,

binders, and plasticizers. However, the exact amount of each substance in the

slurry is not fixed and has profound impact on the SOFC’s characteristics. A high

concentration of solid particles (solid loading) and binder in the slurry mixture

increases the solid particle network strength and viscosity of the mixture. The for-

mer is desirable and improves the electrochemical and mechanical performances

of the SOFC [24�26]. However, the latter is undesirable and makes removing air

bubbles from the slurry more difficult. Air bubbles in the structure of fabricated

tape make it nonuniform. Furthermore decreasing the tape density decreases the

electrochemical performance of the SOFC [27,28]. This fabrication process is

cost effective for mass production in comparison to other methods of fabrication

[29]. The limitation of the tape-casting method is its slow processing procedures

which limits its scale-up.

Faes et al. [31] and Kluczowski et al. [32] suggested the use of ceramic

or powder injection molding (CIM or PIM) with a higher rate of production.

Both studies investigated anode-supported planar SOFCs and concluded that the

electrochemical performance of the final SOFC is comparable to equivalent

SOFCs produced from the tape-casting method.

3.3.2 Screen printing

In the screen-printing method, screen mesh and ink (or paste) are the main parts

of the manufacturing process. Ink or paste is produced from ceramic and poly-

mers powders, binders, and solvents. The screen mesh is a stencil in which the

empty sections produce the final shape of the fabricated layer. The screen mesh is

FIGURE 3.6

A schematic view of the tape-casting method [30].
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placed slightly above the bottom layer on the screen frame, and a thin film of ink

or paste lies on the screen mesh. Using a squeegee, the ink or paste is forced to

adhere to the bottom layer in the form of the screen mesh. After sintering a layer

in the form of the screen mesh with a thickness of 10�200 μm will be printed on

the sublayer. A schematic of each step in the screen-printing method is illustrated

in Fig. 3.7. As the screen is used for producing a pattern on a layer, this method

is very useful for fabricating porous layers. It is worthy to note that this method

does not allow acceptable performance for fabricating support layers and usually

is used for fabricating other layers such as functional ones [4]. Thus another

method is needed for producing the supporting layer.

Several researchers reported that the quality of the final layer is affected by

the process parameters and materials used. One of the main parameters that affect

electrochemical and mechanical parameters is the ink’s composition and viscosity.

The lower or higher viscosity of the ink causes pores in the final layer or ink

spreading in sublayers [34].

3.3.3 Dip coating

Dip coating is also known as slurry or vacuum slurry dip coating. This method is

usually used for fabricating functional layers. Similarly to the screen-printing

method, this method uses slurry in the fabrication process. The slurry is a combi-

nation of ceramic powder, solvent, binder, and dispersant. In the dip-coating

method the supporting layer is soaked in the slurry. Then the slurry jar comes

FIGURE 3.7

Schematic view of screen-printing method [33].
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down (or the supported layer comes up) and a film of slurry attaches to the sup-

porting layer. After the coated slurry is dried in ambient temperature the sup-

ported layer with its new dip-coated layer are sintered [35]. The smoothness and

thickness of the layer can be controlled by modifying the solid loads in the slurry

and the draw-up speed of the supporting layer from the slurry jar. Layers with the

thickness of a few microns to hundreds of microns can be produced using this

method [36]. The usual duration for soaking the supporting layer in the jar ini-

tially is about 30 seconds [23,35]. Yamaguchi et al. [37] reported that the density

of the electrolyte layer coated on the anode-supported layer in a tubular SOFC is

highly affected by the shrinkage of the sublayer during the cosintering process.

Fig. 3.8 illustrates the dip-coating method.

3.3.4 Slurry spin coating

The slurry spin-coating method uses centrifugal forces for a spin motion in order

to produce a uniform layer. Fig. 3.9 presents a schematic view of this method of

manufacturing. The slurry which is used in this method is similar to other fabrica-

tion methods. As shown in Fig. 3.9, a certain amount of the slurry is placed on the

center of the spin axis above the supporting layer, and will be spread over the

plate by its rotation. Constant speed rotation of the axis and centrifugal force

allows the slurry to form a uniform layer. The angular velocity of the spin is an

important parameter in determining the thickness of the layer, and has an inverse

relation to each other. In addition the speed of the rotation can be adjusted in order

to fabricate coating layers of desirable thickness [39]. Like the other methods con-

taining slurry, the composition and the viscosity of the slurry determines the thick-

ness of the resulting layer and also the length of the TPB. Lower viscosity causes

lower adherence of the slurry to the sublayer and thus a lower TPB volume [40].

FIGURE 3.8

A schematic view of the dip-coating method [38].
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3.3.5 Spray coating

The thermal spray-coating method has a lower production cost in comparison to

other common methods especially the first two methods discussed. The main disad-

vantage of this method is that it needs additional surface modification because

spraying ceramics like YSZ under room temperature induces a surface with some

pores and cracks, which are undesirable for coatings. Some of the modification

methods are high-temperature sintering, chemical densification, and spark-plasma

sintering. The first and essential step for producing a dense layer using this method

is melting the powder. The melting point of ceramic materials like YSZ is as high as

2700�C, while for methods involving high-temperature plasma spraying with gas the

temperature required can be as high as 10,000K. Vacuum plasma spraying (VPS)

and atmospheric plasma spraying (APS) are two subdivisions of the plasma spraying

method based on their operating pressure. The former method operates at about

50 mbar and the latter operates at the atmospheric pressure. Substrate density in the

VPS method is higher than the APS method because of the higher particle velocity

in the VPS process. Through analyzing the causes for the development of pores and

cracks in coating process Vaßen and coworkers [3] introduced a new spraying

condition for diminishing the number and the size of the cracks in coatings without

needing any additional treatment. They applied YSZ as a coating material and

reported that this method produces thin electrolyte and anode layers with

acceptable electrochemical performance. A cathode produced via the screen-printing

method, however, is better than a cathode produced via this spray-coating method.

In addition the authors reported that applying a further layer as a diffusion barrier

between the substrate and anode can decrease the rate of degradation of the cell.

3.3.6 Phase inversion

This method of fabrication is commonly used for manufacturing MT-SOFCs,

especially hollow-fiber types. The phase-inversion method is relatively

FIGURE 3.9

A schematic view of the spin-coating method [4].
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inexpensive, simple, and fast in comparison to the other methods of fabrication.

In this method a viscous slurry is smoothly injected into a cool water bath using a

spinneret. The injected slurry is called the microtubular precursor (MTP). After

about 30 minutes the molecules in the water and MTP will be exchanged and a

porous fiber as an electrode is fabricated.

The other methods of fabrication which are not as common as the abovemen-

tioned are: decalcomania, electrophoretic deposition (EPD), direct deposition,

pulsed-laser deposition, (PLD), aerosol-assisted chemical vapor deposition, spray

pyrolysis, atomic-layer deposition, and electron-beam evaporation. These methods

can be categorized as chemical vapor deposition (CVD), electrochemical vapor

deposition (EVD), physical vapor deposition (PVD), and spraying methods.

One of the main features which can increase the performance of an SOFC is

the length of the TPB. The impregnation of electrodes with a suitable catalyst can

increase the TPB length. By impregnating a porous electrode in a dense electro-

lyte layer the pores of the electrode behave as an O22 transport bridge. Thus the

ionic conductivity in the electrode (cathode) and the electrolyte, as well as the

total performance of the cell, will increase [41]. Nanowires with the high-surface

area can serve as a straight path as suggested by Zhao et al. [42]. This concept

was applied to the MT-SOFCs by Yang et al. [18].

These methods of fabrication do not have any control over the produced pores.

In conventional methods, since a molten resin is mixed with the main material,

there is no control of the shape, size, and distribution of pores. Yoon et al. [43]

developed a new method for controlling the pores and paths appearing in the

porous layer. First, a cell produced using powder pressing and sintering method.

After production of the cell, pores and pathways in different shapes with different

distribution form in the cell using the laser-ablation technique. The resulting cells

are called microarchitectured SOFCs. The authors reported 9%�17% improve-

ment in current density and 7%�19% enhancement in power density in micro-

architectured SOFCs.

3.4 Reliability and mechanical performance
The large power density of a single cell or stack and the number of its cycles

increases the possibility of its failure. Almost all mechanical failures are due to

thermochemical stresses being higher than the resistance stresses of a part in a

cell. For analyzing the reliability of a cell, different stresses must first be recog-

nized and then their effect on different parts of the cell must be studied. The main

reason for stress is that there are several layers with different physical and chemi-

cal properties attached to each other. Their different behavior subject to dramatic

variations of temperature from ambient temperature to about 1000�C makes a lot

of thermomechanical stresses and chemically induced stresses due to the nonstoi-

chiometric condition in the system and causes mechanical failure. The cell or
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stack in high-manufacturing temperature is stress-free as different components

adjust relative to each other. Hence the highest residual stress occurs under room

temperature. A wide range of parameters including fabrication methods, thermo-

mechanical properties of the materials, and the geometry of the cell affect the

reliability and durability of an SOFC, and are the focus of this section.

Nakajo et al. [44] studied the mechanical properties of different materials used

in intermediate-temperature, anode-supported SOFCs. The materials and layers

considered in this study include Ni�YSZ anodes, YSZ electrolytes, and YDC,

GDC, LSM, or LSCF cathodes. One of the main conclusions in this study was

that the thermal expansion coefficient (CTE) of YSZ was the lowest compared to

the other materials. This causes only tensile stress in the anode. However, the

CTE of the materials in the other layers overlaps with materials in the anode over

a wide range of temperatures, that is, spanning from ambient to operating tem-

peratures. Thus the nature of the stress in these layers may switch from tensile to

compressive, and vice versa. It is predicted that LSCF (La0.5Sr0.5Fe0.5Co0.5O3)

cathodes almost always are under tensile stress. Predicting the type of stress can

be useful in the mechanical design of the cell.

The New Energy and Industrial Technology Development Organization

(NEDO) divided the mechanism of mechanical failure into three main categories

of deformation of a cell due to asymmetry, propagation of a mechanical defect,

and effect of irregular operations. Cell asymmetry can be either mechanical or

chemical. Different electrodes on each side of the electrolyte make the cell

mechanically asymmetric. In addition the nonstoichiometric injection of oxide

forms some gaps in the cell, especially cells with lanthanum chromite, which is

more serious than mechanical asymmetry. A crack, especially in the electrolyte or

the interconnector, can grow and cause severe failure. Cracks bigger than a criti-

cal size cause gas leakage, so temperature increases gradually at some points.

This higher temperature causes more failure as well as exposure of the electrode

to the oxidizing gases [45]. Furthermore the oxidization of Ni particles, which is

called redox, adjacent to an electrolyte crack causes high stress occurring on the

crack. It should be noted that the deficit of fuel increases the possibility of Ni par-

ticle reduction�oxidation reactions, while the deficit of air may cause oxygen

nonstoichiometric expansion (chemical expansion) of the electrode. This is prob-

lematic when the electrode provides the structural support to the cell.

As with redox, some of the degradation and thermomechanical problems are,

to some extent, reversible and some are not. Reduction�oxidation is a reversible

process and by reintroduction of H2 to the anode, NiO can be converted to Ni

again; however, it may cause serious and irreversible failures. A cell with sulfur

poisoning and early stage carbon deposition can regenerate itself [46]. However,

cracking and delamination are not reversible issues. Identifying the type of failure

is important for choosing the method of repair, such as requiring in situ repair or

total replacement of the damaged part. The mechanism and the reason for each

failure is different, but all of them decrease the cell electrical potential under

constant-current load. Thus the DC potential of the cell in constant current is not
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a diagnostic indicator and other diagnostic technics are needed [47]. In Sections

3.4.1�3.4.3 various failures and their diagnostic methods are discussed.

3.4.1 Redox

In the case of a shortage of fuel near the anode the Ni particles in the anode structure

start to oxidize and degrade, called anode reduction�oxidation malfunction or redox.

Redox is one of the main modes of failure in anode-supported SOFCs. Redox and

oxidation are destructive processes. If they happen beyond a critical value the cell

will be irreversibly damaged. Sarantaridis et al. [48] studied the critical value of oxi-

dation whether directly by air or electrochemically induced. Electrochemical oxida-

tion damage and crack formation in the substrate are irreversible only after 5% Ni is

oxidized. In contrast, until 50% oxidation directly by air, no irreversible failure

appears. Redox commonly appears by electrolyte cracking.

The partial pressure of oxygen and fuel are indicators of the ratio of the oxi-

dizer and the fuel in the cell. The higher partial pressure of oxygen than oxygen

partial pressure at equilibrium state can be a sign of anode reduction�oxidation

or redox. The simulation of anode redox, based on the concept of discrepancy in

oxygen partial pressure, and introducing this method for diagnosing redox was

done by Larrain et al. [49] and Faes et al. [50]. In addition, anode reduc-

tion�oxidation causes expansion of the anode. Therefore evaluating the local

stresses in the anode and adjacent layers at operating or room temperatures can

be applied for diagnosing redox faults [51].

The other important observation in redox is that the amount of residual stress

decreases via reduction. Sun et al. [52] reported that the residual stress of Ni(O)/

YSZ SOFC is 2600 MPa before reduction and 2450 MPa after reduction. From

the strength of material knowledge, we know that when low stress is applied to a

material its deformation is in the elastic region and reversible; however, when

applied stress is higher than a critical value the deformation is in the plastic

region and irreversible. Based on this concept and observations they concluded

that residual stress decreases because of large plastic deformation during the

reduction process. Frandsen et al. [53] reported this decrement of residual stress

as reduction creep during redox at a high rate of about 104. Creep is the slow

change of material shape and properties with the passage of time. It relieves the

residual stress in a solid and its rate is usually small. Hence reduction creep rate

is much larger than usual operating creep.

3.4.2 Delamination

Delamination is the detachment of the electrolyte and the electrode layers. The

gap between the electrolyte and the electrode decreases all types of conductivity

drastically, which results in decrement of cell performance. Delamination reduces

the effective area of the cell and causes distinguishable changes in the impedance

spectrum of the cell in comparison to the other malfunctions. Thus drawing the
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impedance spectrum of an intact cell and a delaminated cell can be helpful in

detection of delamination [54,55]. This diagnosis method is called electrochemi-

cal impedance spectroscopy (EIS). Fig. 3.10 shows the effect of delamination

length on the impedance spectrum developed via a computational model.

The other suggested method for diagnosing delamination is based on the oxy-

gen pressure in the cell. If the oxygen pressure in the interface of the cathode and

electrolyte exceeds a critical value (about 1200 atm), delamination will occur.

Therefore the chemical potential that is directly related to the oxygen pressure in

the electrode can be monitored for delamination diagnosis [56].

3.4.3 Degradation

The microstructure and porous structure of the electrodes is very important for

transportation of ions, gas, and electrons, and consequently the electrochemical

performance of the cell. In addition the electrochemically active areas of the cell

are TBP sites that depend on the microstructure and morphology of the electro-

des. The initial microstructure of the electrodes is determined by the fabrication

method and its related parameters such as sintering temperature, powder composi-

tion, and so on. The operating conditions and malfunctions of the cell such as the

impurities of the fuel, redox, thermal cycling, and aging modify the microstruc-

ture of the electrode reversibly or irreversibly.

Brus et al. [57] compared the morphology of a 100 W SOFC stack over

3700 hours operation using a combination of focused ion beam (FIB) and scan-

ning electron microscope (SEM) (FIB�SEM). They observed a nonhomogenous

FIGURE 3.10

Effect of the delamination length on the impedance spectrum of an SOFC [54].
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change in the microstructure in different regions of the cell and the most decre-

ment of TPB length was reported near the inlet of the cell stack.

An important issue that has not yet been considered in this chapter is the

effect of fuel impurities on cell degradation and mechanical failure. Sulfur impu-

rities in hydrocarbons fuels form H2S and contaminate the cell materials. If sulfur

poisoning is in an early stage, using sulfur-free fuels repair this poisoning.

However, excessive sulfur poisoning induces irreversible failures.

Spectroscopy after and before cell operation can provide much useful information

about cracks and deformations of cells. In addition, in situ spectroscopy can give a

lot of information about the dynamic interaction of different parts of a cell. Bozzini

et al. [58] applied in situ photoelectron microscopy in order to investigate the micro-

structure of a single-chamber SOFC with an Ni-based anode, YSZ (100) single

crystal electrolyte, and Au�MnO2 cathode operated at 600�C, with CH4 and O2 1:1

fuel and oxidant mixture during operation. They continuously monitored the

chemical state and distribution of the cell when electrodes are fully oxidized and

after the reduction of the anode. Although they reported that the long-time operation

of the cell does not change the chemical state and morphology of the electrodes, they

illustrated that the degradation of the cell causes high morphological changes.

Kumada et al. [59] investigated the mechanical status of an anode-supported sin-

gle cell using Acoustic Emission (AE) and SEM monitoring during start-up and shut-

down operations. They observed vertical cracks in the cell and some cracks in the

reproducible part of the glass seal during the shut-down operation. This study revealed

that the AE method can be used for detecting sealing and cell cracks, separately.

Another important factor which causes failure is the external load on the cell.

The contact area of the SOFC layers plays an important role in the contact resistance

between layers, thus different parts of an SOFC should be pressed by external force

to each other for better and more contact. As the behavior of the sealant materials

changes under high-operating temperatures, their behavior under different tempera-

tures must be analyzed precisely. Dey et al. [60] reported that with an external load

the stress will be concentrated near the edge of the electrode and channel contact.

In addition, their simulation showed that pressure in the range of 0.05�0.1 MPa

is safe for the external load of the considered SOFC during operation.

3.5 Thermal analysis
The high-operating temperature of SOFCs offers advantages and disadvantages. Due

to ionic conductivity of the electrolyte, SOFCs produce higher power output with

higher efficiency at higher temperatures. Thus the SOFCs operate at high tempera-

tures in the range of 600�C�1000�C. On the other hand, failures due to thermal

fatigue and induced thermal stresses in cell components are the two main disadvan-

tages of high-operating temperatures. Thus temperature must be kept below a limit.

In this regard thermal analysis of the SOFC is crucial to ensure system reli-

ability. However, thermal analysis of an SOFC system through experimental
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investigations is quite expensive and time consuming. Alternatively, thermal

modeling offers a low-cost method to optimize, increase efficiency, examine the

feasibility of new designs, and evaluate their performance.

Thermal modeling is also used to investigate different SOFC configurations in

order to quantify electrochemical performance, mitigate temperature gradients,

and, consequently, reduce principal stresses.

Another area of interest for SOFC thermal investigation is the examination of

start-ups and shut-downs of system operation or the fluctuations in the operating

temperature. The thermal transient modeling and thermal management of the

SOFC system are discussed in Sections 3.5.1 and 3.5.2, respectively.

3.5.1 Thermal modeling

Chyou et al. [61] developed an integrated model to simulate heat transfer in an

interconnect which was enveloped by insulation to reduce the heat loss to the

environment. The simulation model consists of a computer code capable of ana-

lyzing the steady-state, discrete, electrochemical model (ECM) and a finite ele-

ment model (FEM) to simulate heat transfer within the interconnect. The

simulation framework was such that the temperature distribution was calculated

by the ECM in the reaction zone of the interconnect under adiabatic conditions.

The results were used as a thermal boundary in the 2D FEM heat-transfer analysis

to estimate overall thermal parameters. Among the parameters the heat loss was

fed back to the ECM to produce a more realistic model. Then through iterative

evaluation of both ECM and FEM a unified temperature distribution was found.

Combining ECM with FEM made their proposed model more cost-effective and

less time-consuming compared to CFD models. Thus an efficient computational

methodology was proposed for the integration of electrochemical and heat-

transfer analyses that could be used as a fast design tool for SOFCs.

Mounir et al. [62] developed an ECM capable of determining the temperature

variation induced by electrochemical reactions, air, and fuel flow. The model was

applied in order to predict performance analysis of a multicell IP-SOFC. The

results revealed that ohmic and activation losses dominate cell performance, while

reducing the electrolyte cell thickness could improve cell performance and

increasing the operating temperature results in ohmic loss reduction.

A tubular SOFC was investigated through a mathematical and an experimental

study by Tonekabonimoghadam et al. [63]. An isothermal macrotubular SOFC

model was developed by dividing a macrotubular SOFC into six MT-SOFC sub-

systems connected in series. The model was capable of simulating the perfor-

mance of an SOFC by considering mass, momentum, diffusion through porous

media, electrochemical reactions, and heat generation in the subsystems. The

model could successfully simulate the dependence of the current density on cell

potential, thermal energy generation from electrochemical reactions, as well as

voltage irreversibility losses. The results showed that efficiencies of electrical and

thermal power generation increased by around 50% when the operating

1033.5 Thermal analysis



temperature increased from 923K to 1023K. It was also shown that the maximum

electrical power increased by increasing the fuel-flow rate.

Detailed SOFC thermal modeling should incorporate all the physics and pro-

cesses involved, such as fluid flow and electrochemical equations. Moreover in

order to the study structural behavior of the system, the temperature distribution

calculated from heat transfer, fluid flow, and electrochemical coupling should be

applied to structural analysis of the system to enable estimating the thermal stres-

ses. Generally the principal stress in the SOFC is induced by thermal stresses that

are caused by the mismatch of the coefficient of thermal expansion (CTE)

between different SOFC components.

In a numerical study Chiang et al. [64] simulated the thermal-fluid behavior as

well as thermal stress analysis of a planar anode-supported SOFC. Utilizing the

commercial Star-CD software and the MARC finite element analysis (FEA) they

built a 3D integrated numerical model and investigated the effects of anode poros-

ity on the temperature gradient, thermal stress, and performance of positive elec-

trode�electrolyte�negative electrode (PEN). The 3D CAD model of the PEN

was developed using Solidworks and CATIA that was then imported to the

PATRAN and Gridgen for meshing the geometry. Afterward, using the Star-CD

and es-SOFC module, the electrochemical, fluid flow, and heat-transfer analysis

of the PEN were performed to obtain its current�voltage (I�V) characteristic

curves as a function of the anode porosity and temperature field within the fuel

cell. The simulated I�V characteristics of the SOFC were then validated with

experimental observations (Fig. 3.11). Finally the temperature distribution

obtained from Star-CD was used as an input for the structural analysis in MARC

FEA. By utilizing this integrated simulation procedure the maximum principal

FIGURE 3.11

Comparison of experimental and numerical results for variation of cell voltage and power

density versus current density [60].
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stress induced within the PEN was investigated as a function of porosity, operat-

ing voltage, and temperature gradient.

Results demonstrate that the maximum principal stress within the PEN rises at

a higher current and higher temperature gradient (Fig. 3.12).

FIGURE 3.12

Temperature gradient distributions (left) and thermal stress distributions (right) in positive

electrode�electrolyte�negative electrode (with porosity of 0.5 in all cases) at cell voltages

of: (A) 0.7 V; (B) 0.8 V; and (C) 0.9 V [64].
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It is also shown that the power density and cell voltage increase with increas-

ing porosity in the range of 0:2, ε, 0:5 (Fig. 3.13).

The effect of adding an uniform load to the upper interconnect were also stud-

ied. It was shown that the maximum principal stresses do not change dramatically

with increasing the load magnitude (Table 3.2). Therefore it was concluded that

the temperature gradient and the CTE mismatches between fuel-cell components

were the principle causes of stress distribution within the PEN.

The results showed that the thermal stress within the PEN is lower at lower

temperature gradients, which is recommended to be limited to less than 10.6�C/
mm to retain the structural integrity of the SOFC.

Ni [65] developed a 2D thermofluid model of a planar SOFC through incorpo-

rating a CFD model with an ECM. Hydrogen was used as the fuel in this SOFC

with a porous anode and cathode in a co-flow configuration. Results showed that

increasing the H2 molar fraction or higher inlet velocity can increase the Nernst

FIGURE 3.13

Variation of cell voltage and power density with current density as functions of anode

porosity [64].

Table 3.2 Maximum principal stresses in the positive
electrode�electrolyte�negative electrode (PEN) and interconnect at various
loads (in the case of V50.7 and porosity50.3) [64].

Load (kg/cm) PEN (MPa) Interconnect (MPa)

0.5 18.7 (210.5) 42.9 (24.7)
1 18.7 (211.1) 42.9 (25.0)
5 18.1 (215.2) 42.3 (27.5)
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potential and, consequently, leads to an increase in the SOFC’s electric output.

Furthermore, increasing electrode porosity increased the SOFC’s power output.

However, changing electrode permeability did not affect the SOFC’s performance

remarkably. The simulation data showed good agreement with experimental data

of the Nusselt number and friction factor.

Mounir et al. [66] extended their previous studies [58,61] by conducting struc-

tural analysis with the goal of evaluating the probability of survival of IP-SOFCs.

A thermoelectrochemical model was applied to estimate the temperature profiles

which were then used to find the thermal stress distribution in the multiple-cell

module. In this study the effects of the CTE difference as well as the Young’s

modulus difference between materials used in IP-SOFCs were taken into account.

The results showed that generated thermal stresses at the inlet fuel-flow section

were moderate, while the IP-SOFC cell undergoes high stresses at the outlet sec-

tion. It was also found that the probability of survival of the electrolyte is lower

than other components. The results showed that in the IP-SOFC stack, constitut-

ing of five bundles, the first bundle produced the maximum power of 200 W

while the second bundle’s production increased by 10% and increased around

20% for in the fourth bundle. However, the probability of survival decreases by

12% for the fifth bundle (Fig. 3.14).

Wang et al. [67] developed a 3D numerical model based on FEM to calculate

thermal stresses in a planar SOFC. A stack consisting of five components, includ-

ing cell, metallic interconnect, seal, and anode/cathode current collectors were con-

sidered as the simulation domain (Fig. 3.15). The results showed that the maximum

stress concentration area appeared at the corners of the components. The effect of

the stack components on the maximum stress concentration was also investigated.

The mismatch of the CTE between the interconnect and the seal is a crucial param-

eter to determine the thermal stress distribution in the stack. This study also

revealed that various compressive loads do not affect the stress distribution.

Different seal designs were also investigated and it was found that the elastic mod-

ulus had a prominent role in the induced stresses by interconnects and seals.

FIGURE 3.14

Bundle-to-bundle evolution for (A) probability of survival and (B) output power [66].
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The most prominent challenge in SOFC simulation is to develop and solve

fully coupled multiphysics simulation in which all the governing equations corre-

sponding to the involved phenomena of the system are considered. These include

continuity, momentum, species transport, heat transfer, charge transport, and elec-

trochemical reactions. In this regard most studies have incorporated several pieces

of software or codes with or without simplifying assumptions in a fully coupled

or segregated manner.

Serincan et al. [68] developed a 2D axisymmetric computational fluid

dynamic model incorporating mass, momentum, energy, and charge balances to

simulate the multiphysical nature of the steady-state behavior of a MT-SOFC.

An anode-supported SOFC containing a ceria-based electrolyte was studied. Such

configuration enabled them to take into account the performance losses caused by

internal leakage currents since the ceria-based electrolyte lets the electrons leak

through the electrolyte. The results of the modeled polarization curves were in

good agreement with the experimental data for a set of various working tempera-

tures (Fig. 3.16).

Considering a fuel cell-test furnace that was modeled separately allowed

Serincan et al. [68] to assess the oxygen concentration distribution as well as the

temperature distribution inside the furnace, and to obtain a more realistic simula-

tion. Then the results of the separately solved furnace models were utilized as a

boundary condition for the fuel-cell simulation.

Based on their previous thermal-fluid model [68] Serincan et al. [69] devel-

oped a multiphysics model to investigate the thermal stresses in MT-SOFCs. The

FIGURE 3.15

Geometry of planar SOFC stack 5-cell units [67].
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composite structure approximation was utilized to theoretically evaluate the

mechanical properties of the anode and cathode. Knowing the mechanical proper-

ties is one of the prerequisites for structural analysis. Furthermore they considered

the mismatch between thermal expansion coefficients, as well as the interactions

between the cell, sealant, and alumina tube in order to have a more realistic

model of the problem. The results showed that spatial temperature distribution did

not have a significant effect, while the interactions between the cell and the sup-

port structure as well as the residual stress had a substantial impact on the overall

stress distribution.

Wei et al. [70] developed a multiphysics 3D model incorporating two com-

mercial packages, namely ANSYS-FLUENT and ANSYS. The model was capa-

ble of simulating the thermal-fluid-electrical field as well as thermal-stress

distribution. The numerical calculation procedure incorporated the continuity,

momentum, energy, and species transport equations as well as current continuity

equations and electrochemical reactions. These equations were solved in the

ANSYS Fluent and SOFC modules in a coupled manner. Then the resulting tem-

perature distribution was used as the input for the ANSYS software to find the

stress distribution in the computational domain (Fig. 3.17).

Moreover a new design of counter-flow channels was proposed and a feasibil-

ity study was done using the developed model. The results showed that the pro-

posed design could produce a more uniform flow and current density distribution

as well as lower-stress distribution.

The previous SOFC simulation models were developed based on simplified

geometries or using relatively easy-to-couple equations. Li et al. [71] developed

the first fully coupled multiphysics numerical model that also utilized high-

FIGURE 3.16

Comparison between experimental (circle markers) and model results (solid lines) for

polarization curves [68].
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resolution geometry. All the stack components such as flow channels, manifolds,

cathode�electrolyte�anode assemblies, interconnects, seals, and frames were

considered in the numerical model (Fig. 3.18).

The multiphysics fully coupled governing equations of momentum, mass, species,

heat transfer, charge transports, electrochemical reaction, and methane-steam reform-

ing as well as the gas-shift reactions were incorporated in the developed model.

FIGURE 3.17

Coupling of flow solver, SOFC module, and stress-analysis solver [70].

FIGURE 3.18

High-resolution geometry of a 30-cell pSOFC stack with extended gas flow channels for

numerical simulations [71].
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The numerical model was developed by combining in-house created multiphy-

sics modules using the commercial software FLUENT. The I�V characteristic

curve calculated from the simulation model was validated with experimental data

(Fig. 3.19). Thus the proposed fully coupled multiphysics model could be used as

a reliable tool for SOFC design and development.

3.5.2 Thermal transient modeling

SOFCs require high-operating temperatures to reach high-ion conductivity in the

electrolyte. Therefore the SOFC module should be heated up before the fuel is

supplied to the stack. This heating-up, transient operation should entail changing

the temperature from ambient to around 700�C quickly, while keeping the tem-

perature gradient and net-fuel consumption as low as possible.

A computational model was developed by Ki and Kim [72] to find tempera-

ture distributions in solid structures and gas channels of an SOFC stack during

the start-up operation. The start-up operation was modeled using two different

heat-up methods, namely using hot air through the cathode channel or with an

electrical furnace. Results of simulation for 1 kW planar SOFC showed that the

required net-heating energy to reach a uniform temperature profile was similar for

both heating methods. It was also demonstrated that in the air-heating case, hav-

ing a constant mass flow rate of air through the stack would result in a larger

amount of heat loss compared to a constant speed for the air flow.

FIGURE 3.19

Comparison of the theoretical (red solid line) and experimental (black triangles) I�V

curves for a one-cell stack operated at 750�C [71].
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Selimovic et al. [73] developed an in-house simulation code that was capable

of anticipating steady-state and transient temperature distribution (heat-up, start-

up, and shut-down operations). They determined the thermal stress induced by the

difference in thermal expansion coefficients of the SOFC’s components under

high-temperature gradient. The in-house simulation was then used to assess the

electrochemical and thermal performances of a planar SOFC. The output of the

simulation determined the temperature distribution of the SOFC, which was then

used in another model to estimate the thermal-stress components. The thermal

loading’s maximum principal stress was calculated and compared with the yield

strength data reported in the literature. The knowledge of the maximum stress and

its difference with yield stress could be used to improve the structural reliability

of planar SOFCs. The ultimate design objective was to enhance the reliability of

the SOFC during start-up, shut-down, and transient operations. The investigated

cases were ceramic or metallic interconnects, hydrogen-/methane-fueled cells

with cross-/co-/counter-flow configurations. The results showed that the largest

stress occurred in a methane-fueled ceramic cell at the interface between the elec-

trolyte and anode. It was observed that in the heat-up operation both interconnect

types required about the same amount of time to reach the operating temperature.

Concerning the start-up transition, the cell with the ceramic interconnect needed

about 30 minutes when fed by hydrogen and an hour when fed by methane to

reach the operational temperature. Furthermore the principal stress occurring in

the cell domain is higher when the cell is fueled by methane than that with hydro-

gen. Concerning the shut-down operation, all investigated configurations would

take a similar amount of time, about 4 hours, to cool down to about 100K.

Serincan et al. [74] developed a 2D axisymmetric transient CFD model by

integrating mass, species, momentum, energy, and ionic and electronic charge

conversion to study the dynamic response of a MT-SOFC based on an extension

of their previous models [68,69] discussed in the previous Section 3.5.1. They

also considered the internal current leakage since the ceria-based electrolyte was

considered in the SOFC. The step change in voltage was taken into account and

the current density response was studied. The cell exhibited an overshoot in the

current density response immediately after the input step due to fast electrochemi-

cal reactions occurring in the electrodes (Fig. 3.20). It was shown that the

dynamic response of the cell was controlled by heat transfer. Consequently it was

also predicted that the time scale of the SOFC was in the order of 20 seconds.

The response of the cell to abrupt failure in the fuel-supply system was

also studied. The results showed that cell reaction continues for about 4 sec-

onds until all the hydrogen is consumed (Fig. 3.21). However, due to internal

current leakage the electrochemical reaction could not be utilized and the cell

stops producing external current. As the result, the cell response to the fuel-

supply intruption which was observed by the output current occurred in less

than 1 second.

A 2D axisymmetric model was developed by Amiri et al. [75] to investigate

thermal transients of a MT-SOFC. The simulation results showed good agreement
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with experimental results. The model was used to simulate the transient behavior

of the cell to a step-change in cell current and air flow. The results revealed that

two transients determined the thermal response of the system. The faster transient

was related to the heat transfer in the cell and the slower transient was associated

with the heat transfer though the furnace walls. The fast thermal transients’ time

FIGURE 3.20

Current density response of the SOFC to two cases: (1) single-step change in voltage from

0.7 to 0.4 V at t5 1 s (dashed line), (2) multiple-step change in voltage from 0.7 to 0.6 V

at t5 1 s then 0.6�0.5 V at t5 6 s and 0.5�0.4 V at t5 11 s (solid line) [71].

FIGURE 3.21

Ionic (solid line) and electronic (dashed line) current density response of the SOFC to

failure in fuel supply at t5 1 s [71].
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constant was of the order of 2 seconds, which was expected for the MT-SOFC.

The mass transfer and electrochemical reactions—introduced transients were very

fast with time constants of a fraction of a second. Thus the transients of the sys-

tem were controlled by thermal transients. Consequently, a fast electric response

is the result of the small thermal mass of the system. When a step current was

drawn from the cell the voltage showed a sharp drop that was followed by gradual

recovery due to the increase in the temperature of the cell.

3.5.3 Configuration

Recknagle et al. [76] developed a 3D thermofluid electrochemical model to simu-

late a planar SOFC stack. The model integrated Star-CD a commercial CFD soft-

ware with an experimentally validated ECM. Three flow configurations were

investigated which were the co-flow, counter-flow, and cross-flow stack designs.

Then the effects of flow configuration on temperature distribution, current den-

sity, and fuel species was studied. The results showed that for identical average

cell temperature and fuel, the co-flow configuration had the most uniform temper-

ature distribution and, thus, the smallest temperature gradients.

Tan et al. [77] investigated the effects of the flow configuration in SOFCs

using a quasi-3D model. Various flow configurations including co, counter, and

cross-flow as well as alternated air flow in parallel or perpendicular to the fuel

flows were investigated (Fig. 3.22).

These flow configurations were analyzed for four fuel utilization (FU)

amounts, namely 0.193, 0.386, 0.579, and 0.772. Fuel utilization is a nondimen-

sional parameter equal to the ratio of the fuel consumed by the cell to generate

the electric current to the total supply of fuel [77]. The results showed that the

FIGURE 3.22

Flow configurations: (A) co-flow, (B) counter-flow, (C) cross-flow, (D) alternate air flow in

parallel direction to the fuel flow, and (E) alternate air flow in perpendicular direction to the

fuel flow [75].
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counter-flow configuration had a higher voltage efficiency than co-flow and

cross-flow configurations with the same FU. However, variability analysis (using

an interquartile range) showed that the counter-flow configuration possessed the

highest dispersion of current density. It was revealed that increasing the average

current density worsened the nonuniformity. It was also reported that alternating

the air-flow direction in the stack would allow better heat circulation in the air,

which resulted in a more symmetrical temperature distribution as well as shifting

the high-temperature region to the cell center. Supplying alternating air-flow

from two different directions into the stack caused high-voltage efficiency due to

high-cell temperature distribution with low dispersion, which increased the ion

conductivity.

A 3D model was developed by Pianko-Oprych et al. [78] based on the similar

numerical procedure utilized in Wei et al. [70] in order to investigate the effect of

the flow channel and fuel cell arrangement on the thermal stresses and electro-

chemical performance of a MT-SOFC. The computation model was created by

coupling a CFD and computational structural mechanics using ANSYS software.

Three cell arrangements of a 48 anode supported MT-SOFC and their flow chan-

nels were considered (as depicted in Fig. 3.23). The first configuration

(Fig. 3.23A) is denoted by case C-I (circular-internal air inlet) in which 12 fuel

cells were distributed in 4 rows circularly. The second (Fig. 3.23B) and third

(Fig. 3.23C) configurations represent two hexagonally distributed fuel cells in

MT-SOFC with external and internal air cooling respectively. In H-E and H-I ter-

minology denote hexagonally distributed fuel cells in the MT-SOFC with external

air flow direction as well as internal air flow direction respectively. It should be

noted that the cooling air entering the air distributor (i.e., located in the middle of

the stack) is radially distributed between fuel cells toward the stack housing in

the C-I and H-I cases (the internal cases). By comparison, in case H-E, the cool-

ing air was supplied longitudinally from inlet channels located in the housing

toward the outlet channel located in the middle of the stack.

The results showed that the uniform temperature distribution of the case H�E

caused the smallest axial and total stresses as well as the smallest total displace-

ment of the assembly. It should be noted that the constant flow velocity boundary

condition was assumed for all cases rather than the constant mass flow rate. Thus

the case with bigger air-inlet surface would have better cooling. Here the H�E

case had the largest air-inlet surface and the C�I case had the lowest air-inlet

surface.

Fardadi et al. [79] developed a dynamic SOFC model to investigate the effect

of flow arrangement on temperature distribution and gradient under the transient

and steady-state operations of the cell. Then an efficient feedback controller was

proposed to minimize the temperature gradient in the SOFC during power varia-

tion. A modified cross-flow configuration (Fig. 3.24C) was also introduced to

lessen the temperature gradients. The results showed that the suggested multiin-

put�multioutput feedback controller was capable of minimizing the temperature

gradients in steady-state and transient operations.
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FIGURE 3.23

Anode-supported microtubular SOFC stack cases in which fuel cells are distributed: (A)

circularly with an internal air flow direction (case C�I); (B) hexagonally with an external

cooling air flow direction (case H�E); and (C) hexagonally with an internal cooling air flow

direction (case H�I) [78].



The results suggested that this flow modification will result in lower tempera-

ture gradients (33K�39K) and a lower maximum-temperature difference across

the cell (76K vs 124K), which implies more uniform temperature profiles (stan-

dard deviation of 22.5 against 26.5) and a higher efficiency (11.4%) in compari-

son to the conventional cross-flow arrangement with a modest modification.

In case of open-loop operation, nonuniform distribution of the air-flow rate

resulted in lower temperature gradients and smoother distribution for regular and

modified cross-flow, but at the expense of a 3% lower efficiency in comparison

to the uniform flow rate. However, using the nonuniform air flow rate and the

modified flow simultaneously resulted in the best temperature distribution as well

as a modest efficiency loss of 1.6%.

The results revealed that for a power variation of 6 15% a controller capable

of regulating airflow and inlet temperature could achieve lower temperature gradi-

ents during transient response (14K against 27K for regular cross-flow).

3.5.4 Thermal management

Since SOFCs consist of ceramic components the challenges of thermal expansion

coefficient (CTE) mismatch and large thermal gradients need to be addressed and

avoided. The former challenge could be overcome by selecting suitable materials

with relatively close CTEs, while the latter could be resolved by designing appro-

priate control strategies.

Since the minimum operating temperatures of SOFCs are high, the cooling

down of the system should be avoided if it is required to be operated instantly.

This could be done using passive and active strategies for temperature control by

incorporating suitable thermal insulation or maintaining system temperature,

respectively. One of the critical aspects of the thermal management of an SOFC

system is the number of start-up cycles regardless of the system design. This

would not be a problem for stationary operations with just a couple of shut-downs

FIGURE 3.24

Flow arrangements: (A) traditional cross-flow design (basic arrangement), (B) reversed

cross-flow, and (C) modified cross-flow [79].
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per year. However, in the case of mobile applications, SOFC possibly undergoes

multiple daily start-ups and shut-downs. For this case the operating temperature

of the system could be maintained by system insulation for short, daily start-ups

and shut-down times. However, the passive strategy may not be adequate for lon-

ger times. Thus keeping the system temperature around operating temperature

through active heating may be required.

Apfel et al. [80] developed an FEM simulation to study a whole SOFC system

during steady and transient operations. Three strategies for temperature control

investigated in this study are depicted in Fig. 3.25A�C. The first (Fig. 3.25A)

strategy is to allow cooling down of the system as slowly as possible, which could

be achieved by utilizing adequate insulation (passive controlling).

It is evident from Fig. 3.25A that the stack should be heated before restarting

the system, which will take some time due to limited input thermal power as well

as avoiding thermal stresses.

In order to avoid these limitations the second strategy (Fig. 3.25B) could be

used. In this case the stack is held at the desired operating temperature through

continuous heating of the stack. However, keeping the system at an operating

temperature in the range of 800�C�1000�C may cause problems regarding safety

aspects and customer acceptance. Therefore the third strategy (Fig. 3.25C) was

considered as a possible control strategy while retaining the advantages of the

first and second strategies. In this case, the system is completely shut down for

say 24 h and then reheated periodically. Using active and passive methods (i.e.,

an appropriately chosen isolation thickness and periodic reheating) the SOFC

stack is kept above the minimum operating temperature. Thus the whole system

can always be started abruptly.

The additional fuel consumption for the three strategies are listed in Table 3.3.

The results show that the amount of additional fuel needed to keep the system at, or

near, the desired operation temperature was not high for strategies (B) and (C) in

comparison to strategy (A). Moreover, for strategy (A) the thermal loss was mini-

mum (i.e., highest efficiency) in contrast to the two other strategies since the mean

temperature between stack and ambience was the lowest. In addition, the decrease

of efficiency due to thermal losses for strategies (B) and (C) were identical since

the temperature difference between the stack and ambience was roughly equal.

Effective thermal management is crucial for the successful design of small-

scale SOFC systems (,1 kW). While controlling separate processes that occur in

each component of the system is important, managing the heat transfer from or to

the components is another crucial aspect of system-level design.

Kattke and Braun [81] presented a modeling approach capable of capturing

the thermal interactions among the components, which was then applied to the

process-system design. The developed system-level thermal model considered the

thermal interactions between system components including a reformer, burner,

recuperator, and SOFC stack with the enclosure inner wall and the circulating

cavity gas using thermal-resistance analysis. Three cases were considered for

1.1 kW SOFC system: in the first case (case A) the recuperator exhaust gases
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FIGURE 3.25

Different system strategies for prolonged periods of standstill: (A) only passive insulation,

(B) active heating to maintain temperature, and (C) short reheating cycles so less energy

is needed [79].



were circulated within the enclosure resulting in forced convection within the

enclosure (i.e., an integrated system model with forced convection). For the sec-

ond case (case B) the recuperator exhaust gases were directly plumbed out of the

enclosure resulting in natural convection within the enclosure (i.e., integrated sys-

tem model with natural convection). In the third case (case C) a quasi-adiabatic

system model was considered, which implies zero-heat transfer from recuperator,

CPOx reformer, and burner, thereby avoiding the stack from cooling.

The results showed that when the conventional adiabatic thermodynamic

model (case C) was used in the system design, the required stack oxidant flow

rate was overpredicted by 84%, requiring a 90% larger recuperator heat duty

compared with the thermally integrated system model (case B). In addition, in

comparison to case A (circulating recuperator exhaust gas in the hot-box enclo-

sure), case C overpredicted oxidant flow rate by 204% and recuperator heat duty

by 221%. In case A, the oxidant usage was reduced by 39% compared to case B.

The results also showed the importance of enclosure gas circulation for sizing the

system components. Another important observation was that the external thermal

boundary conditions had little effect on the overall system’s operating perfor-

mance due to the large enclosure surface area compared to system component

areas. Although the thermal-resistance analysis with the system-level approach in

this study was not validated experimentally it provided an understanding of the

coupled heat transport phenomena among the SOFC components without requir-

ing complicated and time-consuming 3D thermal-fluid simulations.

Detailed and accurate modeling of SOFCs’ thermal management and their

transient modeling of start-up and shut-down operations require considering the

thermal contact resistance as a necessary input parameter.

Dillig et al. [82] measured the thermal contact resistance between different

components of an SOFC stack repeating unit in the temperature range of

150�C�800�C. Thermal contact resistances between the interconnector and Ni-

mesh (Rc1), Ni-mesh and anode (Rc2), and cathode and interconnector (Rc3)

(Fig. 3.26) were calculated based on the measured data (Table 3.4).

Cao et al. [83] developed thermal management of a kW-scale SOFC system

(including a planar SOFC stack, burner, and two heat exchangers (Fig. 3.27) using

Table 3.3 Comparison of fuel consumption due to thermal losses and
electricity production for the three strategies of thermal management.

Strategy
Fuel to compensate
thermal loss during 6 days (MJ)

Fuel for operation over a given
period (MJ)

1 h 5 h 24 h

(A) 11.4 45 225 1080
(B) 17.9
(C) 19.4

Stack data: nominal power: 5 kW, SOFC efficiency: 50%, burner efficiency: 80% [79].
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a MATLAB/Simulink platform. The main objetive was to maximize system effi-

ciency (while ensuring system safety) through temperature management which

was conducted by utilizing an air bypass around the heat exchangers.

FIGURE 3.26

Schematic of heat-transfer mechanisms perpendicular to cell plane in SOFC stacks (left).

Representation with thermal resistances [81] (right).

Table 3.4 Resulting heat transfer resistances for an solid oxide fuel cell
stack repeating unit at different temperature levels (measured contact
resistances are in bold typeface) [83].

Relevant cross-section 350�C 650�C 800�C

1024 m2 1024K m2/W 1024K m2/W 1024K m2/W

Rca
cond;int 7.07 0.22 0.20 0.19

Rca
cond;rib 2.36 0.31 0.28 0.27

Rc3 2.36 4.65 3.85 3.38
Rca
conv 4.71 97.69 72.96 65.27

Rca
rad 4.71 224.00 68.88 43.84

Rca
SOFC 7.07 1.03 0.99 1.09

Rc2 7.07 14.34 9.54 8.18
Rmesh 7.07 4.06 3.50 3.26
Ran
rad 4.71 201.60 61.99 39.46

Ran
conv 4.71 8.37 6.11 5.40

Rc1 2.36 8.68 6.06 4.29
Ran
cond;rib 2.36 0.22 0.20 0.19

Ran
cond;int 7.07 0.22 0.20 0.19

Rru 7.07 41.17 30.24 26.13
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Moreover the effects of operating parameters including FU, air excess (AE)

ratio, bypass ratio, and stack voltage (SV) on the system performances (e.g., sys-

tem efficiency, stack inlet, stack outlet, and burner temperatures) were investi-

gated. Notably an optimal relationship between the system efficiency and

operating parameters were proposed. Then by utilizing the optimal relationship a

transverse optimization was performed to calculate the maximum system effi-

ciency as well as the safe operating parameters at any efficient SV operation

point. As the operating voltage range varied from 104 to 84.5 V, the maximum

system efficiency decreased from 54.1% to 24.2% in which the stack inlet and

outlet temperatures were kept constant at 978K and 1063K, respectively. This

control strategy enabled the SOFC system to work at optimum operating condi-

tions. The results also revealed two important system characteristics. First, the

control design of the SOFC system was nonlinear and requires a switching control

structure. Second, if the temperature of the upstream stack is controlled, the

burner will operate within the safe temperature zone.

Dilling and Karl [84] developed a 2D thermoelectrochemical model for a solid

oxide cell system. A high-temperature, solid oxide cell could be operated in an

electrolyzer cell or fuel-cell mode. The results revealed that integrating heat pipes

into the stack structure as the proposed electrolyzer cell results in the reduction of

temperature gradients. At the operating voltage of 1.29 V no thermal gradients

were produced and no temperature control was required.

In an experimental study, Zeng et al. [85] designed a new tubular heat pipe�solid

oxide fuel cell (HP�SOFC) that was capable of minimizing the temperature gradient

within the SOFC. Thus the proposed HP�SOFC had better electrochemical perfor-

mance and lowered thermal stresses. They integrated a heat pipe with liquid sodium

metal with a tubular SOFC that consisted of five layers, namely heat-functional,

current-collecting, anode, electrolyte, and cathode layers (Fig. 3.28).

In addition, a porous media (Fig. 3.28B) was also utilized to measure the

HP�SOFC’s electrochemical performance under the extreme operating condition

of the methane flame. The results showed that the temperature gradient along

the axis of the SOFC was reduced from 31K/cm in the conventional SOFC to

13K/cm in the proposed HP�SOFC. In the extreme methane condition the

FIGURE 3.27

Schematic of a kW-scale SOFC system [83].
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HP�SOFC had better performance compared to conventional SOFCs. It was

reported that at an equal inlet air-flow rate and equivalence ratio (i.e., the ratio of

methane-to-air flow rate fraction to methane-to-air flow rate fraction at stoichio-

metric condition) a maximum power density of 120 mW/cm2 was reached for the

HP�SOFC, while the maximum achievable power density for a conventional

SOFC is around 73 mW/cm2. Thus it can be inferred that utilizing the heat pipe

with liquid sodium metal as the heat-transfer medium improved the SOFC’s

performance.

3.6 Conclusion
The primary purpose of this chapter was to analyze SOFCs with respect to their

mechanical features. From the mechanical engineering viewpoint, studying the

stresses and the factors that induce them are necessary in order to quantify their

impact on the SOFC key performance indicators. Therefore the first part of the

chapter was dedicated to discussing different geometries and configurations of

SOFCs alone and within those stacks. As extensively discussed, planar and tubu-

lar are the main geometric configurations of SOFCs. However, these configura-

tions do not completely satisfy the requirements for mobile applications. Hence

other geometries such as IP-SOFCs, cone-shaped SOFCs, and MT-SOFCs that

FIGURE 3.28

Heat pipe�solid oxide fuel cell structure and experimental setup [84]. (A) HP�SOFC

structure and (B) experimental setup.
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essentially combine the two primary designs were proposed by the researchers.

MT-SOFCs with high resistance to thermal shocks and fast start-up seems to be

one of the best available choices. Gathering cells for producing higher power

introduced the concept of SOFC stacks. Their key features of interest include

determining the temperature and stress distribution, which were discussed in this

chapter. Fabrication methods are another major research area that profoundly

affects the residual stresses in the cells. Here, different fabrication methods were

introduced. Common large-scale fabrication methods of SOFCs are dip coating

and screen printing for fabrication of functional layers, and tape casting for the

supported and functional layers. Phase inversion is a relatively quick method used

for manufacturing SOFCs in microscale (i.e., MT-SOFCs).

The chapter also discussed the mechanical performance and reliability of

SOFCs. As SOFCs are high-temperature dependent devices, their extreme operat-

ing conditions also influence the induced stresses in the cells. In this respect, vari-

ous malfunctions related to the operational and manufacturing conditions were

discussed. Typical problems related to SOFCs are degradation (change in the

microstructure of porous electrodes), delamination (gap between electrode and

electrolyte layers), and redox (a common problem in Ni-based anodes and the

reduction�oxidation of anode particles due to the shortage of fuel). They are

studied deeply on that part.

The thermal analysis of different cells was presented. Since the experimental

thermal analysis of SOFCs is expensive and time-consuming, thermal modeling

would be more practical and is often examined first. Several SOFC modeling

studies were discussed. The main purpose of thermal modeling is to find the tem-

perature distribution that is required as the input for the structural analysis of

SOFCs. SOFCs’ transient operation is important because temperature must be

raised from room temperature to operating temperature (about 700�C). Finally,
some of the thermal management studies and methods for SOFCs are mentioned.

The results show that thermal management could reduce temperature gradients,

which keeps the SOFC structures safe with respect to thermal stresses. However,

the main purpose of thermal management is to maintain SOFCs’ temperature in a

limited range for instant start-ups.

3.7 Future perspectives
Based on the critical review of the research in the field the following potent areas

for future research are proposed:

• Thermal simulation of SOFC systems play an important role in the design of

the system since temperature distribution is essential to calculate stress

distribution in SOFCs’ components. One of the main challenges in this regard

is coupling the heat transfer, electrochemical, fluid flow, and structural

equations. Therefore it is expected that in future simulation software tools that
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are capable of integrating multiple physics will be the frontier in the

theoretical research in the field rather than developed in-house codes.

• Parametric optimization of SOFC design, configuration, and geometry have

profound impacts on the mechanical characteristics of SOFCs and, therefore,

remain a major research area. New geometric configurations need to be

developed.

• Mobile application requirements.

• Fabrication of SOFCs using common methods is a time-consuming process

that poses a key barrier for commercialization. Development of cost-efficient

fabrication methods that ensure proper microstructure and high length of TPB

as well as inducing less residual stress are crucial for the mass production of

SOFCs, and offers a potent research area.

• The operating temperature of an SOFC is highly related to its electrolyte

properties. High-ionic conductivity, low-electrical conductivity, and stability

of the material are the main required properties. Research on materials with

desirable properties under lower temperatures could greatly improve the

performance of SOFCs and reduce their cost.

• Thermal transient modeling is another important aspect of SOFC system

design and reliability. Modeling more realistic thermal transients based on

more detailed multiphysics simulation models could open up new avenues for

the thermal management of SOFCs.
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CHAPTER

4Engineering solid oxide fuel
cell materials

Wenqian Chen
Department of Chemical Engineering, Imperial College London, London, United Kingdom

4.1 Introduction
A solid oxide fuel cell (SOFC) is an electrochemical device that generates elec-

tricity through the oxidation of a fuel such as hydrogen and hydrocarbons.

Although SOFCs are advantageous in terms of energy conversion efficiency,

power density and fuel flexibility in comparison to other types of fuel cells, [1] a

significant cost reduction is needed for SOFCs to be a competitive energy-

generation technology [2,3]. This can be achieved by improving the performance

of cell components, while controlling the cost of materials and fabrication

process.

The main components of an SOFC include two porous electrodes and a dense

solid electrolyte (Fig. 4.1). The electrolyte should have high conductivity for

oxide ions that are generated at the cathode and low conductivity for electrons

that are generated at the anode [4]. It is usually a solid oxide that allows the pas-

sage of oxide ions via the oxygen vacancy hopping mechanism at an elevated

temperature (typically 800�C�1000�C) [5,6]. On the other hand, the cathode is

typically a porous oxide that allows the penetration of oxygen and catalyzes its

reduction to oxide ions, whereas the anode is typically a porous ceramic�metallic

composite that catalyzes the oxidation of fuels such as hydrogen and hydrocar-

bons [7,8].

In addition to the numerous reviews on the material perspectives of SOFCs

[9�13], this chapter highlights both the selection and processing of materials for

the various components of an SOFC cell as the material composition and micro-

structural characteristics have fundamental influences on the performance of each

cell component. This chapter only discusses oxide-conducting SOFCs (Fig. 4.2A),

which are the mainstream developments. Readers interested in proton-conducting

SOFCs (Fig. 4.2B) should refer to other literature available [14]. The materials

most commonly used in commercial SOFCs that operate at high temperatures

(i.e., 800�C�1000�C) are first discussed as the state-of-the-art, followed by recent

developments that enable the operation of SOFCs at intermediate (i.e.,

650�C�800�C) and low temperatures (i.e., ,650�C) (note: intermediate and low

temperature are also referred to as reduced temperature in this chapter). The
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reduction of operation temperature can significantly lower the cost of SOFCs as

more economical materials can be used and the rate of material degradation over

time is reduced.

FIGURE 4.1

Typical structure of an solid oxide fuel cell (SOFC) [6].
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FIGURE 4.2

Schematics of (A) oxide-conducting and (B) proton-conducting solid oxide fuel cells

(SOFCs) [1].
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4.2 Electrolyte
The electrolyte in an SOFC conducts ions (i.e., oxide or protons) selectively

against electrons and plays the most important role in determining the energy per-

formance of the SOFC. Ideally, its ionic transference number should be higher

than 0.99 and its electronic transference number should be less than 0.01 [4].

Furthermore, it should have chemical and thermal stability between room temper-

ature (i.e., 20�C�25�C) and 1000�C under a wide range of oxygen-partial pres-

sure. Its thermal expansion coefficient (TEC) should be compatible with those of

the cathode and anode to prevent cracking during cell fabrication and operation.

It should not react with the cathode and anode to produce side-products that hin-

der the conduction of ions.

4.2.1 Material selection for electrolyte

In order to efficiently conduct oxide ions, the electrolyte should have a host crys-

tal structure with a large interionic open space that leads to considerable point

defect disorder and low-migration enthalpy [15]. Doping a solid oxide with

lower-valent cations can make the host lattice deficient in oxygen and hence cre-

ate oxygen vacancies as charge-compensating defects [16]. Common examples

include zirconia (ZrO2) doped with yttria (Y31) or scandia (Sc31).

The oxide conductivity of electrolyte is strongly dependent on the operating

conditions such as temperature (e.g., oxide conductivity increases with tempera-

ture in general; Fig. 4.3A) [17] as well as its physical properties such as composi-

tion (Fig. 4.3B) and microstructure. In terms of composition, the choice of oxide

determines the overall crystal structure of the electrolyte and the choice of dopant

cations determines the binding enthalpy between oxygen vacancies and the dopant

cations in the defect associates. For instance, doped zirconias share the same

cubic fluorite structure and scandia-stabilized zirconia (ScSZ) has higher oxide-

ion conductivity than yttria-stabilized zirconia (YSZ) due to the lower-binding

enthalpy within its defect associate as a result of smaller size mismatch between

Sc31 and Zr41 relative to that between Y31 and Zr41 [18,19].

YSZ (Fig. 4.4A) is the most commonly used electrolyte for commercial high-

temperature SOFCs [20]. The doping of ZrO2 with Y2O3 helps to stabilize the

cubic fluorite structure of ZrO2 (Fig. 4.4B) at room temperature and enhance its

oxide-ion conductivity. For instance, 8 mol.% Y2O3�ZrO2 (8YSZ) has a

stable cubic phase from room temperature to 2500�C and the highest ionic con-

ductivity at 1000�C among various Y2O3 compositions (Fig. 4.3B) [21�23]. ZrO2

can also be doped with other rare-earth oxides to enhance its oxide-ion conductiv-

ity. At 1000�C, the oxide-ion conductivity enhancement effect of the dopant cat-

ion follows the descending order of Sc31.Yb31.Er31.Dy31.Gd31.
Sm31.Nd31 [24]. Although ScSZ has higher oxide-ion conductivity than YSZ,
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it has not been widely used in commercial SOFCs due to its high cost, aging

behavior at high temperature, and complex phase assembly [25].

To develop electrolytes that are suitable for reduced-temperature operation,

extensive research has been conducted on new compositions and microstructures.

Besides ZrO2, other fluorite structure oxides such as ceria (CeO2) and bismuth

oxide (Bi2O3) have been studied [28,29]. Ceria-based electrolytes have signifi-

cantly higher conductivity than YSZ and ScSZ at the intermediate temperature

(approximately 650�C�800�C) [30]. Doping CeO2 with alkaline-earth oxides

such as calcium oxide (CaO) and strontium oxide (SrO) as well as rare-earth oxi-

des such as samarium oxide (Sm2O3) and gadolinium oxide (Gd2O3) can enhance

the oxide-ion conductivity of CeO2 [31�34]. Furthermore, ceria-based electro-

lytes have significantly higher stability with cathode materials than zirconia-based
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Oxide conductivity of yttria-stabilized zirconia (YSZ) (A) over a wide range of temperatures

and (B) over a range of dopant compositions [19].
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electrolytes [35]. Despite these desirable properties, challenges such as electronic

conductivity and instability at low oxygen-partial pressures have to be overcome

for the application of ceria-based electrolyte in intermediate-temperature SOFCs

[18,29,36]. On the other hand, although Bi2O3 has even higher oxide-ion conduc-

tivity than CeO2 and ZrO2, it has stability issues at low oxygen-partial pressure

and intermediate temperature (650�C�800�C) [19,37]. One way to overcome the

disadvantages of ceria-based and bismuth oxide-based electrolytes is to develop a

bilayer composite where the ceria-based electrolyte is at the anode and the bis-

muth oxide-based electrolyte is at the cathode (Fig. 4.5) [38].

Other major types of oxide that have been studied extensively for the applica-

tion in reduced-temperature SOFCs include pyrochlore, perovskite, apatite, and

LAMOX [12,19]. The pyrochlore has a structure similar to the cubic fluorite

structure of ZrO2 with one oxygen atom absent per unit cell [39]. Among the vari-

ous pyrochlores, Gd2Zr2O7 and its variants have the highest oxide-ion

FIGURE 4.4

(A) Scanning electron microscope (SEM) image of yttria-stabilized zirconia (YSZ)

electrolyte supported on Ni�YSZ anode and (B) fluorite structure of YSZ [26,27].
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A bilayer composite consisting of samaria-doped ceria (SDC) and erbia-stabilized bismuth

oxide (ESB) [38].
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conductivity in the intermediate-temperature range [18,40,41]. The major problem

for pyrochlores is their electronic conductivity, which has to be overcome for

their application as the electrolyte in intermediate-temperature SOFCs [40].

Perovskites have ABO3 stoichiometry, where a large cation (typically a rare-

earth metal) occupies the A-site and a smaller cation (typically a transition metal)

occupies the B-site (Fig. 4.6) [6]. Among the various types of perovskites, lantha-

num gallate (LaGaO3) and its variants have the best oxide-ion conductivity in the

intermediate-temperature range [42,43]. However, the stability issue of gallium

oxide (Ga2O3) and the formation of stable secondary phases during processing

need to be overcome [44�46].

Apatite and LAMOX are relatively recent developments for oxide-ionic con-

ductors. The apatites are typically lanthanum-based and share the general formula

of La10�xM6O261y (M5 Si or Ga) [6]. Among the various apatites doped with

strontium (Sr), La9SrGa6O26.5 has consistently higher oxide-ion conductivity than

YSZ over the intermediate and high-temperature ranges [48]. On the other hand,

LAMOX refers to oxides based on La2Mo2O9, whose development was based on

the concept of lone�pair substitution [49�53]. These oxides were shown to have

oxide-ion conductivity similar to the typical stabilized zirconias at 800�C, but
there were contradictory results reported by other researchers [49,54]. Due to the

novelty of apatites and LAMOX, more research is required to understand their

chemical and physical properties to fully exploit their advantages over the con-

ventional stabilized zirconia for their application in reduced-temperature SOFCs.

4.2.2 Processing methods for electrolyte

As the thickness of an electrolyte is proportional to its ohmic resistance, the key

to the operation of SOFCs at reduced temperature is the development of a thin-

film electrolyte that is supported by either the anode or cathode (Fig. 4.7). The

common range of thin-film thickness is between 5 and 15 μm, which can be

achieved industrially by screen printing [10].

FIGURE 4.6

ABO3 perovskite structure [47].
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For the fabrication of a thin-film electrolyte SOFC, ceramic particles of the

electrolyte material are first dispersed in nonpolar organic solvents or water to

form a suspension, which is then printed onto the supporting electrode (typically

the anode). The resulting bilayer cell is sintered to densify the electrolyte before

deposition of the remaining electrode material and the firing of the trilayer cell.

These co-firing steps are important for achieving good interfacial bonding

between the electrolyte and electrodes, but also limits the selection of materials

for the electrolyte and electrodes to those with matching TECs.

The properties of the sintered electrolyte depend heavily on the properties of

the starting ceramic particles, which can be synthesized via solid-state reaction or

wet-chemical routes [55]. One important property of the starting particles is the

size distribution, which affects the sintering kinetics at a specific temperature and

the final particle-size distribution. For instance, previous results showed that the

use of ScSZ particles with an average size of 3 nm could lower the sintering tem-

perature by 150�C relative to the case of μm-sized particles and lead to the final

grain size of 80 nm [56]. For grain size within the μm range, the grain interior

has higher contribution to the overall oxide-ion conductivity than the grain bound-

ary and smaller grain size leads to lower oxide-ion conductivity [57]. In the case

of 8YSZ, (Fig. 4.8) the oxide-ion conductivity of the grain interior is two to three

orders of magnitude higher than that of the grain boundary [58]. On the other

hand, the phase purity of the starting particles is also important. For example, the

presence of SiO2 in the grain boundary of Gd-doped ceria (Ce0.8Gd0.2O2�δ)

(CGO) could decrease the oxide-ion conductivity of CGO significantly [59].

Therefore, the processing procedure for the starting ceramic particles of electro-

lyte must be optimized to achieve a desirable size distribution and phase purity.

The wet-chemical routes for preparing the starting ceramic particles include

solution combustion, co-precipitation, hydrothermal, sol�gel, and polymeric-

FIGURE 4.7

Structures of electrolyte-supported and anode-supported solid oxide fuel cells (SOFCs)

[10].
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complexing methods. [55] These methods offer higher phase purity, narrower

particle-size distribution, and higher surface area than the conventional solid-state

reaction method. For example, the hydrothermal method could prepare highly

monodisperse 8YSZ nanoparticles with diameters of approximately 9 nm

(Fig. 4.9A) [60]. The resulting nanoparticles also had a high coverage of hydroxyl

groups on their surfaces, which allowed the green density of the corresponding

8YSZ film (Fig. 4.9B) on the anode to reach up to 51% before sintering. The

monodispersity of particle size and high-green density of the film contributed to

the sufficient densification of 8YSZ at a reduced sintering temperature of 1000�C
and lower fabrication cost.
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FIGURE 4.8

Ionic conductivity of 8 mol.% Y2O3�ZrO2 (8YSZ) over a range of temperatures [58].

FIGURE 4.9

Field-emission scanning electron microscopy (FESEM) images of (A) 8 mol.% Y2O3�ZrO2

(8YSZ) powder prepared by the hydrothermal process and (B) 8YSZ green film prepared

from the powder in (A) [60].
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The wet-chemical methods are also suitable for new electrolyte materials such

as CeO2 and LaGaO3. The co-precipitation method was employed to produce

monodispersed Sm-doped CeO2 nanoparticles that could be densified at lower

temperatures (i.e., 1100�1200�C) to achieve excellent conductivity in comparison

with particles produced by other methods [61]. On the other hand, the hydrother-

mal, sol�gel, and polymeric-complexing methods were able to produce doped

LaGaO3 with high-phase purity [62�64].

4.3 Cathode
At the cathode of an SOFC, gaseous oxygen combines with electrons to form oxide

ions that diffuse through the electrolyte toward the anode. Unlike the electrolyte,

the cathode should have high conductivity for electrons and oxide ions. In addition,

it should be porous to allow the fast diffusion of oxygen to the cathode�electrolyte

interface where the reduction of oxygen occurs. In terms of stability, its TEC

should be compatible with the electrolyte and interconnect, and it should be chemi-

cally inert toward the electrolyte and interconnect at elevated temperatures.

4.3.1 Material selection for cathode

With the fabrication of thin-film electrolyte and the operation of an SOFC at

reduced temperature, the overpotential loss at the cathode becomes an important

area for improving the overall energy conversion efficiency [2,65]. The overpo-

tential loss at the cathode is attributed to the high-activation energy for the oxy-

gen�reduction reaction (ORR) where oxygen from the fuel is reduced to oxide

ion. Due to their complexity, the exact mechanisms of ORR in different combina-

tions of cathode/electrolyte are still under intensive research (Fig. 4.10). The gen-

eral mechanism is believed to involve the sorption of oxygen onto/into the

cathode, the conversion of the oxygen into certain electroactive intermediates.

and the transfer of the electroactive intermediates to the electrolyte where the

intermediates are incorporated as oxide ions [7].

As these steps contribute collectively to the overall activation energy of ORR,

a suitable cathodic material should have high porosity to allow the fast diffusion
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FIGURE 4.10

Proposed mechanisms of oxygen�reduction reaction (ORR) (phases α, β, and γ are the

electronic, gas, and ionic phases, respectively) [7].
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of oxygen, high conductivity for electrons and oxide ions, as well as high cata-

lytic activity for ORR. A mixed ionic�electronic conductor (MIEC) has these

desirable properties as its electrical and ionic conductivities allow the ORR to

proceed throughout the cathode. One example of MIEC is La1�xSrx�MnO36 δ

(x# 0.5) (LSM), which is the most widely used cathodic material for commercial

high-temperature SOFCs [20].

LSM is a transition metal oxide with the perovskite structure (Fig. 4.6). It is

the result of doping LaMnO3 with SrO, where La31 and Sr21 have small ionic-

size mismatch [66]. The substitution of La31 with Sr21 causes the oxidation of

some manganese ions and increases the electron�hole concentration, resulting in

a higher conductivity of electrons [67]. The electronic conductivity of LSM can

be tuned with the concentration of Sr21 as they are linearly proportional up to

50 mol.% Sr21 [68]. When LSM is coupled with YSZ in commercial SOFCs, the

presence of Sr21 reduces the undesirable formation of La2Zr2O7 at the interface

between the cathode and electrolyte at high temperatures, but a concentration of

Sr21 higher than 30 mol.% will lead to the undesirable formation of SrZrO3. Thus

30 mol.% Sr21 is often considered as the optimal value for minimizing the forma-

tion of La2Zr2O7 and SrZrO3, which have high electrical resistance [69�74]. In

addition, LSM is more stable than other transition metal oxides that contain iron

(Fe) or cobalt (Co) and has little chemical expansivity [75�77].

Due to the absence of oxygen vacancies, LSM has low conductivity for oxide

ions below 800�C, making it unsuitable for the operation at reduced temperature.

One way to overcome this problem is the doping of LSM with a cation on the A-

site and/or B-site to form oxygen vacancies. For instance, lanthanum (La) on the

A-site can be substituted with other rare-earth cations including ytterbium (Yb),

gadolinium (Gd), samarium (Sm), neodymium (Nd) praseodymium (Pr), and

yttrium (Y), while keeping Sr on the A-site [78,79]. It was found that

Ln0.7Sr0.3MnO3 (Ln5Nd, Sm, and Pr) has consistently higher electrical conduc-

tivity than La0.7Sr0.3MnO3 between 1200�C and 500�C (Fig. 4.11) [79]. Another

study on Pr1�xSrxMnO36 δ showed that Pr0.5Sr0.5MnO3 is the most promising

cathodic material for low-temperature SOFCs due to its high conductivity (226 S/

cm) at 500�C and its TEC (123 1026/K) that is compatible with ceria-based elec-

trolyte [80]. The Ce-doped SrMnO3 (Sr1�xCexMnO3�δ) is also a promising

cathodic material for intermediate-temperature operation. For example,

Sr0.7Ce0.3MnO3�δ has a relatively stable high conductivity of 300 S/cm between

600�C and 800�C [81]. On the other hand, examples of B-site doping include

LSM doped with Sc, aluminum (Al), and gallium (Ga) as well as

Sr1�xCexMnO3�δ doped with Sc (i.e., Sr1�xCexMn1�yScyO3�δ) have improved

conductivities over the base materials at intermediate temperatures [81�83].

In addition to manganites, ferro-cobaltites and nikelates are also promising

cathodic materials for reduced-temperature SOFCs. Among the ferro-cobaltites,

La1�xSrxCo1�yFeyO3�δ (LSCF) and Ba1�xSrxCo1�yFeyO3�δ (BSCF) are the most

promising candidates due to their high-electrical and ionic conductivities as well

as high activities for ORR [84,85]. For example, LSCF has significantly lower
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electrode�polarization resistance than LSM between 600�C and 900�C as well as

TEC that is compatible with the commonly used electrolytes at intermediate tem-

peratures [86,87]. The formation of phases with high-electrical resistance due to

the reaction between LSCF and YSZ can be avoided by the introduction of a

CGO diffusion-barrier layer between the cathode and electrolyte or using CGO as

the electrolyte [88,89]. On the other hand, although BSCF has significantly lower

area-specific resistance (ASR) than other cathodic materials at reduced tempera-

ture, its high TEC and susceptibility to the poisoning of carbon dioxide (CO2) still

needs to be addressed [90�92]. For nikelates, LaNi1�xFexO3�δ has high-electrical

conductivity, moderate TEC, and stability in the air at reduced temperatures

[93�95]. The formation of undesirable La2Zr2O7 due to the reaction between

LaNi1�xFexO3�δ and zirconia-based electrolytes at sintering temperature can be

overcome by placing a doped ceria layer between them [96]. The properties of

various perovskite-type oxides are summarized in Table 4.1.

4.3.2 Processing methods for cathode

Synthetic methods of electrolyte are also applicable to cathodic and anodic mate-

rials. Among the wet-chemical methods, co-precipitation is the preferred choice

for making monodispersed particles with high-phase purity. For the co-

precipitation of LSM, MnNO3, SrNO3 and La2O3 were first dissolved in nitric

acid and then ammonia solution was added into this mixture to adjust the pH

value to 6�7. An aqueous solution of sodium carbonate was finally added into

this mixture to yield LSM in the form of light-brown solids [97]. The final

FIGURE 4.11

Electrical conductivity of Ln0.7Sr0.3MnO3 (Ln5 La, Nd, Sm, and Pr) [79].
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particles were shown to have the most suitable surface structure for catalyzing the

oxidation of carbon monoxide to carbon dioxide in comparison with particles syn-

thesized with drip pyrolysis, sol�gel and citrate methods.

The co-precipitation method is also suitable for making cathodic materials for

reduced-temperature operations [98,99]. For instance, the particles of

(La1�xAx)yMO3�δ (A5 Sr or Ca; M5 Fe or Mn) made with the carbonate co-

precipitation method had more homogeneous composition and led to better cell

performance than particles made with citrate and spray pyrolysis methods [98].

Similarly, the co-precipitation method produced LaNi0.6Fe0.4O3 particles with

high-phase purity (Fig. 4.12), which could be sintered at a lower temperature

compared to particles synthesized with other methods [99].

4.4 Anode
The oxidation of fuel takes place at the anode of an SOFC where the oxide ion

combines with a fuel compound such as hydrogen to produce electrons, which are

transferred to the cathode via an external circuit. A suitable anodic material

Table 4.1 Properties of various perovskite-type oxides (σe and σi are
electronic and ionic conductivities) [67].

Composition

Thermal expansion
coefficient
(3 1026/K) T (�C) σe (S/cm) σi (S/cm)

La0.8Sr0.2MnO3 11.8 900 300 5.933 1027

La0.7Sr0.3MnO3 11.7 800 240 �
La0.6Sr0.4MnO3 13.0 800 130 �
La0.8Sr0.2CoO3 19.1 800 1220 �
La0.6Sr0.4CoO3 20.5 800 1600 0.22
La0.8Sr0.2FeO3 12.2 750 155 �
La0.6Sr0.4FeO3 16.3 800 129 0.0056
Pr0.6Sr0.4MnO3 12.0 950 220 �
Pr0.8Sr0.2FeO3 12.1 800 78 �
Pr0.5Sr0.5FeO3 13.2 550 300 �
La0.7Sr0.3Fe0.8Ni0.2O3 13.7 750 290 �
La0.8Sr0.2Co0.8Fe0.2O3 20.1 600 1050 �
La0.8Sr0.2Co0.2Fe0.8O3 15.4 600 125 �
La0.6Sr0.4Co0.8Fe0.2O3 21.4 800 269 0.058
La0.6Sr0.4Co0.2Fe0.8O3 15.3 600 330 0.008
La0.4Sr0.6Co0.2Fe0.8O3 16.8 600 � �
Pr0.8Sr0.2Co0.2Fe0.8O3 12.8 800 76 0.0015
Pr0.7Sr0.3Co0.2Mn0.8O3 11.1 800 200 4.43 1025
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should have high activity for the oxidation reaction, high stability, high electrical

and ionic conductivities, and TEC that is compatible with the electrolyte and

interconnect.

4.4.1 Material selection for anode

Although Ni has high stability and high activity for the oxidation reaction its

TEC has considerable mismatch with commonly used electrolytes such as YSZ.

This challenge can be overcome by the incorporation of Ni particles into the

framework of YSZ to form the ceramic�metallic composite Ni�YSZ (Fig. 4.13)

whose TEC can be tuned with the ratio of Ni to YSZ [100]. Experimental results

showed that lower-Ni content led to lower TEC in the presence of hydrogen

[101]. In addition, the YSZ framework broadens the three-phase boundaries for

the oxidation reaction due to its high conductivity for oxide ions and inhibits the

agglomeration of Ni particles during operation [8]. The recommended composi-

tion for Ni�YSZ is 40 vol.% Ni and 60 vol.% YSZ, which has the lowest polari-

zation resistance [102]. Due to these advantages, Ni�YSZ is the most commonly

used anodic material for commercial SOFCs [20].

Ni�YSZ has several challenges to overcome. The material can degrade after a

prolonged operation at high temperature due to Ni sintering, which reduces the

FIGURE 4.12

Scanning electron microscopy (SEM) images of LaNi0.6Fe0.4O3 particles prepared by the

coprecipitation method after calcination at different temperatures [99].
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specific-surface area of Ni particles as well as the contact area at the interface

between the anode and electrolyte [103]. When hydrocarbons are used as fuels,

Ni can be re-oxidized to NiO, causing the undesirable expansion of anode [104].

The use of hydrocarbon also makes it susceptible to carbon deposition

(Fig. 4.14C, D, and F) and sulfur poisoning [105�107]. The problem of carbon

deposition can be overcome with the addition of a transition metal oxide such as

BaO, La2O3, Al2O3 and SnO2 into Ni�YSZ [108�110], whereas sulfur poisoning

can be overcome by the surface modification of Ni�YSZ with Nb2O5 and

BaZr0.1Ce0.7Y0.1Yb0.1O3�δ (BZCYYb) [111,112].

In order to improve the fuel flexibility of SOFCs several types of new materi-

als have been investigated for better resistance to carbon deposition and sulfur

poisoning, including noble metal-based materials, ceria-based materials, perovs-

kites, and pyrochlores (Table 4.2) [11,12]. Noble metals such as copper (Cu) and

gold (Au) have been incorporated into ceramic�metallic composites to counter

the problem of carbon deposition [114�116]. Experimental results showed that

Cu impregnated in a samaria-doped ceria (SDC) matrix remained stable due to its

low activity for the oxidation of n-butane at 650�C and the Cu mainly served as

the electronic conductor in the anode [114]. The performance of Cu�SDC in the

FIGURE 4.13

Scanning electron microscopy (SEM) images of Ni�YSZ cermet anodes with different

volume ratios of Ni and YSZ [102].
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presence of hydrocarbons can be improved by the addition of Co to Cu to form

bimetallic, ceramic�metallic composites [116,117].

In addition to its high conductivities for electrons and oxide ions, ceria has high

catalytic activity for the oxidation of hydrocarbons such as methane. When com-

bined with Zr, ceria has better stability and catalytic activity for the oxidation of

hydrocarbons. For instance, the CexZr1�xO2 series was shown to have higher cata-

lytic activity than pure CeO and Ce0.75Zr0.25O2 has the highest catalytic activity

within this series [119]. Furthermore, ceria-based materials such as Cu�CeO2 and

FIGURE 4.14

Transmission electron microscopy (TEM) images of Ni�YSZ operated (A and B) in

hydrogen and (C�F) in syngas [113].
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CGO can be incorporated into materials such as YSZ, La0.75Sr0.25Mn0.5Cr0.5O3 and

Nb-doped SrTiO3 to enhance anodic performance [120�122].

Since Ni is prone to sulfur poisoning, numerous nickel-free perovskites such

as LaxSr1�xBO3 (B5Ti, Cr, Mn, V) and their variants have been explored as

alternative anodic materials [123�128]. For example, a series of Mn and Ti

replaced complex perovskites, Ln0.5Sr0.5Ti0.5Mn0.5O36 d (Ln: Sm, Nd and La),

was found to be chemically stable with CGO and YSZ at high temperatures (up

to 1500�C) and Nd0.5Sr0.5Ti0.5Mn0.5O36 d had the highest electrical conductivity

among these three perovskites [129,130]. Double perovskites such as

Pr0.5Ba0.5MnO3�δ (Mo-PBMO) and Sr2FeNb0.2Mo0.8O6�δ (SFNM20) also have

been developed as potential anodic materials with resistance against carbon depo-

sition and sulfur poisoning [131�133]. For example, SFNM20 was shown to

remain stable against carbon deposition during the direction oxidation of methane

at reduced temperatures (600�C�800�C) [133].

4.4.2 Processing methods for anode

Wet-chemical methods such as spray pyrolysis and co-precipitation are

suitable for making high-performance anodic materials. For example, the spheri-

cal particles of Ni�YSZ with mean diameters of approximately 1 μm were

Table 4.2 Conductivities of various solid oxide fuel cell (SOFC) anodic
materials at 800�C [118].

Material

DC
conductivity
(S/cm) Advantage/disadvantage

Sc0.3Y0.1Zr0.6Ti0.2O1.9 0.14 Operate at high temperature
La0.8Sr0.2Fe0.8Cr0.2O3 0.5 Low conductivity
La0.8Sr0.2Cr0.95Ru0.05O3 0.6 Expensive
(La0.7Sr0.3)1�xCexCr1�xNixO3 5.03 Carbon deposition
Sr0.88Y0.08TiO3 64 High operating temperature
CrTi2O5 177 Expensive
Ni�YSZ 250 High operating temperature
Ti0.34Nb0.66O2 340 Very expensive
LaSrTiO2 360 No compatibility
Ni�SDC 573 Coke formation
Ni�GDC 1070 Coke formation
Cu�CeO2 5200 Improved electronic conductivity
Cu�GDC 8500 Good thermal expansion and good

electronic performance

DC, Direct current; GDC, gadolinia-doped ceria; SDC, samaria-doped ceria; YSZ, yttria-stabilized
zirconia.
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prepared by spray pyrolysis where the NiO particles had a high coverage of fine

YSZ particles on their surfaces [134]. This microstructure was found to be effec-

tive for suppressing the sintering of Ni at 1000�C and, hence, led to the long-term

stability of the anode. Spray pyrolysis was also used to prepare matrix-type com-

posite particles of SDC and NiO [135]. The resulting spherical particles were less

prone to aggregation in comparison with their capsule-type counterparts

(Fig. 4.15). Furthermore, the well-dispersed SDC particles did not obstruct the

Ni-network structure among the matrix-type composite particles, leading to lower

ohmic loss in comparison with capsule-type particles.

Co-precipitation can also produce monodispersed nanoparticles with high-

phase purity for anodic materials. In the case of SDC, samarium nitrate hexahy-

drate (Sm(NO3)3 � 6H2O) and cerium nitrate hexahydrate (Ce(NO3)3 � 6H2O)

were first dissolved in water and then the pH of the mixture was tuned to 9.5

with the addition of ammonia to initiate the co-precipitation [136]. The resulting

monodispersed nanoparticles were approximately 11�14 nm in diameter and had

significantly higher oxide conductivity than YSZ. Ni�SDC could also be pre-

pared by co-precipitation using Ce(NO3)3, Sm(NO3)3, and Ni(NO3)2 as the pre-

cursors and (NH4)2CO3 as the mineralizer [137]. The resulting particles had

significantly higher conductivity and catalytic activity than particles prepared by

mechanical mixing at 500�C and 800�C, showing that the co-precipitation method

was suitable for preparing anodic materials for the operation of SOFCs at reduced

temperatures.

4.5 Interconnect and sealant
In multiple-cell SOFCs, the interconnect allows the electrons to flow from the

anode of one cell to the cathode of the adjacent cell, while being a physical bar-

rier between the fuel and oxygen streams that enter the anode and cathode cham-

bers (Fig. 4.16). Therefore, the interconnects should be non-porous to avoid the

mixing of fuel and oxygen, while having high electrical conductivity and low

FIGURE 4.15

NiO�SDC composite particles with (A) matrix-type and (B) capsule-type structures [135].
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oxide-ion conductivity. Furthermore, the ideal materials for interconnects should

have stability, resistance to carbon deposition, sulfur poisoning, and oxidation as

well as TEC that is compatible with the commonly used anodic and cathodic

materials.

High-temperature SOFCs use ceramic interconnects that are normally based

on lanthanum chromite (LaCrO3) [139]. With a melting point higher than

2300�C, LaCrO3 is one of the most stable perovskite oxides [140]. It has high-

electrical conductivity above 800�C, TEC that is compatible with YSZ, and chem-

ical stability under low-oxygen partial pressure [68,141,142]. Its conductivity can

be improved by substituting La31 with large cations such as Sr21 and Ca21 and

replacing Cr31 with small cations such as Cu21 and Ni21 [143,144]. Poor sinter-

ability in air is the major challenge for LaCrO3-based materials due to the volatil-

ization of Cr species [145]. This can be overcome by sintering under reducing

atmosphere or lowering the vapor pressure of Cr species [146�148].

For intermediate and low-temperature SOFCs, metallic alloys are the preferred

materials for interconnects due to their high-electrical conductivity, ease of fabri-

cation and handling, and relatively low cost. [149] The most popular choices are

Cr, Fe, and Ni-based alloys due to their oxidation resistance [150]. Cr-based

alloys such as Cr5FeY2O3 and Fe�Cr-based alloys have high-oxidation resistance

and TEC that are compatible with the cathodic and anodic materials. However,

the excessive scale formation of Cr2O3 or Al2O3 on these alloys can substantially

increase the ASR of interconnects [150�152]. On the other hand, Ni�Cr-based

alloys have oxide scales that have high-electrical conductivity, but their TECs

usually have significant mismatch with the other SOFC components [153].

Sealants play a critical role in ensuring the proper function of SOFCs by pre-

venting gas leakage from the anode and cathode chambers. Compressive sealants

are placed between sealing surfaces, which are then compressed constantly to

achieve airtightness. Therefore, compressive sealants must be ductile and not

form oxide in the presence of air. Noble metals such as gold and silver meet such

FIGURE 4.16

A standard planar solid oxide fuel cell (SOFC) [138].
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requirements [154,155]. Silver is the preferred choice due to its lower cost, but it

can degrade due to cracking along the grain boundaries as well as the reaction of

dissolved oxygen and hydrogen to form water [156,157]. To overcome this prob-

lem, silver or metal oxides such as Ag�CuO and Ag�V2O5 can be used instead

[158]. Another possibility for metallic compressive sealants is heat-resistant Fe

and Cr-based alloys such as FeCrAlY [12,150]. While mica alone cannot provide

proper sealing, combining it with other materials such as glass and silver can

make it a suitable compressive sealant [159,160]. Phlogopite (KMg3(AlSi3O10)

(OH)2) and muscovite (KAl2(AlSi3O10)(F,OH)2) are the most commonly used

mica-based sealants as they are stable up to 800�C [161�163].

Unlike their compressive counterparts, rigid sealants bind strongly with the

sealing surfaces and, hence, should have TEC that is compatible with the binding

SOFC components. Commonly used materials include glass, glass�ceramic, and

metallic braze [164�170]. Examples of suitable glass and glass�ceramic are bor-

oaluminosilicate, borosilicate, aluminosilicate, silicate, and borate, among which

Ba-containing glass�ceramics are the most promising materials due to their rela-

tively large TEC [166�169]. For example, the variants of

BaO�Al2O3�La2O3�B2O3�SiO2 with suitable ratios of B2O3 and SiO2 were

shown to have suitable binding and wetting characteristics, compatibility with

YSZ in terms of TEC, as well as chemical stability with YSZ at 800�C�850�C
over 100 hours [166]. However, Ba-containing glass�ceramics can form barium

chromate when in contact with Cr-containing components, leading to an interface

with high TEC and subsequent delamination [171].

On the other hand, a metallic braze is usually made of alloys that are stable in

the presence of oxygen (e.g., Ag and Au-based alloys) [172,173]. To improve the

wetting characteristics of the metallic braze, reactive metals such as Zr and Ti

can be added into the alloy to reduce the formation of oxides [174]. An oxide and

metal mixture that has an eutectic reaction can also be used [175]. For example,

Ag�CuO can be used to braze perovskites and alumina [176,177].

4.6 Conclusion
State-of-the-art high-temperature SOFCs use YSZ as the electrolyte, Ni�YSZ as

the anode and LSM as the cathode. The move from high-temperature to reduced-

temperature operation for SOFCs demands the development of more conductive

materials and better control of their physical properties such as particle size and

film thickness to achieve high energy-conversion efficiency. In terms of cell design

the electrode-supported, thin-film configuration minimizes the ohmic resistance of

the electrolyte and, hence, is suitable for reduced-temperature SOFCs. The precise

control of film thickness for the electrolyte can be achieved with screen printing,

which needs optimization to prevent the appearance of defects. In terms of material

development, the requirements for each cell component is different and new

1494.6 Conclusion



materials generally need further improvement for industrial application. New mate-

rials should have chemical and thermodynamic stability at reduced temperatures as

well as TECs that are compatible with the materials of adjacent cell components.

The electrolyte material should have high conductivity for oxide ions and low con-

ductivity for electrons at reduced temperature. Promising materials include doped

zirconias and cerias such as ScSZ and CGO. For cathode, the material should have

high activity for ORR and high porosity to enable the fast diffusion of oxygen.

Examples of promising materials include manganites and ferro-cobaltites such as

Pr0.6Sr0.4MnO3 and LSCF. For anode, the materials should have activity for the

oxidation of fuel as well as resistance to carbon deposition and sulfur poisoning.

Potentially suitable materials include Ni�YSZ impregnated with transition metal

oxides and SDC impregnated with noble metals. In terms of material processing, it

is important to produce starting particles with high-phase purity and size monodis-

persity. The wet-chemical routes such as co-precipitation, hydrothermal, sol�gel,

and polymeric-complexing methods are more advantageous than the conventional

solid-state reaction to achieve these goals, but they need to be optimized for

scaling-up to the industrial production level.

Abbreviations
8YSZ 8 mol.% Y2O3�ZrO2

ASR area-specific resistance

BSCF Ba1�xSrxCo1�yFeyO3�δ

CGO Gd-doped ceria

FESEM field-emission scanning electron microscopy

LSCF La1�xSrxCo1�yFeyO3�δ

LSM La1�xSrx�MnO36 δ

ORR oxygen�reduction reaction

ScSZ scandia-stabilized zirconia

SDC samaria-doped ceria

SEM scanning electron microscopy

SOFC solid oxide fuel cell

TEC thermal expansion coefficient

TEM transmission electron microscopy

YSZ yttria-stabilized zirconia
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CHAPTER

5Multiscale modeling and
optimization programing of
solid oxide fuel cell systems

Mahdi Sharifzadeh
Sharif Energy Research Institute, Sharif University of Technology, Tehran, Iran

5.1 Introduction
The convoluted interactions between the transport phenomena and electrochemi-

cal reactions in solid oxide fuel cells (SOFCs) pose a significant challenge toward

understanding and predicting their behavior. As shown in Fig. 5.1, such interac-

tions span from the design of electrodes and electrolyte materials at molecular

scales to fluid dynamics and phase interactions within process equipment, and fur-

ther expands to the mass and energy flows across the process and through energy

distribution and storage networks. Modeling and optimization programing are key

enablers to understand this multiscale interactive behavior and optimize the key

process indicators. This chapter presents a brief review of the research in the field

with emphasis on the key decision variables and the diversity of involved applica-

tions. At the molecular scale, these decisions involve the reactant interactions

with the electrode surface and their diffusion through the cell’s material, expand-

ing further to the composition, grain size, and microstructure of materials. At a

higher level, the geometrical dimensions and the cells’ configuration within the

stack are modeled and optimized at the equipment scale. Beyond this, quantifica-

tion and optimization of key process indicators through optimal process synthesis

and integration with synergistic applications will be studied. The applications of

SOFC-based systems expand further through the local and national energy

networks.

5.2 Optimization of the electrochemical performance of
cathodes

Haanappel et al. [4] studied the optimization of a La0.65Sr0.3MnO3 (LSM)-based

cathode in an anode-supported single cell. Four parameters used for the cathode

functional layer (CFL) were investigated, namely: (1) the mass ratio of LSM/YSZ

of the CFL; (2) the grain size of the LSM powder of the cathode current collector
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FIGURE 5.1

The design and operation of solid oxide fuel cell (SOFC) systems requires modeling and optimization at multiple temporal and spatial scales

[1�3].



layer (CCCL); (3) the thickness of the CFL and the thickness of the CCCL; and

(4) the calcination of YSZ powder. The results of electrochemical measurements

demonstrated that for hydrogen fuel (with 3 vol.% steam) at 700�C�900�C the

LSM/YSZ mass ratio of 50/50 has the highest ratio. In addition, increasing the

grain size (d90 of the LSM powder of 1.0 μm) of the outer CCCL further

improved the electrochemical performance. A thickness of at least 10 μm for the

CFL and 45�50 μm for the CCCL were recommended. Noncalcined YSZ powder

was recommended for the CFL. It is notable that such configurations not only

exhibit optimal electrochemical performance, but also have simplified

manufacturing processes.

Andersson et al. [5] studied a single cell of a planar anode-supported SOFC.

Sensitivity analysis was applied to the cathode-support thickness. The authors

reported a high-temperature gradient (up to 250�C if no cathode support is used)

due to high gas-phase oxygen and electron resistance. They proposed an opti-

mized design with a wider and thinner gas channel that was more compact and,

despite having slightly lower cell current density, has much higher volumetric

cell current.

Li et al. [6] studied the implications of composition and microstructure for the

cathode electrocatalytic activities in the case of intermediate-temperature SOFCs.

The authors discussed that as the loading of SSM55 increases in the YSZ scaf-

fold, the distribution uniformity, and hence connectivity, of SSM55 nanoparticles

increases which, in turn, results in the reduction of open-circuits polarization

resistance and an increase in the exchange current density. The researchers stud-

ied infiltration of 10, 15, 18, and 22 wt.% SSM55 solutions into YSZ scaffold,

from which 18 wt.% was reported to have superior properties such as reduced

polarization resistance within the desired range of operating temperatures.

Abdullah and Liu [7] argued that tailoring the microstructure of SOFC electro-

des could enable operation at lower temperatures. They applied a multiscale

polarization model in which the electrode particles were assumed to be randomly

packed spheres. The authors reported superior performance for the optimized non-

linear particle-size and porosity-graded electrodes in terms of the increased power

output and reduced operating temperature.

5.3 Optimization of the electrochemical performance of
anodes

Cubero et al. [8] studied the optimization of the electrochemical performance of

Ni�YSZ anodes through laser melting. They considered symmetrical cells with

two NiO�YSZ anodes of about 20 μm thickness and a thin YSZ electrolyte of

about 500 μm. Through laser-melting treatments at 100 W and processing rates of

1 mm/s a NiO�YSZ eutectic lamellar microstructure was produced on both

anodes. Electrochemical impedance spectroscopy was applied to compare the
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optimized eutectic and ceramic (reference) samples, which were found to be

temperature dependent. While the polarization resistance was the same for both

samples at 900�C, it was 1.6 and 2.9 Ω cm2 for the eutectic and ceramic at

800�C, respectively.
Bozorgmehri and Hamedi [9] applied a combination of black-box modeling

using an artificial neural network (ANN) and a genetic algorithm to optimize the

design parameters of an intermediate-temperature SOFC. Their analysis revealed

that maximum power density can be achieved when the anode-support thickness is

minimized, anode-support porosity is maximized, and the electrolyte thickness is

minimized. The optimal value of the functional layer cathode thickness depended

on multiple parameters and required optimization.

5.4 Optimization of solid oxide fuel cells
Multiscale modeling and optimization at the stack level included understanding

the impact of cell geometry and dimensions on the involved electrochemical and

transport phenomena, and hence the energy efficiency of the SOFC systems.

Amiri et al. [10] proposed multiscale modeling and optimization in which a 0D

model was developed for single compartments of an SOFC as the building blocks

of a more complex model. The different flow patterns in the channels were ana-

lyzed using 1D models and 2D models were applied for analyzing the important

distributed variables. The 2D model was also applied for optimization of air dis-

tribution and internal-temperature gradients.

Ji et al. [11] applied a three-dimensional model considering heat, mass, and

momentum transfers as well as the thermodynamic and electrochemical aspects of

an SOFC. The implications of the channel size on the performance of a thin-film

SOFC were studied. The authors argued that for conventional SOFCs, increasing

the inlet temperature increases the cell output and reduces the temperature gradi-

ent, but this requires more expensive materials. The application of thin-film elec-

trolytes in miniaturized SOFCs allows operations at lower temperatures while

maintaining a high-power density. It was observed that reducing the cell height

(. 0.5 mm) decreased the average solid temperature due to the increased mass

transfer and heat transfer between the wall and flow stream, and a decrease in the

current path. However, due to the smaller size the temperature gradient was also

increased in the small channels, which increases the risk of thermal stress. It was

also reported that a smaller ratio of the channel width to the rib width decreases

the ohmic losses.

Hering et al. [12] studied the optimization of a microtubular SOFC stack

integrated with a cooling system using a quasi-three-dimensional model. Their

optimization methodology was based on a design of experiments (DoEs) method-

ology, which increased the energy efficiency from 57% (reference case) to 63%

(best case) for the same power output, while the maximum occurring temperature
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of the Positive-electrode/electrolyte/negative-electrode (PEN) structure was

1268K compared to 1369K for the reference case. Such improvement required an

increase in the cell diameter from 2 to 3 mm. Palazzi et al. [13] conducted ther-

moeconomic optimization of a planar SOFC system where specific cost was mini-

mized and efficiency was maximized. Efficiencies in the range of 34%�44%

were estimated.

Bhattacharyya and Rengaswamy [14] applied simulation studies to investigate

the design and operating parameters of a tubular SOFC. The authors reported that

unlike cathodes, the radial variations of the species concentrations in the anode is

significant when producing high currents. Similarly the pressure drop in the anode

can become significant if the water is produced excessively. The authors reported

that increasing the flow rate of hydrogen increases cell performance, while the

effect of temperature is not monotonic and needs to be determined by optimiza-

tion. It was observed that an increase in the anode thickness or anode-supported

cell increases the performance, but decreases the limiting current density.

Decreasing the electrolyte thickness decreases the ohmic loss and improves cell

performance. Decreasing the cathode thickness resulted in overall performance

loss.

Feng et al. [15] conducted structural optimization of a tubular SOFC. The

power output was considered as the objective function. They reported that for

fixed-volume fractions of the anode, cathode, and electrolyte there were optimal

values for the thickness of the anode, cathode, and electrolyte as well as the fuel

cell length, which maximized the power output by up to 18.20%.

5.5 Optimization of the manifold
In order to generate high-power outputs the cells are arranged in stacks. The role

of the manifold is to ensure uniform distribution of the flow and species into the

channels of the SOFCs. In addition it is desirable to reduce the pressure drop

within the manifold to limit the requirements for compressors and blowers. The

results suggested the value of 0.996% for the uniformity index and the value of

0.423% for the maximum standard flow deviation. Compared to the baseline the

optimized manifold resulted in an 8% higher maximum-power output.

5.6 Optimization of the performance of turbomachines:
compressors and turbines

Turbomachineries such as compressors and turbines consume and generate signif-

icant amounts of power. The optimal integration of turbomachines with SOFCs

results in significant improvements in the overall energy conversion efficiency.

Bakalis and Stamatis [16] developed an optimization methodology in which the
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operating range of the SOFC�GT was assessed and the desired operating lines of

the compressor and turbines were designed through the optimization of their

geometries. The authors reported that such an optimization procedure not only

allowed the turbomachines to operate more efficiently, but also enabled the sys-

tem to operate at higher pressures, thereby enhancing the overall energy

efficiency.

5.7 Optimization for solid oxide fuel cell process
integration

Zhao et al. [17�19] developed a thermodynamic model for an integrated system

consisting SOFCs and gas turbines (GTs) based on analyzing irreversibilities and

entropy generation. They demonstrated that optimal integration and optimization

allows the atmospheric SOFC system to achieve high-efficiency performance

(approaching 80%) similar to pressured counterparts.

Lee et al. [20] conducted a parametric study and optimization of an SOFC sys-

tem with a CO2 adsorber placed between the reformer and stack. The authors

reported that the inclusion of anode off-gas (AOG) recycling removed the need

for external steam for most of the studied scenarios. The anode-gas recirculation

ratio increases by increasing the steam-to-carbon ratio. Similarly the open-circuit

voltage, terminal voltage, limiting current density, and the peak-power density

increased with increasing the steam-to-carbon ratio, increasing the AOG recircula-

tion, decreasing CO2 adsorption percentage, and decreasing the SOFC tempera-

ture. The authors reported that for most scenarios the efficiency started around

70% and decreased to an average value of 50% for the peak-power density, after

which it dropped sharply to zero. They reported the SOFC temperature of 900�C,
steam-to-carbon ratio of 5, and no AOG recirculation for the best operating

scenario.

Calise et al. [21,22] studied a hybrid GT system including an SOFC with

internal reforming. The authors emphasized that isolated decision-making regard-

ing SOFC design can result in significant inefficiencies in the turbomachinery

and the balance of plant. They identified the prereforming ratio, the heat-

exchange area, and the SOFC active area as the most influential decision

variables.

Zhang et al. [23] studied an SOFC system integrated with a GT. In this config-

uration the SOFC anode-exhaust gases were burned in a combustor. The SOFC

and combustor then acted as the heat reservoir for the GT. Their model included

irreversibilities such as the overpotentials and heat leakage in the SOFC modules,

heat transfer at finite temperature in the GT�SOFC�combustor cycle, and other

irreversibilities in compression, expansion, and regeneration. Their analysis

included the quantification of optimal regions for power output as well as the

rates of the fuel and air flowing into the SOFC.
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Joneydi Shariatzadeh et al. [24] proposed an integrated process consisting of a

solar chimney, SOFCs, and solid oxide electrolysis cells (SOECs). In their pro-

posed configuration the solar chimney converted high-intensity solar radiation to

electric power, which then was partly consumed for the electricity demand while

the rest was converted to hydrogen using high-temperature SOECs. The produced

hydrogen was stored and converted to electricity using SOFCs overnight. The

authors reported 0.28 kg/s hydrogen production at the peak, which was sufficient

to meet 79.26% and 37.04% of the demand of a building complex, during summer

and winter, respectively.

Zhang et al. [25] studied different configurations (Fig. 5.2) for multistage utili-

zation of the chemical and thermal energy of SOFC exhausts in a combined heat

and power (CHP) system. They observed that the recirculation of AOGs ratio

allowed operational flexibility to meet heat and power demand, reaching 62.1%

electrical power efficiency for low-AOG ratios ({7) and 35.9% thermal effi-

ciency for high-AOG ratios (c7). The authors reported that the multistage

exhaust gas combustion configuration (Fig. 5.2B) allowed a significant reduction

in the operating temperature (from 1149�C to 830�C), which had significant

implications for operational safety and cost of material requirements. However,

the most energy-efficient system was the configuration shown in Fig. 5.2E where
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FIGURE 5.2

Various process configurations for the utilization of thermal and chemical energies of solid

oxide fuel cell (SOFC) exhaust gases, including combustion of exhaust gases in a single

stage ( Case A), combustion of the exhaust gases in multiple stages (Case B), recovery of

anode off-gases (Case C), recovery of anode off-gases and cathode off-gases (Case D),

recovery of anode off-gases and combustion of the exhaust gases (Case E) [25].
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the thermal energy of the cathode exhaust and chemical energy of the anode

exhaust were utilized, with an overall energy efficiency of 92% (59.3% electrical

efficiency and 32.8% thermal efficiency) [25].

Yi et al. [26] applied a DoEs methodology for the optimization of an

internal-reforming SOFC system integrated with an intercooled GT and humidi-

fier. They applied the DoEs method for optimization of four parameters includ-

ing the moisture content, the excess air, the overall pressure ratio, and the

pressure ratio of the low-pressure compressor. The authors observed that

increasing the operating pressure increases the overall system efficiency.

However, they indicated that this would increase the development cost and pose

technical challenges. Therefore a trade-off needs to be established. For a fixed

value of the overall compression ratio, decreasing the pressure ratio of the low-

pressure compressor increased the overall system efficiency, however, this came

at the price of higher operating temperatures at the high-pressure compressors.

Decreasing excess air was reported to have a positive effect on efficiency.

However, the moisture content of the fuel was reported to have bimodal effects

(i.e., moisture injection increases the mass-flow rates in the expanders and low-

ers their inlet temperatures) but, at the same time, affects the partial pressure of

reactants in the anode and the activation polarization and, therefore, requires

establishing a trade-off. Through DoE-based optimization the authors reported

the overall electrical efficiency (lower heating value—LHV) of 75.8% for the

whole system.

Möller et al. [27] studied the optimization of a power-generation system con-

sisting of an uncooled GT, and two SOFC stacks of 7500 cells, with tail-end CO2

capture using a genetic algorithm. The authors reported that reducing the air flow

and avoiding supplementary firing (unless necessary for combustion stability)

were crucial for high efficiency. A high degree of external reforming was also

recommended. The overall electrical efficiency above 60% for the SOFC�GT

system with CO2 capture was reported.

Autissier et al. [28] studied thermoeconomic optimization of a high-

temperature SOFC system, integrated with a GT. Their SOFC model included

detailed quantification of the electrode losses and thermal performances. A strong

trade-off was observed between the cost and energy efficiency, ranging from a

design with 2400 $/kW cost and 44% efficiency to another design with 6700

$/kW cost and 70% efficiency.

5.8 Optimization of solid oxide fuel cell-based systems for
residential applications

Wakui and Yokoyama [29] studied the application of an SOFC-based cogenera-

tion system integrated with battery units for residential applications. The role of

the battery unit was to enhance operational flexibility. The battery charging and
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discharging losses, limits, and status were incorporated into the model using

mixed-integer, linear-optimization programing. The authors concluded that while

the cost reduction is required for commercialization of this technology, battery-

unit integration and appropriate sizing of the hot-water storage tank can increase

the possibility for energy saving.

Windeknecht and Tzscheutschler [30] studied SOFC-based microcogenera-

tion for supplying heat and electricity power in residential buildings. The

authors demonstrated the impact of storage temperature on the efficiency of the

CHP system.

Weber et al. [31] studied an SOFC system integrated with two absorption chil-

lers and a heat exchanger. The design parameters and daily operation were opti-

mized using a two-level optimization algorithm. A comparison was made to the

scenario in which electricity was imported from a central-power grid. The results

demonstrated that the CO2 emissions could be reduced by 45% at the price of a

290% increase in cost.

Facchinetti et al. [32] studied small-scale SOFC�GT systems for application

in residential buildings. A planar atmospheric SOFC at 5 kW was integrated with

a microturbine based on an inverted Brayton cycle. The optimization and process

integration enabled up to 65% exergy efficiency.

5.9 Optimization for energy performance
Sadeghi et al. [33] studied a trigeneration system including an SOFC, absorption-

based refrigeration, and a supplemental heat exchanger for heating requirements.

A genetic algorithm was applied for optimizing the design parameters such as

SOFC-inlet temperature, fuel-utilization factor, current density, and steam-to-

carbon ratio. Multiobjective optimization programing was applied in order to min-

imize the total product unit cost and to maximize exergy efficiency, with reported

values of 25.94 $/GJ and 48.24%, respectively. The largest exergy destruction

was observed in the air-heat exchanger.

Reyhani et al. [34] studied an SOFC�GT cogeneration system fueled by syn-

gas from the gasification of heavy-fuel oil. The possibility for extra power gener-

ation in a steam turbine (ST) or producing freshwater in a multieffect distillation

(MED) system were also considered. Thermodynamic and economic optimization

was conducted using a genetic algorithm. The results of optimization programing

suggested exergy efficiency of 40.93%, 33.62%, and 41.39% could be achieved

for the SOFC�GT, SOFC�GT�ST, and SOFC�GT�MED process configura-

tions, respectively.

Morandin et al. [35] studied a small-scale biomass gasifier integrated with an

SOFC stack. Different process configurations, including a circulating, fluidized

bed and downdraft gasifier, as well as a steam reformer and autothermal reformer,

were considered. A bilevel optimization framework was programed. At the master
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level the multiobjective optimization of cost and power generation were con-

ducted. As the inner level, linear programing was applied in the form of pinch

analysis. The analysis of optimal solutions in the form of Pareto fronts suggested

that there was a strong trade-off between system efficiency and economy, espe-

cially due to the high costs of gasifiers and SOFCs at small scales. The most cost-

effective configuration was 7000 $/kW.

Zhang et al. [36] studied the optimization of an SOFC integrated with an

absorption-based refrigerator. The molar ratio of carbon monoxide to hydro-

gen (CO/H2) was considered as the key optimization variable for which the

optimal value of 0.053 resulted in an energy conversion efficiency as high as

87%.

5.10 Optimization for protecting the environment
Chitsaz et al. [37] applied multiobjective programing for an exergo-environmental

comparison of internal and external reforming configurations in an SOFC-based

cogeneration system for producing hot water and power. Exergy efficiency was

maximized and CO2 gas emission was minimized. The results demonstrated that

the exergetic performance of the internal-reforming configuration was 9.6% high-

er than the process based on external reforming. This system also has superior

performance by emitting 14% less CO2.

Curletti et al. [38] studied the economic and technical optimizations of a

biogas-fed SOFC power plant with CO2 capture. The authors studied the effects

of fuel utilization (FU) as well as the operating temperature and pressure of the

SOFC on overall energy and economic performance using sensitivity analysis

and multiobjective optimization. Electrical efficiencies in the range of 50%�
62% (LHV biogas) were estimated. Increasing the FU to 90% increases the

efficiency to 70%. However, if CO2 capture is applied there will be a 10% effi-

ciency penalty due to the energy needed for CO2 compression and oxygen

production.

5.11 Optimization of control performance
Control objectives of designing SOFC systems are diverse and include process

flexibility against operational uncertainties as well as load-following capabilities.

This is of particular interest when the SOFC system is integrated with other appli-

cations, as often a high degree of process integration could challenge

controllability.

Nease and Adams [39] studied the load-following capabilities of an SOFC sys-

tem integrated with a compressed air energy storage (CAES) system using

rolling-horizon optimization (RHO) programing. The purpose of RHO programing
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was to optimize the scheduling of the overall SOFC/CAES system to minimize

the load-following capabilities (sum of squared errors) and maximize the process

profitability. The authors applied a reduced-order model of the overall process

and formulated the rolling-horizon problem as a mixed-integer, nonlinear pro-

gram. White Gaussian noise and Monte Carlo simulation were applied in order to

incorporate uncertainties. The results suggested that even under the worst case

scenario the integrated process had 50% fewer errors in the load-following perfor-

mance. The authors also observed a strong trade-off between load-following capa-

bilities and revenue.

Zhang et al. [40] argued that ensuring fast load-following while managing fuel

exhaustion and thermal transition were essential for the optimal and safe opera-

tion of integrated-SOFC systems. They proposed a control scheme in which an

optimization algorithm was applied to identify optimal operating points (OOPs)

with respect to efficiency. Then, in order to balance the load-following and fuel

starvation, a two-stage scheme including preconditioning current strategy and

feedback power-reference control was applied. In the final step the safety of ther-

mal transition was validated.

Cheng et al. [41] also studied SOFC systems with similar concerns. They

emphasized that cooperative control of the thermal and electrical performance of

an SOFC is challenging due to it multitime-scale characteristics and gas-

transmission delays. For optimization the authors applied an ANN system trained

by the validated simulation data. The researchers conducted preliminary effi-

ciency and thermal analyses in order to reduce the range of OOPs. Their recom-

mended control strategy included fuel recovery to enhance the overall FU, and

gas bypass to stack inlet temperature control. Current-based feedforward control

and error-based feedback control systems were designed.

The commercial viability of SOFC stacks not only depends on their eco-

nomic efficiency, but also their durability and reliability. Through modeling

degradation processes such as the decrease in ionic conductivity of the elec-

trolyte, metallic interconnect corrosion, anode nickel particles coarsening, and

cathode chromium contamination, Nakajo et al. [42,43] investigated the distri-

bution and evolution of faults and their interactions in stack performance. The

authors suggested that under the considered operating conditions, cathode

degradation was dominant, and counter-flow configuration (which results in

more uniform cathode overpotential) and internal reforming with the benefit

of lowered air�fuel ratio resulted in the highest lifetime. In addition, operat-

ing at lower-specific power and a higher-stack temperature improved the

lifetime.

Skalar et al. [44] studied the implication of the differences in the thermal

expansion coefficients of SOFC solid components for residual thermal stresses

during operational variations. Using the finite element method they quantified the

temperature profiles and residual stresses, and applied them for optimization of

cell thickness and geometry of individual layers.
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5.12 Optimization for operational safety
Cao et al. [45] studied the thermal management of a standalone, small-scale,

SOFC system with burners and two heat exchangers. An air�bypass manifold

around the heat exchangers was introduced for controlling the temperature. The

researchers observed that regardless of the stack voltage value, the maximum effi-

ciency was achieved at the inlet�outlet temperature critical points of the bypass

ratio�air excess ratio (AE) plane or the plane representing the fuel utilization and

the air excess ratio.

Sharifzadeh et al. [1] studied the design and operation of an SOFC-based triple

combined-cycle power-generation system. The authors developed a method in

which the window for safe-process operation was quantified using a bilevel opti-

mization algorithm. The idea is shown in Fig. 5.3 for the range of values that a

manipulated variable (e.g., the flow rate of the fuel) can have. The green circles

refer to the values for the manipulated variable that can counteract the distur-

bances and operational uncertainties (change in power load) and ensure optimal

performance. However, the red circles refer to the extreme operating conditions

beyond which safe-process operation could not be guaranteed. The green region,

therefore, quantifies the operating window in which, regardless of the values of

the manipulated variables and disturbances, the operational constraints can be sat-

isfied. The examples of the safe (green) and unsafe (red) operating windows for

the air compressor, considering a 10% back-off from the surge line and stonewall,

are shown in Fig. 5.4.

In order to calculate the values of the green and red circles, a method previ-

ously developed by Sharifzadeh et al. [46�49] for integrated process design and

control was further extended. The process-model inversion was conducted two

times; first, using the self-optimizing setpoints to quantify the green points and,

then, using threshold values of the controlled variables in order to quantify the

red points (Fig. 5.5).
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FIGURE 5.3

The range of available values for a manipulated variable, quantified as the safe (green)

and unsafe (red) operating windows [1].
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5.13 Multiobjective optimization of solid oxide fuel cell-
hybrid systems

The design and operation of SOFC-based systems simultaneously pursue several

objectives such as economic profitability, thermodynamic (energy and exergy)

performance, compliance with environmental regulations, process controllability,
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The safe (green) and unsafe (red) operating windows for the air compressor, considering a

10% back-off from surge line and stonewall [1].
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The inversely controlled process model applied for quantifying the optimal operating

points and extreme points beyond which safe operation cannot be guaranteed [1].
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and operational safety. Therefore multiobjective optimization programing is intui-

tively the method of choice. It should be noted that the solution of a multiobjec-

tive optimization problem is not a single point, but a set of solutions (often in the

form of Pareto fronts) which quantifies the trade-off between competing and con-

flicting objectives, allowing decision-makers to take an informed decision by

weighing the importance of each design objective.

Najafi et al. [50] studied the economic, environmental, and exergetic perfor-

mance of an SOFC system integrated with a multistage flash desalination plant.

Their optimization problem entailed the minimization of costs (including the

greenhouse gas emission costs), and maximization of exergetic efficiency.

Among the set of optimal solutions the authors chose the trade-off of 46.7% for

the exergetic efficiency and 3.76 million $/year for the total cost. They stated

that the calculated payback time of 9 years was associated with the high cost of

the SOFC stack and was likely to be less as this technology is being

commercialized.

Cheddie [51] studied the retrofit of a 10 MW power plant with an efficiency

of 30%. It was posed to indirectly integrate an SOFC stack with a GT in order to

enhance its energy efficiency, while minimizing the operational interruptions.

The results of optimization indicated that the power output could be enhanced up

to 18.9 MW at an efficiency of 48.5%, with the break-even per unit cost of

4.54 b/kWh (USD) for the generated electricity.

Baghernejad et al. [52] applied multiobjective programing in order to quantify

the trade-off between economic, energetic, and environmental costs of a trigenera-

tion system, in the form of Pareto front solutions. They reported that the selected

solution had 13.88% lower unit-product costs, while its capital investment costs

were increased by 8.03%. The authors observed 17.54%, 17.05%, and 18.22%

reductions in the fuel cost, exergy destruction cost, and CO2 emission cost,

respectively.

Caliandro et al. [53] applied multiobjective optimization for small-scale and

medium-scale SOFC�GT systems fed by gasified lignocellulosic biomass, with

an option for CO2 capture. The authors reported that a pressurized gasifier had

the highest energy efficiency. In addition the steam-to-biomass ratio in the gas-

ifier and the steam-to-carbon ratio in the reformer were key operating parameters

to be optimized. Valorization of waste heat for cogeneration was shown to have a

great economic impact. Overall energy efficiency in the range of 60%�70% was

reported for most scenarios.

Khani et al. [54] studied an SOFC system indirectly coupled with a GT for

power and hot-water cogeneration. Multiobjective optimization of exergy effi-

ciency and unit costs of products was programed. The SOFC current density and

the inlet-air flow of the GT had the highest effect on the trade-off between objec-

tive functions. The results suggested that it is possible to achieve 55.11% exergy

efficiency, while the sum of the product unit cost was reported to be 170.5 $/GJ.

Most of the exergy destruction happened in the heat recovery unit, combustion

chamber, and afterburner.
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Eveloy et al. [55] studied distributed power and freshwater generation through

integrating a pressurized SOFC�GT system with a bottoming organic Rankine

cycle and seawater reverse osmosis. Multiobjective optimization of the exergy

efficiency and cost rate was programed using a genetic algorithm. The selected

compromised solution had 2.4 MWe net power output and 636 m3/day permeate.

An exergy efficiency of 71.3% and cost rate of 0.0256 $/s were reported. A pay-

back time of 6 years was estimated.

Sanaye and Katebi [56] studied the so-called 4E analysis (i.e., optimization of

energy, exergy, and economic and environmental performance) of a hybrid SOFC

system integrated with a micro-GT for CHP generation. The system was modeled

using multiobjective optimization programing in which exergy efficiency and

total-cost rate were optimized. The later was the aggregation of the capital, opera-

tional, and penalty costs of environmental emissions. The SOFC current density

was reported to have the highest impact on the trade-off between the efficiency

and cost rate. The total exergy efficiency of 60.7% and estimated electricity

cost of 0.057 $/kW/h were reported. The payback period was estimated to be

6.3 years.

Aminyavari et al. [57] studied an internal-reforming SOFC�GT hybrid system

integrated with a Rankin cycle with respect to economic, exergetic, and environ-

mental criteria. Multiobjective optimization was programed and total order prefer-

ence by similarity to an ideal solution was applied for selecting the solution from

the set of the Pareto front optimal solutions. The selected solution featured

65.11% exergetic efficiency and a total-cost rate of 0.13745 h/s. Integration with

the Rankin cycle resulted in 8.84% increase in the exergetic performance. This

translates to 8439.2 MWh additional electricity and a reduction of about 5900 ton

CO2/year emissions.

Most of all, it is well-known that the design and operation of an industrial pro-

cess are highly entangled, that is, if the process is poorly designed there might be

little room left for control engineers to improve its operational performance [46].

A similar argument holds for operational safety. If the process is designed without

considering safety and loss prevention criteria, it may become very difficult, if

not infeasible, to ensure its operational safety (i.e., process safety should be con-

sidered at the same level as process design and be codesigned). As mentioned ear-

lier (Figs. 5.3�5.5), Sharifzadeh et al. [1] studied the trade-off between

operational safety and energy efficiency using multiobjective optimization pro-

graming. The results of the optimization were presented in the form of Pareto

fronts which quantify the trade-off between process safety and economic perfor-

mance. Fig. 5.6 suggests that enhancing the range of safe-process operations by

100% requires about 47% higher annual costs.

Sharifzadeh et al. [1] programed their problem in the form of optimization

under uncertainty. Without loss of generality, two types of uncertainties, namely

the frequent variations in the power load and gradual changes in the SOFC heat-

transfer coefficients, were considered. The results demonstrated that it was possi-

ble to ensure optimal economic performance while satisfying the process safe
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operation despite various uncertainties. Fig. 5.7 demonstrates that despite these

variations the constraints regarding the maximum allowable temperature (1400K)

were respected in all scenarios.

Fig. 5.8 demonstrate the flow of exergy using the so-called Sankey diagrams.

The figures in a row show the system performance for various power loads of the

same design, while the designs in each column differ according to the weight

given to the safety and economic objective functions. These figures also suggest

that most of the exergy destruction occurs in the SOFC stack, followed by the

afterburner, the heat recovery steam generation, and the reformer.
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FIGURE 5.6

The solutions of multiobjective optimization in the form of Pareto fronts representing the

trade-off between (A) the process economy versus safe operating window, (B) the total

annual costs versus average efficiency, (C) the range of unsafe operating windows versus

average efficiency, (D) the range of unsafe operating windows versus the number of SOFC

stacks, (E) the range of unsafe operating windows versus the compressor cost, and (F)

the range of unsafe operating windows versus the gas turbine cost [1].
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FIGURE 5.7

The two-dimensional temperature profiles for various process designs operating at

different electrical power loads [1]. Figures in different columns represent the same

process, operated at different loads (50%, 75%, 100%). Figures in different rows

represent different designs based on different weight for process safety (10%, 50%, 90%)

in the objective function.
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FIGURE 5.8

Sankey diagrams demonstrating the exergy flow and destruction for various process designs operating at different electricity power loads [1].



5.14 Conclusion
This chapter presents a thematic review of research into the multiscale modeling

and optimization of SOFC systems. From the critical analysis of the reviewed

materials, several potent directions for future research can be proposed:

1. While significant research has been conducted at different scales, their

interactions in the form of multiscale optimization were rarely conducted.

Therefore the multiscale nature of the involved phenomena and their

exploitation for improving the key performance indicators should be further

investigated.

2. Various studies reviewed in this chapter demonstrated strong trade-offs

between economic, exergetic, environmental, and safety operation objectives

for the design and operation of SOFC systems. Multiobjective optimization

remains a research frontier.

3. Despite extensive research into the steady-state optimization of SOFC-based

systems there is little literature on the dynamic optimization of these

processes.

4. Modeling SOFC systems often results in a set of highly nonlinear equations.

Due to the high-computational costs, systematic optimization is often replaced

with sensitivity-based optimization with respect to key decision variables.

Developing tailor-made solution algorithms enabling systematic decision-

making for design and operational optimization variables is leading-edge

research.
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perspective
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6.1 Introduction
The focus of process synthesis activities is the conceptual design of a process in

terms of identifying the processing steps, their sequence, and interconnections.

Process integration refers to the design paradigm with a holistic vision in which

all the process elements work together seamlessly to achieve the design objec-

tives. Examples of process integration are heat integration (through methodologies

such as pinch) and mass integration, which have proven their utility in enhancing

the economic, energetic, and environmental performances of industrial processes.

Generally speaking, all variants of solid oxide fuel cell (SOFC) technologies

employ a combination of three steps, namely (1) fuel preprocessing, (2) electro-

chemical conversion, and (3) exhaust-energy utilization. Preprocessing strongly

depends on the utilized fuel and include gasification for solid fuels such as bio-

mass and coal, reforming for liquid and gaseous fuels, and gas cleaning, although

direct fuel injection is also possible using advanced multifunctional anodes.

Electrochemical conversion can happen in the anode or cathode, depending on

whether the system has hydrogen proton-conducting or oxygen ion-conducting

materials in the electrolytes. It is also possible to recycle the anode-exhaust gases

and the cathode air for optimal fuel utilization (FU) and thermal management.

The methods for fuel-exhaust utilization is much more diverse and include a vari-

ety of bottoming cycles as well as polygeneration of heating and cooling effects.

These considerations are categorized and reviewed accordingly in this chapter.

The diversity of fuel-cell feedstocks poses significant challenges toward process

synthesis as it imposes different requirements for preprocessing, stringent criteria

with respect to eliminating contaminations, and potentially vastly different

Design and Operation of Solid Oxide Fuel Cells. DOI: https://doi.org/10.1016/B978-0-12-815253-9.00006-9

© 2020 Elsevier Inc. All rights reserved.
185

https://doi.org/10.1016/B978-0-12-815253-9.00006-9


integration opportunities. The first two sections of this chapter focus on the

preprocessing of solid fuels such as biomass and coal, and reforming liquid and

gaseous fuels such as light alcohols and hydrocarbons. Then the discussion con-

tinues with the design of SOFC stacks including the integration of high and

intermediate-temperature SOFC stacks, as well as mass integration (anode- and

cathode-recycle streams) and heat integration between process equipment. Next in

Section 6.5, we will review the methods applied for downstream integration with

gas turbines (GTs), heat recovery and steam generation (HRSG), followed by

combined heat and power (CHP) cycles in Section 6.6, and carbon capture and

compression in Section 6.7. The chapter concludes with key observations and the

identification of potent research areas.

6.1.1 Fuel preprocessing: gasification of solid fuels

Gasification (often) refers to a high-temperature process in which carbonaceous

fuels and organic solid matters are converted to a gaseous mixture of hydrogen,

and carbon oxide, called synthesis gas (or syngas). Integrated gasification fuel

cell technologies seem to be the only option to fulfill the economic and environ-

mental targets of the US Department of Energy to achieve 60% energy efficiency

while capturing 90% of the associated CO2 emissions. Li et al. [1] proposed such

a process (shown in Fig. 6.1) in which the SOFC was operated at high pressure.

The hot-syngas generated in the gasification unit is sent for heat recovery, humid-

ification, and gas cleaning before being fed to the SOFCS where it undergoes

electrochemical reactions. The exhaust gases from the SOFC anode side go

through a water�gas shift (WGS) reactor and CO2 separation processes before

they are compressed and recycled back to the hydro-gasification process. The pro-

posed process achieved an overall energy conversion efficiency of 61.5%. The

authors also considered alternative process configurations such as decarbonized

exhaust gases being directly recycled to the anode so that the energy cost of

recompression of the exhaust gas is less. However, in this configuration the

hydrogen and CO required by the catalytic hydro-gasifier are supplied by the

oxygen-blown gasifier. In addition, significantly more coal was needed to be

injected to the oxygen-blown gasifier to maintain the required high temperature.

As a result the overall efficiency dropped by 5%. An alternative configuration is

when the SOFC was operated at a near-atmospheric pressure. This would require

an ancillary compressor before the WGS reactor, which consumes a significant

amount of energy. The decarbonized exhaust gases are sent for combustion.

This configuration has a 9% lower energy efficiency. The latter considered

configuration does not employ a methanation reactor and the efficiency was only

slightly lower at 61.2%. It seems that the absence of a methanation reactor

was compensated for by the WGS reactor. However, the authors suggested

that the inclusion of the methanation reactor improved the quality of the SOFC

composition control.
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The incorporation and integration of a WGS reactor is controversial. The risk of

carbon deposition on the anode, decreased cell voltage, sensitivity to sulfide poison-

ing, efficiency loss, and capital cost are concerns that need to be overcome for

large-scale commercialization implementation of these SOFC technologies [2].

Generally the WGS process includes two high and medium temperature reactors.

First, most of the CO (about 80%) is converted to CO2 in a kinetically driven,

high-temperature (300�C�450�C) reactor. Then, in the second reactor that operates

at a lower temperature (200�C�300�C), a near-equilibrium condition (96% of CO

conversion) is achieved [2]. Nease and Adams states that an additional benefit of

the WGS reactors is carbonyl-sulfide (COS) hydrolysis which results in 100%

removal of this impurity [2]. They placed the WGS reactors before the H2S

removal unit (Fig. 6.2). By comparison, Li et al. [1] placed the WGS step in the

anode-recycle loop (Fig. 6.1). They applied a COS hydrolysis reactor downstream

from the gasifier. Li et al. [1] applied a water-wash column for the removal of

particulates, chlorides, alkalis, and NH3. In Nease and Adams’ proposed structure,

a Claus process was used for the separation of NH3. Both processes applied a

Selexol process for the separation of H2S.

SOFC research is not limited to the design of new power-generation systems,

but retrofitting and integration of existing ones to enhance their energy efficiency

and environmental performance is also of paramount importance. Thallam Thattai

et al. [3] studied retrofitting the Willem Alexander Centrale power plant—a

coal-based integrated gasification combined cycle (IGCC) in the Netherlands—with

SOFC technology. The aim was for the process to operate at higher efficiencies for

a high degree of biomass cogasification (up to 70%). The authors concluded that

no major modification was needed for the existing IGCC. They devised a control

strategy in which the outlet temperature of the GT expander was controlled using

variable inlet guide vanes. A booster air compressor was also required. The applica-

tion of SOFC and partial oxy-combustion CO2 capture reduced the production of

low-pressure and intermediate-pressure steam. The authors reported that such a

retrofit would reduce CO2 emissions by 45%. However, full-scale CO2 capture

would require major (and costly) process retrofits.

Panopoulos et al. [4,5] studied an SOFC integrated with an allothermal

biomass-gasification system for producing power and heat. As shown in Fig. 6.3

the heat of steam generation was supplied from the depleted SOFC exhaust burnt

in a fluidized-combustion bed. The gasifier and fluidized-combustion bed were

integrated through heat pipes with high-temperature sodium as the working fluid.

The steam-to-biomass ratio was maintained at a low value (0.6) to avoid

excessive-heat requirements. They reported that the process was thermally sus-

taining for FU (the amount of converted fuel in the fuel cell) below 75%.

Finally, Romano et al. [6] reported that including a methanation reactor and

hydrogen firing could enhance the net plant efficiency by 4.5%, (under a 95%

CO2 capture scenario). The methanation reactor increases the concentration of

the methane in the fuel and reduces the high air flow rates needed for cooling

the SOFC. Firing hydrogen before the GT increases its inlet temperature and

power output.
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6.1.2 Fuel preprocessing: reforming gaseous and liquid fuels

Reforming refers to a chain of reactions where the fuel (often consisting of natu-

ral gas, light alcohols, or vaporized liquid fuels) is converted to syngas, which is

a mixture of H2, CO, and CO2. The reforming configurations and technologies

reported in the literature are highly diverse and include external reforming, inter-

nal reforming, partial reforming, combined reforming, trireforming, dry reform-

ing, and partial oxidation, which are briefly discussed next.
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The integrated-gasification process proposed by Nease and Adams [2].

1896.1 Introduction



External reforming has the advantage of independent and flexible operation, a

schematic of which is shown in Fig. 6.4 [7]. The feedstock is converted in the

reformer before being fed to the SOFC stack and the energy content of the

exhaust gases is exploited in the catalytic combustor in order to supply the energy

requirements of the endothermic reforming reactions. Ghang et al. [7] reported

that the fuel-utilization factor has the most important influence on the reformer

performance. High-temperature reforming favors fuel conversion and results in a

higher H2 yield. This requires the combustor to operate at higher temperatures.

They also reported that excess air should be controlled to avoid deactivation of

the combustion catalyst. These observations illustrate the interactive nature of

controlling such integrated processes.

Powell et al. [8] reported the application of an adiabatic-steam reformer where

the heat and water required for endothermic steam reforming were supplied by

circulating anode-exhaust gases. Although the single pass fuel-utilization factor
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was only about 55%, the recycle loop enabled overall utilization of 93%.

They reported an overall efficiency of over 60%.

Direct internal reforming (DIR) or internal reforming is a configuration in

which the reforming reactions happen at the anode chamber. The advantage of

this configuration is to avoid excessive steam concentration that would reduce the

open-circuit voltage. In addition, process intensification through merging the fuel

cell and reformer in a single-unit operation reduces the capital costs. This is

achieved due to the nickel catalyst in the anode, which facilitates the reforming

and WGS reactions to produce the H2 required for the electrochemical reactions.

The high temperature of the anode chamber also favors such reactions. If the

steam required for reforming is not externally provided, but supplied by the

electrochemical reactions, the internal reforming occurs at a slower rate known

as gradual internal reforming (GIR). Generally in the GIR configuration

the steam-to-methane ratio is below 1 [9]. Alternatively, pure methane can be

applied, which is known as dry reforming. The risk of carbon deposition remains

an operational challenge in all these processes [10]. More details on internal

steam reforming can be found in Ref. [11].

Klein et al. [10] reported that in the DIR configuration steam reforming occurs

mostly in the inlet section of the anode electrode, while in the GIR configuration

it was more homogenized. Since the produced H2 in both configurations exceeds

the requirements of electrochemical reactions, DIR and GIR were reported to

have similar performances. However, the cooling effect of the endothermic

reforming reactions was not observed in the GIR configuration [10]. The authors

estimated that a steam-to-methane ratio below 1 could increase the risk of coke

formation. Therefore catalyst dispersion and cell geometry were adjusted in the

GIR configuration.

Lanzini and Leone [12] experimentally studied the application of biogases

from anaerobic digestion in SOFC systems. They reported that the addition of

oxidants such as air, steam, and CO2, reduces the risk of carbon deposition.

Alternatively biohydrogen could be used as an intrinsically safe fuel. The authors

also suggested that a planar anode-supported SOFC is more appropriate for
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FIGURE 6.4

A schematic of an external reformer.
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DIR as more catalyst is available. Steam reforming (SR) was reported superior to

dry reforming. The latter is favorable when the biogas is rich in CO2.

Tsai et al. [13] conducted a comparative study of internal SR and dry reform-

ing of methane. For SR they recommended a steam-to-methane ratio of 1. By

comparison, for dry reforming a CO2-to-methane ratio of 2 was suggested. For

optimal results a mixture of low-steam concentration and high-CO2concentration

offered ideal operating conditions.

The choice between external and internal reforming strategies also depends on

the fuel utilized. For instance, for methanol and DME reforming only low-

temperature operations would suffice to improve heat recovery from the SOFC

exhausts. The flexible operation of the reformer also requires the operating para-

meters such as temperature and the steam-to-carbon ratio to be optimally adjusted

[14].

Dokamaingam et al. [15] compared conventional packed-bed and catalytic

coated-wall for internal reforming of methane. They suggested that in the packed-

bed�internal reformer the reforming reactions occurred rapidly at the entrance of

the reformer. This resulted in a thermal mismatch between the endothermic

reforming reactions and the exothermic electrochemical reactions. The coated-

wall�internal reformer provided a smoother methane conversion profile, thereby

avoiding local thermal effects. The authors also compared counter-flow and

coflow configurations. It was observed that the coflow configuration provided a

higher voltage and a smoother temperature gradient.

Fardadi et al. [16] studied the performance of a partial internal reformer

integrated with a counter-flow SOFC. External reforming may suffer from trans-

port delays and thermal fluctuations when following sharp power�load variations.

The authors proposed that partial internal reforming in which a part of the

methane fuel is injected directly to the anode can provide fast and reliable load-

tracking capabilities, while managing thermal stresses and fatigue.

The choice between internal and external reforming is a strong function

of feedstock. Laosiripojana and Assabumrungrat [17] studied the application of

methane, methanol, and ethanol. They reported that if an appropriate level of steam

is injected, DIR of methane does not pose any significant risk of carbon formation.

The same conclusion was made for methanol if the SOFC is operated at a tempera-

ture higher than 1000�C. However, incomplete reforming of ethanol over Ni�YSZ

resulted in ethane and ethylene production and indirect internal reforming where it

was first converted to ethane on the Ni/Ce�ZrO2 and then fed to the SOFC.

Janardhanan et al. [18] studied the performance of isothermal and adiabatic

internal reforming in an SOFC. They reported the temperature profile to be the

most influential variable on SOFC performance. They suggested that excessive

use of the catalyst could have detrimental effects. The efficiency could be higher

if prereforming was applied, especially if an adiabatic reformer was employed.

Wahl et al. [19] studied the internal reforming of methane in a 10 kWe SOFC.

With 65% recycling of the anode exhaust gases, an electrical efficiency of

57% was achieved. The authors observed a performance loss for high-methane

concentrations (above 90%) over the SOFC’s lifetime.
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Recknagle et al. [20] studied the pressurized operation of SOFC stacks intensi-

fied by direct internal reforming. Increasing the cell pressure enhances the Nernst

potential and reduces the polarization activation, which increase the cell voltage

and power. The authors reported that increasing the pressure from 1 to 10 atm

reduced the temperature by 20�C and increased cell voltage by 9%.

Georges et al. [21] studied GIR with a methane-to-steam ratio of up to 12 on

a lanthanum�chromite anode. They reported 100% selectivity, suggesting no

conversion via WGS reaction. Despite good oxidation�catalytic activity and

no carbon deposition the current density was reported to be low.

Nikooyeh et al. [22] studied internal reforming in a coflow SOFC with 75%

utilization, 0.65 A/cm2 current density, and 0.7 V voltage. The authors explained

that the large-temperature gradient is the result of relative rates of exothermic-

electrochemistry and endothermic-reforming reactions. The anode recirculation

ratio increases the H2, H2O, and CO2 concentrations, thereby reducing the carbon

deposition risk. The increase of H2 concentration increases the electrochemistry

reactions and mitigates the cooling effect of reforming reactions at the anode

inlet. However, the authors suggested that there was an optimum recirculation

rate to optimize the average current density.

Barelli et al. [23] studied dry external reforming using CO2. The anode off-

gases were recycled in order to supply the CO2 for fuel reforming. The reaction

of CO2 with low-carbon fuels such as methane resulted in the production of H2

and CO. The thermal energy of the anode exhausts supported the endothermic

reforming reactions. They reported a 3.6% efficiency improvement compared to

conventional reforming. The temperature increase was limited to 3�C�5�C prov-

ing the thermal safety of process operation.

Kushi [24] also investigated dry reforming of methane. The two cases of SR

(H2O/CH45 2.5) and CO2 reforming (CO2/CH45 2.7) were studied. Under low-

FU the produced voltage was similar in both cases. However, for high-FU

(B90%) the voltage was higher in the CO2-reforming case. The author also com-

pared internal and external reforming, suggesting that internal reforming requires

temperature control and modification of the Ni�YSZ anode catalyst.

Lanzini et al. [25] studied direct dry reforming of methane. While thermody-

namic analysis suggests that a CH4/CO2 ratio of 1:2 at 800�C would be sufficient

to avoid carbon deposition, experimental results suggested gradual deactivation of

the Ni�anode catalyst in terms of increased ohmic resistance and activation

polarization, which should be attributed to accelerated coarsening. The authors

suggested that the CH4/CO2 ratio and oxygen carrier composition must be

controlled to suppress such phenomena.

Guerra et al. [26] studied dry reforming of simulated biogas (CH4/CO25 60/40)

from anaerobic digestion. Additional CO2 was added to prohibit carbon formation

on the anode. The best performance was reported for the ratio of CH4/CO25 50/50.

Lower methane-to-CO2 ratios such as 30:70 or 24:76 reduced the cell efficiency

(lower heating value—LHV) by 2% and 4%, respectively.

Ni [27] also studied the reforming of methane with CO2. The author indicated

that for CH4/CO25 50/50, methane�CO2 reforming and reversible WGS
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reactions are dominant and conversion through methane SR was negligible. An

anode catalyst which promotes CO electrochemical oxidation was recommended.

Operating the cell at low potentials or high temperatures enhanced the electric

power output.

Alternatives to externally heated SR are partial oxidation (POX) and autother-

mal reforming (ATR). POX refers to the process in which the fuel is partially

combusted under substoichiometric conditions to produce H2 and CO. ATR refers

to the process intensification strategy in which the reformer and combustor are

merged; the energy requirement of the endothermic reforming reactions is

supplied through oxidizing a part of the fuel. Chiodo et al. [28] compared the per-

formance of SR, ATR, and POX strategies for a high-temperature steam reformer.

The authors attributed the lower performance of the POX configuration to the

reverse WGS reaction that reduces the H2 concentration. SR exhibited superior

performance compared to ATR, as in the SR configuration part of the fuel is

consumed.

Dokamaingam et al. [29] studied the effects of adding O2 to promote the auto-

thermal internal reformation of methane in an intermediate temperature (IT)

SOFC. Adding a small amount of O2 can avoid local cooling effects. However,

high oxygen-to-carbon ratios would reduce the electrical efficiency, therefore,

there is a need to establish a trade-off.

Liso et al. [30] studied the utility of an SOFC integrated with a micro-CHP

(mCHP) system for residential application under SR and POX configurations with

the recirculation of anode and cathode gases. They reported that SR had higher-

electrical efficiency. This was associated with higher-heat recovery in SR endo-

thermic reactions. Part-load operation reduced the efficiency due to heat losses

and required additional natural-gas fuel.

Horiuchi et al. [31] studied the performance of SOFCs using n-butane. The in

situ catalytic partial oxidation (CPOX) and anode�anode facing arrangements were

exploited instead of a direct-flame configuration. Overall the performance of the sys-

tem and FU were poor and the authors suggested its application for CHP systems.

A similar experiment was conducted by Lee et al. [32] using methane. They

reported that CPOX could remove the risk of carbon deposition. They compared

the performance of two catalysts, namely (1) Ni�gadolinium-doped ceria (GDC),

and (2) Ni�yttria stabilized zirconia (YSZ). A significantly higher-power density

was observed for the Ni�GDC compared to the Ni�YSZ (1.35 W/cm2 vs

0.27 W/cm2) for the same operating temperature. The advantage of the former

system was attributed to the fact that the addition of GDC prevents oxidation of

Ni, hence preventing its deactivation. In addition, stainless steel could be used for

current collection.

Finally, various researchers have investigated the possibility of combining

CO2 reforming, SR, and POX in a single reactor, known as trireforming.

Trireforming has been proven to offer flexibility in terms of H2/CO composition

in the range of 1.5�2.0 as well as eliminating the risk of carbon formation [33].

In addition, by modifying the composition of oxygen, methane and water it is

possible to achieve autothermal conditions [34].
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6.2 Electrochemical conversion of fuels: heat integration
of solid oxide fuel cell systems

Thermal management of SOFCs and reducing the temperature gradient across the

cell have important influences on its electrical efficiency, durability, and safe

operation. Zeng et al. [35] proposed the application of a liquid sodium�metal

heat pipe in order to “equalize” the temperature distribution. The tubular SOFC

consisted of heat functional, current collector, anode, electrolyte, and cathode

layers. The authors reported that the temperature gradient was reduced from 31 to

13K/cm and the power density was improved from 73 to 120 mW/cm2.

A similar study was conducted by Dillig et al. [36] who investigated the inte-

gration of planar sodium heat pipes into an SOFC stack. The authors reported that

even 1 heat pipe per 10 cells could reduce the temperature gradient by up to 50%

for their hydrogen-fueled scenario. On the other hand, for methane direct internal

methane reforming such integration is beneficial in terms of transferring heat

from exothermic to endothermic zones, which results in a significant reduction in

the cathode air and corresponding energy consumption. The authors estimated

that for a methane-fed SOFC in a high-temperature (80�C�120�C) CHP plant the

reduction of the electrochemically required air ratio from 5 to 1.5 would increase

the thermal efficiency from 15% to 26%. For a low-temperature (,60�C) CHP
plant the equivalent gain would be 16%.

Lee et al. [37] studied a planar-steam reformer thermally integrated with a cat-

alytic burner. The unused fuel from the anode exhaust is combusted to provide

the reforming energy requirements. They examined finned and unfinned config-

urations of the heat exchanger-steam reformer (HESR), reporting 30�C higher

temperature for the finned HESR.

6.3 Electrochemical conversion of fuels: mass integration
of solid oxide fuel cell systems

The recirculation of the anode and cathode exhaust gases has significant influence

on power generation and thermal management. It also offers advantages in terms

of FU and reducing the need for externally supplied steam [38]. These desirable

features have motivated researchers to investigate their utilization for optimal and

safe operations.

Peters et al. [38] studied the implication of anode off-gases recirculation.

Based on 220 case studies they concluded that systems with no anode-gas

recycles could have up to 16% lower electrical efficiency. They also indicated

that too high-FU and recycling ratios (RR) may decrease the electrical efficiency

due to higher cathode�air flow requirements and increased blower-power con-

sumption. On the other hand, low RR and FU also could lead to carbon formation.

Such trade-offs indicate the need for optimization and establishing a compromise.

They recommended 60%�80% FU and 70% RR.
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Similarly for the case of an SOFC integrated with an ethanol fueled reformer,

Saebea et al. [39] reported that while high FU (. 0.6) and anode-recirculation

rate reduced the risk of carbon formation and allowed the reformer to operate at

lower temperatures, they have an adverse effect on the electrical efficiency.

However, for low FU (0.5�0.6) the electrical efficiency and circulation rates

increased simultaneously.

Powell et al. [8] studied an SOFC stack equipped with an adiabatic reformer

and anode-gas recirculation. The steam and thermal energy requirements of the

endothermic reaction were supplied by the recirculated anode-gas exhausts.

Although single pass-FU was estimated to be only 55%, the recirculation enhanced

the overall-FU to 93%. An overall-energy efficiency above 60% was reported.

Jia et al. [40] studied the implications of internal reforming, anode off-gases

recycling, and cathode-air recycling on the electrical and cogeneration energy

efficiencies. They reported that 44% electrical efficiency was achievable using

internal reforming and anode-exhaust recycling increased the electrical efficiency

to 46%. Cathode air recycling increased the efficiency to 51%. The combined

anode and cathode gas recycling increased the electrical efficiency to 52%.

Anode exhaust compression (required for recycling) could be performed using

a blower or ejector. Genc et al. [41] studied an anode-cycle ejector for a mCHP.

They observed that increasing the fuel-inlet temperature and its pressure ratio

with respect to the anode exhaust increases the steam-to-carbon ratio and the

entrainment ratio until they remain unchanged after a certain point. Under their

specific case study the values of 7, and 1.159 bar were recommended for the

methane and anode-exhaust pressure, respectively, which resulted in a steam-to-

carbon ratio and entrainment ratio of 2.05 and 0.92, respectively.

A key advantage of SOFC technologies is their flexibility for utilizing a

diverse range of fuels. Liu et al. [42] investigated the impact of fuel exchange on

the anode recirculation in terms of carbon deposition and nickel oxidation. Using

an experimentally validated model they concluded that the entrainment ratio of

the ejector in the gasification-syngas case was smaller than in the natural-gas

scenario, with a lower risk of carbon deposition.

Vincenzo et al. [43] studied the ejector design and operation for an SOFC-

based mCHP, with anode-gas recirculation. The results of their analysis revealed

that for a large mixing chamber diameter the entrainment ratio was higher, but

the ejector efficiency was lower, indicating the need for establishing a trade-off at

the design stage. They also observed that a high inlet-primary flow temperature

favors entrainment and efficiency. In addition an increase in the secondary-mass

flowrate increases the steam-to-carbon ratio and system efficiency.

Engelbracht et al. [44] compared the part-load operation of fuel-driven and

steam-driven ejectors applied in the anode exhaust-recirculation loop (Fig. 6.5).

It was observed that in both scenarios increasing FU decreased the achievable

part-load. This behavior was attributed to the increased steam generation and

lower oxygen-to-carbon ratio. The lower part-load limit for the configuration with

the fuel-driven ejector was 78% and was constrained by the risk of carbon
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Process configurations with (A) a fuel-driven ejector and (B) a steam-driven ejector in the

anode-recirculation loop [44].
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formation. The lower limit for the configuration with the steam-driven ejector

was 38% and was limited by the water balance in the system. The system with a

steam ejector had an electrical efficiency of 3.2% higher than its fuel-driven

counterpart due to the application of a water pump instead of a fuel compressor.

Marsano et al. [45] studied the geometric design of two ejectors for anode-gas

recirculation to have either a constant pressure-mixing section or a constant area-

mixing section. They observed that the performance difference between these two

geometries was not significant as the flow-rate ratios of the primary and second-

ary fluids was very large and the pressure increase across the system was small.

Saebea et al. [46] studied the effect of the recirculation of anode and cathode

gases for a hybrid SOFC�GT process. They indicated that the recirculation rates

of anode- and cathode-exhaust gases had the highest impact on the turbine inlet

temperature (and hence the overall energy efficiency), which should be compen-

sated for by the addition of fuel and air to the combustion chamber. The inlet tur-

bine temperature of the system with an anode-recycle loop was lower than the

turbine requirements, necessitating additional fuel, while this parameter was high-

er than the suitable range for the case of cathode recycling with the need for air

injection. The combined anode�cathode recirculation configuration required

additional air, but less than the cathode recirculation alone. They reported the

highest overall energy efficiency for the system with cathode and anode gases

recirculation.

Rokni [47] studied the impact of fuel type on anode exhaust recirculation for

ammonia, pure hydrogen, methanol, ethanol, DME, and biomass gasification. He

reported high dependency between FU, anode recirculation, and plant efficiency.

No anode-gas recirculation was recommended for the case of ammonia. When the

SOFC was fed by pure hydrogen, 20% recirculation was applied for 80% FU. For

the case of methanol, ethanol, and DME optimal-anode recirculation and FU had

the opposite effect, that is, for high-FU low-anode recirculation rates were recom-

mended, and vice versa.

Ferrari et al. [45] studied the implication of anode recirculation for the tran-

sient operation of a tubular SOFC integrated with a micro-GT. An ejector was

applied for driving the recycled gas. The authors reported that time-dependent

fluctuations of the ejector behavior had important implications for the steam-to-

carbon ratio which, in turn, can push the process into unsafe operational regions

if not carefully controlled.

6.4 Integration between solid oxide fuel cell stacks
As discussed by Buonomano et al. [48] a further integration opportunity exists

between SOFC stacks at different temperatures. Araki et al. [49] proposed a pro-

cess configuration in which a low-temperature SOFC (operating at 750�C) and a
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high-temperature SOFC (operating at 884�C) were operated in series, presenting

possibilities for air and fuel recirculation (Fig. 6.6). Under operating conditions of

5% FU, 30% fuel recirculation, 10% air recirculation and 100% external reform-

ing the energy efficiencies of the SOFC stack and the combined system were

reported to be 50.3% and 56.1%, respectively. By comparison for an equivalent

high-temperature SOFC operating at 900�C, 50% fuel recirculation and 50% air

recirculation, the stack and combined system efficiency were 45.1% and 54.7%,

respectively.

Musa and De Paepe [50] studied two combined cycles including either an

intermediate-temperature SOFC and a high-temperature SOFC, or two

intermediate-temperature SOFCs (Fig. 6.7). The anode flow was parallel and the

cathode flow was sequential. Under the considered operating conditions the pro-

cess with two intermediate-temperature SOFC stacks had higher efficiency. This

was expected as the energy efficiency of a single-stage (standalone) intermediate-

temperature SOFC is higher. In addition, due to the IT of the second stage there

is no need for preheating the cathode air, which enables a higher turbine-inlet

temperature (TIT).

FIGURE 6.6

The two-stage solid oxide fuel cell (SOFC) combined cycle including a low-temperature

and a high-temperature SOFC stack [49].
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6.5 Hybrid solid oxide fuel cell-based power plants: gas
turbine integration, heat recovery, and steam
generation

The idea of integrating an SOFC with a GT is simply to replace the combus-

tion section of a Brayton cycle with the SOFC stack [48]. The selection of

the operating pressure has a significant influence on the overall-energy effi-

ciency. Operating the process at atmospheric pressure results in a much

simpler process, but with lower-energy efficiency. In this configuration the

operation of the SOFC and turbine could be separated by an auxiliary burner

applied to heat the air leaving the SOFC�cathode channel. Under this config-

uration it is possible to maintain the TIT and operate the turbine at its nomi-

nal design point [48]. By comparison it is evident from the Nernst equation

FIG. 6.7

Two process configurations for combined cycle solid oxide fuel cell systems using

intermediate-temperature solid oxide fuel cells and high-temperature solid oxide fuel

cells [50].
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(as discussed in Chapter 2: Thermodynamics and energy engineering) that by

increasing the stack pressure, the voltage and, consequently, the energy effi-

ciency, improves. In addition, the heat exchange between the SOFC exhaust

and air entering the turbine reduces the TIT and the expansion of the exhaust

gases at the turbine, resulting in a higher efficiency of the GT (compared to

the atmospheric configuration) [48]. However, as discussed extensively in this

chapter, the direct pressurized coupling results in highly restricted operating

conditions and reduced process flexibility.

A recuperator (heat exchanger) could be provisioned to exploit the thermal

energy of the exiting exhausts for heating the air entering the SOFC stack in order

to minimize the temperature gradient which, otherwise, could be detrimental to

the SOFC components.

Zhao et al. [51] reported that the optimal integration between the SOFCs and

GT requires optimization of the TIT. Such optimization provides the opportunity

for a 19% increase in the overall-energy efficiency. The hybrid-energy efficiency

was found to be insensitive to the FU, but strongly dependent on the isentropic

efficiency of the turbine and compressor.

Mehrpooya et al. [52] studied SOFC�GT integration using a two-dimensional

model for counter-flow and coflow configurations. They reported that increasing

the temperature and pressure of the fuel cell increases the cell voltage and power

output, but the extent of the increase was more in the counter-flow configuration.

Increasing the FU decreased the voltage and power output, but the voltage reduc-

tion was less for the case of the coflow process. Increasing the current density

also decreased the power and voltage. Overall, for the same operating conditions,

the counter-flow configuration achieved higher voltage and power output, which

should be attributed to lower concentration and activation polarization. The opti-

mal values for the current density and the number of cells were estimated to be

8000 A/m2 and 2122, respectively.

The temperature of the exhausts leaving the integrated SOFC and turbine

cycle was high enough to employ Rankine cycles for HRSG. If included, it

can also provide the steam needed for the reforming reactions. Otherwise anode

off-gas recirculation could be the method of steam supply. While the anode-

recirculation option might be cheaper it also poses difficulties in terms of control-

ling the steam-to-carbon ratio [48].

Yi et al. [53] compared a dual-combined cycle (i.e., SOFC�GT) and triple-

combined cycle (SOFC�GT�ST). The triple cycle-power plant was found to be

more effective by achieving an efficiency of 71%�74% compared to 58%�61% in

the case of the dual-combined cycle. They reported that decreasing the inlet fuel

and, hence, the TIT increased the efficiency at the price of a lower-power output.

Sarmah and Gogoi [54] studied an SOFC stack integrated with gas and steam

turbines. The authors reported that the system efficiency would increase by

increasing the compressor-pressure ratio. They compared process configurations

in which the steam was reheated at a single pressure and two or three pressures in

the HRSG generation section. The aim of reheating the steam is to enhance the
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power output from the steam turbines. Sarmah and Gogoi [54] reported the least

irreversibility (and, hence, maximum efficiency) for the configuration with single-

pressure reheating.

Sharifzadeh et al. [55] studied the application of SOFCs in an integrated triple

combined-cycle plant as shown in Fig. 6.8. The authors investigated the influence

of the design decisions such as process equipment and nominal operating points

for the flexible operation of the overall integrated process using multiobjective

optimization under uncertainty. The results were quantified in the form of Pareto

fronts, which demonstrated the trade-off between capital costs, energy efficiency,

and the safe-operating window, quantified as the range of operating conditions

that will satisfy technical and safety constraints. It was shown that enhancing the

safe operating window by 100% would incur almost 47% more annual costs.

Common Rankine cycles apply water as the working fluid. Organic Rankine

cycles (ORCs) by comparison apply a working fluid with a lower-boiling temper-

ature than water, thereby enabling heat recovery at lower temperatures. Ebrahimi

and Moradpoor [56] studied an SOFC stack integrated with a microturbine and an

ORC that used R123 as the working fluid. They reported a high-energy efficiency

of 65.7%.

Ragini Singh and Onkar Singh [57] compared the application of various work-

ing fluids (R141b, R245fa, and R236fa) in an organic-bottoming cycle integrated

with an SOFC�GT system. The authors reported an 8%�13% energy-efficiency

improvement compared to conventional processes. The overall system efficiency

increased from 63.17% to 75.81%. R236fa was identified as the best-performing

working fluid. However, R245fa was the most environment-friendly option.

Pierobon et al. [58] applied a genetic algorithm to screen more than a hundred

working fluids in a hybrid plant including woodchip gasification integrated with

an SOFC stack and ORCs. Propylcyclohexane at 15.9 bar was identified as the

best-working fluid with efficiency in the range of 54%�56%.

An alternative is to integrate the process with a Kalina cycle that applies a

mixture of two working fluids with the advantage of boiling over a range of tem-

peratures. Gholamian and Zare [59] compared the Kalina and ORCs for waste-

heat recovery from an SOFC stack. The ORC working fluid was R113, while a

mixture of ammonia and water was applied in the Kalina mixture. The ORC cycle

operated at a significantly lower-operating pressure and generated more power.

It was stated that the waste heat from SOFC�GT could be utilized in a HRSG

section. The produced steam can be used for SR of the fuel. In addition it is

known that steam injection into the GT increases the efficiency by 1%�3% [48].

This latter configuration is known as the Cheng cycle. The injected steam

increases the mass-flow rate of the gases expanding in the GT, resulting in addi-

tional power generation [60].

Srinivas et al. [61] compared the exergy efficiency of two configurations, that

is, with or without steam injection. The maximum feasible steam-to-fuel�mass

ratio was estimated to be 6. It was observed that steam injection increases the

efficiency of the gas cycle, but reduces the efficiency of the steam cycle.

The Second Law analysis revealed that most of the exergy destruction occurred at
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FIG. 6.8

The solid oxide fuel cell triple combined-cycle power generation system proposed by Sharifzadeh et al. [55].
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the combustion chamber and steam injection decreases the exergy destruction

from 38.5% to 36%.

Kuchonthara et al. [60] studied the effect of steam recuperation in an

SOFC�GT combined cycle. It was observed that for low TITs the overall system

efficiency increases with an increase in the TIT and reduction in the pressure

ratio. The opposite trend was observed for high TITs.

Massardo and Lubelli [62] demonstrated that if optimally designed and oper-

ated the SOFC�GT equipped with a Cheng cycle without a steam cycle had a

similar efficiency of the same process with a steam-bottoming cycle (configura-

tions FCGT3 and FCGT4 in that publication). In fact, the Cheng cycle can be

applied in a CHP cycle (to be discussed in the next section) in order to increase

the operational flexibility and switching between the thermal and electrical load-

following strategies [48].

While in a Cheng cycle the steam is injected into the combustion chamber, it is

also possible to supply the steam by saturating the air entering the cathode channel

as shown in Fig. 6.9B [60]. This figure also shows additional recuperation for

cathode-air preheating. Kuchonthara et al. [60] argued that the recuperation strategy

increases the TIT which, in turn, enhances the thermal and specific work of the tur-

bine. By comparison, operating the system with the Cheng cycle with no air preheat-

ing (shown in Fig. 6.9A) at high TITs does not result in efficiency improvement.

6.6 Solid oxide fuel cell-based polygeneration systems:
heating and cooling services

SOFC-based power generation systems can easily achieve energy efficiencies

over 50%, which is much more than the 30%�40% conversion efficiencies of

conventional combustion systems. Further improvements were reported for the

FIG. 6.9

Simplified layouts of (A) the solid oxide fuel cell�gas turbine (SOFC�GT) system with a

Cheng cycle and (B) the SOFC�GT system with a humidified turbine [60].
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integration of CHP systems with SOFCs through which energy efficiencies as

high as 90% were achievable [63]. However, the modularity of these systems

makes them highly suitable for small-scale and residential applications.

Liso et al. [64] studied the effect of the heat-to-power ratio in an SOFC-based,

mCHP generation system coupled with hot-water storage. Using residential data

of single family households in European countries, they calculated a range of

0.5�1.5 for the heat-to-power ratio. They recommended that the power-to-heat

ratio must be sized according to the summer demand and the extra energy needed

for the winter-demand peak should be supplied by an auxiliary boiler and a hot-

water storage.

Kupecki [65] studied the off-design operation of an SOFC-based mCHP fueled

by DME. They reported electrical and overall efficiencies of more than 40% and

80%, respectively. With respect to the transient operations such as start-ups and

shut-downs, the authors estimated that it will take about 10 hours for the system

to achieve full-operational power from a cold state. In order to minimize the

power import from the grid they recommended maximizing the electrical effi-

ciency during transient operation for which they generated electrical and overall-

efficiency maps.

Jing et al. [66] studied the application of SOFC-based�combined cooling,

heating, and power (SOFC�CCHP) for public buildings in China. They applied a

combination of gray relational analysis and entropy weighting in which uncertain-

ties in information were considered. The authors reported an overall efficiency of

74% in average for various applications in the scale of 750�900 kW power gen-

eration and up to 750 kW heat generation. This performance is better than the

internal combustion engine�combined cooling, heating, and power systems

(ICE�CCHP) and mGT�CCHP, which have efficiencies of 66% and 60%,

respectively. The authors reported even more visible environmental benefits. The

carbon emission reduction was 60% for the SOFC�CCHP compared to 57% and

54% for the ICE�CCHP and mGT�CCHP systems, respectively. The air pollu-

tion�cost saving was 85% for the SOFC�CCHP compared to 25% and 56% by

the ICE�CCHP and mGT�CCHP systems, respectively. The levelized cost of

electricity was reported to be 0.10 $/kWh which is comparable with the average

commercial price in China (0.11 $/kWh). Using a multicriteria assessment the

authors concluded that SOFC�CCHP systems were more appropriate for hospi-

tals, hotels, and supermarkets rather than office and school buildings. They identi-

fied a heat-to-power ratio of 2.6�3.8 in winter and cooling-to-power ratio of

0.1�1.9 in summer for best overall performance.

Khani et al. [67] studied a cogeneration system consisting of an SOFC fueled

by hydrogen, a gas turbine, and a refrigeration cycle through exergoeconomic

analysis. The authors reported a 6.5% improvement in the exergy efficiency com-

pared to the standalone scenario. The authors found the lowest exergoeconomic

factors for the burner and fuel-heat exchanger.

Chitsaz et al. [68] compared four configurations of an SOFC-based�trigenera-

tion system based on whether anode recycling and/or cathode recycling were
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applied. They identified the highest energy efficiency of 82.5% for the system

with anode recycling, but the lowest total unit cost of the products (22.99 $/GJ)

for the system with both anode and cathode recycles.

Hosseinpour et al. [69] studied a biomass gasification system integrated

with an SOFC stack and a Goswami cycle. The Goswami cycle (i.e., bottoming

cycle) is a combination of Kalina and absorption refrigeration cycles. The

authors reported that upon optimization of fuel cell-operating temperature and

the turbine-inlet pressure an energy efficiency of 58.5% and exergy efficiency

of 33.7% were achieved. The highest exergy destruction was associated with

the gasification reactor followed by the boiler and the second air�heat

exchanger.

Worall et al. [63] studied a micro-SOFC�trigeneration system in which the

waste heat was applied for cooling and dehumidification. They applied a

membrane-separated liquid desiccant dehumidification system using a potassium

formate solution. Unlike other salt-based organic solutions, potassium formate is

not corrosive or harmful to health. In addition, the application of fiber membrane

heat/mass exchangers eliminated the risk of liquid carry-over. A regeneration rate

of up to 0.1�0.15 g/s was reported. The authors estimated that the electrical

and overall efficiency of the system could achieve values of 18% and 30%,

respectively.

6.7 Carbon capture from solid oxide fuel cell systems
SOFC-based�power generation technologies have great potential to reduce the

carbon intensity of the generated power systems to half through enhanced energy-

conversion efficiency. Furthermore, due to the application of an impervious

ceramic electrolyte, nitrogen in the combustion air is not mixed with the fuel and

the anode exhausts are primarily oxidation products (CO2 and steam) and are

readily amenable to compression and sequestration [70]. While the SOFC-exhaust

gases often contain unconverted syngas, in order to avoid mixing with nitrogen

oxyfuel combustions or chemical-looping combustion are recommended. Other

configurations, including phase change and physical absorption [6], are also avail-

able in the literature.

Mahisanana et al. [71] studied two process configurations in which an SOFC

system was integrated with oxyfuel combustion. One configuration applied

anode-exhaust recycling and, in the other configuration, saturated steam at 60 bar

was generated and recycled. Overall efficiencies of 75.6% and 67.41% were

reported for the systems with anode-exhaust recycling and steam recycling,

respectively. The superior performance of the first configuration was attributed to

higher-FU and the possibility for fuel-turbine integration, while in the second con-

figuration, due to the excessive energy requirements for steam generation, a fuel

turbine was not implemented.
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Petrakopoulou et al. [72] studied the thermodynamic performance of a large-

scale SOFC-based plant with oxyfuel combustion and carbon capture and com-

pression. An exergetic efficiency of 71.1% was estimated for the SOFC plant

compared to 56.5% for the reference conventional combined-cycle power plant

without carbon capture. The major sources of the exergy destruction were identi-

fied to be the fuel-cell stacks followed by the afterburner and expanders.

Nease and Adams [73] proposed to integrate an SOFC-based system with oxy-

fuel combustion with compressed air energy storage (CAES). The authors

reported that the addition of CAES to the system significantly enhances the load-

following capabilities, subject to only small efficiency penalties (1.1% HHV) and

minor reductions in the levelized electricity costs (0.08�0.3 b/kW/h). The load-

following capability, quantified in terms of the (weighted) sum of squared errors

was much better than the base case with no CAES integration, and was not

impacted by the inclusion of the carbon capture. The authors estimated that the

proposed scheme is economical for a carbon tax above $40 tonne21 and a natural-

gas price over $7.58 G/J ($8 MMBtu21).

Carbon capture from SOFC exhaust gases could be conducted through chemical

looping combustion (CLC). The CLC unit essentially consists of dual fluidized-bed

reactors, that is, a fuel reactor and an air reactor operating at mild-operating condi-

tions (atmospheric pressures and temperatures in the range of 700�C�800�C). In
the fuel reactor the unconverted syngas in the anode exhausts reduces the oxygen

carrier to produce a mixture primarily consisting of CO2 and steam [74]. The

reduced oxygen carrier is then sent to the air reactor for reoxidation. The fuel oxi-

dation is free from nitrogen and consists of steam and CO2, and is ready for seques-

tration. Most of the high costs of oxygen production are avoided. Moreover the

high capital and operating costs of cathode-air preheating are avoided [75].

Chen et al. [74] studied an SOFC power-generation system fueled by coal in

which carbon capture was conducted through CLC as shown in Fig. 6.10. The

CLC unit consisted of a fuel reactor and an air reactor. In the fuel reactor the

unconverted syngas in the anode exhausts reduces the oxygen carrier to produce a

mixture primarily consisting of CO2 and steam. The reduced oxygen carrier is

then sent to the air reactor for reoxidation. Under the operating conditions of the

FU factor of 0.85, operating temperature of 900�C, operating pressure of 15 bar,

and 100% carbon capture the net-plant efficiency was estimated to be 49.8%. The

largest exergy destruction was reported to be the gasifier followed by CO2 com-

pression and the SOFC. NiO as the oxygen carrier resulted in the highest net-

power efficiency compared to Fe2O3 and CuO.

Spallina et al. [75] studied CO2 capture through CLC from a natural-gas-

fueled SOFC system. They studied two scenarios of large-scale power generation

(100 MW, based on the LHV) and 145 kg/h industrial CO2 production. The

authors reported an electrical efficiency exceeding 66% for both configurations.

The specific primary energy consumption for CO2 avoided (SPECCA) was esti-

mated to be as low as 0.6 MJLHV/kgCO2, compared to the value of 1.11 MJLHV/

kgCO2 for phase change�carbon capture from the literature [76].
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FIG. 6.10

An solid oxide fuel cell system integrated with chemical looping-carbon capture proposed by Chen et al. [74].



The SPECCA measure is defined with respect to the equivalent process with

no carbon capture in order to provide a consistent measure for comparison. It is

expressed in MJth/kg CO2 and can be calculated from the relationship [75]:

ηnet 5
Pnet

_mNG 3LHVNG

5
PSOFC 2PSC 2PAUX

_mNG 3LHVNG

(6.1)

ECO2
5

_mCO2

PNet

3 3600 (6.2)

SPECCA5
Q2QRef

ERef 2E
5

1
ηnet

2 1
ηnet Ref


 �
ECO2Ref 2ECO2

3 3600 (6.3)

where Q is the ratio of the thermal energy to the heat rate (kJLHV/kWh), E is the

CO2 emission rate (kg CO2/kWh), η is the power efficiency of the plant, and

Ref is the reference plant without carbon capture.

Upon a wide range of sensitivity analyses on plant configuration, operating

parameters, and the type of oxygen carrier the SOFC voltage was found to be the

most influential variable. By increasing the voltage from 0.8 to 0.86 V the plant

efficiency increased by 6%, the SPECCA decreased to 0.57 MJLHV/kgCO2, and

the power density increased by 80%.

6.8 Conclusion
In this chapter we provided an overview of the research in the field of SOFC pro-

cess synthesis, intensification, and integration. A key feature of SOFC technolo-

gies is their high flexibility in processing various feedstocks. However, this

feature also adds to their design complexity and operational difficulties. It was

discussed that biomass gasification opens up a new avenue for renewable power

generation, while coal gasification is the only viable pathway to achieve emis-

sion�reduction targets. On the other hand, reforming liquid and gaseous fuels

offers a variety of options for process intensification and integration through

internal reforming, ATR, POX, dry reforming, and others, each with significant

implications for controlling fuel composition and energy management. In addi-

tion, operating SOFC stacks at different temperatures and their sequencing can

enable higher electrical efficiencies. Recycling anode and cathode gases not only

offers the design opportunities to adjust FU, but also provides options for energy

integration. Another important consideration is the thermal management of the

SOFC stack and temperature gradient within cells, which have a profound impact

on the lifetime of their elements.

Moreover, the exhaust gases of the SOFC stack still have significant amounts

of unexploited thermal and chemical energies. Integration with a gas turbine

through a Brayton cycle enables significant energy-efficiency enhancement, but

also requires optimization of the SOFC pressure and the TIT. The remaining

2096.8 Conclusion



thermal energy of the combustion gases exiting the turbine can be further

exploited in a Rankine cycle for HRSG generation. The generated steam can be

exploited for controlling the SOFC steam-to-carbon ratio, be injected to the gas

turbine, or be applied for the humidification of the cathode air. Each strategy has

profound impacts on the operational complexity and the overall-energy efficiency

of the process.

SOFC-based processes offer significant opportunities for the polygeneration of

heat, power, and cooling services or even by-products, with an overall energy

efficiency of up to 90%. Such flexibility and modularity have broadened the

application of SOFC systems from small-scale utilities in residential buildings

and remote microgrids to large-scale industrial power generation.

Last, but not least, the electrochemical nature of fuel conversion in SOFC

stacks and downstream CLC or oxyfuel combustion, which avoids mixing with

the nitrogen in the air, along with very high energy efficiency implies that SOFC-

based-power generation may be one of the most promising technologies for the

decarbonization of the power industry.

After critically considering the characteristics of the research in the field, the

following research areas are recommended for future research:

1. SOFC technologies are highly flexible to process a variety of feedstocks.

However, as shown by several examples in this chapter, the process design for

one type of fuel may not work with another. Therefore designing processes

which can handle multiple fuels is a frontier in research.

2. There are many alternative and combinatorial decisions which need to be

made. Some of these decisions are structural and strategic such as the process

configuration and control strategies. Some others are parametric and

continuous including the size of process equipment and operating conditions

(flow rates, compositions, temperatures, and pressures). As shown by many

examples in this chapter, these decisions are highly interactive and influence

each other differently under various configurations and operating conditions.

In addition, there are often conflicts and competition between various design

objectives such as economy, environmental protection, operational safety, and

flexibility. A systematic framework is needed to enable optimal decision-

making and establishing the trade-off between competing objectives.

However, the current state-of-art for optimization programming and

systematic process synthesis is far from the requirements of the scale and

combinatorial design characteristics of SOFC systems. Therefore complexity

reduction and developing advanced optimization algorithms remain a research

frontier.

3. The design of the SOFC-based processes profoundly influences their

operation. Therefore many commentators have advised that process design

and control should be considered simultaneously, which is known as

integrated process design and control (IPDC) [77]. As discussed by

Sharifzadeh et al. [55] the IPDC paradigm is even more important for
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SOFC-based processes as the high degree of process integration and

intensification inherently limit the process controllability. However, little

research has been performed on the interactions between the design and

control of SOFC processes [55] and is critical for future studies.

References
[1] M. Li, A.D. Rao, J. Brouwer, G.S. Samuelsen, Design of highly efficient coal-based

integrated gasification fuel cell power plants, J. Power Sources 195 (17) (2010)

5707�5718.

[2] J. Nease, T.A. Adams, Coal-fuelled systems for peaking power with 100% CO2 cap-

ture through integration of solid oxide fuel cells with compressed air energy storage,

J. Power Sources 251 (2014) 92�107.

[3] A. Thallam Thattai, V. Oldenbroek, L. Schoenmakers, T. Woudstra, P.V. Aravind,

Towards retrofitting integrated gasification combined cycle (IGCC) power plants

with solid oxide fuel cells (SOFC) and CO2 capture � a thermodynamic case study,

Appl. Therm. Eng. 114 (2017) 170�185.

[4] K.D. Panopoulos, L.E. Fryda, J. Karl, S. Poulou, E. Kakaras, High temperature solid

oxide fuel cell integrated with novel allothermal biomass gasification: Part I:

Modelling and feasibility study, J. Power Sources 159 (1) (2006) 570�585.

[5] K.D. Panopoulos, L. Fryda, J. Karl, S. Poulou, E. Kakaras, High temperature solid

oxide fuel cell integrated with novel allothermal biomass gasification: Part II: Exergy

analysis, J. Power Sources 159 (1) (2006) 586�594.

[6] M.C. Romano, V. Spallina, S. Campanari, Integrating IT-SOFC and gasification

combined cycle with methanation reactor and hydrogen firing for near zero-emission

power generation from coal, Energy Procedia 4 (2011) 1168�1175.

[7] T.G. Ghang, S.M. Lee, K.Y. Ahn, Y. Kim, An experimental study on the reaction

characteristics of a coupled reactor with a catalytic combustor and a steam reformer

for SOFC systems, Int. J. Hydrogen Energy 37 (4) (2012) 3234�3241.

[8] M. Powell, K. Meinhardt, V. Sprenkle, L. Chick, G. McVay, Demonstration of a

highly efficient solid oxide fuel cell power system using adiabatic steam reforming

and anode gas recirculation, J. Power Sources 205 (2012) 377�384.

[9] J.-M. Klein, M. Hénault, C. Roux, Y. Bultel, S. Georges, Direct methane solid oxide

fuel cell working by gradual internal steam reforming: analysis of operation, J.

Power Sources 193 (1) (2009) 331�337.

[10] J.-M. Klein, Y. Bultel, S. Georges, M. Pons, Modeling of a SOFC fuelled by meth-

ane: from direct internal reforming to gradual internal reforming, Chem. Eng. Sci. 62

(6) (2007) 1636�1649.

[11] D. Mogensen, J.-D. Grunwaldt, P.V. Hendriksen, K. Dam-Johansen, J.U. Nielsen,

Internal steam reforming in solid oxide fuel cells: status and opportunities of kinetic

studies and their impact on modelling, J. Power Sources 196 (1) (2011) 25�38.

[12] A. Lanzini, P. Leone, Experimental investigation of direct internal reforming of bio-

gas in solid oxide fuel cells, Int. J. Hydrogen Energy 35 (6) (2010) 2463�2476.

[13] T.-I. Tsai, L. Troskialina, A. Majewski, R. Steinberger-Wilckens, Methane internal

reforming in solid oxide fuel cells with anode off-gas recirculation, Int. J. Hydrogen

Energy 41 (1) (2016) 553�561.

211References

http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref1
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref1
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref1
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref1
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref11
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref11
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref11
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref11
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref12
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref12
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref12
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref13
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref13
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref13
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref13


[14] D. Cocco, V. Tola, Externally reformed solid oxide fuel cell�micro-gas turbine

(SOFC�MGT) hybrid systems fueled by methanol and di-methyl-ether (DME),

Energy 34 (12) (2009) 2124�2130.

[15] P. Dokamaingam, S. Assabumrungrat, A. Soottitantawat, I. Sramala, N.

Laosiripojana, Modeling of SOFC with indirect internal reforming operation: com-

parison of conventional packed-bed and catalytic coated-wall internal reformer, Int.

J. Hydrogen Energy 34 (1) (2009) 410�421.

[16] M. Fardadi, D.F. McLarty, J. Brouwer, F. Jabbari, Enhanced performance of counter

flow SOFC with partial internal reformation, Int. J. Hydrogen Energy 39 (34) (2014)

19753�19766.

[17] N. Laosiripojana, S. Assabumrungrat, Catalytic steam reforming of methane, metha-

nol, and ethanol over Ni/YSZ: the possible use of these fuels in internal reforming

SOFC, J. Power Sources 163 (2) (2007) 943�951.

[18] V.M. Janardhanan, V. Heuveline, O. Deutschmann, Performance analysis of a SOFC

under direct internal reforming conditions, J. Power Sources 172 (1) (2007)

296�307.

[19] S. Wahl, et al., Modeling of a thermally integrated 10 kWe planar solid oxide fuel

cell system with anode offgas recycling and internal reforming by discretization in

flow direction, J. Power Sources 279 (2015) 656�666.

[20] K.P. Recknagle, E.M. Ryan, B.J. Koeppel, L.A. Mahoney, M.A. Khaleel, Modeling

of electrochemistry and steam�methane reforming performance for simulating pres-

surized solid oxide fuel cell stacks, J. Power Sources 195 (19) (2010) 6637�6644.

[21] S. Georges, G. Parrour, M. Henault, J. Fouletier, Gradual internal reforming of meth-

ane: a demonstration, Solid State Ionics 177 (19�25) (2006) 2109�2112 (Special

issue).

[22] K. Nikooyeh, A.A. Jeje, J.M. Hill, 3D modeling of anode-supported planar SOFC

with internal reforming of methane, J. Power Sources 171 (2) (2007) 601�609.

[23] L. Barelli, G. Bidini, G. Cinti, F. Gallorini, M. Pöniz, SOFC stack coupled with dry

reforming, Appl. Energy 192 (2017) 498�507.

[24] T. Kushi, Performance and durability evaluation of dry reforming in solid oxide fuel

cells, Int. J. Hydrogen Energy 41 (39) (2016) 17567�17576.

[25] A. Lanzini, P. Leone, C. Guerra, F. Smeacetto, N.P. Brandon, M. Santarelli,

Durability of anode supported solid oxides fuel cells (SOFC) under direct dry-

reforming of methane, Chem. Eng. J 220 (2013) 254�263.

[26] C. Guerra, A. Lanzini, P. Leone, M. Santarelli, D. Beretta, Experimental study of dry

reforming of biogas in a tubular anode-supported solid oxide fuel cell, Int. J.

Hydrogen Energy 38 (25) (2013) 10559�10566.

[27] M. Ni, Modeling and parametric simulations of solid oxide fuel cells with methane

carbon dioxide reforming, Energy Convers. Manag. 70 (2013) 116�129.

[28] V. Chiodo, et al., Biogas reforming process investigation for SOFC application,

Energy Convers. Manag. 98 (2015) 252�258.

[29] P. Dokmaingam, J.T.S. Irvine, S. Assabumrungrat, S. Charojrochkul, N.

Laosiripojana, Modeling of IT-SOFC with indirect internal reforming operation

fueled by methane: effect of oxygen adding as autothermal reforming, Int. J.

Hydrogen Energy 35 (24) (2010) 13271�13279.

[30] V. Liso, A.C. Olesen, M.P. Nielsen, S.K. Kær, Performance comparison between par-

tial oxidation and methane steam reforming processes for solid oxide fuel cell

212 CHAPTER 6 Synthesis, integration, and intensification

http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref14
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref14
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref14
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref14
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref14
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref14
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref15
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref15
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref15
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref15
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref15
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref16
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref16
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref16
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref16
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref17
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref17
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref17
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref17
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref18
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref18
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref18
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref18
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref19
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref19
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref19
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref19
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref20
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref20
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref20
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref20
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref20
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref21
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref21
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref21
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref21
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref21
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref22
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref22
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref22
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref23
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref23
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref23
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref24
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref24
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref24
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref25
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref25
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref25
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref25
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref26
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref26
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref26
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref26
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref27
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref27
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref27
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref28
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref28
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref28
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref29
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref29
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref29
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref29
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref29
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref30
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref30


(SOFC) micro combined heat and power (CHP) system, Energy 36 (7) (2011)

4216�4226.

[31] M. Horiuchi, et al., Performance of a solid oxide fuel cell couple operated via in situ

catalytic partial oxidation of n-butane, J. Power Sources 189 (2) (2009) 950�957.

[32] D. Lee, et al., Direct methane solid oxide fuel cells based on catalytic partial oxida-

tion enabling complete coking tolerance of Ni-based anodes, J. Power Sources 345

(2017) 30�40.

[33] C. Song, W. Pan, Tri-reforming of methane: a novel concept for catalytic production

of industrially useful synthesis gas with desired H2/CO ratios, Catal. Today 98 (4)

(2004) 463�484.

[34] F. Manenti, et al., Biogas-fed solid oxide fuel cell (SOFC) coupled to tri-reforming

process: modelling and simulation, Int. J. Hydrogen Energy 40 (42) (2015)

14640�14650.

[35] H. Zeng, Y. Wang, Y. Shi, N. Cai, D. Yuan, Highly thermal integrated heat pipe-

solid oxide fuel cell, Appl. Energy 216 (2018) 613�619.

[36] M. Dillig, T. Plankenbühler, J. Karl, Thermal effects of planar high temperature heat

pipes in solid oxide cell stacks operated with internal methane reforming, J. Power

Sources 373 (2018) 139�149.

[37] K. Lee, J. Yun, K. Ahn, S. Lee, S. Kang, S. Yu, Operational characteristics of a pla-

nar steam reformer thermally coupled with a catalytic burner, Int. J. Hydrogen

Energy 38 (11) (2013) 4767�4775.

[38] R. Peters, R. Deja, L. Blum, J. Pennanen, J. Kiviaho, T. Hakala, Analysis of solid

oxide fuel cell system concepts with anode recycling, Int. J. Hydrogen Energy 38

(16) (2013) 6809�6820.

[39] D. Saebea, Y. Patcharavorachot, A. Arpornwichanop, Analysis of an ethanol-fuelled

solid oxide fuel cell system using partial anode exhaust gas recirculation, J. Power

Sources 208 (2012) 120�130.

[40] J. Jia, Q. Li, M. Luo, L. Wei, A. Abudula, Effects of gas recycle on performance of

solid oxide fuel cell power systems, Energy 36 (2) (2011) 1068�1075.

[41] O. Genc, S. Toros, B. Timurkutluk, Determination of optimum ejector operating

pressures for anodic recirculation in SOFC systems, Int. J. Hydrogen Energy 42 (31)

(2017) 20249�20259.

[42] M. Liu, A. Lanzini, W. Halliop, V.R.M. Cobas, A.H.M. Verkooijen, P.V. Aravind,

Anode recirculation behavior of a solid oxide fuel cell system: a safety analysis and

a performance optimization, Int. J. Hydrogen Energy 38 (6) (2013) 2868�2883.

[43] L. Vincenzo, N. Mads Pagh, K. S.øren Knudsen, Ejector design and performance

evaluation for recirculation of anode gas in a micro combined heat and power sys-

tems based on solid oxide fuel cell, Appl. Therm. Eng. 54 (1) (2013) 26�34.

[44] M. Engelbracht, R. Peters, L. Blum, D. Stolten, Comparison of a fuel-driven and

steam-driven ejector in solid oxide fuel cell systems with anode off-gas recirculation:

part-load behavior, J. Power Sources 277 (2015) 251�260.

[45] M.L. Ferrari, A. Traverso, L. Magistri, A.F. Massardo, Influence of the anodic recir-

culation transient behaviour on the SOFC hybrid system performance, J. Power

Sources 149 (2005) 22�32.

[46] D. Saebea, S. Authayanun, Y. Patcharavorachot, A. Arpornwichanop, Effect of

anode�cathode exhaust gas recirculation on energy recuperation in a solid oxide fuel

cell�gas turbine hybrid power system, Energy 94 (Jan. 2016) 218�232.

213References

http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref30
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref30
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref30
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref31
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref31
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref31
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref32
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref32
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref32
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref32
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref33
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref33
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref33
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref33
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref33
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref34
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref34
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref34
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref34
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref35
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref35
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref35
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref36
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref36
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref36
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref36
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref37
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref37
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref37
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref37
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref38
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref38
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref38
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref38
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref39
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref39
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref39
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref39
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref40
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref40
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref40
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref41
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref41
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref41
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref41
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref42
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref42
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref42
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref42
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref43
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref43
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref43
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref43
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref44
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref44
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref44
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref44
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref45
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref45
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref45
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref45
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref46
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref46
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref46
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref46
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref46
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref46


[47] M. Rokni, Addressing fuel recycling in solid oxide fuel cell systems fed by alterna-

tive fuels, Energy 137 (Oct. 2017) 1013�1025.

[48] A. Buonomano, F. Calise, M.D. d’Accadia, A. Palombo, M. Vicidomini, Hybrid solid

oxide fuel cells�gas turbine systems for combined heat and power: a review, Appl.

Energy 156 (Oct. 2015) 32�85.

[49] T. Araki, T. Ohba, S. Takezawa, K. Onda, Y. Sakaki, Cycle analysis of planar SOFC

power generation with serial connection of low and high temperature SOFCs,

J. Power Sources 158 (1) (2006) 52�59.

[50] A. Musa, M. De Paepe, Performance of combined internally reformed intermediate/

high temperature SOFC cycle compared to internally reformed two-staged intermedi-

ate temperature SOFC cycle, Int. J. Hydrogen Energy 33 (17) (2008) 4665�4672.

[51] Y. Zhao, J. Sadhukhan, A. Lanzini, N. Brandon, N. Shah, Optimal integration strate-

gies for a syngas fuelled SOFC and gas turbine hybrid, J. Power Sources 196 (22)

(November 2011) 9516�9527.

[52] M. Mehrpooya, S. Akbarpour, A. Vatani, M.A. Rosen, Modeling and optimum

design of hybrid solid oxide fuel cell�gas turbine power plants, Int. J. Hydrogen

Energy 39 (36) (Dec. 2014) 21196�21214.

[53] J.H. Yi, J.H. Choi, T.S. Kim, Comparative evaluation of viable options for combin-

ing a gas turbine and a solid oxide fuel cell for high performance, Appl. Therm. Eng.

100 (2016) 840�848.

[54] P. Sarmah, T.K. Gogoi, Performance comparison of SOFC integrated combined

power systems with three different bottoming steam turbine cycles, Energy Convers.

Manag. 132 (2017) 91�101.

[55] M. Sharifzadeh, M. Meghdari, D. Rashtchian, Multi-objective design and operation

of solid oxide fuel cell (SOFC) triple combined-cycle power generation systems:

integrating energy efficiency and operational safety, Appl. Energy 185 (2017)

345�361.

[56] M. Ebrahimi, I. Moradpoor, Combined solid oxide fuel cell, micro-gas turbine and

organic Rankine cycle for power generation (SOFC�MGT�ORC), Energy Convers.

Manag. 116 (2016) 120�133.

[57] R. Singh, O. Singh, Comparative study of combined solid oxide fuel cell-gas

turbine�Organic Rankine cycle for different working fluid in bottoming cycle,

Energy Convers. Manag. 171 (2018) 659�670.

[58] L. Pierobon, M. Rokni, U. Larsen, F. Haglind, Thermodynamic analysis of an inte-

grated gasification solid oxide fuel cell plant combined with an organic Rankine

cycle, Renew. Energy 60 (2013) 226�234.

[59] E. Gholamian, V. Zare, A comparative thermodynamic investigation with environ-

mental analysis of SOFC waste heat to power conversion employing Kalina and

Organic Rankine Cycles, Energy Convers. Manag. 117 (2016) 150�161.

[60] P. Kuchonthara, S. Bhattacharya, A. Tsutsumi, Combinations of solid oxide fuel cell

and several enhanced gas turbine cycles, J. Power Sources 124 (1) (2003) 65�75.

[61] T. Srinivas, A.V.S.S.K.S. Gupta, B.V. Reddy, Parametric simulation of steam

injected gas turbine combined cycle, Proc. Inst. Mech. Eng. A: J. Power Energy 221

(7) (2007) 873�883.

[62] A.F. Massardo, F. Lubelli, Internal reforming solid oxide fuel cell-gas turbine com-

bined cycles (IRSOFC-GT): Part A: Cell model and cycle thermodynamic analysis,

J. Eng. Gas Turbines Power 122 (1) (2000) 27.

214 CHAPTER 6 Synthesis, integration, and intensification

http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref47
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref47
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref47
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref48
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref48
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref48
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref48
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref48
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref49
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref49
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref49
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref49
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref50
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref50
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref50
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref50
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref51
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref51
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref51
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref51
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref52
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref52
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref52
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref52
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref52
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref53
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref53
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref53
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref53
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref54
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref54
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref54
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref54
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref55
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref55
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref55
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref55
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref55
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref56
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref56
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref56
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref56
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref56
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref56
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref57
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref57
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref57
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref57
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref57
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref58
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref58
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref58
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref58
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref59
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref59
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref59
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref59
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref60
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref60
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref60
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref61
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref61
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref61
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref61
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref62
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref62
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref62


[63] M. Worall, T. Elmer, S. Riffat, S. Wu, S. Du, An experimental investigation of a

micro-tubular SOFC membrane-separated liquid desiccant dehumidification and cool-

ing tri-generation system, Appl. Therm. Eng. 120 (2017) 64�73.

[64] V. Liso, Y. Zhao, N. Brandon, M.P. Nielsen, S.K. Kær, Analysis of the impact of

heat-to-power ratio for a SOFC-based mCHP system for residential application under

different climate regions in Europe, Int. J. Hydrogen Energy 36 (21) (2011)

13715�13726.

[65] J. Kupecki, Off-design analysis of a micro-CHP unit with solid oxide fuel cells fed

by DME, Int. J. Hydrogen Energy 40 (35) (2015) 12009�12022.

[66] R. Jing, et al., Economic and environmental multi-optimal design and dispatch of

solid oxide fuel cell based CCHP system, Energy Convers. Manag 154 (2017)

365�379.

[67] L. Khani, S.M.S. Mahmoudi, A. Chitsaz, M.A. Rosen, Energy and exergoeconomic

evaluation of a new power/cooling cogeneration system based on a solid oxide fuel

cell, Energy 94 (2016) 64�77.

[68] A. Chitsaz, J. Hosseinpour, M. Assadi, Effect of recycling on the thermodynamic and

thermoeconomic performances of SOFC based on trigeneration systems: a compara-

tive study, Energy 124 (2017) 613�624.

[69] J. Hosseinpour, A. Chitsaz, B. Eisavi, M. Yari, Investigation on performance of an

integrated SOFC�Goswami system using wood gasification, Energy 148 (Apr. 2018)

614�628.

[70] T.M. Gür, Comprehensive review of methane conversion in solid oxide fuel cells:

prospects for efficient electricity generation from natural gas, Prog. Energy Combust.

Sci. 54 (2016) 1�64.

[71] C. Mahisanana, S. Authayanun, Y. Patcharavorachot, A. Arpornwichanop, Design of

SOFC based oxyfuel combustion systems with anode recycling and steam recycling

options, Energy Convers. Manag. 151 (2017) 723�736.

[72] F. Petrakopoulou, Y.D. Lee, G. Tsatsaronis, Simulation and exergetic evaluation of

CO2 capture in a solid-oxide fuel-cell combined-cycle power plant, Appl. Energy

114 (2014) 417�425.

[73] J. Nease, T.A. Adams, Systems for peaking power with 100% CO2 capture by inte-

gration of solid oxide fuel cells with compressed air energy storage, J. Power

Sources 228 (2013) 281�293.

[74] S. Chen, N. Lior, W. Xiang, Coal gasification integration with solid oxide fuel cell

and chemical looping combustion for high-efficiency power generation with inherent

CO2 capture, Appl. Energy 146 (2015) 298�312.

[75] V. Spallina, P. Nocerino, M.C. Romano, M. van Sint Annaland, S. Campanari, F.

Gallucci, Integration of solid oxide fuel cell (SOFC) and chemical looping combus-

tion (CLC) for ultra-high efficiency power generation and CO2 production, Int. J.

Greenh. Gas Control 71 (2018) 9�19.

[76] S. Campanari, L. Mastropasqua, M. Gazzani, P. Chiesa, M.C. Romano, Predicting

the ultimate potential of natural gas SOFC power cycles with CO2 capture � Part A:

Methodology and reference cases, J. Power Sources 324 (2016) 598�614.

[77] M. Sharifzadeh, Integration of process design and control: a review, Chem. Eng. Res.

Des. 91 (12) (2013) 2515�2549.

215References

http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref63
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref63
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref63
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref63
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref64
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref64
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref64
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref64
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref64
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref65
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref65
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref65
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref66
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref66
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref66
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref66
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref67
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref67
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref67
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref67
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref68
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref68
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref68
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref68
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref69
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref69
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref69
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref69
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref69
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref70
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref70
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref70
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref70
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref71
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref71
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref71
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref71
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref72
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref72
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref72
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref72
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref72
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref73
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref73
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref73
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref73
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref73
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref74
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref74
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref74
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref74
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref74
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref75
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref75
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref75
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref75
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref75
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref75
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref76
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref76
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref76
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref76
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref76
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref76
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref77
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref77
http://refhub.elsevier.com/B978-0-12-815253-9.00006-9/sbref77


This page intentionally left blank



CHAPTER

7Toward a systematic control
design for solid oxide fuel
cells

Maryam Ghadrdan
Principal Engineer Innovation, Research & Technology, Equinor ASA, Fornebu, Norway

7.1 Introduction
A solid oxide fuel cell (SOFC) is an electrochemical conversion device that pro-

duces electricity directly from fuel (hydrogen, alcohol, or other hydrocarbons)

and oxidants (oxygen or air). Like most other types of fuel cells, the main attrac-

tive features of solid oxide fuel cells are high-energy efficiency and mechanical

simplicity. In addition, SOFCs exhibit the following properties:

• Solid-state electrolyte can be employed.

• Water management is eliminated.

• High-fuel flexibility.

• The electrochemical reactions proceed more quickly at high temperatures and

noble-metal catalysts are often not needed.

• The temperature is high enough to facilitate the extraction of hydrogen.

• High-temperature fuel cells enable combined heat and power (CHP) systems.

• High-temperature exhaust gas can be used to run a gas turbine-bottoming cycle.

The focus of this chapter is on the optimal operation of SOFCs. There are many

parameters affecting the theoretical efficiency. The goal is to identify and measure

or estimate these variables and control them toward the desired performance of the

system. This chapter starts with a brief description on the basic operating principle

of SOFCs and a discussion on the necessity of applying control. The important

aspects of process design and modeling and their effect on control are discussed in

Sections 7.4 and 7.5. The core of this chapter is presented in Section 7.7 where a

systematic control�structure design methodology is described, which can be used

both for stabilizing control and supervisory (economic) control.

7.2 Operation principle of solid oxide fuel cells
Fig. 7.1 shows the operation principle of an SOFC. The fuel is fed to the

anode side where the high temperature allows it to be separated into its
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constituents, hydrogen (H2) and carbon monoxide (CO). Hydrogen reacts elec-

trochemically to generate two electrons per molecule of hydrogen. A current

is made to flow across the electrical load and reacts with oxygen at the cath-

ode side. Every two electrons generate an oxygen ion (O22), which migrates

across the electrolyte to the anode, where it reacts with the hydrogen to

release again the two electrons that generate the O22 ion, effectively closing

the circuit. The outlet of the SOFC is a clean and a relatively pure mixture of

water and carbon dioxide.

The SOFC system can provide electricity for outside devices continuously via

the electrochemical reactions, namely:

Anode reaction : 2H2 1O22-2H2O1 4e2

Cathode reaction : O2 1 4e2-2O22 (7.1)

To turn a stack of cells to a fully functional power generating system, several

auxiliary components (the balance-of-plant; BOP) must be integrated, taking care

of fuel pretreatment, power management, and heat exchange. To preserve the

high efficiency of the electrochemical conversion in the SOFC, the BOP often

needs to be designed to optimize the integration and minimize losses. This is an

important part of turning the SOFC to a real and viable end-product. When it

comes to optimal operation and control, one needs to define the system and the

parameters affecting the system carefully.

One of the main challenges of SOFC commercialization is their relatively

short lifetime and high manufacturing costs. The cause for short life is mainly

due to large temperature gradients, hot spots, interruption of supplies, impurities

in fuels, catalyst poisoning, high demanding-seal material properties, and so forth.

High-temperature operation also requires a higher cost of materials and

manufacturing [2]. Part of these issues can be handled by advanced material tech-

nology. Some other issues should be address by process and control engineers.

Optimal operation of fuel cells will result in higher efficiencies and lifetime

extension.

FIGURE 7.1

Operating principle of a solid oxide fuel cell [1].
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7.3 Why should we have control of solid oxide fuel cells?
Processes are monitored and influenced with the aid of control. Fig. 7.2 shows a

block diagram with feedback and feed-forward loops to control the dynamic

behavior of a system. Open-loop (feed-forward) control systems utilize an actuat-

ing device to control the process directly without using feedback. Control inputs

are optimized offline and are implemented with no correction. Closed-loop feed-

back control systems use a measurement of the output and feedback this signal to

compare it with the desired output. Closed-loop control systems are more accurate

even in the presence of nonlinearities, disturbances, and noise.

7.3.1 Reference following and disturbance rejection

Attenuating the effect of the disturbance on the output requires that the transfer

function from disturbance to the output becomes close to zero (see Fig. 7.2).

In cases when the disturbance channel has a lower gain at a given frequency, ω,
than the actuator channel ( GdðjωÞ

�� ��, GðjωÞ
�� ��), satisfying this constraint would be

straightforward. However, when the reverse is true ( GdðjωÞ
�� ��. GðjωÞ

�� ��), the feed-

back control-block must have a high gain at the given frequency. Such a high

gain has several implications, including imposing large variations in the actuator

command during process operation and high sensitivity to variations in the

dynamic behavior of the actuated channel at high frequencies [3]. In SOFCs the

process variables such as fuel flow rate, voltage, air-flow rate and fuel composi-

tion have limitations in amplitude and frequency. Dominant time constants are

different, ranging from milliseconds for voltage to seconds for fuel flow. The air-

flow rate has an even smaller bandwidth since the air flow primarily affects the

current through a change in operating temperature. These observations indicate

that disturbance�rejection control may require using multiple control layers

depending on the bandwidth and amplitude of the disturbance [4]. The right

choice of control structure can enhance the robustness of disturbance attenuation.

FIGURE 7.2

Control-system block diagram with feedback and feed-forward loops.
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Reference following is also subject to bandwidth restrictions. Good reference

following cannot be achieved unless an actuated channel is available with good

actuation authority at the reference frequency. The disturbance and set-point

responses cannot be designed independently due to inaccurate models and

unknown disturbances. The controllers must be designed simultaneously to

achieve the proper trade-off between performance and robustness.

7.3.2 Steady-state multiplicity

Multiple steady states are conditions with important consequences for the opera-

tion and control of chemical processes. From the control perspective, multiplici-

ties (i.e., multiple steady-states) are classified into output and input multiplicities.

The former refers to multiple output values for a given input, while the latter

refers to the same output for multiple input values. In the case of output multiplic-

ity, a feedback control loop ensures that the process stays at the desired steady

state and does not drift to a different steady state. Input multiplicity, on the other

hand, results in the possibility of “wrong” control action or steady-state transitions

even with feedback control [5]. Therefore, input multiplicity can severely com-

promise the robustness of a control system.

Fig. 7.3 shows an example for an input�output relation that exhibits input

multiplicity from a paper by Pavan Kumar and Kaistha [5]. The base-case operat-

ing condition is marked by o and the points where the output crosses its base-case

value causing input multiplicity are marked points 1 and 2. If the input is used to

control the output, the input multiplicity causes ambiguity in the control action to

be taken. Close to the base-case operating condition, the controller must be direct

acting. For an initial steady-state at point a the controller sees a positive error and

so reduces the input to bring the system back to the base-case operating condition.

On the other hand, for an initial steady-state at point b the controller sees a nega-

tive error signal and, therefore, increases the input instead of decreasing it. This

leads to a wrong control action. If the input�output relation turns back again, the

system would settle at the new steady state corresponding to point 3. If the

FIGURE 7.3

Typical steady-state, input�output relation with input multiplicity between manipulated

and controlled variables [5].
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input�output relation does not turn back the wrong control action would cause a

constraint. The cause of the wrong control action is sign reversal in the error sig-

nal into the controller. This is different from process gain sign reversal corre-

sponding to peaks and valleys in the input�output relation. Controller error sign

reversal occurs at the point of crossover in the input�output relation and is

marked as � in Fig. 7.3. Input multiplicity due to crossover in the input�output

relation thus leads to the possibility of wrong control action and steady-state

transition [5].

The existence of the multiplicity in SOFCs can make control of the fuel cells

more challenging. To predict these conditions and to develop strategies for pre-

venting unsteady states, a process model which can show the phenomena needs

to be developed. Bavarian and Soroush [6] studied steady-state multiplicity in an

SOFC in three modes of operation, namely constant ohmic external load,

potentio-static, and galvanostatic using a first-principles-based lumped model.

The effects of operating conditions such as convection heat-transfer coefficient,

inlet fuel and air temperatures and velocities on the steady-state multiplicity

regions were investigated. Depending on the operating conditions the cell exhi-

bits one or three steady states. Two scenarios where the system exhibits three

steady states are [7]:

- at low external load resistance values in constant ohmic external load

operation,

- at low cell voltage in potentio-static operation.

Figs. 7.4 and 7.5 show output steady-state multiplicity in two different

input�output relation plots for SOFCs. Output multiplicity can be tackled by

closed-loop feedback control.

FIGURE 7.4

Output multiplicity: Solid temperature versus load resistance for different fuel and air

velocities [7].
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7.4 Effect of solid oxide fuel cell design on control
The design of SOFCs has a huge impact on how the cell is operated [8]. The abil-

ity to achieve acceptable control performance is affected by process design.

Simply stated by Skogestad and Postlethwaite [9] “even the best control system

cannot make a Ferrari out of a Volkswagen.” The process of control-system

design should in some cases also include a step zero, involving the design of the

process equipment itself (see, e.g., [10�12]). Selection of cell geometry and

material type (particle size and porosity distribution), sizing, bypass and recircula-

tion loops, and integration in a Combined Heat and Power (CHP) installation are

among the design concepts that affect the performance of the system.

Several extra units are added to the fuel-cell system Brown et al. [13] have

studied different fuels such as methanol, gasoline or natural gas, as feed to the

fuel-cell system, and the fuel pre-treatment needed for each of the cases. These

units might add to the number of control degrees of freedom. The fuel pretreat-

ment system control is a subproblem with a different objective. Temperature con-

trol in the pretreatment system becomes important as the side reactions lead to

coke formation. For example, a two-input, two-output control structure was

implemented for a natural gas�fuel processor system where the partial oxidation

reaction temperature and the anode hydrogen mole fraction are controlled by the

air blower and fuel rates in the pretreatment system [15].

SOFCs have the potential to overcome the Carnot cycle efficiency limit, if

they are integrated with a conventional power plant. Developing hybrid power

generation comes from the idea to exploit the exhausted heat of SOFCs [8]. An

off-gas recycling approach based on the integration of waste heat is a good

FIGURE 7.5

Output multiplicity: solid temperature versus cell voltage [7].
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example of process improvement that helps with energy integration. Each of these

subsystems have different numbers of degrees of freedom, operational constraints,

and objectives that are affected by the global economic objective for the whole

plant.

Damping oscillations can also be addressed by process design. One example is

voltage control. Any change in the load is accompanied by an instantaneous

change in the stack voltage. The oscillation in the stack voltage cannot be avoided

no matter what type of control is used due to the limit on the fuel and air-flow

rates and their transport process to the reaction site [2]. To avoid this sudden loss

in voltage and possible damage to electrical equipment, integration of SOFC with

an ultracapacitor [2] or connection to a grid [16] are proposed. This gives an

added boost to the control system to keep the voltage at its reference value.

By avoiding a sudden drop in the voltage the controller copes with only slow

changes of the voltage and can bring the voltage back to its reference value by

changing fuel flow rates within its constraints relatively easily.

7.5 Modeling solid oxide fuel cells for control
Understanding SOFC dynamics is the first step in control studies. The multiphy-

sics nature of an SOFC, where intertwined mass, heat, momentum, and charge

transport phenomena take place simultaneously due to microcatalytic electro-

chemical reactions, is shown in Table 7.1 [1]. These phenomena occur at different

scales, covering a range from the macroscopic flow of reactants within the

Table 7.1 Summary of the physical phenomena taking place within different
components of an solid oxide fuel cell and their spatial scale [1].

Phenomenon Mechanism Layer Spatial Scale

Mass transport Molecular Channels, electrodes Macroscale
Ionic Electrolyte Microscale

Momentum transport Any Channels, electrodes Macroscale
Species transport Convection Channels, electrodes Macroscale

Ordinary diffusion Channels, electrodes Macroscale
Knudsen diffusion Electrodes Mesoscale

Heat transport Convection Channels, electrodes Macroscale
Diffusion Overall Macroscale
Radiation Cell surfaces Mesoscale

Reaction kinetics Redox Triple-phase boundaries Mesoscale
Reforming Anode Mesoscale

Charge transport Ionic Electrolyte Microscale
Electronics Electrodes, interconnect Microscale

Note: Redox refers to reduction�oxidation reactions.
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channels to the microscopic oxygen-ion dynamics through the electrolyte. One

should be careful about the level of detail when it comes to modeling for control.

Some of the phenomena may be ignored for simplification.

Fig. 7.6 shows the important phenomena which should be included in a simple

model. More advanced dynamic models include the effects of impedance, fluid

dynamics, and polarization. Bhattacharyya and Rengaswamy [17] provide a com-

prehensive survey of the available dynamic models of SOFCs.

Dynamic models are used to investigate responses of fuel cells under various

operating conditions. The dynamic response of an SOFC is characterized by time

constants ranging from milliseconds for electrical transport, tenths of seconds for

mass transport, and minutes to hours for thermal transport. The model should con-

tain multivariable interactions between manipulated and controlled variables.

Real-time monitoring and control is attainable when we can have a computation-

ally efficient model with fast-convergence time at every time step.

The open-loop dynamic response of variables provides insight into the physi-

cal phenomena associated with SOFC operation. The study by Spivey and Edgar

[18] shows the open-loop behavior of all the key variables in the SOFC system.

The authors have analyzed the physical phenomena behind the resulting perfor-

mance plot. As an example, the effect of pressure changes of the fuel stream on

power is explained here: for a step increase in fuel pressure the power quickly

reaches a maximum and then decreases with a slower, first-order approach to

steady-state [18]. The fast-time constant is caused by the quick response of elec-

trochemical reactions to the changing fuel partial pressures. The slow-time con-

stant is attributed to thermal inertia causing a longer-term drift in SOFC

properties until thermal equilibrium is reached. The applied model should be able

to reflect this behavior.

From the viewpoint of process control, the models should be easy to use for

designing controllers and yet be detailed enough to give a sufficient account of

the system dynamics [2]. Two examples are given here which show that oversim-

plification may have consequences.

FIGURE 7.6

Solid oxide fuel modeling block diagram.
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Example 1: The ideal performance of a fuel cell is described by the fundamental

laws of thermodynamics. From the First and Second Laws of thermodynamics the

reversible specific work of the fuel cell (wrev, per mole of reactants) is equal to

the Gibbs free energy of the reaction ΔGr [19]:

wrev 5ΔGr (7.2)

The reversible power of the cell can be written as the product of the specific

reversible work and the molar flow of the reactant ( _n):

Prev 5 _nwrev (7.3)

If the fuel cell is seen as an electrical device the power can be further

expressed as:

Prev 5VrevI (7.4)

where Vrev is the reversible voltage and I is the current, which is related to the

molar flow of the reactant according to the Faraday’s law, as

I52 nF _n (7.5)

where F is Faraday’s constant and n is the number of electrons that are released dur-

ing the ionization process of one fuel molecule. From the equations above, we have

Vrev 5
2ΔGr

nF
(7.6)

According to the Nernst equation, this equation can be rewritten in terms of

the tabulated values as

Vrev 5
2ΔG0

r

nF
2

RT

nF
ln
L xstpt


 �
L xstrt
� � (7.7)

where xrt and xpt represent the molar fractions of the reactants and products at the

reaction sites, respectively, and the superscript st stands for the stoichiometric coeffi-

cient. The Nernst equation relates the reduction potential of an electrochemical reac-

tion to the standard electrode potential, temperature, and activities (often approximated

by concentrations) of the chemical species undergoing reduction and oxidation.

In practice, Vrev represents the theoretical open-circuit voltage of the cell

(Vrev 5Voc). However, the voltage of a real cell hardly ever meets this theoretical

value, as shown in Fig. 7.7, due to the irreversibility arising in the operation. The

cell voltage of a real (irreversible) fuel cell is thus estimated as

V5Voc 2 ηact1ηcon
� �

a
2 ηact1ηcon
� �

c
2 ηohm 2 ηcross (7.8)

where the voltage drop (Voc 2V) should be attributed to the following major irre-

versibility [20]:
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• Activation overpotential (ηact). This is caused by the slowness of the reactions

taking place on the surface of the electrodes. A proportion of the voltage

generated is lost in driving the chemical reaction that transfers the electrons

to, or from, the electrode.

• Crossover overpotential (ηcross). Although the electrolyte should only transport

ions, there may be some energy losses related to the fuel passing through the

electrolyte, and, to a lesser extent, due to electron conduction through the

electrolyte. This source of voltage drop is usually not very important except in

the case of some low-temperature fuel cells.

• Ohmic overpotential (ηohm). This voltage drop is the resistance due to the flow of

electrons through the material of the electrodes and the various interconnections,

as well as the resistance due to the flow of ions through the electrolyte.

• Concentration overpotential (ηcon). This results from the change in

concentration of the reactants.

Cell voltage is one of the important measurements and a potential control vari-

able in the process. Some of the control studies were performed with the focus of

voltage control (see Table 7.2 for references). It is, therefore, important to accu-

rately define this key variable and its relationship with other variables.

Example 2: Thermal analysis of SOFC is important for reliability characterization

with regards to cracking and thermal fatigue. It is very common in the control lit-

erature to consider one-dimensional thermal modeling. The difference between

the maximum radial�thermal gradient versus the maximum axial thermal gradient

is significant, as shown in Fig. 7.8. The maximum thermal radial gradient at nom-

inal conditions is ca. 2250K/m, whereas the maximum axial gradient remains

below 750K/m. Conditions that decrease the fuel-inlet temperature and increase

the air temperature near the fuel inlet will cause the radial gradient to increase

C
el

l v
ol

ta
ge

Current density (A/cm2)

Vrev
“No loss” voltage

FIGURE 7.7

Typical fuel-cell performance characteristic curve [1].
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Table 7.2 Survey of control structures for solid oxide fuel cells (SOFCs).

Control
objective System Control structure Model

Control
methodology References Comments

Deliver the
desired power
output under
maximum
electrical
efficiency

Planar SOFC CV: temperature, fuel utilization
and power output

ODEs NMPC1
MHE

[21] Mole fraction and temperature
of exit gas are estimated using
moving horizon estimator

MV: fuel and air-flow rates and
the current density

Similar control strategy: [22�24]

Constraints are related with the
temperature and the fuel
utilization

Keep a constant
DC voltage

Standalone
SOFC

MV: fuel flow and utilization Support Vector Machine NMPC [25] To fulfill the requirement for fuel
utilization and control
constraints, a dynamic
constraint unit plus an
antiwindup scheme are
adopted. A feed-forward loop is
designed to deal with the
current disturbance. Terminal
cost is defined for control.

CV: voltage, the only
measurable variable in this
study

Voltage control Standalone
SOFC

CV: fuel utilization and voltage Wiener model including basic
reacting, partial pressures to
calculate output voltage, with
constant temperature. Model
consists of a linear block
followed by static output
nonlinearity

NMPC [26] Fuel utilization is held constant.

MV: hydrogen inlet flow

Power control Standalone
tubular SOFC

SISO version: power is
controlled by H2 flow

Input�output models are
identified from the data
generated by a detailed
dynamic model (NAARX)

MPC [27] In the process of model
validation, it is shown that the
mass transfer resistances inside
the electrodes play a key role in
determining the transients of the
system.

MIMO: power and utilization
factor are controlled and
voltage and H2 flow are inputs

Power control SOFC
system with
AOR

Feed-forward control Algebraic deterministic relations
are used to model the system,
relating fuel utilization and
anode recycle

PLC [28] The concept of AOR was tested
with success for large-scale
CHP units [10]

MV: natural gas, air, and recycle
rates

CV: stack fuel utilization and
oxygen-to-carbon ratio and air
flow

There is a cascade temperature
control using oxygen-to-carbon
ratio

(Continued )



Table 7.2 Survey of control structures for solid oxide fuel cells (SOFCs). Continued

Control
objective System Control structure Model

Control
methodology References Comments

Power control SOFC
system with
AOR

CV: power, SOFC and reformer
temperatures

Experimental setup PID [29] In combination with internal
reuse of waste heat the system
efficiency increases compared
to the usual path of partial
oxidation

MV: cathode air, reformer air,
fuel rate

Stabilization and
disturbance
rejection

SOFC Specific heat capacity of the
system at the outlet is
controlled. This is updated as a
multiplication of specific heat
and mass flow. Control input is
a function of lie derivatives of
the output.

An ODE-based thermal model is
developed. The model is
discretized using the finite-
volume method.

Interval-based
sliding mode
control

[30] Sliding mode control is a
nonlinear control method that
alters the dynamics of a system
by application of a
discontinuous control signal that
forces the system to “slide”
along a cross-section of the
system’s normal behavior

Control the
voltage and
guarantee the
fuel utilization
within a safe
range

SOFC MV: hydrogen flow rate and
current

An improved RBF neural
network identification. Genetic
algorithm is used to optimize
the parameters of RBF NN
model

MPC [31] The authors have compared the
control structure with constant
fuel usage control and
concluded that voltage control
performs better. See also [32].

CV: terminal voltage

Voltage control SOFC1BOP MV: natural gas input flow A Hammerstein model, in which
the nonlinear static part is
approximated by a RBF neural
network and the linear dynamic
part is modeled by an ARX
model.

NMPC [33] The fuel utilization and
temperature is kept constant
here. NMPC is compared to PI
control using the integral of time
absolute error.

CV: voltage

Power tracking Tubular
SOFC

MV: Inlet fuel pressure and
temperature, cell voltage, inlet
air mass flow and temperature,
and system pressure as
changed by the air compressor

DAE model for cathode-
supported tubular SOFC
designed by Siemens. Gas
transport in the SOFC
submodel is modeled as quasi-
steady-state. A two-dimensional
distributed parameter model
provides resolution in both axial
and radial directions.

MPC [18] The fuel and air temperatures
may be changed with
recuperators and bypass control
valves. Fuel pressure, air mass
flow, and system pressure may
be changed with variable speed
compressors. Cell voltage is
manipulated via the electrical
regulatory controls.

CV: power, minimum cell
temperature, maximum

Temperatures, utilizations, and
SCR are limited by constraints.



radial�thermal gradient, air
utilization, fuel utilization, SCR,
and efficiency

Minimizing
thermal stresses

SOFC with
anode and
cathode
exhaust
recirculation

CVs: power, lumped cell
temperature, combustor
temperature, voltage, and gas
turbine shaft speed

Linear state-space presentation LQR [34] State estimation is done via
Kalman filtering. Because the
LQR’s state feedback is only
proportional, a small tracking
error will exist. Therefore, a small
integral gain feedback loop on
system power is added to the
control design.

MVs: current, turbine speed set
point, anode fuel flow,
combustor fuel flow

The linear state-space
representation accounts for the
effect of deviations in the
ambient temperature and the
fuel’s methane mole fraction on
the system’s states and outputs

Disturbance
rejection and
load following

Standalone
SOFC

MVs: current, H2, and O2 flow
rates

Nonlinear dynamic model from
[35]

Two-layer
RTO1MPC

[36] RTO1MPC with hard output
constraint converges much
quicker and more reliably to
new optimal conditions than
RTO alone. See also [37].

CVs: power density, cell
potential, and fuel utilization

Track the power
demand while
maintaining all
output variables
within their
allowable
bounds

Standalone
SOFC

CV: combination of
measurements, which include
output voltage, fuel and oxygen
rates, current input, and
pressure difference

Linear model relating control
inputs and disturbances to
measurements

Decentralized
PID

[38] CV selection: a combination of
measurements are used as
control variable using self-
optimizing method objectives of
the SOFC closely. In terms of
tracking the power demand, the
performance of proposed
strategies is shown to be
superior than the data-driven
MPC.

MV: fuel and oxygen flow rates

Power control SOFC1 fuel
processing

MVs: input fuel and oxygen flow First-order transfer functions are
used based on experimental
data

Data-driven
MPC

[39] The proposed approach can
deal with systems without
complete online measurement
of all output variables

CVs: stack output voltage, fuel
utilization, ratio between H2 and
O2 flows, and fuel-cell pressure
difference

Current demand is considered
as disturbance

Minimizing total
cost (capital1
operating)

Tubular
SOFC1
ejector1
prereformer

MVs: cell voltage, air mass flow,
system pressure, fuel-inlet
pressure, and fuel-inlet
temperature

The system matches the tubular
Siemens Power Generation
design as modeled by
Campanari [40]. A first-
principles model was
developed. The SOFC model is
discretized in two dimensions,
and the ejector and prereformer
are modeled as lumped
components.

MPC [41] The SOFC design is optimized
for a load-following application
over a power distribution
subject to lifetime constraints

CVs: power output, minimum
cell temperature, radial�thermal
gradient, air utilization, fuel
utilization, and SCR

(Continued )



Table 7.2 Survey of control structures for solid oxide fuel cells (SOFCs). Continued

Control
objective System Control structure Model

Control
methodology References Comments

Temperature
control

SOFC MV: fuel and air flow Takagi�Sugeon (T�S) fuzzy
model

MPC [42] Current is the only disturbance
here

CV: SOFC temperature A physical model (ODE)
replaces the real SOFC stack to
generate the simulation data
required for the modified T�S
fuzzy model

Load following Bottoming
planar
SOFC1GT

CVs: power, voltage, SOFC
temperature, and GT speed,
TIT, and FU

Nonlinear ODEs PID [43] Anode fuel flow is controlled
using a feed-forward loop.
Steady-state voltage is
estimated.MVs: current, anode fuel flow,

GT power, supplementary
combustor fuel flow

Balancing SOFC1BOP Voltage, air and fuel flow outlet
from BOP are controlled in the
first layer. Cell current, exhaust
H2 and air exhaust temperature
are controlled using the
setpoints of the lower layer.

ODEs MPC1PID [44] The LPV structure includes
nonlinear scheduling functions
that blend the dynamics of
locally linear models to
represent nonlinear dynamic
behavior over large operating
ranges

A LPV model structure is used
to achieve a reduced-order
model

Spatial
temperature
control

SOFC MVs: cathode inlet temperature,
air-flow rate

The fuel-cell PEN assembly
temperature is solved by 1D
ODEs in the flow direction
capturing heat generation from
electrochemistry, conduction
heat transfer through the PEN
assembly and metal
interconnect and convection
heat transfer to the fuel and air
stream, and surface steam
reformation and water gas shift
reactions

H-infinity [45] This control technique is shown
to be quite effective in reducing
the thermal variations, due to
changes in the power demand,
while a variety of other
disturbances (e.g., fuel
variations) should also be
addressed

CVs: 5 temperature nodes in
electrolyte

Similar studies on H-infinity:
[46�48]

Stabilizing
control

SOFC-grid CV: grid bus voltage magnitude,
frequency variations

ODE models for swing
equation, power flow equations
and D/A invertor1 fuel-cell
equations

PID [16] The objective is achieved by
generating appropriate
switching signals to the DC�AC
inverters and modulating both
active and reactive powers

MV: rotor angle, phase

Disturbance
rejection

SOF1 fuel
processor

Constant voltage and constant
fuel utilization are compared

Partial pressures are calculated
and substituted in the Nernst
equation

PID [24] Focus is on introducing a
feasible operating area for a
SOFC power plant by
establishing the relationship
between the stack terminal
voltage, fuel utilization, and
stack current. The analysis
shows that both the terminal



voltage and the utilization factor
cannot be kept constant
simultaneously when the stack
current changes.

Power control SOFC�GT MV: fuel flow, current, recycle
ratio, air blow-off

gProms is used for modeling.
ODEs for mass and energy
balance for SOFC stack and
use of Nernst equation1mass
and energy balance for
combustion chamber1
power balance across the
turbine shaft.

PID [49] Some possible choices of
controlled variables were total
power, SOFC temperature, FU,
AU, voltage, TIT, steam/
methane ratio at prereformer
inlet. Results show that even
though the power and
temperature are controlled in a
desired manner, some other
system variables of interest
show undesirably large
deviations.

CV: total power, SOFC
temperature, FU, and steam/
methane ratio

Power control SOFC�GT1
battery and
anode
recirculation

CV: SOFC temperature, FU,
rotation speed, and system
power

Models for the compressor and
turbine are based on the
interpolation of characteristic
nondimensional curves. The
recuperator model is based on
a quasi-2D approach.

PID with FF [50] A compressor/turbine bypass
valve was introduced to control
the rotation speed and the
SOFC temperature was
controlled by adjusting the
rotation speed set value. Ejector
model was validated against
experimental data at both
steady-state and transient
conditions. This plant was able
to validate all the cathodic-side
models at both steady-state
and transient conditions against
plant data. FF is used to avoid
temperature oscillation. This
approach can give the expected
performance if load variation is
smoothened by a battery or an
electrical grid.

MV: compressor outlet, bypass
valve, battery state of charge,
SOFC current

Load following
and safe
operation

SOFC�GT MV: current, rotation speed, fuel
flow rate

Gas flows are treated as 1D
plug flow. The shaft model
includes acceleration/
deceleration of the shaft
through moment of inertia of the
moving parts. Temperature
model is 2D (axial and radial
directions)

PID [23] Focus is on part-load
performance. For variable shaft
speed, AU and FU as well as
SOFC inlet temperatures can
remain almost constant in part-
load operation with only a small
penalty on system efficiency. Cell
temperature in controlled by

CV: power, air flow, FU (SOFC
temperature)

(Continued )



Table 7.2 Survey of control structures for solid oxide fuel cells (SOFCs). Continued

Control
objective System Control structure Model

Control
methodology References Comments

adjusting the air-flow set point
(cascade).

Load following SOFC�GT
with cathode
recirculation

MVs: current, generator load,
blower power/heater bypass,
guide vane angle (IGV) or
Bypass (By), pre-FC fuel or
post-FC fuel

The model used a quasi-two-
dimensional approach for
simulating major components
by discretizing each component
in the primary flow direction and
resolving important physical and
chemical processes in the
cross-wise direction [51]

PID [52] In this paper, five different control
strategies for a cathode
recirculation SOFC hybrid system
and compared the performance
of the five control strategies,
while maintaining temperatures
and other operating conditions
within acceptable limits

CVs: net power, turbine speed,
cathode inlet and exhaust
temperatures, turbine exhaust
temperature

Maximizing
direct energy

SOFC MVs: flow rates and splitting
ratios

A set of ODEs NMPC [53] Model 1 is valid at lower current
load, where the temperatures of
electrode, interconnector and
unreacted gases do not differ
much, at higher current load,
this may not be the case.
Unscented Kalman filter is used
for state estimation.

CV: stack voltage Model 1: a “lumped model”
which assumes uniform
temperature throughout the cell

Model 2: a “detail model” which
assumes temperature
distributions

AU, Air Utilization; CV, controlled variables; MV, manipulated variables; ODEs, ordinary differential equations; NMPC, nonlinear model predictive controller; MHE, moving horizon estimation; MPC, model
predictive control; SISO, single input single output; MIMO, multiple input multiple output; NAARX, nonlinear additive autoregressive with exogenous input; PID, proportional integral derivative; ARX,
autoregressive with exogenous input; RTO, real-time optimization; TIT, turbine inlet temperature; FU, fuel utilization; LPV, linear parameter varying; PEN, positive electrode�electrolyte�negative electrode;
FF, feed forward; IGV, inlet guide vane angle; DC, direct current; AC, alternate current; AOR, anode off-gas recycle; CHP, combined heat and power; RBF, radial basis function; BOP, balance-of-plant;
SCR, steam-to-carbon ratio; LQR, linear quadratic regulator.PLC, Programmable Logic Controller; PI, Proportional Integral; DAE, Differential Algebraic Equation



further. This shows that 1D thermal modeling is not a good simplification when it

comes to designing control for an optimal and safe operation.

Commonly, the fuel-cell thermal management system is designed based on a

lumped fuel-cell temperature model for convenience, where the temperature is

uniform and the anode and cathode temperatures are the same. So, there will be

only one control loop to regulate the fuel-cell temperature [54].

These two examples show that accurate definition of variables and the right

level of simplification is very important in the modeling step.

The choice of model structure depends on the level of understanding of the

physical systems. Principle-based models have been the most used model struc-

ture in the SOFC literature (see Table 7.2). Unlike modeling from first principles,

which requires an in-depth knowledge of the system, system identification meth-

ods can model different system dynamics without knowledge of the actual system

physics. Generally, one can model a system using the general linear form

y sð Þ5G sð Þu sð Þ. This model can be derived by performing step tests.

Existing literature on identification of statistical models for SOFC can be

divided into two categories, namely linear and nonlinear. Finite Impulse

Response (FIR) [55], Auto-Regressive with eXogenous input (ARX) [56], Auto-

Regressive Moving Average with eXogenous input (ARMAX) [57], Box�Jenkins

(BJ) methods [58] are examples of linear data-based models for SOFCs. Artificial

neural network [59] and Hammerstein model structure (a static nonlinearity fol-

lowed by a dynamic linear model) [60,61] are examples of nonlinear data-based

models. Bhattacharyya et al. [27] have shown that a linear model such as an ARX

model is found to be satisfactory for most SISO cases. However, a nonlinear

FIGURE 7.8

Axial and radial�thermal gradients along the SOFC length at nominal conditions [18].
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model such as nonlinear additive auto-regressive with exogenous input (NARX)

with more cross terms is found to improve the model performance significantly

for the multiple-input and multiple-output (MIMO) case.

7.6 Sensing
Measurements are required to understand the physics and chemistry in the fuel-

cell system, optimize system design, and apply feedback control. The life span of

an SOFC stack depends on several factors. Some of them are linked to the fabri-

cation parameters, such as materials, porosity, and other design parameters, while

others depend on the operational parameters. An excessive stack temperature gen-

erally accelerates the degradation phenomena, while large temperature gradients

across the stack cause thermal stresses. Too low oxygen-to-carbon (O/C) ratio

cause carbon deposition, which leads to stack breakage [62]. Defects in the elec-

trolyte thin-film cause cross-leakage of fuel and air, which deteriorates the anode-

supported SOFCs [63]. These are some examples that show the importance of

monitoring and control of the key variables which lead to these problems. A wide

variety of sensors are developed to monitor the health and performance of SOFCs

(see, e.g. [64,65]). Some examples of modern measurement devices are given

next.

7.6.1 Measurements for operation and control

Temperature, pressure and flow rate measurements are the most common in the

chemical industry. The conventional inlet�outlet measurements in the fuel-cell

system are very useful to be integrated in control, but also fundamentally limited.

Intra-fuel-cell measurements give more detailed information of the process. In

this section, some examples of more recent measurements are given:

In-situ Raman spectroscopy: reduction�oxidation kinetics and local concentra-

tion variations of charge carrier across the electrode or electrolyte interface are

among the key factors determining performance of SOFCs. Raman spectroscopy

is a nondestructive measurement device. This method has been used in several

fuel-cell systems (e.g., [66,67]). New techniques are under development to use

Raman spectroscopy for the reaction zones, where charge carriers are generated,

such as the triple-phase boundary area, as this area is not accessible due to low-

penetration depth of the excitation radiation [68].

Distributed temperature sensors: A large gradient exists in gas concentration

and temperature from the fuel-inlet to outlet as fuel is consumed across the cell.

An experimental method to measure temperatures of unit cells inside SOFC

stacks was developed using thin K-type thermocouples and self-developed CAS-I

sealing materials in which the thin K-type thermocouple is inserted into the stack

from the middle of the multilayer sealant. [69]. Another technique for measuring
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the spatial distribution of temperature along an SOFC interconnect channel is to

use a distributed interrogation system coupled with a single-mode fiber optic thin-

film evanescent wave absorption sensor [70]. These sensors yield spatially distrib-

uted measurements with submillimeter accuracy. A review of recent advances in

in-situ optical measurement devices is given by Pomfret et al. [71]

Chemical sensors: The presence of sulfur and hydrocarbons in the reformed

gas can lead to degradation of nickel-based anodes [65]. Therefore measuring

these impurities in the reformate gas prior to their entry in the fuel-cell stacks is

needed. A chemical sensor is a device that transforms chemical information,

namely the presence of a component and its concentration, into an analytically

useful signal. The challenge with respect to monitoring these gaseous species is

the presence of hydrogen and humidity in the reformed gases. This issue is

addressed in recent research studies (e.g., [72]).

All the measurements (or combinations of them) are potential control variables.

Self-optimizing control offers a systematic method (see Section 7.7.3), which is

about how to choose the optimal set of measurements as control variables.

7.6.2 Soft-sensor developments for solid oxide fuel cells

Even though measuring many variables is indeed possible, implementing addi-

tional online sensors is costly and includes time delay. It also happens that some

important variables are not measurable. The value of primary variables can be

inferred by combining secondary variable measurements. There are several advan-

tages of inferential sensors in comparison with traditional instrumentation, includ-

ing easy implementation, no capital cost, and extraction of more information from

the existing data.

Some examples of soft-sensor development for SOFCs are:

• Dynamic estimation of model parameters; for example, diffusion coefficients

of the reacting species and the impedance elements, namely charge transfer

capacitance and resistance, are estimated by defining an optimal input design

(OID) problem in a receding-horizon framework [73]. External voltage,

current, consumption rates of hydrogen and oxygen, and the production rate of

water are the measured variables.

• Static estimation of process variables; for example, O/C ratio at the anode

inlet is estimated based on concentration measurements at other points in the

SOFC stack [62].

• Dynamic estimation of process variables; for example, unscented Kalman

filter is used to estimate the states (intra-fuel-cell partial pressures and

temperatures) based on measured current and input�output data [53]. This

soft-sensor is used in a control problem where voltage is managed by

manipulating flow rates and split ratios.

• Data-based estimation of process variables; for example, maximum stack

temperature is estimated based on a multivariate linear regression of
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measurement data, which are inlet gas-flow rates, temperatures, and stack

current. The estimated value is controlled by manipulating a bypass valve of

the air system�heat exchanger [74].

• Fault detection; for example, a fault diagnosis strategy developed by Wu and

Gao [32] to classify the SOFC system faults as normal, fuel-leakage fault, air-

compressor fault, or both fuel-leakage and air-compressor faults. Deviations of

the estimated values for voltage and fuel utilization from the actual values

confirms the faulty situation. The origin of the fault can be traced back to a

few key variables. For example, since fuel utilization can be expressed as a

ratio of current load and hydrogen input to the fuel cell, the fault in fuel

utilization can be traced back to either a fault in the load or in the hydrogen

system. The flow rate of hydrogen in the fuel cell, in turn, depends on the net-

flow rate of methane in the system.

These examples suggest different types of estimations and different areas of

application for the estimated values. At a very general level, these fields can be

divided into three broad categories [75]:

• Process monitoring

• Process control

• Offline operation assistance

7.6.3 Theory of soft-sensors

Process data analysis is the initial step in the design of inferential sensors. The

careful investigation of operational data enables us to extract relevant information

contained in historical data, select influential variables, and assess data quality;

that is, reliability, accuracy, completeness, and representativeness.

Principle component regression [76] and partial least squares (PLS) [77] are

two of the most used data analysis tools in chemometrics. These methods are

based on linear projection of the measurement space to a lower-dimensional sub-

space. Assume that the observations are collected in the matrices X and Y . We

want to obtain a linear relationship between the data sets. Y 5XB1B0, where

B and B0 are optimization variables. B0 is normally zero if the data are centered.

The least-square solution to this problem is B5 YX.

Mathematical models are also used to design estimators. The simplest model-

based static estimator is the “inferential estimator” by Brosilow and coworker

[78]. A fundamental problem with the Brosilow inferential estimator is that it fails

to consider the measurement noise in an explicit manner. Ghadrdan et al. [79]

developed an estimation method to include the effect of measurement noise in the

derivation of the optimal model-based static estimator. This means that the “high

condition number problem” that has been a concern in previous works [78,80] is

handled in an optimal manner. In addition, the purpose of estimation, that is-

whether the estimated variable is going to be used for monitoring or control, is
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taken into consideration. Ghadrdan et al. [79] derived optimal estimators for four

cases:

• Case S1. Predicting primary variables in a system with no control, that is, the

control inputs u are free variables.

• Case S2. Predicting primary variables in a system where the primary variables

y are measured and controlled, that is, the inputs u are used to keep y5 ys.

• Case S3. Predicting primary variables in a system where the inputs u are used

to control the secondary variables z, that is, z5 zs.

• Case S4. Predicting primary variables in a system where the primary variables

are estimated and controlled, that is, the inputs u are used to keep ŷ5 ys.

Cases S1, S2, and S3 are practically relevant if the estimator is used for moni-

toring only, because the estimate ŷ is not used for control (see Fig. 7.9). Case S4

is the relevant case when we use the estimator in closed loop (for control pur-

poses). The optimal estimators for cases S1, S2, and S3 are least-square estima-

tors with a similar structure to the Brosilow estimator, while the structure for case

S4 is quite different and more complex. The derivation is based on results from

optimal measurement combination for self-optimizing control [81]. The Y and X

in Fig. 7.9 have the same nature as the input and output data for PLS method.

Ghadrdan et al. [79] compared their model-based estimators with a PLS estimator.

The results were similar for a large enough number of measurements, but showed

better performance for the model-based estimator for a lower number of measure-

ments. Y and X data needed for PLS are the first and second columns of Yall
matrix, respectively. These data are derived from the process model.

Yall 5 Y X
� 	

5
Gy 0

Gx Xopt

� �
(7.9)

Equation 7.9 shows that the quality of data is more important than the amount

of data in estimators. We need to know the expected optimal variation in X as

given by matrix Xopt. Here, optimal means that primary variable y is constant (see

the second column in Yall). In addition, we also need to obtain Gx and Gy from

the data, which means that the data must contain nonoptimal variations in inputs

u; see the first column in Yall [79].

One important point in the study is to develop the estimators based on the tar-

geted use of the estimated variables. Ghadrdan et al. [79] showed that the predic-

tion error is the lowest when the right scenario is used; that is S1, when the

estimated variable is used for monitoring and there is no control; S3, when the

estimated variable is used for monitoring and there are already some stabilizing

control loops in place; S4, when the estimated variables are controlled.

Mathematical details on deriving the estimators and handling their dynamic

behavior are skipped here as the book is intended for industrial application. The

interested reader is referred to Ref. [81] for more detailed information.

The estimators explained above are in the category of static estimation. These

estimators can be implemented in a dynamic setting by automating the model
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updating and calculation of sensitivities (F matrix). This method has much less

computational cost compared to other dynamic methods, such as Kalman filter or

moving horizon estimator, and guarantees convergence as it is based on estima-

tion of the final steady-state values.
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FIGURE 7.9

Block diagrams for four static estimation cases [79].

(A) S1: Monitoring case where u is a free variable; (B) S2: Monitoring case where u is

used to control the primary variable y; (C) S3: Monitoring case where u is used to control

the secondary variable z; and (D) S45CL: “closed-loop” case where u is used to control

the predicted variable ŷ .

Estimator: ŷ 5Hxm, linear static models for the primary variables y, measurements x,

and secondary variables z are used here:

y 5Gyu1Gd
y d

x 5Gxu1Gd
x d

z 5Gzu1Gd
z d

u: inputs (degrees of freedom); these may include setpoints to lower-layer controllers

d: disturbances, including parameter changes

x: all available measured variables

nx : measurement noise (error) for x

y: primary variables that we want to estimate

z: secondary variables, which we may control, dim(z)5 dim(u)

W: expected magnitudes.
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7.7 Control
Implementation of a control system is necessary to operate chemical plants safe,

stable, and economically optimal in the presence of disturbances, which may fre-

quently occur during operation. To achieve desired performance and long durabil-

ity in an SOFC, it is needed to carefully balance the fuel and air with specific

flow rates, compositions, and temperatures. Such operation requires a control sys-

tem to regulate the SOFC and BOP components. Several control objectives have

been used in the literature [4,21,82,83]:

• Follow the load demand; that is, provide desired electrical power.

• Regulate disturbances such as handling the abrupt change of the fuel-cell

voltage during transient operations.

• Maximize efficiency; that is, maximize the ratio of produced power and

chemical potential of the fuel.

• Satisfy the constraints on input and output variables; that is, assure that the

SOFC and BOP are not damaged.

Examples of control systems that tackle one or more of the objectives can be

found in the literature. Representative examples are presented in Table 7.2. The

existing literature include studies on single-loop (SISO— single-input and sin-

gle-output) and multiloop (MIMO) control, decentralized (PID—proportional

integral derivative) and multivariable control, a single SOFC unit and hybrid

systems. Model predictive controllers (MPCs) have been used in many control

studies for SOFC, both model-based (e.g., [60]) and data-driven (e.g., [39]).

Choice of decentralized versus multivariable control is the answer to “how” a

system should be controlled. However, there is one important question to

answer before taking this decision; it is about “what” to control. The next sec-

tion presents the systematic control problem definition and control�structure

design.

7.7.1 Control�structure design

Control�structure design includes the design of controllers as well as selecting

the potential control and manipulated variables and decide on the way they should

be connected. There is generally a time-scale separation between different control

layers, which are connected through control variables; i.e., regulatory control is in

the scale of seconds, while the supervisory control is in the scales of minutes

[84]. At each layer the set point for controlled variables is given by the upper

layer and implemented by the lower layer. The control�structure design proce-

dure includes a top-down analysis to optimize the process for various disturbances

and to identify primary self-optimizing controlled variables (economic control

layer), and a bottom-up analysis to build up the control system from the bottom

layer, study the dynamics, and decide on pairings. The procedure is shown in
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Table 7.3. Self-optimizing control is a method to choose the best control variables

from measurements (or as a combination of measurements).

The top-down analysis focuses on steady-state economics, where an economi-

cal optimization problem is formulated. It starts with defining an objective func-

tion. Optimization is performed both at the nominal-operation point and for

important disturbances to calculate the sensitivities. Based on the optimization

results, a self-optimizing control strategy analysis is performed to select the best

controlled variables in different active-constraint regions. These regions are calcu-

lated by optimizing the system for a large range of disturbances, and track the

constraints. Having a new constraint in the active set (or losing one constraint

from the active set) means that the system has entered another active-constraint

region. Control variable selection procedure should be done separately for each

active-constraint region. Selection of the throughput manipulation (TPM) point is

important for inventory control. Throughput bottleneck dictates where the TPM

point should be located [85].

The bottom-up analysis focuses on dynamics and control of the process.

A dynamic model is necessary to validate the proposed control structure and analyze

the dynamic behavior of the closed-loop system. In this part, stabilizing control vari-

ables (secondary CVs) are selected and paired with the proper manipulated vari-

ables, and then the structure of the supervisory control layer is determined.

Table 7.3 Systematic control�structure design strategy [84].

Top-down (focus on steady-state
economics) Bottom-up (focus on dynamics)

• Define operational objectives (optimal
operation):
• Scalar cost function J (to be minimized)
• Constraints

• Objective: Find regions of active
constraints
• Identify steady-state degrees of
freedom and

• Expected disturbances
• Optimize the operation with respect to
the degrees of freedom for the
expected disturbances (offline analysis)

• Select location of throughput manipulator
(TPM) (Decision 3)
• Some plants, for example, with parallel
units, may have more than one TPM

• One may consider moving the TPM
depending on the constraint region

• Select structure of regulatory control
layer (including inventory control):
• Select “stabilizing” controlled variables
CV2 (Decision 2)

• Select inputs (valves) and “pairings”
for controlling CV2 (Decision 4)
2 Stabilizes the process and avoids

drift
2 If possible, use same regulatory

structure for all regions
• Select structure of supervisory control
• Controls primary CV1s
• Supervises regulatory layer
• Performs switching between CV1s for
different regions

• Select structure of (or evaluate the need
for) optimization layer (RTO)
Update setpoints for CV1 (if necessary)

TPM, throughput manipulator; RTO, real-time optimization.
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One example of applying this systematic method for SOFC control is pre-

sented by Chatrattanawet et al. [86]:

Step 1: Define cost and constraints. With a given load (current density), the

cost function to be minimized is the cost of the fuel feed minus the value of

the power, subject to satisfying constraints on the cell temperature kept at a

specific value.

Step 2: Identify optimal operation as a function of disturbances. At steady-

state, there are two operational degrees of freedom, the inlet molar flow rate

of air and fuel, MV5 [ _nair;in, _nfuel;in]. The current density is the main

disturbance. The fuel-cell temperature constraint is assumed to be always

active. There is then one remaining unconstrained degree of freedom, namely

excess air.

Step 3: Identify economic control variables. CV5 TFC xCH4
� 	

. Fuel-cell

temperature is the active constraint. As a “self-optimizing” variable for the

unconstrained degree of freedom, the fraction of unconverted methane in the

exhaust gas (xCH4) was chosen, which was found to result in a small economic

loss.

Step 4: The throughput manipulator is the current density.

Step 5: Regarding the structure of the stabilizing control layer, an important

decision is to select the “stabilizing” controlled variables CV2, which include

inventories and other drifting variables that need to be controlled on a short-

time scale. It is necessary to control temperature tightly to avoid material

stresses and to prevent cell voltage drop due to the depletion of fuel. In this

study, the economic controlled variables (CV1) were considered to be

acceptable as stabilizing variables (CV25CV1), so a separate regulatory

layer is not considered in this study.

Step 6: Select structure for control of CV1 (pairing).

7.7.2 What to control?

A control system makes use of sensor measurements to command actuation of

input variables. One of the first tasks in controller design is to decide which mea-

surements to use as control variables. In some cases, the choice of control vari-

ables may not be clear a priori. To meet the requirements by the solid-state

energy conversion alliance, the fuel-cell community recognizes the importance of

fuel-cell dynamics regarding the operability of critical-to-quality variables, includ-

ing steam-to-carbon ratio, thermal gradients, local temperatures, and fuel or air

utilizations [17,18]. Table 7.2 lists the signals which have been used as CVs in

SOFC control studies in the literature. Every measurement in the process (or com-

bination of all or a subset of measurements) can be used as a control variable.

Selection of optimal control variables depends on the control objective, sensitivity

of the measurements to the expected disturbances and control inputs, dynamic
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behavior of the closed-loop system, and process limitations. Fig. 7.10 provides an

example flowsheet that shows the measurements to be used for control. Intra-fuel-

cell measurements are not shown in this figure. Some of these variables are lim-

ited by process or safety constraints; for example:

• Minimum O/C ratio to avoid carbon deposition.

• Maximum rates due to pump limitation and pressure limitation.

• Maximum air utilization to ensure that enough oxygen is always supplied to

the cathode during power generation.

• Maximum fuel utilization to avoid possible degradation and local-fuel

starvation.

• Air-to-fuel ratio should be kept in a defined range to ensure that combustion

can be sustained. Too low oxygen means that only a fraction of the fuel will

be burnt, leading to high CO concentrations in the exhaust gas. Too much air

will lead to temperature decrease in the combustion chamber, forcing the

combustion to be stopped.

• Maximum cell temperature and temperature gradients to avoid degradation.

• To prevent damage to the electrolyte, the fuel-cell pressure difference between

the hydrogen and oxygen passing through the anode and cathode gas

compartments should have small deviations from normal operation under

transient conditions.
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FIGURE 7.10

Input�output measurements in an solid oxide fuel process [87].
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7.7.3 Self-optimizing control

Self-optimizing control is a systematic method for finding the appropriate set of

controlled variables from a set of process measurements. It is assumed that the

economics of the plant are characterized by the scalar objective function Jðu; dÞ,
where u and d represent the inputs (or unconstrained degrees of freedom) and the

disturbances, respectively. When the disturbances change from nominal values,

the optimal operation policy is to update the control input accordingly. This usu-

ally requires using an online optimizer that provides the optimal value of the

objective function [88]. A simpler strategy results when the control input u can be

indirectly adjusted using a feedback controller. In this case, the feedback control-

ler manipulates u to hold the CVs close to their specified setpoints. It is important

to note that self-optimizing is not a property of the controller itself. Rather the

term self-optimizing control has been used for describing a strategy for designing

the control structure where the aim is to achieve close-to-optimal operation by

(constant) set-point control [84].

Fig. 7.11 shows the feedback diagram for a linearized model. The diagonal

matrices Wd and Wn contain the magnitudes of expected disturbances and imple-

mentation errors associated with the individual measurements, respectively. The

matrices Gx and Gd
x are the steady-state gains from inputs and disturbances to

measurements, which are obtained by linearizing the system around the operating

point.

The self-optimizing control variables will be found by minimizing a loss

which is defined as [9]:

Loss5 J u; dð Þ2 Jopt dð Þ5 1

2
zTz (7.10)

FIGURE 7.11

Feedback diagram for a linearized model [89].
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where

Jopt dð Þ is the optimized objective function at a given disturbance, and

z5 J1=2uu ðu2 uoptÞ (7.11)

uoptðdÞ is obtained by expanding the gradient of the objective function around the

nominal point

Ju 5 J
�
u|{z}

5 0

1 J
�
uu J

�
ud

� 	 u

d

� �
(7.12)

To remain optimal, we must have Ju 5 0, so

uopt 52 J21
uu Judd (7.13)

A linear relation is assumed between inputs, disturbances, and outputs. So,

xopt 5Gxuopt 1Gd
xd5 2GxJ

21
uu Jud 1Gd

x

� �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
F

d (7.14)

F is defined as the optimal sensitivity matrix. The main objective in self-

optimizing control is to find a linear combination of measurements, c5Hx, such

that control of these indirectly leads to close-to-optimal operation with a small

loss despite unknown disturbances and measurement noise.

c5Hx5HGxu1HGd
xd (7.15)

copt 5Hxopt 5HGxuopt 1HGd
xd (7.16)

u2 uopt 5 HGx|ffl{zffl}
G

0@ 1A21

ðc2 coptÞ (7.17)

We need to write c2 copt as a function of d and nx.

Hðx1 nxÞ5 cs|{z}
0

(7.18)

We also have copt 5HFd. So,

c2 copt 5H Fd1 nxð Þ5H FWdd
0
1Wnxn

x
0
 �

5H FWd Wnx½ � d0

nx
0

� �
(7.19)

The final loss term will be

L5
1

2
J1=2uu HGxð Þ21H FWd Wnx½ � d0

nx
0

� �
(7.20)

Optimization of the loss function L is done after deciding on the structure of

H matrix:

• Single measurements; that is, only one nonzero element in every row of H matrix
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• Combination of all measurements; that is, all the H elements are considered as

nonzero

• Combination of subset of measurements; that is, some of the elements in

every row of H are nonzero

Solutions of the optimization problem for different H structures are discussed

in Refs. [80,90�92]. Better self-optimizing abilities can be shown with controlled

variables as combination of measurements [81,92]. As an example, a combination

of multiple temperature measurements along a process unit can give a better esti-

mate of the composition in the outlet flow compared to a single-point measure-

ment. Dynamic properties of the control loops should be studied and in some

cases corrected (see [93]), before taking the final decision on the best control

structure.

7.7.4 Controllability

The controllability of a process is the ability to achieve acceptable control perfor-

mance; that is, to preserve the outputs within specified bounds. Controllability

analysis offers a numerical indication, which provides a qualitative assessment of

the control properties of the alternative designs. Relative gain array (RGA) is one

of the popular controllability indices for the selection of control pairing and to

describe the interactions between inputs and outputs. Generally, RGA close to the

unity matrix are preferred. RGA of a nonsingular square complex matrix (G) is

defined as indicated in the equation below, where 3 denotes element by element

multiplication (the Schur product).

RGA Gð Þ5G3 ðG21ÞT (7.21)

Chatrattanawet et al. [86] have used RGA to perform the controllability analy-

sis of DIR�SOFC. They have considered lumped parameter models with the inlet

molar flow rates of air (u1) and fuel (u2). The fuel-cell temperature (y1) and the

fraction of methane (y2) are selected as outputs. The steady-state RGA for the

diagonal pairings (u1�y1, u2�y2) is close to 1, as desired. This pairing is also

reasonable from a dynamic point of view because the molar flow rate of fuel at

inlet (u2) has a direct effect on the fraction of methane (y2).

One important point is that modeling has a big effect on controllability analy-

sis. Radisavljevic [94] has shown that the linear models of SOFCs, commonly

used in the literature, are not controllable. The source of uncontrollability is the

equation for the pressure of the water vapor that is only affected by the fuel-cell

current, which, in fact, is a disturbance in this system and cannot be controlled by

the given model inputs, that is, inlet molar flow rates of hydrogen and oxygen.

Being uncontrollable, such models are not good candidates for studying control of

dynamic processes in SOFCs.
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7.7.5 Controllers

Various controllers including traditional PID controllers and linear and nonlinear

MPCs have been applied for control of fuel cells. Model predictive control is for-

mulated to solve a finite horizon open-loop optimal control problem in real time,

subject to system dynamics and constraints. The controller predicts the dynamic

behavior of the system over a prediction horizon and determines the input such

that the “open-loop” performance is optimized (Fig. 7.12). In general, the system

behaves quite differently from the prediction due to the disturbance and the mis-

matching between the dynamic model and the plant. The input value is calculated

according to the open-loop input and the feedback mechanism. The control input

is implemented only for one time step. When the new measurements are avail-

able, the whole procedure is repeated to find the next input with the control and

prediction horizon moving forward.

More than 95% of the controller in industry are still PID control.

Multivariable control is normally recommended when the control loops are highly

interactive (based on controllability analysis). It should be remembered that the

optimization is for open-loop case; that is, the control input is optimal for the

open-loop process.

There have been several studies on performance comparison of PI controllers

and model predictive controllers (see, e.g., [95,96]), which reported the efficiency

of either of the controllers for the applications under study. The conclusion

depend on control structure, existence of interactive control loops, and controller

tuning (see, e.g., [97,98]).

Time

Predicted control input

Past control input

Reference trajectory

Predicted trajectory

Prediction horizon

Past Future

FIGURE 7.12

Model predictive control for an single-input and single-output system.
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7.7.6 Model predictive control�self-optimizing control strategy

Control systems based on self-optimizing variables have low sensitivity toward

disturbances and are always convergent. MPC works best for interactive control

loops. High actuation usage may be an issue for MPCs, if the control structure is

not selected wisely. Integration of self-optimizing control with MPC is probably

the best solution to achieve optimal performance. Merging the two methods will

help to get rid of the drawbacks of the two methods, while the actuator usage will

be minimized. This has been tested on a case study by Graciano et al. [99]. They

noted that set-point updates computed by the real-time optimization were not fre-

quent enough to capture all disturbances. This leads to suboptimal process opera-

tion because the system is not reoptimized after a disturbance until it has reached

its new (suboptimal) steady state. An efficient way to handle this issue is to

include economic considerations in the design of the lower MPC layer. Fig. 7.13

shows the suggested structure.

7.8 Conclusion
This section summarizes the most important points which are discussed in this

chapter on the optimal operation of SOFCs. These points include potential

research directions.

• Different modeling paradigms have been suggested in the literature. The level

of simplification depends on the control objective. The important point is that

there should be a link between the key variables in the objective function and

control inputs in the model, reflecting the reality of the system. In addition,

the variables in the fuel-cell system have different dynamics. The model

should be able to show this.

FIGURE 7.13

Integration of model predictive control (MPC) and self-optimizing control (SOC) strategies

[99].

2477.8 Conclusion



• Many decisions that affect the operation of the plant are made during the

plant-design phase. To reach the maximum potential in a process, it is

necessary to study how the design will affect performance during operation.

A process design may lead to a robust control structure, for example, by

adding additional load-shaping devices to compensate for the disturbances in

the electrical load demands, while another process design leads to active-

constraint control where there is no place for optimization. Although there

have been some studies on integrating process control and design, there is no

research on systematically integrating self-optimizing control concepts into the

plant-design phase.

• Systematic control�structure design is missing in many of the control studies

in the literature. Defining a clear control objective, dividing the stabilizing and

economic control layers based on time-scale separation, selection of control

variables and CV�MV pairings are some of the important decisions. Deciding

on “what to control” has not been a part of most research studies. The

systematic control variable selection presented in this chapter is based on

offline optimization of steady-state simulation models and is easy to

implement. An important potential research activity is to design a control

structure for an SOFC system and its integration with other chemical

processes based on self-optimizing control strategy. Decentralized or

multivariable control should be chosen based on controllability analysis.

• Measuring or estimation of key variables in an SOFC system is important for

monitoring and control. Each of the measurements, or a combination of them

(which may be an estimate for another process variable), are potential control

variables. An estimation problem should be formulated based on the

application of the estimated variable, that is, whether it’s going to be used for

monitoring or in a closed-loop control structure. A static-estimation method is

presented in this chapter, which covers four different cases. Extension of these

estimators to be applied in a dynamic setting is a potential research direction.
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[48] V. Knyazkin, L. Söder, C. Canizares, Control challenges of fuel cell-driven distributed

generation, in: 2003 IEEE Bol. PowerTech - Conf. Proc., vol. 2, pp. 564�569, 2003.

[49] R. Kandepu, L. Imsland, B.A. Foss, C. Stiller, B. Thorud, O. Bolland, Modeling and

control of a SOFC-GT-based autonomous power system, Energy 32 (4) (2007)

406�417.

[50] M.L. Ferrari, Advanced control approach for hybrid systems based on solid oxide

fuel cells, Appl. Energy 145 (2015) 364�373.

[51] D. McLarty, Y. Kuniba, J. Brouwer, S. Samuelsen, Experimental and theoretical evi-

dence for control requirements in solid oxide fuel cell gas turbine hybrid systems,

J. Power Sources 209 (2012) 195�203.

[52] D. McLarty, J. Brouwer, S. Samuelsen, Fuel cell�gas turbine hybrid system design

part II: dynamics and control, J. Power Sources 254 (2014) 126�136.

[53] A.K.M.M. Murshed, B. Huang, K. Nandakumar, Estimation and control of solid

oxide fuel cell system, Comput. Chem. Eng. 34 (1) (2010) 96�111.

[54] J. Chen, M. Liang, H. Zhang, S. Weng, Study on control strategy for a SOFC-GT

hybrid system with anode and cathode recirculation loops, Int. J. Hydrogen Energy

42 (49) (2017) 29422�29432.

[55] B. Kwon, S. Han, K. Lee, Robust estimation and tracking of power system harmonics

using an optimal finite impulse response filter, Energies 11 (7) (2018) 1811.

[56] H.B. Huo, X.H. Kuang, H.E. Huo, X.J. Zhu, Dynamic modeling of SOFC stack using

ARX identification algorithm, in: Proc. 2012 Int. Conf. Model. Identif. Control,

2012, pp. 647�652.

[57] Q. Song, F. Liu, The direct approach to unified GPC based on ARMAX/CARIMA/

CARMA model and application for pneumatic actuator control, in: First International

Conference on Innovative Computing, Information and Control (ICICIC’06), vol. 1,

2006, pp. 336�339.

[58] F. Jurado, Modeling SOFC plants on the distribution system using identification

algorithms, J. Power Sources 129 (2004) 205�215.

[59] H. Cheng, S. Jing, Y. Xu, Z. Deng, J. Li, X. Li, Control-oriented modeling analysis

and optimization of planar solid oxide fuel cell system, Int. J. Hydrogen Energy 41 (47)

(2016) 22285�22304.

[60] F. Jurado, A method for the identification of solid oxide fuel cells using a hammer-

stein model, J. Power Sources 154 (1) (2006) 145�152.
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8.1 Introduction
Solid oxide fuel cells (SOFCs) offer several advantages including high-energy

efficiency, fuel flexibility, tolerance of minor fuel contaminations, and the possi-

bility of being integrated with a diverse array of applications. However, these

advantages come at the price of a highly interactive operation and more extreme

operating conditions. This chapter provides an overview of the research in the

field of fault detection, loss prevention, and operational safety concerning SOFC

technologies. First, the mechanisms that cause equipment faults and their diagnos-

tic procedures are discussed. Then the explosive and electrical hazards associated

with installation, operation, and handling of SOFC systems are reviewed. The

next theme is concerned with operational safety and interactions between various

SOFC system components. Finally the interactions of process design and safety

are demonstrated by using an example of a hybrid SOFC, triple combined-cycle

power generation system. The chapter concludes with a summary of the findings

in the research field and recommendations of potent areas for future research.

8.2 Solid oxide fuel cell fault mechanisms
As discussed briefly in previous chapters, there are risks associated with thermal

stress, carbon formation, and catalyst poisoning that could result in sudden failure

of an SOFC stack and its components. The performance degradation could be due

to the deterioration of a single component or the interactions with other process-

unit operations. Broadly speaking the degradation mechanisms could lead to
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reversible or irreversible performance degradations, which demonstrate them-

selves as the loss of potential for a constant-current load [1]. The examples of

reversible-performance loss are early carbon deposition and sulfur poisoning,

which are associated with minor and reversible thermochemical changes.

However, most of the thermomechanical damages including electrode delamina-

tion and electrolyte cracking cause irreversible failure and would require the

replacement of the damaged component.

A thorough review of the diagnostic methods for SOFC failures was presented

by Barelli et al. [1]. They classified the degradation mechanism into those result-

ing in ohmic resistance or the faults that degrade the microstructure of the elec-

trode. Electrode delamination, anode reoxidation, oxide-layer growth, and rib

detachment are the mechanisms that increase the ohmic resistance. By compari-

son, electrode microstructure sintering, cathode-microstructure poisoning, carbon

deposition on the anode, anode sulfur-poisoning, and cathode boron-poisoning are

responsible for the microstructure degradation faults. These will be briefly dis-

cussed next.

The electrode delamination refers to a phenomenon in which an electrode is

detached from the electrolyte. Thermal cycling due to the load variations from

ambient temperature to extreme operating conditions is the main cause of this

failure and could result in the detachment of the adjacent layers due to the differ-

ences in the thermal-expansion factors of the metal and ceramic SOFC compo-

nents. The open gaps act as barriers to the electric current and result in the

deactivation of the electrochemical reactions in the areas below and above delam-

ination [1]. Frequent and rapid load-cycling could also result in thermal stress,

which could degrade the material and detachments due to thermal-expansion dif-

ferences of the cell components. SOFC seal failure could result in leakage of the

fuel and air, the local shortage of fuel, as well as anode reoxidation. It is crucial

that the seal can tolerate the frequent heating and cooling procedures between the

high-operating temperature and the ambient temperature, and do not degrade

other cell materials with which it is in contact [1]. Another important failure

mechanism is the oxide-layer growth when oxidation results in a less electrically

conducting layer covering the interface of the interconnect and electrode, which

increases the overall resistance [1]. Rib detachment can disconnect the local,

electrical-current flow. The change in the electron pathways may overheat and

oxidize the adjacent connect ribs, increasing the resistance and causing degrada-

tion. All these failures contribute to an increase in ohmic resistance [1].

Fuel contamination could cause microstructure degradation of the electrode-

porous materials at elevated temperatures. The electrode-porous structure provides

the active sites for electrochemical reactions and the transport of gaseous materi-

als. Its degradation deteriorates the cell performance. Sintering and coarsening of

the nickel�YSZ cermet microstructures of the anode occur due to the agglomera-

tion of Ni due to its weak-adhesion properties, resulting in the reduction of chemi-

cally active sites, uneven electrode-porosity distribution, and reduced electrical

pathways. Such failure would be detected as increased overpotentials and reduced
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power outputs [1]. The application of stainless-steel interconnectors results in the

outgas of chromium products that deposit on the electrochemically active sites and

poison the electrode microstructure [1]. Carbon deposition is an undesirable side

reaction that is catalyzed by the Ni active sides on the anode, which affects the

electrochemical activity and the species transport rate. Early carbon deposition

could be reversibly removed by adjusting the operating conditions. However, at

temperatures above 923K the deposited carbon dissolves in the Ni particles and

degrades the structural integrity [1]. The adsorption of a molecular monolayer of

sulfur compounds as a fuel contaminant blocks the active sides and poisons the

anode materials. This phenomenon is, to a large extent, reversible at low concen-

trations and short-exposure durations [1]. However, it should be strictly avoided as

it greatly reduces cell performance. In addition the presence of boron compounds

results in cathode degradation due to agglomeration and grain-size growth.

Liu et al. [2] studied the interfacial shear stress and peeling stress of two com-

mon SOFC configurations, namely electrolyte-supported and anode-supported

SOFCs, during thermal cycling. The authors reported that the interfacial shear

and peeling stress were intense near the electrode free-edge areas. The authors

reported that the anode�electrolyte interface was at a high risk of delamination

under thermal stresses. In electrolyte-supported SOFCs the electrolyte is relatively

thicker than the anode electrode (100 μm vs 50 μm). In anode-supported SOFCs

the electrolyte is much thinner (,20 μm); the cathode thickness is larger (50 μm),

but still much less than the anode electrode (0.3�1.5 mm). As a result of the

thickness differences, anode-supported SOFCs can operate at a much lower tem-

peratures (700�C�800�C compared to 1000�C in the former configuration). Liu

et al. [2] reported that for both configurations the number of thermal cycling

before failure decreases as the electrode porosity increases (the anode electrode in

the case of electrolyte-supported SOFCs or the electrolyte electrode in the case of

anode-supported SOFCs). The authors reported that anode off-gas recirculation

can enhance the net-electrical efficiency up to 160%.

Zaccaria et al. [3] studied the degradation of a syngas-fed SOFC over an opera-

tional period of 12,000 hours. The degradation was monitored by observing the

ohmic resistance as functions of the current density, fuel utilization, and tempera-

ture. They observed that at the beginning of the operation duration the degradation

starts at the cell inlet where the fuel utilization and current density is higher and

the temperature is lower. However, by increasing the resistance at the inlet the cur-

rent density peak shifts toward the center (around 50 hours operational time).

8.3 Solid oxide fuel cell fault diagnosis
It is notable that most of the abovementioned fault mechanisms do not exhibit

themselves as a unique symptom. Therefore sophisticated diagnostic procedures

are under development. Electrochemical impedance spectroscopy methods are

2578.3 Solid oxide fuel cell fault diagnosis



recommended as noninvasive procedures for the detection of delamination.

Thermodynamic equilibrium calculations allow detection of the operating condi-

tions which would lead to oxidation. For high-fuel utilization the partial pressure of

the fuel drops very low and the reductive-reaction environment changes to an oxi-

dative environment. The increased polarization resistance of anode and cathode

electrodes with no corresponding changes in the peak frequency, accompanied by a

proportional rise in series resistance, is the diagnostic feature of delamination [1].

Anode reoxidation also depends on the temperature, and for a certain tempera-

ture and fuel flow rate there is a maximum fuel-utilization limit that should not

be exceeded in order to avoid locally, lean-fuel concentrations. Since anode reoxi-

dation results in the expansion of the anode bulk materials, anode-volume expan-

sion is considered as a diagnostic feature [1].

Although SOFC stacks capable of multiple reduction�oxidation (redox) cycles

are developed, for thick anode-supported SOFCs, the volume change causes small

cracks and leakage, with the detrimental consequence of the combustion of air

and fuel. The mitigation strategy is often to use a reducing, purge gas. The reduc-

ing gas can be supplied from the gas storage tank, reducing hydrogen from prere-

former catalyst oxidation, or a separate catalytic partial oxidation reformer.

Alternatively a reverse potential could be applied to the stack [4].

Impedance analysis is the method of choice for detecting the chromium-oxide

layer formed between the interconnect rib and cathode. A slight increase in the

polarization resistance, with a constant characteristic frequency, is the diagnostic

signature of this failure [1]. Rib detachment causes less severe damage compared to

delamination, which should be associated with the mobility of electrons [1]. Barelli

et al. [1] emphasized that despite the great importance of microstructural degrada-

tion mechanisms there are no global diagnostic methods available for them.

Thermal stresses cause discontinuities across the electrode and electrolyte

interfaces. Acoustic emission is recognized as a useful indicator for diagnosing

such failures. Even small differences in the thermal-expansion coefficients could

result in large mechanical stress between cell components due to rapid thermal

cycles (start-up or shut-downs) and temperature gradients. Functionally graded

materials are developed to limit the changes in the composition of the contact

layers between two cell components with different properties. Saied et al. [5]

reported that a functionally graded electrode offers 23% higher power density at

the voltage of 0.6 V, with much better yields.

Yan et al. [6] studied an SOFC stack consisting of 10 anode-supported cells

with an external manifold structure. The external manifold allowed uniform flow

with differences less than 0.1%. The system was examined with respect to degra-

dation after 700 hours. The degradation rate was reported to be 17.6% per

1000 hours. Minor microstructure changes in the material and increase in area-

specific resistance was observed. Stainless-steel interconnect oxidation and small

leakages were also observed.

Wu and Gao [7] reported the design of a fault tolerant-control system for heat

management and load tracking of an SOFC system. The control system consisted
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of a fault-diagnosis module, a decision-making part, and four backup nonlinear

model predictive controllers corresponding to the four modes of normal operation,

namely operation with the fuel-leakage fault, operation with the air-compressor

fault, or operation with both fuel-leakage and air-compressor faults. The authors

applied a model-based classifier to detect the occurring fault type. The NMPCs

were based on back propagation neural network models. The authors reported

enhancements in the lifetime and performance of the SOFC system.

Esposito et al. [8] applied continuous wavelet transform to detect the failure

signature in the voltage signal for anode reoxidation due to higher-than-normal

fuel utilization. The authors reported a success rate of 6% for fault detection.

Wu and Ye [9] studied the diagnosis of anode poisoning and cathode humidifi-

cation in an SOFC system. They applied the least squares support vector machine

classifier to detect the faults, and the hidden semi-Mark models to estimate the

remaining useful life. They reported a 97% success rate for fault detection and the

estimation of the SOFC lifetime drop was in the range of 6 20% error.

Polverino et al. [10,11] applied a fault signature matrix analysis based on a

fault-tree analysis. The considered fault scenarios included the increase in air-

blower mechanical losses, leakage in the manifold, temperature-controller failure,

corrosion of the prereformer heat-exchange surface, and increase in stack-

polarization losses. The stack power, air-blower power, and stack temperature

were applied for monitoring and fault isolation.

8.4 Solid oxide fuel cell hazards and their risk-control
strategies

The Great Britain Health and Safety Executive (HSE) issued a guideline in 2004

on the safe installation of fuel cells, as well as controlling the operational risk,

which is summarized here [12]. Broadly speaking the SOFC installation and oper-

ation hazards can be classified into the three categories of fire and explosion,

electric shocks, and the exposure to harmful materials, as discussed next.

For fire or explosion to occur three elements are needed, namely a fuel with

high-energy content, an oxidant, and a source of ignition. SOFC systems have a

high potential to operate flexibly with various fuels, including hydrogen, natural

gas and biogas, methanol, ethanol, dimethyl ether, liquid hydrocarbons, and syn-

thesis gases from biomass and coal sources. Among these, hydrogen liquefied

petroleum gas (LPG) is the most dangerous fuel due to its very wide flammability

range, low-ignition energy, the possibility of detonation, and the possibility of

causing embrittlement of some metals. Hydrogen burns with an almost invisible

flame. Its lower explosion limit (LEL) is 4% v/v with an upper limit of 75% v/v.

The ignition energy for a 2:1 hydrogen�oxygen mixture is 0.02 mJ, which is one-

tenth of other fuels such as methane. Even small sparks from wearing some cloths

can ignite the hydrogen�air mixture [12]. The detonation of the hydrogen
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flammable mixtures creates a supersonic exothermic front and is much more dan-

gerous than other types of explosion such as deflagrations. The low viscosity of

hydrogen requires more stringent consideration to make the equipment “leak-

tight” compared to other gases such as nitrogen. This is an important consider-

ation when designing SOFC systems using multiple fuels [12].

Various fuels have different densities compared to air and, therefore, show dif-

ferent leakage behaviors. Compressed hydrogen is much lighter than air and

quickly moves upward due to its buoyancy and diffusivity. This helps with its dis-

charge if appropriate ventilation is in place. However, if it accumulates in an

enclosed area its concentration may build up quickly in the higher regions and

unprotected electrical equipment could be the source of ignition, with a high risk

of explosion. By comparison, liquid hydrogen boils at �253�C and, immediately

after leakage, would create a very cold sinking gas, heavier than air. This gas

layer forms a flammable atmosphere at a low level. In addition the low tempera-

ture of hydrogen storage often induces an oxygen-rich liquid air, which upon

leakage could result in a severe cold burn on the unprotected pipework [12].

Natural gas is lighter than air, but much heavier than hydrogen, and diffuses

upward much more slowly. LPG vapors are heavier than air and may permeate

downward onto the floor or accumulate in sumps.

In addition to flammability concerns some fuels such as methanol may also be

toxic by inhalation, adsorption on the skin, or digestion. The safety measures

include prevention from spillage and accumulation through containment and ven-

tilation [12]. The ignition sources could be naked flame or hot surfaces, sparks

from welding or grinding, as well as the electrostatic sparks from motors, mobile

phones, switches, and mechanical devices.

The other important hazard in working with SOFCs is electrical shock. The

voltage and current of individual cells are often small, but the output from the

stack could be in the order of 200�400 V. A short circuit across the output bus-

bars could result in a sharp temperature increase and potentially a shower of

sparks [12]. The risk-control strategies recommended by the HSE include design-

ing inherently safer processes by substituting hydrogen with safer fuels, prevent-

ing the formation of flammable mixtures, eliminating the sources of ignition, and

suppression, mitigation, and containment of the explosion. The containment, seg-

regation, separation, and ventilation strategies are applied to avoid the formation

of flammable mixtures [12].

SOFCs and other fuel cells employ harmful chemicals in their components.

These are often in closed systems with minimal risk of exposure. However, it is

important to safeguard personnel from potential exposures during disposal or in

the case when the fuel cell is damaged. Some fuels could be poisonous or can-

cerogenic. Methanol�air mixture is harmful to the health of personnel at concen-

trations (the time-weighted average of 200 ppm) much lower than its

flammability limit (LEL 6% v/v) [12]. General safety considerations regarding

manual handling, training personnel, and emergency procedures are strictly

required [12].

260 CHAPTER 8 Fault detection, loss prevention, hazard mitigation



Lanzini et al. [13] reported the safety design of the DEMOSOFC plant, which

is planned to be the first biogas-fueled, industrial-size SOFC installation in

Europe. In their design the highest priority was given to eliminating the explosion

risk. The combustible streams are present in the process and stack modules. In

their analysis the process module was divided into cold and hot areas, separated

by an insulating wall, with appropriate ventilation. A gas detector monitors the

risk of leakage. Differential pressure control ensures proper negative-pressure

inside the process module. A cooling system was provided to cool the ventilation

air in the hot area. In the case of (emergency) shut-downs, the fuel-feed valve is

closed and the pipelines and vessels containing combustible fuel are flushed with

nitrogen. In addition the DC/AC converter and the fuel cells are disconnected and

shut down by the means of safety relays [13].

8.5 Loss prevention during solid oxide fuel cell fuel
transition

Harun et al. [14] studied the impact of fuel composition on the safety of transient

operations. The research motivation was the significant capability of SOFCs for

fuel flexibility. Safety constraints such as compressor surge or stall and the ther-

mal stresses of process equipment were considered. They observed that in the first

milliseconds of the transition from a coal-based syngas to humidified methane

(14% CH4) the thermal effluent of the fuel cell increased by 17% as the result of

the conversion of the stack thermal energy into chemical energy. After 250 sec-

onds the temperature gradient across the fuel cell was increased by 39%, which

could be attributed to the cooling effect of reforming reactions. They recom-

mended thermal management using the cathode air flow to mitigate the undesir-

able effects of the fuel transition. In another study, Harun et al. [15] investigated

the role cathode air plays for the transition from a lean-methane syngas to a rich-

methane fuel. The authors reported significant air-flow fluctuations (up to 8%) in

less than a minute after fuel-composition change.

Liu et al. [16] studied an SOFC system with anode-exhaust recirculation and

its ejector applied for recycling gas compression. The focus of their study was the

behavior of the ejector that was originally designed for natural-gas compression

when syngas derived from biomass gasification is applied. The safety issues such

as carbon deposition, anode Ni oxidation, as well as the cell performance were

investigated. They observed that the entrainment ratio of the biomass gasification

syngas was significantly less than the natural-gas scenario (i.e., 0.71 vs 8.9).

Under the studied operating conditions, no carbon deposition or Ni oxidation was

observed for the biomass-derived fuel. However, the electrical efficiency was

reported to be 15% lower than the natural-gas scenario.

Lv et al. [17] studied the application of four gasified biomass gases from

wood chips, cottonwood, corn stalks, and grape-seed gas. The authors reported
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the risk of overheating of the turbine and the SOFC system for gasified wood

chips. By comparison, low turbine-inlet temperature and compressor surge was

reported for cottonwood gas and corn-stalk gas. The electrical efficiency was the

highest for the wood-chip gas, followed by the grape-seed gas, cottonwood gas,

and corn-stalk gas.

8.6 Safe operation of solid oxide fuel cell systems
Zhang et al. [18] emphasized the complications associated with the safe and effi-

cient operation of SOFC systems. They proposed to add a second, air-bypass

manifold (Fig. 8.1) to control the temperature and enable smooth, safe, and resil-

ient load-tracking. Three load-tracking strategies were investigated. The external

power load was almost doubled and the implemented changes in the excess-air

ratio, bypass-opening ratio, and fuel utilization was the same in all these scenar-

ios. However, the stack output current was changed with the three strategies of

(1) a step change, (2) multistep change, and (3) parabolic power-switching. By

studying the concertation of hydrogen, they concluded that the parabolic gradual

change of the current is the most effective strategy to avoid fuel exhaustion that

could be the result of gas transmission delays.

During the starting up of SOFC systems, electrical heaters or start-up burners

are applied for heating up the system. By comparison, cooling down during shut-

down operations is done passively through production discontinuation or, if

needed, could be accelerated by an air blower [4]. Peksen [19] studied the rapid

heating up of SOFC systems using electrical heaters integrated into the stack

(Fig. 8.2). The electrically heated cartridges were programmed to increase the

temperature from the room conditions to 900�C in 6600 seconds. In order to avoid

tensile stress a minimal temperature gradient is desirable. The authors optimized

FIGURE 8.1

A solid oxide fuel cell (SOFC) system with cathode-air bypass for safe and efficient

transient operation [18].
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the location of the heating plates to minimize the temperature gradient during the

heating-up operation.

In order to protect the anode from reoxidation during start-up operations, pre-

mixed reducing gases are applied. Halinen et al. [20] studied the application of

prereformer and anode off-gas recycling instead of reducing gas. The authors

reported that the oxygen presence (e.g., through air leakage in the recycled anode

off-gases) would hinder reforming reactions at low temperatures and increase the

light-off temperature (start of reforming reactions) by 200�C. In this scenario,

hydrogen needs to be injected. While the SOFC stack itself is capable of produc-

ing hydrogen at temperatures above 400�C, due to the catalytically active Ni par-

ticles in the anode, this strategy is not recommended as anode oxidation can start

at temperatures as low as 350�C. Therefore the reducing hydrogen gas must be

injected at such temperatures or lower. The recommended start-up procedure was

to apply electrical or other heating systems to increase the temperature to 400�C
to enable reformer light-off and then to 500�C to shift the hydrogen production

from the stack to the reformer. This operational strategy allows the application of

fuel gas and steam instead of a reducing gas and could also ensure anode protec-

tion while not resulting in any significant performance loss.

Engelbracht et al. [21] proposed an on-demand safety-gas generator consisting

of an evaporator and a reformer. To start the reducing gas generation, two electri-

cal heating elements increase the temperature of the evaporator and steam

Heating plate

Fuel cell

Fuel cell

Fuel cell

Afterburner

Air preheater

Pre-reformer

Heating plate

Heating plate

Heating plate

Baffle plate

Baffle plate

FIGURE 8.2

An integrated fuel cell system module including prereformer, air preheater, fuel cells, and

heating plates studied by Peksen [19].
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reformer to 100�C and 400�C, respectively. Then water is pumped and evaporated

and then mixed with the natural gas to start the reforming reactions. Increasing

the temperature or steam concentration will favor hydrogen and carbon-monoxide

generation, and improves the reducing properties of the generated syngas. The

authors reported the successful application of the system to SOFC and electroly-

zer systems with no need for storage systems.

Li et al. [22] emphasized that operating the anode at a high pressure requires the

cathode to operate at an elevated pressure too as the thin, SOFC elements cannot tol-

erate high-pressure differences. They suggested that transient fluctuations in pressure

on one side can damage the fuel cell. Thermal management requires the minimum

air flow to be regulated so that the maximum safe-temperature is not exceeded.

Stiller et al. [23] studied the safe dynamic operation of an solid oxide fuel

cells�gas turbine (SOFC�GT) system. They studied a range of operating condi-

tions, quantified as RFF (fuel flow relative to design point), and RSS (shaft speed

relative to design point) in the ranges of 65%�105% and 15%�110%, respec-

tively. It was observed that an operating line with constant mean SOFC tempera-

ture could be applied for the load range of 80%�100%. However, below 80% the

temperature should be decreased due to instability issues. The authors developed

a feasible control scheme in which the set-point of the shaft speed was directly

coupled with the power output in order to ensure that the system is on the appro-

priate operating line. This scheme has a better performance compared to the sce-

nario in which the shaft speed is directly used. However, they emphasized the

most effective control strategy was to apply the fuel-flow rate in a feedback con-

trol configuration that compares the actual-power output and the load demand. In

addition they suggested that unlike the grid-connected scenario, the remote appli-

cation of an SOFC�GT system required a swift transition between steady-state

operations and load-compensating equipment, therefore, batteries and capacitors

are recommended.

An important feature of SOFC operation is the change of its characteristics

due to degradation mechanisms. Therefore constant control strategies, such as

maintaining the stack temperature and air flow fixed at their setpoints, could

potentially result in the stack failure. In addition, the direct estimation of the stack

temperature is challenging as the application of a high number of thermocouples

could compromise the stack’s reliability due to the risk associated with the gas

leaks and short circuits. Halinen et al. [24] applied multivariate regression models

and the design of experimental (full factorial) methods in order to estimate the

maximum internal stack temperature from the stack current, air flow, and air-inlet

temperature.

Zaccaria et al. [25,26] studied various operational strategies in order to mini-

mize the degradation of SOFCs and to enhance their lifetime and durability. Two

systems of an atmospheric standalone stack and a pressurized SOFC�GT hybrid

configuration were studied using distributed models, where the latter was coupled

with hardware components in the National Energy Technology Laboratory

(NETL) facility. Three operational strategies of constant current, constant voltage,
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and constant stack power were compared. The authors argued that the hybridiza-

tion enhances the flexibility of the SOFCs system and allows more control

options, extending the operational lifetime by an order of magnitude. They

reported that maintaining a constant voltage at constant total power was the most

efficient strategy. They also suggested that allowing the power output to degrade

would increase the lifetime of the standalone stack by 70%. After 2000 hours the

overpotential and heat generation were maximum at the outlet. The cell voltage

was 12% lower after 12,000 hours. The authors also reported that although the

average cell temperature was relatively constant, the temperature gradient

increased from 170�C to 230�C after 120,000 hours.

Lv et al. [27] studied the safe operational zones of an intermediate-

temperature SOFC�GT, fueled by biomass gasification. They studied the unsafe

characteristics of various process components such as the SOFC temperature gra-

dient (,10K/cm), SOFC working temperature (873K�1123K), compressor surge

margin (. 12%), turbine-inlet temperature (1023K�1223K), and the compressor

chocking flow (,0.2 kg/s), which constrain the process operation. Based on these

constraints the authors proposed a calculation flowchart that iteratively explores

the operational regions and creates a map of the safe, operational zones. The

authors identified two unbalanced (i.e., unsafe) energy operational zones where

(1) the air flow relative to fuel and the rotational speed of the gas turbine (GT)

are low and (2) the fuel-flow rate is low. The former zone corresponds to the risk

of thermal stress of the SOFC and too-high turbine-inlet temperature, while the

latter scenario corresponds to the risk of carbon deposition in the SOFC and

excessively low turbine-inlet temperature. The authors reported that in the safe,

operational zone, decreasing the turbine shaft rotational speed decreases the load,

but enhances the efficiency up to 63.43%.

Campanari et al. [28,29] discussed the risk of forming a flammable mixture

upon leakage in the exchanger, where the thermal energy of the anode exhaust is

transferred to the cathode air. They proposed an inert CO2 heat-transferring loop

for indirect heat exchange between the anode exhaust and air.

Ferrari and Massardo [30] studied the interactions between anode and cath-

ode for part-load operation. They applied an emulator rig consisting of software

(model) and hardware coupling at the University of Genoa. The authors studied

two configurations with different control strategies. In the first the microgas

turbine was connected to the electricity grid with a constant turbine-outlet tem-

perature. In the second configuration the microgas turbine was operated in a

standalone mode with a constant rotational speed. Different trends were

reported for the anode recirculation ratio, for the gird-connected scenario the

recirculation ratio was increased with an increase in the load, and for the

standalone scenario it showed a decrease. The authors also reported that in

the standalone scenario the injection of air into the anodic side increased the

compressor-outlet pressure, which could violate the surge margin. In the

grid-connected mode an increase in the load also increased the anode�cathode

pressure differential significantly, which was not the case for the standalone

2658.6 Safe operation of solid oxide fuel cell systems



scenario. However, a decrease in the primary mass-flow rate of the ejector

would induce a significant differential pressure in both scenarios, which could,

in turn, create mechanical stresses.

8.7 Integrated design for inherently safer solid oxide fuel
cell processes

Energy efficiency is the design objective of most solid-oxide technologies as it

directly influences their economic and environmental performance. However, as

extensively discussed in this chapter, enhancing energy efficiency poses signifi-

cant challenges toward operational safety in terms of equipment degradation and

avoiding hazardous situations. Moreover, energy efficiency and operational safety

strongly depend on design decisions such as process configuration, equipment

size, and the nominal-operating point. These observations suggest that the integra-

tion between process design and operational safety is the key enabler to unlock

energy efficiency while meeting the safety criteria.

The interactions between process design and control design, known as inte-

grated process design and control, is broadly recognized in the literature for

which a comprehensive review was presented by Sharifzadeh [31] and was dem-

onstrated on a wide spectrum of industrial applications (e.g., [32�36]). However,

this methodology has not yet fully been adopted for operational safety. More

recently Sharifzadeh et al. [37] proposed a multiobjective optimization framework

to incorporate safety aspects into the design of a hybrid SOFC triple combined-

cycle power generation system. The process is shown in Fig. 8.3 and consists of

an SOFC, GT, and a heat-recovery and steam-generation system at three pressure

levels.

Sharifzadeh et al. [31] proposed a methodology for simultaneously considering

the process design and operational safety. The concept is shown schematically in

Figs. 8.4 and 8.5. The proposed optimization framework applies an inversely con-

trolled process model in order to estimate the values of manipulated variables

(control inputs such as the fuel flow rate) in the presence of various disturbances

imposed to the system (e.g., the external load), given the desired values of con-

trolled variables (set points, such as the turbine-inlet temperature). This enables

the optimizer to quantify the safe, operational window as shown in Fig. 8.5. The

green circles refer to the optimal value of the manipulated variables for each dis-

turbance scenario. The red circles specify the extreme operational points beyond

which the safety of the process and the satisfaction of constraints cannot be

guaranteed. The values of the green points along with other process variables are

utilized to estimate the value of the economic objective function, while the length

of the safe operational points (the distance of the red points) scaled by the whole

operating region is applied as the measure for operational safety and flexibility.

266 CHAPTER 8 Fault detection, loss prevention, hazard mitigation



Economizer
E-109

P-103

E-103
Economizer Economizer

E-104

Flue gas to carbon 

capture plant 

Heat recovery steam generator (HRSG)

Combustion air

Natural gas 

Hot flue gas

Electricity generator

Electricity

generator

CWout

CWin

Air compressor
C-101

Gas turbine
T-101

HP steam turbine 

T-102

MP steam turbine 

T-103
LP steam turbine 

T-104

Medium pressure

steam drum 

D-102
Low pressure

steam drum 

D-103

High pressure

steam drum 

D-101
Economizer

E-101

Surface condenser

E-114

Combustor

CS-100

P-104

P-105

Economizer
E-102

Economizer
E-105

Economizer
E-106

Economizer
E-107

Economizer
E-108

Economizer
E-110

Economizer
E-111

Economizer
E-112

Economizer
E-113

S

Cathode

Anode

Solid oxide fuel cell
SOFC-100

S S

Reformer
R-101

Water

P-W

Fuel compressor
C-102

FIGURE 8.3

The solid oxide fuel cell (SOFC) triple combined-cycle power generation system proposed by Sharifzadeh et al. [37].



The optimization framework was formulated using a simulation�optimization

program developed by linking Aspen Plus (Power plant model), COMSOL

(SOFC model), and a genetic algorithm. In terms of optimization programming

this was a multiobjective, stochastic optimization with implicit constraints. The

solution of a multiobjective optimization problem is not a single point but a

Pareto front which demonstrates the trade-off between competing objectives. For

instance, as shown in Fig. 8.6A, enhancing the safe, operating window by 100%

would incur almost 47% more annualized costs, demonstrating the strong trade-

off between the economy and operational safety factors. Figs. 8.7 and 8.8 show

the safe operating regions for various manipulated variables and their correspond-

ing operating points on a compressor map, respectively.
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process model

Disturbance scenarios

Optimization 

solution 
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FIGURE 8.4

Optimization framework proposed by Sharifzadeh et al. [37].
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FIGURE 8.5

Safe and unsafe operating windows as quantified by Sharifzadeh et al. [37].
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8.8 Conclusion
This chapter presents a survey of the research into the safe design and operation

of SOFC technologies. The presented materials are diverse and include the

mechanisms of fault detection and their diagnostic procedures, hazard risk mitiga-

tion, and operational safety considerations. The final part of this chapter illustrates

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

(A) (B)

(C) (D)

(E) (F)

40 45 50 55 60 65 70 75

T
o

ta
l 

a
n

n
u

a
li

z
e

d
 c

o
s

t 
($

1
0

8
 /
y

e
a

r)

The unsafe operating window 

1
2

3

4

5

6

7

8

9

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

0.62 0.65 0.68 0.71 0.74 0.77 0.8 0.83

T
o

ta
l 
a
n

n
u

a
l 
c
o

s
t 

($
1
0

8
/y

e
a
r)

Total efficiency

40

45

50

55

60

65

70

75

0.62 0.65 0.68 0.71 0.74 0.77 0.8 0.83

Total efficiency

40

45

50

55

60

65

70

75

5500 5750 6000 6250 6500 6750 7000 7250 7500

R
a

n
g

e
 o

f 
u

n
s

a
fe

 o
p

e
ra

ti
n

g
 w

in
d

o
w

 

R
a

n
g

e
 o

f 
u

n
s

a
fe

 o
p

e
ra

ti
n

g
 w

in
d

o
w

 

R
a

n
g

e
 o

f 
u

n
s

a
fe

 o
p

e
ra

ti
n

g
 w

in
d

o
w

 

R
a

n
g

e
 o

f 
u

n
s

a
fe

 o
p

e
ra

ti
n

g
 w

in
d

o
w

 

Number of SOFC stacks

1

2

3

4

5

6

7

8

9

5

40

45

50

55

60

65

70

75

0.65 0.75 0.85 0.95 1.05 1.15

Compressor cost ($10
8
) 

1

2

3

4

5

6

7

8

9

40

45

50

55

60

65

70

75

0.65 0.75 0.85 0.95 1.05 1.15

Turbine cost ($10
8
) 

1

2

3

4

5

6

7

8

9

FIGURE 8.6

(A) The Pareto front demonstrating the trade-off between the process economy and safe,

operating window. (B) Total annual costs versus average efficiency for all scenarios. (C)

The range of unsafe, operating windows versus average efficiency for all scenarios. (D)

The trade-off between the range of unsafe, operating windows and the number of solid

oxide fuel cell stacks. (E) The trade-off between the range of unsafe, operating windows

and the compressor cost. (F) The trade-off between the range of unsafe, operating

windows and the gas turbine cost. See Sharifzadeh et al. [37].
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(A) The safe range of fuel-flow rate. (B) The safe range of steam flow rate. (C) The safe

range of air flow rate [37].
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Compressor performance curve: safety weight = 10%
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the necessity for considering safety aspects at the process design stage.

Considering our critical review of the literature, the following points are noted:

1. Degradation of SOFC process equipment has a significant impact on the

economic performance and durability of this technology. Nevertheless, most

of the reviewed fault mechanisms are irreversible and do not exhibit a unique

symptom. Development of noninvasive monitoring methods that enable real-

time condition-based monitoring is a research frontier.

2. Fuel variability is one of the greatest advantages of SOFC systems. However,

it also poses a significant challenge toward process safety as different fuels

exhibit very different hazardous properties and very different failure

mechanisms and, therefore, would require significantly different strategies for

mitigating the associated risks.

3. SOFCs and associated processes are subject to many variabilities including the

external load, but also the change in the behaviors of the fuel cell itself during

its lifetime. Designing control strategies that dynamically adapt to the process

conditions and devise appropriate safety measures to protect the process

equipment from premature degradations can deliver great economic impact.

4. Finally, and most importantly, safe process operations strongly depend on

SOFC design. Ignoring safety aspects at the design stage would require

expensive modifications at the operational stage or may even render the

process operation unsafe. Therefore the safety aspect should be systematically

applied in the design of SOFC processes.
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9.1 Introduction
Table 9.1 summarizes representative research in the field of the application of

various fuels to feed solid oxide fuel cells (SOFCs). This table suggests that

SOFCs offer a high degree of flexibility for using various feedstocks including

biorenewables as well as conventional fuels for stationary and mobile applica-

tions. The flexibility of SOFCs to accept a variety of fuels has important implica-

tions for the diversification of their applications. In addition it opens up new

avenues to enhance the sustainability of energy infrastructure and mitigate

greenhouse-gas emissions. Liquid and solid fuels facilitate energy storage for

remote applications. Such flexibility, of course, comes at the price of dealing with

a more complex range of fuel contaminants that can cause poisoning or perfor-

mance degradation of the fuel-cell stacks. In addition it has implications for the

process configurations and their operating conditions. These complications are the

focus of this chapter.

9.2 Synthesis gas, carbon oxides, and hydrogen as solid
oxide fuel cell fuels

Synthesis gas (syngas), which is a mixture of carbon oxides (CO and CO2) hydro-

gen, and water, is perhaps the most studied fuel for SOFCs. This observation

should be attributed to the fact that most of the reforming and gasification tech-

nologies produce mixtures with similar compositions. However, the high variabil-

ity of contaminants in various syngas compositions has implications for SOFC

performance and will be discussed in this section.

Nagel et al.[24] studied the interactions between heat transfer, mass transfer,

and charge within SOFCs for various compositions of syngases. They observed
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Table 9.1 Representative studies on fuel variabilities in solid oxide fuel cell
technologies.

Contributor Feedstock Focus Refs.

Stoeckl
et al.

Humidified methane and
carbon monoxide

Carbon deposition in auxiliary
power units (APUs)

[1]

Lo Faro
et al.

Methanol, ethanol, propane,
glycerol

Fuel flexibility for remote and
distributed or
portable applications

[2]

Lanzini et al. Biogas Internal reforming and inhibiting
carbon deposition/dealing with
contaminants

[3,4]

Kim et al. Dual-fuel (natural gas and
liquefied petroleum gas)

Prereformer to convert C2
1 to a

CH4-rich fuel stream
[5]

Kupecki Dimethyl ether (DME) Performance analyzing by
variation of electrical load, fuel,
and oxidant utilization

[6]

Cocco and
Tola

Methanol and DME Lower temperature reforming;
enhancing energy efficiency

[7]

Saunders
et al.

Liquid hydrocarbon fuels such
as ethanol or isooctane

Carbon deposition on
microtubular SOFC for hybrid
vehicle applications

[8]

Yi et al. Natural gas, biogas, the
products of biomass and coal
gasification, and distillate fuel

Thermodynamic analysis of fuel
variability

[9]

Stelter et al. Diesel reformate A thermally self-sustaining APU
applied in a vehicle

[10]

Doherty
et al.

Biomass gasification Investigating operating
conditions and integration
method

[11]

Cocco and
Tola

Methane, methanol, ethanol,
and DME

Low-temperature reforming and
enhanced energy-conversion
efficiency

[12]

Xu et al. Diesel and jet fuels Small-scale autothermal
reforming, steam reforming, and
partial oxidation reforming

[13]

Cinti and
Desideri

Urea Energy efficiency analysis [14]

Harun et al. Syngas The implications of SOFC fuel
variation on the constant-speed
operation of the integrated gas
turbine

[15]

Recalde
et al.

Fecal-sludge Superheated steam-dryer and
multistage gasifier to overcome
challenges of energy generation
from fecal-sludge using SOFCs

[16]

Aravind and
de Jong

Biomass High-temperature cleaning of
biomass gasification products

[17]

(Continued )
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that considerable amounts of methane promote steam reforming�reaction path-

ways, which additionally disturb the mass and energy balances of the system.

They reported that the effect of fuel variations is more significant than geometri-

cal or material-related phenomena.

Zabihian and Fung [25] reported efficiencies of 74.6% and 73.9% for a hybrid

SOFC power plant with and without anode circulation for pure methane fuel.

Compared to the base case of pure methane the performance of the SOFC

decreases when other syngas compounds such as H2, CO2, CO, and N2 were

introduced.

The application of carbonaceous fuels can result in carbon deposition on

anodes. Stoeckl et al. [1] studied such degradation effects by measuring the elec-

trochemical impedance, gas composition, and temperature in the anodes. They

reported that while a fuel mixture containing methane, steam, and nitrogen offers

better performance compared to a syngas consisting of carbon monoxide, steam,

and nitrogen, the former also resulted in sharp cell degradation. Methane cracking

was blamed for carbon deposition and high-polarization resistance.

While the high-operating temperature of SOFCs allows decomposition of

hydrocarbons and minimizes the capital costs and process complexities, such ben-

efits come at the price of higher carbon decomposition risk. Baldinelli et al. [26]

reported that regulating the oxygen-to-carbon ratio through air addition and partial

CO2 separation is efficient in preventing such degradation.

Table 9.1 Representative studies on fuel variabilities in solid oxide fuel cell
technologies. Continued

Contributor Feedstock Focus Refs.

Colpan et al. Humidified hydrogen Transient heat transfer during
heat-up and transient
operations

[18]

Schluckner
et al.

Diesel reformat Mobile applications [19]

Ozcan and
Dincer

Biomass Products of various biomass
gasification technologies,
namely bubbling fluidized bed,
circulating fluidized bed, and
dual fluidized bed gasifiers

[20]

Santin et al. Methanol and kerosene Four process configurations
taking required processing
steps into account

[21]

Rokni Ammonia, hydrogen,
methanol, ethanol, DME and
biogas

Anode off-gas recirculation for
various fuels

[22]

Horiuchi
et al.

n-Butane In situ catalytic partial oxidation [23]

2799.2 Synthesis gas, carbon oxides, and hydrogen



Homel et al. [27] studied the application of CO as the primary fuel of SOFCs.

They reported a power density of 0.67 W/cm2, which is comparable with

hydrogen-fed SOFCs.

Li and Weng [28] studied the operation of a methane-based SOFC with pure

hydrogen and ethanol. They reported an electrical efficiency of 62.29% for meth-

ane, 56.59% for hydrogen, and 60.5% for ethanol. Since the methane-based

SOFC was designed for internal reforming of methane, in the absence of such

endothermic reactions significantly higher radial temperatures were observed for

nondesign fuels. Therefore thermal management has an important role in multiple

fuel operation. Li and Weng [28] reported that the lost output power can be com-

pensated by using auxiliary fuel and bypassing the exhaust gases around the fuel

preheater. However, such strategies would reduce the overall net energy effi-

ciency to 45%.

9.3 Biogas as solid oxide fuel cell fuel
Biogas, which is generally a mixture of methane, CO2, and small amounts of

hydrogen sulfide, is produced through anaerobic digestion or fermentation of

biodegradable materials such as agricultural and municipal wastes [29]. Biogas

as a renewable fuel has shown promise in enhancing the sustainability of

energy infrastructure. Moreover, due to the similarity of biogas with natural

gas (NG) and syngas components, it is highly compatible with existing SOFC

technologies.

Chiodo et al. [30] studied biogas reforming processes through steam reform-

ing, autothermal reforming, and partial oxidation (POx). They reported an overall

efficiency in the range of 62%�52% with steam reforming as the best option and

followed by autothermal reforming. The poor performance of POx was due to the

reverse gas-shift reaction.

De Lorenzo et al. [31] studied the application of dry biogas in an intermediate-

temperature SOFC. In this configuration, methane is consumed through partial and

total oxidation reactions without the need for a reforming gas such as steam, oxygen,

or CO2. The anode was protected by a Ni�Fe/CGO layer and was applied in a cogen-

erative configuration with anode-exhaust recirculation. Three compositions ranging

from methane-rich to CO2-rich biogas were considered. The biogas with high or

intermediate-methane content showed the risk of carbonation at the fuel-cell inlet due

to cracking chemical reactions. However, the CO2-rich biogas did not suffer from the

risk of carbon deposition as the Boudouard chemical reaction was dominant.

Papurello et al. [32] studied the technical feasibility of power generation from

biogas using a lab-scale test rig, including a cleaning unit, reformer (at 700�C), and
short SOFC stack. They applied a mixture of 60% methane, 40% carbon dioxide,

and 30 ppmv of hydrogen sulfide in order to simulate biogas conditions. A moderate
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amount of steam was added to inhibit carbon deposition. The process showed stabil-

ity against H2S contamination and with a performance comparable to hydrogen fuel.

Chatrattanawet et al. [33] compared internal and external reforming of biogas

using thermodynamic analysis. The chemical equilibrium conditions were calcu-

lated by minimizing the mixture’s Gibbs free energy. They identified the optimal

reformer temperature to be 973K with a steam-to-carbon ratio of 0.5. The optimal

operating conditions of the SOFC that established a good compromise between

power density and electrical efficiency was 173K, 3 atm, and 5000 A/m2 for inter-

nal and external reforming configurations.

9.4 Biomass as solid oxide fuel cell fuel
Biomass is a renewable source of energy that is more geographically dispersed

than fossil fuels. The diversified and abundant biomass resources promote it as a

promising renewable fuel. The integration of biomass technologies with SOFCs

for power generation offers an alternative and highly efficient pathway to electric-

ity that does not involve direct combustion, with potentially positive economic

and environmental impacts. However, such application requires biomass gasifica-

tion and gas treatment in order to suppress contaminants such as H2S, HCl, and

alkali components like tar and particulates [34].

Jia et al. [35] studied the operating conditions of a downdraft gasifier inte-

grated with SOFCs and a gas turbine (GT). They reported that char conversion

increases with a decrease in biomass moisture content and increasing the equiva-

lence ratio (the ratio of airflow rate to its stoichiometric value), which could be

attributed to the higher temperature at the reduction zone. Although decreasing

the biomass flowrate is favorable for char conversion and overall system effi-

ciency it comes at the price of higher capital costs.

Wongchanapai et al. [36] studied the influence of decision variables such as the

steam-to-biomass ratio (STBR), SOFC inlet temperatures, fuel utilization, and anode-

recirculation rate on system performance and the number of cells in the SOFC stack.

They observed that the STBR improves the SOFC performance while deteriorating

the gasifier performance, where a trade-off was established for STBR around the

value of 1.5. Increasing the SOFC temperature showed a negative impact on the gas-

ifier performance, but a slight improvement on the SOFC performance was observed,

and it would require a smaller number of cells. They reported 0.75 and 0.6 for the

fuel utilization factor and anode off-gas recirculation rate, respectively.

Pieratti et al. [37] studied a biomass gasification process with a catalytic filter

to purify syngas. A hydrogen concentration of up to 60% was reported. They

emphasized the need for gas cleaning to remove tar and H2S.

Hosseinpour et al. [38] proposed an integrated system for the cogeneration of

electricity and a cooling service that consisted of a downdraft fixed-bed wood

gasifier integrated with SOFCs. The exhaust gases were applied in a Goswami
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cycle, which is a combination of a Kalina cycle and ammonia�water absorption

refrigeration. They reported that the bottoming cycle (Goswami) increased the

overall power output with an additional cooling effect. The values of 58.5% and

33.7% were reported for the overall energy and exergy efficiencies, respectively.

The authors reported the highest exergy destruction in the gasification reactor,

boiler, and second air�heat exchanger. Increasing the boiler and rectifier tem-

peratures improved the system efficiencies, but increasing the SOFC current den-

sity adversely affected them.

Doherty et al. [11] applied process simulation to study an integrated biomass

gasifier�SOFC system for combined heat and power (CHP) generation. They

recommended that the steam-to-carbon ratio and moisture content should be as

low as possible. The fuel utilization factor is a key decision variable for switching

between heat and electricity-generation modes.

Gadsbøll et al. [39] studied a Topsoe SOFC integrated with a commercial

two-stage gasifier. The gas-cleaning unit was equipped with a bag filter, carbon

filters, and humidification and desulfurization units. They did not detect any tar,

but small amounts of sulfur compounds were found. They reported a biomass-to-

electricity efficiency of 43%. Part-load operation down to 55% flowrate did not

cause any loss in efficiency.

9.5 Coal as solid oxide fuel cell fuel
Coal as a fossil fuel with a low hydrogen to carbon content, is less favorable from

the environmental perspective. However, there are abundant coal resources in

some countries such as China, and there are already extensive coal-based power

generation infrastructure. Therefore, retrofitting such existing facilities with high-

efficiency low-emission technologies offers an alternative pathway for the decar-

bonization of energy industry. While such integrated designs seem essential to

achieve ambitious decarbonization targets [40] the key challenge here is to treat

the coal contaminations poisonous to SOFC materials.

Kuramoto et al. [41] studied the effects of a coal-based syngas contaminated

with trace species such as S, Cl, and Si, on an SOFC with an anode made of NiO

and yttria-stabilized zirconia (YSZ). They conducted experiments using a

post-CCS, hydrogen-enriched coal syngas with trace amounts of H2S, HCl, and

tetraethylorthosilicate (TEOS). The latter represented Si vapors and could cause

performance degradation in the form of increases in the ohmic and polarization

resistances. The deposition of Si compounds was observed on the surface and

diffusion layers of the anode. The underlying mechanism was attributed to

thermal polymerization of TEOS and the formation SiO from SiO2 under the

hydrogen-rich environment. The injection of H2S resulted in an immediate modest

performance degradation. However, long-run H2S up to 10 ppm was reported to
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be tolerable. The HCL impurities up to 10 ppm did not result in appreciable per-

formance loss.

9.6 Methanol, ethanol, dimethyl ether, and butanol as solid
oxide fuel cell fuels

Motivation for the application of light alcohols such as methanol, ethanol, and

dimethyl ether (DME) to fuel SOFCs is the possibility for external reforming at

lower temperatures, which enables better utilization of waste heat in the process.

Furthermore, some of alcohols such as ethanol and butanol can be produced from

renewable pathways such as fermentation, which improves their environmental

footprint. Methanol can also be produced from NG offering a gas-to-liquid path

for otherwise difficult-to-transport NG. Finally the ease of storing liquid fuels

allows remote and auxiliary applications [42].

Cocco and Tola [7] studied external reforming of DME and methanol in an

SOFC system, integrated with a microgas turbine. They identified the steam-to-

carbon ratio and reforming temperature as the key influencing parameters on the

overall efficiency. The optimum reforming temperature for methanol and DME

were reported to be 240�C and 280�C, respectively. Since a low steam-to-carbon

ratio can result in carbon deposition, practical values of 1 for methanol and

1.5�2 for DME were chosen. Under these conditions the methanol-fed SOFC

gained energy efficiency of 67% and 73%, respectively, for the operating tem-

peratures of 900�C and 1000�C. Similar values were 65% and 69% for the case

of DME fuel.

Lo Faro et al. [2] studied a perovskite composite containing dispersed Ni par-

ticles for anode electrodes, which enables direct utilization of a range of fuels

including methane, methanol, propane, and glycerol. They reported a power den-

sity in the range of 250�400 mW/cm2.

Kupeck [6] studied the off-design operation of a micro-CHP incorporated to

an SOFC fed by DME. They reported that air recirculation-blowers had the high-

est energy consumption within the system. The values of 44% and 80% (lower

heating value-based) were estimated for the electrical and overall efficiencies,

respectively.

Tippawan et al. [43] studied a trigeneration system providing electricity, heat-

ing, and cooling services fueled by ethanol. They estimated at least 32% energy

efficiency and 10% exergy efficiency gains compared to conventional power-only

systems. They reported fuel utilization in the SOFC as an important parameter,

which was sensitive to the trigeneration product ratio. The SOFC and afterburner

were reported to be the most important sources of exergy destruction.

Laosiripojana and Assabumrungrat [44] studied the application of methane,

methanol, and ethanol for direct internal reforming in an SOFC by employing

Ni�YSZ. They reported that methane could be applied for internal reforming
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with no risk of carbon deposition. However, for the case of ethanol, even with

high-steam-to-carbon ratios, internal reforming was not feasible due to carbon for-

mation. In addition significant amounts of ethane and ethylene were detected due

to incomplete reforming. They proposed an indirect internal-reforming configura-

tion in which ethanol was first reformed in a reformer in thermal contact with the

anode side of the SOFC. In this configuration the overall system acts as an “auto-

thermal” unit. This configuration offers the option to optimize the catalyst for the

SOFC and reformer separately. The reformer temperature was reported to be

more than 850�C. Finally, they reported that methanol could be applied even in a

direct internal-reforming configuration, if the inlet of the anode chamber had

enough space for its homogenous conversion to syngas.

Horiuchi et al. [23] studied in situ catalytic POx in an SOFC system fueled by

n-butane. In the proposed configuration two anodes were facing each other. The

POx of fuel by the heterogeneous reactions taking place in the porous anode pro-

vided the SOFC’s energy requirements.

Farrell and Linic [45] studied the application of ethanol as a more carbon-

neutral fuel from renewable resources. However, oxygenated biofuels put Ni-

based anodes at the risk of carbon formation. The authors suggested that introduc-

ing a small amount of Sn to the electrocatalyst improved the performance of the

anode.

Saebea et al. [46] studied an SOFC system fed by ethanol. They reported that

for similar operating conditions, partial anode-exhaust gas recirculation improves

the overall electric and thermal efficiencies. They reported that a high circulation

ratio and fuel utilization reduce the risk of carbon formation in the reformer and

it could be operated at a lower temperature. The trade-off is that the recirculation

and fuel utilization variables also affect the electrical efficiency and should be

optimized accordingly. The complication is that these variables have a highly

nonlinear relationship. For low fuel utilization in the range of 0.5�0.6 the electri-

cal efficiency improves with the recirculation ratio, while for fuel utilization

values higher than 0.6 it had the opposite effect.

9.7 Liquid hydrocarbons as solid oxide fuel cell fuel
Liquid fuels are of great interest for utilization in SOFCs due to their high-volumetric

energy density and ease of storage, thereby offering new opportunities for mobile

and remote applications. Saunders and Kendall [8] studied a range of liquid fuels

including methanol, methanoic acid, ethanol, ethanoic acid, butanoic acid, and iso-

octane for direct injection into an SOFC system. Using temperature-programmed oxi-

dation they concluded that only methane and methanoic acid could be directly

injected into the nickel cermet anode. Even for such fuels a small addition of steam

or air was recommended. They also reported that a mixture of iso-octane, water, alco-

hol, and surfactant lowered the carbon-deposition risk significantly.
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Yi et al. [9] studied NG, biogas, syngas from coal-driven sources, and syngas

from diesel reformate applied in SOFCs. Although they observed that an SOFC is

capable of dealing with a range of syngas compositions, such flexible operation

would require a significant change in its operating conditions.

Stelter et al. [10] studied the operation of an auxiliary SOFC with diesel refor-

mate for application in vehicles. Electrolyte supported cells (ESC) were employed

and operated at 800�C and a power density of 0.2 kW/L. The process was

designed for low-pressure drop at the anode and cathode sides in order to simplify

the layout. They reported the technical feasibility of such mobile and modular

applications under a thermally, self-sustaining, operating strategy.

Schluckner et al. [19,47] applied three-dimensional computational fluid

dynamics (3D-CFD) to study the application of diesel in planar industrial-sized

(1003 100 mm2) SOFCs. They justified their choice of modeling method by the

complexities associated with simultaneous electrochemical and gas-phase reac-

tions. Their model was validated with in-house experimental data. A key chal-

lenge was identified to be the deposition of carbon on the Ni/YSZ anode

structure, especially on the anode-inlet region.

Santin et al. [21] compared methanol and kerosene for SOFC�GT hybrid

applications. The methanol-fuel system showed better performance due to lower

capital and fuel costs.

9.8 Ammonia and urea as solid oxide fuel cell fuels
Ammonia dissociates into N2 and H2, and can be applied as a fuel for solid oxide

fuels with the advantage of being a carbon-free operation. The decomposition of

ammonia is endothermic and enables heat absorption and better control of stack

temperature [48]. Cinti et al. studied the application of pure and diluted ammonia.

They reported a higher-energy efficiency for the ammonia-fueled SOFC compared

to the scenario where pure hydrogen was applied. The higher performance was

attributed to the cooling effect of internal ammonia decomposition which reduced

the need for the ancillary cooling of the airflow on the cathode side [48].

Urea is widely used as a fertilizer with the advantage of ease of storage and

handling. As a low-cost product with a high-energy density it can be retrieved as

the by-product of biorefineries and wastewater-treatment facilities. Alternatively

it can be produced from hydrogen and captures CO2 through renewable and

environment-friendly technologies, offering a sustainable fuel for SOFCs [14].

Urea can be converted to ammonia and carbon dioxide through thermohydrolysis.

Nonetheless it does pose safety concerns associated with the direct use of hydro-

gen and ammonia [49].

Cinti and Desideri [14] studied urea reforming to feed SOFCs experimentally

and then through optimization and modeling. For the operating condition of

800�C and 0.8 fuel utilization, they reported an energy efficiency of 55%.
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Abraham and Dincer [49] compared the thermodynamic performance of the

direct injection of urea into oxygen ion-conducting SOFCs and hydrogen proton-

conducting SOFCs. The process consisted of a SOFC integrated with a GT for

CHP generation. They reported the SOFC and combustion chamber as the key

points of exergy destruction. The oxygen ion-conducting solid oxide fuel cell

(SOFC-O) offered better performance. The lower performance of the hydrogen

proton-conducting solid oxide fuel cell (SOFC-H) was attributed to the detrimen-

tal influence of inverse water�gas-shift reaction for CO consumption on the

anode side.

9.9 Contamination and its implication for fuel flexibility
of solid oxide fuel cells

A key challenge for operating SOFCs using various feedstocks is the trace

amounts of contaminating materials that could poison the SOFC anode and elec-

trolyte or provoke their degradation. For instance, the application of biomass for

fueling SOFCs requires the produced gases to be treated in order to minimize tar

formation and remove HCl, H2S, and alkali materials [17]. In the case of biogas,

H2S needs to be removed. On the other hand, the existence of phosphine in coal-

based syngas promotes degradation through the formation of nickel phosphides

and surface diffusion of phosphorus that increases electrodic resistance or migra-

tion of Ni from the active layer of the anode [50,51].

Rasmussen and Hagen [52] studied the impact of H2S on Ni�YSZ anodes.

Under the operating condition of 850�C and 1 A/cm2 (current density), they

reported the effects of H2S contamination (2�100 ppm) to be reversible. It was

concluded that the poisoning effect was of a chemisorption nature by blocking the

Ni particles. However, irreversible changes in the anode microstructure were not

detected.

Lanzini et al. [4] discussed that although sulfur-tolerant anodes such as Cu-

based electrodes, Ce-based electrodes, and perovskite and double-perovskite

anodes were being developed, reduction of SOx emissions eventually requires the

deep removal of sulfur. From the various contaminants present in biogases

derived from anaerobic digestion and landfills, siloxanes (organic silicone poly-

mers) showed the most severe and irreversible effects on the reformer and SOFC

catalysts. H2S was blamed for the temporary deactivation of electrocatalysts,

while HCl had the least impact.

Nagel et al. [53] studied the impact of thiophene (C4H4S) contamination (up

to 400 ppm) on SOFC performance. The reductions in the catalyst activity for

steam reforming and POx were identified as the underlying mechanism for

degradation.

Bao et al. [54,55] studied the effects of coal contaminations such as CH3Cl,

HCl, arsenic (As), phosphorus (P), zinc (Zn), mercury (Hg), cadmium (Cd), and
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antimony (Sb) elements on an anode made of nickel, YSZ, and lanthanum stron-

tium manganese oxide over the temperature range of 750�C�850�C. They

reported that the arsenic and phosphorous elements resulted in severe degradation

of the power density at concentrations over 10 and 35 ppm, respectively. The deg-

radation mechanism of As was to attack the Ni current collector and cause electri-

cal connectivity problems. The phosphorous species caused a significant change

in the surface morphology of the anode. CH3Cl and Cd only resulted in power

density loss when the temperature was above 800�C. Other vaporized elements

resulted in degradations of less than 1%.

Coyle et al. [56] studied the effect of arsenic contamination in a coal-driven

syngas on a nickel/zirconia SOFC anode. The concentration of arsenic species

was up to 10 ppm and the SOFC was operated in temperatures in the range of

700�C�800�C. They observed that strong interactions between nickel and arsenic

resulted in nickel�arsenic solid solutions, namely Ni5As2 and Ni11As8. The main

mode of degradation was the loss of electrical connectivity, which occurs well

before the entire anode converts to nickel arsenide. The rate of degradation was

not dependent on the current density or fuel utilization. The time to failure was

proportional to the reciprocal square root of arsenic partial pressure, suggesting a

diffusion-based, rate-limiting step.

Although the integration of biomass gasification with SOFCs offers a renew-

able pathway to sustainable power generation, complications also arise from its

product contaminants. In addition to sulfur compounds, there are also concerns

regarding particulate matters and tar. It is recommended that particles should be

reduced to a few ppmw as their size matches with the anode pores and can poten-

tially block them [34]. Although tar is not poisonous it may result in carbon for-

mation and anode catalyst deactivation, which is also a function of operating

conditions such as steam-to-carbon ratio, current density, and temperature. Hot

cleaning of particulate matter or separation using ceramic and sintered filters are

recommended. Otherwise, when particle removal is conducted below 450�C, tar
should be removed first as it will condense [34].

9.10 The implications of fuel variability for fuel-cell
materials

Conventionally the SOFC electrolytes are made of oxygen ion-conducting cera-

mics. The application of proton-conducting materials in the electrolyte relocates

the place of water formation from the anode electrode to the cathode electrode,

thereby allowing high fuel utilization. In addition, high-hydrogen concentration

allows a higher Nernst potential in the new configuration [57]. For methane fuel,

Ni [57] demonstrated that oxygen ion-conducting SOFCs generally have superior

performance compared to proton-conducting SOFCs, which could be attributed to

the electrochemical oxidation of CO in the former type. However, for high-
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operating potential, when the contribution of CO fuel is smaller, proton-

conducing SOFCs outperform [57]. The implication of an electrolyte-type option

for other fuel types is yet to be investigated.

Hou et al. [58] studied the direct application of (premium) gasoline in SOFCs

without external reforming. They applied an MoO2-based anode for a range of

operating conditions including an open-cell voltage of 0.94 V and maximum

power density of 31 mW/cm2 at 0.45 V. The key feature of molybdenum dioxide

is its metallic-like conductivity leading to high-catalytic activity for POx of liquid

fuels such as jet-A fuel, iso-octane, and n-dodecane. In addition its selective

transport properties reduce the risk of carbon formation.

9.11 The implications of fuel variability for process
configuration

The high-operating temperature (800�C�900�C) of SOFCs enables internal

reforming of fuels at the stack. However, it has been widely observed that reform-

ing the fuel at a lower temperature could result in higher overall energy-

conversion efficiency [12]. For instance, the reforming temperature of methanol

and DME is in the range of 250�C�350�C, which enables the use of waste heat.

Kim et al. [5] applied a prereformer to enable dual-fuel operation of a 1 kW

SOFC power package by using NG and liquefied petroleum gas (LPG). They

reported that for the proposed process configuration, the NG:LPG ratio did not

have a significant effect on the stable performance of the SOFC stack.

Manenti et al. [59] proposed the application of a trireforming process for a

biogas-driven SOFC. The trireformer supports all the three reactions of dry

reforming, steam reforming, and POx. Their developed model showed good

agreement with experimental data at microscales.

Anode recirculation and fuel utilization have profound implications for the

energy efficiency of SOFCs. Rokni studied anode off-gas recirculation for various

fuels including ammonia, hydrogen, methanol, ethanol, DME, and biogas. It was

observed that fuel recycling strongly depends on the utilized fuel. No recycling

was recommended for ammonia, while 20% recycling was beneficial for pure

hydrogen. For the cases of methanol, ethanol, and DME fuels high fuel utilization

requires low-anode recirculation, and vice versa [22].

Toonssen et al. [60] studied alternative system configurations for integrating

biomass gasification and SOFCs. The options for biomass gasifiers were atmo-

spheric indirect-steam gasification and pressurized direct-air gasification.

Gasification products were cleaned in low-temperature and high-temperature

units. Two scales of 100 kWe and 30 MWe were studied. The results suggested

that a large-scale process system consisting of pressurized direct-air gasification

and high-temperature gas-cleaning units gained a high exergy efficiency of

49.9%. The large-scale process had a better efficiency compared to small-scale
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systems. In addition, high-temperature gas cleaning had slightly better perfor-

mance (0.5%).

To achieve high efficiency for coal utilization in SOFC systems, Li et al. [40]

proposed a process configuration including a catalytic hydro-gasifier, low-

temperature gas cleaning, and an integrated SOFC�turbine section. In the pro-

posed process, humidified decarbonized anode exhaust was recycled back to the

gasification unit. The SOFC was operated at the pressure of 10 bars. This also

required the cathode to operate at a similar pressure, as thin SOFCs cannot toler-

ate higher pressure differences. The authors emphasized that achieving electrical

efficiencies as high as 60% (HHV basis) required the gasification unit to produce

a syngas containing at least 35% (dry-molar basis) methane, low-exit temperature

for syngas, free of tar and oil, and with a carbon conversion of 90% or more.

They reported the requirements for SOFCs to operate at 10 bars, separated anode

and cathode flows, and application of internal reforming to minimize the excess

air.

Saebea et al. [61] studied an integrated SOFC�GT hybrid system fed by etha-

nol. Two alternative heat recovery strategies were studied, that is, using a recu-

perative heat exchanger (RHE) or through cathode-exhaust recirculation. They

reported that cathode-exhaust recirculation minimized the need for fresh-air com-

pression. In addition, the heat recovered from the SOFC was sufficient for pre-

heating the air and the fuel-preprocessing unit. By comparison the configuration

using RHE required an external source of energy. Increasing the SOFC pressure

and fuel utilization increased the efficiency of the process with cathode recircula-

tion, while decreasing that in the configuration utilizing RHE. The reason for the

lower performance of the RHE process was the need to increase airflow to control

the SOFC temperature. In addition the inlet temperature of the turbine decreases,

which affects overall energy efficiency.

Recalde et al. [16] studied fecal-sludge gasification to fuel SOFCs. The chal-

lenge is to treat the involved contaminants such as tar and overcome intensive

energy requirements due to endothermic gasification reactions as well as water-

content removal. Their proposed process included a superheated steam-dryer

combined with an indirectly heated multistage gasifier. The required heat was

supplied from a microwave plasma torch and heat integrated with the existing

process streams. An overall efficiency of 65% was reported. The authors sug-

gested that the proposed integrated gasification-SOFC process offers a more

energy-efficient pathway compared to rival technologies such as biochar produc-

tion through pyrolysis, with additional sanitation application.

9.12 The implication of fuel variability for process control
Harun et al. [15] studied the transient operation of fuel change from a coal-

derived syngas to methane fuel. They analyzed the technical feasibility of a swift
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fuel switch and the interactions between the operating variables. They reported

that a step-change switch between syngas and a humidified methane (14% CH4)

to reach a new steady-state within 2 hours was feasible, with no risk of violating

SOFC safety constraints, compressor surge, or stall. They observed that such tran-

sition resulted in 17% thermal release in a timespan of milliseconds. They sug-

gested that thermal management by air recirculation in the cathode could mitigate

undesirable transient effects.

Zhou et al. [62] studied the effect of fuel composition for cathode airflow reg-

ulation. The cathode airflow is often applied as a manipulated variable for thermal

management of an SOFC�GT. They observed that controllability and observabil-

ity are strong functions of the fuel composition. Therefore constant values for

controller gain could result in operational instability. They observed that the esti-

mated values of the gain and poles for the transfer functions differ up to 20% for

syngas and humidified hydrogen. They also reported two-way disturbance propa-

gation between cathode airflow and turbine speed. The authors recommended

advanced control strategies such as gain scheduling and adaptive control, although

further investigation was called for.

Li et al. [40] studied integrated coal gasification with a hybrid SOFC/turbine

system. They suggested that adding a methanation reactor operating at an elevated

pressure in the reactor/expander cycle path gave good control of the syngas com-

position. Another consideration is that in coal-based processes similar to their

methane counterparts, exhaust gas expanders do not produce enough power to

completely cover the energy consumption in the air compressor. The power defi-

cit requires a motor and complicates the transient operation. The authors sug-

gested that separate shafts would ease process control, especially for off-design

operations and start-up or shut-downs.

Kupecki [6] studied the off-design operation of a micro-CHP integrated with

an SOFC stack fueled by DME. They reported that for the SOFC stack compris-

ing two 1.3 kW (each cell), 10 hours was needed to reach the full-power capacity

from a cold state. In order to maximize energy efficiency and minimize the need

for power import, low-oxidant utilization was recommended. Manipulation of fuel

utilization was reported less important. This observation was attributed to the

high power consumption of the air blower.

Santin et al. [21] compared the application of methane, methanol, and kero-

sene under four process configurations. On the cathode (air) side, one layout

employed a high-temperature heat exchanger and the other the recirculation of the

burner exhaust to achieve the required air temperature at the cathode inlet.

Similarly for the anode side, the fuel processing (reforming) was either in the

anode recycle path or external to it. They reported that the process fuel by metha-

nol offered better economics. The external reformer showed a higher efficiency,

but both internal and external reforming had similar economic performance.

Overall, between the four process configurations and three considered fuels, the

methanol-fueled process with an external reformer and high-temperature heat

exchanger offered the best option.
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9.13 Conclusion
Fuel diversity and flexibility are the key advantages of SOFCs to promote their

commercialization, especially for small-to-medium size applications. In particular,

they can play an important role in the transition from fossil fuels to more sustain-

able and renewable options. However, this opportunity comes at the price of more

complicated processing requirements. Based on the critical review presented in

this chapter, the following potent research directions are recommended:

1. Contaminations are the key challenge for flexible fueling SOFC systems. The

diversity of alternative feedstock options adds to this complexity. The impacts

of many of these associated impurities on the SOFC’s material lifetime,

corresponding degradation mechanism and detection signature, and required

loss-prevention procedure remain as research frontiers.

2. Evidenced by various studies reviewed in this chapter, fuel transition may

require significant changes in the operating conditions and potentially may

require the inclusion of auxiliary process equipment. Developing process

systems capable of utilizing multiple fuels requires methodologies that enable

the quantification of various performance metrics (energetic, environmental,

economic, etc.) and systematic decision-making regarding the design and

operation of SOFC technologies.

3. Regardless of the effects of contaminants on SOFC operation and lifetime,

meeting environmental protection targets would require significant fuel

preprocessing and remains a research frontier.
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10Renewable power
generation
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2University of Waterloo, Canada

10.1 Renewable power generation technologies

10.1.1 Wind

Wind is an intermittent source of energy and therefore the power generated by

wind turbines and wind farms is highly variable. The relationship between electric

power and wind speed for a single typical turbine and a wind farm are shown in

Fig. 10.1. A typical wind turbine starts generating electricity at wind speeds of

around 4 m/s. Between 4 and 12 m/s, the power output rapidly increases to the

rated generating capacity of the turbine and remains constant for wind speeds

between 12 and 25 m/s. For wind speeds above 25 m/s the turbine is shut down to

avoid mechanical damage. After shut-down a wind turbine typically restarts after

3 minutes of the wind speed being below 20 m/s.

As can be observed from the wind turbine power curve in Fig. 10.1, at wind

speeds of 4�12 m/s and also around 25 m/s, small variations in wind speed result

FIGURE 10.1

Power curve for a single wind turbine and a wind farm.
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in large changes in the power output. With many turbines connected in a wind

farm, the aggregate power output of the farm is smoother than the output from a

single turbine. Although the aggregate power generation from wind farms dis-

persed across a wide geographical region is less sensitive to the wind speed in

any one area, it still shows a significant degree of hourly variation.

Fig. 10.2 shows the hourly historical wind power generation in Great Britain

from January 10 to 16 in 2015, normalized by the total-installed wind generation

capacity, which was approximately 12 GW. This figure demonstrates the short-

term variation of aggregated electricity generation by wind farms across the coun-

try. The power generated from wind varied between 10% and 60% of the installed

wind capacity within the week and includes significant and abrupt increases and

reductions.

Depending on the climate, wind power generation could have seasonal varia-

tion too. Fig. 10.3 shows half-hourly wind power generation injected to Great

Britain’s high-voltage electricity transmission system in 2018. As can be seen,

wind power generation has a higher capacity factor (i.e., average generated

power/installed capacity) in winter.

10.1.2 Solar

Energy from the sun is a renewable source of energy that has been widely

exploited through different technologies such as concentrating solar power plants

and photovoltaic panels (PVs). Currently PVs are widely used in energy systems.

The continuous decrease in the cost of solar PV technologies as well as the

FIGURE 10.2

Hourly real wind power generation in Great Britain during January 10�16, 2015,

normalized by total-installed wind generating capacity [1].
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applicability of PV systems for installation on rooftops has made them a promis-

ing alternative electricity generation technology.

Fig. 10.4 shows the average clear sky direct normal irradiance in January and

July for a site in Oxfordshire, United Kingdom. In the United Kingdom the peak

demand for electricity usually occurs in winter from around 6 p.m. to 8 p.m.;

however, the solar irradiance is zero during these hours and therefore solar energy

cannot contribute to meeting the peak electricity demand.

Fig. 10.5 compares the potential of monthly electricity generation with a 1 kW

photovoltaic panel (PV) system located in Oxfordshire. As can be seen in

Fig. 10.5, solar energy generation is higher in summer compared to spring and

FIGURE 10.3

Half-hourly wind power generation injected to Great Britain’s high-voltage electricity

transmission system in 2018.

Data from [1].

FIGURE 10.4

Average clear sky direct normal irradiance in Oxfordshire, United Kingdom.

Data from [2].

29910.1 Renewable power generation technologies



winter. The solar resource in winter in the United Kingdom makes only a small

contribution to the supply of electrical energy. The summer daytime electrical

demand is relatively constant and a large capacity of PV generation can cover a

significant portion of the demand on clear days around noon.

10.1.3 Tidal

10.1.3.1 Tides and currents
Tidal energy systems are in early stages of development (in terms of their share

in the global electricity generation mix) compared to wind and solar energy sys-

tems. However, due to their predictability, tidal energy is an interesting option for

renewable generation of electricity.

Tides are mainly governed by the gravitational attraction of the moon and sun.

Since the moon is closer to the Earth, it has a greater effect. This gravitation

causes the water on the near side to be attracted toward the moon, causing a

bulge. The Earth is also spinning on its axis, which creates an inertial force and

as the gravitational attraction is weaker on the far side of the Earth, the inertial

force is dominant and therefore causes another bulge on that side (Fig. 10.6).

On the remaining areas of the Earth the inertia and gravity forces are relatively

balanced. Water is a fluid, therefore, the bulges caused by gravity and inertia will

stay in line with the moon as the Earth rotates. This produces the variation in

tides over a day.

In addition to the gravitational attraction from the moon, the sun also affects

tides. These so-called solar tides can either work in the same direction as the

moon or against it.

FIGURE 10.5

Average daily electricity generation from a typical 1 kW PV system in Oxfordshire,

United Kingdom.

Figure created using data from [2].
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10.1.3.2 Structure of a tidal lagoon
A tidal lagoon or barrage is designed to use the movement of the oceans to create

energy. As the tides rise and fall, water is channeled through turbines whose rota-

tion generates power. This is a simple concept that only requires a few main parts

to operate:

• Embankments are an essential component for a tidal lagoon. The main role of

this structure it to provide a watertight seal to hold the water in, or prevent it

from entering the lagoon. This is important as any leakage would reduce the

capacity of the lagoon because there would be a reduction in the head

difference either side of the wall. The embankment also provides safe housing

for the power cables connecting the turbines to the grid.

• The turbines are submerged in water and located in the walls of the lagoon.

They extract the potential energy of the difference in height between the water

on either side of the lagoon. The water rushes through the turbines forcing

them to rotate creating kinetic energy, which the turbines then convert into

electric energy by moving generators.

• Sluices are another important feature of a tidal lagoon. Sluices are openings in

the lagoon’s wall, can be opened or closed, and are designed to allow large

volumes of water to pass into, or out of, the lagoon in a short period of time.

10.1.3.3 Operation of a tidal lagoon power scheme
A tidal lagoon can operate in three main modes, namely ebb generation, flood

generation, and two-way generation [4].

Ebb generation is the method of operation that generates electricity when the

tide is going out of the lagoon. During flood tide the lagoon is filled through the

sluice gates until high tide. The gates are then closed and as the tide goes back

out it creates a head difference across the lagoon. The water is released through

the turbines going in the same direction as the ebb tide.

The number of turbines installed determines how quickly the water is released

from the lagoon. If there are too few turbines then the level of water inside the

FIGURE 10.6

Influence of the moon on tides.

Figure reproduced from [3].
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lagoon will hardly change between the tides. A large number of turbines would

allow the basin to be drained quickly and maximum energy will be produced

from the water flow. However, if there are too many turbines then the power gen-

erated will be over a short period.

In flood generation the turbines are used when the tide is coming in and the

sluices are opened when the tide is going out. However, this process is less effi-

cient compared to ebb generation because flood generation operates between low-

tide and mid-tide, which has significantly lower volume compared to mid-tide to

high-tide. Thus the flood generation scheme is less effective in generating energy

compared to ebb generation.

In a two-way generationmode, electricity is generated during ebb and flood tides.

Although this operation looks like the best option as the energy produced could theo-

retically be twice as much as a single operation on its own, this is not the case. The

sluices need to be opened during flood and ebb tides, therefore leading to a reduction

in the energy produced for both operations as there will be a significant volume of

water that will not flow through the turbines. As the turbines are optimized to flow

in a specific direction the efficiency in the reverse direction is reduced.

10.1.3.4 Electricity generation profiles
Fig. 10.7 shows electricity produced by a two-way generation tidal scheme.

Although electricity production is highly predictable, it varies periodically and

there are periods of no electricity production.

10.2 Need for flexibility

10.2.1 The challenge of balancing electricity supply and demand

The high penetration of variable renewable generation in power systems leads to

an increased need for flexibility and ancillary services. A few examples are

provided here to demonstrate the emerging need for flexibility in various

energy systems.

FIGURE 10.7

Power and electrical energy production by three proposed tidal schemes in the United

Kingdom [5].
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California: The increasing PV generation capacity in California, United States,

is significantly affecting the net-electricity demand and makes it more variable.

Electricity demand and solar power generation on August 16, 2018, in California

are shown in Fig. 10.8. The net-electricity demand during days when the sun is

shining is reduced to a great extent. In the late afternoon when the sunset coincides

with peak electricity demand a significant ramp-up in the net-electricity demand

occurs. Therefore alternative energy sources that are capable to ramp-up/down

quickly are required to compensate for the variation of the solar energy.

Germany: The large-scale integration of wind and solar generation in the

German power system has caused challenges in balancing electricity demand and

supply. The German power generation mix in 2018 consisted of 46 GW solar and

60 GW wind, which accounted for more than 50% of the total electricity genera-

tion capacity. The high penetration of variable renewable generation in the elec-

tricity mix has led to power curtailment and is one of the reasons behind negative

electricity prices in some hours of a year in Germany. For example, Germany had

134 hours of negative electricity prices on the wholesale market in 2018, while

this number was 146 hours in 2017, 97 hours in 2016, and 126 hours in 2015 [7].

Ontario: In Ontario, Canada, 3.33 TWh of wind and solar generation was cur-

tailed in 2017 due to the supply exceeding the electricity demand [8]. In 2018 the

Ontario electricity market had negative prices on the wholesale market for more

than 360 hours (data from [9]).

10.2.2 Options for providing flexibility to low-carbon power systems

Energy storage systems are efficient options to balance electricity supply and

demand in the presence of variable renewable generation. Energy storage devises

absorb surplus electricity generated by renewable sources during low-demand

FIGURE 10.8

Electricity demand and generation by solar PV on August 16, 2018, in California,

United States.

Figure created using data from [6].
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periods and inject this electricity back to the grid when the demand rises. Various

energy storage technologies and systems are currently under development. A vast

amount of funding is annually spent on research and development of energy-

storage technologies. Pumped hydro, batteries, flywheels, compressed air, and

hydrogen are among the most noted storage systems. These systems have unique

characteristics in terms of cost, capacity potential, storage time, efficiency, and

end-use applications.

A system including an electrolyzer, hydrogen storage, and a fuel cell can act

as energy storage by using excess electricity from renewables and converting it

into hydrogen. The hydrogen then can be stored and used in a fuel cell to generate

electricity when the demand is high. A hydrogen-based storage system reduces

renewable power curtailment. Hydrogen produced by renewable energy can be

used in a solid oxide fuel cell (SOFC), which operates as a combined heat and

power (CHP) system. As a result the renewable electricity that would be other-

wise curtailed is used to reduce greenhouse gas emissions in the power and heat

sectors. By using technologies such as polymer electrolyte membrane electroly-

zers for hydrogen production, it is possible to provide fast response ancillary

services to power systems.

Hydrogen produced by electrolyzers can also be injected in existing natural

gas pipeline systems to form hydrogen-enriched natural gas. This option provides

a significant storage capacity in countries and regions that have developed natural

gas infrastructure. In those regions, hydrogen can be used to provide seasonal

storage for renewable energy.

10.3 Solid oxide fuel cells for distributed power generation
SOFCs are increasingly used as distributed power generation technologies due to

their high efficiency and multifuel capability. SOFCs have four main applications

which are discussed in Sections 10.3.1�10.3.4.

10.3.1 Residential applications

Their low noise and emission characteristics make SOFCs ideal for home installa-

tions. The ability to provide heat and power simultaneously makes them a promis-

ing option for use as distributed generations. Additionally, SOFCs can contribute

to peak-load shaving and reduce home bills for residential buildings when a dif-

ference in peak and off-peak tariffs are in place. Through integration with battery

banks and/or hydrogen storage, SOFCs can be used in remote areas to provide

electric and thermal energy to local consumers.

The application of fuel cells as residential CHP systems is demonstrated in

Japan’s ENE-FARM program [10]. Through this program the government of
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Japan has set a target of installing 5.3 million residential fuel cell CHP systems in

Japan by 2030. This number of systems equals 10% of households in Japan [10].

Several studies (i.e., [11]) investigated the thermal and electrical behavior of

SOFCs. Ullah et al. [11] carried out experiments and demonstrated that by

increasing the operating temperature of an SOFC from 650�C to 750�C, the maxi-

mum electrical power generation and overall efficiency (electrical plus thermal

efficiency) can be increased, while the electrical efficiency drops slightly.

There are, however, three main challenges in the widespread deployment of

SOFC systems in the residential sector. First, highly variable residential power

demands require SOFCs to operate with high flexibility. Second, SOFC systems

have higher capital and operating costs compared to other energy conversion tech-

nologies used in residential buildings such as conventional CHPs and boilers.

Finally, limited experience is available in installing, maintaining, and supporting

the use of SOFC systems in residential systems. This lack of experience is a cru-

cial challenge for the widespread introduction of SOFCs in the residential sector.

10.3.2 Commercial applications

Reliable power and heat supply is a requirement for commercial and public sites

such as office buildings, large hotels, schools, and shopping malls. These sites

provide great opportunities for SOFCs to be used for distributed generation of

heat and electricity. Moreover, dispatchable SOFCs enable operators to provide

grid support to a local utility or an independent system operator, which will

help to avoid investments into reinforcing electricity networks and new genera-

tion capacities.

10.3.3 Industrial applications

Main applications of SOFCs in industries include backup power generating unit,

CHP, and trigeneration in a range of different industries such as data centers,

wood processing and steel works. In the EU-funded GrinHy project [12] onsite

tests of reversible SOFCs were conducted in a steel works aimed at exploiting the

high-temperature waste heat. Palomba et al. [13] investigated the use of a

630 kWe SOFC for trigeneration of heat, cooling, and electricity in an industrial

site. The SOFC was fed by syngas produced through gasification of lignocellu-

losic biomass. It was demonstrated that using SOFC for trigeneration could

reduce the primary energy consumption of the industrial site by about 15 GWh/

year (about 50% less than a traditional system with separate energy production)

with a significant amount of avoided CO2 emissions of about 5000 tonnes/year.

As SOFCs perform well using light hydrocarbon fuels, Lackey et al. [14] investi-

gated the use of SOFC fueled by biogas produced by anaerobic digestion in a

wastewater treatment plant. The study showed that reductions of 2400 tonnes

CO2, 60 kg CH4, and 18 kg N2O emission from the wastewater treatment plant

could be achieved through using biogas in SOFCs.
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Using SOFCs as a distributed generation technology can also provide peak-

shaving capability for grid support and to avoid high demand charges in indus-

tries, such as in the case of TRIAD in the Great Britain.

10.3.4 Military and transport applications

SOFCs can provide electricity for propulsion and service of navy ships, supply

energy to the tent-city of a bare base, and act as a flight-line generator in air force

applications. For army and marine applications the use of SOFCs may include an

auxiliary power unit and propulsion of armored vehicles, mobile power station,

military communication stations, underwater vehicles, and so forth. Since SOFCs

are silent, reliable, resilient, and uninterruptible they are an ideal option for

energy supply in military applications. Moreover the good heat rejection capabil-

ity makes it possible for an SOFC propulsion system to have high-power density

and being suitable for long-term use.

Strazza et al. [15] adopted a life cycle assessment approach to evaluate the

performance of SOFCs as auxiliary power systems for commercial ships. It was

shown that the fuel production phase has a significant effect on the life cycle

performance of SOFCs. From the life cycle point of view, biomethanol was iden-

tified as an environment-friendly fuel for SOFCs.

10.4 Integrated solid oxide fuel cells and renewable power
generations

The basic idea of a hybrid, renewable, SOFC power-generation system is to use

the surplus electricity from renewable energy sources such as solar and wind to

produce hydrogen. The hydrogen is stored and used to generate electricity when

required. During the electricity generation process via an SOFC the cogenerated

heat can be used to supply heat demand locally or through a district heating

system. It should be noted that the high-electrical efficiency indicates less heat

supply ability of the SOFCs.

Concerning the connection mode to the power grid, the hybrid system can be

divided into two categories, namely grid-connected and standalone. Usually in the

grid-connected mode the operation of an SOFC (i.e., power generation) is deter-

mined to maximize the profit of the hybrid system considering electricity prices.

Therefore SOFCs are mainly used for generating electricity during peak hours

when electricity prices are high.

In the standalone mode the SOFCs need to work together with other renew-

able technologies to meet the local demand for electricity. The availability of

hydrogen storage ensures SOFCs are able to generate electricity to fill the gap

between electricity demand and renewable generation.
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Hydrogen storage is crucial in order to maximize the flexibility of a hybrid

energy system including SOFCs. Hydrogen storage is one of the most flexible energy

storage solutions for power grids. Hydrogen can be stored as high-pressure gas, low-

temperature liquid, and physically or chemically bonded to hydride complexes. To

support the energy storage process, fuel cells for electricity generation and electroly-

zers for hydrogen generation are interfaces between the electricity system and the

hydrogen system. With these interfaces the hydrogen storage operator will be able

to use renewable energy to reduce the cost and emission of the produced hydrogen.

The reversible solid oxide cell (ReSOC) is an electrochemical energy conver-

sion technology that operates at high temperatures (600�C�1000�C) and can be

used either as an SOFC to generate electricity or as a solid oxide electrolyzer cell

(SOEC) to produce H2. This is an interesting feature that encourages the use of

ReSOCs in hybrid energy systems (Fig. 10.9).

Perna et al. [17] assessed the performance (e.g., round-trip efficiency) of an

ReSOC as electric energy storage. In the SOFC mode, electricity is generated by

converting the reactant gas, which is mainly composed of CH4 and H2, into a mix-

ture of H2O and CO2. During the electrolysis process, CH4 can also be produced

due to the methanation reaction that, under proper operating conditions, occurs at

the cathode of the solid oxide cell. It was shown that a stack round-trip efficiency

of about 70% can be achieved when the ReSOC operates at low temperature

(700�C). Frank et al. [16] designed and carried out an experiment on an ReSOC

system as energy storage that can be upscaled to provide flexible services to power

grids. In fuel cell mode the ReSOC showed an efficiency of up to 67.1% and in the

electrolysis mode it was 76% efficient, which gave a round-trip efficiency of 51%.

Nease et al. [18] analyzed the performance of an integrated SOFC and com-

pressed air energy storage system for supplying zero-emission electricity during peak

demand hours in Ontario, Canada. Sadeghi [19] proposed a hybrid energy system

including an SOFC, solar panels, and flow batteries to meet varying electricity loads.

The use of bioenergy as a fuel for SOFCs is an environment-friendly option

for electricity generation. A hybrid SOFC and micro gas turbine fueled by biogas

FIGURE 10.9

Reversible solid oxide cell as a large-scale energy storage system to provide flexibility to

power grids [16].
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was analyzed by Perna et al. [20] for the distributed generation of electricity and

heat. Zabaniotou [21] studied the use of various agricultural residues in a decen-

tralized CHP system based on SOFCs. Mehr et al. [22] studied a power and heat

cogeneration system consisting of a biogas-fed SOFC and a concentrating solar

thermal system for a wastewater treatment plant in Italy. The biogas was pro-

duced onsite from the anaerobic digestion of collected sludge. The thermal power

recovered from the SOFC exhaust stream was used to meet part of the digester

thermal load, with concentrated solar thermal and an auxiliary boiler supplying

the rest of the heat load.

10.5 Conclusion
Traditionally different energy systems of electricity, gas, district heating/cooling,

and hydrogen had relatively few interactions and were designed and operated

independently of each other. Currently, however, there is significant interest in

exploring the synergies between energy networks through coupling components

such as power-to-gas [23], fuel cells, and thermal energy storage. Interactions

take place through energy conversion between different energy carriers and its

storage to provide services and ensure that each is managed optimally. Numerous

possible interactions between the various energy systems are shown in Fig. 10.10.

FIGURE 10.10

Potential interactions between hydrogen and other energy-carrier systems [24].

CHP: Combined heating and power.
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From the technical viewpoint the integration of multi-vector energy systems

increases the difficulties of managing and operating complex energy systems.

In order to analyze the interactions and interdependencies among different energy

systems at different spatial and temporal scales, enhanced modeling tools are

required to study the impact of cascading failures affecting the reliability of energy

supplies. Moreover, more software tools (planning, simulation, and operational

control) are needed to quantify the performance of the integrated energy systems

under different scenarios. Additionally, assessment methodologies and evaluation

criteria are required to quantify the techno-economic performance of the integrated

energy systems. Based on the evaluation criteria, standard test networks need to be

designed to support the relevant studies and validate the developed models.

References
[1] ELEXON, https://www.bmreports.com/bmrs/?q5 generation/fueltype/current (accessed

February 2019).

[2] European Union Joint Research Centre, http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.

php (accessed March 2019).

[3] National Oceanic and Atmospheric Administration, U.S. Department of commerce,

https://oceanservice.noaa.gov/education/tutorial_tides/tides03_gravity.html (accessed

March 2019).

[4] N. Yates, I. Walkington, R. Burrows, J. Wolf, Appraising the extractable tidal energy

resource of the UK’s western coastal waters, Phil. Trans. R. Soc. A 371 (1985)

(2013). 20120181.

[5] A. Angeloudis, R.A. Falconer, S. Bray, R. Ahmadian, Representation and operation

of tidal energy impoundments in a coastal hydrodynamic model, Renew. Energy 99

(2016) 1103�1115.

[6] California ISO Website, http://www.caiso.com/TodaysOutlook/Pages/supply.aspx

(accessed February 2019).

[7] Clean Energy Wire, https://www.cleanenergywire.org/news/german-wholesale-

power-prices-turn-negative-less-often-2018 (accessed March 2019).

[8] Independent Electricity System Operator, http://www.ieso.ca/en/Corporate-IESO/

Media/Year-End-Data, Accessed January 2019.

[9] Independent Electricity System Operator, http://reports.ieso.ca/public/PriceHOEPPredisp

OR/ (accessed February 2019).

[10] Government of Japan, https://www.gov-online.go.jp/eng/publicity/book/hlj/html/

201706/201706_10_en.html (accessed February 2019).

[11] K.R. Ullah, R.K. Akikur, H.W. Ping, R. Saidur, S.A. Hajimolana, M.A. Hussain, An

experimental investigation on a single tubular SOFC for renewable energy based

cogeneration system, Energy Convers. Manage. 94 (2015) 139�149.

[12] GrinHy Project, http://www.green-industrial-hydrogen.com/home/ (accessed March

2019).

[13] V. Palomba, M. Prestipino, A. Galvagno, Tri-generation for industrial applications:

development of a simulation model for a gasification-SOFC based system, Int. J.

Hydrogen Energy 42 (2017) 27866�27883.

309References

https://www.bmreports.com/bmrs/?q=generation/fueltype/current
https://www.bmreports.com/bmrs/?q=generation/fueltype/current
http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php
http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php
https://oceanservice.noaa.gov/education/tutorial_tides/tides03_gravity.html
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref1
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref1
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref1
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref2
http://www.caiso.com/TodaysOutlook/Pages/supply.aspx
https://www.cleanenergywire.org/news/german-wholesale-power-prices-turn-negative-less-often-2018
https://www.cleanenergywire.org/news/german-wholesale-power-prices-turn-negative-less-often-2018
http://www.ieso.ca/en/Corporate-IESO/Media/Year-End-Data
http://www.ieso.ca/en/Corporate-IESO/Media/Year-End-Data
http://reports.ieso.ca/public/PriceHOEPPredispOR/
http://reports.ieso.ca/public/PriceHOEPPredispOR/
https://www.gov-online.go.jp/eng/publicity/book/hlj/html/201706/201706_10_en.html
https://www.gov-online.go.jp/eng/publicity/book/hlj/html/201706/201706_10_en.html
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref3
http://www.green-industrial-hydrogen.com/home/
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref4


[14] J. Lackey, P. Champagne, B. Peppley, Use of wastewater treatment plant biogas for

the operation of solid oxide fuel cells (SOFCs), J. Environ. Manage. 203 (2017)

753�759.

[15] C. Strazza, A. Del Borghi, P. Costamagna, A. Traverso, M. Santin, Comparative

LCA of methanol-fuelled SOFCs as auxiliary power systems on-board ships, Appl.

Energy 87 (2010) 1670�1678.

[16] M. Frank, R. Deja, R. Peters, L. Blum, D. Stolten, Bypassing renewable variability

with a reversible solid oxide cell plant, Appl. Energy 217 (2018) 101�112.

[17] A. Perna, M. Minutillo, S.P. Cicconardi, E. Jannelli, S. Scarfogliero, Performance

assessment of electric energy storage (EES) systems based on reversible solid oxide

cell, in: 71st Conference of the Italian Thermal Machines Engineering Association,

ATI2016, 14�16 (2016), Turin, Italy.

[18] Jake Nease, Nina Monteiro, Thomas A. Adams, Application of a two-level rolling

horizon optimization scheme to a solid-oxide fuel cell and compressed air energy

storage plant for the optimal supply of zero-emissions peaking power, Comput.

Chem. Eng. 94 (2016) 235�249.

[19] S. Sadeghi, Study using the flow battery in combination with solar panels and solid

oxide fuel cell for power generation, Sol. Energy 170 (2018) 732�740.

[20] A. Perna, M. Minutillo, E. Jannelli, V. Cigolotti, S.W. Nam, K.J. Yoon, Performance

assessment of a hybrid SOFC/MGT cogeneration power plant fed by syngas from a

biomass down-draft gasifier, Appl. Energy 227 (2018) 80�91.

[21] A. Zabaniotou, Agro-residues implication in decentralized CHP production through a

thermochemical conversion system with SOFC, Sustain. Energy Technol. Assess. 6

(2014) 34�50.

[22] A.S. Mehr, M. Gandiglio, M. MosayebNezhad, A. Lanzini, S.M.S. Mahmoudi,

M. Yari, et al., Solar-assisted integrated biogas solid oxide fuel cell (SOFC)

installation in wastewater treatment plant: energy and economic analysis, Appl.

Energy 191 (2017) 620�638.

[23] A. Maroufmashat, M. Fowler, Transition of future energy system infrastructure;

through power-to-gas pathways, Energies 10 (8) (2017) 1089.

[24] M. Abeysekera, J. Wu, N. Jenkins, Integrated energy systems: an overview of bene-

fits, analysis methods, research gaps and opportunities, HubNET position paper

series, 2016.

310 CHAPTER 10 Renewable power generation

http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref11
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref11
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref11
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref11
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref12
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref12
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref12
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref12
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref12
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref13
http://refhub.elsevier.com/B978-0-12-815253-9.00010-0/sbref13


CHAPTER

11Energy storage

Tohid N. Borhani
School of Water, Energy and Environment, Cranfield University, Bedford, United Kingdom

11.1 Introduction
Energy-storage technologies can be classified as mechanical, chemical, electro-

chemical, thermal, and electrical [1]. Among different types of energy-storage

systems, the chemical-based storage methods offer enduring storage and a man-

ageable discharge according to the energy demand. Chemical-based storage sys-

tems are not site-specific and can operate with high efficiency by producing

hydrogen or syngas. One of the most important technologies among chemical-

based energy storage systems are reversible (or regenerative) solid oxide cells

(ReSOCs or rSOCs) [1].

ReSOCs are systems that can be used in two different operating modes,

namely fuel cells and electrolysis. In the solid oxide fuel cell (SOFC) mode, elec-

tricity is generated by the electrochemical reaction of a fuel (e.g., hydrogen and

natural gas) with air. In the electrolysis mode [solid oxide electrolyzer cell

(SOEC) or solid oxide steam electrolyzer (SOSE)] the hydrogen or syngas is pro-

duced using electricity when coupled with an energy source. Therefore it could

be said that the ReSOC is both the SOFC and SOEC incorporated in a single unit,

and the SOEC is an SOFC that works in the opposite manner [2]. SOFC, and

SOEC, have the potential to show considerably lower electrochemical losses than

the other type of methods [3]. The idea of ReSOCs utilization for energy storage

returns to pioneering research in 1987 [4] when Bents presented the design of the

system and described the forward and reverse operating cycles. He also reported

that for solar photovoltaic (PV) applications the ReSOC system was better than

an alkaline regenerative fuel cell system.

Although the concept of using ReSOCs for electricity production and storage

is promising, the technology is not yet commercially competitive with the other

technologies. The main issues are the high cost and the short lifetime of the cells

[5]. In addition, the round-trip efficiency of ReSOC for energy storage is not at

the level of batteries [6]. Therefore development in materials and system design

is required for ReSOCs to make this technology competitive with the other com-

mon energy-storage technologies to result in efficient and economical operation.

In addition, process optimization also can be useful to reduce the stresses and
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optimize the performance of the system. ReSOCs can potentially offer a low-cost

approach to support a hydrogen economy in the future [7].

As ReSOCs can operate over a varied range of energy-to-power ratios it is

appropriate for energy management applications. In addition to the traditional

energy-storage scenario, the ReSOC system is very beneficial for energy sustain-

ability when the electrical energy is produced from renewable energies such as

wind or PV energy [8]. This technology is helpful for stabilization of the grid and

can be considered a useful alternative to shutting down renewable energies during

production peaks. A schematic diagram of the combination of an ReSOC energy-

storage system with renewable energies is presented in Fig. 11.1. As can be seen

these renewable energies could be solar, wind, and biomass-sourced energy.

The characteristics of ReSOCs are described in Section 11.2. This includes a

discussion on two features of the system. Commonly utilized materials in ReSOC

systems are reviewed in Section 11.3. The process configuration and units required

for ReSOC systems are explained in Section 11.4. The strategies to manage the

thermal aspects of the process are presented in Section 11.5. As the efficiency of

the system is important, this parameter is defined and discussed in Section 11.6.

Section 11.7 is devoted to economic aspects and the techno-economic assessment

FIGURE 11.1

Reversible solid oxide cell system application using various renewable energy sources.

SOEC, solid oxide electrolyzer cell; SOFC, solid oxide fuel cell.

Adapted from L. Bi, S. Boulfrad, E. Traversa, Steam electrolysis by solid oxide electrolysis cells (SOECs) with

proton-conducting oxides, Chem. Soc. Rev. 43 (24) (2014) 8255�8270.
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(TEA) of the ReSOC operation. Finally, in Section 11.8, the conclusions of the

chapter are drawn and directions for future research in this subject are listed.

11.2 Characteristics of reversible solid oxide cells
Minh and Mogensen [2] considered five features for ReSOCs, namely compatibil-

ity, flexibility, capability, adaptability, and affordability. It is required that

ReSOCs have two important features, in addition to those belongings to SOFC

and SOEC modes. These two features are reversibility of the electrode operation

and efficient cyclic operation, which cause complexity in the technical aspect of

electrode development. These two important features and reactions in ReSOC sys-

tems are discussed by more detail in the following subsections.

11.2.1 Reversibility of the electrode operation

The fuel electrode in ReSOCs must show proper performance reversibility

between the SOFC and SOEC modes. It is also necessary for the oxygen electrode

to have performance reversibility at low-current densities. However, in practice,

the SOEC mode depends on different parameters such as microstructure of the

electrodes, type of materials used in the system, and operating parameters the

system may utilize irreversibly. Microstructures of the electrodes have a high

influence on the performance stability of the electrodes. During electrolysis the

microstructures of an oxygen electrode need to be engineered to overcome

the oxygen pressure build-up problem at the electrode�electrolyte interfaces. On

the other hand, the fuel electrode microstructures are required to be designed to

simplify the transport of water and fuel to and from reaction sites.

11.2.2 Efficient cyclic operation

A cyclic operation with high efficiency and stability is a very important feature that

must be considered for ReSOCs. Single-cell and multicell stacks have been con-

structed and examined by considering their cyclic operation [9]. The cyclic operation

is related to the capability of the anode or hydrogen electrode for internal reforming.

It has been shown that a higher degradation rate is usually reported for cell and stack

performance in the SOEC mode than those in the SOFC mode [9].

11.2.3 Reactions and other characteristics

Overall, reactions in ReSOCs include electrochemical fuel oxidation (or reduction),

fuel reforming, and water�gas shift (or reverse shift) as shown in the equations:

H2 1
1

2
O2$H2O; ΔH52 248kJ=mol (11.1)

31311.2 Characteristics of reversible solid oxide cells



CH4 1H2O$3H2 1CO; ΔH5 226kJ=mol (11.2)

H2O1CO$H2 1CO2; ΔH52 34kJ=mol (11.3)

The forward reactions are for the SOFC mode and the backward reactions

belong to the SOEC mode. The ΔH is the molar heat of reaction of the forward

reaction at 800�C [10]. A schematic diagram of two operation modes of ReSOC,

diffusion of species and reaction chemistry, is illustrated in Fig. 11.2.

According to Fig. 11.2 the positive�electrolyte�negative structure could be a

coated ceramic and metal structure including: (1) a fuel electrode that is consid-

ered as the anode and cathode in the SOFC and SOEC modes, respectively; (2) a

tiny solid electrolyte; and (3) an oxygen electrode which is considered as the cath-

ode and anode in the SOFC and SOEC modes, respectively. As can be seen, there

is a channel for fuel near the fuel electrode in which the reactant elements flow.

It must be mentioned that these reactant elements may be any type of fuel in the

SOFC mode. In the SOEC mode the reactant species are H2O and/or CO2. The

process is known as electrolysis if the only reactant in the system is steam.

FIGURE 11.2

Schematic diagram of two different operation modes of reversible solid oxide cells: (A)

SOFC mode and (B) SOEC mode [11]. SOFC, solid oxide fuel cell; SOEC, solid oxide

electrolyzer cell.
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The term coelectrolysis is utilized to express the utilization of water and carbon

dioxide to produce syngas. In the SOFC mode an oxygen supply in the form of

pure oxygen or air is necessary for the oxygen electrode to operate as a reactant

in the electrochemical conversion. There is oxygen generation at the air electrode

in the SOEC operation. The typical operation voltage for a single ReSOC is

0.5�2.0 V and cell stacking is necessary to obtain the suitable voltage output

from the device. In addition, cell staking has two more important duties. In order

to eliminate the excess heat generated by oxidation reactions in the SOFC mode,

cooling airflow is needed for the stack. Internal reforming reactions can also act

as a thermal energy sink. In contrast, additional heat is necessary in the reduction

reactions in the SOEC mode, which is provided either from an external source or

by having a less efficient operation of the cell in that the waste-heat generation

provides the required thermal energy shortage.

There is an important challenge for the integration of the two different modes

of the ReSOC system due to the different thermal behavior of each mode. Cell

performance degradation is another significant challenge in ReSOCs. As the

cell has to work in both oxidizing and reducing situations, it is critical to have

electrode components that are stable in both conditions [12].

It was reported that severe degradation of oxygen electrodes in the SOEC

mode is a critical issue in ReSOCs [13,14]. Graves et al. [13] found that at high-

current densities the ReSOC showed insufficient long-term stability and, hence,

this problem limited its application in the past. The authors showed that similar to

a rechargeable battery, the serious degradation problem of electrolysis can be

entirely removed by reversible cycling between SOEC and SOFC modes. It must

be mentioned that it was believed previously that this degradation problem was

not reversible. Chen et al. [14] considered the stability of ReSOCs (the perfor-

mance of oxygen electrodes in the SOEC mode) as the most critical issue that

had to be solved to have a high-performance system. In their study they found

that the deterioration of a lanthanum strontium manganite (LSM)—was oxygen

electrode caused by anodic polarization. They suggested a solution to this

problem by introducing cathodic polarization.

11.3 Common materials in reversible solid oxide cells
The materials for ReSOCs are similar to the materials commonly used in SOFC

systems. Three main physical items in ReSOCs that construct a membrane elec-

trode assembly are a solid electrolyte, oxygen electrode, and fuel electrode. A

comprehensive review of the different types of electrolytes, fuel electrodes, and

oxygen electrodes and their manufacturing was presented [15]. The authors cate-

gorized electrolytes as zirconia-based, ceria-based, lanthanum gallates based, and

proton conducting; fuel electrodes as conventional cermets, lanthanum strontium

chromium manganites, titanate composites, and lanthanum chromium ferrites; and
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oxygen electrodes as LSMs, perovskites, Ruddlesden�Propper series, and double

perovskites. The list of common materials utilized in ReSOCs is provided in

Table 11.1.

More and more studies are being conducted on the development of materials

for ReSOCs over the past few years. These new materials improved the perfor-

mance of the ReSOC system considerably. Bi et al. [16] investigated the utiliza-

tion of proton-conducting oxides as a chemically stable material for the SOFC

and SOEC modes of ReSOC. They also found that these materials could reduce

the operating temperature of the ReSOC system because they have better ionic

conductivity compared with common oxygen-ion conducting conductors. An oxy-

gen electrode free of strontium and ornamented using Er0.4Bi1.6O3 is produced

Table 11.1 Common materials utilized in reversible solid oxide cells [15].

Application Family Material Abbreviation

Solid
electrolyte

Zirconia-based Yttria-stabilized zirconia YSZ
Scandia-stabilized zirconia ScSZ

Ceria-based Samaria-doped CeO2 SDC
Gadolinia-doped CeO2 GDC

Lanthanum gallates-
based

Lanthanum strontium gallium
magnesium oxide lanthanum
gallium oxide

LSGMLM

Proton conducting Barium zirconate cerates �
Oxygen
electrode

Lanthanum
strontium-based

Lanthanum strontium manganite LSM

Perovskites Lanthanum strontium cobalt iron
oxide

LSCF

Ruddlesden�Popper
series

A2NiO41δ (A5Nd, La or Pr) �

Double perovskites GdBaCO2O51δ GBCO
PrBaCO2O51δ PBCO
Sr2Fe1.5Mo0.5O6�δ SMFO

Fuel
electrode

Conventional cermets Nickel-impregnated, yttria-
stabilized zirconia cermet

Ni�YSZ

Copper-impregnated, yttria-
stabilized zirconia cermet

Cu�YSZ

Lanthanum
strontium-based

Lanthanum strontium chromium
manganite

LSCM

Titanate composites Lanthanum strontium titanate LST
Yttrium strontium titanate YST

Lanthanum
chromium ferrite

Lanthanum strontium chromium
ferrite

LSCrF

Lanthanum calcium chromium
ferrite

LCaCrF
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and used on a barrier-layerfree YSZ electrolyte film [17]. The newly designed

oxygen electrode showed a peak-power density of 1.81 and 0.58 W/cm2 at 750�C
and 650�C, respectively. In addition the operating stability obtained for the SOFC

mode was 600�C for about 500 hours and 750�C for the SOEC mode for more

than 200 hours. Huan et al. [18] developed a stable and efficient air electrode,

SrEu2Fe1.8Co0.2O72δ (SEFC), in a proton-conducting ReSOC (P-ReSOC). The

authors reported that by applying this air electrode the system operated and easily

switched between the SOFC and the SOEC modes without degradation for

135 hours.

11.4 Process configuration and unit operations
A typical ReSOC system involves pumps, tanks, compressors, and heat exchan-

gers and the complete system should be designed and established to work with

appropriate efficiency [19]. There are different challenges in the design of

ReSOC systems that must be managed prior to the adaption of the system. These

challenges include control of cell performance and system stability, system inte-

gration, and effective thermal establishment in the two operating modes [11]. In

general the challenges in designing ReSOC systems can be summarized as [10]:

1. The challenge related to how to overcome the thermal difference between the

SOFC mode (exothermic) and the SOEC mode (endothermic or near thermo-

neutral)—it must be mentioned that both SOFC and SOEC modes are

considered as exothermic in some cases [20]—utilizing a unitized cell-stack

and common hardware.

2. The challenge of selecting configurations and operating conditions

(temperature, pressure, utilization, composition) that result in high efficiency

in both operating modes.

3. The challenge of thermal integration between high-temperature stack

operation and lower temperature, pressurized storage.

4. The challenge related to the required process of reaction products (such as

economical compression to the storage pressure) that are tanked and need to

be used in the opposite modes of operation.

An example of the energy-storage concept using ReSOC technology is pre-

sented in Fig. 11.3.

The device presented in Fig. 11.3 runs successively between the two distinct

modes, namely discharging (SOFC) and charging (SOEC). In the SOFC operation

a fuel stream contains a mixture of gases transferred from a fuel-storage tank to

the ReSOC stack. By electrochemical oxidation of the fuel species in the stack,

electrical power will be generated. The exhaust components from the stack are

water and carbon dioxide with some amount of unreacted fuel that is collected in

a separate tank to be utilized in the SOEC mode. The stack is operated as an
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electrolyzer in the SOEC mode in which the reactant and product flow in opposite

directions to provide the mixture of gases comes from the exhaust tank for the

stack.

The extra energy from renewable methods or in the off-peak hours is sent to

the SOEC system to generate hydrogen. The required water can be provided by

different methods. The water can come from a power plant, sea, or industrial

water supply [21]. It must be noted that a portion of the required water in the

SOEC mode can be supplied by storing the water generated in the SOFC reac-

tions. In the SOFC mode the compressed hydrogen that was stored in the gas-

storage tubes is used to generate energy for the grid in the peak hours or any time

when necessary.

Some new designs and configurations for ReSOC systems have been presented

in recent years. Mermelstein and Posdziech [21] reported the collaboration

between Boeing and Sunfire companies in the design of a fully integrated, auto-

mated, and grid-tied ReSOC system that includes two identical submodules with

60 kWDc SOEC power and 25 kWDC SOFC power each. Di Giorgio and

Desideri [22] presented two different storage concepts for ReSOCs in which the

produced thermal energy during the SOFC mode is stored as sensible heat in a

material with high density and high-specific heat or is stored as latent heat in a

phase-change material. The sensible or latent heat is used in the SOEC mode.

Lou et al. [23] used gPROMS to develop a dynamic model containing an ReSOC,

FIGURE 11.3

A schematic diagram of the unit operations in reversible solid oxide cell system [11].

SOFC, solid oxide fuel cell; SOEC, solid oxide electrolyzer cell; ReSOC, reversible solid

oxide cell.
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Li-ion batteries, internal combustion engine, heat exchangers, and other equip-

ment. They simulated a distributed system combining renewable energy (RE),

natural gas (NG), and energy storage. The authors considered different scenarios

to comprise the power quality, efficiency, RE penetration, and device cost and

size. They reported that the optimal strategy of the RE�NG distributed system

was achieved when no more than 36% of the maximum renewable power was

supplied to users. Hauck et al. [24] investigated the impact of inlet-gas composi-

tion, temperature, and pressure on the performance of an ReSOC using Aspen

Plus simulation (see Fig. 11.4). Their parametric study showed that the increase

of hydrogen content and decrease of steam content can improve the performance

of the system in the SOEC mode. The authors also evaluated the pressurized oper-

ation, which increased the operational voltage and reduced the diffusion losses.

Giap et al. [25] integrated an ReSOC system with waste steam (see Fig. 11.5).

They considered three different round-trip efficiencies to evaluate the perfor-

mance of the system. A parametric study was also performed by considering the

effects of fuel composition, waste-steam temperature, and steam-conversion ratio

on the system. The calculation for the base case of the ReSOC working at 750�C
and 1.1 bar, resulted in 37.9% as the reference system of round-trip efficiency,

53.8% as the electrical round-trip efficiency, and 49.6% as the exergy round-trip

efficiency.

Perna et al. [26] proposed and analyzed an ReSOC system fed by a mixture of

methane, carbon monoxide, water, and hydrogen. They investigated the behavior

of the system under different operating conditions by considering a thermo-

electrochemical model. In order to produce power and hydrogen, the biomass-

based ReSOC was integrated with a gas turbine by considering different gases as

the gasification agents [27] (see Fig. 11.6). The authors evaluated the system in

terms of energy, exergy, exergoeconomic, and environmental impact using a

FIGURE 11.4

The reversible solid oxide cell model developed using Aspen Plus simulation [24]. SOFC,

solid oxide fuel cell; SOEC, solid oxide electrolyzer cell.
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parametric study. They also optimized the system using a multiobjective optimi-

zation method by considering different objectives when CO2 was a gasification

agent. The exergy efficiency and total product cost under optimum operating con-

ditions were 45.25% and 16.21 $/GJ, respectively.
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Integration of reversible solid oxide cell system with waste steam [25].
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11.5 Thermal management
Similar to SOFCs, ReSOCs operate in a temperature range of 600�C�1000�C.
Their operating temperature is higher than other types of electrolyzers such as

alkaline or PEM electrolyzers because the efficiency of the ReSOCs was signifi-

cantly influenced by cell temperature [28]. In general the operating temperature

of an ReSOC is related to the cell and stack designs, selected components, and

the high-operating temperature resulting in cell and stack design flexibility, multi-

ple fabrication options, high-electrolysis efficiency, multifuel capability, lower

electrochemical loss, and operating temperature choices [29]. The advantages and

disadvantages of the high-temperature operation of ReSOCs are summarized in

Table 11.2. It should be noted that in recent years the utilization of intermediate

temperature electrolyte in ReSOCs also attracted considerable attention [30].

FIGURE 11.6

Integration of a biomass-based solid oxide fuel cell, gas turbine, and solid oxide

electrolyzer cell [27].
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Decreasing the ReSOC temperature to an intermediate value (500�C�700�C)
allows the use of more economical components, more simple design of the pro-

cess, shorter start-up time, and increased durability [31].

Thermal management has high importance in ReSOCs. As mentioned before,

in the SOFC mode the ReSOC is exothermic, but in the SOCE mode it could be

endothermic. Therefore a proper strategy is required to balance between the exo-

thermic and endothermic characteristics in ReSOCs. However, it must be notes

that Wendel and Braun [20] considered ReSOCs as mildly exothermic in both

operation modes and reported this characteristic as a point which simplifies the

balance of plant integration and thermal management. Bierschenk et al. [32] cou-

pled methanation (which is an endothermic reaction) with an endothermic elec-

trolysis reaction inside an ReSOC and obtained a thermal balance.

As can be seen in Fig. 11.7, the electrical energy is stored by electrolyzing a

mixture of water and carbon monoxide (dashed arrows) and electricity is pro-

duced (solid arrows) in the SOFC mode utilizing the resulting fuel containing

methane and hydrogen. Pure oxygen is produced during the SOEC mode and is

stored for use during the SOFC mode.

Similar methods were also utilized by different researchers [19,33]. It must be

mentioned that the methanation method needs to be performed at lower tempera-

tures and higher pressures. Therefore ReSOC should work with low-

electrochemical losses at those reaction temperatures and high pressures [34].

Commercially available ReSOCs operate at high temperatures [21]. Santhanam

et al. [35] presented another type of thermal strategy by integrating the heat stor-

age with an ReSOC. In this method the heat produced during the exothermic

Table 11.2 Advantages and disadvantages of high-temperature operation of
ReSOCs.

Advantage Disadvantage

• The high temperature causes the
mobility of oxygen ions in the solid
electrolytes and consequently resulted in
an efficient ReSOC operation.

• Ability to use carbonaceous reactants
without risk of CO catalyst poisoning.

• Precious-metal catalysts are not
required for the oxidation or reduction
reactions.

• Even without precious-metal catalysts,
the activation losses are relatively small,
which is particularly important for
reversible energy-storage applications.

• High-system efficiencies are possible for
combined heat and power generation.

• Material durability issues with thermal
expansion compatibility and durability in
an extreme operating environment.

• The expensive balance of plant
components to handle high-temperature
gas processing.

• High-temperatures heat must be
provided to a solid-oxide electrolyzer to
allow higher efficiency.
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operation of ReSOC will be stored and then can be used during the endothermic

operation of ReSOC. The heat also can be used as a heat supply to other

processes.

11.6 Efficiency of the system
Energy and entropy balances over the ReSOC can be used in order to calculate

the production of electrical energy during the SOFC mode and the consumption

of electrical energy during the SOEC mode. The irreversible entropy generation

denotes the internal-energy losses of the system. Even for an ideal ReSOC, which

operates isothermally, there is still energy losses due to unavoidable thermody-

namic irreversibility because of the changes in compositions, mixing of products,

electrochemical and chemical reactions, and unconverted reactants leaving the

system in the fuel stream. Therefore for an ideal ReSOC, in addition to ideal

required work, some energy is necessary to overcome such losses.

Inevitable loss can be considered as thermodynamic loss and should be

accounted for in addition to the ideal working state of the ReSOC [36]. There are

different methods to calculate the ideal voltage and work of ReSOCs. They can

be calculated using the Nernst equation with either inlet or outlet compositions,

or by studying the difference between the Gibbs function at the outlet and inlet of

the ReSOC [35].

The most significant factor that must be estimated for electrical energy-

storage systems is the round-trip efficiency that is defined as the “overall

Fuel storage 

H2O 
CO2

Power out RE sourceReSOC 

Oxygen storage

O2

Feedstock storage

CO, H2

CH4

FIGURE 11.7

Integration of methanation and reversible solid oxide cell system. ReSOC, reversible solid

oxide cell.

Adopted from D.M. Bierschenk, J.R. Wilson, S.A. Barnett, High efficiency electrical energy storage using a

methane�oxygen solid oxide cell, Energy Environ. Sci. 4 (3) (2011) 944�951.
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round-trip efficiency” and “stack round-trip efficiency” in literature. The overall

round-trip efficiency of the system that depends on the efficiency of the stack

and the auxiliary power required for the system is the ratio of the net-energy

generated in the SOFC mode to the total-energy supplied in the SOEC mode, and

can be calculated by:

ηroundtrip;overall 5
ESOFC

ESOEC

5
Eel;out;stack 2WAUX;SOFC

Eel;in;stack 2WAUX;SOEC
5

QSOFCVSOFC 2WAUX;SOFC

QSOECVSOEC 2WAUX;SOEC
(11.4)

where E is the electrical energy delivered or recovered by the system over some

charge and discharge duration, Q is the total-electrical charge associated with a

charge or discharge process. W is the energy consumed by the auxiliary systems.

V is the operating nominal cell voltage. When considering only the stack, the

round-trip efficiency will be:

ηroundtrip;stack 5
Eel;out;stack

Eel;in;stack
5

QSOFCVSOFC

QSOECVSOEC

(11.5)

To fully recharge the system, the charge transfer in each operating mode is

required to be equal over a certain time interval (QSOFC 5QSOEC). Therefore:

ηroundtrip;stack 5
Eel;out;stack

Eel;in;stack
5

VSOFC

VSOEC

(11.6)

The stack’s round-trip efficiency is a useful measure to understand the

performance of the system by quantifying the efficiency impact of the

ReSOC stack and the auxiliary power. The efficiency of the system imple-

mentation considered in different studies is shown to be highly dependent on

the ReSOC operating conditions, notably temperature, pressure, and reactant

composition.

According to the literature, high-temperature ReSOC systems have high

round-trip efficiency (more than 70%) and higher energy density than batteries

[37]. This higher round-trip efficiency in comparison with typical low-

temperature fuel cells is related to the unique characteristics of solid oxide cells

namely high temperatures and carbonaceous reactants [20]. It must be mentioned

that the low-temperature ReSOC systems obtain lower round-trip efficiencies

(about 20%�55%) [38,39]. Xu et al. [40] proposed a novel system consisting of

an SOEC integrated with a redox-cycle unit. The charge�discharge characteris-

tics were explicitly observed by operating between the SOFC and SOEC modes.

The authors reported that by using Fe or FeO as the redox materials, the new

storage battery could produce an energy capacity of 348 Wh/kg�Fe and round-

trip efficiency of 91.5% over 20 stable charge�discharge cycles. Mottaghizadeh

et al. [41] presented an improved process design for ReSOCs in Aspen Plus with

a system round-trip efficiency of 60.4% at 25 bar. The authors found that the sys-

tem behavior was dependent on the design and performance of the ReSOC reac-

tor and that the efficiency of the reactor and system had a direct relation to each

other (Fig. 11.8).
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Santhanam et al. [35] performed a theoretical study on ReSOC energy systems

by experimental analysis of an ReSOC reactor under different pressures. The

authors reported that a system round-trip efficiency of 55%�60% with existing

ReSOC technology could be achieved. They also found that increasing the pres-

sure could increase the round-trip efficiency. They determined the maximum the-

oretical limit for round-trip efficiency to be about 98% at 1 bar and 99% at 30 bar

and mentioned that by using thinner electrolysis and application of better materi-

als, even higher round-trip efficiency is possible. Kazempoor and Braun [42]

showed that by operating the ReSOCs at relatively low temperatures and high

pressures the produced CO and H2 could be catalytically converted into a CH4-

rich gas inside the cell. The heat generated by the exothermic CH4 formation

could be used by the endothermic CO and H2 formation, thereby minimizing heat

losses and optimizing round-trip efficiency.

Lototskyy et al. [43] combined a solar power system as the primary energy

source and utilized R-SOFC for producing hydrogen and generating electricity in

the SOEC and SOFC modes, respectively. The system used metal hydride for

storage of both hydrogen and heat in high temperature and metal hydride in low

temperature for additional heat management, which was composed of hot-water

supply, residential heating during winter, or cooling/air conditioning during sum-

mer. The energy efficiencies are reported as 69.4% and 72.4% in the SOEC and

SOFC modes, respectively. Butera et al. [44] proposed a large-scale electricity

storage system that was obtained by integration of a pressurized ReSOC system

and catalytic reactors to store electricity as synthetic natural gas (SNG). An

energy efficiency of 89% was achieved by storing SNG. They reported that gas-

to-electricity efficiency was equally high and a round-trip storage efficiency of

80% was obtained in their study.

11.7 Cost and economic performance
Cost and economics studies on ReSOC systems are less than studies performed

on cost and economic aspects of standalone SOFC and SOEC systems. Ni et al.,

[7] found that the capability of dual functions, namely work in the SOEC and

SOFC modes, makes ReSOCs economically sound. Guan et al. [9] proposed a

high-performance ReSOC system. They examined 10 ReSOC stacks for

1000 hours while alternating the modes. The proposed process showed highly

efficient production of hydrogen and electricity. Akikur et al. [45] modeled the

combination of a solar energy system and an ReSOC. The overall system effi-

ciency achieved for the solar-SOFC mode was 23%, for the solar-SOEC mode it

was 20%, and for the standalone-SOFC mode it was 83.6%. They also performed

an economic analysis on an ReSOC for the cyclic duration of one year, where the

SOEC and SOFC modes operated for 2920 and 2815.2 hours, respectively. The

results showed the electricity cost of 0.068 US$/kWh. Jensen et al. [33] proposed
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an ReSOC in combination with subsurface storage of CO2 and CH4 (gas-storage

technology) in which the system had a high capacity for electricity storage (about

3 months), the round-trip efficiency was reported to be over 70%, and the esti-

mated storage cost was about 0.03 $ kW/h. The authors stated that their proposed

system was a modification of the system proposed by Bierschenk et al. [32]. The

study showed the importance of NG for power generation and energy storage.

They also illustrated that in the future, through the development of renewable

electricity and energy systems, the production of electricity using the ReSOC sys-

tem could be more economical. Sigurjonsson and Clausen [46] integrated a gasifi-

cation system with an ReSOC system. As can be seen in the integrated system

shown in Fig. 11.9A, syngas is produced in the gasifier and sent to the ReSOC,

which works in SOFC mode to produce electricity. The gas engine utilized

increased the electricity production by conversion of the extra fuel from the

SOFC. As can be seen in Fig. 11.9B, hydrogen was mixed with syngas from the

FIGURE 11.9

The integrated system proposed by Sigurjonsson and Clausen [46] in (A) electricity-

production mode, and (B) electricity-storage mode. SOFC, solid oxide fuel cell; SOEC,

solid oxide electrolyzer cell.
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gasifier and converted into SNG in a methane reactor. Significant heat was also

generated in this operation mode and used to produce district heat, as in the

electricity-production mode. The authors reported that in the electricity produc-

tion mode, the efficiency of the system without and with considering the heat pro-

duction are 46% and 90%, respectively. In the reverse mode, the efficiency of the

system without and with including the heat production are 69% and 85%,

respectively.

The main part of the study by Sigurjonsson and Clausen [46] was related to a

TEA of the proposed system. The TEA showed that the investment cost is high,

owing to the gasifier and ReSOC costs. The analysis also indicated that district,

heating sales were important for the economic feasibility of the proposed system.

Analysis of the marginal cost and mode of operation demonstrated that the opera-

tional time in each mode varied significantly depending on future electricity and

bio-SNG prices. A design and techno-economic study was done by Wendel and

Braun [20]. They evaluated different system configurations based on round-trip

efficiency, tanked energy density, and capital cost. The authors reported that the

cost of energy storage using an ReSOC system was influenced by two important

parameters, namely stack power and system-energy density.

11.8 Conclusion
The development of ReSOCs strongly depends on improvement of SOEC and

SOFC technologies. This development is limited more by the SOEC technology

in which the constraints are more critical and further due to there being fewer

studies in comparison with those on SOFCs. There are several issues that are only

related to an ReSOC (not SOEC and SOFC), namely the oxygen-electrode perfor-

mance, set of materials, design of cell and stack, operating conditions appropriate

for reversible operation, and design and integration of the system to determine the

possibility of the technology. The main concerns to overcome the drawbacks and

improve the performance of ReSOCs are related to reliability, new materials, per-

formance, stability, and reduced production costs [15].

In order to improve the ReSOC system, various research scenarios are

proposed:

• A single-step cofiring process, which is the manufacture of several green

layers of the materials and sintering them, is one scenario to reduce the steps

and energy of production of the entire cell [47].

• The next scenario, which is common in SOFCs and just developing for

SOECs and ReSOCs, is using alternative metal-supported cells because of

their low-cost, manufacturability, and mechanical strength [48].

• Pressurized operation is another research scenario in ReSOCs. In this type of

process, the ReSOC can operate at high pressure due to the required

compression of hydrogen for storage and high-pressure operation necessary

328 CHAPTER 11 Energy storage



for catalysts. Utilization of high pressure showed the same benefit for the

SOEC and SOFC by increasing the limited current density (which means

fewer over-potentials) [49].

• Although there have been exergy and heat integration studies for the SOEC

system [50], there are only a few studies on this aspect for ReSOCs [27]. This

indicates a research frontier.

• More investigations are required to address the transient operation of ReSOC

systems.

• TEA of different configurations can be useful for different aspects of ReSOC

systems.
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Veziroğlu TNBT-C of HE, (Eds.), Woodhead Publishing Series in Energy.

Compendium of Hydrogen Energy, Woodhead Publishing, Oxford, 2016, pp. 115�145.

[7] M. Ni, M.K.H. Leung, D.Y.C. Leung, A modeling study on concentration overpoten-

tials of a reversible solid oxide fuel cell, J. Power Sources 163 (1) (2006) 460�466.

[8] L. Bi, S. Boulfrad, E. Traversa, Steam electrolysis by solid oxide electrolysis cells

(SOECs) with proton-conducting oxides, Chem. Soc. Rev. 43 (24) (2014)

8255�8270.

[9] J. Guan, B. Ramamurthi, J. Ruud, J. Hong, P. Riley, D. Weng, N. Minh, High perfor-

mance flexible reversible solid oxide fuel cell, GE Global Research Center Report

DE-FC36e04GO14351, 2007.

[10] C.H. Wendel, P. Kazempoor, R.J. Braun, A thermodynamic approach for selecting

operating conditions in the design of reversible solid oxide cell energy systems,

J. Power Sources 301 (2016) 93�104.

[11] C.H. Wendel, Z. Gao, S.A. Barnett, R.J. Braun, Modeling and experimental perfor-

mance of an intermediate temperature reversible solid oxide cell for high-efficiency,

distributed-scale electrical energy storage, J. Power Sources 283 (2015) 329�342.

[12] D. Penchini, G. Cinti, G. Discepoli, U. Desideri, Theoretical study and performance

evaluation of hydrogen production by 200 W solid oxide electrolyzer stack, Int. J.

Hydrogen Energy 39 (17) (2014) 9457�9466.

329References

http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref1
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref1
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref2
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref3
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref4
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref5
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref6
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref7
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref8
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref9
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref10
http://refhub.elsevier.com/B978-0-12-815253-9.00011-2/sbref10


[13] C. Graves, S.D. Ebbesen, S.H. Jensen, S.B. Simonsen, M.B. Mogensen, Eliminating

degradation in solid oxide electrochemical cells by reversible operation, Nat. Mater.

14 (2) (2015) 239.

[14] K. Chen, S.-S. Liu, N. Ai, M. Koyama, S.P. Jiang, Why solid oxide cells can be

reversibly operated in solid oxide electrolysis cell and fuel cell modes? Phys. Chem.

Chem. Phys. 17 (46) (2015) 31308�31315.
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CHAPTER

12Mobile applications: cars,
trucks, locomotives, marine
vehicles, and aircraft

Wenqian Chen
Imperial College London, Department of Chemical Engineering, London, United Kingdom

12.1 Introduction
A vehicle is an entity designed for the transportation of people or materials.

Vehicles require energy for propulsion and auxiliary operations such as lighting

and air conditioning, all of which can be supplied by fuel cells (FCs). Table 12.1

summarizes the key performance metrics of an solid oxide fuel cell (SOFC) as

the power source for a vehicle.

SOFCs have clear advantages over conventional energy generation systems in

terms of energy efficiency and power density. The typical energy efficiency of an

SOFC (. 50%) is significantly higher than that of a conventional diesel engine

(approximately 35%) [1], and the power density of an SOFC is superior in com-

parison to internal combustion engines [2]. Due to its high energy efficiency, an

SOFC consumes much less fuel than internal combustion engines and emits sig-

nificantly less CO2.

In comparison with other fuel-cell technologies such as alkaline, direct metha-

nol, molten carbonate, and phosphoric acid fuel cells, proton exchange membrane

fuel cells (PEMFCs) and SOFCs are the most suitable for vehicle applications [3].

Although much development work has been conducted on PEMFCs as the power

source for fuel cell electric vehicles (FCEVs) due to its low operation temperature

(approximately 80�C) and short response time, its application is limited by the

lack of an extensive hydrogen fuel distribution network and the safety concerns

about the storage of hydrogen. SOFCs are considered as a viable energy source

for FCEVs due to its fuel flexibility, as it can consume a wide range of hydrocar-

bons such as diesel and gasoline. Furthermore, the high operating temperature of

SOFCs enable internal reforming of hydrocarbon fuels and the consumption of

the resulting reformate [4�6]. This removes the necessity of a fuel reformer,

which is of paramount importance for PEMFCs.

The high operating temperature of SOFCs means the excess heat produced by

the cell can be partially recovered by a heat engine such as a gas turbine (GT) or

Stirling engine (Fig. 12.1) [7,8]. In a SOFC�GT system (Fig. 12.2A), the flue gas

of the SOFC heats up the air and fuel gas in heat exchangers before they enter
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© 2020 Elsevier Inc. All rights reserved.
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the cathode and anode chambers. Leaving the heat exchangers with a lower tem-

perature, the flue gas is then heated by the integrated cooler of the SOFC before

its expansion in the GT. On the other hand, the cooling and reaction loops in the

SOFC�Stirling engine system are separated (Fig. 12.2B). The working fluid of

the Stirling engine (usually helium) serves as the coolant of the SOFC section.

The SOFC�GT system is particularly interesting as it has been implemented

for stationary power generation to achieve high overall-energy efficiencies [9].

For instance, Siemens Westinghouse Power has developed a number of

SOFC�GT systems that have an overall energy efficiency of approximately 75%

[10]. Its 100 kW system was installed in Arnhem, the Netherlands, and consisted

of two 576 cell substacks in an SOFC generator. The diameter and length of each

tubular cell were 22 mm and 1500 mm, respectively. The 220 kW system installed

in the University of California, Irvine, as well as the 300 kW system tested in

Pittsburgh had similar designs as the 100 kW system. Mitsubishi Heavy Industries

Table 12.1 Key considerations for solid oxide fuel cell (SOFC) as a power
source for vehicles.

Performance
metric Note

Power density Tubular SOFC has higher power density than the planar
configuration

Energy efficiency SOFCs have the highest energy efficiency among all types of fuel
cells

Fuel flexibility SOFCs can use a wide range of hydrocarbons as fuels
Safety High operating temperature of SOFCs can be a safety concern
Emission SOFCs have low emission of CO2 due to high energy efficiency
Cost Significant cost reduction is needed for SOFCs to be competitive

FIGURE 12.1

Vehicle system with an solid oxide fuel cell as the energy source for propulsion [8].
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has also developed a 200 kW SOFC�GT system that comprised tubular SOFC

cells [11]. Similar to the Siemens Westinghouse systems, the tubular cells were

1500 mm in length and 28 mm in diameter. The reported electric efficiency was

50%, which was higher than the reported value for the 100 kW Siemens

Westinghouse system (46%). While these systems demonstrate the feasibility of

SOFC�GT systems for achieving high energy efficiency, they also serve as the

basis for many simulation studies on the design and operation of SOFC�GT sys-

tems [12�16].

A typical SOFC�GT system for stationary-power generation is too large for

the direct application in a land FCEV. For example, the dimension of the 200 kW

Siemens Westinghouse Power system was 7.4 m3 2.8 m3 3.9 m [10]. The devel-

opment of microtubular SOFC (MT-SOFC) (Fig. 12.3) and microgas turbines

enables the miniaturization of the SOFC�GT system, which is vital for its vehicle

applications [8,17�20].

An MT-SOFC typically has a single-cell diameter less than 3�5 mm, which is

a significant reduction from the case of stationary power generation (e.g., 22 mm

for the Siemens Westinghouse Power system) [21]. The development of MT-

SOFCs started in the early 1990s [22]. The first prototypes of cell stacks reported

in 1997 and 1998 consisted of 200 and 1000 yttria-stabilized zirconia (YSZ)

tubes, whose diameter and wall thickness were 2.4 and 0.2 mm, respectively

[23�25]. These tubes could survive 50 thermal cycles between 400�C and 800�C
with a rate of 200�C/min, demonstrating their excellent thermal shock resistance

due to the large surface-area-to-volume ratio.

In order to further improve the performance of MT-SOFCs, the anode-

supported and cathode-supported versions have been developed to significantly

reduce the thickness of the electrolyte and the related ohmic loss [26�28].

FIGURE 12.3

Microtubular solid oxide fuel cell stack [19].
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Nanodynamics Energy has developed anode-supported MT-SOFCs that have

excellent thermal shock resistance and stability [29]. Experimental data show that

its anode-supported MT-SOFCs could survive thermal cycles between 200�C and

850�C with a heating rate of 350�C/min and a cooling rate of 550�C/min. In

addition, they showed no power degradation after 2000 hours of long-term

load cycling.

A microgas turbine has a typical power range less than 500 kW [30]. Its com-

pact design is achieved by assembling a permanent magnet of the generator, tur-

bine, and compressor on the same shaft. Table 12.2 summarizes the power output

and efficiency of some commercial microgas turbines showing the general trend

that efficiency decreases with power output, which is directly proportional to size

[31]. The recuperator is one of the most important components in a microgas tur-

bine as it enables the heat exchange between the exhaust gas and the compressed

air before the combustor. The thermal-hydraulic performance of the recuperator

has a significant effect on the efficiency of the microgas turbine [32]. The recup-

erator should have a heat-transfer effectiveness higher than 90%, while having

good oxidation resistance at temperatures higher than 650�C and a relative pres-

sure loss less than 3% [31].

12.2 Solid oxide fuel cells for vehicle propulsion
Energy storage is necessary in the power generation system of SOFCs for han-

dling peak power and absorbing the regenerative energy from the deceleration of

the vehicle. The most commonly used energy storage systems are rechargeable

Table 12.2 List of commercial microgas turbines [31].

Manufacturer Power (kWe) Efficiency (%)

Nissan 3 82 10
MTT BV 3 16
Bladon jets 12 �
Capstone turbine corporation 30 26

65 29
200 33

ET group 45 28
Elliott energy system 45 30

80
200

Ingersoll-Rand 70 33
Honeywell (allied signal) 75 29
Bowman 80 27
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batteries and supercapacitors [33]. There are various types of rechargeable batter-

ies, including lead-acid, lithium-ion, and nickel-based types (Table 12.3) [34].

Although lithium-ion battery is by far the best option in terms of durability and

energy density, it is also much more costly than its lead-acid and nickel-based

counterparts [35].

In general a rechargeable battery has higher energy density but lower power

density than a supercapacitor. In addition, the charging time of a supercapacitor is

significantly shorter in comparison to a rechargeable battery as the supercapacitor

can tolerate a larger charging current. Coupling a FC with a supercapacitor can be

more advantageous than the FC�battery combination as the former produces

smaller power variations during operations where the vehicle is accelerated and

decelerated regularly [33]. This also means the power supply by FC is more con-

sistent, leading to a longer cycle life.

12.2.1 Propulsion of land vehicles

Various major automakers have commercialized electric vehicles as cleaner alter-

natives to traditional automotives that are based on the combustion of fossil fuels,

paving the way for the introduction of FCEVs in the near future. For land auto-

motives, the typical power output requirements for propulsion and auxiliary

operations are 75 and 2�20 kW, respectively [3,8,36].

One prototype of SOFC-based FCEVs is the ZEBRA battery-intermediate-

temperature SOFC hybrid vehicles (Fig. 12.4) [37�41]. The system consists of a

power generation section, which includes fuel tank, fuel processor, SOFC,

ZEBRA battery, motor, auxiliary units, and control system. The vehicle manage-

ment unit is the interface between the hardware and control system. At the center

of the control system is the power controller, which manages the power flow

among the various components of the system. The fuel cell management interface

controls the operations of the energy generation section, whereas the battery man-

agement interface controls the operation of the ZEBRA battery.

Unlike the high temperature SOFC in the Siemens Westinghouse Power sys-

tem, the intermediate-temperature SOFC in this system operates between 500�C
and 850�C. Lowering the operation temperature of SOFCs has several advantages.

First, it reduces the manufacturing cost as economical materials can be used for

Table 12.3 List of rechargeable batteries for electric vehicles [34].

Type
Specific energy
(Wh/kg)

Specific power
(W/kg)

Cycle life
(cycles)

Lithium-ion 120�130 1500 �
Lead-acid 30�50 200�400 400�600
Nickel-metal
hydride

80 1000 �
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making components such as interconnects. Second, the cell has a longer cycle life

due to the slower corrosion rate at lower temperature. Third, the overall system

requirements are significantly simpler, leading to lower cost of the vehicle.

Two types of planar intermediate-temperature SOFCs were tested in this sys-

tem. The first was a metal-supported low-temperature model that operated

between 500�C and 650�C, and the second was an anode-supported high-tempera-

ture model with direct internal reforming that operated between 700�C and 850�C
[38,42�44]. With a cell dimension of 10 cm3 10 cm, both models could generate

a net-electrical direct current power of 5 kW with similar net-system efficiencies

(48%). Clean methane and air were the fuel and oxidant, respectively.

The ZEBRA battery (Fig. 12.5) investigated was a sodium�nickel�chloride

battery that was designed as the main power source for electric vehicles [45]. At

the charged state the cathode is nickel�nickel chloride and the anode contains

molten sodium. The current collectors at the cathode and anode are a copper-cored

nickel wire and a cell case, respectively. The ceramic electrolyte is β-alumina,

which is a dense non-porous material that allows the passage of the Na1 ions at

high temperature, but not the electrons. For example, the resistivities of β-alumina

for Na1 ions and electrons at 350�C are 5.5 Ω cm and 1012 Ω cm, respectively.

Unlike the SOFC�GT system, the ZEBRA intermediate-temperature SOFC

hybrid system does not have a gas turbine. The hybrid system is “battery domi-

nant”, where the immediate and intermediate power requirement of the vehicle

are supplied by the battery. The intermediate-temperature SOFC operates in a

“always-on” mode to supply energy to the battery. The economic analysis of the

hybrid system in comparison with the internal combustion engine only, battery

only, and SOFC only systems is presented in Fig. 12.6 based on the parameters
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FIGURE 12.4

ZEBRA battery-intermediate-temperature solid oxide fuel cell system [37].
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summarized in Table 12.4 [39]. It was found that the hybrid system could be eco-

nomically viable if the fuel-cell price could be reduced to less than d400/kW and

the hybrid system would be more cost effective for commercial vehicles than pri-

vate vehicles due to their longer driving time per day.

In a simulation study a 3.5 kW SOFC�GT system was modeled as the range

extender of an electric vehicle powered by a 19 kWh lithium-ion battery [46].

Unlike the “always-on” mode in the ZEBRA intermediate-temperature SOFC sys-

tem, the SOFC in this case operated in the “on/off” mode. The simulated SOFC

was turned on to charge the battery once the charge fell below a certain level and

then turned off when the maximum-charge level was reached. The integration of

the SOFC�GT system dramatically increased the autonomy of the vehicle from

151 km to more than 600 km, while the total mass only increased marginally by

approximately 5%. The SOFC�GT system increased the capital investment

from h24,000 to h30,000. The resulting tank-to-wheel emission of CO2 was only

30 g/km, which was significantly lower than the value of a typical internal

combustion engine vehicle (115 g/km).

Several simulation studies demonstrated the feasibility of using the

SOFC�GT system to power locomotives, which require a maximum power of

approximately 4 MW [47�51]. In one case the SOFC�GT system was coupled

with the reformation of biodiesel (Fig. 12.7). Four stacks of 1 MW SOFCs were

required and each had a dimension of 0.33 m3 0.33 m3 20.46 m based on the

planar membrane configuration. Table 12.5 presents the cost breakdown of the

SOFC�GT powered locomotive in comparison to the case of a conventional die-

sel internal combustion engine over 40 years with an internal rate of return of

8%. Biodiesel was the fuel in both cases. Although the SOFC�GT system had a

higher power weighted average efficiency than the diesel internal combustion

engine (48% vs 35%), the significantly higher capital cost of the SOFC�GT system

Current collector (+)
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Overall cell reaction
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FIGURE 12.5

ZEBRA (A) battery and (B) cell [37].
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meant that an annual fuel cost increase higher than 9% would be required for it to

be more cost-effective than the conventional diesel internal combustion engine.

Another simulation study showed that natural gas could be a better fuel than

diesel for SOFC�GT systems [51]. Although the SOFC�GT system that used

diesel had significant CO2 and NOx emission reduction compared to the
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FIGURE 12.6

Capital and running costs for systems with different power supplies: (A) current battery

price and taxed fuels; (B) volume manufacture battery price and untaxed fuels [39].
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conventional internal combustion engine, the heat integration of the diesel

reformer was difficult to control. In addition, the reformation of diesel consumed

a large quantity of water that exceeded the storage quantity in a typical locomo-

tive. The use of natural gas as fuel removed the necessity of the reformer and,

hence, all the technical issues involved.

The control problem created by the use of diesel was echoed by two other

simulation studies in which the use of hydrogen, natural gas, and diesel was con-

sidered [49,50]. Although the use of these fuels led to high-system efficiency

(65%�70%) the case of diesel took a significantly longer time to reach steady-

state in response to the dynamic changes of power requirement. This was caused

by the difficulty in the control of fuel utilization. Therefore, the use of natural gas

as fuel can enhance the competitiveness of the SOFC�GT system for powering

locomotives.

Table 12.4 Parameters for the economic analysis of ZEBRA battery,
intermediate-temperature, SOFC system [39].

Parameter Valuea

CNG price d0.50 kg21
CNG fuel duty d0.07 kg21

Methane energy 9 kWh m23

Methane density (1 bar) 0.645 kg m23

Methane consumption 0.230 m3 h21 kW21

Gasoline price d0.754 L21

Gasoline duty d0.3826 L21

Gasoline fuel economy 15.4 km L21

Electricity price d0.08 kWh21

Electricity VAT 5%
Fuel cell efficiency 48.4%
Battery efficiency 89%
Fuel cell price range d305 � 2287 kWh21

Battery price range d53 � 233 kWh21

ICE price range d7.6 � 30 kW21

Power electronics and electric motor price d8.4 kW21

ICE power 42.3 kW
Average traction power required 5.10 kW
Average speed for NEDC drive cycle 33.6 km h21

Auxiliary power requirement 800 W
Maximum power requirement 42.3 kW
Battery power to energy ratio 1.8 W Wh21

CNG, Compressed natural gas; FC, fuel cell; ICE, internal combustion engine; NEDC, New European
Driving Cycle.
aBritish pound converted to US dollars based on the average yearly rates of 2017 and 2018 (d15US
$1.312).
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(A) Proposed system consisting of solid oxide fuel cell (SOFC)�gas turbine and fuel

gasification unit. (B) SOFC powered train [47].

Table 12.5 Cost breakdown of the solid oxide fuel cell (SOFC)�gas turbine
and diesel internal combustion engine cases over 40 years in millions [47].

Diesel IC
(no fuel-cost
increases)

SOFC (no
fuel-cost
increases)

Diesel IC (9%
annual fuel-cost
increase)

SOFC (9%
annual fuel-
cost increase)

Capital cost $1.0 $2.7 $1.0 $2.7
Maintenance
cost

$0.014 $0.046 $0.014 $0.046

Fuel cost $2.0 $1.4 $7.3 $5.3
Total $3.0 $4.2 $8.3 $8.1

IC, Internal combustion.
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12.2.2 Propulsion of aerial and water vehicles

There is a strong interest in the use of SOFCs for powering aerial and water vehi-

cles, especially unmanned aerial vehicles (UAVs) and unmanned underwater

vehicles (UUVs), which have been frequently used for surveillance and communi-

cation in the civilian and military domains [52�57]. The key-performance metric

for UAVs and UUVs is endurance (i.e., maximum operating time), which is

heavily dependent on the specific energy of the power system. On the other hand,

fuel efficiency and emissions into the environment are the focus of the applica-

tions of SOFCs in airliners and ships [58�61].

Fig. 12.8 is the typical power profile for a high-altitude long-endurance UAV,

showing that the peak power requirement for the SOFC-based power system is

approximately 140 kW [52]. The conventional lithium-based batteries in UAVs

have specific energies between 150 Wh/kg and 250 Wh/kg, which limits the

endurance of the vehicles to 60�90 minutes [62�65]. This problem can be over-

come by FCs such as PEMFCs and SOFCs, which have significantly higher spe-

cific energies. While most of the commercial fuel-cell systems for UAVs are

based on PEMFC (Table 12.6), the low volumetric energy densities of com-

pressed hydrogen and liquid hydrogen in comparison with common hydrocarbon

fuels such as kerosene and propane (Table 12.7) have encouraged the adoption of

the SOFC-based system due to its fuel flexibility.

In a simulation study, kerosene was used as the fuel for SOFC in an UAV and

the system allowed the recirculation of anode and cathode exhausts [66]. The

overall efficiency was 64%, which was better than most existing UAV systems.

The simulation results showed a compromise between efficiency and current den-

sity, as higher current density would result in higher polarization loss and lower

efficiency.

A number of prototypes have been developed for SOFC-powered UUVs [57].

For example, API Engineering LLC and Nextech Materials were tasked with the

development of a 2.5 kW SOFC-power system for a UUV with a length of 54 cm,
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FIGURE 12.8

Power profile of a typical high-altitude long-endurance unmanned aerial vehicle [52].
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whereas FC energy was to develop an SOFC�battery system that could provide

1800 kWh electricity with liquid fuels over 70 days without using any external

air. Like UAVs, the specific energy of the SOFC system is the most important

design parameter due to the limited space available inside UUV as well as the

neutral buoyancy requirement for the vehicle.

For surface ships the typical power requirement for propulsion is between 5

and 50 MW [67]. The high cost of SOFC systems relative to conventional diesel

internal combustion engines makes it difficult to propel a surface ship solely with

an SOFC system. In a simulation study, an SOFC was hybridized with the con-

ventional diesel internal combustion engine to power a platform supply vessel

(PSV) (Fig. 12.9), which is commonly used for supporting various activities on

offshore platforms [68]. Two modules of 250 kW SOFC were installed to provide

up to 20% of the total power requirement of the PSV, whose power requirement

was between 2.5 and 5 MW. The SOFC modules consumed methanol as the fuel

Table 12.6 Commercial fuel-cell systems for the propulsion of unmanned
aerial vehicles (UAVs) [56].

Manufacturer/
model Type Power (W)

Specific power
(W/kg)

Power density
(W/L)

Ultra Elec. AMI
Roamio D245

SOFC 245 96.1 �

BCS FC PEMFC 500 52 �
Energyor EPOD
EO-210-XLE

PEMFC 210 57.5 �

Energyor EPOD
EO-310-XLE

PEMFC 310 78.5 �

Energyor EPOD
410-LE

PEMFC 410 120.6 �

Horizon AeroStack
A-200

PEMFC 200 400 278

Horizon AeroStack
A-500

PEMFC 500 434 162

Horizon AeroStack
A-1000

PEMFC 1000 571 224

Lynntech Gen IV PEMFC 5000 250 263
Protonex ProCore PEMFC 200 74 71.5
Protonex ProCore VI PEMFC 800 1961 �
Protonex UAV C-250 PEMFC 250 208 185
Protonex Ion Tiger PEMFC 550 550 �
Spectronik FLY-150 PEMFC 150 326.1 �
Spectronik FLY-200 PEMFC 200 400 �
Spectronik FLY-300 PEMFC 300 545.5 320.7
UTRC Rotorcraft PEMFC 1200 675 �
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and the total efficiency was between 80% and 85%. Powering a PSV with this

hybrid system could achieve more than 50% reduction in exhaust gas emission

and more than 30% reduction in fuel cost.

12.3 Solid oxide fuel cell for auxiliary power supply
The high cost of an SOFC hinders its immediate adoption as the main power source

for vehicles despite its high energy efficiency and low environment damaging emis-

sions. The auxiliary operations of the vehicle such as lighting and air conditioning

provide comfort and ease of operation to the operator during travel. As the corre-

sponding power requirement is significantly lower than propulsion (e.g., 2�5 kW

vs 75 kW for land automotives) [7], various SOFC-based auxiliary power units

(APUs) have demonstrated the operational feasibility and potential of cost saving

due to their high energy efficiency and low environment damaging emission.

12.3.1 Auxiliary power for land vehicles

The proof of concept SOFC-APU developed by Delphi Automotive Systems and

BMW was designed for automotive applications [69,70]. It comprised mainly a

FIGURE 12.9

Platform supply vessel powered by solid oxide fuel cell and diesel internal combustion

engine [68].

Table 12.7 Energy density of hydrogen and hydrocarbon fuels [52].

Fuel Gravimetric density (MJ/kg) Volumetric density (MJ/L)

Kerosene 43 35
Hydrogen (350 bar) 120 1.7
Hydrogen (650 bar) 120 3.6
Liquid hydrogen 120 8.4
Methanol 20 16
Propane 46 25
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fuel reformer system, four stacks of SOFCs, and a lithium ion battery. The SOFC

consumed gasoline as the fuel and was operated at 750�C. The successful devel-

opment of this SOFC-APU led to more advanced generations that could produce

3�10 kW power and use gasoline and diesel as fuels.

The SOFC-APU prototype produced by Webasto AG comprised mainly a fuel

reformer, SOFC stack, and an afterburner (Fig. 12.10) [71]. The fuel was diesel

with low sulfur content and the power generation target was 1 kW with the 60-

cell stack. In the reformer the diesel was partially oxidized by the catalyst. The

SOFC was electrolyte-supported and operated at 850�C. Experimental data

showed that the demonstration systems with 10-cell and 30-cell stacks had no

degradation over 4 hours of operation and no soot was formed. The 30-cell stack

system could generate over 360 W electricity.

The DESTA project recently developed an SOFC-APU for a heavy-duty long-

haul truck [72]. During the nights of the multiple-day journey, the internal combus-

tion engine of the truck is usually run at low power relative to the rated power to

meet the auxiliary power requirements. The resulting efficiency is less than 10%,

while the engine generates disproportionately large emissions into the environment.

The developed SOFC-APU consumed ultra low sulfur diesel as fuel to supply

approximately 3 kW power. The system comprised mainly a fuel reformer, an SOFC

stack, and an off-gas burner. The operating temperature was 800�C. The SOFC-APU
was installed in a Volvo class 8 heavy-duty truck for road testing (Fig. 12.11).

Experimental data showed that the electrical efficiency was 29% and the CO2 emis-

sion was reduced by 73% relative to the internal combustion engine truck. The start-

up time was less than 70 minutes from cold state and 30 minutes from warm state.

12.3.2 Auxiliary power for aerial and water vehicles

The conventional APU in aircraft is a small gas turbine system that provides

pneumatic and electrical power for various operations such as starting the main
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FIGURE 12.10

Solid oxide fuel cell-based auxiliary power unit prototype produced by Webasto AG [71].
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engines, lighting, and air conditioning. An SOFC-APU can overcome the pro-

blems of conventional aircraft APU including low efficiency (20% on land and

40% in air) and high level of noise and pollution. For long-range traveling the tar-

get power generation capacity is between 400 and 977 kW [73].

Due to high cost the development of an aircraft SOFC-APU has been limited

to simulations, which showed that the SOFC�GT system (Fig. 12.2A) could be a

suitable configuration [55,74�78]. One of the simulation studies showed that the

SOFC�GT system could achieve an overall-thermal efficiency of 62%. The

model also showed that high turbine inlet temperature and low pressure ratio

could lead to high thermal efficiency.

In another simulation study an SOFC�GT system (Fig. 12.12) was designed to

produce a net electrical power of 440 kW for a long-range aircraft with a capacity of

300 passengers [76]. The operations at sea level and cruise level (12,500 m) were con-

sidered to account for the changes in the ambient temperature and pressure. The mass

of the SOFC�GT system was significantly higher at sea level than at cruise level

(1912 kg vs 1396 kg) because a larger SOFC was needed to meet the higher power

requirement at sea level as the turbine could not expand the gas as much under ambi-

ent pressure. The system designed for operating at sea level also had a significantly

lower thermal efficiency than at cruise level (42% vs 73%) as the pre-compressed

air from the environmental control system could be utilized at cruise level.

Another simulation study investigated two configurations of an SOFC�GT

system (Fig. 12.13) as the APU of a 300-passenger long-range aircraft [78].

Similar to the study mentioned above, the target electrical power requirement was

440 kW. At similar operating conditions, configuration 1 resulted in a slightly

higher cycle efficiency than configuration 2 (58% vs 54%) as the operating tem-

perature of the SOFC in configuration 1 was higher than configuration 2 (944�C
vs 832�C) and the performance of the SOFC increased with temperature. The

higher operating temperature of the SOFC in configuration 1 was the result of

enhanced fuel heating by the low mass flow rate steam (Fig. 12.13A). Sensitivity

analysis (Fig. 12.14) shows that high overall heat transfer coefficient and low air

flow rate could lead to high cycle efficiency.

FIGURE 12.11

Demonstration truck with the DESTA solid oxide fuel cell-based auxiliary power unit [72].
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Although one prototype has been launched, the development of an SOFC-

APU for marine applications is largely simulation-based [79�82]. One simulation

study investigated the SOFC�GT tri-generation system where the power output

of the SOFC�GT unit was 250 kW [79]. Also known as combined heating, cool-

ing and power, tri-generation is an integrated energy system where the exhaust

provides heating and desiccant provides cooling. Modeling results show that the

SOFC�GT system with a double effect adsorption chiller, desiccant wheel, heat-

ing ventilation, and air conditioning (HVAC) (Fig. 12.15) had the highest overall

system efficiency (68%) among the different configurations. This system could

produce 25%�47% more electricity than the SOFC�GT system with heating ven-

tilation and air conditioning only. This improvement of performance is attributed to

the absorption chiller, which can make use of the waste heat from the SOFC�GT

system. Furthermore, more cooling is available by using a double effect absorption

chiller and, hence, less electricity was used by the HVAC for cooling.

In another simulation study a diesel-fueled SOFC system was designed to pro-

vide 120 kW auxiliary power for a naval surface ship [80]. With a target electrical

power output of 120 kW, the net efficiency of the diesel-fueled SOFC system was

significantly higher than the marine diesel engine (55% vs 25%). The CO2 mis-

sion of the SOFC system was less than half of that of the marine diesel engine

(423 gCO2/kW h vs 890 gCO2/kW h). In addition, the SOFC system was signifi-

cantly lighter than the marine diesel engine (520 kg vs 3400 kg) and produced

much less noise (50 dB vs 100 dB).

One important breakthrough for SOFC-APUs is the 50 kW prototype devel-

oped by sunfire GmbH in the SchiffsIntegration BrennstoffZelle (SchiBZ) project

[81�83]. The initial simulation study suggests that the SOFC system (Fig. 12.16)
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FIGURE 12.13

Solid oxide fuel cell�gas turbine systems as an aircraft auxiliary power unit: (A) configuration 1; (B) configuration 2 [78].



is advantageous over other FC systems in terms of investment cost and system

efficiency [81]. Later experiments demonstrated the robustness of a similar sun-

fire SOFC system with smaller power output (3.8 kW) as the voltage degradation
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over 1000 hours of operation was insignificant [83]. The 50 kW prototype was

installed on a test ship from Reederei Braren to provide 25%2 50% of the

onboard power [82]. The electrical and overall efficiencies of the prototype were

claimed to be over 50% and 90%, respectively.

12.4 Outlook for mobile applications of solid
oxide fuel cells

The application of SOFCs in transportation represents an important milestone in

the movement toward clean energy. An SOFC offers fuel flexibility, which allows

the use of common hydrocarbon fuels such as diesel and makes SOFC an impor-

tant player in the transition to a hydrogen economy where PEMFC uses hydrogen

to produce energy with zero emission of CO2. In recent years the development of

SOFC-APU for land, aerial, and marine vehicles have several breakthroughs such

as the 3 kW DESTA SOFC-APU for heavy-duty long-haul trucks and the 50 kW

sunfire SOFC-APU for naval surface ships. They can lead to the wider adoption

of SOFC-APUs in the foreseeable future. On the other hand, the use of an SOFC

as the sole energy source for propelling vehicles still has a long way to go, as the

cost of an SOFC unit is significantly higher than the conventional internal com-

bustion engine. Substantial cost reduction of SOFC units can be achieved by the

FIGURE 12.16

Diesel-fueled solid oxide fuel cell system [81].
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development of more effective materials and economy of scale for production. To

promote the adoption of SOFCs in vehicles, governmental incentives will play an

important role before the economy of scale is realized.

Abbreviations
APU auxiliary power unit

FC fuel cell

FCEV fuel cell electric vehicle

GT gas turbine

HVAC heating, ventilation, and air conditioning

IC internal combustion

MT-SOFC microtubular SOFC

PEMFC proton exchange membrane fuel cell

PSV platform supply vessel

SOFC solid oxide fuel cell

UAV unmanned aerial vehicle

UUV unmanned underwater vehicle

YSZ yttria stabilized zirconia
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CHAPTER

13Feasibility of solid oxide fuel
cell stationary applications
in China’s building sector
and relevant progress

Yingru Zhao, Rui Jing and Zhihui Zhang
College of Energy, Xiamen University, Xiamen, P.R. China

Abbreviations
CHP combined heat and power

DG distributed generation

ICE internal combustion engine

(m)GT (micro)gas turbine

SOFC solid oxide fuel cell

SOEC solid oxide electrolyzer

13.1 Introduction

13.1.1 Various scales of microgrids

In contrast with the traditional, centralized electricity grid (macrogrid), the micro-

grid is a modern, localized, small-scale energy grid with a group of intercon-

nected loads and distributed energy resources incorporating the storage.

Microgrids can operate in island mode or interact with the centralized grid, which

strengthen the utility grid resilience and help mitigate grid disturbances.

Microgrids employ various distributed energy resources, such as solar and wind

power, which reduce carbon emissions significantly. The basic framework of a

microgrid is shown in Fig. 13.1.

The scale of a microgrid can be evaluated based on the size of the distributed

generation (DG) system that is the core of microgrid. DG (also known as onsite

generation, embedded generation or decentralized generation) refers to relatively

small-scale energy generation systems that are installed and operated close to end

users, producing several kilowatts (kW) to less than 6 MW of power. According

to the scale of DG power, microgrids can be divided into four categories, as

shown in Table 13.1.
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13.1.2 Comparison of full cell�combined heat and power with
other combined heat and power technologies

As the core of a microgrid, onsite DG units utilize a wide range of technologies

to generate power, including gas turbines, solar photovoltaic, wind turbines, fuel

cells (FCs), biomass, and others. Among various onsite generation technologies,

combined heating and power (CHP) technology can recover waste heat from the

power-generation process, produce space heating, hot water, and low-pressure

steam to end users, which greatly improves the energy conversion efficiency of

microgrids. Currently the main devices that can be used as prime movers for CHP

systems include the reciprocating engine, internal combustion engine (ICE),

microgas turbine (mGT), FC, and others. Among these, SOFCs have been increas-

ingly deployed for CHP systems due to their high efficiency, good reliability, fuel

flexibility, and good part-load performance. When an SOFC is used as the prime

mover of a cogeneration system, the CHP efficiency can exceed 80%. Table 13.2

FIGURE 13.1 THE B

asic framework of a microgrid [1].

Table 13.1 Microgrid classification according to distributed generation
scale.

Scale Capacity

Small ,10 kW
Medium�small 10�100 kW
Medium 100 kW�1 MW
Large 1�6 MW

360 CHAPTER 13 Feasibility of solid oxide fuel cell stationary



Table 13.2 Performance comparison of various CHP prime-mover technologies.

Technology Reciprocating engine Steam turbine Gas turbine Microgas turbine Fuel cell

Power (MW) 0.005�10 0.5�hundreds MW 0.5�300 0.03�1.0 0.2�2.8
Electrical efficiency 27%�41% 5%�40% 27%�39% 22%�28% 30%�63%
Overall efficiency of CHP B80% B80% B80% B70% 55%�90%
Heat-to-power ratio 0.83�2.0 10�14 0.9�1.7 1.4�2.0 0.5�1.0
Installation cost of CHP ($/kWe) 1500�2900 670�1100 1200�3300 2500�4300 5000�6500
Maintenance cost excluding fuel ($/kWhe) 0.009�0.025 0.006�0.01 0.009�0.013 0.009�0.013 0.032�0.038
Lifetime (h) 30,000�60,000 .50,000 25,000�50,000 40,000�80,000 32,000�64,000
Start-up time 10 s 1 h�1 day 10 min/h 60 s 3 h�2 day
NOx (kg/MWht) 0.027 0.18�0.36 0.24�0.59 0.06�0.22 0.005�0.007

CHP, combined heating and power.
US Environmental Protection Agency (EPA) Catalog of CHP Technologies, March 2015 [2].



summarizes the performance of various prime-mover technologies for CHP sys-

tems. By comparing FCs with the other types, it can be seen that:

1. In terms of electrical efficiency, the FC is the highest (up to 63%) compared

to that of other CHP prime movers, which are generally between 30% and

63%.

2. Fuel cells have the highest CHP efficiency, which can exceed 90%,

representing the most effective way to utilize primary energy.

3. Since FC technology is still in the early stage of commercialization, its

manufacturing and maintenance costs are the highest. The initial investment

cost is around 5000�6500 $/kWe, which entails a long payback period and is

therefore unattractive from an investment point of view.

4. From the perspective of environmental protection, FC technology has the

lowest NOx emission and best environmental friendliness.

Due to the advantages of excellent electrical efficiency, flexible scale, and

environmental friendliness, FC�CHP has drawn growing attention in developed

countries. A series of research studies have been carried out and a number of

demonstration projects have been built around the world. However, in China there

is no stationary FC�CHP demonstration project. Several representative demon-

stration projects from more advanced countries (United States, European Union,

Japan, South Korea, etc.) are introduced as follows.

13.1.3 Stationary applications of fuel cells in public buildings

13.1.3.1 Medium scale (100 kWe�1 MWe) fuel cell stationary
applications

A capacity from 100 kWe to 1 MWe is suitable for building-level energy

demands. Therefore a large number of building energy-supply projects using vari-

ous types of FCs have been demonstrated worldwide. These projects include vari-

ous types of buildings such as office buildings, hospitals, supermarkets, factories,

residential buildings, and others. A selection of these demonstration projects are

described in Table 13.3.

From above FC�CHP demonstration projects, it is seen that the actual operat-

ing electrical efficiency exceeds 40% and the total efficiency exceeds 80%. They

can meet the electricity and heating demands of industrial or commercial users

and can be applied to supply energy for the residential sector as well.

13.1.3.2 Large-scale (10�100 MWe) fuel cell stationary applications
Large-scale FC�CHP demonstration projects (above 1 MWe) are still relatively

rare. Developed countries such as Japan, South Korea, and the United States are

currently the leaders in this industry. Some examples of demonstration projects

are listed in Table 13.4.
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Table 13.3 Demonstration projects of medium scale FC stationary
applications.

Source Capacity Efficiency Remarks

Beacon Capital
Partners, LLC
[3]

400 kWe • NMa • Power, heating, and hot-water services
for the Fox News office building

• Government subsidy: $2 M; Tax
deduction: $1.1 M; Net cost: $1.0 M;
Total cost: $4.1 M

Fuel Cell
Energy [4]

230 kWe,
170 kWth

• Electrical
efficiency:
42%

• Total
efficiency:
80%

• Natural gas 1 desulfurization
• Operation started in 2010, with plans to
run for 12 years

Doosan
PureCell [5]

400 kWe • Electrical
efficiency:
40%

• CHP
efficiency:
90%

• St. Helena Hospital, 35,000 m2 and 180
beds, California, United States

• Meets 63% of electricity demand and
50% of heating demand

• Designed lifetime: 10 years

Doosan
PureCell [6]

400 kWe • Electrical
efficiency:
40%

• CHP
efficiency:
90%

• Natural gas drive
• Energy-supply area: 6900 m2

• Meeting 60% electricity and heating
demand of Price Chopper supermarket

• Steady output/load following mode

Doosan
PureCell [7]

400 kWe • Electrical
efficiency:
40%

• CHP
efficiency:
90%

• Meeting 35% electricity and heating
demand of Elmsford, New York, United
States

• Steady output/load following mode

Bloom Energy
[8]

100 kWe • Electrical
efficiency:
50%

• CHP
efficiency:
95%

• Success case: eBay, Google, Yahoo,
Walmart, FedEx

• Operating temperature: 980�C
• Total cost: $0.8 M

Fuel Cell
Energy
Solutions [7]

300 kWe,
235 kWth

• NM • Low-temperature type: 350�C
• Total cost: $5 M
• Meeting the electricity and heating
demand of about 235 average US
households

Beratung Renz
Consulting [5]

200 kWe,
400 kWth

• Electrical
efficiency:
42%

• Total designed lifetime: 80,000 h
• Initial investment: h1.1 M

aNM, not mentioned.
CHP, combined heating and power.
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Developed countries such as Europe, America, Japan, and South Korea are at

the forefront of the world in terms of large-scale FC applications. In addition to

providing efficient and clean power and heat supply to the city, FCs can also pro-

vide pure hydrogen. As a result, this technology can be the solid foundation for

clean transportation in the future. Furthermore, FC�CHP is also a hot spot in uni-

versity research activities. A number of research FC�CHP demonstration projects

from US universities are summarized in Table 13.5.

China only launched FC related research relatively late and there are no sta-

tionary FC�CHP demonstration projects in China at present. It has been proven

that FC�CHP technology has a bright future for building energy supply from the

representative case analysis in the tables. Therefore it is advantageous to learn

from the advanced experience from the leading countries to explore the feasibility

of applying FC�CHP technology in China’s building sector.

13.1.4 Research progress of solid oxide fuel cell applications

As a high-temperature FC, solid oxide fuel cells (SOFCs) have several advantages

such as an all-solid structure, convenient maintenance, and fuel flexibility.

Suitable fuels include methane, hydrogen, biogas, digester gas, and landfill gas,

Table 13.4 Demonstration projects of large-scale FC stationary applications.

Source Capacity
Electrical
efficiency Remarks

Fuel Cell Energy
[7]

58.8 MWe 40% • Annual power production capacity:
464 million kWh/year

• Annual heat production capacity: 195
billion kcal/year

• Supplying power for 140,000
households

• 60,000 tons of greenhouse gas
emissions per year

US Department
of Energy [8]

1.4 MWe NMa • Consists of seven 200 kWe batteries
• Total cost: $11.8 M
• Collecting lithium bromide absorption
chillers to form CCHP

• Meeting 33% of the cooling demand
and 75% heating demand

POSCO Energy
[9]

2.5 MWe 47% • Output of hot water: 2000 L/h
• Heating production: 1.0 Gcal/h
• Gas consumption: 507 Nm3/h

• Output voltage: 13.8 kV (22.9 kV)

aNM, not mentioned.
FC, fuel cell; CCHP, combined cooling, heating, and power.
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with little or no impact on performance or emissions after gas clean-up processes

[11]. With the rapid development of SOFC stack and assembling technologies,

increasing attention has been paid on system integrations [12]. Different kinds of

system configurations have been proposed, including hydrogen-fueled SOFC sys-

tems, SOFC co/trigeneration systems, SOFC�GT (gas turbine) hybrid systems,

and SOFC/solid oxide electrolyzer (SOEC) systems [13]. The hydrogen-fueled

SOFC systems have ultra-low emissions and a simple system layout [14]. The

corresponding operation control scheme was analyzed by Jiang et al. [15]. As for

Table 13.5 FC�CHP demonstration projects undertaken at American
universities.

List of fuel cell installations at universitiesa

Location Power City State Year

Michigan Alternative and Renewable
Energy Center at Grand Valley
University

250 kW Muskegon Michigan 2004

Alcorn State University 200 kW Lorman Mississippi 2000
Alcorn State University-ROTC facility 5 kW Lorman Mississippi 2006
The College of New Jersey 600 kW Ewing

Township
New Jersey 2004

Ocean County College 250 kW Toms River New Jersey 2003
Ramapo College 400 kW Mahwah New Jersey 2002
Richard Stockton College of New
Jersey

200 kW Pomona New Jersey 2003

Hofstra University 15 kW Hempstead New York 2002
Nassau Community College 10 kW Garden City New York 2004
Southampton College 10 kW Southampton New York 2003
SUNY College of Environmental
Science and Forestry

250 kW Syracuse New York 2006

Union College 5 kW Schenectady New York 2009
North Carolina State Agricultural and
Technical University-ROTC facility

5 kW Greensboro North
Carolina

2003

Portland Community College 10 kW Sylvania Oregon 2011
University of South Carolina
Scoreboard

5 kW Columbia South
Carolina

2011

University of South Carolina
Scoreboard, West Quad Residential
Complex

5 kW Columbia South
Carolina

N/a

University of Tennessee Chattanooga
(UTC) SimCenter

5 kW Chattanooga Tennessee 2006

Old Dominion University 40 kW Norfolk Virginia 1980s
Central Washington University 1 kW Ellensburg Washington 2004

aSome fuel cells have been decommissioned; N/a, information not available.
U.S. Department of Energy, The Business Case for Fuel Cells, 2014 [10].
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SOFC co/trigeneration systems, both external and inner reforming are available

with high flexibility [16,17]. A completely external reforming SOFC system

needs to run at steady conditions, and control and fault diagnoses issues are ana-

lyzed as well [18]. Based on these analyses, several studies investigated the tech-

nical and economical feasibilities of SOFC co/tri-generation systems by

mathematic programming and multiobjective optimization [19,20]. The results

indicate that although high capital cost is currently a barrier for market penetra-

tion, it has a potentially bright future. The hybrid system of a SOFC�GT has also

drawn great attention. The system is integrated with various kinds of bottom

cycles and the thermal-dynamic, technical, and economical features have been

widely analyzed [21,22]. SOFC/SOEC combined systems are a relatively new

application that can capture CO2 and produce H2 as an energy storage alternative.

The thermal-dynamic model of the stack and electrochemical activities have been

developed and further verified by Drach et al. [23].

Although in-depth research on thermal-dynamic applications of typical SOFC

systems has been conducted, market penetration feasibility and sufficient policy

support research are relatively few. The application is case specific and therefore

more efforts are needed to identify the reasonable system configurations for dif-

ferent scenarios, and to highlight the unique merits and features of SOFC.

13.2 Feasibility of implementing solid oxide fuel
cell�combined heating and power systems in public
buildings in China

13.2.1 Load characteristics of public buildings in China’s different
climate zones

Various kinds of climate exist in China since the latitude of major cities varies

from 20� North to 50� North. According to the thermal design code for buildings,

the entire country can be categorized into five climate zones, namely severely

cold, cold, hot summer�cold winter, hot summer�warm winter, and mild (see

Fig. 13.2 [24]). Five representative cities (i.e., Changchun, Dalian, Shanghai,

Hong Kong, Kunming) were selected for each climate zone. The different energy

consumption characteristics of the representative cities are reported in Table 13.6.

In this study, one year is subdivided into three seasons, namely winter, sum-

mer, and transition. Furthermore, five public building categories, that is, hotel,

office, hospital, school and supermarket, in each representative city were chosen

for analysis. The 24-hour energy demand profiles including electricity, heating,

and cooling of each building type located in different cities have been modeled

(as shown in Figs. 13.3�7 [25�32]).

For each building at each location, the electricity demand during the three sea-

sons is assumed to be similar within 5% fluctuation, while heating or cooling
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FIGURE 13.2

The five different climate zones in China.

Table 13.6 Five representative cities in China’s five climate zones.

Climate zone
Energy consumption
characteristics

Representative
city

Severely cold Extremely large heating demand in
winter; less cooling demand in
summer

Changchun

Cold Large heating demand in winter; little
cooling demand in summer

Dalian

Hot summer�cold winter Large heating demand in winter; little
cooling demand in summer

Shanghai

Hot summer�warm winter Little heating demand in winter;
extremely high cooling demand in
summer

Hong Kong

Mild Little heating demand in winter; large
cooling demand in summer

Kunming
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FIGURE 13.3

Typical weekday electricity heating and cooling demand profiles of Changchun.

FIGURE 13.4

Typical weekday electricity heating and cooling demand profiles of Dalian.
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FIGURE 13.5

Typical weekday electricity heating and cooling demand profiles of Shanghai.

FIGURE 13.6

Typical weekday electricity heating and cooling demand profiles of Hong Kong.



demand varies significantly according to the climate zones and building catego-

ries. Electricity is required for 24 hours for every kind of public building in differ-

ent zones, while heating is only required during winter and cooling is required

during summer. As for the transitional period, heating or cooling supply depends

on the building category. Weekday and weekend energy demands are different for

each type of building. For supermarkets and hospitals, weekend energy load is

1.2-times that of weekday energy loads. By contrast, only a basic load is applied

for office and school buildings during the weekend period, while the hotel energy

demand is regarded to be the same on weekdays and weekends.

In general, different types of public buildings have different electricity and

heating demands during the different seasons. High-temperature SOFC�CHPs

can supply power for buildings while fulfilling heating demands by making use

of waste heat. In section 13.2.2, more details of simulation analyses for

SOFC�CHP systems applied in various public buildings in China are provided.

13.2.2 Application analysis of using fuel cells in public buildings

13.2.2.1 Operation strategies of fuel cells
Typically there are four operation strategies for SOFC�CHP systems [33],

namely: (1) following thermal load, (2) following electrical load, (3) following

FIGURE 13.7

Typical weekday electricity heating and cooling demand profiles of Kunming.
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the grid, and (4) constant output. Their advantages and disadvantages are summa-

rized in Table 13.7.

In order to improve the economic performance of SOFC�CHP system, fol-

lowing electrical load mode is selected considering the load characteristics as

mentioned above. In following the electrical load mode, it is assumed that the

SOFC�CHP system is operated to meet the electricity demand as much as possi-

ble, and the insufficient electricity demand is covered by purchased electricity

from the grid. Since the system is operated referring to the electrical load, the

recovered heat may not fulfill the heating demand. If the recovered heat is more

than the heating demand, the excess heat is discharged into atmosphere without

costs, otherwise if the recovered heat is insufficient to cover the heating demand,

a natural gas boiler will have to be adopted.

13.2.2.2 Energy supply analysis of different building types in the same
area

Fully combining the operation strategy of SOFC�CHP and the load conditions of

various public buildings in China, the hot summer�cold winter zone (Shanghai)

Table 13.7 Characteristics of four operation strategies.

Operation
strategies Advantage Disadvantage

Following thermal
load

• Simple operation
• Effective use of waste heat with
the highest system efficiency

• Operation can be loaded the
following/day�night modulation/
segment modulation, etc.

• Not optimal for electricity
generation

• Not optimal for economy
• Need better instrument
control system

Following
electrical load

• Optimum economy
• Meets electrical demand well
• Operation can be loaded the
following/day�night modulation/
segment modulation, etc.

• Complete operation may
bring additional operating
cost

• Excess heat may be
generated

• Need better instrument
control system

Following the grid • As a mean of steady energy supply
• Be profitable with subsides

• Grid operators are
required to have remote
control over fuel cell

• Not optimal for the
efficiency of fuel cells

Constant output • Simple control
• Surplus generation can be sold
back to grid

• Inflexible operation
• Have to consider the use
of waste heat

• Not optimal for economy
and efficiency
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is taken as an example. A hotel, office building, supermarket, school, and hospital

were selected as research objects. For comparison, the traditional energy system

(i.e., purchasing electricity and gas to meet electricity and heating demands,

respectively) is considered as the baseline, with other control groups including

simulations of the economic and environmental performance of mGT�CHP and

ICE�CHP. Relevant system parameter assumptions are shown in Table 13.8

[34�37]. The operating efficiency and fuel consumption of mGT, ICE, and

SOFC are simulated with reference to Innovus Power’s MVS series of prime

movers [38], the MTU 4000 series [39], and FuelCell Energy’s DFC series prod-

uct parameters [5,40].

Based on the assumptions in Table 13.8, the scenarios of energy supply for

five buildings using the traditional energy supply method, mGT�CHP,

ICE�CHP, and SOFC�CHP systems were simulated. First, the basic information

of the five buildings, initial investment, annual energy consumption, and carbon

emissions for baseline conditions are given in Table 13.9. Second, the simulation

results are compared according to three evaluation indicators (i.e., energy con-

sumption cost reduction rate, carbon emission reduction rate, and simple payback

period). A detailed comparison of the results are provided in Table 13.10.

Compared with mGT�CHP and ICE�CHP technologies, SOFC�CHP sys-

tems provide better energy saving and emission reduction effects, and can achieve

23%�36% energy cost saving and 52%�59% carbon emission reduction.

However, its payback period is the longest. From the view of various building

types, hotels and hospitals have the most significant energy saving and emission

reduction effects, and their payback periods are relatively short. This is due to the

fact that the energy demand of hospitals and hotels are relatively stable and

Table 13.8 Relevant system parameters of different technologies.

Parameters Value Unit/note

Average electricity price 0.17 USD/kWh
Natural gas price 0.49 USD/m3

Capital cost of mGT�CHP 2400�3300 USD/kW
Capital cost of ICE�CHP 3000�3800 USD/kW
Capital cost of SOFC�CHP 5000�6000 USD/kW
Capital cost of traditional power supply 300 USD/kW
Capital cost of traditional heating supply 100 USD/kW
Annual maintenance cost 6% 6% of the annual fuel cost
Heat value of CH4 10 kWh/m3

Efficiency of boiler 85%
Discount rate 4%
CO2 emission factor of gas 0.2 kgCO2/kWh
CO2 emission factor of electricity 1.1 kgCO2/kWh

mGT, microgas turbine; ICE, internal combustion engine; SOFC, solid oxide fuel cell; CHP, combined
heating and power.
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uninterrupted, which allows the CHP units to continue working at higher load

rates while the energy supply efficiency is higher and, thereby, achieving better

economy.

13.2.2.3 Energy supply analysis of the same building type in different
areas

Considering that hotels and hospitals have the best energy saving and emission

reducing effects, hotels are selected as research objects. Hotels in the five climate

zones in China with similar conditions and system configurations were compared,

Table 13.9 Detailed information of five public building categories.

Type
Working
time

Building
area
(m2)

Annual
electricity
consumption
(MWh)

Annual
heating
demand
(MWh)

Initial cost
(3 106 RMB)

Annual
energy
cost
(3 106 RMB)

CO2

emission
(3 103 ton)

Hotel 24 h 15,000 4072 3329 2.56 6.26 5.26

Office 7:30�19:30 15,000 3110 1370 2.66 4.30 3.74

Supermarket 8:00�21:30 13,000 3760 1340 3.05 4.60 4.03

School 7:00�10:00 19,000 3690 2330 2.28 5.40 4.61

Hospital 24 h 18,000 4490 4206 3.15 7.13 5.94

Table 13.10 Analysis of the economic and environmental friendliness of
different buildings’ energy supply in Shanghai.

Type Technology

Energy cost
reduction
rate (%)

CO2 emission
reduction
rate (%)

Simple payback
period (year)

Hotel mGT�CHP 21 49 4�7
ICE�CHP 27 53 3�5
SOFC�CHP 36 59 6�9

Office mGT�CHP 17 49 5�10
ICE�CHP 21 51 4�8
SOFC�CHP 23 52 15�20

Supermarket mGT�CHP 16 48 6�14
ICE�CHP 22 52 6�10
SOFC�CHP 23 53 15�22

School mGT�CHP 22 51 6�9
ICE�CHP 29 55 4�6
SOFC�CHP 35 59 9�12

Hospital mGT�CHP 22 49 4�7
ICE�CHP 29 54 3�5
SOFC�CHP 34 58 9�12

mGT, microgas turbine; ICE, internal combustion engine; SOFC, solid oxide fuel cell; CHP, combined
heating and power.
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and the results are shown in Table 13.11. In addition, Table 13.12 lists the energy

saving and emission reducing effects and simple payback period from using dif-

ferent kinds of CHP technologies.

Table 13.11 The basic situation of hotel energy supply in China’s five
climate zones using traditional energy supply technology.

Climate zone
Initial cost
(3106 RMB)

Annual
energy cost
(3106 RMB)

CO2

emission
(3 103 ton)

Annual
electricity
consumption
(MWh)

Annual
heating
demand
(MWh)

Severely cold 4.69 9.59 7.46 4799 9316

Cold 3.31 6.97 5.58 3864 5651

Hot
summer�cold
winter

2.56 6.26 5.26 4072 3329

Hot
summer�warm
winter

2.12 6.61 5.75 4756 2204

Mild 2.17 5.85 5.07 4172 2051

Table 13.12 Simulation results of buildings’ energy supply.

climate zone Technology

Energy cost
reduction
rate (%)

CO2 emission
reduction
rate (%)

Simple payback
period (year)

Severely cold mGT�CHP 18 45 6�9
ICE�CHP 24 49 4�7
SOFC�CHP 32 53 8�11

Cold mGT�CHP 18 46 5�8
ICE�CHP 24 50 5�6
SOFC�CHP 34 56 7�10

Hot
summer�cold
winter

mGT�CHP 21 49 4�7
ICE�CHP 27 53 3�5
SOFC�CHP 36 59 6�9

Hot
summer�warm
winter

mGT�CHP 18 49 5�8
ICE�CHP 26 53 4�5
SOFC�CHP 34 58 7�10

Mild mGT�CHP 19 49 7�11
ICE�CHP 25 53 5�8
SOFC�CHP 33 58 10�14

mGT, microgas turbine; ICE, internal combustion engine; SOFC, solid oxide fuel cell; CHP, combined
heating and power.
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As can be seen from Table 13.12, although hotels are located in different cli-

mate zones, the adoption of CHP technologies can still achieve energy and emis-

sion savings. Compared with three other types of the CHP technologies,

SOFC�CHP systems have better energy saving and emission reducing effects in

all the regions, but their payback period is relatively long (7�14 years). From the

perspective of different climate zones, the same CHP technology in each climate

zone has different energy saving and emission reducing effects. The effects

obtained in the hot summer�cold winter regions are the most significant, and the

corresponding payback period is relatively short compared to that in a milder

area, which is relatively long. It is possible that the climate conditions determine

a smaller heating demand, which leads to the failure of SOFC�CHP technologies

to offer advantages. Overall, the application of SOFC�CHP systems in hotels in

all climate zones can allow for superior energy saving and emission reduction

effects to other technologies, and the simple payback period is longer because of

the higher investment cost.

13.2.2.4 Capacity selection of solid oxide fuel cells
In the previous sections, we discussed the economic and environmental perfor-

mance of various types of CHP technologies for powering buildings in different

regions assuming the systems are working at their rated efficiency. However, in

the case of large changes in electric load, there is a possibility that the system

will experience a drop in efficiency. The electrical efficiency of an SOFC�CHP

system under partial load conditions is generally maintained at a high level, but it

will be slightly reduced under low-load conditions. As shown in Fig. 13.8, in gen-

eral, the load rate will be higher when the system efficiency is higher, and it

achieves the highest value at rated power. For SOFC�CHP systems, when the

load rate is greater than 30% the efficiency of the FC�CHP will exceed 40% and

remain relatively stable, which is higher than the ICE�CHP and mGT�CHP sys-

tems. When the load rate is less than 10% the units will cut out and stop running.

As for ICE�CHP and mGT�CHP systems, the units will stop when the load rate

is less than 25%. Therefore the SOFC�CHP system can operate continuously at a

low-load rate with high power-generation efficiency, which makes it more flexi-

ble in terms of equipment selection.

In order to compare SOFC�CHP with ICE�CHP and mGT�CHP systems

and to avoid ICE�CHP and mGT�CHP systems from working at too-low load

rates (load rate below 25%), this study uses multiple small prime mover combina-

tion systems to supply energy for buildings. For example, when the peak load of

a hotel is about 2000 kW, three 700 kW small prime movers are used to supply

energy. When the load drops to a lower level, some units will shut down so that

the remaining units keep working at a higher efficiency. At the same time it is

convenient to provide a stable energy supply during maintenance of individual

units.

In addition, high-quality intermittent renewable energy can also be fully uti-

lized in a microgrid. For example, during the daytime, the electricity load is high
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and solar energy is sufficient during this period. Therefore we can consider intro-

ducing solar photovoltaic power generation and making a joint system with a

SOFC�CHP system to supply energy. By choosing a smaller SOFC�CHP, we

can not only save on the initial investment cost, but also maintain high-system

efficiency. Further discussion will be conducted in future work.

13.2.2.5 Capital cost variations of solid oxide fuel cells
Seen from the analyses presented in this chapter thus far, the installation cost of

SOFC�CHP is still high. Considering the cost of an SOFC�CHP system in 2013

(23,500�43,000 RMB/kWe) the median value of 37,000 RMB/kWe was selected,

50% of which is the cost of the FC itself, with the remaining 50% being the cost

of the other units of the system [21,35,41].

With the development of SOFC�CHP technology, the initial investment cost

is expected to decline. Meanwhile, government policies for encouraging distrib-

uted energy and advanced technologies like SOFC�CHP will provide support for

market penetration, such as investment subsidies, tax reductions, gas price dis-

count, promising feed-in tariffs, and so forth. As shown in Table 13.13, the fol-

lowing assumptions have been made for the initial cost changes of SOFC�CHP

systems according to predictions from relevant institutions [33,42].

FIGURE 13.8

Efficiency of FC�CHP, mGT�CHP, and ICE�CHP systems at different load rates.

FC�CHP, fuel cell�combined heating and power; mGT�CHP, microgas

turbine�combined heating and power; ICE�CHP, internal combustion engine�combined

heating and power.
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On the basis of the six scenarios listed in Table 13.13, the energy supply of a

hotel in Shanghai by using FC�CHP is simulated and analyzed. The discount rate

was 4% and the corresponding net percent value was calculated for each scenario

(as shown in Fig. 13.9).

As shown in Fig. 13.9, due to the combined effect of SOFC cost reductions

and government subsidies, when the initial cost of the FC reaches 80% of the cur-

rent level (about 30 RMB/We), the simple payback period (SPP) of the project

will be 9 years. When the initial cost is 60% of the current level (about 23 RMB/

We), the SPP will be 5 years, and the internal rate of return (IRR) will be about

10%. However, when the capital cost is 50% of the current level (about 19 RMB/

Table 13.13 Settings of initial cost reduction.

Scenario
Cost reduction/proportion of
government subsidy (%)

Initial cost after the
change (RMB/W)

Baseline 0 37.5
Scenario 1 10 33.8
Scenario 2 20 30
Scenario 3 30 26.3
Scenario 4 40 22.5
Scenario 5 50 18.8

FIGURE 13.9

Net percent value under six different initial cost scenarios.
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We), the SPP will be less than 4 years, and IRR will be over 15%. At this trajec-

tory, the project has good investment attractiveness.

Therefore further reducing the cost of FC�CHPs and increasing their service

life are crucial for the market penetration of this technology. Meanwhile, the

Chinese government’s development of a medium/long-term policy roadmap as

well as subsidies and incentives for promoting new low-carbon energy technolo-

gies also play an important role for the popularization of new technologies. When

the joint action of two aspects makes the initial cost reach 50% of the current

level, it can achieve a rewarding payback period.

Besides the costs and government subsidies, changes in fuel prices will have a

certain impact on the economics of the technology. In section 13.2.2.6 the impact

of fuel price changes on the popularity of FC�CHP systems will be analyzed

further.

13.2.2.6 Life cycle levelized cost of energy
Apart from the simple payback period, the life cycle levelized cost of energy

(LCOE) and power-generation cost of SOFC�CHPs are also key indicators for

market competitiveness. When applying SOFC�CHPs in hotels in a hot sum-

mer�cold winter zone (like Shanghai), the energy and emission reduction perfor-

mance is the best and the payback period is short. Thus the costs of energy

supply for hotels in the hot summer�cold winter zone are compared with differ-

ent energy-supply technologies. The results are shown in Fig. 13.10.

FIGURE 13.10

Comparison of life cycle levelized cost of energy analyses of different technologies.
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As shown in Fig. 13.10 the difference of the life cycle LCOE analyses among

various energy-supply technologies is within 10%, but the ratio of initial cost to

cumulative operation cost is significantly different. Among them, the cumulative

operation cost of the traditional technology accounts for more than 90%, while

the initial cost ratio of mGT�CHP and ICE�CHP is about 20% and SOFC�CHP

accounts for more than 40%. The relatively large proportion of capital investment

represents a larger investment risk. By means of calculating the life cycle LCOE

and power-generation cost, it is seen that the life cycle LCOE of FC�CHP,

mGT�CHP, and ICE�CHP are 1.34 RMB/kWh, 1.24 RMB/kWh, and 1.15 RMB/

kWh, respectively, which is close to the average commercial electricity price in

China in 2014 (1.2 RMB/kWh). However, considering that CHP technology can

recover heat energy while generating electricity, it saves heating cost compared

with traditional energy systems. If the recovered heat is taken into account, the

energy-supply cost is greatly reduced, making SOFC�CHP more competitive in

market.

13.3 Applications of fuel cell in residential buildings
The tech-economic-environment performance of SOFC�CHP applications in var-

ious public buildings in different regions in China have been reported in

Section 13.2. This section focuses on the feasibility of applying micro-FC�CHP

in residential buildings in China.

Residential buildings are gradually becoming one of the main contributors of

global energy demands as estimated by the International Energy Agency.

Considering an expected increase in the population, along with the growing trend

of urbanization and comfort level improvement, the energy demands in buildings

will keep rising. The leading countries in applications of FC�CHP in residential

buildings are Japan and EU member states, where the heating demand is very

large. Therefore this section will introduce demonstrations of FC�CHP projects

in Japan and the EU, and then analyze these taking into account the energy con-

sumption characteristics of residential buildings in China.

13.3.1 Japan

Japan is the leading country in terms of research, development, and demonstration

of FC-based mCHP systems, in particular, the ENE�FARM demonstration proj-

ect which was initialized in 2009 with an accumulated installation number of resi-

dential FC stacks over 154,000 in 2016. The proton exchange membrane fuel

cells developed by Toshiba and Panasonic, and the SOFCs from Aisin Seiki are

the main products. The commercialization of these products has been established,

and the relevant product parameters are provided in Table 13.14 [43].
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The ENE�FARM system utilizes FCs as the core and combines them with

other equipment (heat storage tank, auxiliary heater, etc.) to build a household

cogeneration system with simultaneous heating and electricity outputs. With fast

system response and various operating modes, a significant amount of CO2 emis-

sions and fuel consumptions can be saved, namely by 50% and 37%, respectively.

The energy cost savings can reach 60,000�70,000 yen/year and have a life expec-

tancy of 50,000�90,000 hours. Meanwhile, it can effectively avoid long-distance

transmission loss of utility grid and improve the safety of the transmission and

distribution systems. It also has the potential to integrate with various intermittent

energy sources in the future.

The target of the Japanese government for 2020 is to reduce the initial cost of

FC�mCHP systems to as low as 700,000�800,000 yen/unit. Furthermore, the

Japanese government aims to shorten the payback period of ENE�FARM pro-

ducts to 7�8 years by 2020 and 5 years by 2030 by capital subsidies for

consumers.

13.3.2 European Union

The European Union is also invested in the FC industry by the 2012 launch of

field trials for a residential FC�mCHP demonstration program named ENE.

FIELD (as shown in Fig. 13.11). The project is Europe’s largest demonstration

project for FC�mCHP systems. The project has demonstrated more than 1000

small, stationary, fuel-cell systems for residential and commercial applications in

10 countries [44]. The ENE.FIELD program successfully came to an end in

October 2017. Its successor, the PACE project, is a five-year project that will

deploy more than 2800 next generation Fuel Cell micro-Cogeneration units in 10

Table 13.14 Product parameters of ENE�FARM.

PEMFC SOFC

Manufacturer Panasonic Toshiba JX Osaka Gas/
Aisin/Kyocera

Date of launch April 1, 2014 April 1, 2014 October
27, 2011

April 1, 2014

Fuel NG NG/LPG NG/LPG NG/LPG
Rate electrical power 750 W 700 W 700 W 700 W
Max. electricity
efficiency

39% LHV 39% LHV (NG) 45% LHV 46.5% LHV
38% LHV
(LPG)

Max. efficiency 95% LHV 95% LHV 87% LHV 90% LHV
Price (excluding tax
and installation)

1,900,000 yen 1,944,000 yen Open
price

2,150,000 yen

PEMFC, proton exchange membrane fuel cells; SOFC, solid oxide fuel cell; NG, natural gas; LPG,
liquefied petroleum gas; LHV, lower heating value.
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European countries by 2021. The project brings together five leading European

suppliers (BDR Thermea, Bosch, SOLIDpower, Sunfire, and Viessmann) and will

focus on households and small enterprises [45].

13.3.3 Energy usage characteristics of residential buildings in
China

Based on the US Energy Information Administration’s Shanghai Statistical

Yearbook, the average electricity consumption of Shanghai households per annum

was 2508 kWhe/year in 2013. This data will continue to rise with rising living

standards. Heating demand of Shanghai households are mainly fulfilled by split

units (air-source heat pumps). According to the survey, about one-third of house-

hold electricity consumption in Shanghai is for cooling and heating [46].

Assuming electricity consumption of air conditioning in the summer is approxi-

mately the same as that for heating in winter, then annual electricity consumption

of cooling and heating is both 418 kWhe/year. Therefore the total electricity con-

sumption for meeting the heating and electricity demand is about 2090 kWhe/year

per household for Shanghai, including 1670 kWhe/year for electricity and

419 kWhe/year for heating. Supposing air-source heat pumps are used for heating

FIGURE 13.11

Countries involved in ENE.FIELD.
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in winter, whose coefficient of performance takes the value of 3, the average

annual heating demand of Shanghai households is then calculated to be

1257 kWhh/year.

As a representative city of the cold region, Beijing’s average household elec-

tricity consumption is roughly 2000 kWhe/year, including consumption for light-

ing, home appliances, air conditioners, and others, in which air-conditioning

electricity consumption in summer accounts for 25%. Meanwhile, the average

household heating energy consumption in winter is about 3500 kWhh/year, which

is generally in the form of district heating and regional boiler plants. Therefore

for Beijing households the energy required to meet the heating demand is about

3500 kWhh/year and 1500 kWhe/year for other electrical appliances.

At present, the electricity price in different parts of China is not uniform. In

general, the electricity price in China’s cities is about 0.52�0.62 RMB/kWhe.

Therefore we take the median value of 0.57 RMB/kWhe for simplification in this

analysis. For heating, the northern part of China adopts the method of central

heating, while the south decide on their own whether they require heating or not.

Heating in the northern region is usually charged according to the space area. The

price fluctuates between 23 and 32 RMB/m2 (median value is 27.5 RMB/m2).

With each household assumed to be around 70 m2, the annual heating cost is

about 1610�2240 RMB (median value is 1925 RMB).

According to the household energy consumption in Shanghai and Beijing, the

average annual cost of households on meeting total heating and electricity

demands can be calculated. As shown in Fig. 13.12, this is roughly

1086�1295 RMB/year (median value is 1191 RMB/year) in Shanghai, and

2390�3170 RMB/year (median value is 2780 RMB/year) in Beijing.

After dividing the residential buildings by district, we select a representative

city for each climate zone as the research object, as shown in Table 13.15.

It is assumed that heating demand occurs when the average outdoor tempera-

ture per day is lower than 18�C, and cooling demand occurs in when the average

outdoor temperature is higher than 26�C. Each household is assumed to be a sin-

gle family residing in an area of 70 m2. Based on these assumptions, with data

cited from Thematic Database for Human�Earth System and data sharing infra-

structure, the monthly load bar graph of cooling, heating, and electricity con-

sumption of the five representative cities can be obtained. Fig. 13.13 illustrates

the relationship between month and energy consumption (kWh/day). As can be

seen from the figure, there are significant differences in energy demand as a

result of the climatic conditions. Heating demand accounts for a large part of

the residential energy consumption in the cold winter region, while cooling

demand does this in the hot summer region. In the mild region, residential cool-

ing, heating, and electricity demand are more balanced, and the total energy

consumption is lower than for other regions. Different residential buildings in

different climate regions have different cooling, heating, and heating demands,

while an FC-based microgrid can provide heat and electricity to nearby end

users in an efficient way. This makes it possible to apply FC�CHP systems in
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Chinese residential buildings. Further analysis of this feasibility is provided in

section 13.3.4.

13.3.4 Application analysis of fuel cell in Chinese residential
buildings

Considering the operating experience on household FC�CHP systems in Japan

and the EU in Sections 13.3.1 and 13.3.2, as well as the energy usage

FIGURE 13.12

Annual average heat and electricity consumption and expenditure of households in Beijing

and Shanghai.

Table 13.15 Climate division and representative cities.

Climate Zone Representative City

Severely cold Harbin
Cold Beijing
Hot summer�cold winter Shanghai
Hot summer�warm winter Xiamen
Wild Kunming
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characteristics of Chinese residential buildings described in Section 13.3.3, the

feasibility of applying ENE�FARM products in Chinese households is analyzed

next. The following section will analyze the application of SOFC�mCHP systems

in Chinese residential buildings from the perspectives of the energy structure,

emissions, and economy/cost.

13.3.4.1 Changes in household energy consumption
The energy structure of Chinese urban residents (data for 2011) is shown in

Table 13.16 [38]. Among them, the most important energy source for urban resi-

dents in east China is electricity, accounting for about 64%, natural gas accounts

for about 20% of total energy consumption, and the remaining 16% is mainly for

FIGURE 13.13

Residential energy demand of a 70 m2 single-family household.

Table 13.16 Energy mix of urban residents in China.

Energy East (%) Center (%) West (%) Northeast (%)

Heat 16 20 25 60
Electricity 64 65 30 25
Gas (natural gas/coal gas) 20 15 25 15
Coal � � 20 �
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heating or hot water demands. The electricity consumption in central China is

almost as same as that in east China, although the heating demand is slightly

larger. Energy consumption in west China is relatively average, roughly 30%

electricity, 25% gas, and 20% coal. Due to the cold winter in northeast China,

heating/living hot water accounts for the majority of the energy demand at about

60%, followed by 25% electricity and 15% gas consumption, without the direct

use of coal.

Supposing a natural gas/coal gas-driven SOFC�mCHP system is used to sup-

ply the total heating and electricity demands in Chinese residential buildings with

assistance of gas boilers, the energy structure of such a system may change as

shown in Table 13.17.

As seen in Table 13.17, natural gas/coal gas consumption will be greatly

increased, while electricity demand will be partially provided by SOFC�mCHP

systems and the rest being satisfied by grid purchases. At the same time, heating/

hot water is fully satisfied by the SOFC�mCHP, which effectively realize energy

saving and avoids device installations like water heaters to supply domestic hot

water.

13.3.4.2 Changes in emission and economy
The cost of the Japanese household SOFC�mCHP system under government sub-

sidies is about 65,000 RMB/set, with annual energy consumption savings of 37%

(electricity bill of around 4600 RMB/ year). According to the average annual

electricity bill of households in Beijing and Shanghai (about 2390�3170 RMB/

year and 1086�1295 RMB/year, respectively) and the annual energy consumption

rate (calculated as 37%), the payback period is not as competitive as it currently

is. However, with the development of SOFCs and improvement of emission crite-

ria in China, energy consumption per capita will increase and the cost of

SOFC�mCHP can be further reduced with technological progress and govern-

ment support. In the near future the simple payback period is expected to be

within 10 years. Therefore in order to promote stationary applications of SOFCs

in China’s building sector, it not only relies on technological advancement, which

reduces the equipment cost, but also government subsidies.

Table 13.17 Energy mix of urban residents in China (completely
SOFC�mCHP).

Energy East (%) Center (%) West (%) Northeast (%)

Heat � � � �
Electricity 26 26 12 10
Gas (natural gas/coal gas) 74 74 88 90
Coal � � � �
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13.4 Other applications of solid oxide fuel cells

13.4.1 Energy storage by solid oxide electrolyzer cells

A SOEC is the reverse operation of an SOFC in regenerative mode. By the elec-

trolysis of water, hydrogen can be produced. This way of producing pure hydro-

gen is promising as hydrogen is a clean fuel and is a potential alternative for

large-scale and long-term energy storage [47]. Although there are some disadvan-

tages, for example, the high-operating temperature may increase corrosion, long

start-up time, and costly materials, great efforts are spent to improve the perfor-

mance of such promising long-term energy storage and hydrogen-production solu-

tions [48]. A typical SOFC�SOEC stack layout is presented in Fig. 13.14. The

system can be further integrated with mGT and biomass gasification devices so as

to improve the energy and environment-friendly performances [49]. Different gas-

ification agents can be compared, such as air, O2-enriched air, O2 and CO2, and

by multiobjective optimization techniques, energy, exergy, and exergoeconomic

performance can be optimized simultaneously [48].

13.4.2 Applications of solid oxide fuel cell with biomass

In addition to buildings’ energy applications, small/medium scale SOFCs are also

excellent solutions for remote area applications (e.g., telecommunication, by cou-

pled with CHP and thermal driven cooling supplier�adsorption chiller) [50]. By

FIGURE 13.14

Typical layout of a combined SOFC�SOEC system. SOFC, solid oxide fuel cell; SOEC, solid

oxide electrolyzer.
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integration with a NaNiCl2 battery, constant power can be provided by an SOFC,

which is beneficial to peak shaving as well. The stack life cycle can reach

30,000 hours and the single cell’s life cycle is up to 90,000 hours, with a 16%

lifetime growing rate [51]. A typical layout of an SOFC�CHP with a thermally

driven cooling system for telecommunication applications is presented in

Fig. 13.15 [50]. Current research has demonstrated its benefits both from energy

and environment-friendly perspectives compared to standard grid-connected sys-

tems [50].

SOFCs are also good candidates to utilize biomass gas to achieve near-zero

emissions with stable power output [52]. Through a gasifier, biomass can be uti-

lized to produce syngas for SOFC utilizations. The typical process of combining

biomass with an SOFC system is presented in Fig. 13.16 [53].

By multistage preheating the biomass-generated syngas can be fed into the

SOFC cathode to generate power and heat [54]. A further highly integrated sys-

tem was developed by Behzadi et al. to provide electricity, cooling, heating, and

desalinate water simultaneously [55]. A biomass-based SOFC was combined with

a GT, chiller, and desalination devices. Through the multiobjective optimization

technique, the integrated system was compared from exergy or exergoeconomic

viewpoints. An optimal exergy efficiency of 38.16% and cost of 69.47 $/GJ can

be achieved at optimum output. Perna et al. proposed an SOFC�mGT cogenera-

tion power plant fed by syngas from a biomass down-draft gasifier [56]. The

hybrid BG�SOFC/MGT plant, based on a simplified configuration and realized

FIGURE 13.15

Typical layout of an SOFC�CHP with a thermally driven cooling system for

telecommunication applications. SOFC, solid oxide fuel cell; CHP, combined heating and

power.
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considering commercially available components, was designed to optimize not

only the electric power generation, but also the thermal power production. The

results indicate that the system’s power output can reach 262 kW (SOFC provides

180 kW) with thermal power of 405 kW. The electrical and cogeneration efficien-

cies can reach 35% and 88%, respectively. The typical layout of a biomass-based

SOFC�mGT�CHP system is presented in Fig. 13.17 [56].

FIGURE 13.16

Typical process of biomass gas treatment for solid oxide fuel cell use.

FIGURE 13.17

Typical layout of biomass-based SOFC�mGT�CHP system. SOFC, solid oxide fuel cell;

mGT, microgas turbine; CHP, combined heating and power.
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13.5 Risk analysis

13.5.1 Market demand

Although SOFCs are proven to have great marketing potential in the near future,

development risk still exists. For example, the overinvestment on fossil fuel

power-generation in Europe increased the production capacity by 16% in 2000.

However, electrical demand did not increase due to the recession. As a result,

energy enterprises, especially renewable energy companies, suffered in difficult

times and hindered the development of new technologies. The development of

SOFC�CHP systems is no exception. The implementation of SOFC-based-CHP

technology has made remarkable progress, especially in the residential sector.

Thanks to subsidy policies of government on fuel cells and tax increase for tradi-

tional power companies, SOFC�CHP systems have shown a good development

according to the ENE�FIELD plan in Europe.

13.5.2 Alternative technologies

The competition from other alternative technologies cannot be neglected.

Progress on various technologies of gas-fired CHPs, as well as variations of elec-

tricity price caused by renewable energy (e.g., solar or wind), will have a signifi-

cant impact on the development of SOFCs’ stationary applications.

The performance and lifespan of SOFCs should be further improved to meet

various types of requirement. Meanwhile, reducing cost and shortening payback

are the keys to improve their market competitiveness as the government subsidy

in Europe is gradually decreasing. Overall, it can be expected that with the further

development of SOFC systems more suppliers will gain access to this industry to

fulfill the growing market demand.

13.6 Conclusion
With the continuous development of the Internet and alternative energy sources,

SOFC�CHP hybrid systems have the potential to be the core of microgrids due

to their high-energy efficiency, cascade utilization of energy, and stable power

output. The SOFC is a power supplier which converts the chemical energy of fuel

directly into electricity. Combined SOFC with CHP technology will significantly

increase electrical efficiency and overall efficiency. Besides, it has other advan-

tages, for example, a wide range of fuel selection, flexible capacity range, envi-

ronment friendliness, and low noise. However, SOFC technology is still in the

early stage of commercialization, thus its durability is relatively poor combined

with high initial capital cost.

This chapter introduces several cases worldwide of the implementation of

FC�CHP systems in commercial buildings. Then the performance of
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implementing SOFC�CHP systems in five types of commercial buildings located

in five climate zones of China were modeled and evaluated. The selected com-

mercial buildings are hotels, offices, supermarkets, schools, and hospitals. Three

criteria of operation cost saving, carbon emission reduction rate, and simple pay-

back were adopted for evaluation. Furthermore, parallel simulations of a

combustion-based CHP system and conventional energy system were conducted

for comparison. Meanwhile, the LCOE for the case of implementing an SOFC-

based CHP system at a hotel in Shanghai was calculated and compared to the

state-of-art energy price in China. Furthermore, a sensitivity analysis of the capi-

tal costs was also conducted.

In terms of environment protection, compared with the traditional energy sys-

tem, all three cogeneration systems can achieve significant carbon emission

reduction. Among them, the SOFC�CHP has better technical and environmental

performance than mGT�CHP and ICE�CHP, where the hot summer�cold winter

zone (e.g., Shanghai) is the best demonstration site with an emission reduction

rate as high as 59%. In terms of project economics, all three cogeneration systems

can significantly reduce operating costs. Among them, SOFC�CHP has achieved

the best fuel cost savings for hotel buildings in the hot summer�cold winter zone

of roughly 36%. Meanwhile, the life cycle LCOE of SOFC�CHP is about

1.34 RMB/kWh, which is slightly higher than other technologies. However, as

SOFC�CHP is a technology in the rapid developing stage, its capital cost is

expected to be further reduced which will allow better market competitiveness in

the near further. The payback period of an SOFC�CHP system is not attractive

due to its current high investment cost. However, as seen from the sensitivity

analysis, it will attract strong investment attention when the initial investment

cost drops by 50%.

In addition, this chapter introduces demonstration projects of implementing

FC�CHP systems for residential buildings in Japan and the Europe Union.

Further, the feasibility of implementing SOFC�CHP systems in the Chinese resi-

dential sector have been assessed from the energy structure, emission reduction,

and project economy perspectives. In addition, case studies of Beijing and

Shanghai has been conducted with more detail.

In general, SOFCs have high-energy efficiency, few mechanical components

in the generation units, and low-working noise. The emissions are mainly water

vapor and a small amount of carbon dioxide, which have little impact on environ-

ment. Furthermore, SOFCs can be integrated with other devices to act as a hybrid

system and can produce hydrogen when operating in reverse mode. SOFCs can

operate with a wide varieties of fuels, including natural gas, coal gas, biomass

gas, and so forth. Therefore SOFC�CHP technology has a bright future for appli-

cation and development prospects. Further research in two aspects is required to

improve its market competitiveness, namely, (1) further reduction in the cost of

FC�CHP and improving its service life, and (2) promoting and utilizing govern-

ment subsidies for low-carbon technologies.
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CHAPTER

14Waste management

Majid Saidi and Aliakbar Ghaffari
School of Chemistry, College of Science, University of Tehran, Tehran, Iran

14.1 Introduction
Solid oxide fuel cells (SOFCs) have proven to be one of the long-range, continu-

ously developed systems in chemical energy conversion to heat and electrical

energy. Provided that the fuel used to supply fuel cell-derived electricity is renew-

able, it could be categorized as a renewable technology. Biofuel (e.g., biogas) is

widely produced from processed municipal solid waste (MSW) in anaerobic

digesters or is combusted. Fortunately the direct injection of biogas as a renew-

able energy source into an SOFC not only makes it a renewable energy resource,

but also assists in reducing the greenhouse-gas (GHG) emission and the release of

hazardous compounds. Thus by combining the existing anaerobic decomposition/

digestion (AD) technology with SOFCs toward constructing a power plant fueled

by organic wastes has emerged as a promising approach to address energy, waste

management, and environmental concerns. Therefore the integration of AD and

SOFC fields is highly recommended. In order to combine these two technologies

for further development the feasibility of different SOFC configurations including

single cell and/or stacked (short stacked) SOFCs have been investigated [1�3].

Due to escalating waste production worldwide at domestic and industrial

levels the issue of waste management has become an emergent research field in

various domains over the past 20 years. However, cities that are unable to effec-

tively manage their urban waste production are rarely able to manipulate more

necessary services like electricity, health, education, or transportation. Waste

management in this regard is a necessity in urban infrustructure.

In the past waste incineration was the main method of diminishing harmful

substances in order to prevent threats to human health [4,5]. Currently waste is no

longer regarded as a useless by-product and efforts have been made to treat it via

more environmental-friendly methods that eliminate the production of NOx, SOx,

and hydrocarbon pollutants in the routine combustion processes. On the other

hand, conventional energy generation (i.e., nonrenewable resources) could lead to

drastic environmental problems due to the associated GHG emissions, and so

forth [6]. Therefore the development of wastewater and MSW disposal processes

capable of exploiting the potential energy of organic wastes is highly favorable.
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© 2020 Elsevier Inc. All rights reserved.
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The MSW generated by most households such as paper, cardboard, metals,

textiles, organics (food and garden waste), and wood debris accounts for approxi-

mately 262 million tons (US short tons unless specified) of the wastes generated

in the United States in 2015 (Fig. 14.1) [7]. The majority of the waste disposal is

assigned to landfilling operations. Due to statistical analyses about 15% of MSW

in Asia and 52% in North America is deposited in landfills; the latter is illustrated

in Fig. 14.2 [9]. Landfill gas (LFG) is the by-product of the bacterial activities

via AD and contains about 50%2 55% methane and 40%2 45% carbon dioxide.

AD produces LFG through four main reaction phases, namely hydrolysis, acido-

genesis, acetogenesis, and methanogenesis [10,11].

The first, leading AD operation on the organic fraction of municipal solid

waste (OFMSW) was in Europe at the beginning of the 1980s in research pilot

plants [12]. SOFC systems running on a wide compositional range of biogas

derived from agricultural residue and industrial waste (IW) have been studied in

the relevant literature [13�17]. Among them, the response of SOFCs toward

waste ammonia has been studied. Siavashi et al. [18] investigated the recovery

process of the purging gas stream of ammonia synthesis plant in the Razi petro-

chemical complex by an integrated configuration of catalytic hydrogen-

permselective membrane reactor and SOFCs. Their reported results confirmed the

high potential of this novel approach to improve the power generation and GHG

emission control. Saidi et al. [19] applied an SOFC for flare-gas recovery. Their

case study demonstrated that using SOFC technology for the flare-gas recovery of

the Asalouyeh gas processing plant not only generates about 1200 MW electrical

energy, but also it reduces the equivalent mass of GHG emission from 1700 kg/s

FIGURE 14.1

Municipal solid wastes generation rates in the United States from 1960 to 2015 [7].
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to 68 kg/s. However, the idea of an anaerobic digestion�solid oxide fuel cell

(AD�SOFC) system has rarely been scrutinized thoroughly. In one case study the

process of generating electrical power using biogas derived from Tehran’s MSW

fed into an SOFC was investigated in detail and it was shown that recycling parts

of the MSW reduced the power-generation capability of the proposed method

[20]. Papurello et al. [21] established a successful AD�SOFC waste-to-energy

(WtE) pilot plant system featuring a 500Wel SOFC stack in which an overall

electrical efficiency of 17% was achieved. They also proposed concerns and sug-

gestions about the optimization of these systems whether on the AD section or

SOFC stack, which included increasing the biogas pressure from 2 to 4 mbar,

enhancing the electrical efficiency, and future works on the CO2 sequestration

from the plant using algae growth through a photo-bioreactor. Besides these

studies, several modeling and experimental evaluations about the feasibility and

performance of the combined AD�SOFC system have been conducted using sim-

ulation/modeling software UniSIM [22], BELSIM [23], and Aspen Plus [24�26].

Another dominant waste-derived renewable source that has the potential to be

utilized as a fuel for SOFCs is “bioalcohol” (i.e., bioethanol and biomethanol).

Generally the application of biofuels (mostly biogas and bioethanol) in term of

fuel can be conducted in two ways, namely direct combustion to gain thermal

energy, and reforming it into hydrogen for clean-energy production in a fuel cell.

The alcohol-based biofuel, after processing, either undergoes external reforming

to produce syngas or is directly injected to the SOFC stack where the internal

reforming along with the electrochemical reactions involved therein takes place

simultaneously. In 2016 the Japanese automaker Nissan Motor Company devel-

oped an SOFC-powered system running on bioethanol reformed onboard the

FIGURE 14.2

Management of municipal solid wastes in North America in 2015 [8].
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vehicle. Nissan has claimed that it was the world’s first automotive use of a sys-

tem featuring a bioelectric fuel cell with an SOFC power generator [27].

Compared to natural gas (NG), biofuels offer the advantages of being indige-

nous and renewable, free from nonmethane hydrocarbons excluding LFG.

However, biofuels have lower efficiency and lower fuel-utilization factors

[23,28]. In a comparison between various biofuels in the temperature range of

700�C2 800�C it was demonstrated that direct feeding of biodiesel fuels caused

carbon deposition, while biogas obtained by anaerobic fermentation of garbage

was more suitable for SOFC operation because it contains a natural reforming

agent (CO2) [29]. Utilizing the exhaust heat from the high-temperature SOFC

stack to convert methane-rich biogas to a hydrogen-rich gas mixture (i.e., internal

reforming) could lead to a significant reduction in GHG emissions and enhance-

ment in air quality. Different SOFC waste management pathways, namely hybrid

systems, might be the key to address future challenges in their application in dif-

ferent biofuel-based power plants.

The main focus of the research presented in this chapter was to investigate the

novel approaches of renewable-energy production using wastes as feedstocks. In

this regard, a detailed review on the feasibility of SOFC systems in waste-

management disciplines is provided. Waste-processing techniques with the capa-

bility to be integrated with SOFC stacks were reviewed and compared with other

state-of-the-art technologies pioneering in waste-management fields from various

criteria. Different challenges and opportunities of utilizing various types of waste-

derived fuels as a feed to SOFCs were elaborated on. Finally, a brief overlook of

the management of SOFC exhaust gases (i.e., SOFC hybrid systems configura-

tions as well as carbon capture methods) were investigated. The environmental

impacts and the economic sustainability of SOFC hybrid�power plants through

life cycle assessment (LCA) studied in the literature were reported.

14.2 Waste: challenges and opportunities
Broadly speaking, MSW could be produced in different forms and compositions

depending on economic development, climate, culture, and energy sources in the

countries and, thus, various disposal methods are utilized including landfilling,

incineration, and composting [30]. According to the World Bank estimation the

current amount of 1.3 billion tons of waste per year will increase to 2.2 billion

tons per year by 2025 [31]. These factors make MSW management a challenging

issue in obtaining other kinds of stuff like recycling materials, heat, or energy

[32]. As proposed by Morris and Waldheim [33] for successful waste manage-

ment some considerations should be taken to account such as preventing waste

generation, recycling waste materials, minimizing landfilling disposal, incinera-

tion with a conventional energy recovery at efficiencies comparable with alterna-

tive technologies and advanced equipment for purifying exhaust gases and the
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gasification process. By employing MSW in a power plant some advantages are

achievable, among which the most important ones are the reduction in pollutants

and GHG emissions as well as allocating the spaces occupied by landfills to other

human activities. Generators and types of solid waste are reported in Table 14.1.

Waste landfilling should preferably be avoided not only due to its negative

effects on public health and the environment, but also because the energy and

recycling potential of the wastes are unexploited. Combustion processes, generally

incineration, are the most frequently used treatment method applied to different

types of waste including MSW, solid-refuse fuels, IW, and industrial-hazardous

waste [34]. Thermal treatment of wastes and further energy production in standard

utility systems would lead to reaping the benefits of renewable energy by making

the waste a stock fuel source rather than being a problem. This means that waste

management and energy production are highlighted at the same time. Thermal-

treatment plants associated with energy and further fuel production are commonly

referred to as WtE or waste-to-fuel plants [35]. The main advantage of employing

MSW as a fuel feedstock is that its low-cost availability (it is often supplied for

free by waste management companies) might offset the relatively high capital

cost investment required for an integrated gasification and/or downstream fuel or

chemical production system such as Fischer�Tropsch (FT) or catalytic biosyngas

conversion to biodiesel, jet fuel, or bioethanol installations [36].

Selecting the type of WtE technology would largely depend on the origin and

volume of the incoming waste stream. A key factor is the energy content (calo-

rific value) of the waste, which determines the energy content extractable from it.

Approximate net-calorific values for common fractions of MSW are presented in

Table 14.2. The majority fraction of solid waste includes paper, organic material,

plastics, glass, metal, and textiles [8]. It is generally accepted that if the incoming

waste stream has an average net-calorific value of at least 7 MJ/kg, WtE incinera-

tion might be regarded as a self-sustaining technique [37].

14.3 Waste processing
The methodology behind waste management is principally based on enhancing

energy recovery (ER) from waste and, consequently, reducing landfilling disposal.

WtE technologies aim to recover energy from the organic fraction of waste

through biochemical or thermochemical processes. By moving away from inciner-

ation since the 1970s, other MSW processing technologies including pyrolysis,

gasification, and plasma-based methods have been studied and developed [40].

Higher added-value gaseous or liquid fuels such as ethanol, syngas, and refuse-

derived fuel are attainable via three different trajectories schematically depicted

in Fig. 14.3. General WtE conversion technologies are classified into three major

processes, namely thermochemical, biochemical, and mechanical/physical. The

process type and the final product extractable from MSW processing largely
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Table 14.1 The sources and types of solid wastes.

Food waste (garbage)

Sources Households, institutions, and commercial such as hotels, stores,
restaurants, markets, etc.

Description • Wastes from preparation, cooking and serving of food. Market reuse,
waste from the handling storage, etc.

Rubbish

Description • Combustible (primary organic): paper, cardboard, cartons, plastics,
rubber, leather, yard trimmings

• Noncombustible (inorganic): metal foils, tin cans, ceramics, bricks, glass
bottles, other mineral metal reuse

Ashes and residues

Description • Residues from fires used for cooking and for heating buildings, clinkers
and thermal power plants

Street waste

Source Construction and demolition
Description • Street sweepings, dirt, leaves, catch basin dirt, contents of receptacles

Dead animals

Source Aviculture and slaughterhouses
Description • Small animals: cats, dogs, poultry, etc. large animals: horses, cattle, pigs,

cows, etc.

Construction and demolition waste

Source Construction and demolition sites, repairing and remodeling sites
Description • Lumber, roofing and sheathing scraps, broken concrete, plaster, wire,

etc.

Industrial waste and sludge

Source Factories, power plants, treatment plants, etc.
Description • Solid waste resulting from industry processes and manufacturing

operations: food processing waste, boiler house cinders, wood, plastic
and metal scraps, etc.

• Effluent treatment plant sludge of industries and sewage treatment plant
sludge and coarse and screening, grit, and septic tank

Agricultural waste

Source Crops, orchards, vineyards, dairies, feedlots, farms
Description • Degasses, ground nut shell, maize cobs, straw of cereals, etc.

Hazardous wastes

Source Hospitals, nuclear plants, chemical industries, or institutions
Description • Pathological wastes, explosives, radioactive metals, toxic wastes, etc.
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FIGURE 14.3

Technologies for the conversion of waste-to-energy.

Table 14.2 The approximate net-calorific values of common fractions of
municipal solid wastes [37�39].

Fraction Net-calorific value (MJ/kg)

Paper 16
Organic material 14
Plastics 35
Glass 0
Metals 0
Textiles 19
Other materials 11
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depend on the type of solid waste and its contamination level. Pretreatment tech-

niques (i.e., shredding, screening, sorting, drying, or palletization) are also influ-

ential on the solid-waste feedstock characteristics. Thermochemical processes

usually operate at higher temperatures and, thus, have higher conversion in com-

parison with biochemical processes [41].

Incineration as an ancient thermochemical process, involves combustion of

waste at very high temperatures in the presence of excess oxygen and results in

the production of ash, flue gas/steam, and thermal energy. It is feasible for unpro-

cessed or minimally processed refuse alongside the segregated fraction of the

high-calorific waste.

Pyrolysis, another efficient thermochemical process, is a thermal degradation

process of organic materials at elevated temperatures that takes place in the

absence of oxygen and generally produces gaseous, liquid, and solid products.

Pyrolysis oils/biooils have received much attention due to their high potential to

be alternative precursors for the synthesis of renewable fuels and chemicals nec-

essary to limit the use of those produced from fossil fuels [36].

Gasification is the thermochemical conversion of a carbonaceous fraction of

the waste into syngas (CO, H2,) and smaller amounts of CO2 and CH4 as copro-

ducts in an oxygen-deficient environment and in the presence of steam or CO2 as

the gasification agents at high temperatures (650�C�1600�C) [42]. Inorganic frac-
tions present in the waste are converted to ash and can be safely landfilled.

Syngas could also be utilized for several applications such as the generation of

electricity, Fischer�Tropsch fuels, and chemicals and hydrogen production [43].

Among the gasification technologies, thermal-plasma gasification has been

investigated as the most efficient and environment-friendly technique for waste

treatment [44�47]. Plasma is an ionized gas where the atoms of the gas have lost

one or more electron/s and have become electrically charged. Waste is introduced

into the plasma field where intense heat breaks down the waste molecules into

simple compounds and are converted into a tar-free syngas, whereas the inorganic

matters are melted and converted into a dense, inert, nonleachable slag and, ulti-

mately, fuel gases with high-calorific value and inert, solid slag in the tempera-

ture range of 1200�C�2000�C. The main characteristics of thermochemical

treatment processes of MSW as well as their major advantages and challenges are

listed in Table 14.3.

Biomethanation as a biochemical process is the AD of biodegradable organic

waste in an enclosed container under controlled conditions of temperature, mois-

ture, pH, and others. Organic fractions present in the waste undergo decomposi-

tion, thereby generating biogas comprising mainly of methane and carbon

dioxide. The remaining material (digestate) is nutrient-rich and can be used as fer-

tilizer. AD has alternatively been suggested as a cost-effective and cutting-edge

technology to circumvent negative environmental impacts of the traditional dis-

posal methods in the renewable energy generation as well as waste treatment of

MSW. AD is commonly employed in many wastewater treatment plants (WWTP)

for biochemical stabilization of the sludge before final treatment and disposal
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Table 14.3 Main characteristics of thermochemical treatment processes of
municipal solid wastes.

Pyrolysis

Air supply No air
Products Gas CO, H2, CH4, Hydrocarbons

Liquid Pyrolysis/bio-oil, H2O
Solid Ash, coke

Advantages • Immediate reduction in volume and weight and less space requirement
• Stabilization of waste
• Easy to operate

Challenges • Pyrolysis oil is unstable and needs further processing
• Energy is distributed in three fractions

Gasification

Air supply Partial amount of air

Products Gas CO, H2, CO2, H2O, CH4, N2

Liquid 2

Solid Slag, ash

Advantages • Immediate reduction in volume and weight & less space requirement
• Stabilization of waste
• Easy to operate

Challenges • Higher initial cost compared to incineration
• Skilled labor is required

Plasma gasification

Air supply Partial air

Products Gas CO, CO2, H2, H2O, CH4

Liquid 2

Solid Slag

Advantages • Tar/ash absence
• A smaller installation
• Size for a given waste throughput
• Using electricity as a source and the possibility of treating wide range of
wastes

Challenges • Initial cost and return on investment
• Lack of standards
• Uncertainty on environmental effects

Incineration

Air supply Excess or stoichiometric amount of air

Products Gas CO2, H2O, O2, N2

Liquid 2

Solid Slag and ash

Advantages • Immediate reduction in volume and weight by about 90% and 75%,
respectively

• Stabilization of waste
• Energy recovery

Challenges • Management of dioxins and furans formed in incineration



[48,49]. Invaluable chemicals (e.g., bioplastic, furans, organic acids, etc.) and

fuels (e.g., biodiesel, biogas, bioalcohols, etc.) could be produced through the AD

or biochemical routes. However, the AD as a relatively developed and widely

established treatment method in the wastewater, effluent, and animal dung, still

encounters a number of technical, economic, and social constraints such as

the volatile fatty-acid accumulation and process instability, and the high cost of

transportation and operation. Besides these issues, biomethanation or AD is

suitable only for wet biodegradable wastes. There are two main types of AD pro-

cesses for treatment of biodegradable wastes, namely wet AD systems operating

at low-total organic solids (TOS) (,10%�20% TOS) and dry systems possessing

high-operating solids (. 20%�40% TOS). In an overall comparison between the

two processes, dry AD plants offered several benefits including flexibility in

using various types of feedstocks, reduced water usage, as well as lower required

heat and power [10,50]. Recently Xu et al. [51] reviewed the challenges and

opportunities of the AD of food wastes in case of generation, availability, and uti-

lization as well as composition and methane potential of food waste from differ-

ent sources. Codigestion by using different micronutrient additives, biochar,

and multistage process designs could be promising candidates for improving AD

optimization to overcome these challenges [52,53].

In hydrolysis and fermentation as a category of biochemical treatment of

MSW, the first step is the conversion of cellulosic fractions of waste to ethanol in

which cellulose and hemicellulose would be hydrolyzed into simple sugars using

chemicals or enzymes. The second step is fermentation of sugars into ethanol fol-

lowed by distillation that produces lignin as a by-product. The major challenges

in hydrolysis and fermentation are their integration into a single step and the

availability of low-cost enzymes.

Biogas obtained via AD or biomass gasification is a high-potential raw mate-

rial that can be employed in SOFCs or other kinds of loading fuel cells for gener-

ating power or electricity. It can be injected into an SOFC directly as a source of

fuel or further be processed, and the resulting H2 enters for the same purpose.

The combination of biogas reforming processes, as an alternative CH4 source,

with the fuel cell using H2 (especially for SOFCs) has attracted much attention

among researchers as an important route for generating clean energy with high-

added efficiency (up to 60%) [54,55]. H2 possesses the largest amount of energy

density [121 MJ/kg (LHV—lower heating value)] among other known fuels and

SOFCs are excellent candidates to exploit it [56]. Methane, the major biogas com-

ponent, is mainly converted through reforming in order to obtain H2. However,

the production of H2 mixed with CO (i.e., syngas) has been widely developed in

various industries. It is a great challenge toward the application of H2 because

CO is recognized as a contaminant for fuel cells and has to be removed mainly

via catalysts [57]. Ni-based catalysts are the most widely used in the reforming

processes. However, cells with higher temperatures such as SOFCs, in addition to

higher electrical efficiency, represent a higher tolerance to CO (50 ppm).

Moreover, the remarkable advantage of SOFCs is that different fuels other than
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H2 (e.g., biogas, gasoline, NG, and ethanol) could possibly be utilized [58]. It

should also be noted that corrosive species such as H2S have to be eliminated in

all processes. A brief overview of the conventional processes used for generating

hydrogen from methane and biogas is presented. Each system has a different fuel-

processing method to prevent carbon deposition over the anode catalyst under

biogas fueling. Other nonconventional processes have also been reported in the

literature for the production of H2 from methane, such as solar reforming,

thermal-plasma reforming with/without catalyst, and direct electro-catalytic oxida-

tion [59�64]. Table 14.4 presents the chemical reactions involved in the conven-

tional methane reforming processes as well as their advantages and challenges.

Steam reforming (SR) is the conversion of methane in the presence of water

steam in a highly endothermic reaction and over a catalyst, thereby producing CO

and H2 (60%�70% yield of H2) [65,71,72]. The water�gas-shift reaction is often

carried out to eliminate CO. Catalysts based on noble metals (e.g., Pd, Pt, Ru,

Rh) and base metals (e.g., Co, Ni, Cu) are also widely used in the catalytic

steam-reforming reaction [73�75]. Conventional SR processes to produce H2

include reformer, conversion reactor (shift reaction) and separating. In the latter,

the CO and CO2 are efficiently separated for attaining high-purity H2 [66].

Partial oxidation reforming (POR) is an alternative method (exothermic) in

which methane is partially oxidized to syngas. It is operated at atmospheric pres-

sure, but needs elevated temperatures up to 900�C to complete conversion (i.e.,

H2/CO ratio � 2). It was also found in a study that the O2/CH4 feed ratio to the

reactor was more influential than temperature increase on CH4 conversion [76].

Autothermal reforming (ATR) involves the combination of these two reform-

ing techniques [67,68,77]. This system benefits from the advantages of both POR

and SR in that partial oxidation reaction of methane with SR takes place simulta-

neously under autothermal conditions making the process self-sustaining with

reduced energy costs and a higher H2/CO ratio.

Dry reforming (DR) occurs when CH4 reacts with CO2 to produce CO and H2.

This system is a highly favored reaction type from environment-sustaining and

industrial points of view since it consumes two GHGs (CH4 and CO2) and pro-

vides a synthetic platform of FT synthesis for producing syngas with an H2/CO

ratio close to 1 [78]. According to the literature, competing reactions also accom-

pany the main reactions, which are reverse gas�water shift, the disproportion-

ation of CO, and decomposition of methane [79]. In summary, the DR of

methane forms substantial amounts of water at high pressure and is not a practical

method for hydrogen production [78].

Trireforming (TR) is a novel process of methane reforming by carbon dioxide,

steam, and oxygen simultaneously in one reactor which, thus, involves three

reforming reactions, namely endothermic SR, endothermic DR, and exothermic

POR. In an investigation of a biogas-fed SOFC coupled with an external trire-

forming system over Ni/CeO2 catalyst, the results indicated that utilizing biogas

TR and SOFC was a promising process for application in small and medium-size

stationary power systems [69].
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Table 14.4 Conventional methane reforming processes, the reactions involved, and the main challenges and advantages of each
process [65�70].

Steam reforming (SR)

Reaction Main reaction: CnHm 1 nH2O2nCO1 ðn1m=2ÞH2Water�gas-shift reaction: CO1H2O2CO2 1H2

Advantages • High H2/CO ratio produced (� 3)
Challenges • Forming water at high pressures

• Requiring external power supply

Partial oxidation reforming (POR)

Reaction CnHm 1 ðn=2ÞO22nCO1 ðm=2ÞH2

Advantages • Reduced energy costs (exothermic reaction)
Challenges • Forming hotspots in the reactor bed and forming coke on the catalyst surface

• Generating a lower H2/CO ratio

Autothermal reforming (ATR)

Reaction CnHm 1 ðm=4ÞO2 1 2ðn2m=4ÞH2O2nCO1 2nH2CnHm 1 ððn2 1Þ=2ÞO2 1CO22ðn1 1ÞCO1 ðm=2ÞH2

Advantages • Possibility of controlling the reactor speed and temperature
• Capacity to produce higher amounts of H2 with lower O2 consumption

Challenges • Requires conditions of autothermal and adiabatic in SR and POR together

Dry reforming (DR)

Reaction CnHm 1 nCO222nCO1 ðm=2ÞH2

Advantages • Environment-friendly (reducing GHG effect)
• Industrial Fischere-Tropsch synthesis route

Challenges • Higher tendency to form coke and catalyst deactivation

Tri-reforming (TR)

Reaction SR1DR1POR
Advantages • Higher resistance against coke deactivation

• Yield a syngas with a H2/CO molar ratio around 2
Challenges • Scarcity of the feasible catalysts in the reforming process



14.4 Waste-derived fuels
Recovery of energy from waste and biomass has a number of environmental bene-

fits such as the retrieval of energy from a low-carbon source. Once waste has been

recycled the residual waste that remains can be a source of this low-carbon energy.

Biomass has been considered as the fourth greatest renewable resource for biofuel

and biochemical production. Industrially, it is defined as an organic matter used as

fuel or for the production of other chemicals. Some examples of materials that

make up biomass fuels are scrap lumber, agricultural residues or forest debris, ter-

restrial and aquatic crops, the organic component of municipal and IWs, and oil-

rich algae such as microalgae. Biomass can be converted to various products that

could be used as a fuel for fuel cells (more suitably for SOFCs), technically

referred to as biomass-derived fuels. Most biomass-derived fuels, in either liquid

or gas form, are easy to transport and cost-effective for industrial use [58].

Bioalcohol products such as biomethanol and bioethanol obtained from bio-

mass fermentation processes are considered as a promising fuel for SOFCs due to

their high-hydrogen content and heating value [80�82]. Researches revealed that

bioethanol could be obtained via animal manure waste, MSW, and waste by sac-

charification and fermentation [83,84]. For example, a 1 kW SOFC stack has

been successfully operated with fermentation gas for over 5000 h with steam

reforming employed for the conversion of ethanol to hydrogen [85].

Biodiesel is another waste-derived fuel and is produced from monoalkyl esters

of long chain-fatty acids derived from renewable feedstock like vegetable oils and

animal fats. It is nonpoisonous and biodegradable. Biodiesel is produced by trans-

esterification in which oil or fat is reacted with an alcohol (e.g., methanol or etha-

nol) or a metallic base (e.g., sodium or potassium hydroxide) in the presence of a

catalyst. The reaction produces methyl or ethyl ester (biodiesel) and glycerol as a

by-product. Biodiesel is easier than the original oils to reform to high-quality,

hydrogen-rich gas due to its shorter carbon chains and, thus, is a promising feed-

stock for fuel-cell applications. However, only a few reports have shown success-

ful reforming of biodiesel with high efficiency and stability as a feedstock in

SOFCs, in which they indicated that the content of unsaturated fatty acid methyl

esters in biodiesel fuel and the operational temperatures should be, respectively,

as low and as high as possible [29,86].

Bioglycerol is a by-product of biodiesel production with a theoretical mole

ratio of 3 to 1 (bioglycerol/biodiesel). Most importantly it is produced in a renew-

able, environment-friendly, and cost-effective way. Some studies have been done

on steam reforming and ATR of glycerol to produce hydrogen-rich gas for fuel

cells [87,88]. In a recent work [89], Ni-based perovskite catalysts were prepared

by two different methods and used as selective catalysts for hydrogen production

from glycerol via steam reforming in a fixed bed down flow reactor at atmo-

spheric pressure. Under optimized reaction conditions the LaNiO3 catalyst exhib-

ited 72% glycerol conversion with 70% hydrogen selectivity [89].
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Biogas typically refers to a mixture of different gases produced by the break-

down of organic matter in the absence of oxygen. Biogas can be produced from

raw materials such as agricultural waste, manure, municipal waste, plant material,

sewage, and green or food waste. It is produced through the AD process of the

OFMSWs and/or residual biomass and is composed of mainly methane and car-

bon dioxide and a trace of other volatile (gas) compounds. The generic chemical

composition of biogas is presented in Table 14.5 [90,91]. A possible alternative

for production of energy with biomass is AD. AD not only allows material recov-

ery, but also generates heat and energy from biowaste. Due to the presence of

CO2 most of the biogas is abused in inefficient ways such as combustion in inter-

nal combustion engines or burning for heat. The versatility of biogas to be used

in power plants has attracted scientists all over the world to see biogas as a pre-

cious high-potential fuel source because it could be utilized for cogeneration of

thermal energy and water through high-temperatures engines (e.g., SOFCs), be

flared to generate heat energy in boilers, and employed as fuel for automotive and

stationary engines [92,93].

14.4.1 Biogas resources characteristics

A major challenge that stands in the way of local biogas resources (i.e., MSWs or

those from farms or landfills) is their low-power houses in the range of

5�100 kWe (kilowatt electric). Another specific problem concerning the present

biogas installations (mainly LFG representing 80% of the world’s biogas produc-

tion) is the leftover gas by-products. The chemical composition as well as the

energy content of biogas is spontaneously influenced by the origin and quality of

the used biomass, the digester type, and the AD management system process. As

there are variant possible resources in abundance for biogas production, detailed

characterization and evaluation of each specific feedstock type is necessary. To

decide on the suitability of a particular feedstock one first should have a thorough

understanding of the biogas generation methods, especially AD. Convenient

Table 14.5 Approximate composition of biogas.

Compound Percentage (vol.%)

CH4 55270
CO2 30245
H2S 5002 4000 ppm
NH3 1002 800 ppm
H2 Trace (,1)
N2 Trace
O2 Trace
H2O Trace
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biogas resources must comply with degradability and sufficient water content as

well as a low amount of fibrous material (e.g., lignocellulosic material). Crucial

characteristics of a biogas to be analyzed for power-generation applications are

pH, total solids/dry matter, volatile solids (VS)/organic dry matter, chemical oxy-

gen demand (COD), ammonia nitrogen, and biochemical methane potential. In

most cases, the evaluation of VS and COD could be good enough to determine

the energy content of a feedstock [94]. Water content and the amount of bulky/

fibrous or inorganic materials are determinative criteria for deciding on the suit-

ability of different treatment technologies. Fig. 14.4 depicts biogas sources rang-

ing from a more liquid to more solid nature and, by order of decreasing water

content, the treatment technologies that would be preferred. Feedstock possessing

considerable water content and a low amount of organic matter or bulky/fibrous

material are ideal for AD. As an alternative to AD, for a very high water content

feedstock, the oxygenation and/or aerobic wastewater treatment is generally

applied. On the other hand, an increase in the amount of organic matter or bulky/

fibrous material and decrease in water content, aerobic composting, landfilling,

and/or incineration are generally preferred, with regard to the associated costs.

14.4.2 Biogas impurities

The presence of impurity species in fuel feeds highly affects the performance and

durability of SOFCs. Preprocessing of the fuel is a necessity for their practicabil-

ity in high-temperature fuel cells such as SOFCs. In fact, complex hydrocarbons

break down into a reformate containing light hydrocarbons, hydrogen, and carbon

oxides. This could be accomplished via an appropriate fuel processor and includes

FIGURE 14.4

Various biogas resources and their suitable treatment technologies.
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unit operations and processes for enhancing the concentration of H2 and reducing

the impurities. Moisture, heavy hydrocarbons, aromatics, alcohols, and others also

exist in the biogas, but do not directly damage the fuel cell or diminish its perfor-

mance. In this regard impurities are defined as the chemical species that do not

participate in the electrochemical oxidation reaction for electric-power generating.

However, waste-derived fuels such as biogas contain several trace contaminants,

some of which are generated at the biological digestion and others are volatilized

from the waste stream being digested [95]. Variant factors including the type and

age of waste, temperature and pressure, and the stage of the decomposition pro-

cess determine the amount and specification of these trace contaminants [48,95].

According to Papadias and Ahmed’s database for classification of the impurities

found in the biogas [96], three major classes including sulfur, siloxanes, and

VOCs (volatile organic compounds) are of special concern when applied in fuel

cells or combined heat and power (CHP) systems.

14.4.2.1 Sulfur
Biogas contains a significant amount of sulfur compounds, often as hydrogen sul-

fide (H2S), which needs to be stripped off due to its highly corrosive nature. It

could lead to deactivation of the fuel processing catalysts used in prereforming

and of the fuel-cell anode and, in most cases, the poisoning is irreversible. H2S is

also found in several other gas streams in addition to the streams from biogas

digesters, such as LFG, NG, and syngas. Therefore it must be eliminated before it

is used in different applications for energy generation. The impact of sulfur impu-

rities on the yttria-stabilized zirconia anode (Ni�YSZ) has been investigated by

associated researchers [97,98]. The Ni�YSZ cermet is very susceptible to even

low amounts of H2S in the fuel. Under typical conditions, H2S will dissociate into

elemental hydrogen and sulfur, of which the latter is strongly absorbed on the sur-

face of the anode blocking the active sites on the nickel and prevent the electro-

chemical oxidation of the fuel cell. This mechanism is depicted in Fig. 14.5 [97].

The organic sulfur is usually present as mercaptans (thiols), disulfides, and

dimethyl sulfide (DMS). Compared to the biogas from AD, organic sulfur (mostly

DMS) is found in higher concentrations (. 10 ppm) in LFG. Organic sulfur spe-

cies react with hydrogen and carbon oxides to form H2S and COS, especially at

elevated temperatures.

14.4.2.2 Siloxanes
The second-largest family of biogas contaminants is volatile organic silicon com-

pounds, known as silanes and siloxanes. The latter are organic silicon compounds

typically used in industrial processes and are frequently added to consumer pro-

ducts such as hygiene products, cosmetics, detergents, pharmaceuticals, paper

coatings, and textiles [99]. The most conventional ones in biogases are the linear

and cyclic species. In WWTP with anaerobic digesters and landfills, siloxanes are

volatilized into biogas, which is affected by numerous factors, including tempera-

ture. LFG may also contain significant quantities of other siloxanes such as
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trimethylsilanol (TMS). Siloxanes in fuel gas can lead to the formation and depo-

sition of SiO2 that would affect many instruments of the fuel cell system, such as

heat exchangers, catalysts, and sensors [100]. In a study by Haga et al. [101],

they showed that 10 ppm of D5 led to a total SOFC failure in 30 h at 1000�C.

14.4.2.3 Volatile organic compounds
Other gas trace compounds (i.e., alkanes, alcohols, aromatics, halogenated hydro-

carbons) typically found in waste-derived fuels are also known to cause detrimen-

tal effects on fuel-cell catalysts [23,102]. Chlorine is the most abundant form of

halogens, whereas bromine and fluorine-containing hydrocarbons generally occur

in lower concentrations. Paraffinic and aromatic hydrocarbons are usually found

in higher concentrations in LFG compared to the biogas from the AD of WWTPs.

Among the aromatic species, benzene, toluene, and xylene are typically found at

high concentrations. Although the amount of hydrocarbons commonly found in

waste-derived fuels may not be hazardous to the fuel cell, their presence reduces

the capacity of the adsorbents that are typically utilized to capture the more dele-

terious species from the biogas (e.g., siloxanes).

14.4.3 Impurity removal

For deep treatment and gas cleaning to be installed at a pilot-plant level in a

WWTP and for integration opportunities with SOFC technologies, one has to

evaluate the tolerance limit, power output capacity and the balance between the

FIGURE 14.5

The chemisorption mechanism of Ni-based anode deactivation in solid oxide fuel cells

resulting from the presence of H2S as an impurity in biogas fuels [97]. TPB, Triple phase

boundary.
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costs of impurity removal and so on. In order to determine the specific tolerance

limits of a certain impurity, the type and origin of the impurity as well as its inter-

action with the materials in the anode chamber including the electrocatalyst and

the electrolyte should be considered. Impurity levels allowable in the biogas fed

to the SOFC anode reported in the literature are: H2S # 1 ppm, HCl few or

trace, NH3 5000 ppm, halogens 1 ppm, and total silicon , 0.01 ppm [103,104].

H2S elimination techniques from gas streams are mainly categorized as bio-

logical, physical, and chemical processes. Biological treatments are cost-effective

and typical environment-friendly processes that have been implemented for bio-

gas treatment [105]. The other two classes defined as physicochemical processes

can be classified as chemical absorption (reactive or chemical oxidation) and

physical adsorption (iron adsorbents, activated carbon) techniques, and their appli-

cation largely depends on H2S feed�gas flow rates [106].

Since the chemical backbone of siloxanes (Si-O-Si) is very stable and its

chemical reaction with the surface is unexpected, the most frequently used

method for elimination of siloxanes is physical adsorption on activated carbons

[107]. The temperature and moisture of the gas affect the efficiency of activated

carbon performance; thus, before activated carbon filtration, the gas should be

dried otherwise the filter quickly saturates with water. Likewise the removal of

other gas trace compounds is also accomplished by adsorption systems.

Adsorption is likely the only technique capable of reducing the concentration

of contaminants to the stringent extent of a fuel cell’s specifications [108]. Due to

the biogas resources’ versatility the requirements and aims of each gas purifica-

tion project has been engineered by different methods. Instead of utilizing a

standalone adsorption system, researches have come to the breakthrough of a

combination of impurity removal methods to ensure fulfilling the desired quality

of a biogas for utilization in SOFCs. These gas-cleaning strategies involve a pri-

mary clean-up, followed by a gas-polishing step prior to entering the fuel-cell sys-

tem [96,109]. The first step in the clean-up system in the biogas purification unit

is the primary H2S abatement. Desulfurization is recognized by the reaction with

mixed-metal oxides forming a stable metal sulfide. Conventional examples of

media options for H2S removal include an impregnated activated carbon and iron

sponge, which are catalytic processes for H2S removal from biogas [110,111].

The latter involves the chemical reaction on the adsorbent surface typically using

ferric oxide coated onto a supporting material. The adsorption removal mecha-

nism for H2S chemisorption is by flowing the biogas through the iron sponge, the

hydrated iron oxide reacts with H2S forming iron sulfide, which leads to the

removal of H2S from the gas [112]. Activated carbon (AC) does not show selec-

tivity by itself; however, it could be achieved against certain compounds and

adsorption capacities may be enhanced by impregnating the carbon with certain

caustics (KOH, NaOH, or other modifying reagents) [113]. A thin basic layer

present on the pore surface of the impregnated AC functional groups is believed

to dissolve the slightly acidic H2S gas and oxygen, then O2 would break down

into radicals reacting with the dissolved hydrosulfide ions.
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Before entering the polisher unit the biogas from the sulfur removal beds

needs to be dried to remove moisture through refrigeration or condensation. The

capacity of adsorbents such as AC, silica gel, and zeolites is significantly reduced

by the existing moisture, especially at relative humidity of exceeding 40% and

less than 10%, respectively [114]. For instance, Arespacochaga et al. [96]

designed and implemented a three-stage polishing system based on adsorption

which consisted of a regenerable iron-based adsorbent unit to remove H2S, a bio-

gas drying unit to remove moisture, and an activated carbon unit to remove the

remaining trace components (siloxanes, linear, and aromatic hydrocarbons). They

achieved over 99% removal efficiency and 21%wt. adsorption capacity by iron-

based adsorbent. From the economic point of view, they concluded that combin-

ing upstream H2S abatement followed by downstream adsorption technologies, in

comparison with standalone adsorption systems (i.e., either standalone chemisorp-

tion or physical adsorption) significantly reduces the overall treatment costs and

aids the development of biogas-fueled fuel cell projects.

14.5 Direct waste to solid oxide fuel cell systems:
case study for flare gas recovery

Utilizing the flare gas as a feed of SOFC is regarded as a novel approach to recov-

ery of flare gas. In the study by Saidi et al. [19] an electrochemical model was

developed for a steady-state, planar SOFC by considering the direct internal

methane steam reforming. NG and flare gas which contain mainly methane (i.e.,

80%�95%) is the most appealing fuel for SOFCs. In the new configuration the

sweetened flare gas was fed to the SOFC directly without any need for prereform-

ing. One of the main problems of internal steam reforming is carbon deposition on

the Ni-based anode which leads to catalyst deactivation and the reduction of cell

performance and lifetime. They also referred to the research by Rahimpour and

Jokar [115] where they proposed electricity production from the flare gas from the

Asalouyeh gas processing plant by gas turbine (GT) technology. Fig. 14.6 repre-

sents a comparison between the generated electrical power by their approach and

an SOFC. As depicted, the generated electrical power in GT and SOFC technolo-

gies is 2130 MW and 1200 MW, respectively, which are significant amounts.

For a comparison between the feasible pathways of flare-gas recovery,

Viswanathan et al. [116] studied material and device targets for a flare-gas recov-

ery system including gas-to-liquid (GTL), gas compression system, and electricity

generation via SOFC or GT. According to the scales adopted in their study [117],

capital investment of the SOFC system (about 67.7 million $) was the least

among the flare gas recovery systems. In Fig. 14.7 the capital investment of

SOFC, GT, GTL, and gas compression approaches are compared.

However, the main drawback of SOFCs was that the generated electricity

needs to be consumed instantly and, thus, such a system often requires energy
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(electricity) storage. It has been shown that the total cost of energy storage (e.g.,

lithium-ion batteries) could be as high as the cost of electricity-generation

systems.

In a similar study [18], ammonia and methane as the main GHGs in the purge

gas were converted to pure hydrogen through methane-steam reforming and

ammonia-decomposition reactions over nickel-based catalyst in the membrane

reactor. The produced hydrogen is permeated through the Pd�Ag membrane and

sent to the SOFC as feed. The modeling results demonstrated that increasing tem-

perature and pressure of the reactor up to 873 K and 35 bar, respectively, through

0.6 length of the reactor, enhanced the conversion of methane and ammonia to

100%. Besides these results the parametric analysis of SOFC revealed that the

cell had superior performance at higher temperature and hydrogen composition

and fuel utilization of about 8 MW power was generated via the designed

configuration.

14.6 Internal versus external biogas reforming
Fuel external-reforming processes are commercialized technologies for efficiently

converting H2 into electrical energy and to the desired power levels. Meanwhile,

a great deal of attempts has been paid to the direct use of biogas in the fuel cells

FIGURE 14.6

A comparison between total-generated power by solid oxide fuel cell and gas-turbine

technology. SOFC, Solid oxide fuel cell; GT, gas turbine.
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referred to as internal reforming [68]. Due to the high operating temperature of

SOFCs and steam produced during the chemical process, SOFCs can be used to

internally reform methane to hydrogen. This means that methane fuel enters

directly into the SOFC and hydrogen is extracted simultaneously. On the one

hand, conventional thermochemical treatment processes (i.e., types of biomass

gasification) in which the biogas is obtained usually require elevated operating

temperatures and coupling these technologies to the SOFCs operating in the same

temperature range is of great attractiveness and advantage. On the other hand,

high-temperature SOFC fuel cells are best-suited for the direct use of biogas

because they have a greater capacity to thermally integrate internal reforming and

have an increased tolerance against contaminants while preserving high-electrical

efficiency (up to 50%). In an internal reforming SOFC (IR�SOFC) most of the

fuel reformation takes place in a passage prior to entering the anode. In a planar

stack of cells, internal reforming passages would be located in between the cells

(electrodes). Furthermore, an SOFC in a direct internal reforming configuration

benefits from the direct heat exchange between the exothermic electrochemical

reactions and the endothermic reforming reactions taking place in an individual

device. Because the amount of heat generated by the fuel cell is beyond that nec-

essary for reforming, excess air in the cathode might act as the SOFC coolant

[118]. Conventionally, in an external reforming SOFC (ER�SOFC) configuration

the location of reformer is most likely before the anode [119]. Overall the

concepts of SOFCs running on biogas with external and internal reforming are

schematically represented in Fig. 14.8A and B, respectively.

FIGURE 14.7

A comparison between total-capital investments for no-flare approaches.
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Several studies have been reported in the literature on the use of various types

of biogas as a direct feed in high-temperature SOFCs. Typically the electrodes in

SOFC cells also exhibit catalytic activities which comprise anode and support

including Ni�YSZ (yttria-stabilized zirconia) or Ni�ScSZ (scandia-stabilized zir-

conia), cathode including LSM (lanthanum strontium doped manganate) or com-

posite as well as electrolyte including YSZ�TiO2, ZEI�MgO, Y2O3, CeO2,

MnO2CeO2, and GdO2�CeO2 [120,121]. Shiratori et al. [122] evaluated the

feasibility of direct biogas to an SOFC using Ni�ScSZ cermet as an anode mate-

rial. It was demonstrated that cell voltage over 0.9 V (at 200 mAcm22) was stably

obtained over 50 h without carbon deposition at the operating temperature of

1000�C. Internal dry reforming of methane was progressed on the Ni-based anode

which provided advantages such as performing the role of catalyst necessary for

the reforming process as well as enabling the internal reforming utilizing CO2

present at the biogas feed while avoiding the external reforming and the requisite

of precious metal catalysts thereof. In another investigation on direct feeding of

biogas to SOFC by the same authors [123], using anode-supported button cells,

stable operation of biogas-fueled SOFC with cell voltage above 0.8 V was

achieved over 800 h at 200 mA cm22 through the IR mode at 800�C. Both studies

revealed that air addition to actual biogas reduced the risk of carbon formation

and led to a more stable operation. However, investigations of biogas-fueled

SOFC systems are limited to small-scale, proof-of-concept projects. Tjaden et al.

[70] investigated the technical analysis and assessment of a small-scale (25 kW),

biogas-fueled SOFC model operated on various biogas feedstocks. From their

FIGURE 14.8

General concept of solid oxide fuel cells running on biogas with (A) external reforming and

(B) internal reforming. SOFC, solid oxide fuel cell; DB-SOFC, direct biogas-SOFC.
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comprehensive energy and electrochemical model of the SOFC stack, which

included different gas reforming options, it was concluded that ATR did not

have a high performance. Also from the system analysis, it yielded to an electric

efficiency of 56.55% based on lower heating value (LHV) under steam reform-

ing (SR). In a study by Omosun et al. [124] the integration of an SOFC with

biomass gasification technique for a CHP system was investigated using the

gPROMS modeling tool. Two situations, a cold process involving gas cleaning

at a reduced temperature versus a hot process involving gas cleaning at a high

temperature, were modeled and compared. The hot process was found to be

superior to the cold process with respect to the electrical and total system effi-

ciency, but required a higher capital costs. In another study, Trendewicz et al.

[24] evaluated biogas-fueled SOFC systems for CHP applications in WWTPs

with electric power capacities ranging from 300 kW to 6 MW in terms of their

performance and life-cycle costs. They developed an SOFC�CHP system model

with Aspen Plus for integration with small, medium, and large biogas resources

characterized by 640 kWLHV, 2.97 MWLHV, and 11.92 MWLHV, respectively,

and included anode gas recirculation, a biogas pretreatment system, and a waste

heat-recovery unit. Their model predicted a net electrical efficiency of 51.6%

LHV and net�CHP efficiency of 87.5% LHV. In a parametric case study the

leveled costs of electricity (COE) and heat (COH) in economic evaluation was

comparable with those from reciprocating engines, GTs, microturbines, and

molten carbonate fuel cell (MCFC) technologies with grid electricity prices at

5�8 $/kWh. Wheeldon et al. [125] modeled the assessment of recoverable

energy from biogas generated in AD units of three various WWTPs in the

Canadian province of Ontario and their utility as inputs for process flow simula-

tion of a biogas-fueled SOFC system. Based on HHV, overall efficiencies of

55%, 58%, and 60% for the three plants were calculated, respectively. They

also pointed out that if all the wastewater sludge in Ontario was processed

through AD, the biogas produced could theoretically provide approximately

1.51 GWh/d of electrical energy.

However, the main problems that the internal reforming process in direct

biogas-fueled SOFC systems commonly encountered were with the biogas com-

position variability and the poisoning of the catalysts of the fuel cell by carbon

deposition (coke) by CO disproportionation and the presence of sulfur traces

[126]. The diagram of C�H�O ternary phase depicted in Fig. 14.9 has been

adopted by numerous researchers to represent the zone with the greatest tendency

to the carbon deposition when biogas internal reforming is used in SOFCs

[68,120,122,123]. As proposed by Lanzini and Leone [120] a significant opera-

tional improvement of an SOFC system is achieved since carbon deposition at a

certain threshold-hydrogen content was completely avoided by enriching biogas

with hydrogen. In a related work by Guerra et al. [127] the catalytic properties of

Ni�YSZ anodes as electrodes of SOFCs to be operated under direct DR of meth-

ane was investigated. At 800�C the best performances were for the volumetric

ratios of carbon dioxide/methane between 1.5 and 2, while the conversion was
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poor for both T, 450�C and carbon dioxide/methane ratio ,1 at 800�C.
Stable conversion performance was maintained over a test period of 70 h.

Novel approaches have been conducted to address the carbon deposition and

the consequent coke formation through the addition of variant promoters such as

Sr, Ce, Ru, Rh, Pd, and Pt to the Ni�YSZ anode and also adding water and air to

the fuel [121]. Air addition to biogas is one of the most effective ways to solve

this problem. In a related study it was stated that the strong temperature gradient

generated in the cell caused by ER reaction could lead to drastic cell failure

[128]. Air addition to biogas resulted in the temperature homogenization in SOFC

in which air/biogas ratio of 0.7 was found to be optimum in terms of reforming

efficiency. In another related study, Farhad et al. [129] predicted the performance

of three SOFC systems fueled by biogas produced through the AD process for

CHP generation in WWTPs by a UniSIMt simulation. Testing was also per-

formed with humidified dilute hydrogen fuel and various gas diluents and suc-

cessful biogas reformate tests were achieved with up to 20 mol% humidification.

Moreover, they employed different fuel-processing methods to prevent carbon

deposition over the anode catalyst including AGR, SR, and partial oxidation

(POX) in the three systems, where the AGR and SR based systems yielded elec-

trical efficiency of 45.1% and 43%, respectively.

FIGURE 14.9

Ternary C�H�O diagram showing the possibility of coke formation in the related

temperature for biogas internal reforming in solid oxide fuel cell.

Adapted from Y. Shiratori, T.Q. Tran, Y. Takahashi, K. Sasaki, Application of biofuels to solid oxide fuel cell,

ECS Trans. 35 (2011) 2641�2651.
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14.7 Comparison of cogeneration technologies for biogas
utilization

Biogas in its raw and upgraded forms can be utilized via various pathways. Its

utility addresses the necessity for developing ecofriendly production of sustain-

able energy and added-value chemicals. Different technologies can be employed

for converting biogas as an energy carrier into final products. Growing interests

have been focused on biogas upgrading, biogas CHP, and biogas-fueled SOFCs

[130]. Yentekakis and Goula projected two main avenues for advanced biogas uti-

lization regarding research and development, technology, and implementation

[131]. However, from the commercial standpoint, feasible biogas utilization meth-

ods include: (1) electricity generation with CHP or fuel cells; (2) multigeneration

of heat, steam, electricity, and cooling in industry; (3) injection in the gas grids;

(4) transport fuel; (5) production of chemicals and other energy-associated opera-

tions such as (6) energy storage applications and (7) stabilizing intermittent wind

and solar renewable energy systems [132,133]. The digestate from anaerobic fer-

mentation is also a valuable fertilizer due to the increased availability of nitrogen,

minimized survival of pathogens, and the better short-term fertilization effect.

Biogas-to-CHP represents one the most common utilizations worldwide.

Biogas is mostly applied for providing electricity and is generally obtained by

the small to medium-scale installation on farms in the agricultural sectors as well

as in larger AD plants for waste digestion. Based on local energy renewable poli-

cies and regulations, biogas plants of each country are different. For example,

Sweden uses biogas plants in which the biogas is directly used as a vehicle fuel

after a filtration process, while in Germany the biogas plant usually is integrated

with gas engines or gas turbines to provide heat and electricity [134�136].

Table 14.6 summarizes the results obtained from a survey of biogas plant opera-

tors in Germany in 2016 regarding the kind and amount of biogas production.

According to Daniel-Gromke et al. [135], in 2016 more than 95% of biogas

plants were assigned to the biomethane-CHP plants. Also, 17.2% of renewable

energy�based electricity was generated from biogas, which is about 32.37 TWhe
[135]. Although lots of biomethane-CHP plants have been established in devel-

oped countries, recent studies show that the technology still faces major pro-

blems. For example, Wu et al. [134] assessed a biogas system with three

utilization pathways from the energetic-environmental-economic point of view.

The assessment results indicated that biomethane-CHP plants have lower system-

atic energy efficiency than a biogas plant integrated with SOFCs or biogas

upgrading pathway, while for biogas SOFC pathways the green degree (gd) pro-

duction is the highest (21.77 gd/day). Energy efficiencies of a biogas system

with three utilization pathways are presented in Table 14.7. Based on reported

data in this table, although the utilization of biogas as the fuel for gas grid or in

vehicle industry is preferred relative to other pathways, there are still some con-

cerns hindering its wide usage.
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Furthermore it should be noted that the energy efficiency of the biogas

upgrading system was calculated by the output�input ratio method. This method

relies solely on the LHV of feedstock and methane, different from the method

used in assessing other technologies. Nevertheless, there are commercial biogas

plants based on biogas upgrading. In this technology the purification system is of

prime importance. The methods of biogas impurity removal have been briefly dis-

cussed in the Sections 14.4.2 and 14.4.3 and various types of technologies are

summarized in Fig. 14.10 [137�139].

In a wider perspective, the results of energy-efficiency evaluation of various

biogas production and utilization pathways by Poeschl et al. [140] who indicated

that primary energy input to output (PEIO) ratio for small and large-scale biogas

utilization methods ranges between about 4%�46% and 1%�34%, respectively.

For the calculation of the energy efficiency of the biogas utility pathways espe-

cially biomethane�CHP plants and biogas�SOFCs, LHV�based net electric effi-

ciency and heat are also important factors. State-of-the-art technologies play a

key role to ensure energy efficiency enhancement and economic viability of the

biogas utilization systems by suggesting process and infrastructure innovations.

In most commercially power plants running on biogas, internal combustion

engines (ICE) such as gas engines have emerged as the standard technology. Dual

fuel engines involving the co-combustion of biogas with usually very small

Table 14.6 Types and number of biogas production plants in Germany in
2016 [135].

Type of biogas production plants Value

Agricultural biogas plants B8200
Thereof manure-based small-scale plants (#75 kW) 560
Biowaste digestion plants (share of organic waste larger than 90%) B135
AD plants based on organic waste and manure/energy crops
(share of waste smaller than 90%)

200

Biogas upgrading plants (biomethane) 196
Biogas production plants B8700

Table 14.7 Energy efficiency of three biogas utilization systems [134].

Systems

Net
electricity
output
(MJ/day)

Net heat
recovery
(MJ/day)

Net
electric
efficiency
(%)

Net heat
efficiency
(%)

Energy
efficiency
(%)

Biogas upgrading 2 2 2 2 46.5
Biomethane�CHP
plants

4139.8 5202.5 13.8 16.6 30.4

Biogas at SOFCs 5286.5 3530.6 20.4 12.5 32.9
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proportion of, for example, biodiesel, bioethanol, microgas turbines, and Stirling

engines (SE) are also other innovative options [141�144]. Although micro�GTs

and SEs are available on the market they are rarely utilized due to their high cost

and maintenance requirements as well as lower electricity production than other

state-of-the-art engines. Typical electricity production efficiencies range from

about 20% for SE to 45% or more for gas engines and micro�GTs. Flameless

combustion, commonly known as diluted or mild combustion, is a combustion

technique with potential to alleviate unwanted emissions and improve fuel con-

version efficiency. Hosseini and Wahid [145] investigated biogas flameless com-

bustion and claimed that for flameless biogas combustion in a furnace based

system, electrical efficiency of 53% and CHP efficiency of 82% together with

low�NOx emissions were possible.

The organic Rankine cycle (ORC) process, as another biogas utility option,

converts thermal energy from low-temperature heat sources to electricity using

organic fluids of high molecular mass. Organic waste integrated aerobic/anaerobic

system for ORC fueling has been investigated by Di Maria et al. [146]. Therein

an AD system was integrated to the 1�25 kW ORCs that resulted in higher than

20% energy conversion efficiency. In a related work by Dumont et al. [147] the

authors focused on the thermoeconomic optimization of an ORC waste heat

recovery unit for a 500 kW biogas power plant located in a detailed regional mar-

ket. By means of a genetic algorithm a methodology was adopted to optimize and

compare subcritical, transcritical, and wet expansion cycle architectures and dif-

ferent types of expanders from technical and economic standpoints. The results

demonstrated that optimal ORC solutions with a potential of energy savings up to

600 MWh per year and with a payback period lower than 3 years were achievable

FIGURE 14.10

Biogas upgrading technologies.
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in the regional market analyzed. In general, modest thermodynamic efficiencies

of ORC typically lower than 20% (approximately 9%) seem to limit their com-

mercialization potential [148]. Nevertheless, ORCs could be applied in biogas

engines including power plants, biorefineries, and industrial systems involving

AD where their efficiencies would improve.

14.8 Waste utilization in other types of fuel cells
A proton exchange membrane fuel cell (PEMFC) as another type of fuel cell with

the distinguishing feature of lower operational temperature/pressure ranges

(50�C�100�C) uses a special proton-conducting polymer electrolyte membrane.

PEMFCs are less suitable for biogas utilization because they are less tolerant to

other biogas compositions (especially CO) and usually require clean fuels

enriched with hydrogen. Of the pioneering works, biogas processing and its utility

in PEMFCs was experimentally studied by Schmersahl et al. [149]. The biogas

was processed in a steam reformer to produce hydrogen having over 50% purity,

which was sufficient for an efficient and stable operation of the PEMFC stack.

They also concluded that power generation via biogas and fuel cells from agricul-

tural residues such as wheat straw can provide a constant power of up to 0.5 kW

per hectare of acreage. The thermodynamic analysis of a biogas reforming process

and PEMFC integrated system for hydrogen and power generation using Aspen

Plus simulator was performed by Authayanun et al. [150]. The effect of key

parameters on the yields of H2 and carbon in the biogas reformer as well as the

performance of PEMFC systems with different H2 purification methods (conven-

tional and membrane-based technologies) were analyzed. Increases in the H2O/

CH4 ratio and reformer temperatures enhanced the hydrogen yield and reduced

the carbon formation. However, the conventional PEMFC system represented

low-system efficiency when operated at high-operating pressures because of the

high-power requirement in auxiliary units. In a project dealing with a design

study for the decentralized conversion of 1 m3 h21 biogas to electricity, a high

temperature polymer-electrolyte membrane fuel cell (HT�PEMFC) with modular

prototype design was proposed by Birth et al. [151]. The simulation results

revealed the full conversion of methane with a maximum yield of hydrogen and a

low concentration of carbon monoxide. The calculated electrical efficiency of

the process was approximately 40%, thus making it suitable for HT�PEMFC

applications.

AD and gasification (GF), as the two developed conversion technologies for

liquid and solid biomass, respectively, were employed to investigate biomass-

fueled PEMFCs for different raw materials using simulation methods by Guan

et al. [152]. Hence the product gas of the mentioned methods (i.e., biogas in the

AD) underwent reforming and was utilized in an AD�PEMFC system and

GF�PEMFC system for residential applications. The GF�PEMFC system yielded
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a 20% electric efficiency and 57% thermal efficiency, whereas the AD�PEMFC

system showed only a 9% electric efficiency and 13% thermal efficiency. In a

discussion of the environmental performances of these two systems in terms of

CO2 emission offset and land-use efficiency, the GF�PEMFC system had a high

CO2 emission offset factor.

Molten carbonate fuel cell (MCFC) is considered as one of the most promising

power generation systems owing to their high efficiency, low emissions, and

wide-ranging fuel possibility [153,154]. There are several good reasons to select

the MCFC for CHP systems. High-temperature fuel cells are better suited for bio-

gas operation since their components are tolerant toward several components of

the biogas that are harmful for low-temperature fuel cells. However, H2S must be

removed from raw biogas. Due to its high-operating temperatures, MCFC can

employ conventional steam reforming catalysts based on Ni, which is cheaper

than noble metals [155]. Furthermore, MCFCs have the advantage that CO is not

only a poisoning element for them, but also (mostly present as CO2 in the high-

operating temperature) is a reactant in the process, increasing the electrical effi-

ciency by approximately 2% [156]. Hamad et al. [157] discussed the design of

combined hydrogen, heat, and power (CHHP) system in which biogas produced

by AD of local resources supplied fuel for commercial DFC1500MCFC unit. The

CHHP system were able to provide electricity to power the university campus,

thermal energy for heating the anaerobic digester, hydrogen for transportation,

back-up power, and other requirements. After further validation by experimental

demonstration the commercial deployment is yet to be achieved. Economic eva-

luations represent the current challenges for MCFCs systems. A techno-

economical comparison between conventional CHP technologies (reciprocating

engines and gas turbines) and innovative solutions comprising MCFCs fed with

biogas produced in wastewater plants has successfully been accomplished by

Chacartegui et al. [158]. The thermodynamic and environmental analyses were

focused on the CHP facility. The hybrid systems exhibited the best thermody-

namic and environmental performances. It was shown that a hybrid MCFC�gas

engine with CO2 sequestration by simple water condensation could achieve direct

CO2 emissions between 374 and 567 kg/MWh in specific terms.

The combination of the conventional AD and a microbial fuel cell (MFC) is

considered as an innovative pathway for further biogas utilization towards elec-

tricity. Some specific advantages of MFC technology such as its applicability for

the treatment of low-concentration substrates at temperatures below 20�C pro-

vides specific application niches where it does not compete with, but comple-

ments, the AD technology [159]. Ge et al. [160] investigated the long-term

operation of MFC for treating primary and digested sludge. The results suggested

that total-energy production in MFCs could be comparable to anaerobic digesters,

while direct electricity generation had a minor contribution to total energy pro-

duction. A LCA was conducted by Foley et al. [161] to compare the environmen-

tal impact of three IW-water treatment options including an anaerobic treatment

with biogas generation, a MFC treatment with direct electricity generation, and a
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microbial electrolysis cell (MEC) with hydrogen peroxide production. Their anal-

ysis indicated that an MEC could provide significant environmental benefits rela-

tive to the conventional anaerobic treatment and MFC treatment options through

the displacement of chemical production by conventional means. Generally,

MFCs can rarely achieve interesting PEIO and, thus, further innovative

approaches and basic researches are required to shift to WtE technology. Building

an energy balance is a key and necessary step to understanding energy issues and

will provide valuable information to optimize MFC operation [162].

14.9 Solid oxide fuel cell waste management
The recirculation of SOFC exhaust gases has also received great emphasis among

the systems studied, in that it highly affects the waste management and produc-

tion of heat and power as well as capital costs within the system. By utilizing the

exhaust heat from the high-temperature SOFC stack to convert methane-rich bio-

gas to a hydrogen-rich gas mixture (i.e., internal reforming) a significant reduc-

tion in GHG emissions and enhancement in air quality would be achieved. In the

SOFC, anode waste gases containing hydrogen and carbon dioxide are separated

from the waste gas stream by means of, for example, a scrubbing step and/or an

adsorption system, and the resulted hydrogen is recycled to the anode. Solid-state

conduction within the SOFC structure selectively enables the transport of oxygen

ions toward the anode (fuel) electrode and prevents that of other gaseous species

such as hydrogen, carbon, nitrogen, and so forth [163]. All of the fuel electro-

chemical oxidation reactions take place at the triple-phase boundary on the anode

side exclusively and, thus, for hydrocarbon feeds, the anode exhaust contains pri-

marily water, carbon dioxide, and unreacted fuel (H2 and CO due to concentration

losses). Utilizing seals is another way to ensure that the anode exhaust (spent

fuel) and cathode exhaust (spent air) are not mixed and results in two separate

exhaust streams. The residual fuel can be oxy-combusted in an afterburner to

achieve a H2O�O2 stream only. With the use of an SOFC arrangement, no exter-

nal conversion of CO to CO2 is required since the CO is converted in the fuel

cells properly and the thus-formed CO2 is exhausted with the anode waste gas.

The high-operating temperature of SOFCs have facilitated variant pathways for

treatment and downstream utilization of the anode and cathode waste/exhaust

streams in a wide variety of research studies, institutions, and power plants across

the globe [164�174]. A simple schematic of CO2 capture from the exhaust at low

cost is shown in Fig. 14.11. The exhaust CO2 is eventually cooled and water is

separated via condensation. CO2 recovery and sequestration from the SOFC anode

exhaust is, thus, relatively straightforward.

Complementing plants capable of exploiting local energy sources coupled

with an efficient CO2 separation and carbon reuse/recycling are of prime interest

from environmental standpoint, that is, CO2 emission abatement. Nevertheless the

recycling of the anode exhaust gas in an integrated SOFC system is considered to

improve its performance. For instance, the performance of an SOFC system fueled
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by syngas derived from an ethanol-reforming process with nonrecycling and recy-

cling of the anode exhaust gas was investigated by Saebea et al. [175]. The results

indicated that anode exhaust gas recycling operated at a higher recirculation ratio

and fuel utilization could lead to reduction of carbon formation. In addition the

results showed that the electrical efficiency depends on the fuel utilization of the

SOFC. In another related study, Saidi et al. [19] found that decreasing the recircu-

lation ratio from 0.6 to 0.2 increases the electrical efficiency of the cell and

increasing the fuel utilization ratio improves the cell performance. In a related

research by Lackey et al. [22] the performance of tubular SOFCs operated on AD

derived biogas was examined with different H2 fuel dilutions. Also, a model using

UniSIM was developed to predict system efficiency and GHG emissions and the

results estimated a higher electrical system efficiency for a steam/carbon ratio of 2

compared to 1, and reductions in GHG emissions at 2400 tones CO2, 60 kg CH4

and 18 kg N2O. A comparative study on thermoeconomic analysis of four different

configurations of biogas-fed SOFC power plants focusing on anode and cathode

recycling was conducted by Mehr et al. [176]. Results indicated that when the cur-

rent density is low there is an optimum anode recycling ratio at which the thermal

efficiency is maximized. In addition an increase in the anode recycling ratio

increases the unit product cost of the system while an increase in the cathode recy-

cling ratio has a reverse effect. At the same working conditions, the SOFC anode

and cathode recycling system is superior to the other configurations and its thermal

efficiency is calculated as 46.09% which is 6.81% higher than that of the simple

SOFC fed by NG. Different configurations of SOFC waste management based on

exhaust gas recovery are schematically depicted in Fig. 14.12 [177].

14.10 Hybrid solid oxide fuel cell energy systems
Hybrid energy systems are capable of exploiting the advantages of two or more

energy technologies simultaneously. The SOFC as a high-temperature technology

can be combined with bottoming cycles such as gas turbines and steam turbines
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Schematic of CO2 capture from the exhaust stream.
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in cascade to meet higher efficiency suggesting great potential as a green decen-

tralized CHP system. SOFC offers high WtE or fuel-to-electricity ratios and, on

the other hand, GT improves the utility of thermal energy of exhaust/flue gases

derived from high-temperature SOFCs. Accordingly, SOFC�GT hybrid systems

have attracted much attention in recent literature [178�183]. A 5 kW planar

SOFC module integrated with a microgas turbine unit including two radial

FIGURE 14.12

Different configurations of solid oxide fuel cell waste management based on exhaust gas

recovery [177].
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turbines and one radial compressor was thermodynamically optimized by

Facchinetti et al. [178]. Sensitivity analyses on the more influential parameters

were also carried out. The optimization results indicated the existence of optimal

designs achieving exergy efficiency higher than 65%. Wongchanapai et al. [179]

evaluated the combination of direct-biogas SOFC with an MGT�CHP system.

The effect of key parameters such as SOFC reforming agent, SOFC fuel utiliza-

tion factor (Uf), turbine inlet temperature, and compression ratio on system per-

formance was examined. The results showed the feasibility of 55% electrical and

more than 80% overall CHP efficiency. An integrated MSW gasification com-

bined with SOFC and stirling engine for decentralized CHP plant of 120 kW elec-

tricity power was presented and thermodynamically studied by Rokni [180]. A

block schematic of the utilized plant is depicted in Fig. 14.13. Plant electrical effi-

ciency up to 48% and CPH efficiency up to 95% was possible, depending on the

plant design and MSW composition.

On the other hand, the high-temperature exhaust gas from SOFC have high

exergy that can be exploited in other cycles for additional power generation or for

heating and cooling purposes (cogeneration/trigeneration) with different config-

urations [184]. These systems are referred to as SOFC hybrid systems. The basic

idea of an SOFC/GT hybrid cycle is quite simple. Overall, SOFC/GT layouts are

classified to two sections due to the applied pressure: SOFC/GT pressurized and

atmospheric cycles. Furthermore, the SOFC/GT pressurized cycles differ due to

internal reforming operation which includes anode gas recirculation or heat recov-

ery steam generator and external reforming operation. Different bottoming cycles

have also been considered, such as Rankine cycles which this configuration

means hybrid SOFC/ORC or SOFC/GT�ORC [182,185�187] and also novel

hybrid layout of a trigeneration system based on SOFC, ORC, solar collectors,

and absorption chillers [188]. In addition, innovative hybrid SOFC based system

in research and development projects with high potentials for commercialization

involve: SOFC-GT hybrid desalination plants for freshwater power generation

[183,189], SOFC�combined cooling and powers hybrid systems (SOFC-CCP)

FIGURE 14.13

Block scheme of the municipal solid wastes gasification with solid oxide fuel cell and

Stirling engine plant hybrid systems. SOFC, solid oxide fuel cell.
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[190], photovoltaics (PV)-coupled SOFC, and GT-(electrolyzer) hybrid power

generation systems [191,192], and others [181].

However, highly efficient electrochemical reactions of SOFCs when running

on biogas possess the desired characteristic that the exhausts of the plant are pure

CO2 and water which makes biogas one of the best candidates for hybrid SOFC-

based applications. A comprehensive study on the utility of gasified biomass in a

hybrid SOFC/GT power plant was presented by Toonssen et al. [193]. The authors

investigated the effect of gasification technology, gas-cleanup technology, and sys-

tem scale on the overall performance of the system considering four different sys-

tems. All these systems were based on a recuperated internally reformed SOFC/

GT hybrid system equipped with anode and cathode recirculation arrangements in

which the former was used to provide the steam required for the internal SR reac-

tion, and the latter was utilized for air preheating. The lignocellulosic biomass con-

version process into electricity using integrated gasification and SOFC/GT systems

was studied in small and medium-scale applications (100 kW and 8 MW of dry-

biomass input) by Caliandro et al. [194]. They conducted multiobjective optimiza-

tion for maximizing the efficiency and minimizing the capital investment costs.

The overall energy efficiency for converting woody biomass into electricity was

up to 70%. The economic analysis of the optimal configurations showed the great

impact of the fuel cell cost on the total cost. The analyses showed the promising

potential of the economic and thermodynamic feasibility of such plants.

In the framework of the European project SOFCOM, a 2 kW SOFC based dem-

onstration plant was installed in Torino, Italy, in 2013 within one of the largest

WWTP in Europe [195,196]. The design of the main plant sections included the gas

cleaning unit, fuel processor, SOFC “hot-box,” oxycombustor, CO2/H2O condensa-

tion unit and photobioreactors further utilized for algal growth. Later in a similar

work about the context of carbon recovery and utilization, the results of EU-funded

SOFCOM project on the performance of the proof-of-concept plant units were

investigated [172]. The main outcomes from the general environmental perspective

were: microalgae are a fast-growing biomass and thus an effective solution; the

SOFCOM system was successful in complete abolishing of CO2 emission from an

SOFC; and carbon capture from biogas power plants contributed to an overall emis-

sions cut-off. Nevertheless, photobioreactors faced technological problems which

require further considerations and solutions for operation enhancement.

14.11 Life-cycle assessment of hybrid solid oxide fuel cell
systems for waste minimization

LCA (also known as life-cycle analysis) is an environmental management tool

that enables quantification of environmental burdens accompanied with the life

cycle of renewable and fossil fuel based systems [197]. It can help avoid a narrow

outlook on environmental concerns by evaluating the potential impacts associated
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with identified inputs and releases and interpreting the results to assist in a rational

choice of technical solutions for power generation. LCA of SOFC systems studied

in the literature lacks an all-round overview and often life cycle phases of which

are declined due to simplification needs. Therefore these assessments differ widely

owing to the selected perspectives and indicators such as size, fuel type (i.e., NG

or biofuel), applications, system boundaries (i.e., cradle-to-gate or cradle-to-grave),

decommissioning indicators, global warming (GWP100), Eutrophication (EP),

energy and resources demand, LCA software, and others [15,198�202].

Strazza et al. [203] evaluated the potential environmental impacts and potential

costs of the operation of a 230 kW SOFC system. Combined LCA�life cycle costs

(LCC) methodologies were applied to compare SOFC with a microgas turbine as

well as different SOFC configurations fueled with biogas from sewage sludge or

NG. The findings revealed that the biogas-to-SOFC provides environmental advan-

tages with respect to the NG case considering an average European power grid

mix for energy demand for digestion. It was conclusively proved that the investi-

gated SOFC system was preferable to the conventional micro-GT technology by

the sustainability of investment cost, environmental performance, as well as the

life time. Lin et al. [200] proposed and developed a methodology that integrates

LCA with thermodynamic analysis for evaluating the environmental impacts of

producing biofuels from waste biomass, including biodiesel from waste cooking

oil, ethanol from a corn stover, and compressed NG from MSWs. Results showed

that the latter was an optimal biofuel option for SOFC�auxiliary power unit appli-

cations in terms of energy consumption and GHG emissions in New York State.

The application of biogas for distributed microgeneration through SOFCs was

evaluated by Sadhukan [15] through the life cycle of sewage sludge and compari-

son of alternative uses. An integrated Monte Carlo simulation and LCA framework

was proposed for sensitivity analysis of biogas yields on the environmental impact

characterizations and to determine the sensitive, primary-impact characterizations.

The results based on avoided impacts ranked as follows: PEMFC,micro-

GT, SOFC. Rillo et al. [204] evaluated the environmental performance of a sew-

age biogas-fueled SOFC integrated with a CO2 recovery system in which CO2

recovery was performed through a tubular photo-bioreactor, fixing the recovered

carbon in the form of a microalgae. Three different scenarios were analyzed

through life cycle impact assessment and life cycle inventory. They were also

compared with traditional technologies (internal combustion engines and microtur-

bines) using the same fuel. The results demonstrated that SOFCs can be a high

potential method for future electricity generation applications in biogas plants.

14.12 Conclusion
In primary sections of this study, challenges and opportunities of the waste-

processing technologies including thermochemical and biological with looking
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forward to their potential for coupling with SOFC stacks were presented and com-

pared. The process type and the final product extractable from MSW processing

largely depend on the solid-waste type and its contamination level. AD was dem-

onstrated as a promising candidate to be integrated to an SOFC, known as an

AD�SOFC. Biogas is the main product of AD and its high-methane content is an

excellent feature that makes them more suitable for SOFC application. Various

conventional reforming processes for injection of biogas and biofuels to SOFC

including SR, POR, ATR, DR, and TR were compared and the results were tabu-

lated. Variant impurities stemming from biogas resources affecting the perfor-

mance of biogas�SOFC were classified. Conventional adsorption methods as

well as recent innovations to remove these anode-poisoning materials known as

biogas upgrading techniques were discussed. Consequently, biogas-fueled SOFC

systems and the modeling and simulation software utilized for evaluation and

assessment of these systems from different standpoints and worthy results were

indicated. In addition, the comparison of these systems with other biogas utiliza-

tion pathways in terms of efficiency, environmental impact, and payback duration

were conducted. The reported results showed that SOFCs can be a good potential

method for future electricity generation application in biogas plants. SOFC waste/

exhaust gases management is also of paramount importance because it highly

affects their environmental and economic (and thus commercial) viability due to

the CO2 emission and energy-loss issues. The SOFCs can be combined with

bottoming cycles such as gas turbines and steam turbines in cascade to have

higher efficiency and be utilized in CHP plants. Besides these, possible hybrid

SOFC-based configuration of power plants studied in the relevant literature with

the feasibility of cogeneration and trigeneration could successfully address these

challenges. The results indicate that power generation using SOFCs coupled with

WtE and hybrid technologies can make a significant contribution to a green-

energy future.

14.13 Future prospects and outlook
• The utility of SOFCs due to their modularity and high efficiency at small-

scale for carbon capture and utilization at the distributed generation plants.

• Making zero-CO2 emission feasible: coupling SOFCs to convenient CO2

utilization and optimization of this polygeneration plant to attain near-zero

emissions.

• Materials engineering: more considerations on the manufacturing of materials

with improved tolerance against waste contamination and economically viable

fabrication techniques of lightweight cells, employing cheap and reliable cells

and the infrastructures involved.

• Turning an environmental problem to an opportunity: biomass, not only as a

feed to energy production plants, but also to be treated for fabrication of
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electrodes applied in energy storage devices, like Li-ion batteries and

supercapacitors, thus addressing the storage challenges of SOFC generated

electricity (for further study refer to: [205,206]).

Abbreviations
AC activated carbon

AD anaerobic digestion

AGR anode gas recirculation

ATR autothermal reforming

CHHP combined heat, hydrogen and power

CHP combined heat and power

COD chemical oxygen demand

DR dry reforming

FT Fischer�Tropsch

GHG greenhouse gas

GT gas turbine

gd green degree

HHV higher heating value

IW industrial waste

ICE internal combustion engines

kWhe kilowatt hours of energy

LCA life-cycle assessment

LFG landfill gas

LHV lower heating value

MSW municipal solid waste

MCFC molten carbonate fuel cell

MEC microbial electrolysis cell

NG natural gas

Ni�YSZ yttria-stabilized zirconia

OFMSW organic fraction of municipal solid waste

ORC organic Rankine cycles

PEIO Primary energy input to output

POR partial oxidation reforming

SE Stirling engines

SOFC/CCP Solid oxide fuel cell/combined cooling and powers systems

SOFC/GT Solid oxide fuel cell/gas turbine

SR steam reforming

TR trireforming

Uf fuel utilization

VOC volatile organic compound

VS volatile solids

WtE waste-to-energy

WWTP wastewater treatment plants
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[34] M. Pavlas, M. Touš, L. Bébar, P. Stehlı́k, Waste to energy � an evaluation of the

environmental impact, Appl. Therm. Eng. 30 (2010) 2326�2332.

[35] L. Lombardi, E. Carnevale, A. Corti, A review of technologies and performances of

thermal treatment systems for energy recovery from waste, Waste Manage. 37 (2015)

26�44.

[36] A. Bosmans, I. Vanderreydt, D. Geysen, L. Helsen, The crucial role of waste-to-

energy technologies in enhanced landfill mining: a technology review, J. Clean.

Prod. 55 (2013) 10�23.

433References

http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref18
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref18
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref18
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref18
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref19
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref19
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref19
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref19
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref20
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref20
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref20
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref20
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref21
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref21
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref21
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref21
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref22
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref22
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref22
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref23
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref23
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref23
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref23
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref24
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref24
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref24
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref24
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref25
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref25
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref25
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref26
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref26
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref26
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref27
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref27
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref27
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref28
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref28
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref28
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref28
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref29
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref29
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref29
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref29
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref30
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref30
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref30
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref31
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref31
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref31
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref31
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref31
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref31
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref32
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref32
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref32
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref32
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref33
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref33
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref33
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref33


[37] O. Ellabban, H. Abu-Rub, F. Blaabjerg, Renewable energy resources: current status,

future prospects and their enabling technology, Renew. Sustain. Energy Rev. 39

(2014) 748�764.

[38] A. Soltani, R. Sadiq, K. Hewage, Selecting sustainable waste-to-energy technologies

for municipal solid waste treatment: a game theory approach for group decision-

making, J. Clean. Prod. 113 (2016) 388�399.

[39] J. Twidell, T. Weir, Renewable Energy Resources, Routledge, 2015.

[40] F. Fava, G. Totaro, L. Diels, M. Reis, J. Duarte, O.B. Carioca, et al., Biowaste biore-

finery in Europe: opportunities and research & development needs, N. Biotechnol. 32

(2015) 100�108.

[41] I.S. Pieta, W.S. Epling, A. Kazmierczuk, P. Lisowski, R. Nowakowski, E.M.

Serwicka, Waste into fuel—catalyst and process development for MSW valorisation,

Catalysts 8 (2018) 113.

[42] H. De Lasa, E. Salaices, J. Mazumder, R. Lucky, Catalytic steam gasification of bio-

mass: catalysts, thermodynamics and kinetics, Chem. Rev. 111 (2011) 5404�5433.

[43] D.L. Carpenter, R.L. Bain, R.E. Davis, A. Dutta, C.J. Feik, K.R. Gaston, et al., Pilot-

scale gasification of corn stover, switchgrass, wheat straw, and wood: 1. Parametric

study and comparison with literature, Ind. Eng. Chem. Res. 49 (2010) 1859�1871.

[44] G. Galeno, M. Minutillo, A. Perna, From waste to electricity through integrated

plasma gasification/fuel cell (IPGFC) system, Int. J. Hydrogen Energy 36 (2011)

1692�1701.

[45] F. Fabry, C. Rehmet, V. Rohani, L. Fulcheri, Waste gasification by thermal plasma:

a review, Waste Biomass Valoriz. 4 (2013) 421�439.

[46] M. Materazzi, P. Lettieri, R. Taylor, C. Chapman, Performance analysis of RDF gasi-

fication in a two stage fluidized bed-plasma process, Waste Manage. 47 (2016)

256�266.

[47] M. Pourali, Application of plasma gasification technology in waste to energy—

challenges and opportunities, IEEE Trans. Sustain. Energy 1 (2010) 125�130.
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Araújo, Overview of hydrogen production technologies from biogas and the applica-

tions in fuel cells, Int. J. Hydrogen Energy 38 (2013) 5215�5225.
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[192] J. Sanz-Bermejo, J. Muñoz-Antón, J. Gonzalez-Aguilar, M. Romero, Optimal

integration of a solid-oxide electrolyser cell into a direct steam generation solar

tower plant for zero-emission hydrogen production, Appl. Energy 131 (2014)

238�247.

[193] R. Toonssen, S. Sollai, P.V. Aravind, N. Woudstra, A.H.M. Verkooijen, Alternative

system designs of biomass gasification SOFC/GT hybrid systems, Int. J. Hydrogen

Energy 36 (2011) 10414�10425.

[194] A. Di Carlo, D. Borello, E. Bocci, Process simulation of a hybrid SOFC/mGT and

enriched air/steam fluidized bed gasifier power plant, Int. J. Hydrogen Energy 38

(2013) 5857�5874.

[195] A. Surjosatyo, F. Vidian, Y.S. Nugroho, A review on gasifier modification for tar

reduction in biomass gasification, Jurnal Mekanikal 31 (2010).

[196] M. Gandiglio, A. Lanzini, M. Santarelli, P. Leone, Design and balance-of-plant of a

demonstration plant with a solid oxide fuel cell fed by biogas from waste-water and

exhaust carbon recycling for algae growth, J. Fuel Cell Sci. Technol. 11 (2014)

031003.

[197] E. Santoyo-Castelazo, L. Stamford, A. Azapagic, Environmental implications of

decarbonising electricity supply in large economies: the case of Mexico, Energy

Convers. Manage. 85 (2014) 272�291.

[198] I. Staffell, A. Ingram, K. Kendall, Energy and carbon payback times for solid oxide

fuel cell based domestic CHP, Int. J. Hydrogen Energy 37 (2012) 2509�2523.

[199] Varun, I.K. Bhat, R. Prakash, LCA of renewable energy for electricity generation

systems—a review, Renew. Sustain. Energy Rev. 13 (2009) 1067�1073.

[200] J. Lin, C.W. Babbitt, T.A. Trabold, Life cycle assessment integrated with thermody-

namic analysis of bio-fuel options for solid oxide fuel cells, Bioresour. Technol.

128 (2013) 495�504.

[201] C. Strazza, A. Del Borghi, P. Costamagna, A. Traverso, M. Santin, Comparative

LCA of methanol-fuelled SOFCs as auxiliary power systems on-board ships, Appl.

Energy 87 (2010) 1670�1678.

[202] S. Evangelisti, P. Lettieri, R. Clift, D. Borello, Distributed generation by energy

from waste technology: a life cycle perspective, Process Saf. Environ. Protect. 93

(2015) 161�172.

[203] C. Strazza, A. Del Borghi, P. Costamagna, M. Gallo, E. Brignole, P. Girdinio, Life

Cycle assessment and life cycle costing of a SOFC system for distributed power

generation, Energy Convers. Manage. 100 (2015) 64�77.

443References

http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref180
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref180
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref180
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref180
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref181
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref181
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref181
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref181
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref181
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref182
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref182
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref182
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref183
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref183
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref183
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref184
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref184
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref184
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref184
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref184
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref185
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref185
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref185
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref185
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref186
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref186
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref186
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref186
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref187
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref187
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref188
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref188
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref188
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref188
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref189
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref189
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref189
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref189
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref190
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref190
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref190
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref191
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref191
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref191
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref192
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref192
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref192
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref192
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref193
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref193
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref193
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref193
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref194
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref194
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref194
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref194
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref195
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref195
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref195
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref195


[204] E. Rillo, M. Gandiglio, A. Lanzini, S. Bobba, M. Santarelli, G. Blengini, Life cycle

assessment (LCA) of biogas-fed solid oxide fuel cell (SOFC) plant, Energy 126

(2017) 585�602.

[205] P. Salimi, S. Javadian, O. Norouzi, H. Gharibi, Turning an environmental problem

into an opportunity: potential use of biochar derived from a harmful marine biomass

named Cladophora glomerata as anode electrode for Li-ion batteries, Environ. Sci.

Pollut. Res. 24 (2017) 27974�27984.

[206] S.E.M. Pourhosseini, O. Norouzi, P. Salimi, H.R. Naderi, Synthesis of a novel inter-

connected 3D pore network algal biochar constituting iron nanoparticles derived

from a harmful marine biomass as high-performance asymmetric supercapacitor

electrodes, ACS Sustain. Chem. Eng. 6 (2018) 4746�4758.

444 CHAPTER 14 Waste management

http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref196
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref196
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref196
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref196
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref197
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref197
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref197
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref197
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref197
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref198
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref198
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref198
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref198
http://refhub.elsevier.com/B978-0-12-815253-9.00014-8/sbref198


CHAPTER

15Design and operation of
solid oxide fuel cell
systems: challenges and
future research directions

Mahdi Sharifzadeh1,2, Wenqian Chen3, Giorgio Triulzi4,5, Mirko Hu6, Tohid N.
Borhani7, Majid Saidi8, Venkatesan Krishnan9, Maryam Ghadrdan10,

Meysam Qadrdan11, Yingru Zhao12, Alireza Mohammadzadeh2,13,
Seyedeh Kiana Naghib Zadeh2,13, Mohammad Hassan Saidi2,13,

Davood Rashtchian14 and Nilay Shah1
1Department of Chemical Engineering, Centre for Process Systems Engineering, Imperial

College London, London, United Kingdom
2Sharif Energy Research Institute (SERI), Sharif University of Technology, Tehran, Iran

3Department of Chemical Engineering, Imperial College London, London, United Kingdom
4School of Management, Universidad de los Andes, Bogotá, Colombia
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15.1 Introduction
The chapters of this book explored various aspects of solid oxide fuel cell

(SOFC) technologies. Our discussions began by investigating the technological

growth of SOFC systems among other fuel-cell technologies, followed by a ther-

modynamic analysis of SOFC-based systems, the mechanical engineering of

SOFCs, material engineering for them, their process synthesis and integration,
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computer-aided engineering and optimization, as well as control engineering and

the safe operation of SOFC systems. The second part of the book is more

application-oriented and offers a divergent perspective with respect to the fuel

variability of SOFC technologies, their capability in the utilization of renewable

energies, energy storage through reversible SOFC systems, various mobile and

stationary applications of SOFC systems, and their application for waste minimi-

zation. This concluding chapter integrates these discussions by providing a sum-

mary of these analyses and articulating suggestions for future research directions.

15.2 Challenges and future research directions in
quantifying the technological improvement of solid
oxide fuel cell technologies

Chapter 1, Technological change in fuel cell technologies, quantified the techno-

logical growth of SOFCs and other fuel-cell technologies. Our research methodol-

ogy included collecting patent data about several technological subdomains of

fuel-cell technologies, and transforming this information into valuable quantitative

knowledge of their technical improvement rates. There are several research direc-

tions for further investigation:

• Our research relied on scientometrics tools. Even though the accuracy of the

forecast is already high, it is very likely that finding new predictors and using

different tools for patent network analysis could improve the prediction

quality.

• Our present analysis relied on patent and nonpatent data. As fuel-cell

technologies advance into the commercialization stage, it will be also possible

to collect actual performance data that can be used to validate and improve

the forecast rates.

• Besides empirical analysis, the first-principles analysis could be applied for

the identification of technological barriers and physical constraint that limit

the growth of a certain technology.

• Last, the combination of cost analyses and the identification of the life-cycle

stage of these technologies should guide investment planning as well as

research and development activities.

15.3 Challenges and future research directions in the
thermodynamic analysis and energy engineering of
solid oxide fuel cell-based systems

In Chapter 2, Thermodynamics and energy engineering, the underlying thermody-

namic principles that affect SOFC-based systems were reviewed. Beginning

with a preliminary introduction to the classic thermodynamic analysis applied
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to heat engines, the differences between cyclic engines and fuel-cell engines

were illustrated.

The inapplicability of the Carnot engine (for thermodynamic cycles) to fuel

cells (not a cycle, but a steady-state process) was emphasized. Therefore the

required approach followed was to first formulate the efficiency of conversion

from chemical energy to electrical power for cyclic engines and then to fuel cells.

In the classic way of defining efficiency, the First Law of thermodynamics was

used, and this is applicable for fuel cells. In both cases, there is a maximum limit

on the efficiency (i.e., the Carnot engine limit is 1�Tc/TH, whereas the fuel cell

limit is ΔG/ΔH) and is shown to be the case when the process is reversible.

Once the fuel cell or the cyclic engine is operated under irreversible conditions,

the efficiency is primarily given by work done/heat supplied, which is a First

Law representation.

For fuel cells the actual performance efficiency was, and to an extent con-

tinues to be defined by the First Law, but there is now increasing awareness

toward a more effective and meaningful representation of energy usable for work;

hence the term exergy and exergetic efficiency.

Many process flow diagrams and configurations were assessed in Chapter 2,

Thermodynamics and energy engineering, whereby it was shown how exergy

(which is a representation of the potential of a system to do work, due to its

physical and chemical departure from an unchangeable environmental state)

varies across the various processes in a hybrid gas turbine/steam turbine�SOFC

stack power plant. The strategy for estimating the exergetic efficiency of a

power plant, is to carry out exergy balance for each element of the power plant

(e.g., SOFC stack, stack off-gas combustor, gas turbines, steam turbines, fuel/air

compressors, and heat exchangers) observes the losses in exergy at each stage

(termed exergy destruction) and eventually determine the cumulative exergy

destruction for the whole process. Not only is the irreversibility and conse-

quently the exergetic efficiency estimated for the full plant, but also the individ-

ual exergy destructions for each process unit is estimated. Not surprisingly,

the maximum exergy destruction occurs at the SOFC stack in many of the

examples. Therefore the exergy approach is useful in directing research

efforts toward enhancing cell performance, which can include the electrode/

electrolyte materials, electrode microstructure, and multifunctional electrocata-

lysts in the anode (to handle the complex fuel compositions in the feedstock),

enumerated, as:

1. Advanced cathodes (materials) to lower cathodic overpotentials, for example,

higher ionic conductivities, higher electronic conductivities.

2. Multifunctional anodes that can absorb a higher degree of internal fuel

reformation. To facilitate this catalytic functionalities, which are more

effective towards CO oxidation, and water�gas-shift reaction are of interest.

Most Ni�anodes are sufficient for hydrogen oxidation reactions, but the

multifunctionality of the anode electrocatalyst makes the SOFC stack very

versatile and ensures heat balancing in the stack.
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3. Advanced microstructures for both cathodes and anodes that enhance three-

phase boundaries, thereby leading to lower polarization.

4. Thinner and dimensionally stable electrolytes in addition to combinations with

higher ionic conduction leading to lower ohmic polarization. To achieve this

there needs to be advanced manufacturing processes that offer precision in

dimension, in addition to materials compatibility and dimensional stability.

Other major challenges relating to SOFCs, include:

5. Lowering the degradation of electrodes by effects such as chromium

poisoning; stable and conductive interconnect coatings offer longer lifetimes.

6. Cost reductions are independent of thermodynamics/systems analysis, for

example, metal-supported cells that offer significant lowering of materials

cost, but still face manufacturing challenges.

15.4 Challenges and future research directions in the
mechanical engineering of solid oxide fuel cell-based
systems

SOFCs are highly efficient energy conversion technologies, benefiting from low-

carbon intensity and flexibility to employ a variety of fuels. However, they often

operate at temperatures as high as 800�C and suffer from a slow start-up. The lat-

ter problem as well as lower-produced voltage limit the application of SOFCs

especially for mobile applications. Basically there are two main types of geome-

tries for SOFCs, planar and tubular, which both have some pros and cons. For

instance, planar SOFCs offer a higher-power density. On the other hand, tubular

SOFCs benefit from a tighter sealing. It is desirable to benefit from the advan-

tages of both geometries and to overcome their limitations. Several geometries

combining planar and tubular geometries have been introduced by different

research groups. The most important examples are integrated planar (IP) or seg-

mented in series, cone-shaped, flat tube (FT), honeycomb, and microtubular (MT)

SOFCs. The main achievement of these designs is the improvement of the power

density. IP-SOFCs have a smaller number of interconnectors, but their integrity

and sealing of the cell is a drawback. The interconnector in FT-SOFCs is a chal-

lenging part of its mechanical design. Interconnectors in this geometry not only

connect cells electronically, but are also barriers between the fuel and oxidant.

The start-up time of all macrosized SOFCs is about one or more hours; however,

MT-SOFCs’ startup time is as short as a few minutes. Such low-startup time

should be attributed to their microsize and, consequently, high resistance to ther-

mal shocks. For increasing the output voltage and power of the cell, the concept

of an SOFC stack for collecting current from single cells was introduced. Our

critical analysis suggests that although significant improvement is made through

the introduction of various geometries and stack configurations, currently there is

no such design that satisfies all the requirements.
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The next step after choosing the geometry is the selection of the fabrication

method. SOFCs contain different thin layers, supporting layers, and functional

layers within their elements, namely the anode, cathode, and electrolyte. The

microstructure of these layers and their thickness are the main design parameters

affecting the performance and durability of the cell. The common methods of fab-

rication include screen printing, tape casting, and dip coating. The first two are

usually used for fabrication of the functional layers. Other parts of the cell can be

produced using different methods of fabrication. For MT-SOFCs, however, usu-

ally, the phase inversion is the method of choice. Extrusion is another method

that is used for producing cells that have channels in their geometry (i.e., honey-

comb and flat-tube geometries). Many fabrication methods employ a slurry mix-

ture, whose exact composition and viscosity have a direct influence on the

microstructure and properties of the layer. Fabricating a cell using these methods

of fabrication is a time-consuming procedure, thus studying different methods

that are fast enough to ensure the cell quality for mass production is a frontier in

research.

Nevertheless, SOFCs, similar to other process equipment, face malfunctioning

and failure scenarios, for example due to asymmetry and concentration of stress

in some parts of the cell, propagation of defects, or irregular operating condition.

Most of the defects are chemical and related to the microstructure of electrodes or

electrolyte layers. The malfunctions that are studied in the third chapter included

redox, delamination, and degradation. Redox is the reduction�oxidation of the

anode which occurs in Ni-based anodes due to fuel depletion and, as a result, Ni

is oxidized instead of the fuel. Delamination refers to a phenomenon in which

gaps appear between the electrode and electrolyte layers, for which analyzing the

electrochemical impedance of a cell is a diagnostic method. Finally, degradation

refers to a wide range of malfunctions in SOFCs. Degradation means the change

in the microstructure of a cell. It can occur due to the fuel shortage or impurities

(especially sulfur) in the fuel. Some early-stage defects are reversible and repair-

able. However, if some failures occur, the damaged piece of the cell must be

replaced.

Another prominent aspect of SOFCs is the thermal analysis which aims at pre-

dicting SOFC’s performance under various operational conditions. Since various

chemical and transport phenomena occur in SOFCs simultaneously, a comprehen-

sive thermal analysis of SOFCs would require the consideration of various cou-

pled physics. These include mass transfer, fluid flow, charge transport,

electrochemical reactions, and species transport. The analyses should solve

species-transport equations, momentum equations, electrical-field equations as

well as heat-transfer equations in a coupled manner. The outputs of such analyses

include temperature distribution, which should be used to calculate thermal stres-

ses through structural analysis. Finding the maximum-principal stress provides

designers a better understanding of the structural design of the system. Thermal-

transient modeling of SOFCs is another important consideration, whose signifi-

cance is due to the long time required by SOFCs to reach the desired operating
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temperature during start-up and shut-down operations. Thermal modeling can pro-

vide a deep understanding of the time-constant of different process transitions as

well as the dominant phenomena. Furthermore, cell configurations can reduce the

temperature gradients in the SOFC stacks, which can consequently reduce the

thermal stresses. Therefore the effect of the configuration on the SOFC’s perfor-

mance remains a research focus. Finally, thermal management is required to

ensure safe-process operation and the maintenance planning for SOFC-based sys-

tems. Proper thermal management of the system becomes more prominent when

the SOFC is needed to start-up instantly, especially for portable applications. This

can be achieved by keeping the temperature as close as possible to the operating

temperature while considering maintenance aspects. Integrating an SOFC with

another thermal system such as heat pipes is another main research area.

15.5 Challenges and future research directions in
engineering the materials for solid oxide fuel cells

The general direction for innovation in SOFC materials is to develop materials

and fabrication techniques that can produce SOFCs for the efficient operation at

reduced temperatures (i.e., ,800�C). Although the components of SOFC have

different performance requirements, they must be physically and chemically com-

patible with their neighbors (e.g., the electrolyte and electrodes must have com-

patible thermal-expansion coefficients). The developments of new materials for

these components will hence continue to be closely intertwined.

For electrolyte the pursuit of more ionic-conductive materials at reduced tem-

perature will continue with promising candidates that are derived from ceria, bis-

muth oxide, pyrochlore, perovskite, apatite, and LAMOX [1�7]. The general

issues to be overcome are electronic conductivity and stability. A good example

is bismuth (III) oxide: despite its significantly higher conductivity than ceria and

zirconia at reduced temperature, it has stability issues under low oxygen-partial

pressure [8]. The intrinsic limitations of materials can be partly overcome by vari-

ous engineering methods, such as reducing electrolyte thickness to lower its

ohmic resistance, improving the homogeneity of the ceramic particles to produce

electrolyte via various wet-chemistry routes, as well as making bi-layer composite

electrolytes [9�11]. In particular, various wet-chemistry routes such as sol�gel

and co-precipitation can produce ceramic particles with high homogeneity in par-

ticle size as well as high phase purity, which eventually contributes to the good

performance of the electrolyte thin film. Therefore, future research efforts should

focus on the optimization of these wet-chemistry routes for large scale

production.

For cathodes the challenge is to overcome the low ionic conductivity of

La1�xSrx�MnO36 δ (x# 0.5) at reduced temperatures. Novel materials such as

ferro-cobalites, manganites and nikelates should be further optimized in terms of
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electrical and ionic conductivities at reduced temperatures, while having thermal

expansion coefficients and chemical properties that are compatible with the elec-

trolytes [12�18]. For example, the lanthanum in LSM can be substituted with

neodymium, samarium, or praseodymium to produce Ln0.7Sr0.3MnO3, where Ln

is the substituted component, for enhancing their ionic and electrical conductivi-

ties. In terms of fabrication the performance of cathode can be enhanced by

improving the quality of the starting particles, which can be synthesized with

wet-chemistry routes. Similar to the electrolytes, these wet-chemistry routes

should be further investigated for optimization.

For anodes the suitable materials must have resistance to sulfur poisoning and

carbon deposition in addition to high ionic and electrical conductivities, high

activities for fuel oxidation, and thermal expansion coefficients that are compati-

ble with the electrolyte and interconnect at reduced temperatures. The conven-

tional Ni�YSZ can be modified to increase its resistance against carbon

deposition and sulfur poisoning, whereas novel materials such as noble-metal-

based materials and perovskites have been developed [19�22]. For instance, cop-

per and cobalt can be impregnated into the matrix of samaria-doped ceria to

improve its resistance to carbon deposition. Similar to electrolytes and cathodes,

the fabrication of anodes can be improved by utilizing the wet-chemistry routes

for making the starting particles.

The interconnect and sealant are important in the practical application of

SOFC. The main requirements are stability, compatible thermal expansion coeffi-

cient with respect to electrodes, and the costs. Metallic alloys are used to make

the interconnect for reduced-temperature operation in order to lower the

manufacturing cost of SOFCs. In particular, various chromium-based alloys can

be further optimized as they have high electrical conductivity, high oxidation

resistance, and compatible thermal expansion coefficients with common electrode

materials [23�25]. For compressive sealants, iron and chromium-based alloys are

economical materials that can be further optimized [23]. For rigid sealants,

glass�ceramics such as aluminosilicate are attractive in terms of cost and can be

further optimized in the future [26�29].

15.6 Challenges and future research directions for
computer�aided multiscale modeling and
optimization of solid oxide fuel cell-based systems

The design and operation of SOFC-based systems involves decisions that are

spread over a very diverse range of temporal and spatial scales, which were

extensively discussed in Chapter 6, Synthesis, integration, and intensification of

solid oxide fuel cell systems: process systems engineering perspective. This

involves the design of SOFC materials at molecular and nanoscales to cell geome-

tries of SOFC stacks, expanding further to the process synthesis, and integration
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and energy network optimization. The design decisions for the cathode, anode,

and electrolyte include compositions, grain size, and microstructures of their

materials, the thickness of their functional and supporting layers, and the required

manufacturing methods. These considerations profoundly influence the electro-

chemical performance of the cells as well as their thermal behavior and lifetime.

Further optimization is possible through the arrangement of the cells and stacks

as well as the flow distribution through the manifold. Nonetheless the operating

conditions of an SOFC stack not only influences the electrochemical conversion

efficiency, but significantly influences the operational optimality of the integrated

turbomachines. The overall performance optimization should systematically con-

sider such interactions. The range of downstream integration is highly diverse and

includes various steam cycles, carbon capture and compression, and reverse oper-

ation in electrolysis mode (solid oxide electrolysis cells—SOECs). Moreover, it

was discussed that the optimization objectives may include competing metrics

such as environmental footprint, controllability, operational safety, as well as eco-

nomic performance, requiring multiobjective optimization programming. Upon

critical analysis of the research in the field the following research areas can be

identified for further investigation:

1. Despite intensive research at various scales, there is little integration between

them. Modeling and optimization of key performance indicators considering

the multiscale nature of the problem remain a frontier in research.

2. The multifaceted nature of the design and operation of SOFC systems requires

quantitative evaluation of various indicators and their multiobjective optimization.

3. Industrial-scale application of multiscale modeling and optimization of SOFC

systems requires advanced solution algorithms for large-scale optimization

problems.

15.7 Challenges and future research directions for the
process synthesis, intensification, and integration of
solid oxide fuel cell-based systems

Process synthesis refers to the design activities in which the configuration of the

process flow diagram and the involved processing steps are decided. Considering

the adaptability of SOFC technologies for integration with a variety of power-

generation technologies, process integration and intensification of process equip-

ment have great potential for energy saving and environmental protection.

Chapter 6, Synthesis, integration, and intensification of solid oxide fuel cell sys-

tems: process systems engineering perspective, extensively discusses these topics.

Generally speaking, SOFC-based power generation technologies include a pre-

processing section, electrochemical conversion section, and energy recovery and

utilization section, which depends on the utilized fuel and required generation ser-

vices. Nevertheless, a key feature of SOFC technologies is their high flexibility in
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processing various feedstocks. Solid fuels can be gasified in order to produce a

mixture of carbon oxides and hydrogen, called synthesis gas (syngas). The

method of preprocessing for gaseous and liquid fuels is reforming, which can be

conducted in a variety of configurations including external reforming, direct or

gradual internal reforming, dry reforming, partial reforming, and auto-thermal

reforming. The key design considerations are the energy intensity of the process,

mitigation of carbon deposition, and handling contaminations. Heat integration is

often applied to mitigate the temperature gradient which otherwise would result

in cell material degradation. Moreover, recirculation of anode-exhaust gases can

reduce the need for an external supply of steam and enhances fuel utilization. On

the other hand, cathode-air recirculation is applied for thermal management and

has energetic implications with respect to the blower-power requirements. A fur-

ther integration opportunity is between SOFC stacks at different temperatures,

which could be in parallel or series. Most of all, the exhaust gases from the fuel

cell have high thermal and chemical energy contents which can be extracted for

further power generation using combustion, expansion, heat recovery, and steam

generation. Such combinatorial integration opportunities open up avenues to poly-

generation of electricity power as well as heating and cooling services. Moreover,

the unmixed nature of electrochemical reactions within SOFCs offers one of the

most viable options for carbon capture.

Upon careful investigation of the research in the field, the following potent

research directions are recommended:

1. Utilization of various fuels requires different considerations in terms of

preprocessing and syngas cleaning. Design of flexible processes capable of

processing multiple fuels remains a frontier in research.

2. The highly combinatorial, interactive, and multicriteria nature of the decisions

involved in the design and operation of SOFC-based process systems requires

systematic, decision-making algorithms. Advanced frameworks capable of

establishing the trade-off between the competing design and operational

objectives are highly desirable.

3. The design and operation of SOFC-based process systems are highly

interactive. The high degree of applied process integration and intensification

adds to the problem complexity. The implication is that if the process is

poorly designed, the process operation may become very challenging.

Therefore it is highly recommended that process design and operational

decisions are made at the same level, known as integrated process design and

control (IPDC).

15.8 Challenges and future research directions for the
control of solid oxide fuel cells

Many decisions that affect the operation of the plant are made during the plant-

design phase. To reach the maximum potential, it is necessary to study how the
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design will affect later performance during operation. While a process design may

lead to a robust control structure, for example, by adding additional load-shaping

devices to compensate for the disturbances in the electrical-load demands, while

another process design leads to active constraint control where there is no place

for optimization. Although there have been some studies on integrating process

control and design, there is no research on systematically integrating self-

optimizing control concepts into the plant-design phase.

Control is dependent on the information from the system. Chapter 5, gives a

review of many model and data-based models used to control SOFC systems. The

level of modeling simplification depends on the control objective. The objective

function is dependent on some key variables. The relation of those variables and the

control inputs should be reflected accurately in the model. MIMO and SISO, linear

and nonlinear models with different levels of simplification have been suggested in

the literature. The choice of the right model depends on the control problem defini-

tion. In addition the variables in the fuel-cell system have different dynamics. The

model should be able to show the right time constants for the transients.

Systematic control structure design is missing in many of the control studies

in the literature (see the review in Chapter 8). Defining a clear control objective,

dividing the stabilizing and economic control layers based on their time scale,

selection of “self-optimizing” control variables and CV-MV pairings are some of

the important decisions. Deciding on “what to control” has not been a part of

most research studies. Systematic control variable selection, described in chap-

ter 8, is based on offline optimization of steady-state simulation models and is

easy to implement. An important potential research activity is to design a control

structure for the SOFC system and its integration with other chemical processes

based on a self-optimizing control strategy. Decentralized or multivariable control

should be chosen based on controllability analysis.

Measuring or the estimation of key variables in n SOFC system is important

for monitoring and control. Each of the measurements, or combination of them

(which may be an estimate for another process variable), are potential control

variables. An estimation problem should be formulated based on the application

of the estimated variable, that is, whether it’s going to be used for monitoring or

in a closed-loop control. A static estimation method was presented in Chapter 8,

Toward a systematic control design for solid oxide fuel cells, and offers the opti-

mal estimator for a given application. Extension of these estimators to be applied

in a dynamic setting is a potential research direction.

15.9 Challenges and future research directions for the safe
design and operation of solid oxide fuel cell-based
systems

While SOFC systems experience a wide range of fluctuations and uncertainties,

their operation is subject to significant risks associated with thermal stresses,
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carbon deposition, and catalyst poisoning, which could affect the system reversibly

or irreversibly. Such faults result in performance degradation in a single component

or through interactions with other parts. These failures may result in ohmic resis-

tance and degradation of the electrode microstructure. Electrode delamination,

anode reoxidation, oxide-layer growth, and rib detachment are the mechanisms that

increase the ohmic resistance. By comparison, electrode microstructure sintering,

cathode-microstructure poisoning, carbon deposition on the anode, anode sulfur-

poisoning, and cathode boron-poisoning are responsible for the microstructure deg-

radation faults. Chapter 8, Fault detection, loss prevention, hazard mitigation, and

safe operation of solid oxide fuel cell systems, extensively discusses these phenom-

ena. This chapter also discusses the health and safety concerns and argues that

since different fuels exhibit different fire and explosion behaviors, fuel variability

calls for more intense consideration of the safety aspects.

Upon careful analysis of the research in the field the following directions are

recommended for further investigation:

1. While degradation of the SOFC process equipment has a significant impact on

the economic performance and durability of this technology, many fault

mechanisms do not exhibit a unique symptom. Development of noninvasive

monitoring methods that enable real-time, condition-based, monitoring is at

the research frontier.

2. However, it also poses a significant challenge toward process safety, as

different fuels exhibit very different hazardous properties and very different

failure mechanisms and, therefore, would require significantly different

strategies for mitigating the associated risks.

3. Finally, and most importantly, the safe process operation strongly depends on

its design. Therefore the safety aspect should be systematically applied in the

design of SOFC processes.

15.10 Challenges and future research directions for the
fuel variability in solid oxide fuel cell-based
systems

The flexibility of SOFCs to accept a variety of fuels offers great potential for the

diversification of their applications. In addition, it opens up avenues to the appli-

cation of renewable resources and reducing environmental footprints. However,

such great advantages come at the price of more convoluted process configura-

tions and operating conditions, as well as the treatment of a more diverse range

of contaminants. Chapter 9, Fuel variability and flexible operation of solid oxide

fuel cell systems, discusses these complexities.

Syngas (a mixture of hydrogen, carbon oxides, and water) is perhaps the

most-studied fuel for SOFCs. This observation should be attributed to the fact
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that most reforming and gasification technologies produce a mixture with similar

compositions. Biogas (a mixture of methane, CO2 and small amounts of hydrogen

sulfide) is a renewable fuel produced through anaerobic digestion or fermentation

of biodegradable materials. It offers a promising option as an SOFC fuel, because

not only it is produced from renewable resources, but also its similarity with natu-

ral gas and syngas components makes it highly compatible with existing SOFC

technologies. Biomass is another synergistic renewable fuel that requires gasifica-

tion and gas treatment. Considering its low hydrogen-to-carbon content, coal is

less desirable for utilization in SOFCs. However, the abundance of its resources

suggests that retrofitting its existing infrastructure with highly efficient SOFC

technologies, could contribute to the decarbonization of the coal industry. The

motivation for the application of light alcohols such as methanol, ethanol,

dimethyl ether, and butanol as the SOFC fuel is the possibility for external

reforming at lower temperatures, resulting in the better utilization of waste heat

an integrated process. In addition, some of the light alcohols such as methanol

and ethanol can be produced from renewable resources offering an alternative

path to renewable-power generation. Generally speaking, liquid fuels are of great

interest to be utilized in SOFCs due to their high volumetric-energy density and

ease of storage, offering new opportunities for mobile and remote applications.

An alternative fuel for SOFCs is ammonia which dissociates into N2 and H2 with

the added advantage of being a carbon-free operation. On the other hand, urea

can be converted to ammonia and carbon dioxide through thermohydrolysis.

Utilization of urea in SOFCs bypasses the safety concerns associated with the

application of ammonia and hydrogen. In addition, it can be produced from

wastewater treatment or carbon-capture technologies offering a pathway for envi-

ronment protection. Nonetheless, the commercial application of these fuels

requires removal of contaminants which, otherwise, could result in poisoning and

degradation of the SOFC materials. The main contaminant of biogas is H2S. For

utilizing biomass, HCl, H2S, and alkali materials should be removed from the gas-

ification products. The existence of phosphine in coal-based syngas promotes deg-

radation too, and should be removed.

Upon careful investigation of the research in the field, the following potent

research areas were identified:

1. Contamination is the key challenge against flexible fuel operation in SOFC

systems. The impact of various fuels on the lifetime of SOFC materials, and

developing flexible fuel processing schemes to prevent adverse effects remain

a frontier in research.

2. Fuel transition may require significant changes in the operating conditions.

Nevertheless, the design and operation of industrial processes are highly

interactive, and design and operational decisions should be considered at the

same level. Therefore the methodology of IPDC is the enabler for fuel

variability [30,31].

3. An additional benefit of the treatment of contamination is environment

protection, which should be considered at the same level.
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15.11 Challenges and future research directions for the
application of renewable energies in solid oxide
fuel cells

Chapter 11, Energy storage, provided an overview of the characteristics of main

renewable sources for electrical-power generation. First, three forms of renewable

sources for electric power generation (wind, solar and tidal) are reviewed to show

their intermittent characteristics. Second, the challenge resulting from high pene-

tration of variable renewable-power generation was discussed. Flexibility in the

power grid is thus required for balancing the electricity supply and demand.

Third, the integration of SOFCs with renewable power-generation technologies is

investigated to show how SOFCs could support the transition to a low-carbon

power system. SOFCs have the potential to contribute to achieving a low-carbon

power system. This contribution is mainly implemented via two ways. The first is

to generate electricity using renewable gases such as hydrogen or biogas. The sec-

ond is to provide flexibility to the power grid such as providing ancillary services.

This flexibility is able to facilitate the large-scale integration of renewable power-

generation technologies in power systems. SOFCs can also play a role as backup

generation for local-energy systems.

It has been pointed out that the synergies among different energy vectors

through coupling components is a potent research area. The following aspects

should be investigated further:

• Spatial�temporal modeling tools are required to analyze the interactions and

interdependencies among different energy systems and to study the impact of

cascading failures affecting the reliability of energy supply.

• Assessment methodologies and evaluation criteria are required to quantify the

techno-economic performance of energy-system integration.

15.12 Challenges and future research directions for the
application of reversible solid oxide cells for energy
storage

Chapter 11, Energy storage, discusses the application of SOFCs for energy stor-

age. Upon careful evaluation of research in the field the following research direc-

tions are identified:

• One of the methods for chemical-based energy storage that has attracted

considerable attention is using reversible solid oxide cells (ReSOCs).

• ReSOC systems can be used in two different modes. A SOFC in which

electricity is generated through the electrochemical reactions of a fuel with the

oxygen in air, and a solid oxide steam electrolyzer in which the hydrogen or

syngas is produced using electricity.
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• ReSOCs have two important features, namely reversible operation of the

electrode and efficient cyclic operation.

• Due to the fluctuating and unpredictable demand for energy and the

intermittency of renewable energy resources, the energy-storage systems play

an important role in our future energy infrastructure.

• The important characteristics of ReSOCs, their optimal configurations and

integration methods, as well as their economic aspects are research frontiers.

15.13 Challenges and future research directions for the
application of solid oxide fuel cells in mobile
devices

For land vehicles, SOFC can be an attractive source of auxiliary power for hybrid

models. In general the high energy efficiency and low emission of SOFC are

more beneficial for commercial applications than private ones [32]. The SOFC-

based auxiliary power units designed by Delphi Automotive Systems, Webasto,

and the DESTA project have demonstrated the technical feasibility of these units

in mobile applications [33�36]. In addition to high energy efficiency and low

emission, these units are compatible with common fuels such as gasoline and die-

sel, significantly lowering the barrier for technology adoption. The prototype

recently developed by the DESTA project for long-distance heavy-duty trucks is

especially promising as it can reduce up to 75% of the fuel consumption during

the idling period of the truck, which costs between US$5000 and US$9000 per

truck per year. The prototype was integrated into a demonstration vehicle from

Volvo for successful road testing with more than 2500 km covered on public

roads.

The use of SOFC for auxiliary-power generation in aircraft and ships will take

more time to materialize than in land vehicles, but various simulation studies

have shown the benefits of such technology adoption [37�42]. One prototype of

an SOFC-based auxiliary power unit for marine vessels has been recently devel-

oped by the SchiBZ project [43]. The prototype was installed on a test ship to

deliver 25%�50% of the total power requirements with an overall energy effi-

ciency above 90%, demonstrating the promising prospect of SOFC-based auxil-

iary power units for marine applications.

In the foreseeable future, SOFCs can be used as the main power source for

propelling unmanned aerial and underwater vehicles due to its high-specific

energy. A commercial example of an unmanned aerial vehicle propelled by SOFC

is the Stalker XE developed by Lockheed Martin [44]. This model runs on con-

ventional hydrocarbon fuel (i.e., propane) and can be operational up to 13 hours.

It was successfully tested for combat missions.

On the other hand, using SOFCs to propel land vehicles requires more

research and development. The main challenge is to reduce the size of the SOFC
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systems, while ensuring high energy efficiency. Further development of MT-

SOFCs and micro-gas turbines are desirable in the foreseeable future [45,46]. The

development of MT-SOFCs can benefit from the development of more efficient

and stable materials. For example, the anode-supported MT-SOFC developed by

Nanodynamics Energy can endure rapid heating and cooling within a large tem-

perature range (i.e., 200�C�850�C) without performance degradation [47].

Another area for further development is the energy storage system for handling

the regenerative energy during deceleration and peak power. For example, the

pairing of a rechargeable battery or supercapacitor with an SOFC can be opti-

mized for specific applications [48,49].

The development of SOFC-propelled land vehicles will also benefit from the

further development of reduced-temperature SOFCs as they have simpler overall

system requirements, a longer fuel-cell life, and lower manufacturing costs. A

prototype was developed by the ZEBRA system, whose SOFC operates within the

temperature range of 500�C�850�C [50,51]. The reduced-temperature SOFC con-

tinuously supplied energy to the sodium�nickel�chloride battery, which was the

main power source for propulsion and auxiliary requirements. Due to the continu-

ous operation of the reduced-temperature SOFC, this system was more cost-

efficient for commercial vehicles. It was found that the cost of fuel cells attributed

to a significant portion of the manufacturing cost and reducing it to less than

d400/kW could make this system economically viable.

15.14 Challenges and future research directions in the
stationary application of solid oxide fuel cells

Chapter 13 conducted a feasibility analysis of SOFC-based CHP (combined heat-

ing and power) applications in commercial and residential buildings in China.

Meanwhile, relevant research progress of SOFC stationary application is also pre-

sented, for example, SOFC/SOEC for power-to-gas energy storage as well as

combined with biomass applications.

The performance of an SOFC-based CHP system in the public and residential

building sector are comprehensively investigated from technical, economic, and

environment perspectives. The results show that a significant amount of emissions

can be saved by SOFCs compared to traditional energy systems and other CHP

prime movers. In addition, SOFCs have better part-load performance than other

CHP prime movers. From the cost perspective, the payback duration of SOFC is

not economically attractive so far due to the high-capital cost and relatively short

lifetime compared to other CHP prime movers, which suggests further develop-

ment is needed.

From the end-use perspective, the application of SOFC-based CHP in com-

mercial buildings shows better economic performance than in residential build-

ings. Among five investigated commercial buildings, hotels show the best overall
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performance than other categories of buildings. Meanwhile, the hot-summer cold-

winter-climate zone with large heating demand in winter and large cooling

demand in summer turns out to be the best demonstration site for SOFC station-

ary applications. In terms of SOFC applications in the residential sector, due to

the high-capital cost of SOFC and relatively low price of electricity, it is still a

relatively large gap to wide market penetration.

From the application perspective, future efforts would be undertaken to improve

the lifetime of SOFC stacks and further reduce the capital cost so as to make it

more attractive for investment. Government subsidies on sustainable-energy tech-

nologies should be better utilized to promote the market penetration of SOFCs,

which also contributes to their price reduction. Meanwhile, better integration of

SOFCs with other systems, for example, combined with a gas turbine, utilizing bio-

mass fuel, and reverse operation as SOECs for energy storage, demonstrates their

outstanding potential and could play a vital role in future energy systems.

15.15 Challenges and future research directions in the
application of solid oxide fuel cell-based systems
for waste minimization

Chapter 14, Waste management, provides an overview of the research into waste

minimization using SOFC technologies. Upon careful investigation of the state-

of-the-art, the following potent research areas were identified:

• Utility of the SOFCs due to their modularity and high efficiency at the small-

scale for carbon capture and utilization at the distributed generation plants.

• Making zero-CO2 emission feasible: Coupling SOFC to convenient CO2

utilization and optimization of this polygeneration plant to attain near-zero

emissions.

• Materials engineering: more considerations on the manufacturing of materials

with improved tolerance against waste contamination and economically viable

fabrication techniques of lightweight cells, employing cheap and reliable cells,

and the infrastructures involved.

• Turning an environmental problem into an opportunity: biomass to not only as

a feed to energy production plants, but also to be treated for fabrication of

electrodes applied in energy storage devices, like Li-ion batteries and super-

capacitors, and thus addressing the storage challenges of SOFC-generated

electricity.

15.16 Conclusion and final remarks
The present chapter summarized the key findings and articulated the future

research challenges of the design and operation of SOFC-based systems. The key
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observation emphasized in various of chapters of the present book is the flexibil-

ity and adaptability of solid oxide fuel cells (SOFCs) for a diverse range of indus-

trial application spanning from modular and small-scale systems to maga-scale

processes, and from stationary to mobile applications. Moreover, SOFCs are capa-

ble of processing a diverse range of fuels, opening new avenues to renewable

power generation and decarbonization of existing infrastructure. However, as dis-

cussed extensively in various chapters, exploiting such great opportunities poses a

multi-scale systems engineering problem which requires a diverse range of exper-

tise at the interface of multiple engineering disciplines. The present contribution

made endeavours to offer a panoramic overview of this cross-disciplinary

research, and to provide insights into potent research areas. We hope that the cur-

rent contribution will motivate and promote such multidisciplinary research.
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APPENDIX

AA visual tutorial on the
modeling of a planar solid
oxide fuel cell using
COMSOL multiphysics

Mojtaba Meghdari1, Mohsen Foroughi Doust1,2 and Mahdi Sharifzadeh2
1Chemical & Petroleum Engineering Department, Sharif University of Technology, Tehran, Iran

2Sharif Energy Research Institute (SERI), Sharif University of Technology, Tehran, Iran

A.1 Introduction
This Appendix provides tutorials on modeling a planar solid oxide fuel cell (SOFC)

using the COMSOL multiphysics software tool. The physical elements of a planar

SOFC are shown in Fig. A.1. The planar SOFC model is developed to simulate the

mass transport, energy transport, and electrochemical phenomena that take place in the

fuel and air channels, porous electrodes, electrolyte, and interconnects of an SOFC.

The model computes 2D species composition profiles at the anode and cathode sides,

temperature profiles in the SOFC, electric potential, and current distributions at the elec-

trodes and electrolyte. A gaseous mixture of H2 and H2O is used as the fuel in the anode

side, while at the cathode side the gaseous mixture is composed of O2 and N2 [1].

The presented materials are supplied with screenshots of the software tool to

facilitate reproduction of the simulation by the user. The required procedure can

be divided into six main steps:

1. Model initialization: selecting the appropriate application mode in the Model

Navigator.

2. Creating the Model Geometry using the Geometry tab, and specifying the domains.

3. Setting up the Subdomain Equations and Boundary conditions using the

Physics tab.

a. Mass transfer for each domain.

b. Momentum transfer for each domain.

c. Heat transfer for each domain.

4. Geometrical discretization using the Mesh tab.

5. Simulation execution in the Study tab.

6. Analyzing the results in the Result tab.
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The main assumptions of the simulation are listed below:

1. The gaseous mixtures are assumed to consist of ideal gases.

2. The electrochemical reactions take place at the electrode layer

boundary�interfaces.

3. The porous electrodes are assumed to be isotropic and macrohomogeneous.

4. The electrolyte is assumed to be impermeable to mass transport.

5. Ohmic heating of the interconnects is neglected because they are considered

to be excellent conductors.

6. The heat capacity of the gas mixtures is considered to be temperature-

independent.

7. The SOFC voltage is equal to the voltage difference between the anode and

cathode.

8. The heat transferred through the radiation mechanism is negligible in

interconnects [1].

A.2 Initialization of the program (model navigator)
In the model navigator window of COMSOL multiphysics shown in Fig. A.2, there

are two options for starting the modeling activities; they are Model Wizard and

Blank Model. Model Wizard initializes the model using a prespecified template.

FIGURE A.1

The elements of a planar solid oxide fuel cell (from left): anode interconnect, anode

porous electrode, anode active layer, electrolyte, cathode active layer, cathode porous

electrode, and cathode interconnect [1].
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Click on the Model Wizard option will open the next window as shown in

Fig. A.3. This window is related to Space Dimension specifications. On this page,

click on the 2D option as shown by the red dots.

The next step is to go to the Physics Selection window and specify the physics

involved in the modeling of SOFCs as shown in Fig. A.4.

FIGURE A.2

Model navigator window.

FIGURE A.3

Dimension selection.
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The required physics are listed below:

• Secondary Current Distribution physics is applied for generic modeling of

electrochemical cells. The relation between charge transfer and overpotential

can be described using arbitrary kinetic expressions such as Butler�Volmer

and Tafel equations.

• Transport of Concentrated Species physics is applied for multicomponent

diffusion, where the diffusive driving force of each species depends on the

mixture composition, temperature, and pressure. This physics is used for

modeling mass transport phenomena between a free channel (e.g., anode

channel) and a porous media (anode itself) in a fuel cell.

• Free and Porous Media Flow physics is applied to compute the fluid velocity

and pressure fields of single-phase flow where the free flow is connected to a

porous media. In SOFCs the anode and cathode are integrated with fuel and

air-free channels.

• Heat Transfer in Solids physics is used to model heat transfer by conduction,

convection, and radiation in solids. In SOFCs the heat transfer calculations of

the anode and cathode interconnect and the solid electrolyte are conducted

using this physics.

• Heat Transfer in Fluids physics is applied to model heat transfer by the conduction,

convection, and radiation mechanisms in fluid or free channels. In SOFCs the heat

transfer of fuel and air-free channels are simulated using this physics.

• Heat Transfer in Porous Media physics is used to model heat transfer in the

porous media domains (anode and cathode porous electrodes). This physics

corresponds to the convection and diffusion equations, and the thermodynamic

properties are averaged for both Solid Matrix and Fluid sections [2].

The underlying assumption of each physics approach is summarized in

Table A.1.

FIGURE A.4

Physics selection.
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Table A.1 Map of the involved physics and solid oxide fuel cell domains.

Physics Geometric domain Application [2]

Secondary current
distribution

Anode porous
electrode
Electrolyte
Cathode porous
electrode

• Applied for defining activation overpotentials
• Applied for describing the relation between charge transfer and overpotential
• Applied for generic modeling of electrochemical cells
• Applied for combining with mass transport interfaces
• Applied for describing conduction of currents in the electrodes and electrolytes using Ohm’s Law

Transport of Concentrated
Species

Anode-free channel
Anode porous
electrode
Cathode porous
electrode
Cathode-free channel

• Applied for gaseous and liquid mixtures
• Applied for species concentration with the same order of magnitude
• Applied for a solution which none of the species can be identified as a solvent
• Applied for the mixture which properties depend on the composition
• Applied for multicomponent diffusion
• Applied for transport modeling through convection, diffusion, and migration in an electric field

Free and Porous Media Flow Anode-free channel
Anode porous
electrode
Cathode porous
electrode
Cathode-free channel

• Applied for computing fluid velocity and pressure fields of single-phase flow where the free flow is
connected to porous media

• Applied for at least two different domains: a free channel and a porous medium
• Applied for coupling between slow flow in porous media and fast flow in channels
• Applied for fluids with Mach numbers below 0.3

Heat Transfer in Solids Anode interconnect
Electrolyte
Cathode interconnect

• Applied for modeling heat transfer by conduction, convection, and radiation in solids
• Applied for defining the temperature equation in solid domains with the differential form of Fourier’s law

Heat Transfer in Fluids Anode-free channel
Cathode-free channel

• Applied for modeling heat transfer by conduction, convection, and radiation in fluids
• Applied for defining the temperature profile in fluid domains with the convection�diffusion equation

Heat Transfer in Porous
Media

Anode porous
electrode
Cathode porous
electrode

• Applied for modeling heat transfer by conduction, convection, and radiation in porous media
• Applied for defining the temperature equation in porous, media domains with the convection�diffusion
equation



On the Select Study page, click to select the type of study to perform. The

available options depend on the set of physics interfaces included in the model.

However, it should be noted that a study type may be applicable to all physics

interfaces, while others have limitations. You can select the study type from one

of the following branches as seen in Fig. A.5:

• Preset studies for selected physics interfaces: studies applicable to all physics

interfaces that you have chosen for your model.

• Custom studies: in some study types, not all physics interfaces can be applied.

Stationary and time-dependent studies generate equations without time deriva-

tives and transient (time-dependent) simulations, respectively. In this simulation,

the Stationary mode is used.

Fig. A.6 shows the Model Builder hierarchical tree. It is composed of four main

domains, namely Global Definitions, Component, Study, and Results, as discussed next:

• The Global Definitions section allows specification of the model geometry,

material properties, parameters, variables, and functions. This information is

accessible in any domain of the model. For adding Parameters and Variables you

need to right-click on Global Definition and select the corresponding option.

• The Component section is the main domain of the modeling that contains

Definitions, Geometry, Dependent variables, and Physics. Each of these will

be discussed later in Section A.3, A.4, A.5, and A.6.

• In the Study section it possible to conduct either stationary (i.e., steady-state)

or time-dependent (dynamic) simulation.

• Finally, the Results section reports the numerical values of the solution and

postprocessing computation.

FIGURE A.5

Study selection.

470 Appendix A: A visual tutorial on the modeling of a planar solid oxide



A.3 Defining the required parameters and variables
The required parameters for the modeling of an SOFC must be specified in the

Global Definitions section. Right-click on Global Definitions, select Parameters,

and enter all the parameters based on Table A.2 and Fig. A.7.

Table A.3 shows the correlations and parametric values applied for modeling

heat transfer phenomena [1,3].

Fig. A.8 Shows the entered Heat Capacities for using Heat Transfer physics.

These variables can be defined using three methods, namely typing and inserting

.txt or excel files.

Table A.4 shows the current density parameters and coefficients, the cell-

voltage value to calculate the Bulter�Volmer equation, and the current densities

of the anode, cathode, and electrolyte.

The reaction rate of hydrogen is computed using the Faraday constant based

on the number of released electrons as shown in Table A.5. It is also used for the

calculation of the heat-flux rate caused by the electrochemical reactions through

the electrolyte boundaries to the electrodes (Fig. A.9).

A.4 Constructing the geometry
In the Geometry section the model’s geometry is constructed using the recom-

mended methods in COMSOL multiphysics. The planar SOFC system has seven

rectangular domains, namely anode interconnect, fuel channel, anode, electrolyte,

FIGURE A.6

The model builder hierarchical tree.
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Table A.2 Parameters required for modeling planar solid oxide fuel cell systems.

Parameter Value Unit Description

patm 1 atm Atmospheric pressure
T 1123 K Temperature
ssa 5e15 1/m Specific surface area, anode
ssc 5e15 1/m Specific surface area, cathode
mu 2.01e�5 (N s)/(m2) Viscosity, air
perma 1.98e�10 m2 Anode permeability
permc 1.98e�10 m2 Cathode permeability
Eeq_a 0 V Equilibrium voltage, anode
Eeq_c 1 V Equilibrium voltage, cathode
ec 33,4003 exp(�10300/T) 1/(ohm m) Electrolyte conductivity
sea (9.53 (107)/T)3 exp(�1150/T) 1/(ohm m) Solid effective conductivity, anode
sec (4.23 (107)/T)3 exp(�1200/T) 1/(ohm m) Solid effective conductivity, cathode
eea ec 1/(ohm m) Electrolyte effective conductivity, the anode
eec ec 1/(ohm m) Electrolyte effective conductivity, cathode
vh2 7.07 Kinetic volume, H2

vo2 16.6 Kinetic volume, O2

vn2 17.9 Kinetic volume, N2

vh2o 12.7 Kinetic volume, H2O
Mh2 2 g/mol Molar mass, H2

Mo2 32 g/mol Molar mass, O2

Mn2 28 g/mol Molar mass, N2

Mh2o 18 g/mol Molar mass, H2O
kd 0.00143 m2/s Reference diffusivity
epor 0.46 Porosity
to 4.5 Tortuosity



Dh2h2o kd3 (T1.75)/(patm3 (vh2(1/3)1 vh2o(1/3))2)3 (1/Mh21 1/Mh2o)0.5 m2/s Diffusivity, H2�H2O
Do2h2o kd3 (T1.75)/(patm3 (vo2(1/3)1 vh2o(1/3))2)3 (1/Mo21 1/Mh2o)0.5 m2/s Diffusivity, O2�H2O
Do2n2 kd3 (T1.75)/(patm3 (vo2(1/3)1 vn2(1/3))2)3 (1/Mo21 1/Mn2)0.5 m2/s Diffusivity, O2�N2

Dn2h2o kd3 (T1.75)/(patm3 (vh2o(1/3)1 vn2(1/3))2)3 (1/Mh2o1 1/Mn2)0.5 m2/s Diffusivity, N2�H2O
Dh2h2oeff Dh2h2o3 (epor/to)1.5 m2/s Effective diffusivity, H2�H2O
Do2h2oeff Do2h2o3 (epor/to)1.5 m2/s Effective diffusivity, O2�H2O
Do2n2eff Do2n23 (epor/to)1.5 m2/s Effective diffusivity, O2�N2

Dn2h2oeff Dn2h2o3 (epor/to)1.5 m2/s Effective diffusivity, N2�H2O
xh2ref 0.95 Inlet weight fraction, H2 at the anode
xo2ref 0.21 Inlet weight fraction, O2 at the cathode
Wel 2e�4 m Electrolyte channel width
W 2e�3 m Gas flow channel width
Wadl 5e�4 m Anode porous electrode width
Wcdl 3e�4 m Cathode porous electrode width
L 5e�2 m Flow channel length
F 96485.3365 C/mol Faraday constant
Rg 8.314 J/(mol K) Gas constant
gamaA 7.55E1 09 A/(m2) Anode preexponential coefficient
gamaC 6.91E1 08 A/(m2) Cathode preexponential coefficient
EA 1.20E1 05 J/(mol) Anode activation energy
EC 1.10E1 05 J/(mol) Cathode activation energy
Vair 0.6 m/s Air velocity
Vfuel 0.4 m/s Fuel velocity
Wai 0.001 m Anode interconnect width
Wci 0.001 m Cathode interconnect width



FIGURE A.7

Entered parameters in COMSOL.

Table A.3 The parameters applied for modeling heat transfer phenomena.

Parameter Value Unit Description

hH2 (�667.751 29.8063 T3) J/(mol) Enthalpy
hH2O (�3510.071 39.3163 T3) J/(mol) Enthalpy
hO2 (�2673.581 34.0263 T3) J/(mol) Enthalpy
hN2 (�1664.961 31.7543 T3) J/(mol) Enthalpy
ka 10 W/(m K) Anode thermal

conductivity
kc 11 W/(m K) Cathode thermal

conductivity
ke 2 W/(m K) Electrolyte thermal

conductivity
Ca 0.65 J/(kg K) Anode-specific heat
Cc 0.9 J/(kg K) Cathode-specific

heat
Ce 0.3 J/(kg K) Electrolyte-Specific

Heat
roa 6200 kg/(m3) Anode density
roc 6000 kg/(m3) Cathode density
roe 5560 kg/(m3) Electrolyte density
kH2 (0.085251 2.964e�43 T) W/(m K) Hydrogen thermal

conductivity
kH2O (�0.014301 9.782e�53 T) W/(m K) Water thermal

conductivity
kO2 (0.015691 5.690e�43 T) W/(m K) Oxygen thermal

conductivity

(Continued )
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Table A.3 The parameters applied for modeling heat transfer phenomena.
Continued

Parameter Value Unit Description

kN2 (0.012581 5.444e�53 T) W/(m K) Nitrogen conductivity
CpH2 (129861 5.4213 T�0.00453 (T2) J/(kg K) Specific-heat

capacity
CpH2O (16721 0.4773T1 0.000193 (T2)) J/(kg K) Specific-seat

capacity
CpO2 (8961 0.01153T1 0.000263 (T2)) J/(kg K) Specific-heat

capacity
CpN2 (1070�0.1983T1 0.000343 (T2)) J/(kg K) Specific-heat

capacity
hH21 CpH23 T3 J/(kg) Hydrogen-heat

capacity
hH2O1 CpH2O3 T3 J/(kg) Water-heat capacity
hO21 CpO23T3 J/(kg) Oxygen-heat

capacity
Ci 0.8 J/(kg K) Interconnect-heat

capacity
roi 7700 kg/(m3) Interconnect density
ki 6 W/(m K) Interconnect thermal

conductivity

FIGURE A.8

Entered variables (heat capacities) in COMSOL.
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cathode, air channel, and cathode interconnect as shown in Fig. A.1. The corre-

sponding geometries are created by right-clicking on Geometry and selecting rect-

angular for each domain. Table A.6 lists the dimensions of these seven domains

in parametric terms.

Table A.4 Current density and cell-voltage variables.

Parameter Value/expression Unit Description

i0aa 6000 A/
m2

Exchange current density
of anode

i0cc 1500 A/
m2

Exchange current density
of cathode

i0a gamaA3 (xh2ref)3 (1�xh2ref)3 exp
(�EA/(Rg3 T))

A/
m2

Current density of anode

i0c gamaC3 ((xo2ref)0.25)3 exp(�EC/
(Rg3 T))

A/
m2

Current density of cathode

Vcell 0.5 V Cell voltage

Table A.5 Reaction rate of hydrogen.

Parameter Value/expression Unit Description

RH2 siec.NormIl/(23 F) mol/(m2 s) Reaction rate

FIGURE A.9

Entered variables (excurrent density, voltage, and reaction rate) in COMSOL.
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In order to specify the rectangular elements of the planar SOFC as shown in

Fig. A.1, right-click on Geometry and then choose the Rectangle option based on

Fig. A.10.

As shown in Fig. A.11 under the Rectangle setting it is necessary to specify

the value of the width and height of the rectangle (L and W parameters in

Table A.6). The Position section is used to define the corner point of the rectan-

gle as the base for drawing. The anode interconnect rectangle has Wai width and

L height, and the position of its lower-left corner is the point (0,0). A similar pro-

cedure can be applied for constructing the other six elements of the planar SOFC

as shown in Figs. A.12�A.17.

Table A.6 Geometry dimensions.

Domains Width Height X-corner position

Anode interconnects Wai L 0
Fuel channel W L Wai
Anode electrode Wadl L Wai1W
Electrolyte Wel L Wai1W1Wadl
Cathode electrode Wcdl L Wai1W1Wadl1Wel
Air channel W L Wai1W1Wadl1Wel1Wcdl
Cathode interconnect Wci L Wai1W1Wadl1Wel1Wcdl1W

FIGURE A.10

Specifying rectangular geometry.
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A.5 Specifying dependent variables
For specifying the dependent variables such as electrolyte potential and electric

potential, click on the Dependent Variables section in the setting window of each

physics option and enter the related variables using a red-dotted envelope as

shown in Fig. A.18.

FIGURE A.11

Anode interconnect geometry.

FIGURE A.12

Fuel channel geometry.
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The Secondary Current Distribution in Fig. A.18 has two dependent variables

for calculating the electrolyte potential and the electric potential of anode and

cathode due to the electrochemical reaction. The variables phil and phis are

defined as electrolyte potential and electric potential and can be calculated and

used by the Secondary Current Distribution physics. Their calculated values will

be reported in the Result section.

FIGURE A.13

Anode porous electrode geometry.

FIGURE A.14

Electrolyte geometry.
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Similarly, as shown in Fig. A.19, select the fuel channel and anode domains.

The variables wH2 and wH2O are defined as the mass fraction of the species in

Anode Transport of Concentrated Species physics.

As shown in Fig. A.20 select the air channel and cathode domains. The vari-

ables wO2 and wN2 are defined as the mass fraction of the species in Cathode

Transport of Concentrated Species physics. Since H2O and N2 do not participate

in the electrochemical reactions, their amount is calculated from their mass

FIGURE A.15

Cathode porous electrode geometry.

FIGURE A.16

Air channel geometry.
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balance. In order to indicate this property, these variables are selected in the

From Mass Constraint drop-down menu.

As shown in Figs. A.21 and A.22 select the fuel channel free and porous

media flow, and air channel free and porous media flow, respectively. The velocity

field of fuel and air in the anode and cathode porous electrodes and free channels

are defined as u (u,v,w), u2 (u21x,u21y,u21z). p, p2 are defined as the pressure pro-

files of the anode and cathode porous electrodes, and free channels.

FIGURE A.17

Cathode interconnect geometry.

FIGURE A.18

Dependent variables (Secondary Current Distribution).
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As shown in Figs. A.23�A.29 the temperature profiles of the seven rectangu-

lar domains of the planar SOFC system (i.e., anode interconnect, fuel channel,

anode, electrolyte, cathode, air channel, cathode interconnect) are defined as Tai,

T1, T2, T3, T4, T5, and Tci, respectively.

FIGURE A.19

Dependent variables (Fuel Channel Transport of Concentrated Species).

FIGURE A.20

Dependent variables (Air Channel Transport of Concentrated Species).
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A.6 Physics selection and boundary or interfacial
conditions for the solid oxide fuel cell domains

The next step is to specify the physics of each geometric object. Table A.7

lists the physics for the seven domains of the planar SOFC as shown in

Fig. A.1.

FIGURE A.21

Dependent variables (Fuel Channel Free and Porous Media Flow Physics).

FIGURE A.22

Dependent variables (Air Channel Free and Porous Media Flow Physics).
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The boundary (BC) and interfacial (IFC) conditions are specified for all the

external boundaries as well as for the internal interfaces of the SOFC computa-

tional domain. As can be seen in Fig. A.30 there is a total of 22 distinct surfaces,

16 of which are external boundaries and 6 of which are internal interfaces. The

BCs and IFCs will be presented next for the mass, energy, and charge transport

models, separately.

FIGURE A.23

Dependent variables (Anode Interconnect Heat-Transfer Physics).

FIGURE A.24

Dependent variables (Fuel Channel Heat-Transfer Physics).

484 Appendix A: A visual tutorial on the modeling of a planar solid oxide



A.6.1 Electrochemical cell domains (anode/cathode/electrolyte)
physics and boundary conditions

An electrolytic cell has three component domains, namely an electrolyte and two

electrodes (a cathode and an anode) that allow positively charged hydrogen ions

(protons) to move between the two sides of the SOFC. At the anode, fuel is oxidized

and then generates electrons. The electrons flow from the anode to the cathode

through the electrolyte. At the cathode hydrogen ions, electrons, and oxygen react to

FIGURE A.25

Dependent variables (Anode Porous Electrode Heat-Transfer Physics).

FIGURE A.26

Dependent variables (Electrolyte Heat-Transfer Physics).
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form water. The created voltage and current densities corresponding to the electro-

chemical reactions are computed by the Current Density Distribution physics. The

electrochemical reactions that take place at the planar SOFC electrodes are:

Anode side : H2 1O22-H2O1 2e2

Cathode side : 1=2O2 1 2e2-O22

FIGURE A.27

Dependent variables (Cathode Heat-Transfer Physics).

FIGURE A.28

Dependent variables (Air Channel Heat-Transfer Physics).
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A.6.1.1 Current density distribution physics
The electric potential is defined as phis at the two electrode subdomains and the

electrolyte potential phil at the electrolyte subdomain are calculated by solving

the charge-conservation equation. The governing equations which describe the

charge conservation are:

@ρl
@t

52r: σlr[lð Þ1Ql (A.1)

@ρs
@t

52r: σsr[sð Þ1Qs (A.2)

where ρl and ρs are the electric and ionic charge densities, respectively. σl refers

to the effective electric conductivity of the electrodes and σs refers to the ionic

conductivity of the electrolyte. [l and [s are the electric and ionic voltage, and

Ql and Qs represent the electric and ionic charge sources, respectively.

As shown in Fig. A.31 by the highlighted areas, for the Current Density

Distribution physics in the Graphics section, select the three domains of the

anode, cathode, and electrolyte.

As shown in Fig. A.32 the variable ec stands for the electrolyte conductivity

in the Electrolyte section.

In Fig. A.33 the anode porous electrode is selected and its main specifications

such as electrolyte conductivity (eea) and electrical conductivity (sea) are defined.

No correction is chosen for the effective conductivity correction.

As shown in Fig. A.34, by scrolling down in the Settings section, the porous

electrode reaction specification for the anode is defined. The temperature and

anode equilibrium potential are defined as T and Eeq_a. In the kinetic-expression

FIGURE A.29

Dependent variables (Cathode Interconnect Heat-Transfer Physics).
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Table A.7 The physics associated with the seven domains of the planar solid oxide fuel cell.

Domains Related physics Variables Boundary/interfacial conditions

Anode interconnects Heat Transfer in
Solids

Temperature profile (Tai) IFC4:2 nð2kAICrTAICÞ5 hFC=AICðTFC 2 TAICÞ

Fuel channel Transport of
Concentrated
Species

Mass fraction of H2 (wH2)
Mass fraction of H2O (wH2O)

BC5:xFCi 5 xIni �i5H2:H2O
BC6:JFCi 5 0�i5H2:H2O
IFC7:xFCi 5 xAEi NFC

i 5NAE
i �i5H2�H2O

Free and Porous
Media Flow

Velocity profile (u)
Pressure profile (p)

BC5:uFCi 5 uIni �i5H2�H2O
BC6:pFC

i 5 0�i5H2�H2O
Heat Transfer in
Fluids

Temperature profile (T1) BC5:TFC 5TIn
FC

BC6:2 n 2kFCrTFCð Þ5 0
IFC4:2 nð2kAICrTAICÞ5 hFC=AICðTFC 2 TAICÞ
IFC7:2 nð2kAErTAE Þ5 hFC=AE ðTFC 2 TAE Þ

Anode electrode Secondary
Current
Distribution

Electrode potential (phis) IFC7:Vel 5 0

Transport of
Concentrated
Species

Mass fraction of H2 (wH2)
Mass fraction of H2O (wH2O)

IFC10:NAE
H2

52
IAEC
2F

IFC10:NAE
H2O

51
IAEC
2F

Free and Porous
Media Flow

Velocity profile (u)
Pressure profile (p)

IFC10:ρr � uAE 5 IAEC MH2

2F
2

IAEC MH2O

2F
Heat Transfer in
Porous Media

Temperature profile (T2) IFC7:2 nð2kAErTAE Þ5 hFC=AE ðTFC 2 TAE Þ
IFC10:2 nð2kAErTAE Þ5 hEL=AE ðTAE 2TELÞ



Electrolyte Secondary
Current
Distribution

Electrolyte potential (phil) IFC10:2 n 2σrVelð Þ52 IAEC 52 IAE0 exp aAE neF
RT ηAE

� �
2 exp 2 12 aAE

� � neF
RT ηAE

� �� 	
IFC10:2 n 2σrVioð Þ52 IAEC 52 IAE0 exp aAE neF

RT ηAE
� �

2 exp 2 12 aAE
� � neF

RT ηAE
� �� 	

IFC13:2 n 2σrVelð Þ52 ICEC 52 ICE0 exp aCE neF
RT ηCE

� �
2 exp 2 12 aCE

� � neF
RT ηCE

� �� 	
IFC13:2 n 2σrVioð Þ52 ICEC 52 ICE0 exp aCE neF

RT ηCE
� �

2 exp 2 12 aCE
� � neF

RT ηCE
� �� 	

Heat Transfer in
Solids

Temperature profile (T3) IFC10:2 n 2kAErTAEð Þ2 n 2kELrTELð Þ5 IAEC
2F TΔSAE 1 IAEC ηAEact

IFC13:2 n 2kELrTELð Þ2 n 2kCErTCEð Þ5 ICEC
2F TΔSCE 1 ICEC ηCEact

Cathode electrode Secondary
Current
Distribution

Electrode potential (phis) IFC16:Vel 5VC

Transport of
Concentrated
Species

Mass fraction of O2 (wO2)
Mass fraction of N2 (wN2)

IFC13:NCE
O2

52
ICEC
4F

Free and Porous
Media Flow

Velocity profile (u2)
Pressure profile (p2)

IFC13:ρr � uCE 52
ICEC MO2

4F
Heat Transfer in
Porous Media

Temperature profile (T4) IFC13:2 nð2kCErTCE Þ5 hELðTAC 2 TELÞ
IFC16:2 nð2kCErTCE Þ5 hAC=CE ðTAC 2 TCE Þ

Air channel Transport of
Concentrated
Species

Mass fraction of O2 (wO2)
Mass fraction of N2 (wN2)

BC17:xACj 5 xInj �j5O2�N2

BC18:JACj 5 0�j5O2�N2

IFC16:xACj 5 xCEj NAC
j 5NCE

j �j5O2�N2

Free and Porous
Media Flow

Velocity profile (u2)
Pressure profile (p2)

BC17:uACj 5 uInj �j5O2�N2

BC18:pAC
j 5 0�j5O2�N2

Heat Transfer in
Fluids

Temperature profile (T5) BC17:TAC 5 TIn
AC

BC18:2 n 2kACrTACð Þ5 0
IFC16:2 nð2kCErTCE Þ5 hAC=CE ðTAC 2 TCE Þ
IFC19:2 nð2kCICrTCICÞ5 hAC=CICðTAC 2 TCICÞ

Cathode interconnect Heat Transfer in
Solids

Temperature profile (Tci) IFC19:2 nð2kCICrTCICÞ5 hAC=CICðTAC 2 TCICÞ

BC, Boundary condition; IFC, interfacial condition.



type, Butler�Volmer is chosen. The Butler�Volmer parameters of exchange cur-

rent density (i0a), anode transfer coefficient, cathodic transfer coefficient, and

active specific surface area (ssa) are specified.

Similarly, as shown in Fig. A.35, in the porous electrode section the main spe-

cifications of the cathode, namely electrolyte conductivity (eec) and electrical

conductivity (sec), are defined.

FIGURE A.30

Schematic of the subdomains, boundaries, and interfaces of a planar solid oxide fuel cell

[1].

FIGURE A.31

Secondary Current Distribution physics.
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As shown in Fig. A.36, by scrolling down in the Settings section, in the porous

electrode reaction specification the reaction kinetics of the cathode domain can

be specified. The temperature and cathode equilibrium potential are defined as T

and Eeq_c. In the drop-down menu of the kinetic-expression type, select the

Butler�Volmer option. Butler�Volmer parameters, namely exchange current den-

sity (i0c), anodic transfer coefficient, cathodic transfer coefficient, and active spe-

cific surface area (ssc), are defined.

FIGURE A.32

Electrolyte specifications.

FIGURE A.33

Anode porous electrode specifications.
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As shown in Figs. A.37 and A.38, under the Physics tab, click Electrode

Boundaries and choose Electric Ground and Electric Potential and select bound-

aries 7 and 16, respectively.

As shown in Fig. A.38, under the Settings window for Electric Potential locate

the Electric Potential section and in the φs,bnd text field, type Vcell.

FIGURE A.34

Electrochemical reaction of anode porous electrode.

FIGURE A.35

Cathode porous electrode specifications.
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As shown in Fig. A.39, under the Physics tab click Domains and choose

Initial Values. In the settings window for Initial Values select the cathode domain,

then type 0 and Vcell in the phil and phis text fields, respectively.

FIGURE A.36

Electrochemical reaction of cathode porous electrode.

FIGURE A.37

Anode electric ground.
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A.6.2 Mass transport phenomena

The involved physics and associated boundaries in the modeling of the mass

transport phenomena are listed in Tables A.1 and A.7, respectively. The

Concentrated Species physics was applied in all the involved elements including

the anode, cathode, and fuel and air channels.

FIGURE A.38

Cathode electric potential.

FIGURE A.39

Electrolyte potential initial values.
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A.6.2.1 Transport of Concentrated Species in the anode electrode and
fuel channel domains

As highlighted in Fig. A.40 the Concentrated Species physics is set up for the

anode and fuel channels. The oxygen atoms from the cathode porous electrode

penetrate the electrolyte and through their reaction with the hydrogen atoms pro-

duce water. The reaction between oxygen and hydrogen atoms occurs in the

anode porous media. The water product is transported through the anode porous

electrode and is released to the fuel channel.

As shown in Fig. A.40, in order to specify the transport of mass species in the

porous domain, select domains 2 and 3 from the Graphics window, corresponding

to the fuel channel and anode porous electrode, respectively. Then in the Settings

window for the transport of Concentrated Species locate the transport mechanisms

section. From the Diffusion Model drop-down menu, choose Maxwell�Stefan. In

the Species section, from the drop-down menu named From Mass Constraint,

choose wH2O.

As shown in Fig. A.41 in the Model Builder window, expand the Transport of

Concentrated Species Anode branch, then click Transport Properties 1. In the set-

tings window for transport properties of the anode, locate the density and diffu-

sion sections and in the text fields set up the Mh2, Mh2o, and Dh2h2oeff.

As shown in Fig. A.42, under the Physics tab, click Domains and choose

Transport Properties. Under Transport Properties 2 for the fuel channel, locate

the Density and Diffusion sections and in the text fields set up the Mh2, Mh2o,

and Dh2h2o. The velocity field, temperature, and absolute pressure are coupled

with free and porous media flow and Heat Transfer in Fluids physics.

FIGURE A.40

Transport of Concentrated Species (anode side).
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Since in planar SOFCs the reaction between oxygen and hydrogen atoms

occurs only in the anode porous electrode, the reaction coefficients are defined in

this domain. As shown in Fig. A.43, under the Physics tab click Domains and

choose Porous Electrode Coupling. Expand the Porous Electrode Coupling 1 and

click Reaction Coefficients 1. Then under the settings window for Reaction

Coefficients, locate the Model Inputs section and under the Coupled Reaction

FIGURE A.41

Anode transport properties.

FIGURE A.42

Fuel channel transport properties.
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drop-down menu, choose the Local Current Source (siec/pce1/per1) option. In the

Stoichiometric Coefficients section, specify 2 as the number of participating elec-

trons, and in the vwH2, vwH2O text fields, specify 1 and �1, respectively.

As shown in Figs. A.44 and A.45, under the Physics tab click Boundaries

and choose the Inflow and Outflow commands, select the boundaries 5 and 6

(as shown in Fig. A.30). Under the Inflow section, locate the Mixture

Specification and type xh2ref in the text field, as the mole fraction of H2 in

the inlet flow.

FIGURE A.43

Reaction coefficient coupling of anode porous electrode.

FIGURE A.44

Fuel inflow boundary condition.
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A.6.2.2 Transport of Concentrated Species in the cathode electrode and
air channel domains

Similarly to the process applied for the anode domain, we need to set up the mass

transport model for the cathode porous electrode domain. The porous electrode

reaction consisting of the ionization of oxygen atoms gives rise to species mass

transport in the cathode porous electrode domain. As shown in Fig. A.46, under

FIGURE A.45

Fuel outflow boundary condition.

FIGURE A.46

Transport of Concentrated Species (Cathode side).
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the Graphics window select domains 5 and 6 for the air channel and cathode

porous electrode, respectively. In the Settings window for Transport of

Concentrated Species locate the Transport Mechanisms section. From the

Diffusion Model drop-down menu, choose Maxwell�Stefan. Under the Species

section, from the From Mass Constraint drop-down menu, choose wN2.

In the Model Builder window, expand the Transport of Concentrated Species

Cathode and click Transport Properties 1. In the Settings window for Transport

Properties of the cathode, locate the Density and Diffusion sections, and in the

text fields specify Mo2, Mn2, and Do2n2eff, respectively, as shown in Fig. A.47.

As shown in Fig. A.48, under the Physics tab click Domains and choose

Transport Properties. In Transport Properties 2 for the Air Channel locate the

Density and Diffusion sections and in the text fields specify Mo2, Mn2, and

Do2n2, respectively. The velocity field, temperature, and absolute pressure are

coupled with Free and Porous Media Flow and Heat Transfer in Fluids physics.

In the cathode porous electrode domain, we need to specify the ionization of

oxygen reactions. As shown in Fig. A.49, under the Physics tab click Domains

and choose Porous Electrode Coupling. Expand the Porous Electrode Coupling 1

window and click Reaction Coefficients 1. Then under the Settings window for

Reaction Coefficients locate the Model Inputs section and choose the Local

Current Source (siec/pce2/per1). In the Stoichiometric Coefficients section specify

4 as a Number of Participating Electrons and in the vwO2, vwN2 text fields specify

�1 and 0, respectively.

As shown in Figs. A.50 and A.51, under the Physics tab click Boundaries and

choose Inflow and Outflow commands, select boundaries 17 and 18 (as shown in

Fig. A.30). Locate the Mixture Specification option and specify xo2ref in the text

field as the mole fraction of O2 in the inlet flow.

FIGURE A.47

Cathode transport properties.
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A.6.3 Momentum transport phenomena

The momentum transfer should be specified for the anode and cathode porous

electrodes, as well as the fuel and air channels. The required procedure is dis-

cussed in Section A.6.3.1.

FIGURE A.49

Reaction coefficient coupling of cathode porous electrode.

FIGURE A.48

Air channel transport properties.
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A.6.3.1 Free and Porous Media Flow in anode electrode and fuel
channel domains

As shown in Fig. A.52 in order to set up the convective flow model on the anode

domain, first select domains 2 and 3 for fuel channel and anode porous electrode in

the Graphics window. Then, in the Settings window for Free and Porous Media

Flow, locate the Physical Model section. In the Compressibility drop-down menu,

choose Incompressible Flow (Ma, 0.3) and define the Reference Pressure Level.

FIGURE A.50

Air-inflow boundary condition.

FIGURE A.51

Air-outflow boundary condition.
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As shown in Fig. A.53, under the Model Builder window expand Free and

Porous Media Flow Anode (fp) and click Fluid Properties 1. In the Settings win-

dow for Fluid Properties of the anode, locate the Fluid Properties section and

from the drop-down menu choose Density (tcs) for ρ, choose User defined for μ,
and in the associated text field specify mu. The notation Density (tcs) implies that

the density is actually calculated from the Transport of Concentrated Species

(tcs) and is, in fact, coupled to that physics.

FIGURE A.52

Free and Porous Media Flow in the anode porous electrode and fuel channel domains.

FIGURE A.53

Fuel channel and anode fluid properties.
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As shown in Fig. A.54, under the Physics tab click Domains and choose

Porous Matrix Properties. In this section the Porosity and Permeability of the

anode porous electrode are defined as epor and perma by the user.

As shown in Fig. A.55, under the Physics tab click Domains and choose

Porous Electrode Coupling. Click on it and specify the Molar Mass of species

Mh2 and Mh2o in the Species section.

The effects of reactions on momentum transport also need to be specified. To

this end, as shown in Fig. A.56, first expand the Porous Electrode Coupling 1,

then click on Reaction Coefficients 1. In the Settings window for Reaction

FIGURE A.54

Anode porous electrode properties.

FIGURE A.55

Porous electrode coupling.
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Coefficients locate the Model Inputs section and under the Coupled Reaction

drop-down menu choose the Local Current Source (siec/pce1/per1). In the

Stoichiometric Coefficients section specify 2 as the Number of participating elec-

trons and in the vH2 and vH2O text fields, specify 1 and �1, respectively.

As shown in Fig. A.57, under the Physics tab click Boundaries and choose

Inlet and Outlet. Select boundaries 5 and 6 in the Graphics window. Locate the

Laminar Inflow drop-down menu and choose Average Velocity and type Vfuel in

the text field as a fluid-inlet velocity.

FIGURE A.56

Reaction coefficient of the anode porous electrode.

FIGURE A.57

Fuel-inlet boundary condition.

504 Appendix A: A visual tutorial on the modeling of a planar solid oxide



As shown in Fig. A.58, under the Outlet boundary condition, locate the

Pressure conditions. Choose Pressure and specify 0 in the text field as a fluid-

inlet velocity.

A.6.3.2 Free and Porous Media Flow in the cathode porous electrode
and air channel domains

As shown in Fig. A.59 in order to set up the convective flow model on the

cathode domain, first select domains 5 and 6 for air channel and cathode porous

FIGURE A.58

Fuel-outlet boundary condition.

FIGURE A.59

Free and Porous Media Flow in the cathode porous electrode and air channel domains.

505Appendix A: A visual tutorial on the modeling of a planar solid oxide



electrode in the Graphics window. Then in the Settings window for Free and

Porous Media Flow, locate the Physical Model section. In the Compressibility

drop-down menu choose Incompressible flow (Ma, 0.3) and define the

Reference Pressure Level.

As shown in Fig. A.60, under the Model Builder window, expand the Free

and Porous Media Flow Cathode (fp2) and click Fluid Properties 1. In the

Settings window for Fluid Properties of the cathode locate the Fluid Properties

section and from the drop-down menu choose Density (tcs2) for ρ and choose

user defined for Dynamic viscosity (μ); in the associated text field specify mu.

The notation Density (tcs2) implies that the density is actually calculated from the

Transport of Concentrated Species (tcs2) and is, in fact, coupled to that physics.

As shown in Fig. A.61, under the Physics tab click Domains and choose

Porous Matrix Properties. In the Porous Matrix Properties section, Porosity and

Permeability of Cathode Porous Electrode are defined as epor and permc by

the user.

As shown in Fig. A.62, under the Physics tab, click Domains and choose

Porous Electrode Coupling. Click on it and specify the Molar Mass of species as

Mo2, Mh2o, and Mn2 in the Species section.

The effects of reactions is also need to be specified in the momentum trans-

port. To this end, as shown in Fig. A.63, expand the Porous Electrode Coupling 1

option and click Reaction Coefficients 1. In the Settings window for Reaction

Coefficients locate the Model Inputs section and under the Coupled Reaction

drop-down menu choose the Local Current Source (siec/pce2/per1). In the

Stoichiometric Coefficients section specify 4 as the Number of participating elec-

trons and in the vO2, vH2O, and vN2 text fields specify �1, 0, and 0, respectively.

FIGURE A.60

Air channel and cathode fluid properties.
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As shown in Fig. A.64, under the Physics tab click Boundaries and choose

Inlet and Outlet and select boundaries 17 and 18 in the Graphics window. Locate

the Laminar Inflow drop-down menu, and choose Average Velocity and type Vair

in the text field as a fluid-inlet velocity.

As shown in Fig. A.65, under the Outlet boundary condition locate the

Pressure conditions, choose Pressure and specify 0 in the text field as the fluid-

inlet velocity.

FIGURE A.61

Cathode porous electrode properties.

FIGURE A.62

Cathode porous electrode coupling.
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A.6.4 Heat-transport phenomena

The heat-transfer phenomena involve the generation of heat at the solid electro-

lyte and its dissipation from the anode and cathode porous electrodes. The gener-

ated energy is transported to the air and fuel channels and eventually leaves the

system through the fluid flows. The key heat-transfer mechanism in the electro-

lyte, anode interconnect, and cathode interconnect domains is conduction. The

FIGURE A.63

Reaction coefficient of cathode porous electrode.

FIGURE A.64

Air channel inlet boundary condition.
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key heat-transfer mechanisms in the cathode and anode porous electrodes are con-

duction and convention, respectively. The key heat-transfer mechanism in the air

and fuel channels is convection. Specifying these physics are discussed in the fol-

lowing sections.

A.6.4.1 Heat transfer in the electrolyte domain
The thermal energy transport equation is solved for the solid electrolyte domain

in this model as shown in Fig. A.66. The dominating phenomena in the solid

FIGURE A.65

Air channel outlet boundary condition.

FIGURE A.66

The settings of the heat-transfer phenomena in the solid electrolyte.
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electrolyte domain are conductive and convective heat flux, while thermal-energy

transport by the radiation mechanism is negligible. The following equation

describes the thermal-energy balance:

@ρcPTel
@t

52r � 2kelrTel 1 ρcPuTelð Þ1Qh (A.3)

where the el index refers to the solid electrolyte domain, Qh represents the gener-

ated heat, and kel is the effective thermal conductivity. Its parameters need to be

specified, as discussed next.

As shown in Fig. A.67 in the Heat Conduction section, the value of the ther-

mal conductivity of the solid electrolyte (ke) is specified. In addition, in the

Thermodynamic section, parameters such as Density (roe) and Heat Capacity (Ce)

are specified.

The term corresponding to the heat generated from the electrochemical reac-

tions must also be defined. Under the Physics tab click Domains and choose Heat

Source. As shown in Fig. A.68 in the Heat Source section, choose the first option,

General source, and from the drop-down menu select the Total Power

Dissipation Density (siec) option.

As shown in Fig. A.69 it is now necessary to specify the heat transfer-

boundary conditions for the solid electrolyte domain. The boundaries are shared

with the anode and cathode porous electrodes domains. Under the Physics tab

click Boundaries and choose Heat Flux for the two boundaries.

Figs. A.69 and A.70 show the value of heat flux specified for the boundary

conditions. Based on the stoichiometry of the electrochemical reaction, the gen-

eral inward heat flux through the cathode and anode porous electrodes are defined

by the O2 and H2 reaction rates, respectively.

FIGURE A.67

Electrolyte heat-transfer properties.
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Cathode inward heat flux :
1

2
3RH2

3 hO2
(A.4)

Anode inward heat flux : RH2
3 hH2

2RH2
3 hH2O (A.5)

FIGURE A.68

The electrochemical reaction heat source.

FIGURE A.69

Cathode porous electrode side heat flux boundary condition.
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A.6.4.2 Heat transfer in the anode electrode porous media domain
The thermal energy transport equation is also solved for the anode porous elec-

trode domain, as highlighted in Fig. A.71. The dominating phenomena in the

anode porous electrode domain are conductive and convective heat flux, while

FIGURE A.70

Anode porous electrode side heat flux boundary condition.

FIGURE A.71

Heat Transfer in Porous Media for the anode.
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thermal energy transport by the radiation mechanism is negligible. In addition,

there is no heat generation in this domain. The following equation describes the

energy balance:

@ρcPTan
@t

52r � 2kanrTan 1 ρcPuTanð Þ1Qh (A.6)

where the an index refers to the anode porous electrode domain. Qh represents

the generated heat and is equal to zero. kan is the effective thermal conductivity,

and its parameters need to be specified, as discussed next.

The Heat Transfer in Porous Media physics is required to determine the speci-

fication of porous media and fluid as the main data. The Absolute Pressure and

Velocity Field are calculated through the Free and Porous Media Flow physics.

The Thermal conductivity (kH2) and Heat capacity (CpH2) of fluid are defined

by the user, and the Density of the fluid is calculated through the Transport of

Concentrated Species physics as shown in Fig. A.72.

As shown in Fig. A.73 it is required to specify the parameters of the anode porous

electrode material in the anode porous media Heat Conduction and Thermodynamics

tabs. Enter the values of ka, roa, and Ca for Thermal Conductivity, Density, and

Specific-Heat Capacity, in the corresponding fields, respectively.

Two boundary conditions are coupled with the temperature profile of the fuel chan-

nel and electrolyte. The left wall is the interface between the anode and fuel channel.

On the Physics tab, click Boundaries and choose Temperature. Fig. A.74 shows the

Temperature option, and the temperature of the interface, T1, is specified by the user.

The other boundary condition concerns with the other wall that is the interface

between the anode and electrolyte. On the Physics tab, click Boundaries and

choose Temperature. Fig. A.75 shows the Temperature option, and the tempera-

ture of the interface, T3, is specified by the user.

FIGURE A.72

Anode porous electrode heat-transfer properties.
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A.6.4.3 Heat transfer in the cathode electrode porous media domain
The thermal energy transport equation is also solved for the porous media in the

Anode domain, as highlighted in Fig. A.76. The dominating phenomena in the

Solid Electrolyte domain are conductive heat flux and convective heat flux, while

FIGURE A.73

Anode porous electrode heat-transfer properties.

FIGURE A.74

Fuel channel side temperature boundary condition.
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thermal energy transport by the radiation mechanism is negligible. In addition,

there is no heat generation in this domain. The following equation describes the

energy balance:

@ρcPTca
@t

52r � 2kcarTca 1 ρcPuTcað Þ1Qh (A.7)

FIGURE A.75

Electrolyte side temperature boundary condition.

FIGURE A.76

Heat Transfer in Porous Media for cathode.

515Appendix A: A visual tutorial on the modeling of a planar solid oxide



where the ca index refers to the cathode porous electrode domain. Qh represents

the generated heat and is equal to zero. kca is the effective thermal conductivity,

and its parameters need to be specified, as discussed next.

For solving effective thermal conductivity the Heat Transfer in Porous Media

physics is required to determine the specification of porous media and fluid as the

main data. The Absolute Pressure and Velocity Field are calculated through the Free

and Porous Media Flow physics. The Thermal Conductivity (kO2) and Heat Capacity

(CpO2) of the fluid are defined by the user, and the Density of the fluid is calculated

through the Transport of Concentrated Species physics as shown in Fig. A.77.

As shown in Fig. A.78 it is required to specify the parameters of the cathode

porous electrode material in the Heat Conduction and Thermodynamics tabs.

Enter the values of kc, roc, and Cc for Thermal Conductivity, Density, and

Specific Heat Capacity in the corresponding fields, respectively.

Two boundary conditions are coupled with the temperature profile of the air

channel and electrolyte. The right wall is the interface between the cathode

porous electrode and electrolyte. On the Physics tab, click Boundaries and choose

Temperature. Fig. A.79 shows the Temperature option and the temperature of the

interface T3 is specified by the user.

The other boundary condition concerns with the other wall is the interface

between the cathode porous electrode and air channel, Fig. A.80 shows the

Temperature option, and the temperature of interface T5 is specified by the user.

A.6.4.4 Heat transfer in the fuel channel domain
The thermal energy transport equation is also solved for the fuel channel domain,

as highlighted in Fig. A.81. The dominating phenomena in the fuel channel

FIGURE A.77

Cathode porous electrode heat transfer properties.
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domain are conductive heat flux and convective heat flux, while the thermal

energy transport by the radiation mechanism is negligible. In addition, there is no

heat generation in this domain. The following equation describes the energy

balance:

@ρcPTan:ch
@t

52r � 2kan:chrTan:ch 1 ρcPuTan:chð Þ1Qh (A.8)

FIGURE A.78

Cathode porous electrode heat transfer properties.

FIGURE A.79

Electrolyte side temperature boundary condition.
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where the ca index refers to the Fuel Channel domain. Qh represents the gener-

ated heat and is equal to zero. kan:ch is the effective thermal conductivity, and its

parameters need to be specified, as discussed next.

For solving the Heat Transfer in Fluids, physics is required to determine the

specification of fluid as the main data. The Absolute Pressure and Velocity Field

are calculated through the Free and Porous Media Flow physics. The Thermal

FIGURE A.80

Air channel side temperature boundary condition.

FIGURE A.81

Heat Transfer in Fluids for fuel channel.
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Conductivity (kH2) and Heat Capacity (CpH2) of fluid are defined by the user

and the Density of the fluid is calculated through the Transport of Concentrated

Species Physics as shown in Fig. A.82.

As shown in Figs. A.83 and A.84, under the Physics tab click on Boundaries

and choose Temperature and Outflow. Select boundaries 5 and 6, respectively.

Locate the Temperature and type T in the text field as the inlet-flow temperature.

FIGURE A.82

Fuel channel heat-transfer properties.

FIGURE A.83

Fuel-inlet temperature boundary condition.
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The walls boundary condition are coupled with a temperature profile of the

anode porous electrode and interconnect. The left wall is the interface between

the fuel channel and anode porous electrode. On the Physics tab click Boundaries

and choose Temperature. Fig. A.85 shows the Temperature option and the tem-

perature profile of the interface T2 is specified by the user.

FIGURE A.84

Fuel-outlet boundary condition.

FIGURE A.85

Anode side temperature boundary condition.
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The other boundary condition concerns with the other wall that is the interface

between the fuel channel and interconnect. On the Physics tab click Boundaries

and choose Temperature. Fig. A.86 shows the Temperature option and the tem-

perature of the interface Tai is specified by the user.

A.6.4.5 Heat transfer in the air channel domain
The thermal energy transport equation is also solved for the air channel domain

as highlighted in Fig. A.87. The dominating phenomena in the air channel domain

FIGURE A.86

Anode interconnect side temperature boundary condition.

FIGURE A.87

Heat Transfer in Fluids for the air channel.
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are conductive heat flux and convective heat flux, while thermal energy transport

by the radiation mechanism is negligible. In addition, there is no heat generation

in this domain. The following equation describes the energy balance:

@ρcPTca:ch
@t

52r � 2kca:chrTca:ch 1 ρcPuTca:chð Þ1Qh (A.9)

where the ca:ch index refers to the air channel domain, Qh represents the gener-

ated heat equal to zero, kca:ch is the effective thermal conductivity, and its para-

meters need to be specified, as discussed next.

For solving the Heat Transfer in Fluids physics, it is required to determine the

specification of fluid as the main data. The absolute pressure and velocity fields

are calculated through the Free and Porous Media Flow physics. Thermal

Conductivity (kO2) and Heat Capacity (CpO2) of fluid are defined by user and

the Density of the fluid is calculated through the Transport of Concentrated

Species physics as shown in Fig. A.88.

As shown in Figs. A.89 and A.90, under the Physics tab click Boundaries and

choose Temperature and Outflow, and select boundaries 17 and 18, respectively.

Locate the Temperature and type T in the text field as the inlet-flow temperature.

The walls boundary condition are coupled with the temperature profile of the

cathode porous electrode and interconnect. The left wall is the interface between

the air channel and cathode porous electrode. On the Physics tab click

Boundaries and choose Temperature. Fig. A.91 shows the Temperature option

and the temperature of the interface T4 is specified by the user.

For another wall that is the interface between the air channel and interconnect, on

the Physics tab click on Boundaries and choose Temperature. Fig. A.92 shows the

Temperature option and the temperature of the interface Tci is specified by the user.

FIGURE A.88

Air channel heat-transfer properties.
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A.6.4.6 Heat transfer in the anode interconnect domain
The thermal energy transport equation is also solved for the anode interconnect

domain, as highlighted in Fig. A.93. The dominating phenomenon in the anode

interconnect domain is conductive heat flux, while thermal energy transport by

the radiation mechanism is negligible. In addition, there is no heat generation in

this domain. The following equation describes the energy balance:

@ρcPTan:int
@t

52r � 2kan:intrTan:intð Þ1Qh (A.10)

FIGURE A.89

Air-inlet temperature boundary condition.

FIGURE A.90

Air-outlet boundary condition.
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where the an:int index refers to the anode interconnect domain, Qh represents the

generated heat equal to zero, kan:int is the effective thermal conductivity and its

parameters need to be specified, as discussed next.

For solving the Heat Transfer in Solids physics for the anode interconnect, it

is required to determine the specification of the anode interconnect as the main

data. Thermal Conductivity (ki), Density (roi), and Heat Capacity (Ci) of fluid are

defined by the user as shown in Fig. A.94.

FIGURE A.91

Cathode porous electrode side temperature boundary condition.

FIGURE A.92

Cathode interconnect side temperature boundary condition.
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For the interface boundary between the interconnect and fuel channel, on the

Physics tab click on Boundaries and choose Temperature. Fig. A.95 shows

the Temperature option and the temperature of the interface T1 is specified by the

user.

FIGURE A.93

Heat Transfer in Solids for the anode interconnect.

FIGURE A.94

Anode interconnect heat-transfer properties.
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A.6.4.7 Heat transfer in the cathode interconnect domain
The thermal energy transport equation is also solved for the cathode interconnect

domain, as highlighted in Fig. A.96. The dominating phenomenon in the cathode

interconnect domain is conductive heat flux, while thermal energy transport by

FIGURE A.95

Fuel channel side temperature boundary condition.

FIGURE A.96

Heat Transfer in Solids for the cathode interconnect.
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the radiation mechanism is negligible. In addition, there is no heat generation in

this domain. The following equation describes the energy balance:

@ρcPTca:int
@t

52r � 2kca:intrTca:intð Þ1Qh (A.11)

where the ca:int index refers to the cathode interconnect domain. Qh represents

the generated heat and is equal to zero. kca:int is the effective thermal conductivity

and its parameters need to be specified, as discussed next.

For solving the Heat Transfer in Solids physics for the cathode interconnect it

is required to determine the specification of the cathode interconnect as the main

data. Thermal Conductivity (ki), Density (roi), and Heat Capacity (Ci) of fluid are

defined by the user as shown in Fig. A.97.

To determine the interface boundary between the interconnect and air chan-

nel, on the Physics tab click on Boundaries and choose Temperature. Fig. A.98

shows the Temperature option and the temperature of the interface T5 is specified

by the user.

A.7 Mesh generation
The physics settings for the model is now complete. In this study the seven graph-

ical domains are discretized according to the mapped mesh strategy. As shown in

Fig. A.99, in order to specify the meshing strategy the following steps are taken.

First, in the Model Builder window under Component 1 (comp1 right-click on

Mesh 1 and choose the Mapped options. Then right-click Mapped 1 and choose

FIGURE A.97

Cathode interconnect heat-transfer properties.
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the Distribution 1 option. Select boundary 16 and in the Settings window for

Distribution, locate the Distribution section. From the drop-down menu choose

the Fixed Number of Elements distribution type.

Considering that a higher resolution for the mapped mesh results in higher

accuracy, this however comes at the price of higher computational costs.

Therefore a trade-off must be established. Type 30 in the Number of the Elements

text field as shown in Fig. A.99.

FIGURE A.98

Air channel side temperature boundary condition.

FIGURE A.99

Mapped distribution on the anode side.
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Similarly, right-click on Mapped 1 and choose Distribution 2, select

Boundaries 3, 6, 9, 12, 15, 18, and 21. In the Settings window for Distribution,

locate the Distribution section. From the Distribution Properties drop-down menu

choose Fixed Number of Elements distribution type. Type 20 in the Number of

the Elements text field as shown in Fig. A.100.

A.8 Study
The problem is now ready to be solved. The solver setting is shown in

Fig. A.101. The integrated nonlinear solver (Fully Coupled), which uses a con-

stant Damping factor form of the Constant Newton method, was selected for the

solution of the nonlinear system with its relative tolerance factor set to 1023, and

the maximum number of iterations set to 25.

For the inversion of the Jacobian matrix at each iteration, the Linear Direct

Solver was used since for this particular system it showed better performance

compared to the iterative linear solvers. In Direct 1, locate the General section

and from the Solver drop-down menu choose PARADISO as shown in Fig. A.102.

A.9 Results
In Fig. A.103 the H2 and O2 mole fractions at the fuel channel and air channel

are illustrated. Hydrogen and oxygen flow in the fuel and air channels,

FIGURE A.100

Mapped distribution on top.
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respectively. They diffuse through the anode and cathode porous electrodes where

they are consumed at the electrode/electrolyte interfaces by the electrochemical

oxidation and reduction reactions.

In order to produce the above figure, first, as shown in Fig. A.104, on the

Home tab click Add Plot Group and choose 2D Plot Group. In the Settings

window for 2D Plot Group, locate the Data section and choose Study 1/Solution

1. Change the label of the 2D plot to Concentration and then right-click on it and

choose Surface 1 and 2.

FIGURE A.101

Fully coupled method and termination setting.

FIGURE A.102

Direct solver setting.
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Figs. A.105 and A.106 show the surface concentration of O2 and H2, respec-

tively. In the Settings window for Surface 1 click on Replace Expression in the

upper-right corner of the Expression section. From the drop-down menu, choose

Component 1, Transport of Concentrated Species Cathode, mole fraction, tcs2.

x_wO2. Similarly as Surface 1, consider tcs.x_wH2 for defining the expression of

Surface 2.

Fig. A.107 shows the temperature distribution in the SOFC. Heat is absorbed

from the anode electrochemical reaction and is released through the cathode

FIGURE A.103

H2 and O2 mole-fraction distributions in the fuel and air channels and anode and cathode

porous electrodes.

FIGURE A.104

Concentration 2D plot group.
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channel. Overall, the heat released is transferred along the z-direction mainly by

conduction to the gas streams where it is transferred along the x-direction via con-

vection by the flow of the gas mixtures. The slightly higher temperature observed at

the cathode side is related to the exothermic reaction of the oxygen reduction. Heat

is also generated at the solid domains of the SOFC due to the ohmic resistance.

As shown in Fig. A.108, under the Home tab, click on Add Plot Group and

choose 2D Plot Group. In the Settings window for 2D Plot Group locate the Data

FIGURE A.105

Surface O2 concentration.

FIGURE A.106

Surface H2 concentration.
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section and choose Study 1/Solution 1. Change the label of the 2D plot to

Temperature and then right-click on it and add surfaces 1�7 (i.e., anode intercon-

nect, fuel channel, anode porous electrode, electrolyte, cathode porous electrode,

air channel, cathode interconnect).

As shown in Fig. A.109 in the Settings window Surface 1 is defined as an

anode interconnect, click Replace Expression in the upper-right corner of the

Expression section. From the drop-down menu, choose Component 1, Heat

Transfer in Solids via Temperature, Tai. A similar procedure can be applied for

defining the Temperature Surfaces of the other six elements of the planar SOFC.

FIGURE A.107

Temperature distribution in an solid oxide fuel cell.

FIGURE A.108

Temperature 2D plot group.
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Conclusion
This Appendix presented a pictorial tutorial for modeling a planar SOFC using a

computational fluid dynamics software tool, called COMSOL Multiphysics. The

SOFC model was developed through the formulation of the mass transport,

energy transport, and electrochemical phenomena that take place in the fuel and

air channels, porous electrodes, electrolyte, and interconnects. The required proce-

dure comprises six main stages incorporating Model initialization, Model

Geometry creation, setting up the Subdomain Equations and Boundary conditions,

specifying the transport phenomena for each domain, meshing the Geometry, con-

ducting steady-state study, and analyzing the results. The developed model can

provide a benchmark and starting point for future studies such as the design and

scale-up of other SOFC-based industrial systems.
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FIGURE A.109

Surface temperature distribution.
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Active constraint region Active constraints are related to variables that should be kept at

their limiting value to achieve optimality. These can be related to manipulated variables

(MVs) or controlled variables (CVs). The MVs correspond to the dynamic (physical)

degrees of freedom (DoF) used by the control system, and a typical MV constraint is

the maximum opening of a valve. Active constraints may change due to disturbances.

Different disturbances may lead to a situation where a different set of variables become

active. This will separate the disturbance space to different active constraint regions.

Active constraint A constraint becomes active when the value of the objective function

cannot be improved by moving from borders of the feasible region back into an interior

point in the region, the optimization algorithm makes this inequality constraint to an

equality constraint. Intersection of objective function contours with the constraint line

will define the optimal value.

Anaerobic digestion Anaerobic digestion is a series of biological processes in which

microorganisms break down biodegradable material in the absence of oxygen. One of

the end products is biogas, which is then combusted to generate electricity and heat, or

can be processed into renewable natural gas or utilized as a feedstock to fuel cell

systems.

Anode-supported solid oxide fuel cell (AS-SOFC) An anode-supported SOFC is one of

the component-supported SOFCs in which the anode is the thickest portion of the cell

and provides mechanical strength to it.

Anode An anode is an electrode through which conventional current flows into a polar-

ized, electrical device.

Auxiliary power unit A device that provides the energy for functions other than the pro-

pulsion of a vehicle.

Battery A device that converts chemical energy into electrical energy and vice versa.

Bibliometrics Statistical analysis of written texts such as books, articles, and patents.

Biofuel cell A class of fuel cells comprising fuel cells with biological electrolytes and fuel

cells using biofuels.

Biogas Biogas is a gas produced by the biological breakdown of organic matter in the

absence of oxygen. Biogas originates from biogenic material and is a type of biofuel.

Bottoming cycle A cycle that is attached to a primary power producer, which makes use

of the available heat and utilizes it effectively to generate further electrical power.

Bulk patent data A big quantity of data.

Carnot efficiency Theoretical maximum efficiency for a heat engine.
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Cathode-supported SOFC A cathode-supported SOFC is one of the component-

supported SOFCs in which the cathode layer is the thickest portion of the cell and pro-

vides the main mechanical strength to it.

Cathode A cathode is the electrode from which a conventional current leaves a polarized

electrical device.

Cell stacking A device for saving power in a fuel cell system to obtain the

suitable voltage output from the device.

Centrality Related to a network, centrality can be defined as the measure of the importance

of a node in a network, for example, if there are many paths passing through the node.

Cermet A composite material made of ceramics and metals.

Classification overlap method A method to extract patent data related to a technological

domain (subdomain) using classification systems.

Coefficient of performance The ratio between the output and input of a chiller or heat

pump.

Coefficient of thermal expansion A material property which shows its response to tem-

perature change. This coefficient describes by how much the size of a solid object

changes with respect to a change in its temperature.

Coelectrolysis This term is utilized in fuel cell systems when water and carbon dioxide

are used to produce syngas.

Cogeneration Cogeneration (also CHP) is the application of a heat engine or a power sta-

tion to simultaneously generate electricity and useful heat.

Combined heating and power A generator that produces power and heat simultaneously.

Comma-separated values file A type of file containing data that can be easily trans-

formed in a table.

Commercialization Introduction of technology to the market.

Component-supported SOFC The SOFC in which the component (anode, cathode, etc.)

is the thickest portion of the cell and provides mechanical strength to it.

Condition number The condition number of a matrix is defined as the ratio between the

maximum and minimum singular values. The condition number has been used as an

input�output controllability measure. It is suggested that a high-condition number indi-

cates sensitivity to uncertainty.

Continuity equation A mathematical representation that describes transport of some quan-

tity. Here it refers to the mass continuity of fluid flow in the SOFC.

Control input The inputs that the controller can manipulate to control the process (MVs).

Control-loop pairing Pairing up measured variables and MVs in an multiple input multi-

ple output system.

Control structure design Deals with the structural decisions of the control system, includ-

ing what to control and how to pair the manipulated and controlled variables.

Control variable The variable in a control system that is kept constant or follows a

profile.

Controllability The ability to achieve acceptable control performance. More precisely, to

keep the outputs within specified bounds from their set points, despite unknown

changes (e.g., disturbances and plant changes) using available inputs and

measurements.

Cost reduction The decrease in the cost due to several reasons such as improvement of

production processes or economies-of-scale effects.

Creep A slow change of the materials with the passage of time.
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Current�voltage (I�V) curve One of the characteristic curves of an SOFC that shows

the SOFC’s behavior, that is, voltage changes with respect to current changes.

Cyclic processes A process is termed cyclic when it operates in multiple sequential stages,

usually with a working fluid, and returns to its starting point in terms of pressure and

temperature, only to repeat itself, for example, taking in the heat from a high-

temperature reservoir, converting it to useful work, releasing waste heat and then

returning to its original state due to external work. This sequence of steps repeats them-

selves, and hence, is a cyclic process.

Degradation Change in the composition or microstructure of different parts of a cell.

Delamination Detachment of the electrolyte and the electrode layer.

Diffusion The spread of a technology in the market.

Dip coating A method of layer fabrication where a base shape is soaked in a bath of

slurry. Due to the viscosity of the slurry, with the exiting base shape from the bath a

layer of slurry is attached to it and a new layer is fabricated.

District-heating system A pipeline network for distributing heat generated in a centralized

heat producer for space heating and/or water heating.

Ebb generation The method of a tidal lagoon operation that generates electricity when the

tide is going out of the lagoon.

Economies of scale Reduction of costs due to the better management of raw material and

energy costs.

Electrode An electrical conductor used to make contact with a nonmetallic part of a circuit.

Electrolysis This term is utilized in fuel cell systems when the only reactant in the system

is steam.

Electrolyte-supported SOFC Electrolyte A substance that can become electrically con-

ducting when dissolved in a polar solvent.

Electrolyte The electrolyte is a dense layer of ceramic that conducts oxygen ions in the

fuel cell system.

ENE-FARM A demonstration project for fuel cell-stationary applications in residential

buildings in Japan.

ENE-FIELD A demonstration project for fuel cell-stationary applications in the residential

building sector in European Union.

Energy equation The mathematical form of the conservation of an energy law that is used

for the energy analysis of an SOFC system.

Energy storage In the context of electricity storage refers to capturing electricity produced

by renewable and non-renewable resources and storing it for discharge when required.

Exergetic efficiency In energy device applications, the efficiency is normally defined as

work done or heat input. However, when the Second Law clearly postulates that only

the Gibbs free energy component is useful for work—that is, the rest of the enthalpy

term (TΔS) is simply unusable for work—it makes much more sense to redefine effi-

ciency. The exergetic efficiency is therefore the ratio of the work done to the exergy

available (not the enthalpy).

Exergy Initially postulated as the extent of departure of a system in its existing state from

a reference state, which is quite simply the Earth’s atmosphere, that is, if a system has

its temperature, pressure, or composition different from the environment then the sys-

tem has exergy. A classic argument is made to distinguish exergy from energy, that is,

the atmosphere around us has considerable energy but no exergy, which means that

any system in equilibrium with the atmosphere (or the reference state) in terms of
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temperature, pressure, and composition is incapable of doing work. Therefore exergy

refers to a system having a certain potential for doing work, and once this work is com-

pleted the system will reach a final state of equilibrium with the surroundings.

External supporting SOFC When the auxiliary parts are used as the supporting section

(porous substrate, or interconnector) the fuel cells are called external supporting

SOFCs.

Feed-forward control In a feed-forward system the control variable adjustment is based

on knowledge about the process in the form of a mathematical model of the process

and knowledge about (or measurements of) the process disturbances.

Finite element analysis Finite element analysis is one of the numerical methods for solv-

ing engineering problems based on the finite element method. It is typically used to

solve problems in structural analysis, heat transfer (thermal modeling), fluid flow, spe-

cies transport, and electric currents and is, thus, one of the common numerical methods

used for simulating SOFC physics.

Flare-gas recovery The process of recovering the waste gases that would normally be

flared so that they can be used as fuel gas elsewhere in facilities like energy generating

systems (e.g., SOFCs). This results in reduced emissions and cost savings.

Flexibility Modifying generation and/or consumption patterns in reaction to an external

signal (such as a change in price) to provide a service within the energy system.

Flood generation Tidal lagoon turbines are used when the tide is coming in, and the

sluices are opened when the tide is going out.

Fossil fuel Natural fuel derived from the remains of living organisms.

Fuel cell Fuel utilization (FU) In a chemical reactor the word “conversion” or “conver-

sion per pass” is used; similarly in SOFCs, FU is very prevalent in terms of usage. FU

may be per pass or overall, and this distinction is notable in cases of fuel exhaust recy-

cling from SOFC stacks. FU is a critical parameter in optimizing electrical efficiencies

in SOFCs and SOFC�hybrid cycle power plants.

Functional layer Layers which only provide their electrochemical function in an SOFC.

Green power technologies Technologies aimed to generate power with low or zero emis-

sion of carbon dioxide and harmful substances.

Growth rate Growth velocity that can be measured in several ways.

Heat engine A device that converts thermal energy into mechanical energy.

Heat recovery steam generation A process of extracting the maximum residual heat

from the primary power cycle for heating or additional power production.

Heat transfer equation The mathematical representation (partial differential equation)

that describes temperation evolution over time and its distribution in a solid or fluid

medium.

Hybrid cycles When more than one type of heat engine is used, usually in series. For

example, natural gas can be converted to electrical power using an SOFC and the exit

temperature is high enough to generate additional power via a cyclic heat engine or a

combination of more than one heat engine.

Hybrid SOFC energy systems Hybrid energy systems are capable of exploiting the

advantages of two or more energy technologies, simultaneously. The SOFC as a high-

temperature technology can be combined with bottoming cycles such as gas turbines

and steam turbines in cascade to meet higher efficiency suggesting great potential as a

green, decentralized, CHP system.

Hydrogen economy The vision of using hydrogen as a fuel.
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Improvement rate See performance growth.

Inferential control In inferential control the controlled variables that are difficult to mea-

sure are estimated by combining some of the measured variables and then used in feed-

back control.

Interconnect A component between the anode of one cell to the cathode of the adjacent

cell in a multiple-cell SOFC.

Interconnector or metallic-supported SOFC One of the external supporting SOFCs in

which the metallic interconnector is the thickest portion of the cell and provides

mechanical strength.

International Patent Classification Hierarchical patent classification system created by

the World Intellectual Property Organization.

Irreversibility All processes in nature are irreversible, that is, they are not incremental.

Therefore they cannot be reversed, for example, dropping a ball cannot be reversed. In a

chemical or mechanical engineering parlance, if one operates a system at infinitesima’

rates, only then, is a reversible process ensured. In SOFCs the accepted goal is to operate

the cell at low-current densities and high voltages, which are not far away from the open

circuit voltage, and therefore minimize the irreversibility to the extent that is feasible.

Learning-by-doing One of the factors that push technological growth, mainly based on

production.

Learning-by-searching One of the factors that push technological growth, mainly based

on research funding.

Levelized cost of energy A cost indicator by levelizing the capital cost plus whole life-

time operation cost to each unit of energy produced.

Life-cycle assessment (LCA) Also known as life-cycle analysis, LCA is an environmental

management tool that enables quantification of environmental burdens accompanied

with the life cycle of both renewable and fossil fuel-based systems.

Logistic curve S-shaped curve usually used in biological systems.

Manipulated variable The variable in a control system that is changed to keep the control

variable at set point.

Market saturation The phenomenon where a technology is no longer desired by the

market.

Mass-produced Produced in series and high quantities, usually possible because of the

simplicity of the product.

Maturity stage An intermediate stage in the technological life cycle; during this stage the

diffusion is highest.

Membrane electrode assembly (MEA) MEA in solid oxide fuel cells, a series of a

porous anode, dense electrolyte, and porous cathode connected to each other is called

membrane electrode assembly. Similarly, in ReSOC structures, it include a solid elec-

trolyte, oxygen electrode, and fuel electrode. In other words, MEA is the chemical part

of SOFCs and ReSOCs.

Mircotubular SOFC A tubular SOFC with a diameter of less than, or about, 3 mm.

(m)GT (Micro) gas turbine.

Model predictive control An advanced method to control a process while satisfying a set

of constraints. The aim is to optimize the process at the current time step by consider-

ing the previous measurements and the predicted states and control inputs.

Molten carbon fuel cell A fuel cell with molten-carbonates electrolyte.
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Momentum equations A statement of Newton’s Second Law which correlates the sum of

forces acting on an infinitesimal fluid element to the element’s acceleration. Sets of

equation which are a mathematical representation of Newton’s Second Law which

describes fluid flow.

Moore’s law Improvement of the performance of technology in time.

Multivariable control Process controllers that control multiple process variables simulta-

neously. Multivariable control can be useful when multiple, single-control loops are

highly interactive.

Municipal solid waste (MSW) Broadly speaking, MSW is nonhazardous refuse generated

by households, institutions, industries, agriculture, and sewage that varies due to the com-

munity jurisdiction and nutrition/diet. It is made up of waste, compostable, and recyclable

materials with the municipality overseeing its disposal. Typically this refuse is collected,

separated, and sent to either a landfill or a municipal recycling center for processing.

Nernst potential In thermodynamics, the Gibbs free energy (ΔG) represents the maximum

energy that can be converted to work. The equivalent in terms of voltage, is the Nernst

potential, that is, ΔG/nF, where n is the number of electrons consumed per mole of lim-

iting reactant in an electrochemical reaction and F, the Faraday’s constant

(F5 96,487 Coulomb/mol of electrons). The Nernst potential is equal to, and used inter-

changeably, with open circuit voltage (OCV) (except in case of mixed ion�electron con-

ductor electrolyte SOFCs when OCV is lower than the Nernst potential).

Net present value An indicator of how much value an investment holds through the

means of a discount rate.

Overpotential Is the extent to which the operating voltage is lower than the OCV due to

ohmic and nonohmic irreversibilities occurring during cell operation, that is, current

flow. An analogous term that defines overpotential is polarization. The more the cell is

“polarized,” the more is its overpotential. The differential of overpotential with respect

to current density is termed area-specific resistance.

Oxygen reduction reaction The conversion of oxygen into oxide.

Patents view An online patent database containing patents from all over the world regis-

tered in the United States.

Performance growth The increase of qualities and capabilities of a technology.

Performance measure The measure of the capabilities of a technology; each technology

has different fields of application.

Photovoltaic panels A generator that can generate power from solar energy.

Plastic deformation When stress is applied to a material which is higher than its tensile

stress, irreversible deformation occurs in the material. This type of irreversible defor-

mation is called plastic deformation. The reversible deformation is called elastic

deformation.

Polymer electrolyte membrane A semipermeable membrane designed to conduct protons

and used as an electronic insulator and reactant barrier.

Porous substrate-supported SOFC In some SOFCs an additional porous layer is used for

structurally supporting the SOFC cell.

Positive electrode�electrolyte�negative electrode (PEN) The basic structure of SOFCs

is the positive electrode�electrolyte�negative electrode (PEN) which is a three-layer

assembly.

Power-to-gas A technology that converts electricity to a gas fuel.
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Predictor Property of a phenomenon that helps to infer something about the phenome-

non’s future.

Primary variable The variable of primary importance that is linked to the overall control

objective of the process (in other words CVs in the supervisory control layer)

Process innovation Discovery of new knowledge and techniques related to the production

of a technology.

Process-intensive Dependent very much on the production process.

Product innovation Discovery of new knowledge and techniques related to the architec-

ture and composition of a technology.

Propulsion The forward moving of an object.

Rationalization Elaboration of results by comparing them with theoretical information.

Redox (reduction�oxidation) The reduction of Ni in an Ni-based anode due to fuel

shortage.

Reforming A chemical process in which hydrogen-containing fuels react with steam, oxy-

gen, or both to produce a hydrogen-rich gas stream (syngas).

Regenerative fuel cell Fuel cells with round-trip energy conversion capabilities.

Regulatory control layer The regulatory layer is designed to facilitate stable operation

and to regulate and keep the operation in the linear-operating range. Its performance

can be quantified using the state-drift criterion.

Renewable energy Generally defined as energy that is collected from resources that are

naturally replenished on the human timescale, such as sunlight, wind, rain, tides,

waves, and geothermal heat.

Residual stress When stress is applied to a solid, after removing it, an amount of stress

remains in the solid, called residual stress.

Reversible solid oxide cell (ReSOC) Systems can be used in two alternative operating

modes, i.e. generating electricity from fuel, as well as producing hydrogen by consum-

ing electricity.

Round-trip efficiency Energy storage typically consumes electricity and saves it in

some manner, then hands it back to the grid. The ratio of energy put in (MWh) to energy

retrieved from storage (MWh) is the round-trip efficiency, expressed in percent (%).

Scientometrics A measure of science and scientific research.

Screen printing A fabrication process. In this method ink or paste is transferred by a

squeegee on a stencil and a layer of ink or paste is fabricated on the beneath layer.

Search path node pair A method to estimate the centrality of a node in a network.

Secondary variable An independent variable which includes information of primary

variables.

Self-optimizing control A strategy for selecting controlled variables. An economic objec-

tive function is adopted as a selection criterion. The aim is to systematically select the

controlled variables so that by controlling them at constant set points the impact of

uncertainty and varying disturbances on the economic optimality is minimized. If a

selection leads to an acceptable economic loss compared to perfectly optimal operation,

then the chosen control structure is referred to as “self-optimizing.”

Self-supporting SOFC When the main parts are used as supporting section (i.e., cathode,

anode, or electrolyte) the cell is called self-supporting.

Sintering Compressing or heating a solid material for forming it. The heating is not for

the purpose of melting the solid and only increases its temperature in the solid phase.
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Slurry spin coating A method of layer fabrication where the slurry is put on the rotating

disk and with the spin of the disk, slurry is distributed and make a thin layer based on

the speed of the rotation. Centrifugal force is the concept of this method of fabrication.

SOFC stack A combination of single SOFCs.

Soft sensor Soft sensor or virtual sensor is a common name for software where several

measurements are processed together to estimate the value of an unmeasured variable.

Solid loading The concentration of the solid particles in a slurry.

Solid oxide electrolyzer cell A solid oxide fuel cell that runs in regenerative mode to

achieve the electrolysis of water (and/or carbon dioxide) by using a solid oxide, or

ceramic, electrolyte to produce hydrogen gas (and/or CO) and oxygen.

Solid oxide fuel cell (SOFC) A fuel cell with solid oxide or ceramic electrolyte. An elec-

trochemical conversion device that produces electricity directly from oxidizing a fuel.

Species transport equation A mathematical equation that shows the concentration of spe-

cies change over time and in a domain due to convection and diffusion based on con-

servation of chemical species.

Spray method of fabrication A coating fabrication methods where a molten substance or

suspension is sprayed onto the surface and a layer is fabricated. Based on the method

of molting and spraying this method has two main branches, electrical and chemical

spraying.

S-shaped curve The curve representing the technological life cycle, see logistic curve.

State estimation When the states are not available, they need to be estimated from the

measurements.

State variable A state variable is used to describe the mathematical “state” of a dynamical

system. The states of a system together with the input variables define the system and

determine its future behavior in the absence of any external forces affecting the system.

Static estimation When the final steady-state values of variables are estimated.

Steady-state multiplicity Multiple steady states.

Supercapacitor A device that stores electric charge.

Supported layer Layers which are thicker than the usual size and used for structural

support.

Tape casting A method of fabrication where a mold is filled with molten metal or other

considering solid material and then solidified for making the solid the shape of the

mold. Tape casting is casting using a sheet of ceramics.

Technological changes Evolution of a technology that transformed from its initial stage to

its current form.

Technological development See technological changes.

Technological domain The area comprising the knowledge, processes, and tools related a

technology.

Technological forecasting Attempts of predicting the evolution of a technology in a quan-

titative or qualitative way.

Technological life cycle Fixed stages which a technology that passes through from its

early stage to its substitution.

Thermal expansion coefficient The fractional increase in size with increase in tempera-

ture at constant pressure.

Thermal management A technique used with the purpose of safe operation and mainte-

nance of an SOFC system as well as efficient use of the available thermal energy.
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Thermal modeling Refers to all the methods used (simulations, analyses, assumptions,

etc.) that are capable of calculating temperature profiles through solving the heat trans-

fer equation. The main goals of thermal modeling are to find thermal behavior of the

SOFC, predict thermal stresses, predict transient behavior of the system, reduce thermal

losses, and increase thermal efficiency.

Thermal transient Refers to the transient heat transfer phenomenon.

Throughput manipulator A degree of freedom that affects the network flow and is not

directly or indirectly determined by the control of the individual units, including their

inventory control.

Tidal lagoon A generator that uses the movement of the oceans to create power.

Triad The three half-hour settlement periods with highest system demand between

November and February in the United Kingdom separated by at least ten clear days.

Trigeneration The process by which some of the heat produced by a CHP plant is used to

generate chilled water for air conditioning or refrigeration.

Triple-phase boundary The place where three phases of the electrolyte, electrode, and

fuel meet each other.

United States Patent Classification (UPC) A classification system created by USPTO,

but replaced by UPC in 2015.

United States Patent and Trademark Office (USPTO) Federal agency that grants

patents filed in the United States and registers trademarks.

Vehicle An entity designed for the transportation of people and/or materials.

Waste management The collection, transportation, and disposal of garbage, sewage,

MSW, and other waste products. Waste management encompasses management of all

processes and resources for proper handling of waste materials, employing several

waste control and disposal methods such as source reduction, recycling, reuse, incinera-

tion, landfilling, or power-plant systems for minimizing the environmental impact of

commercial and industrial waste streams in order to comply with health codes and

environmental regulations.

Waste-to-energy systems Thermal treatment plants associated with energy and further

fuel production.

Wind turbine A generator that can generate power from wind.

Wright’s law Improvement of the performance of technology for doubling of the produc-

tion capacity.
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428�429

Hydrogen as SOFC fuels, 277�280

Hydrogen-enriched natural gas, 304

Hydrogen fuel cell, 8f

Hydrogen-powered SOFC, systems layout for, 52f

Hydrogen proton-conducting solid oxide fuel cell

(SOFC-H), 286

Hydrogen sulfide, 410

elimination techniques, 412

Hydrogen technologies, 7

Hydrolysis and fermentation, 404

I
Impedance analysis, 258

Incineration, 395, 399, 402

Inferential estimator, 236�237

Inherently safer SOFC processes, integrated design

for, 266�268

Integrated gasification combined cycle (IGCC),

188

Integrated-gasification process, 189f

Integrated planar SOFC (IP-SOFC), 87�88, 448

Integrated process design and control (IPDC),

210�211, 453, 456

Integrated SOFCs and renewable power

generations, 306�308

Integration between SOFC stacks, 198�199

Interconnect and sealant, 147�149

Interconnectors, 89

Intermediate temperature SOFCs, 148

Internal combustion engines

(ICE), 333, 339�341, 345�347, 352�353,

420�421

Internal reforming SOFC (IR�SOFC), 191,

414�415

Internal versus external biogas reforming,

414�418

International patent classification (IPC) code,

16�17

Inversely controlled process model, 266

Irreversibility, 46�47, 49, 51, 57

exergy approach for estimating, 70�81

in SOFC�hybrid processes, 57�70

J
Japan, 379�380

K
Kalina cycle, 202, 281�282

Kalman filter, 237�238

K-type thermocouples, 234�235

L
La1�xSrxCo1�yFeyO3�δ (LSCF), 140�141

La1�xSrx�MnO36 δ (x(0.5) (LSM), 140

LAMOX, 136

Landfill gas (LFG), 396, 410�411

Land vehicles

auxiliary power for, 346�347

propulsion of, 338�343

Lanthanum, 140

Lanthanum chromite, 148

Large-scale fuel cell stationary applications,

362�364

Life-cycle assessment of hybrid SOFC systems,

428�429

Life cycle levelized cost of energy, 378�379

Liquefied petroleum gas

(LPG), 259�260, 288

Liquid hydrocarbons as SOFC fuel, 284�285

Loss prevention during SOFC fuel transition,

261�262

Low-temperature SOFCs, 148

M
Manifold, optimization of, 165

Market demand, 389

Mass integration of SOFC systems, 195�198

Mechanical engineering of SOFC systems, 85

cell geometric configurations, 87�91

cone-shaped SOFCs, 88

flat tubular SOFCs, 88�89

honeycomb SOFCs, 89

integrated planar, 87�88

microtubular SOFCs, 90�91

challenges and future research directions in,

448�450

fabrication methods of SOFC elements, 93�98

dip coating, 95�96

phase inversion, 97�98

screen printing, 94�95

slurry spin coating, 96

spray coating, 97

tape casting, 93�94

future perspectives, 124�125

reliability and mechanical performance, 98�102

degradation, 101�102

delamination, 100�101

redox, 100

stack configurations, 91�93

thermal analysis, 102�123

configuration, 114�117

thermal management, 117�123

thermal modeling, 103�111

thermal transient modeling, 111�114

549Index



Medium scale fuel cell stationary applications, 362

demonstration projects of, 363t

Membrane electrode assembly (MEA), 86

Metallic alloys, 148, 451

Metallic interconnectors, 89
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