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Preface

Professor Maria Turco is Associated Professor at the Faculty of Engineering
of University “Federico II” of Napoli, where she teaches courses in “Industrial
Chemistry,” “Traditional and Innovative Fuels and Fuel Cells,” and “Catalysis”.
Professor Maria Turco carried out research activity, mainly in the field of the tech-
nologies for the production of energy with low environmental impact, such as
catalytic processes for removal of gaseous pollutants and processes for hydrogen
production. A large part of her recent activity is devoted to the study of fuel cells
for mobile or stationary applications.

Dr. Luca Micoli is a Ph.D. Chemical Engineer and researcher at the Department
of Chemical, Materials and Production Engineering of University “Federico II”” of
Naples. His research activities are focused on fuel cells for different applications,
such as portable and stationary power generation, and on methodologies for the
clean-up stage.

Dr. Angelo Ausiello is a Ph.D. student in Chemical Engineering at the
University of Naples “Federico II”. His research activities include the develop-
ment of energy production systems based on fuel cells fueled by biogas produced
from the anaerobic digestion of different kinds of biomass.

The interest in fuel cells (FCs) technology is growing continuously, since they
have high potential of applications for many reasons such as emission-free energy
supply, high efficiency, wide range of power generation from a few watts to some
megawatts, and the possibility to be fed with different fuels including biogas.
These and many other advantages have encouraged academic and industrial
researchers worldwide to improve performances and the cost-effectiveness of fuel
cells. Nowadays, the considerable level of technological readiness that has been
reached finally allows to expect that fuel cells will penetrate into a large market.

The authors of this book are of the opinion that the FC technology has great
potential and that it can play a key role in adapting the worldwide energy supply
systems toward efficiencies and emission levels allowing a long-term stable and
sustainable development for the world economy and environment.
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viii Preface

Nevertheless, the authors consider that efforts on improving performances FCs
are not enough to enter the market successfully, because the quality and the purity
of the fuels, in particular biogas, need specific attention due to the presence of
impurities or undesirable compounds in the fuels that can damage the components
of a fuel cell (electrodes and electrolyte) and reduce the overall efficiency.

In the field of stationary power production high temperature fuel cells (MCFC
and SOFC) are emerging as a promising alternative to combustion heat engines for
the production of electrical power and cogeneration, and the possibility of feed-
ing biogas as alternative fuel increases the interest for the evident environmental
advantages. The use of biogas as fuel for FCs is an important task in the devel-
opment of technologies for production of energy from renewable sources and is
largely treated in the literature. At the same time gas purification processes based
on adsorption on microporus materials are widely studied in the literature. This
book reviews in a comprehensive way the main aspects regarding the purification
procedures of biogas for fuelling MCFCs or SOFCs.

In Chap. 1 different processes of biogas production (fermentation, digestion,
etc.) are described evidencing the dependence of the gas composition and con-
tent of noxious compounds on the specific process and on the source of biomass.
Attention is focused on the different types of compounds that can be harmful for
high temperature fuel cells and their reformer systems such as sulfur compounds
inorganic and organic) and siloxanes.

Chapter 2 summarizes the operating principles of the fuel cells in order to pro-
vide an understanding of the basic operations.

Chapter 3 is an overview of the main challenges that such new technology
meets shifting from a well-established niche market to the civilian one in a com-
mercialization process.

In Chap. 4 the technologies proposed in the literature for removal of noxious
substances are reviewed with particular attention to adsorption processes. The
adsorbent materials that appear the most probable candidates for this applica-
tion (based on zeolites and activated carbons) are described with emphasis on the
methodologies aimed to improve the adsorption properties. The regeneration of
the materials is also taken into account.

In Chaps. 5-7 the effects of sulfur compounds and siloxanes on performances
of MCFC and SOFC are described. The mechanisms of interaction of these com-
pounds with the components of FCs (electrodes and electrolyte) are also treated.
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Chapter 1
Processes of Biogas Production: Anaerobic
Digestion and Thermal Gasification

1.1 Introduction

The global energy demand is growing rapidly, and about 88 % of this demand is
met at present time by fossil fuels [1]. Scenarios have shown that the energy demand
will increase during this century by a factor of two or three (IEA 2006) [1]. At the
same time, concentrations of greenhouse gases (GHGs) in the atmosphere are rising
rapidly, with fossil fuel-derived CO, emissions being the most important contribu-
tor. In order to minimize related global warming and climate change impacts, GHG
emissions must be reduced to less than half of global emission levels of 1990 (IPCC
2000). The Kyoto Protocol identifies several key points to curb greenhouse gas emis-
sions (GHG), among which is production of renewable fuels from organic waste.

Another important global challenge is the certainty of energy supply, because
most of the known conventional oil and gas reserves are concentrated in politically
unstable regions.

There exists significant and increasing interest in the utilization of biogases for
their energy value.

Biogas from organic materials consists mainly of CH4 and CO;. Trace compo-
nents that are often present in biogas are water vapor, hydrogen sulfide, siloxanes,
hydrocarbons, ammonia, oxygen, carbon monoxide, and nitrogen. Considering the
biogas is a clean and renewable form of energy that could well substitute the con-
ventional source of energy such as fossil fuels, the optimization of this type of
energy becomes crucial [2].

The predictably high percentage of methane in biogases from both biomass
sources with an energy content equivalent to approximatively one-half that of nat-
ural gas has provided significant opportunities for a large number of applications
[2]. In particular for waste water treatment plants, the use of biogas for on-site
generation of electricity has provided significant cost saving as the electricity can
match on-site electricity needs [3].

© Springer International Publishing Switzerland 2016 1
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Biogas is a versatile renewable energy source, which can be used for replace-
ment of fossil fuels in power and heat production, and as gaseous vehicle fuel.
Methane-rich biogas (biomethane) can also replace natural gas as a feedstock for
producing chemicals and materials.

The production of biogas through anaerobic digestion (AD) offers significant
advantages over other technologies of bioenergy production. It has been acknowl-
edged as one of the most energy-efficient and environmentally beneficial technol-
ogy for bioenergy production [4] for many reasons: (1) the produced biogas can
drastically reduce GHG emissions compared to fossil fuels by utilization of locally
available resources; (2) it reduces the release of methane to the environment, (by
combusting the biogases to convert methane to CO,, the global warming potential
of the biogases is reduced to 8 % of its former impact as methane is considered 21
times (IPCC 1996) more impacting as a greenhouse gas in comparison with CO;
(as calculated from (1 + 1)/(21 4+ 1) x 100 = 8 %, assuming methane is 50 % of
the biogas stream. Hence from combustion of the biogas that transforms methane
to CO; carbon leads to some abatement of global warming impacts [3]; (3) it can
be used as an alternative to fossil fuels [5]; the digestate can substitute mineral fer-
tilizer and can be used as improved fertilizer.

1.2 Anaerobic Digestion

Anaerobic digestion (AD) has been developed mainly to process agricultural
wastes in order to provide renewable sources of energy, but other benefits, such as
environmental, agronomic, hygienic and social ones, can be obtained by the use of
this technology [6].

The agricultural sector deserves great interest: in the European Union (EU),
1500 million tons of biomass could be digested anaerobically each year, and half
of this potential is accounted for by energy crops [7].

Anaerobic digester effluents have other agronomic advantages because the
pH in manure fed digesters increases from 7.0 to 8.0 during AD. Because of this
higher pH, AD effluent is more appropriate to fertilize acid soils [8]. Anaerobic
digestion also has the potential to reduce viability of weed seeds in livestock
manure [9, 10] thereby reducing needs for herbicides and makes the manure suit-
able for organic farms.

According to the Food and Agriculture Organization of the United Nations
(FAO) report entitled “Livestock’s Long Shadow” [11], livestock production is
achieved at a substantial environmental cost. On a worldwide basis, it contrib-
utes 18 % of global greenhouse gas (GHG) emissions. GHG emissions from ani-
mal production include CHy directly emitted from domestic animals or livestock
manures, and N>O emitted from land applied manures and grazed lands [12].

Methane recovery from animal waste has been extensively investigated and is
0.2-0.4, 0.2-0.3, and 0.35-0.6 L CH4/g volatile solids (VS) from swine, cow, and
poultry slurries, respectively [10, 13-31].
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Reported values for CHy recovery from grass, waste grease, and food wastes
are 0.55, 1.00, and 0.60 L/g VS, respectively [31]. Farm bioreactor energy out-
put can be substantially increased by improving the C:N ratio via co-digestion of
animal manure having low C:N ratio with high C:N ratio feedstocks: municipal
organic wastes [32, 33], industrial organic wastes [34] or crops such as grasses,
grass silages, or crop residues [35-37]. For example, Comino et al. [36] reported a
109 % increase of CHy yield during co-digestion of cow manure and a crop com-
pared to manure alone. Another important environmental benefit of co-digestion is
that it reduces the volume of municipal solid and industrial organic waste going to
landfills as these nutrients are recycled onto farmland.

AD can contribute to drastically reduce uncontrolled fugitive CHy emissions
from stored manure, provided that some conditions occur: (1) bioreactor is prop-
erly designed (2) bioreactor retention time is enough to give the almost complete
digestion of substrate; (3) the long-term storage tank receiving the biogas should
have a gas tight cover to collect and recycle residual CHy.

A limited number of studies addressing effects of AD treatment on N,O emis-
sions have been reported. Amon et al. [7] indicated that AD is an effective way to
reduce GHG emissions from dairy manure slurries, as AD-treated dairy manure
emitted 28 % less N,O than raw manure after field application.

Studies dealing with effects of manure AD on NHj3 emissions from fields
have been contradictory with some authors reporting lower NH3 emissions with
digested manure than with raw manure.

One of the main advantages of AD is that it conserves crop nutrients. In addi-
tion, the mineralized fraction of N and P is increased [38—42].

The N/P ratio was increased from 3.9 in raw manure to 5.2 in the bioreactor
effluent and to 9.2 in the supernatant fraction of settled effluent. This separation
of nutrients increased the agronomic value of manure as it more closely matched
crop nutrient requirements. Another advantage of AD manure as fertilizer is reduc-
tion in odor, with a high mineralized N content and N:P ratio, increases the win-
dow in which it can be applied to land to meet nutrient requirements at various
stages of crop growth.

1.2.1 Anaerobic Digestion Steps

Anaerobic digestion is a complex biological process that converts organic materi-
als to methane through three major steps occurring with the help of enzymes act-
ing as catalysts: hydrolysis, acetogenesis, and methanogenesis. Biogas contains
mainly CHy 40-75 % vol. and CO; 15-60 % vol. Trace amounts of other com-
ponents such as HyO 5-10 % vol., H>S 0.005-2 % vol., siloxanes 0-0.02 % vol.,
halogenated hydrocarbons (VOC) < 0.6 % vol., NH3 < 1 % vol., O 0-1 % vol.,
CO < 0.6 % vol., and N2 0-2 % vol. can be present and might be inconvenient
when not removed [43, 44].
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The theoretical or stoichiometric production of methane in anaerobic digestion
can be calculated according to [45]:

CoqHpOsN,Se + yH20 — xCHyg + yNH3 + eHaS + (@ — x)CO2  (1.1)
In which
x=@la+p—20—-3y—2¢)/8 (1.2)
and
y=0@loa—p—28+3y+2e)/4 (1.3)

Taking into account the stoichiometry of the above equations, the levels of meth-
ane and CO; produced from the decomposition of different substrates can be esti-
mated: 50-70 % for CH4 and 30-50 % for CO, [46]. Levels of methane from the
decomposition of fat were about 70 %, about 63 % from protein, and about 50 %
from cellulose decomposition [2].

AD process can be divided up into four phases: hydrolysis, acidogenesis, ace-
togenesis/dehydrogenation, and methanation (Fig. 1.1).

The different phases are carried out by different consortia of microorganisms
[1, 47].

A microbial community may contain up to 60 bacterial and Archaean species
growing under anoxic conditions [48, 49]. Their coexistence is based on trophic
interactions, growth factor exchange, and the action of physiologically active sub-
stances [50, 51].

A microbial community consumes a broad range of organic substrates: poly
and monosaccharides, proteins, amino acids, organic acids, alcohols, aromatic
compounds, etc. [49, 52, 53]. As reported by Davies [54], the following amounts
of final products are produced from one glucose molecule:

1.0gC¢H1206 — 0.25g CH4 + 0.69g CO; + 0.06g of cells 4 632 kJ of energy
(1.4)

In other words, 2.8 mol of CH4 and 2.6 mol of CO; can be produced from 1 mol
of glucose.

Methane-producing microorganisms (or methanogens) are obligate anaer-
obes, which represent a dominant group of Archaea. They are included in five
orders of the Euryarchaeota phylum: Methanobacteriales, Methanococcales,
Methanosarcinales, Methanomicrobiales, and Methanopyrales [55-58].

Methanogens are very diverse in morphology (from simple rods, cocci, or sarci-
nae to spirals and irregular coccoids), cell wall structure, metabolism, and physiol-
ogy [59]. Many species can utilize single carbon compounds (methanol, formate,
or methylated amines) as carbon sources. For example, methanol is an important
methanogenesis substrate. It is formed during the hydrolysis of pectin, which is
common in cellulose containing substrates [60, 61]. Recent studies have revealed
numerous newly identified methanogen strains and taxa [58].

Methanogens are narrowly focused “specialists.” They consume a limited
range of substrates produced by other members of the community. The main
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Fig. 1.1 Anaerobic digestion scheme

methanogenesis substrates are carbon dioxide and hydrogen (hydrogenotrophic
methanogenesis), acetate (acetoclastic methanogenesis), formate, methanol, and
methyl amines. The most energetically favorable process is the formation of methane
and water [62, 63]:

4H, 4 CO, = CHy 4 2H,0 AG® = +135.6 kJ/mol (1.5)

Hydrolyzing and fermenting microorganisms are responsible for the initial attack
on polymers and monomers and produce mainly acetate and hydrogen and some
amounts of volatile fatty acids (VFA) such as propionate and butyrate. Hydrolytic
microorganisms lead to hydrolytic enzymes, e.g., cellulose, cellobiase, xylanase,
amylase, lipase, and protease.

Most of the bacteria are anaerobes such as Bacteriocides, Clostridia, and
Bifidobacteria, but some facultative anaerobes such as Streptococci and
Enterobacteriaceae can take part. The higher VFA are converted into acetate
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and hydrogen by obligate hydrogen-producing acetogenic bacteria, like as
Acetobacterium woodii and Clostridium aceticum. The accumulation of hydrogen
can inhibit the metabolism of the acetogenic bacteria. Therefore, an extremely low
partial pressure of hydrogen is essential for the acetogenic and hydrohen-produc-
ing bacteria. Although many microbial details of metabolic networks in a metha-
nogenic consortium are not clear, present knowledge suggests that hydrogen may
be a limiting substrate for methanogens [64]. Since it is recognized that the addi-
tion of hydrogen-producing bacteria to the natural biogas-producing consortium
increases the daily biogas production [1].

Acs et al. [65] had found the positive correlation between the enhancement of
biogas production and the presence of an added hydrogen-producing new member
into the natural consortia such as Caldicellulosiruptor saccharolyticus [66].

CO; is produced in large amounts from the acetogenesis and methanogene-
sis while the H, produced with very small quantities from acetogenesis process.
Approximately 70 % CHy in biogas produced from acetate, and 30 % CHy pro-
duced from CO; and H; [67].

At the end of the degradation chain, two groups of methanogenic strict anaer-
obes bacteria produce methane from acetate or hydrogen and carbon dioxide. Only
few species are able to degrade acetate into CHy and COy, e.g., Methanosarcina
barkeri, Metanonococcus mazei, and Methanotrix soehngenii, whereas all metha-
nogenic bacteria are able to use hydrogen to form methane. The first and second
groups of microbes as well as the third and fourth groups are linked closely with
each other [68]. Therefore, the process is completed in two stages that requires
equal rates so that anaerobic digestion should be balanced. If the first degradation
step is too fast, the acid concentration rises, and the pH drops below 7.0 which
inhibits the methanogenic bacteria. On the contrary if the second phase is too fast,
methane production is limited by the hydrolytic stage. Thus, the rate-limiting step
depends on the nature of the substrate used for AD. For example compounds like
cellulose, proteins, or fats are cracked slowly into monomers within several days,
whereas the hydrolysis of soluble carbohydrates occurs within few hours.

It is difficult to describe the whole process by reliable kinetics since hydrolysis
of complex insoluble substrate depends on many different parameters such as par-
ticle size, production of enzymes, pH, and temperature. A systematic description
of the complex kinetics models is given in few works on organic waste digestion
[47, 69]. For solid wastes, several kinetic models were developed for mesophilic
and thermophilic digestion [70-72]. The kinetic of biogas production from energy
crops and manure was studied recently in detail by Anhuradha et al. [73]. Results
from quasi-continuous digestion experiments have shown that the degradation can
be described by a simple first-order reaction. For the application of this simple
model, only the maximum gas yield of the substrate and the specific reaction rate
must be known from a continuously digestion test.

The digestion process takes place at psicofilic (5-20 °C), mesophilic (30—
45 °C), or thermophilic (45-60 °C) temperature conditions. It is important to keep
a constant temperature during the digestion process, as temperature changes or
fluctuations will effect the biogas production negatively.
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Thermophilic processes are more sensitive to temperature fluctuations and
require longer time to adapt to a new temperature. Mesophilic bacteria tolerate tem-
perature fluctuations of 43 °C without significant reductions in methane production.
The growth rate of methanogenic bacteria is higher at thermophilic temperatures
making the process faster and more efficient. Therefore, thermophilic digester can
operate at higher loadings or at a lower retention times than at mesophilic condi-
tions. But the thermophilic process temperature results in higher instability and a
higher risk for ammonia inhibition. Ammonia toxicity increases with increasing
temperature, and washout of microbial population can occur [74, 75]. Ammonia is
considered to be responsible for process inhibition at high concentrations [76].

For the growth and survival of the specific groups of microorganisms, several
macro- and micronutrients are necessary. Macronutrients are carbon, phosphor,
and sulfur. The need of nutrients is very low due to the fact that not much biomass
is developed, so that a nutrient ratio of C:N: P:S = 600:15:5:1 is sufficient. Trace
elements like iron, nickel, cobalt, selenium, molybdenum, and tungsten are impor-
tant for the growth rate of microorganisms and must be added if, e.g., energy crops
are used for biogas production as the only substrate [77, 78].

The necessary concentration for the micronutrients is very low and in the range
between 0.05 und 0.06 mg/L. Only iron is necessary in higher concentration
between 1 and 10 mg/L [79].

Variations in pH may be crucial for the operation of a methanogenic commu-
nity. Neutral pH values are optimal for methanogen growth, and values below 5.0
suppress it. However, it has been reported by Kim et al. [80] that low pH (4.5)
does not inhibit hydrogenotrophic methanogenesis in a methanogenic com-
munity grown in a semibatch fermenter process with glucose as a substrate and
the hydraulic retention time equal to 9 days. Other authors [81] suppose that
a fermenter has niches with neutral pH, where methanogenesis can be initiated.
Methane formation takes place within a relatively narrow pH interval, from 6.5 to
8.5 with an optimum interval between 7.0 and 8.0. The process is severely inhib-
ited if the pH decreases below 6.0 or rises above 8.5.

1.2.2 Substrates for Anaerobic Digestion

All types of biomass can be used as substrates for biogas production as long as
they contain carbohydrates, proteins, fats, cellulose, and hemicelluloses as main
components. The composition of biogas and the methane yield depends on the
feedstock type, the digestion system, and the retention time [82]. The theoretical
gas yield varies with the content of carbohydrates, proteins, and fats (Table 1.1).
The real methane content in practice is generally higher than the theoretical
values shown in Table 1.1 because a part of CO; is solubilized in the digestate.
Carbohydrates and proteins show much faster conversion rates but lower gas
yields. All substrates should be free of pathogens and other organisms; otherwise,
pasteurization at 70 °C or sterilization at 130 °C is necessary prior fermentation.
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Tal;le 11 ﬁ’laxin}allgas Substrate Biogas (Nm3t TS) |CH4 (%) |CO, (%)
yields and theoretical Carbohydrates® | 790800 50 50
methane contents [82]
Raw protein 700 70-71 29-30
Raw fat 1200-1250 67-68 32-33
Lignin 0 0 0

40nly polymers from hexoses, not inulins and single hexoses

Tablfs 1.2 Amount of biogas  Biomass m°biogas/t TSV

for biomass used [174] Animal residues 200-500
Agricultural residues 350-400
Industrial residues 400-800
Organic waste from slaughter 550-1000
Sawage 250-350
Municipal solid waste 400-600
Energy crops 550-750

The contents of nutrients, respectively, the C/N ratio should be well balanced to
avoid process failure by ammonia accumulation. The C/N ratio should be in the
range 15-30 [83, 84]. The composition of the fermentation residue should be such
that it can be used as fertilizer.

Forage crops have the advantage of being suitable for harvesting and storing
with existing machinery and methods. The specific methane yield is affected by
the chemical composition of the crop which changes as the plant matures [85].
Harvesting time and frequency of harvest thus affect the substrate quality and
biogas yield. Amon et al. [7] have shown that maize crops were harvested after
97 days of vegetation at milk ripeness produced up to 37 % greater methane yields
when compared with maize at full ripeness.

In Table 1.2, the biogas amounts from different substrates are reported [86, 87].

The main materials for biogas production in industrial enterprises are manure
and the organic fraction of household and industrial waste in the form of sewage
[86, 87]. Studies are being conducted on biogas production from hard to process
materials, such as peat and coal [88, 89].

Numerous basic and biotechnological studies are dedicated to biogas formation
from manure, sewage sludge, and various kinds of organic waste [90-93]. Animal
manure has a surplus of alkalinity which stabilizes the pH value at VFA accumu-
lation. VFA are a key intermediate in the process and can inhibit methanogenesis
in high concentrations. Acetic acid is usually present in higher concentration than
other fatty acids, but propionic and butyric acids have more inhibitory effective to
methanogens [94, 95].

Anaerobic digestion produces biogas at average rates of 0.30, 0.25, and
0.48 L/g volatile solids from swine, bovine, and poultry slurries, respectively. The
biogas produced is of high quality with a CH4 concentration of 60—80 %.
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It is much more profitable from both economic and environmental viewpoints
to supplement pure waste with cosubstrates, for example, matter obtained from
energetic plants. Such plants are purposely grown herbs (sugarcane, maize, millet,
sunflower, silver grass, rapeseed, etc.) or underwood [96-98]. Plant waste obtained
from wood processing, agriculture, and animal husbandry can also improve the
biogas yield significantly. Additional benefit is that their growth, collection, and
processing do not require additional costs [96]. Some authors [49, 99] reported
that the yields of biogas with the use of grass, potato tops, maize stems, sunflower
husk, and wheat straw were 630, 420, 420, 300, and 340 L. CHa/kg, respectively,
whereas the fermentation of cattle manure alone yields 250 CHu/kg. In other stud-
ies [97], the yields of biogas from cattle feces, pig feces, and farmyard manure
were 25, 30, and 60 L CHu/kg of wet biomass, respectively. The fermentation
of beet leaves, fodder beet, Sudan grass (Sorghum vulgare var. sudanense), herb
silage, maize silage, and grain residues yielded 60, 90, 130, 160, 230, and 550 L
CHuy/kg of wet biomass, respectively. Maize and herb silages are most commonly
used in Germany as cosubstrates in fermenters [97].

The most important parameter for choosing energy crops is their net energy
yield per hectare. Many conventional forage crops produce large amounts of easily
degradable biomass which is necessary for high biogas yields [82].

The methane-rich biogas from lignocellulosic materials comes mostly from
hemicelluloses and cellulose [45]. The production of biogas from lignocellulosic
materials was dependent on the performance, cost effectiveness, and product gen-
eration of pretreatment process. Hence, the methane yield per wastes volume can
be further improved.

Few data are reported on cellulose as a substrate for biogas production,
although cellulose is the abundant component of municipal solid waste (MSW)
[100-102]. Nowadays, the conversion of paper materials to biogas attracts atten-
tion again. It is partially related to the separate collection of waste, used in many
countries. In addition, paper and cardboard are the largest biodegradable MSW
fraction [96, 102, 103] and the sewage formed in anaerobic degradation of cellu-
lose containing materials is nontoxic [103].

The main feature of anaerobic degradation of cellulose is the complex struc-
ture of the microbial communities, which form a specific food chain [99]. Due to
its complexity, the organic compounds in lignocellulosic material were not fully
degraded during the process [111, 112]. Hydrolysis can be the rate-limiting step for
anaerobic digestion process in cases that the substrate was in particulate form [113].

Microbial populations converting cellulose to biogas are taxonomically diverse.
They are different under psychrophilic, mesophilic, or thermophilic conditions,
but they generally act in similar way [104—106]. The composition and stability
of a microbial community and, consequently, the efficiency of the whole process
depends on the growth conditions (temperature and pH), organic substrate compo-
sition and structure, the rate of organic material load in the fermenter, the retention
time of the solid matter, and other factors [92, 107-109].

In using the lignocellulosic materials, the biodegradability of the substrate was
a key factor in determine the percentage of the theoretical yield [110].
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1.3 Improvement of Biogas Production Techniques

To enhance biogas production, various techniques can be applied, such as pre-
treatments (chemical, thermal, enzymatic) and/or biotechnological such as co-
digestion of the substrate (manure, sewage sludge) with other wastes that make the
anaerobic digestion more profitable [114], the use of serial digester. Co-digestion
with other wastes, whether industrial (glycerin), agricultural (fruit and vegetable
wastes), or domestic (municipal solid waste) is a profitable option for improving
biogas production [114-116]. Serial digester configuration which consists of main
digester with long retention time and post-digester with short retention time could
improve biogas production and achieve better effluent quality in terms of VFA
concentration compared to a single reactor [117].

Maceration of biomass, like as manure, to produce particle sizes below
0.35 mm has increased biogas yield by 15-20 % [118]. Thermal treatment of sew-
age sludge has been shown to increase the biogas yield by 50 and 80 % after heat-
ing to 70 and 170 °C, respectively [119]. Alkaline treatment of sewage sludge had
been observed to increase the speed of biogas production and to cause an initial
rate increase of 150 % [120]. Pretreatment using N-methylmorpholine-N-oxide
(NMMO or NMO) had been reported by Teghammar et al. [110]. This pretreat-
ment improved the methane yield by 400—1,200 % compared to untreated materi-
als. Ozone oxidation of sewage sludge resulted in an initial biogas yield increase
of 200 % [121], while wet oxidation produced 35 % methane yield increase.
Ultrasound and microwave treatments of sewage sludge had been shown to
increase initial gas production by 20-50 % [122]. Extrusion as pretreatment was
reported by Hjorth et al. [111] and it had shown 18-70 % increment of biogas
yield after 28 days. Biological pretreatment could also be an effective method for
optimizing biodegradability and enhancing the highly efficient biological conver-
sion of lignocellulosic wastes into biogas. Zong et al. [123] used corn straw at
ambient temperature (about 20 °C) treated by new complex microbial agents to
improve anaerobic biogas production. These treatment resulted in an increase of
total biogas yield of 33.07 %, of 75.57 % for methane yield, and 34.6 % shorter
technical digestion time compared with the untreated sample.

1.3.1 Pretreatment of Biomass

Hydrolysis of organic matter is considered to be the rate-limiting step in biomass
degradation. If biomass have low biodegradability, high sludge handling/disposal
costs, and/or produce a low amount of biogas, pretreatments (PTs) can be incor-
porated as sustainable improvements [124]. Such PTs include mechanical, ther-
mal, chemical, biological, and combinations of them [125]. PTs further hydrolyze
the so-treated feed, thus improving the AD step, since organic matter is now more
accessible to the anaerobic microorganism consortium [126]. Solubilization of
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chemical oxygen demand (COD) and reductions of total and volatile solids (TS,
VS) are achieved for greater solids reduction rates during mesophilic and thermo-
philic AD. This typically leads to added pathogen reduction, shorter hydraulic res-
idence times, reduction of residual solids, and smaller reactor volumes.

Such treatments generally favor the access of methanogenic bacteria to the intra-
cellular matter, thereby improving biogas production by 30-50 % [127]. It is also
important the efficacy of PTs typically increases with the concentration of feed sol-
ids, so it could be relevant to evaluate cost and energy demands of concentrating
the sludge prior to PT [126]. More research is needed to ascertain the level of ben-
efit that would be gained by applying PTs under full-scale conditions [124, 128].

The PTs described in literature [129] were ultrasound (ULT), chemical (CM),
conventional heating (CH), and microwave heating (MWH), based on energy
intensiveness, commonality, feasibility, and novelty, respectively.

1.3.1.1 Ultrasound PT

ULT frequency and specific energy (E) are the main factors affecting chemical
oxygen demand (COD) solubilization and biogas production. Low frequencies
(<100 kHz) can promote mechanical and physical degradation while high fre-
quencies promote sonochemical favoring the solubilization of the organic matter.
Optimal working ranges (20-42 kHz, 70-300 W, 6,000-18,000 kJ/kg TS) for fre-
quencies and E; have been found and do not demonstrate much significant vari-
ance regardless of feed characteristics [124, 128].

1.3.1.2 Chemical PT

Acid and alkaline PTs can be used to degrade complex organic compounds regard-
less of low temperatures. Alkaline treatment is performed by increasing the sludge
pH to 12 and sustaining it for an optimal duration. Complex organics such as poly-
cyclic aromatic hydrocarbons, lipids, and proteins are hydrolyzed into smaller and
more soluble compounds. Desired bacteria can be harmed, however, and chemi-
cal addition speeds up equipment corrosion and fouling. Additionally, some of
the soluble compounds that are formed are not biodegradable [130, 131] Energy
demands in these processes include also mixing and any heating energy. Typical
working ranges are: 1-21 kg/m3 NaOH, 0.25-24 h, pH = 10-12 [129].

1.3.1.3 Conventional heating PT

Temperatures required for conventional heating PT typically range from 60 to
180 °C. Heating is supplied by heat exchangers or steam injection. Though con-
ventional heating requires a high increase in energy demand, it is balanced by
higher sludge biodegradability and by the use of sludge residual heat to maintain
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the temperature in the digester. Dewaterability and pathogen reduction are
increased with thermal pretreatment and result in reduced sludge disposal costs
and improved sludge stabilization. Heat transfer is limited by the wastewater’s
(WW) thermal conductivity, density, viscosity, and specific heat; moreover heat-
ing to the depth of the material is time-consuming [127]. Energy is also lost in
the process. Demands in the proc conventional heating include heat and mixing
energy. Working ranges are: 50-170 °C, 0.25-1 h.

1.3.1.4 Microwave Heating PT

Microwave irradiation has been studied as an alternative to conventional heat-
ing [129, 132, 133]. The irradiation corresponds to 1 mm-1 m wavelengths in
the electromagnetic spectrum with equivalent frequencies of 300 GHz-300 MHz,
respectively. For the heating or drying of thin substances, frequencies of
2,450 MHz with correspondingly short wavelengths (12.24 cm) are adequate. If
deep penetration into materials is required, frequencies of 900 MHz with corre-
spondingly long wavelengths (37.24 cm) and energy outputs of up to 100 kW are
required. MWH is absorbed selectively by substances containing more moisture,
sugars, or fats. The distribution of heat in microwave irradiated WW is thus not
uniform because the fluid is two-phase (solid and liquid) and heterogeneous in
both phases. Warming or cooling the unit as in conventional heating is not required
and energy is conserved because microwaves can be instantly activated or deacti-
vated. Microwave irradiation can be up to 50 % more efficient than conventional
heating methods. Microwave units also experience less fouling because their sur-
faces are not brought to the same high temperatures as the surfaces of conventional
heating units [126]. Energy demands in microwave irradiation processes include
the necessary conversion efficiencies from “at-the-wall” power to applied heat and
mixing energy. Working ranges are: 2,450 MHz, 400-1250 W, 0.03—-025 h [129].

Bordelau and Droste [129] evaluated the costs of the different pretreat-
ments processes using a model created with Microsoft excel and its Visual Basic
Assistant. Net costs per influent flow for ultrasound, chemical, conventional heat-
ing, and microwave were 0.0166, 0.0217, 0.0124, 0.0119 $/m3 and 0.0264, 0.0357,
0.0187, and 0.0162 $/m> for average and high conditions, respectively. The aver-
age cost increase from results excluding pretreatment use for all processes was
0.003 and 0.0055 $/m? for average and high conditions, respectively.

1.4 Co-digestion

An interesting option for optimizing biogas production yields was using co-diges-
tion technique [134]. This technique can be defined as the combined anaerobic
treatment of several substrates with complementary characteristics. The benefits
of using co-digestion techniques including dilution of potential toxic compounds,
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improved balance nutrients, synergistic effect of microorganism, increased load of
biodegradable organic matter, and higher biogas yield [135].

According to Mata-Alvarez et al., digestion of more than one substrate in the
same digester can establish positive synergism and the added nutrients can support
microbial growth [136].

Various co-digestion techniques had been done by mixing the substrate for
biogas production with compound such as glycerol, agricultural wastes, and
food wastes.

The benefits of using mixing animal manure and glycerol were (1) the elevated
content of water in manure acts as solvent for glycerol; (2) the high alkalinity of
manure gives a buffering capacity for the temporary accumulation of volatile fatty
acids; (3) the wide range of macro- and micronutrients present in the manure were
essential for bacterial growth; and (4) glycerol supplies rapidly biodegradable mat-
ter [136]. Co-digestion with other wastes, whether industrial (glycerin), agricul-
tural (fruit and vegetable wastes), or domestic (municipal solid waste) was also a
suitable option for improving biogas production [115, 116].

1.5 Reactors

Anaerobic digestion for biogas production was commonly carried out in continu-
ously stirred tank reactor (CSTR) [137, 138].

Jeihanipour et al. [139] investigated a two-phase CSTR, modified as stirred batch
reactor (SBR) and up-flow anaerobic sludge blanket bed (UASB) process in pro-
ducing biogas from pretreated and untreated textiles substrates. However, although
should enhance digestion performance, the biogas yield by two-phase system was
nearly the same as the single CSTR, probably because the two-phase system was
sensitive to the substrate with high easily degradable organic load [140]. The main
disadvantage of using two-phase system is the separation of acidogenic and metha-
nogenic step can disrupt the synthrophic relationship between bacteria and metha-
nogens, which can cause product inhibition in the acidogenic reactor [140, 141].

An alternative approach to overcome the problems with one-step CSTR and
two-phase system is to operate two methanogenic reactors connected in series
(serial digestion system) [137]. Some researches in biogas production using serial
digestion have been done. Boe has demonstrated that serial digestion, with percent
volume distributions of 90/10 or 80/20 between the two methanogenic reactors,
improved biogas production by 11 % compared to a traditional one-step CSTR
process [142]. Boe and Batstone [143] confirmed that the longer the retention
time in the post-digester (second reactor of serial process), the higher the methane
recovery of the overall serial digestion. Kaparaju et al. examined the possibility of
optimizing biogas production from manure in a bench scale cascade of two meth-
anogenic serial CSTR at mesophilic conditions operated at 55 °C with 15 days
hydraulic retention time (HRT) [137]. Some works showed that serial digestion
improved biogas production from manure, as compared to one-step process, and
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that the best volume distribution was 70/30 and 50/50 %. Ge et al. [144] achieved
44 9% volatile solid (VS) reduction in a bench scale system of working volume of
4.6 L, the dual mesophilic digestion of primary sludge with HRTs 2 and 14 days
for first and second stage, respectively. Thus, serial digestion can be considered a
method to improve conversion efficiency. However, the extra installation costs and
process complexity in executing serial digestion concept should be evaluated with
the economic gain achieved due to extra biogas produced.

1.6 Thermal Gasification

Gasification is one of the promising technologies to exploit energy from renewable
biomass, which is derived from all living matters, and thus is located everywhere
on the earth. Forest residues such as dead trees and wood chips, agricultural resi-
dues, municipal organic wastes, and animal wastes are common examples of bio-
mass that can be gasified.

However, biomass is locally distributed across the regions. For example, forest
residues are distributed throughout the forest and so are agricultural residues in the
rural area. In addition, biomass is excessively moist (>50 %) at the source which
makes it difficult to transport and it is not feasible to store it at the place of origin
[145]; so the transportation of raw biomass is cost-intensive [146]. Moreover it
is irregular in size, and thus difficult to feed into the conversion unit. Therefore,
development of a biomass-based power generation facility needs several factors to
be considered such as supply chain management [147—-149], pretreatment of bio-
mass [150-152], conversion of biomass to fuel gas [153, 154], and cleaning and
utilization of fuel gas for power generation [155-158].

Biomass gasification gas can be used in different ways to produce energy. For
instance, it can be used in combination with a steam turbine and boiler, where fuel
gas can be burned in the boiler to generate high-temperature and high-pressure
steam which is then passed through the steam turbine to generate electricity [159].
The challenge of this system is related to the net electrical efficiency, which is
extremely low (10-20 %) that increases the capital cost.

In gasification, moisture content in biomass has a significant role. Under gasi-
fication temperature, steam generated from moisture works as a gasifying agent,
reacting with volatiles and char to convert them to product gas as well as taking
part in water—gas shift reaction in order to enhance the hydrogen content [160,
161]. However, the excessive moisture content in biomass (more than 40 wt%)
reduces the thermal efficiency of the gasification system [162]. This is because the
heat absorbed by the unreacted steam in three steps, including heating of moisture
from room temperature to 100 °C latent heat of vaporization and heating of steam
to gasification temperature is totally lost from the system, and thus increases the
thermal cost [163]. On the other hand, the complete drying of biomass is cost-
intensive as well as during gasification it needs further addition of water to balance
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the hydrogen content in the product gas. Therefore, a limited amount of moisture
in biomass usually around 40 wt% is beneficial for gasification [164, 165].

1.6.1 Operating Variables
1.6.1.1 Temperature

Two major problems limit high-temperature gasification above 1000 °C are:
(1) the ash melting, especially when high ash containing biomass (ash content
around 20 %) and (2) the requirement of stringent reactor specification. Therefore,
numerous studies have been conducted to investigate the gas composition, tar con-
centration, and other requirements within the temperature range of 750-900 °C.
For instance, an attempt has been made to produce biogas for feeding solid oxide
fuel cells (SOFC) [157, 166-169] and MCFC [170, 171]. An increase in CO and
H» content and a decrease in CO;, and CH4 were observed when temperature was
increased from 650 to 800 °C in a bubbling fluidized bed gasifier. The raising of
temperature from 750 to 850 °C in a fluidized bed gasifier significantly reduced
the tar content in the product gas, while increased the CO and H» concentration.
However, the tar yield from the gasification below 1000 °C is significantly higher
than the acceptable range [157, 172, 173], and thus it needs gas cleaning.

1.6.1.2 Pressure

Gasifier operating pressure affects not only equipment cost and size but the whole
plant, including the necessary gas cleanup systems. Since gas synthesis processes
operate at elevated pressures, the syngas generated by low pressure gasifiers must
be compressed. This favors low temperature gas cleaning since the syngas must
be cooled prior to compression in any case. Biomass gasification is generally car-
ried out in the range 1-10 bar. High-pressure gasification favors hot, pressurized
cleanup of the syngas and operation of downstream equipment at high temperature
and sufficiently high pressure to accommodate flow control and equipment pres-
sure drops. Depending on the downstream application of the product gas, gasifica-
tion of biomass is often conducted under atmospheric and high pressures.

In addition, an increase in the gasifier pressure reduces the tar yield in the
product gas. However, some investigations conducted [174] in the fluidized bed
gasifier have shown that the concentration of tar, mainly naphthalene, increased
with increasing gasifier pressure from 0.1 to 0.5 MPa, and thus the concentration
of CO decreased, while CH4 and CO; increased. A model gasification coupled to
an SOFC and gas turbine was conducted to show that a moderate pressure, for
instance up to 4 bar, does not have a major impact on the gasification process.
Interestingly, it affected turbine efficiency and, thus the unit’s overall efficiency
increased from 23 to 35 % [157].
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1.6.2 Gasifying Agent

As shown in Fig. 1.2a, b, the gasification process consists of four different physi-
cal and chemical processes. In the drying zone of the gasifier, the moisture in bio-
mass evolved as steam, while in the pyrolysis zone, the volatile organic matter
distils out from the fixed carbon. The volatiles and solid carbons then introduced
into the oxidation and reduction zones successively or vice versa, depending on
the gasifier types, while they react with gasifying agents to produce product gases.
As gasifying agents, air, steam, carbon dioxide, and pure oxygen are commonly
used. Utilization of air as a single gasifying agent produces gases with lower con-
centration of Hy and CO, because air also contains nitrogen.

The mass ratio of air to fuel in any combustion unit is defined as the air—fuel
ratio (AFR), the gasification requires an air—fuel ratio lower than stoichiometric
one. The equivalence ratio (ER) can be defined as the ratio between the air—fuel
ratio of the gasification process and the air—fuel ratio for complete combustion.

Gas composition and tar content in the product gas from different biomass gasifi-
cation r under different conditions are reported in Tables 1.3 and 1.4. The produced
gas must have a certain percentage of burnable gas (>20 % CO and >10 % H>), a
minimum amount of tar content (<100 mg Nm~?) and be completely free of dust and
other poisonous gases (NH3, SO», etc.). To satisfy the requirement of product gas, a
comprehensive research has been done in the last decades. The entire reactor systems
can be classified into two categories: (1) updraft gasifier and (2) downdraft gasifier.

1.6.3 Updraft Gasification

Updraft gasification is basically a counter current gasification system where the air
and other gasifying agents are injected from the bottom, while the biomass enters
from the top and moves downward under the force of gravity. The operating prin-
ciple of this type of gasifier, as shown in Fig. 1.2a, is that the feedstock material is
first introduced into the drying zone at the top, followed by the pyrolysis and reduc-
tion zone and finally the unconverted solid passes through the combustion zone. In
the combustion zone, solid charcoal is combusted producing heat, which effec-
tively transfers in to solid particles during counter current flow of the rising gas and
descending solids. In this gasification system, the product gas exits from the low-tem-
perature pyrolysis and drying zone and is thus assumed to be contaminated with sub-
stantial amount of tars (Table 1.3), which is the major problem of updraft gasifiers.

Updraft gasifier can be classified as updraft fixed-bed gasifiers [178-185],
fluidized bed gasifiers [178-180], and circulating fluidized bed gasifiers [181].
Fluidized and circulating fluidized bed gasifiers usually operate below 900 °C
under atmospheric pressure in order to avoid ash melting. Most of the researches
reported that the gas from any type of updraft gasifier contains a substantial
amount of tar, and thus is not suitable for an internal combustion engine.
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Fig. 1.2 Conceptual diagram of multiple steps in a updraft and b downdraft gasifier [174]
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Table 1.4 Gas composition and tar content in the product gas from different biomass gasifica-
tion in downdraft gasifier under different conditions [174]

Biomass | Gasification | ER Gas Tar HHV/LHV | Power | References
temperature composition | content | (MJNm~3) | range
(O (vol.%) (gNm~?) (kW)
Bagasse | 1040 - - 0.376— - 50 [182]
0.40
Hazelnut | 1000 0.35 H; (13) - 5.0 45 [183]
shells CO (23)
CO; (11)
CHy4 (4)
Wood 900-1050 | 0.20-0— | Hy (8-12) - 4.5-6.25 15 [184]
waste 0.35 CO (15-22)
CO; (5-8)
CHgy (1-3)
N> (60-70)
Biomass |- 0.27 Total 0.045 6.5 10 [185]
combustible
45 %
Biomass | >900 0.26 H; and CO - 11.11 - [160]
reaches
63.27-72.56 %

1.6.4 Downdraft Gasification

The operating principle of this gasifier, as shown in Fig. 1.2b, is such that the biomass
and air are fed from the top, and are first introduced into the drying zone, followed by
the pyrolysis, oxidation, and reduction zones, and finally the product gas is drawn out
from the bottom, through the reduction zone. Since the product gas travels through
the high-temperature oxidation zone and finally through the reduction zone, almost
all of the organic vapors (tars) are consumed to form gas; and thus the gas is quite
clean compared to the updraft gasifier. Two important requirements are needed to be
maintained for this gasifier: (1) the temperature of the oxidation zone is to be kept at
as high as possible (usually around 1000 °C) and (2) the distribution of the gasifying
agent must be homogeneous at the throat where the oxidation of solid and vapors
generated from the pyrolysis zone takes place under atmospheric pressure. Typical
compositions of gas produced in downdraft gasification are reported in Table 1.4.

Agricultural waste such as bagasse was gasified in a downdraft gasifier where
the effect of temperature on the tar content in the product gas was investigated
[182]. The gas composition 23 % CO, 13 % H», 11 % CO», and 4 % CH4 was
achieved with HHV of 5 MJ Nm~3 for Hazelnut shells gasification [183]. The CO;
concentration was reduced for wood shaving gasification, and thus the heating
value slightly increased to 6.25 MJ Nm™3 [184]. Using an innovative two-stage
downdraft gasifier, the higher heating value was achieved to 6.5 MJ Nm? with
tar content of less than 0.045 g Nm~3 and total combustible gas of 45 % [185].
Utilization of steam in the gasification significantly increased the hydrogen con-
tent, thereby increasing the lower heating value to 11.11 MJ Nm~3 [160].
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Chapter 2

Fuel Cells Operating and Structural
Features of MCFCs and SOFCs

2.1 Introduction

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

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

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

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

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

2.1.1 Fuel Cells

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

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

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

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

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

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

Indeed, this technology presents several advantages:

e Jow emissions, but depend on the fuel used, especially as regards the release of

NOx, CO, and particulate

high energy efficiency, especially when compared to those of thermal machines

weak noise

different operating temperatures

modular construction, so by putting in series or in parallel several elementary

units you are covering the power range required

e more simple construction, and thus greater reliability and easier maintenance
[10, 13].

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

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

o the cost, due to the high value components

e the weight and volume, especially in the automotives

o the length of life, still very low (a few thousand hours for cars, about 40,000 for
stationary systems)

e thermal management, for the large amount of heat exchange with an operative
cooling system [16-19].

2.1.2 Comparison with Batteries

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

The lifetime of a primary battery is limited because when the amount of chemi-
cal reactants stored in a battery runs out, the battery stops producing electricity. In
addition, when a battery is not being used, a very slow electrochemical reaction
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Fig. 2.1 Comparison of a fuel cell and a battery [11]

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

2.1.3 Comparison with Heat Engine

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

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

Since fuel cells are free of moving parts during operation, they can work reli-
ably and with less noise. This results in lower maintenance costs, which make
them especially advantageous for space and underwater missions. Electrochemical
processes in fuel cells are not governed by Carnot’s law, therefore high operat-
ing temperatures are not necessary for achieving high efficiency. In addition, the
efficiency of fuel cells is not strongly dependent on operating power. It is their
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Fig. 2.2 Comparison of a fuel cell to a heat generator [11]

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

2.2 Sectors of Applications

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

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

e Stationary sector
Stationary fuel cells can produce enough electricity and heat to power an entire
house or business, which can result in significant savings. These fuel cells may
even make enough power to sell some of it back to the grid. Fuel cells can also
power residences and businesses where no electricity is available. Sometimes
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it can be extremely expensive for a house not on the grid to have the grid con-
nected to it. Fuel cells are also more reliable than other commercial generators
used to power houses and businesses. This can benefit many companies, given
how much money they can lose if the power goes down for even a short time
[25-29].
e Transportation sector

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

2.3 History of Fuel Cells

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

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

Friedrich Wilhelm Ostwald (1853-1932), one of the founders of physical
chemistry, provided a large portion of the theoretical understanding of how fuel
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Fig. 2.3 Main milestones in the history of fuel cells [36]

cells operate. In 1893, Ostwald experimentally determined the roles of many fuel
cell components.

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

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

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

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

Emil Baur (1873-1944) of Switzerland and several of his students conducted
many experiments on different types of fuel cells during the early 1900s. His work
included high-temperature devices, and a unit that used a solid electrolyte of clay
and metal oxides.
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0O.K. Davtyan of the Soviet Union did many experiments to increase the con-
ductivity and mechanical strength of the electrolyte in the 1940s. Many of the
designs did not yield the desired results, but Davtyan’s and Baur’s work contrib-
uted to the necessary preliminary research for today’s current molten carbonate
and solid oxide fuel cell devices [11, 13, 35].

2.4 Fuel Cells Fundamentals

To understand and quantify fuel cell performance, one must begin with the ther-
modynamic description of the fuel cell [36]. A fuel cell continuously produces
electrical work and waste heat. The fuel cell can generate electricity continuously
since it is an open system. The fuel cell is operated continuously for a given time
period, At, during which reactants (fuel and oxidant) are added and products
removed to maintain an electrical potential. If current is allowed to flow, a differ-
ence in electrical potential (also known as electrochemical overpotential) is main-
tained at the electrode interface through which charge transfer can occur. Charge
carriers migrate across the cell when there is nonequilibrium between the electri-
cal and chemical potentials across the cell. The movement occurs from a higher to
lower potential energy. Thus, the chemical affinity or change in Gibbs free energy
of reaction drives an electric current. The change in Gibbs free energy of reaction
is available at any instant to perform electrical work.
The Gibbs free energy, G, is defined to be [13, 36, 37]

G=E+PV-TS 2.1

where P = pressure, V = volume, T = temperature, E = energy, and S = entropy.
At constant pressure and temperature (usual conditions of an electrochemical
reaction), the change in the Gibbs free energy for a reaction, AG (J/mole) is

AG = AE + PAV—TAS 2.2)

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

AE = q+ W = q + Welectrical—PAV (2.3)
where q = heat and w = work (J/mole). Thus, equating terms and simplifying,
AG = q + Welectrical —TAS (2.4)
Again, assuming reversible operation of the fuel cell,
4 = Greversible = TAS (2.5)
Thus,
AG = Welectrical (2.6)
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The change in Gibbs free energy of reaction (J/mole) is referenced to the amount
of fuel. The electrical work (J) in an open system operated continuously over a
given time period, At, where reactants (mole/s) are added and products removed
to maintain the electrical potential are given for hydrogen—oxygen reaction by

myg AG At = My Welectrical At = Welectrical 2.7

where my, = flow rate of hydrogen for the H,/O; reaction (mole/s) and
At = operation time (s).

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

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

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

Wrev = MH2inletWrev =MH2inlet AG® At (2.8)

where myinler = flow rate of hydrogen fuel into system.

Inerts and/or water are added to or are present in a reformate with the hydrogen
entering the system.

Exergy is a measure of heat quality or capability to do work. Exergetic effi-
ciency, g, is the ratio of actual electrical work and the reversible work:

¢ = Welectrical/ Wrev 2.9)

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

mH2utilized AGact At = Welectrical (2.10)

where AGy( = actual change in Gibbs free energy of reaction associated with the
electrical work, J/mole, myayilized = flow rate of hydrogen utilized by fuel cell
(moles/s) (MP2uilizea €quals the amount in the fuel cell anode inlet; myg2an0de inlet;
minus the amount in the anode outlet; myoanode OUtlet).

For reforming done prior to the system, mminlet = MH2anode inlet. Thus, from
Egs. (2.8), (2.9), and (2.10)

¢ = (mputilized AGact At)/ (mHZinlet AG® At) = mpAGy/AG® (2.11)
where fuel utilization () is

WF = WH2utilized/ TMH2inlet (2.12)

Using Eq. (2.8) for the reversible work, one can calculate the maximum thermal
efficiency (maximum work for given energy input) of a fuel cell or fuel cell hybrid
(fuel cell and heat engine) system for the Hp oxidation reaction, where AHC is
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the reaction enthalpy for hydrogen direct oxidation (J/mole) at STP and where the
inlet hydrogen is completely utilized in the fuel cell:

Nhmax = AG°/AH? (2.13)

For the H, oxidation reaction, Ny max equals 0.83 (HHV) and 0.945 (LHV). One
can also define a fuel cell intrinsic thermal efficiency at any temperature 7 (T) by
AGy(T)/AH®. One can also define for the fuel cell an intrinsic exergetic efficiency
at any temperature [38, 40]:

Cint(T) = AGw(T)/AG? (2.14)

AGy(T) is defined as the free energy of the reaction, here the Hy oxidation reac-
tion, at temperature, T, for unit concentrations of products and reactants. AGy(T)
is associated with E°(T). AG® at STP with unit species concentrations is associ-
ated with E°.

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

1 = MHutilized A Gact At/ (mHZinletAHoAt) = WFAGye/AH® (2.15)
It can be shown from Eqs. (2.11), (2.13), (2.14), and (2.15) that

N = WFAGqet/ AH® = 0in(T)E /&int(T) = & Mth max (2.16)

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

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

The W electrical is also defined electrically as

Welectricat = —nFE (2.17)
where

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

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

my2 AGAt = Welectrical = —nFE (2.18)
Since for the H; direct oxidation reaction,
2mpAt=n (2.19)
then, in general
AG = —2FE (2.20)

Specifically, using Eq. (2.20),
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AGye = —2FE 2.21)
and
AG® = —2FE° (2.22)
SO
¢ = Miuilized AGact At/ (Mp2iniet AG° At) = wp(—2FE At)/(—2FE° At) = MI;EZ/3 1?0
@.

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

¢ = WpE/E° (2.24)
and combining with Eq. (2.16), one has

N = ¢ Nth max = Nthmax WFE/E® (2.25)

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

¢ () = nr(E/E® (2.26)

and

n(t) = {(Onmmax = Nthmaxr(DE()/E° (2.27)

DR (1), the exergetic efficiency rate of change, is a natural and instantaneous
measure of the change in fuel cell performance occurring at any time t:

3(¢(1)/9t = DR¢ (1) (2.28)

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

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

2.4.1 Fuel Cell Operations

Fuel cells can be operated in a variety of modes, including constant fuel utiliza-
tion, constant fuel flow rate, constant voltage, constant current, etc. For the case
of constant mF and constant E, from Eq. (2.28), DRz (t) = 0, in which case the
fuel cell is operating at constant exergetic efficiency. This mode of operation is
achieved by lowering the current by lowering the hydrogen flow rate as the fuel
cell degrades. As can be seen from Egs. (2.26) and (2.27), to operate at constant
exergetic efficiency is to operate at constant thermal efficiency.
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However, efficiency is not the only important performance measure. As the
current is lowered at constant voltage operation, the fuel cell power density is
decreasing. Below a certain level of power or power density, given by

P(@t) =E® () (2.29)

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

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

E(T) = Ex(T) — LI/Ao — RohmicJ — ngct - ngct - ngonc - ngonc (2.30)

o 1/2
En(T) = EH2/02rxn (T) + RT/2FIn (PH2(3)PO/2(C) /PH20(3)> = Nernst voltage

(2.31)
where
F = Faraday’s constant,
J = appropriate current (amperes/cm?),
S = electrolyte charge carrier conductivity (S/cm),
L = electrolyte thickness (cm),
A = fuel cell active area (cm?),
Naet = activation polarization for the anode,
NSet = activation polarization for the cathode,
N2onc = concentration polarization for the anode,
Nonc = concentration polarization for the anode,

Rohmic = series ohmic resistance of all nonelectrolyte fuel cell components
including interconnect,interlayers, and contact layers,
ERi2/02exn (T) = voltage at unit concentrations for Hy/O; reaction at temperature T.

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

E= EMTM(l—(Jg - Jext) /JS)_L J5/Acq —Ronmicl — Naet — Nact — Neone — Nleakage
(2.32)
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where

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

Jo=, Je, and Jex are the current terms from the Wagner MTM, (Jo=™— Jext)/

Jo~™ = the shorting ratio,

Nieakage = fuel leakage polarization, EmMtm (anode—electrolyte interface to cath-
ode—electrolyte interface) is the reversible voltage in the Wagner MTM
model

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

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

ASR = Rijonic + Rohmic + (ngct + Naet + Neone + ngonc)/JS + Rieakage  (2.33)

where Rionic = L/Ac, = ionic resistance of electrolyte and Rieakage = Mieakage/
Jleakage = Tesistance attributed to fuel leakage.

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

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

As shown in Fig. 2.4, the activation polarization (reaction rate loss) is sig-
nificant at lower current densities [10, 11]. At this point, electronic barriers must
be overcome prior to ion and current flow. Ohmic polarization (resistance loss)
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changes directly with current, increasing over the entire range of current because
cell resistance remains essentially constant. Concentration polarization (gas trans-
port loss) occurs over the entire range of current density, but they become signifi-
cant at high limiting currents where it becomes difficult to provide enough reactant
flow to the cell reaction sites.

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

2.5 Characteristics and Features

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

2.5.1 High Efficiency

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

Ncamot = (Ti — Te)/Ti (2.34)

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

Nrev = AGg/AHg (2.35)
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Fig. 2.6 Thermodynamic efficiency for fuel cells and Carnot efficiency for heat engines [11]

where AGg is the change in Gibbs free energy of formation during the reactions
and AHy is the change in the enthalpy of formation (using lower heating value
(LHV) or higher heating value (HHV)) [10, 11, 13].

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

2.5.2 Reduced Harmful Emissions

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

For instance, the products of a complete fuel cell system that includes a fuel ref-
ormation stage include green house emissions (e.g., CO and CO;). When the hydro-
gen supplied to the fuel cell is pure (i.e., not reformation-based hydrogen which is
always contaminated with COy), the durability and reliability of the fuel cell sig-
nificantly improve in comparison to when we run the fuel cell on reformation-based
hydrogen. This is one of the most important advantages of fuel cells in comparison
to heat engines, i.e., fuel cells are inherently clean energy converters that ideally
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run on pure hydrogen. This fact is actually pressingly driving researchers and the
industry to develop efficient and renewable-based hydrogen generation technolo-
gies based on clean water electrolysis to replace the conventional reformation-based
ones. Systems that integrate renewable-based hydrogen generation with fuel cells
are genuinely clean energy generation and conversion systems that resemble what
the energy industry is striving to achieve. It is worth mentioning that when we take
into consideration the emissions from the fossil fuel reformation process, some heat
engine systems appear to be less polluting than fuel cell systems [47, 48]. For non-
renewable energy-based water electrolysis, the emissions and energy used for the
electrolysis process make it more harmful to the environment than conventional
combustion heat engines. Moreover, it is economically unfeasible since any fossil
energy used for hydrogen production is going to be always more than the energy
content of hydrogen. According to the studies by Argonne National Laboratory [49],
3,000,000-3,500,000 BTUs of fossil energy are used for the production of 1,000,000
BTUs of hydrogen through fossil energy-based water electrolysis. This only stresses
the significance of the aforementioned conclusions regarding using renewable-based
water electrolysis for hydrogen production [50].

2.5.3 Modularity

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

2.5.4 Prompt Load Following

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

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

2.5.6 Range of Applications and Fuel Flexibility

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

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

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

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

2.5.8 Low Durability

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

2.5.9 Hydrogen Infrastructure

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

2.5.10 Water Balance

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

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

2.5.12 Codes, Standards, Safety, and Public Awareness

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

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

Advantages Disadvantages

Less/no pollution Immature hydrogen infrastructure

Higher thermodynamic efficiency Sensitivity to contaminants

Higher part-load efficiency Expensive platinum catalysts

Modularity and scalability Delicate thermal and water management

Excellent load response Dependence on hydrocarbons reforming

Fewer energy transformation Complex and expensive BoP
components

Quiet and static Long-term durability and stability issues

Water and cogeneration applications Hydrogen safety concerns

Fuel flexibility High investment cost-per-W

Wide range of applications Relatively large system size weight
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2.5.13 Types

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

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

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

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

types.

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

Fuel cell Cell voltage Start-up time Power density (W/m?) Temperature
(°C)
PEMFC 0.7-0.8 Seconds 3.8-6.5 60-100
AFC 1.0 Seconds 1.0 100-250
PAFC 1.0 Few minutes 0.8-1.9 150-250
MCFC 0.7-1.0 Few minutes 1.5-2.6 500-700
SOFC 0.8-1.0 Few minutes 0-0.15 700-1000
DMFC 0.2-0.4 Few seconds 1.0-2.0 60-200
DCFC 0.7-1.0 Few minutes 0.5-1.0 650-800
DFAFC 0.6-1.0 Seconds 0.5-1.2 60-100
DBFC 0.6-1.0 Seconds 0.5-1.2 70-100
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2.6 Fuel Cells Types
2.6.1 Proton Exchange Membrane Fuel Cell (PEMFC)

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

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

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

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

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

Anode : Ha) — 2H{,, + 2¢”
: + -
Cathode : 12 O2(g) + 2H(yq, +2e7 — H2Oq
Overall : Hp) + 1h Oz — H20q

Compared to other types of fuel cells, PEMFCs generate more power for a given
volume or weight of fuel cell [57-62]. This high-power density characteristic
makes them compact and lightweight. In addition, the operating temperature is
less than 100 °C, which allows rapid start-up. These traits and the ability to rapidly
change power output are some of the characteristics that make the PEMFC the top
candidate for automotive power applications [57-62].
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Other advantages result from the electrolyte being a solid material, compared to
a liquid. The sealing of the anode and cathode gases is simpler with a solid elec-
trolyte, and therefore, less expensive to manufacture. The solid electrolyte is also
more immune to difficulties with orientation and has less problems with corrosion,
compared to many of the other electrolytes, thus leading to a longer cell and stack
life.

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

2.6.2 Alkaline Fuel Cell (AFC)

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

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

Anode :  2Hp(g) +4(OH) ) — 4H20() +4de”

Cathode :  Op(g) +2H0(y) + 46— — 4(OH)(_aq)
Overall : 2H2(g) + OZ(g) — 2H;0¢,

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

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

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

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

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

The chemical reactions for PAFCs are as follows:

Anode : Hp) — ZH?;q) +2e”
Cathode : 1/, On(g) +2H,,, + 26~ — Hy0

Overall :  Hp) + 1/2 Oz(g) + CO2 — H20(y + CO2
2.6.4 Direct Methanol Fuel Cells (DMFC)

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

The electric potential is created using a polymeric membrane that is selective to
certain chemical molecules, in this case the membrane allows the passage of H
ions (proton conductivity). On one side of the membrane, an aqueous solution of
methanol with CH3OH concentration of around 1 M (3w%) is feed to the anode
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catalyst where the catalytic decomposition of methanol molecules producing CO>
and H; is oxidized to HT ions at the anode [13]. The protons produced can migrate
to the cathode of the cell through the membrane where the electrons produced to
the anode, passing through an external circuit, reduce the oxygen that is plugged
in, allowing the formation of water.

The reactions occurring in the DMFC are as follows:

Anode : CH30H() + H20qy) — CO, + 6H?;q) + 6e”

Cathode: 6HT

(aq) + 3/202(g) + 667 — 3H20(])

Overall : CH30H + 3/202(g) — CO; + 2H2 O

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

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

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

2.6.5 Molten Carbonate Fuel Cell MCFC)

The electrolyte in the molten carbonate fuel cell uses a liquid solution of lithium,
sodium, and/or potassium carbonates, soaked in a matrix. MCFCs have high fuel-
to-electricity efficiencies ranging from 60 to 85 % with cogeneration, and operate
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at about 620-660 °C [89-91]. The high operating temperature is an advantage
because it enables a higher efficiency and the flexibility to use more types of fuels
and inexpensive catalysts. This high operating temperature is needed to achieve
sufficient conductivity of the electrolyte [13, 89, 90].

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

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

Anode : Hyg) + CO§_ — Hy0(g) + COy (o) + 2~

Cathode : 1/ Oy (g + CO2(g) + 2e— — CO3~
Overall :  Ho(g) + 12 Oz (g) + CO2(g) = HaO(q) + COx(g)

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

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

By the 1930s Davtyan proposed a baked mixture of 43 % calcined Nay,COs,
27 % monazite sand (a mixture of rare earth oxides), 20 % WOs, and 10 %
soda glass [95]. By treatment at 850 °C a mixture containing NazPO4, NayCOs3,
Na,WOy4, NaySiO3, and oxides of CeO,, LayO3, and ThO, was obtained [95].
The mixture was constituted by a porous framework of high-melting rare earth
oxides in which was constrained a eutectic mixture of molten carbonates, phos-
phates, tungstates, and silicates. The eutectice mixture provided the means of ionic
conduction.

The works of Broers and Ketelaar [95] established that molten carbonates as
the preferred electrolyte for carbon containing fuels, since other molten salts tested
were decomposed by steam produced at the anode of the fuel cell. Broers and
Ketelaar [95] proposed a mixture of lithium, sodium, and/or potassium carbonates
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impregnated into a porous disk of magnesium oxide. Using carbonates there was
no problem in replacing CO; at the cathode, which was effectively transferred
through the molten electrolyte to the anode.

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

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

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

2.6.5.1 Components of the Molten Carbonate Fuel Cells
Materials

The heart of the molten carbonate fuel cell (MCFC) is the electrolyte, which is an
ion-conducting molten salt [13, 90, 95, 96, 98—100]. This is typically a mixture of
two or three alkali metal lithium, potassium, or sodium carbonates. The mixture
is solid at room temperature but about 400 °C and above it becomes molten and
is able to conduct carbonate (CO3%7) ions. The molten carbonate in an MCEC is
constrained within a porous solid material named electrolyte matrix. An important
feature of the electrolyte matrix is the chemical stability toward the molten salt
that penetrates in the matrix framework and many efforts have been done in the
last 20-30 years for the development of new materials [89, 94]. Alumina can be
used as an MCFC matrix since it can be obtained by simple coprecipitation from
an aqueous solution of aluminum nitrate, and can be made into a thin sheet. The
so obtained y-alumina, changes phase to more stable a-form at high temperatures
(1200 °C). For this reason the long-term stability of the matrix could be an issue
and has been investigated [101-105]. In particular lithium from the electrolyte will
react over time with the alumina to form lithium aluminate (LiAlO;), which also
exists in two interchangeable o and y phases: above 700 °C, y-LiAlO, appears to
be the more stable form, at 600-650 °C, the o form is more stable. The industry is
directed to the use of a -LiAlO» for long-term stability [13].

The powdered matrix material is mixed with a binder to obtain sheets of
100-300 mm thickness. The carbonate electrolyte is also manufactured as similar
thin sheets: cells are usually made by a sandwich of electrolyte and matrix sheets.
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The stacks are assembled by building up layers of cells inserting current collectors
and separator plates between one cell and the next. Once the cell or stack is assem-
bled and mechanically clamped together, it is slowly heated up to above the melt-
ing temperature of the electrolyte. Once the electrolyte melts, it penetrates into the
pores of the matrix.

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

Electrolyte

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

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

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

LipCO3-K>CO3 (62:38 mol%) is good for atmospheric pressure operation,
whereas the lithium and sodium carbonate mixture LiCO3-NayCOj3 (60:40 mol%)
is better for improved cathode stability when the cell is operated at elevated pres-
sure [13, 95, 108-110].

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

Anode

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

Cathode

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

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

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

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

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

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

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

The operating temperature of the MCFC of around 650 °C provides ideal
opportunities from a system design perspective. At these temperatures with a suit-
able catalyst, internal reforming can be carried out. Most available fuels, such as
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natural gas, liquefied petroleum gas, and biogases, need to be reformed to a hydro-
gen-rich gas for the fuel cell. This can be done external to the cell or stack but
by carrying out the endothermic reforming reactions inside the MCFC (internal
reforming), advantage is taken of the reaction to provide cell or stack cooling [13,
95, 114].

2.6.5.3 Steam Reforming

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

CH, + H,0 = CO + 3H, (2.36)
CO + H,0 = H, + CO» (2.37)
2C0 = C + CO, (2.38)

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

3CH, + 2H;0 — 2CH4 + CO; + Hj (prereforming) (2.39)

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

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



62 2 Fuel Cells Operating and Structural Features of MCFCs and SOFCs
2.6.5.4 MCFC Internal Reforming and Steam Reforming Catalyst

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

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

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

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

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

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

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

The SOFC is a complete solid-state device that uses an oxide ion-conducting
ceramic material as the electrolyte. The electrolyte is a nonporous solid, such as
Y03 stabilized ZrO, with conductivity-based oxygen ions [122, 128, 142—144].
Yttria-stabilized zirconia (YSZ) is the most commonly used material for the elec-
trolyte. It was first used as a fuel cell electrolyte by Baur and Preis in 1937 [145].
The anode is usually made of a Co-ZrO; or Ni-ZrO, cement [13, 95, 146, 147],
while the cathode is made of Sr-doped LaMnO3 (LSM) [13, 148-150].
The anode, cathode, and overall cell reactions are

Anode:  Hag + O — HyO(y) + 2
Cathode : 15 Oag) + 26— — O*~
Overall : Hy (g) + 1202 5y = H2O(y)

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

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

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



64 2 Fuel Cells Operating and Structural Features of MCFCs and SOFCs
2.6.6.1 Components of the Solid Oxide Fuel Cells
Electrolyte

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

Typical electrolyte materials for SOFCs are oxides with low valence element
substitutions, sometimes named acceptor dopants [13, 95] which create oxygen
vacancies through charge compensation. For SOFC applications, there are various
materials that have been explored as electrolyte, yttria-doped zirconia (YSZ) and
gadolinium-doped ceria (GDC) are the most common materials used for the oxide-
conducting electrolyte. Above 800 °C, YSZ becomes a conductor of oxygen ions
(0%"); zirconia-based SOFC operates between 800 and 1100 °C. The ionic con-
ductivity of YSZ is 0.02 S m~! at 800 °C and 0.1 S cm~! at 1000 °C. A thin elec-
trolyte (25-50 pwm) ensures that the contribution of electrolyte to the ohmic loss in
the SOFC is kept to a minimum.

Zirconium oxide-based electrolyte (YSZ)

Yttria-doped zirconia (YSZ) is stable under reducing and oxidizing conditions. It
is a pure ionic conductor, completely nonreactive with anode and cathode at oper-
ating and production temperatures. Above 800 °C, YSZ becomes a conductor of
oxygen ions (O%7) and typically operates at 800—1100 °C. The ionic conductivity
of YSZ is 0.02 S m~! at 800 °C and 0.1 Scm~! at 1000 °C. A thin electrolyte (25—
50 pm) ensures that the contribution of electrolyte to the ohmic loss in the SOFC
is kept to a minimum. Its thermal expansion has to be close to other fuel cell com-
ponents and it must be gas tight to prevent direct combination of fuel and oxidant.
Pure zirconia is not used, as its ionic conductivity is too low for fuel cell use [160].

Cerium oxide-based electrolyte

Doped cerium dioxide materials are candidates for the electrolyte for cell opera-
tion at T < 600 °C, because of their higher oxide ion conductivity (CeoGd.
0.10.1.05: 0.02507! ecm™! at 600 °C) compared to YSZ (<0.005 Q~' cm™}).
Gadolinium- or samarium-doped cerium dioxide provides the highest ionic con-
ductivity in cerium dioxide-based materials owing to similar ionic radii of Gd3*t/
Sm3+ and Ce**. The main issue of doped cerium dioxide is the onset of electronic
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conduction in reducing conditions at T > 650 °C owing to the reduction of Ce**+
to Ce3* to compensate the formation of oxygen vacancies [13].

Perovskite electrolytes

The perovskite structure (ABO3) offers an opportunity for a material scientist to
selectively substitute either the A or the B ion by introducing isovalent or aliova-
lent cations. The compound (La, Sr)(Mg, Ga)O3 (LSMG) has been developed as
an oxide ion conductor. The use of LSMG is attractive because it has reasonable
oxide ion conductivity and is compatible with a variety of cathodes, in particular
the highly active ones. Other interesting materials, such as BisV,0;; (BIMEVOX
(bismuth metal vanadium oxide)), have also been mentioned in the literature.

Cathode

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

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

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

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

Anode

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

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

2.6.6.2 Fuel Reforming

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

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

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

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

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

The most common SOFC designs are planar and tubular, and their many variants.

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

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

Fig. 2.8 Planar SOFC Depleted
design [176] air

CO, and H,0

Fuel electrode
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Air electrode

Interconnection
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Fig. 2.9 Tubular SOFC Interconnection
design [176]

Electrolyte

Air
electrode

\ Fuel electrode

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

A single planar or tubular SOFC generally produces a low voltage and
power and the connection into a stack is needed in order to give higher power.
Electrochemical performance, structural and mechanical integrity gas manifold
and ease of fabrication are important targets for the improvements of cell perfor-
mances [176, 186].
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Chapter 3
Fuel Cells Challenges

3.1 Introduction

Despite many successfully specialized applications of fuel cells, such as UAV
(unmanned aerial vehicles), submarines and the Apollo and Shuttle space missions
[1-5], these applications are not the primary markets for fuel cell and hydrogen
industries. To date the cost and quality of fuel cells are not comparable to those of
the IC engines or gas turbines.

Over the past 50 years, a large number of research institutes, private compa-
nies and government labs have conducted research and development on fuel cell
products because of its high efficiency and environmental-friendly operation.
More than US$22 billion has been invested in research and development of fuel
cell technology in Japan, USA and Europe over the past 18 years [6]. The results
from these efforts are reflected by a rapid growth in the number of publications
and patents. However, progress has been incremental, resulting in only slightly
improved performance, but durability and reliability have shown no major pro-
gress or real competitive benefits. The process of commercializing any new tech-
nology is fraught with a multitude of challenges. A widespread adoption of fuel
cells must start because of their unacceptably low durability and reliability and, in
many cases, unacceptably high cost.

Throughout the history of the development of the fuel cell, many compa-
nies, investors and governments believed that the technology was just a few
years away from commercial success and the investment of a little more time
and money would lead to a progress [7]. Recently, the EU has launched a new
framework program [8], (2014-2020), in which 2.8 billion was allocated to the
development of fuel cell and hydrogen technology that leans heavily upon the
development of a hydrogen fuelling infrastructure [8]. Mr. Hancock (Minister
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of Business, UK) announced funding of £11 million for a pilot project of public
sector hydrogen vehicles and an initial network of up to 15 hydrogen refueling
stations by the end of 2015 [9]. These ambitious goals are perfectly defensible
and indeed desirable if we have the means to achieve them, although they long
on ambition and short on scientific detail [10-12]. So far, fuel cells have not
achieved reliable operation or cost benefits comparable to IC engines. Thus,
the resulting disappointment has led to a breakdown of the initial high expecta-
tions of governments and the general public. As a result, in spite of their many
claimed successes, the fuel cell industry has serious problems [13]. It is a top
priority to produce high-quality fuel cells with high reliability and long-term
durability at a low cost in R&D.

3.2 The Hydrogen Economy, Hydrogen Fuelling
Infrastructure, and Fuel Cell Technology

Hydrogen fuelling infrastructure and fuel cell technology are parts of the
Hydrogen economy. Therefore, hydrogen fuelling infrastructure and fuel cell tech-
nology are assumed to have a close relationship [14]. There are major challenges
for the hydrogen economy and fuel cell technology causing them to be viewed as
post 2030 technologies [10, 12, 15, 16]. However, the fuel cell itself is independ-
ent of the hydrogen economy. As engines, fuel cells can use different fuels, such as
natural gas, methanol and ethanol, and can have different applications [17]. There
are two main flaws in the relationship between hydrogen and fuel cell technology:
the chicken-egg problem; and the barriers to scaling-up fuel cells.

3.2.1 Chicken-Egg Issue

The chicken-egg issue with regard to fuel cells is a longstanding assumption that
the hydrogen fuelling infrastructure would lead to a substantial reduction in the
costs of fuel cells through mass-manufacturing, and the performance of fuel cells
would be improved definitely as planned steps [18, 19]. The commercialization of
fuel cells has intentionally created a chicken-egg relationship between hydrogen
fuelling infrastructure and fuel cell vehicles [18-24]. The absence of hydrogen
fueling infrastructure and the consequent absence of hydrogen vehicles does not
incentive to build a hydrogen fueling infrastructure [25].

The technical problems could be overcome by a displacement of hydrogen fuel-
ling infrastructure and mass vehicle purchases under government support, and
over time, the cost of fuel cell vehicles and hydrogen would be comparable or
even lower than current IC engine vehicles [24, 26]. However, a hydrogen fuelling
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infrastructure cannot solve the technical issues of fuel cells. Over the past few dec-
ades, pilot hydrogen fuelling infrastructures have been built for demonstration,
such as CaFCP and the California mandate on zero emission vehicles [27, 28], the
CUTE (Clean Urban Transport for Europe) [25] and the Whistler’s hydrogen fuel
cell buses [16, 29]. Numerous studies of hydrogen fuelling infrastructures have
been carried out [18, 20, 23, 24, 30, 31]. However, most of these studies focused
on strategy and economic analysis of a hydrogen fuelling infrastructure and
deployment of numerous fuel cell vehicles [24, 32-37], and not on the analysis
of the technical feasibility of how a hydrogen fuelling infrastructure would reduce
the costs of the fuel cell itself and solve the fundamental problems of durability
and reliability of fuel cells.

A hydrogen fuelling infrastructure can improve fuel supply for vehicles, reduc-
ing some of the cost of hydrogen fuel cells through massive manufacturing, but
the importance of the hydrogen fuelling infrastructure on fuel cell costs has been
overestimated for several reasons:

e Hydrogen is not the only energy source for fuel cells. There are many differ-
ent types of fuel cells (e.g., solid oxide fuel cells and direct ethanol fuel cells)
which do not use hydrogen.

e Hydrogen has no actual relationship to manufacturing costs, robustness, durabil-
ity or reliability of the fuel cell. It only relates to operational costs.

e Hydrogen is not currently considered renewable energy as it comes from fos-
sil fuels [30, 32, 37-40] and a hydrogen fuelling infrastructure is not necessary
because natural gas can be converted locally into hydrogen.

e Hydrogen fuelling infrastructure is to ensure a reliable hydrogen supply to vehi-
cles rather than reduce costs and technical problems of fuel cells.

Investments in a hydrogen fuelling infrastructure do not substantially reduce costs
of the fuel cell itself or answer the key questions of durability, reliability and
robustness [25, 35].

3.2.2 Independence of Fuel Cell Technology

It is established that the fuel cell itself is independent of a hydrogen economy.
Thus, it is important clarify the difference between commercialization of fuel
cells and a hydrogen economy. Figure 3.1 shows two ways to achieve commer-
cialization of fuel cells. One is commercialization of fuel cell itself (Black color),
and the other is a hydrogen economy including commercialization of fuel cells
(Blue color). The former has no any relation to a hydrogen fuelling infrastructure.
Therefore, the commercialization of fuel cells can start with the fuel cell itself
rather than the hydrogen economy. Many successful special applications of fuel
cells have demonstrated this possibility.
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Fig. 3.1 Ways to achieve commercialization of fuel cells [114]

3.3 Major Barriers for Commercialization of Fuel Cells

Generally, commercialization of any new product has three challenges: costs, qual-
ity and acceptance by end-users. However, unlike other new products, fuel cells
have no natural opposition [40]. Given their quality and price being comparable to
IC engines and gas turbines, fuel cell would be accepted by end-users and the pub-
lic as an environment-friendly technological alternative. This public acceptance
has been reflected by large investments in fuel cells under subsidies over the past
20 years. Thus, the largest single impediment of fuel cells is the high costs (e.g.,
hydrogen production and manufacturing), and technical issues (e.g., low robust-
ness, reliability, and durability) compared to IC or turbine engines.

A large number of private companies and government research labs have con-
ducted major R&D and product development activities over the past 50 years in
this technology [6, 41, 42], however, the challenges lie in the difficulty of fuel cell
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technology, which involves highly complex mechanisms, related to multiple chem-
ical and physical interactions [6, 43].

3.3.1 Costs of Fuel Cell Itself

Fuel cell costs can be broken into three areas: the material and component costs,
labor (i.e., design, fabrication, and transport), and capital cost of the manufactur-
ing equipment [44]. It should be mentioned that only labor and capital costs can
be reduced through mass-manufacturing. Material and component costs, such as
catalysts, membrane, and bipolar plates, are dependent on technological innova-
tions and the market [30, 45]. With a clear advantage of having no moving-parts,
the fabrication and operation of fuel cells should be less expensive than IC engines
and turbines. However, the fuel cells are more expensive and less durable and reli-
able than IC engines [41, 46]. Thus, the manufacturers of fuel cells have to con-
tinue to collect subsidies from governments to scale these units up for commercial
applications with limited success because of the challenges of cost, durability,
robustness or reliability. One method of reducing costs is to develop cheaper mate-
rials, catalysts or sealing with higher tolerances to higher operating temperatures.
As a result, research and development of fuel cells has been directed to solve the
issues of materials, chemistry, water and hotspots control [46]. Several measures
have been considered, such as associated systems for water and heat management
[43, 47], high temperature PEM fuel cell [48, 49], and cheaper catalysts [50-52].

3.3.2 Key Technical Barriers

The U.S. Department of Energy has established targets for fuel cell durability
[41, 42, 53]. The durability for automotive use will be of 5000 h by 2017 and
for micro-CHP of 40,000 h, respectively. Durability is a lifetime within the repair
rate and cost in the planned repair, overhaul and maintenance. However, this
durability target is not sufficient as the key targets for acceptance by end users.
Reliability and availability may be more important than durability for end-users
since an unplanned repair and maintenance can cause delay in home, work or
business activities, but is not recognized in the targets [7]. A higher availability
is an indicator of reliability and durability, which means fewer repairs and main-
tenance. Therefore, the major technical barriers for fuel cells are not only low
durability but also low reliability. Availability and reliability must be taken into
account for the targets of fuel cell scaling-up since end-users require a warranty
of use as well as less maintenance and repair and a low operating cost. Both low
durability and reliability are caused by accumulated degradation of materials and
catalysts [43, 54-58].
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The identical individual cells are stacked together through flow field designs. It
is a challenge to keep all the cells of the stack at a uniform flow rate and pressure
drop [59, 60].

Whilst reliability, robustness and durability in the stack cannot reproduce the
performance of a singular working cell, it is understood that failure of a stack can
occur because of the failure of any one individual cell.

The failure of an individual cell generally occurs because the cell did not work
as it was designed due to higher or lower flow rates.

The change of the flow rates lead to fast or slow reaction of the local cell,
resulting in a higher or lower temperature and water production, even in a hot-
spot or flood. The hotspot temperature can greatly exceed the design capacity of
materials or catalyst, leading to accelerated degradation or failure. Furthermore,
the uneven distribution of temperature results in thermal stresses, which are the
primary causes of mechanical failure. The failure of a catalyst may result from
flooding and the failure of seals may result from high mechanical stress due to
extreme pressure differences. Further, the uneven reaction may be amplified
because of a blockage of some cells, leading to the serious degradation of mate-
rials and catalyst, water and heat. Thus, the failure of fuel cell scaling-up is gen-
erally caused when some cells deviate from design conditions within the stack,
resulting in uneven electrochemical reactions, although the outward appearance
of the failure is still one of materials, chemistry, water and hotspot issues. As a
result, the system performance deteriorates the designed performance, reliability
and durability.

For example, the loss of power output due to an individual cell failure is only
1 % in a stack of 100 cells. However, the very small deviation caused by the
cell failure may be amplified in multiple level manifolds due to water blockage
of the cell. This effect of amplification may be serious enough to lead to vari-
ous other degradations or failure of materials and catalysts or local hotspot or
flooding.

It has been observed that individual cells in a stack often exhibit heterogeneities
in cell performance and a fuel cell stack was drastically more susceptible to per-
formance degradation compared to a single cell fuel cell [61-65]. A fuel cell stack
performs different compared to single cells [66—-69]. A larger stack has a shorter
lifespan due to early failure of some individual cells. A failure of the operation of
a fuel cell stack ultimately occurs due to the loss of structural integrity of one or
several of the cells, even in short-stack experiments [70-72].

3.3.3 Theoretical Solutions of Fuel Cell Scaling-Up Issues

One theory to address the scaling-up issue is to ensure that each of the cells work
at its optimal design flow and temperature conditions. The flow distribution and
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pressure drop can be significantly improved using appropriate configurations of
bipolar plates [59, 60, 73], operating conditions [66, 68] and channel sizes [74].

Major technical barriers of fuel cells are not only durability but also reliability.
The reliability may be more important than durability for acceptance by end-users
but receives a little attention. The integration of fuel cell technology with other areas
of science such as materials, catalyst and process control is highly needed [6, 43, 75].

There are two key steps to achieve the commercialization of fuel cells. The first
step is to solve the issues of cost, reliability and durability of fuel cells. The sec-
ond step is to build a new business model and develop standards for the industry.

The pre-commercialisation phase of FC technologies is challenging and uncer-
tain. A new market development phase is said to be near, as FC firms are devel-
oping and unveiling prototypes and pre-commercial products at an increasing
rate. However, widespread commercialisation has been announced several times
and subsequently postponed an equal number of times. Illustrative are statements
by Daimler Chrysler in 2000 that by 2004 a few thousand FC vehicles would be
introduced for a targeted price of $18.000 [76].

Market application decisions appear critical for commercialisation success. The
market application of a new technology requires some kind of “match” between
technology and market opportunities (e.g., [77, 78]). Additionally, the difficulty of
making decisions on technology and market matches is recognized. For example,
customer needs may not be explicitly known and firms may be uncertain about
the function of their technology with respect to diverse market segments [79]. To
what degree is the selection of market applications challenging in the case of FC
technology?

It can be expected that FC technology will initially be applied in various niche
markets such as specialized or professional segments and eventually applied in
mass markets. As Geels [80] suggests, the diffusion of innovations needs to be
understood as a trajectory of niche-cumulation, i.e., new technologies are first used
in particular niches or application domains then in other niches and eventually also
in mainstream markets. A niche market is a market portion that may accept the
relative high cost and low performance of a new technology because the technol-
ogy fulfills a demand that is not addressed by mainstream technologies. The abil-
ity to recognize and exploit such market opportunities requires both technical and
market expertise [81, 82].

According to the recent paper of Penrose [83] and Barney [84], resources are
determinant for competitive decision-making. Critical resources include (1) basic
scientific or technological research, (2) financing mechanisms, and (3) a pool of
competent human resources [85]. Considering that young firms are characterized
by a scarcity of resources, it can be assumed that resource acquisition and alloca-
tion are particularly challenging for the firms of an emerging industry. In the case
of FC technology resource and competence development are expected to be criti-
cal issues with respect to decisions on the development of FC technology and FC
market applications.
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3.4 The Market for FC Products

A characterisation of the market for FC products highlights the performance indi-
cators of the technology that matter to the end user.

Van der Meer [86] explains that despite the abundance of customer inter-
est, there is no observable market demand. Current high costs and the predicted
gradual cost reduction are likely to imply slow market acceptance. Mallant [87],
Heijboer [88] Kammerer [89] evidenced the demonstrative phase of development
and the significance of practical application experience to communicate the state
of the art to market actors.

The lack of cost and performance competitiveness, due to the current imma-
turity of the technology, poses uncertainty about if, when and which markets will
adopt the technology. The lack of competitiveness increases the importance of
finding premium markets and applications with added value on other performance
metrics. At the same time FC technology requires optimisation and product devel-
opment to meet traditional performance indicators and to enhance new qualities of
the technology.

FC technology offers new qualities and non-traditional performance indica-
tors such as zero emission and quiet performance. However, consumers tend to
judge the technology based on traditional indicators [90]. Consumers assume that
the new technology will perform as their current product [88]. Additionally, due to
the novelty of the technology, cultural and psychological factors, consumers may
not understand or accept the new qualities of FC technology [91]. For example,
motorists may prefer loud engine sounds above the quiet propulsion of a FC elec-
tric or battery electric vehicles. The historic development of battery electric vehi-
cles has shown that a superior environmental performance (zero emission) does
not out way a lack of traditional performance (low range). However, new values
of the technology may provide market opportunities for niche market applica-
tions. FC firms target early adopter niche markets in which the new and non-tradi-
tional indicators provide sufficient added value to outweigh the limited traditional
performance.

Demonstration projects prove to be effective for explaining the novel values to
customers [92]. Communicating the technology through demonstrations has two
functions: to create excitement at a mass level and to explain the technology and
persuade stakeholders at an individual level. It is, however, challenging to create
pull, without creating interest without unrealistic expectations [81].

An additional challenge lies in understanding to what degree customers really
value the new qualities of FC technology [93]. Due to the clean and sustainable
nature of the technology the interest of the public opinion is increasing the market
research may not be representative when customers are unfamiliar with the tech-
nology and its values [94]. Heijboer [88] and Geels [80] suggest that traditional
marketing techniques cannot be applied when the final shape of the product and
market are uncertain. The evaluation of market opportunities and customer interest
is challenging.
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Concluding, the market for FC products can be characterized by a (i) lack of
cost and performance competitiveness and (ii) non-traditional performance indi-
cators. An additional characteristic is the commodity business, related to the lack
of cost competitiveness: consumers generally do not consider the power source
of a product, as long as the product functions, whilst the replacement of the cur-
rent power source may result in higher costs for the consumer without necessar-
ily providing higher performance or quality. These characteristics indicate that
FC developers are challenged to find and evaluate niche markets and understand
customers to develop competitive FC products according to both traditional per-
formance indicators and new qualities. Beside the technological and market char-
acteristics, the contextual factors also influence the commercialisation process of
FC technology.

3.5 Contextual Characteristics

The development and commercialisation of FC technology is related to numerous
contextual factors, like as for example policy issues and the development of a fuel
infrastructure.

Complementary Technologies and Network Externalities

The implementation of FC technology strongly depends on the development of
complementary technology and network externalities such as refueling stations
and the distribution of fuel storage tanks [91, 95]. Infrastructure investment pay-
back depends on the number of FC vehicles in operation and the usability of a FC
vehicle depends on the number of available fuelling stations. Smith [96] describes
the significance of a firm’s compatibility with complementary products and net-
work externalities for the successful commercialisation of a technology. FC stor-
age and fuelling products must, for example, complement the FC developments of
a FC firm. Complementary products are likely to give rise to network externalities:
the attractiveness of FC technology to potential customers depends on the size
of installed fuelling infrastructure and available storage tanks. Subsequently, the
development of network externalities will partly depend on the emergence of FC
standards and certification codes.

Regulatory Support

Additional contextual characteristics include the formation of regulatory support.
There is a steady increase in regulatory support in terms of investment programs,
financial possibilities and good will, in the US, EU and Japan. For example, in
2003 President Bush announced the Freedom Fuel initiative of 1.2 billion research
funding for hydrogen powered automobile development. In 2004, the European
research commissioner Philippe Busquin presented an EU funding program of
some ¥100 million [97].

The development of complementary standards and the availability of regula-
tory support are characteristics of the FC technology commercialisation context.
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The implications for FC developers are (i) the consideration of complementary
technologies in competence development and (ii) the consideration of resource
acquisition through regulatory support.

There is a dynamic relationship among FC innovation, the market and the FC
firms that emerge and compete on the basis of this new technology. Historical
cases have shown that the development of a new technology brings about the
development of a new industry in which entrepreneurs get opportunities to inno-
vate [98] although historical cases of new technology emergence show that only a
small percentage will survive [99, 100].

FC industry is not self-supporting and considering the long-term process of
implementation, return on investment will take time. FC firms are faced with a
long payback period and depend on subsidized projects, new venture funding or
OEMs for capital to invest in further R&D.

The low return on the required high investments pose challenges on the acquisi-
tion and allocation of resources. Niche markets will enable short- and near-term
sales. With the lack of observable demand, it is challenging to decide when to
invest in which project or market application. FC firms depend on investors over
a long period of time, in which the firms are required to show progress and initiate
revenue generation.

The FC industry is characterized by a high degree of business to business
(B&B) collaboration. The FC firms have formed and are looking for both long and
short-term strategic alliance and partnerships for direct use or market access. For
example, Ballard, Nuvera, and Hydrogenics have alliances and are partly owned
by the automotive firms Daimler Chysler/Ford, Renault and GM, respectively.

Concluding, the FC industry can be characterized as an (i) emerging industry,
(ii) with low return on investment, (iii) collaborative, and (iv) heterogeneous technology
application strategies. The consequent implications on decision-making in the process
of FC technology commercialisation for FC developers are: (i) dependence on external
resources for R&D and market development, (ii) resource acquisition and market
access through inter-firm partnerships, and (iii) technology supply and market breadth.

Stationary Fuel Cell Systems potentially offer solutions to the varied energy
issues that face Europe, and other regions of the world. The European Union’s
20-20-20 targets for emissions, efficiency and energy sources point to a need to
do things differently, and stationary fuel cell systems can be part of the solution.
The stationary fuel cell value proposition is complex. Costs are clearly important,
but so are the other benefits: the environmental benefits of lower emissions, the
relatively quiet operation and the promise of autonomy from mainstream power
suppliers for end users. Such benefits need to be matched by three key operational
and economic criteria: reliability, durability and affordability.

Fuel cell systems must be able to offer reliability of supply equal to central-
ized power grids; they should have an operational lifetime equivalent to existing
domestic and commercial boilers and generators; and they need to be ‘competi-
tive’ in terms of cost of delivered power and heat (and cooling where applicable).
Stationary fuel cell systems have made steady progress toward reliability and
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durability targets over the past decade; the greatest challenge remains that of cost,
but even here progress is being made.

Costs

The prospect of wide scale commercialisation of stationary fuel cell systems will
ultimately depend on cost. Evidence available in the market place suggests that the
costs of stationary fuel cell systems are currently available for between €25,000
and €4000/kWe.

In assessing the commercialisation potential of stationary fuel cell systems
emphasis is placed upon cost targets which need to be met to achieve mass
market success. These are most developed for the domestic micro-CHP products,
and they have often been set by the public sector. METI in Japan has reiterated
the 2008 estimate that micro-CHP fuel cell systems must meet a target of
¥500,000e¥600,000 by 2020 (€3700-€4450) in the period from 2020 to 2030
[101]; in the USA the DoE sees a figure of $1000/kWe by 2020 for a 2 kWe
unit [102] released in 2011, whilst the European FCH JU in Europe has a target
of €5000/kWe plus household heating by 2020 as set out in the revised Multi-
Annual Implementation Plan [103]. In assessing the commercialisation potential
of stationary fuel cell systems emphasis is placed upon cost targets which need to
be met to achieve mass market success. These are most developed for the domestic
micro-CHP products, and they have often been set by the public sector. METI in
Japan has reiterated the 2008 estimate that micro-CHP fuel cell systems must meet
a target of ¥500,000-¥600,000 by 2020.

(€3700-€4450) in the period 2020-2030 [101]; in the USA the DoE sees a fig-
ure of $1000/kWe by 2020 for a 2 kWe unit [102] released in 2011, whilst the
European FCH JU in Europe has a target of V5000/kWe plus household heating by
2020 as set out in the revised Multi-Annual Implementation Plan [103].

Of interest is the view that the majority of the cost is dominated by the fuel
cell stack and the fuel processing subsystems. Further, the primary cost reduction
for smaller SOFC units will stem from improvements to the fuel cell subsystem,
whilst cost reductions for the fuel processing system will be difficult: balance of
plant component costs reduction opportunities, such as compressors, pumps, sen-
sors and heat exchangers, are considered to be fairly small. Similarly, other sub-
systems such as power electronics are considered fairly stable cost wise.

3.5.1 Fuel Cell System Cost Reduction

Identifying real examples of cost reductions in the fuel cell field is difficult given
the limited numbers of units in service and the increase in production experience
to date. However, evidence from the Japanese Ene-Farm project over the past few
years provides examples of what has been achieved by leading businesses in the
field. Both Panasonic and Toshiba have made public announcements in the past
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few years about the costs of their products and progress in reducing these costs
alongside product improvements.

Panasonic, with Tokyo Gas, announced in January 2013 that it had reduced the
price (excluding installation) of its domestic PEM fuel cell system to ¥1,995,000
by approximately ¥760,000, a reduction of 27.5 % from its 2011 model. This itself
was a reduction from its 2009 model (selling at ¥3,465,000 [104]) of 20 %. A
year or so earlier in January 2012 Toshiba, with Osaka Gas, announced that it had
reduced the price of its domestic fuel cell system by ¥650,000—¥2,604,000, a 25 %
reduction in cost [105]. In both cases sales increases were anticipated and further
cost reductions expected. The Panasonic announcement also included further
information on the performance and other aspects of the unit. The cost reduction
was associated with an improvement of lifetime from 50,000 to 60,000 h;
a reduction in components by 20 %; reduced weight by 10 % and reduced size
overall. Of significance was a reduction in noble metals in the fuel processing
subsystem by 50 % and platinum catalyst by 50 %. Total efficiency, both heat and
power, was calculated at 95 % LHV.

It is evident that cost reductions are possible over time, but that they are not
simply a function of numbers of units produced and installed, or technology
improvements, but a mix of both production increases and technology and product
improvements, made by it should be added, experienced and capable businesses.

Public Support

One means to address the issue of the current overly expensive stationary fuel
cell systems is to provide some form of financial support from the public sector.
Public support is an important early market incentive for stationary fuel cells
systems, be this in the form of capital subsidies (e.g., North Rhine-Westphalia
in Germany [106]); or capital support and feed-in-tariff style pricing (e.g., South
Korea [107]); or capital and other incentives available in the USA, usually at the
State level, where incentives vary up to $5500/kWe. This support goes some way
toward negating the higher prices of stationary fuel cell systems when compared
with competitive systems.

Market

Fuel cell systems with grid gas connections have proven to be highly reliable in
terms of power and heat provision [108] for end users. Similarly, stationary fuel
cell systems offer end users the prospect of better control over their energy costs.
As energy costs continue to rise, for example in Europe, the attractiveness to large
energy users of autonomy from the grid is likely to prove increasingly attractive.
There are markets where the relatively high cost of fuel cell systems, be it
residential or commercial, can be justified on the basis of the additional value
associated with “green” credentials or other benefits. In Japan under the Ene-Farm
program subsidies are available for the sale of residential CHP fuel cell systems.
Credible cost reduction pathways are necessary for stationary fuel cell systems
to achieve the longer term aim of mass market adoption. Developers therefore
face the challenge of both addressing market segmentation, but also of defining
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achievable cost reductions over, if not the short term, at least the medium term.
Cost reduction strategies therefore become critical.

Fuel cell technology is a feasible technological option for domestic CHP built
environment applications.

Currently there is no conclusive set of figures concerning the CO; emission
savings achievable from fuel cell CHP operating in the domestic built environ-
ment; however, they are achievable and have the potential to be size able depend-
ing upon the situation. Currently, the main barriers for fuel cell CHP systems in
the domestic built environment include [109]: 1. Cost—future systems will need to
use using fewer parts and more mass produced components. 2. Reliability—future
systems will need to look for simpler design solutions and quality control mech-
anisms. 3. Current performance—for the more promising SOFC technology this
will be the use of lower temperature catalysts and novel materials.

3.6 Fuel Cell Combined Heat and Power Systems

Elmer et al. [110] have evidenced the significant operational advantages fuel cells
offer compared to conventional micro-CHP technologies, such as; higher electrical
efficiencies, lower H:P ratios, reduced noise and vibrations during operation and
flexibility of fuel use. The use of fuel cell technology can lead to significant reduc-
tions in CO; emissions and operating costs for the user. With regards to the type
of fuel cells being used, the low temperature PEMFC and the intermediate to high
temperature SOFC currently show the greatest promise, with most building inte-
grated projects focussing on these two technological variants. The PEMFC offers
quick start up time, power modulation, and useful direct hot water output, whilst
the SOFC provides high electrical efficiency, ability to internally reform hydro-
carbon fuels and a high temperature heat output which can be utilized in another
cycle.

It has been reported that in 2012 fuel cell technology outsold conventional
combustion-based systems for micro-CHP applications for the first time. This sig-
nifies a significant shift in the market and shows an exciting future for fuel cell
technology.

Issues of fuel cell CHP optimisation, particularly thermal, has been addressed,
with district scale fuel cell operation and interaction being cited as an effective
way to optimize the use of fuel cell technology in the domestic built environment.

Fuel Cell Tri-generation

Domestic scale tri-generation has the potential to produce higher energy conver-
sion efficiency and hence reduce net fuel cost and CO; emissions compared to
a conventional combustion-based CHP system. Currently there is very limited
literature regarding fuel cell tri-generation systems, however, three core topics
can be recognized: (1) commercial scale systems, which illustrate high system
efficiency and reduced primary energy demand, (2) combustion-based systems,
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which would benefit from a prime move technology with a higher electrical
efficiency, such as a fuel cell, and (3) fuel cell tri-generation systems, although
only simulation-based work, they show high energy utilization and future poten-
tial [111, 112]. A common conclusion is that the cost of the fuel cell needs to
fall in order to effectively facilitate the uptake of fuel cell tri-generation systems.
By sharing the capital cost of the fuel cell in the CHP or tri-generation system it
would make the current use of fuel cell technology a much more viable prospect.
Decentralized energy generation from fuel cells in the domestic built environ-
ment can lead to emission reductions, reduced operational cost for the user and
increased energy security, all essential objectives for the future built environ-
ment. Economic profitability is an essential criterion for any form of sustainable
development [113]. Fuel cell CHP and tri-generation systems can offer signifi-
cant economic benefit [110]. However, as with any novel technology, a major
challenge facing fuel cell technology is its capital cost. Until significant reduc-
tions in the capital cost of the technology can be made, be it through government
support or technological innovation, the wider use of fuel cell technology in the
domestic built environment cannot be expected.
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Chapter 4

The Use of Biogas in MCFCs and SOFCs
Technology: Adsorption Processes

and Adsorbent Materials for Removal

of Noxious Compounds

4.1 Introduction

Fuel cells are highly efficient, cost effective, and ultra low emission power generation
systems. The major application for FCs are stationary electric power plants, includ-
ing cogeneration units, as motive power for vehicles and as on-board electric power
for space vehicles or other closed environments [1]. The most promising progress on
which European or worldwide programs [2—-8] have concentrated concerns mainly pol-
ymer membranes fuel cells (PEMFCs). Nevertheless the molten carbonate (MCFCs)
and solid oxide fuel cells (SOFCs) are competitors for the development of high power
units due to the possibility of heat and electricity cogeneration. They can be fed with
different kinds of fuels: natural gas, LPG, gaseous carbon, and liquid fuels (such as
gasoline and diesel) and biogas [9, 10].

European environment agency (EEA) identified and prioritized five environ-
mental and sectorial areas for energy production which the European Union has
included in its Sixth Environment Action Programme as well as in its sustainable
development strategy. Regarding climate change, there is a great interest to reduce
greenhouse gases as well as to enhance the rational use of fossil fuels (energy effi-
ciency and renewable and sustainable energy sources) [11].

One of the main guide lines for renewable energy in the European Union is
the Renewable Energy Roadmap [12] which has the goal of raising the share of
renewable energy in total energy consumption to 20 % by 2020. In 2004 that
share amounted to 109 million tons oil equivalent (MTOE), or 6.25 % of the 1747
MTOE of energy consumed in the 25 EU member states, about two thirds of that,
or 72 MTOE caming from biomass mainly the agricultural ones.

Biomethane may play an important role in an integrated strategy to achieve
ambitious targets for biofuels within Europe (25 % of total road transport in 2030)
and worldwide. European market of the biomethane production is essentially
developed in Germany where the first plants were started in 2007 and there were

© Springer International Publishing Switzerland 2016 95
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Table 4.1 Classification of biogas substrate according to power plant capacity [20]

Plant size Installed Biogas substrate
power
S small size 10—100 kWel | Livestock effluents energy crops agricultural waste organic
waste
M medium size <1 MWel Livestock effluents + energy crops + agricultural waste
agro-industrial waste small wastewater treatment units
L large size 1—10 MWel Large-scale wastewater treatment units landfills

more efforts for regulatory the technical standard for its grid injection, furthermore
other countries, as Austria, Switzerland, Sweden and the Netherland, have devel-
oped several plants for biomethane production [13].

Biomethane can be obtained from anaerobic decomposition of organic matter,
and the most important sources are digestors (manure and agro-forest matter) and
landfills (municipal solid waste).

Biogas composition is strongly dependent on the source and is within (50-75)
% CHy, where the main contaminants are CO; (up to 50 %) which lowers the cal-
orific value of the gas and sulfuric acid (H2S) which could cause several problem
on the plants and for human health: on the plants it causes corrosion (compressors,
gas storage tank and engines), while it is toxic after its inhalation [14-19].

Feedstocks used for biogas production and the corresponding composition and
type of contaminants are reported in Table 4.1.

4.2 Substrates

Three different plant categories are identified and classified as a function of
installed power capacity of the biogas user. Connected to each category substrates
considered for biogas production varied: the larger the power rating, the larger the
biogas resources which have to be harvested.

In the following, the different substrates are specified in more details:

e Livestock effluents: manure from farm animals is used in most agricultural
biogas plants; in practice manure is mixed with straw, bedding material fodder,
and other residues from animal husbandry;

e Energy crops; such crops are grown to be specifically used for energetic valori-
zation whereas anaerobic digestion is one option; energy crops include (among
others) cereals, corn, and grasses;

e Agricultural waste: any kind of biological residue and green waste generated on a
farm is considered in this substrate group; more precisely it includes plant residues,
side products of agricultural production processes, sawdust, and other wastes;

e Organic waste: small municipalities gather and separate waste from restaurants,
abattoirs, other small-scale businesses, and households in order to utilize the
organic waste fraction.
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Depending on the substrate used for biogas production the type and amount of
impurities vary largely, according to Tables 4.2 and 4.3.

The main contaminants in biogas produced from agricultural wastes and bio-
logical substrates are sulfur compounds among which hydrogen sulfide (H»S) is
the most dominant one [22-24].

In biogas stemming from food and animal waste as well as waste water halo-
genated compounds are present in very small trace amounts.

Organic silicon compounds are only detected in landfill gas and from WWTU
[24, 25].

Sulfur is present in nearly all biological compounds as part of amino acids such
as methionine and cysteine [26]. In addition biomass itself is made by up to <2 %
(on weight basis of dry and ash-free biomass) of sulfur taken up through soil and
air [27]. During digestion sulfur is converted into gaseous compounds including
H>S, carbonyl sulpfde (COS), mercaptans, and disulfides among which H»S is the
most common one [24].

Concentration levels of H,S in biogas along with the overall chemical buildup
of biogas vary significantly depending not only on substrate but also on operat-
ing conditions. Sklorz et al. [28] observed the H,S concentration fluctuations in
a 45 kWe biogas plant using a gas engine for power generation due to microor-
ganism or chemical reactions of H,S in coordination with galvanized steel tubing,
mechanical stirring, to the injection of new batch of fresh sulfur-containing matter.

Not only H,S is present in biogas but other sulfur compounds [29] such as
methanethiol (CH3SH) propanethiol (C3H;SH), butanethiol (C4HoSH), and
dimethylsulfide (DMS), with levels that at time even surpass those of HS. As a

Table 4.2 Biogas composition for different biogas plant types [21]

Composition Natural gas | Waste water | Food waste | Animal waste Landfill
CHy4 (vol.%) 80—100 50—-60 50-70 45-60 40-55
CO3 (vol.%) <3 30—40 25—-45 35-50 35-50
N3 (vol.%) <3 <4 <4 <4 <20

0O, (vol.%) <0.2 <1 <1 <1 <2

HaS (ppm) <0.1 <400 <10,000 <100 <200
Non H,S sulfur (ppm) | <10 <1 <1000 <30 <30
Halogens (ppm) <0.1 <0.2 <0.2 <0.2 <100
Moisture (%) <0.02 ~3 ~3 ~3 ~3

Table 4.3 Average and maximum values of the main contaminants in biogas from WWTU [20]

Species Contaminants Average value (ppm) | Maximum value (ppm)
sulfur compounds HoS 400 2987
Siloxanes D4 0.825 20.144
D5 1.689 18.129
Halogens Dichloromethane 0.082 0.052
Chlorobenzene 0.255 0.693
Dichlorobenzene 0.254 0.61
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consequence at least two gas-cleaning steps are needed for effective biogas clean-
ing: one step to remove bulk HS concentration and a second step to remove
remaining sulfur compounds because H;S removal should be not enough to
remove other sulfur compounds [24]. Halogens are contained in waste in the form
of kitchen salts and polymers (polytetrafluoroethylene PTFE polyvinyl chloride
PVC) As such these compounds are mostly found in biogas from landsfill [24, 25,
30]. The presence of halogens in biological substances is due to the uptake by the
plants through salts which are washed out of the soils. On average chlorine build
up in plants amounts to <1 % wap(20). The quantities of halogens reported in lit-
erature are below 1 ppm [18, 29, 31, 32].

4.3 Biogas to Biomethane

The biogas has different applications, such as a source for heat, steam, and elec-
tricity, household fuel for cooking, fuel cell, and can be further upgraded to vehi-
cle fuel, or for production of chemicals and is a very promising technology for
generating bioenergy [17, 33, 34].

The presence of CO; is a major problem in the biogas and its removal is needed to
improve the calorific value and the relative density according to the specifications of
the Wobbe index [35]. However, it is well assessed that the removal of H,S (that can
be performed both during digestion (in situ) or after digestion) [36] can be of crucial
point to the technological and economic feasibility of upgrading process of the gas.

The removal of CO; from biogas to obtain biomethane with purity above 98 %
is the most expensive step in the upgrading. Depending on the extraction method
employed in landfills, nitrogen can also be found as a contaminant with contents
up to 10 %. Water washing, amine scrubbing, pressure swing adsorption (PSA),
and membranes are commercial technologies already available to remove CO2
from biogas, although it is recognized that the energy consumption of actual tech-
nologies can be improved.

In order to convert biogas into biomethane two major steps are performed: (1)
a cleaning process to remove the trace components and (2) an upgrading process
to adjust the calorific value. Upgrading is generally performed in order to meet the
standards for use as vehicle fuel or for injection in the natural gas grid [18].

The basic gas upgrading steps include: water vapor removal, H>S removal, CO,
removal, and siloxane, and trace gas removal.

A number of techniques have been developed to remove H,S from biogas. Air
dosing to the biogas and addition of iron chloride into the digester tank are two pro-
cedures that remove H,S during digestion. Techniques such as adsorption on probe
materials or absorption in liquids remove H»S after digestion. Subsequently, trace
components like siloxanes, hydrocarbons, ammonia, oxygen, carbon monoxide,
and nitrogen can require extra removal steps, if not sufficiently removed by other
treatment steps. Finally, CH4 must be separated from CO; using pressure swing
adsorption, membrane separation, physical, or chemical CO,-absorption [18].
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4.3.1 Biogas Upgrading
4.3.1.1 Removal of Oxygen/Air

Oxygen and in part also nitrogen indicate that air has intruded the digester or land-
fill gas collector. This occurs quite often in landfills where the gas is collected
through permeable tubes by providing a slight vacuum. Small concentrations
(0—4 %) of oxygen are harmless. Biogas in air with a methane content of 60 % is
explosive between 6 and 12 %, depending on the temperature [18].

4.3.1.2 Removal of Water

Physical Drying Methods (Condensation)

The simplest way of removing excess water vapor is the refrigeration. This method
can only lower the dew point to 0.5 °C due to problems with freezing on the sur-
face of the heat exchanger. To achieve lower dew points the gas has to be com-
pressed before cooling and then later expanded to the desired pressure. The lower
the dew point, the higher pressure is needed to be applied [35].

The condensed water droplets are entrapped and removed. The physical dry-
ing methods prevent water contact with downstream equipment like compressors,
pipes, activated carbon beds, and other parts of the process, thus avoiding the
problem of corrosion.

Techniques using physical separation of condensed water include:

e demisters in which liquid particles are separated with a wired mesh (0.5-2 nm).
A dewpoint of 2-20 °C (atmospheric pressure) can be reached;

e cyclone separators in which water droplets are separated using centrifugal
forces;

e moisture traps in which the condensation takes place by expansion, causing a
low temperature that condenses the water;

e water taps in the biogas pipe from which condensed water can be removed [18, 37].

Chemical Drying Methods (Adsorption or Absorption)

These techniques are usually applied at elevated pressures. At atmospheric pres-
sure only a small amount of water is removed by the absorption and adsorption
techniques.

Adsorption using alumina or zeolites/molecular sieves is the most common
technique [38—42].

Methods based on gas drying include:

Adsorption of water vapor on silica [43] or alumina [44, 45] or equal chemical
components that can bind water molecules (adsorption dryer).

The gas is pressurized and led through a column filled with silica (CAS#
63231-67-4). Usually two columns are used in parallel: one column adsorbs water,
while the other is being regenerated. Regeneration is achieved by evaporating the
water through decompression and heating.
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Absorption of Water in Triethylene Glycol

Drying takes place by using the water binding component triethylene glycol. Used
glycol is pumped into a regeneration unit, where a temperature of 200 °C is used
to regenerate the glycol. Dew points from —5 to —15 °C (atmospheric pressure)
can be reached [37].

Absorption of Water with Hygroscopic Salts

The salt is dissolved as it absorbs water from the biogas. The saturated salt solu-
tion is withdrawn from the bottom of the vessel. The salt is not regenerated and
new salt granules have to be added to replace the dissolved salt [35].

4.3.1.3 Removal of CO;,

Upgrading biogas to natural gas quality needs the removal of CO, in order to
obtain the quality that meets the Wobbe Index [18, 35].

Depending on its use (pipeline or vehicle fuel), biomethane consists typically
of 97-99 % methane and 1-3 % CO,. Typical pipeline specifications require a
CO; content of less than 3 % whereas vehicle fuel specifications require a com-
bined CO,N; content of 1.5-4.5 % [37]. One of the following techniques can be
used to remove CO; from the biogas: (1) physical and chemical CO,-absorption,
(2) pressure swing adsorption (PSA) and vacuum swing adsorption (VSA), (3)
membrane separation, (4) cryogenic separation, and (5) biological methane enrich-
ment (Table 4.4) [17, 35, 37, 46-57].

Physical and Chemical CO,-Absorption

This technique is based on the separation of CO, and CHy by using an absorbent.
One of the methods is the use of water as physical absorbent: CO; is separated
from the biogas by washing with water at high pressure. Alternatively, biogas can
be upgraded by chemical absorption with alkanol amines. CO, is absorbed in the
liquid and reacts at quasi atmospheric pressure with the chemical substance in the
absorption column [58, 59].

Pressure Swing Adsorption (PSA), Vacuum Swing Adsorption (VSA)

PSA and VSA use a column filled with a molecular sieve, typically activated
carbon, silicagel, alumina, or zeolite, for differential adsorption of the gases
CO; and H;O0, alloeing CH4 pass through [47, 49]. The molecules are adsorbed
loosely in the cavities of the molecular sieve and not irreversible bound [46]. It is
a cyclic batch process where adsorption is performed on a relatively higher pres-
sure (around 800 kPa) and desorption (regeneration) at lower pressure [51]. H»S,
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Table 4.4 Advantages and disadvantages of techniques for removal of CO; [18]

Method

Advantages

Disadvantages

Absorption with water

High efficiency (>97 % CHy)

Expensive investment

Simultaneous removal of H,S

Expensive operation

When H»S < 300 cm® m—3

Clogging due to bacterial
growth

Easy in operation

Foaming possible

Capacity is adjustable
by changing pressure or
temperature

Regeneration possible

Low CHy losses (<2 %)

Tolerant for impurities

Low flexibility toward
variation of input gas

Absorption with polyethylene
glycol

High efficiency (>97 % CHa)

Expensive investment

Simultaneous removal of
organic S components,

Expensive operation

H»S, NH3, HCN and H>O

Difficult in operation
Incomplete regeneration
when stripping/vacuum
(boiling required)

Energetic more favorable
than water

Regenerative

Low CHy losses

Reduced operation when
dilution of glycol with
water

Chemical absorption with amines

High efficiency (>99 % CHa)

Expensive investment

Cheap operation

Heat required for
regeneration

Regenerative

Corrosion

More CO, dissolved per
unit of volume (compared to
water)

Decomposition and poi-
soning of the amines by
O, or other chemicals

Very low CHy losses
(<0.1 %)

Precipitation of salts

Foaming possible

PSA/VSA

Highly efficient (95-98 %
CHy)

Expensive investment

Carbon molecular sieves

H>S is removed

Expensive operation

Molecular sieves (zeolites)

Low energy use: high pres-
sure, but regenerative

Extensive process control
needed

Alumina silicates

Compact technique

Also for small capacities

Tolerant to impurities

CHy losses when
malfunctioning of valves

Membrane technology

H»S and H,O are removed

Simple construction

Simple operation

High reliability

Low membrane selectiv-
ity: compromise between
purity of CH4 and amount
of upgraded biogas

(continued)
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Table 4.4 (continued)

Method Advantages Disadvantages

Gas/gas Small gas flows treated Multiple steps required
without proportional increase | (modular system) to reach
of costs high purity
Gas/gas
Removal efficiency: <92 % CHy4 losses

CHy (1 step) or >96 % CHa
H»O is removed

Gas/liquid Gas/liquid Little operational
Removal efficiency: >96 % experience
CHgy
Cheap investment and
operation
Pure CO» can be obtained

Cryogenic separation 90—98 % CH4 can be Expensive investment and
reached operation
CO; and CHy in high purity | CO; can remain in the
Low extra energy cost to CH,4
reach liquid biomethane
(LBM)

Biological removal Removal of H,S and CO, Addition of Hy
Enrichment of CHy4 Experimental e not at
No unwanted end products large scale

adsorbing irreversibly, must be removed before the PSA or VSA unit to prevent
poisoning of the molecular sieve. PSA and VSA are similar systems, but VSA has
a supplementary vacuum pump: the differential pressure is situated at lower abso-
lute pressure. Adsorption takes place on a gas under pressure, desorption at vac-
uum [50].

4.3.1.4 Membrane Separation

Membrane separation is based on the selective permeability property of mem-
branes. Two systems are proposed: (1) gas—gas separation with a gas phase at
both sides of the membrane and (2) gas-liquid absorption separation with a lig-
uid absorbing the diffused molecules. Due to imperfect separation, multiple stages
may be required [46]. Because of this, an increase in methane loss is obtained.
This can be partly prevented by recirculation [60].

A demonstration plant that use membranes for biogas upgrading through has
been installed at Bruck/Leitha in the south of Austria [61]; the membranes used
are hollow fiber type and the operative pressure is of about 8-9 bar. The process
is carried out in two stages and biomethane concentration was of about 98 %
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in volume that is injected into the local gas grid. This technology is capable of
removing also small concentrations of H»S.

Several literature studies show the industrial applicability of the processes in
polymeric membranes for the separation of carbon dioxide from biogas [62-78].
At the actual state polymeric membranes show a good level of competitiveness
with conventional technologies for CO; and HjS separation from biogas. Biogas
upgrading plant and other equipment used are located at the ENEA Trisaia (Italy)
research centre [69]. The polymer membranes is PEEK and works up to 48 bar,
with a differential pressure 41 bar in a range of temperature 5-70 °C in line with
the operational regimes of the biogas plants. The H,S presence in the biogas do
not represents a problem in term of separative stage using PEEK polymeric mem-
brane, but its selectivity was of about 50 %. Best performing could be carried out
using multiple stage separative processes where is possible to work with low oper-
ative pressure in the feed stream.

4.3.1.5 Cryogenic Separation

Taking into account that CHy, CO», and other impurities liquefy in different tem-
perature/pressure areas, it is possible to produce biomethane by cooling and com-
pressing the biogas. The liquid CO, should also dissolve and thus separate the
remaining impurities from the gas. The raw biogas is compressed till 8000 kPa.
Compression is done in different stadia with interim refrigeration. The compressed
gas needs to be dried in advance, to prevent freezing in the following cooling
steps. The dried and compressed biogas is eventually cooled till —45 °C. The con-
densed CO; is removed and treated in a next step to recover the remaining CHg.
The biogas is cooled further to —55 °C and afterward expanded to 800—1000 kPa
in an expansion tank, reaching a temperature of about —110 °C. In these condi-
tions, there is a gas—solid phase balance, with the solid phase being CO, and the
gaseous phase containing more than 97 % CH4. The CHy4 gas stream is collected
and heated before leaving the plant [35, 79].

4.3.1.6 Biological Methane Enrichment

Biological methane enrichment was recently studied [57, 80, 81].

Strevett et al. [57] investigated the mechanism and kinetics of chemoau-
totrophic biogas upgrading. Different methanogens using only CO; as a car-
bon source and H; as an energy source were examined. The selection between
mesophilic and thermophilic operation temperatures must be properly chosen.
Thermophilic methanogens exhibit rapid methanogenesis, while mesophilic bacte-
ria give more complete conversion of the available CO; [57]. The authors selected
Methanobacterium thermoautotrophicum that works optimally at temperatures of
65—70 °C and has a specific requirement for H,S, so leading to the removal of
further unwanted compounds.



104 4 The Use of Biogas in MCFCs and SOFCs Technology: Adsorption Processes ...

4.4 Removal of H,S

Due to the damage that H,S can cause in several parts of the plants, it is typically
removed in an early state of the biogas upgrading process. Several techniques are
applied: (1) removal of HS during digestion and (2) removal of HS after diges-
tion (Table 4.5) [35, 46-50, 79].

Table 4.5 Advantages and disadvantages of techniques for removal of H,S [18]

Method

Advantages

Disadvantages

Biological with O/air (in
filter/scrubber/digester)

Cheap investment and
exploitation: low electricity
and heat requirements, no
extra chemicals or equipment
required

Concentration H,S still high
(100-300 cm3 m™3)

Excess Oy/N; in biogas
implies difficult upgrading or
additional cleaning

Simple operation and
maintenance

Overdosing air results in
explosive mixture

FeCls/FeCly/FeSOy (in
digester)

Cheap investment: storage
tank and dosing pump

Low efficiency (100-150 cm?
m™?)

Low electricity and heat
requirements

Expensive operation (iron salt)

Simple operation and
maintenance

Compact technique

Changes in pH/temp not ben-
eficial for the digestion process

H>S not in biogas wire

No air in biogas

Correct dosing is difficult

Fe,03/Fe(OH)3-bed

High removal
efficiency: >99 %

Sensitive for water

Rust steel wool impregnated
wood chips or pellets

Mercaptanes are also
captured

Expensive operation costs

Regeneration is exothermic:
risk of ignition of chips

Cheap investment

Reaction surface reduced each
cycle

Simple

Released dust can be toxic

Absorption in water

H,S < 15 cm® m—3

Expensive operation: high
pressure, low temperature

Cheap when water is avail-
able (not regenerative)

Difficult technique

CO» is also removed

Clogging of the absorption
column possible

Chemical absorption

Low electricity requirement

Expensive investment and
operation

NaOH Smaller volume, less pump- More difficult technique
ing, smaller vessels (com-
pared to absorption in H,O)

FeCl; Low CHy losses Not regenerative

(continued)
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Method

Advantages

Disadvantages

Chemical absorption

High removal efficiency:
95—100 %

Difficult technique

Cheap operation

Regeneration through
oxygenation

Fe(OH)3 Small volume required CO; — HyCOs3 (using EDTA)
leads to precipitation

Fe-EDTA Regenerative Build up of thiosulfates from

Cooab Low CHy losses chelates + HaS (using EDTA)

Membranes Removal of >98 % is possible | Expensive operation and
maintenance

CO is also removed Complex
Biological filter High removal Extra HpS-treatment to reach

possible: >97 %

pipeline quality

Low operational cost

0,/N3 in biogas implies dif-
ficult and additional upgrading
steps

Adsorption on activated
carbon (Impregnated with KI
1-5 %)

High efficiency (HaS < 3 cm?
m—)

Expensive investment and
operation

High purification rate

CHy losses

Low operation temperature

H,0 and O, needed to remove
H,S

Compact technique

H,O can occupy the binding
places of HpS

High loading capacity

Regeneration at 450 °C

Residue present till 850 °C

4.4.1 Removal of H,S During Digestion

To choose an appropriate technique for H>S removal, the technique to remove
CO; should be considered first. A technique such as absorption in water or selexol,
membranes or PSA/VSA that removes HyS as well as CO,, will make an addi-
tional technique for the removal of H,S unnecessary, unless H»S is present in high
concentrations (>300 cm®m™3). A CO; removal technique such as absorption
with amines, that does not explicitly eliminate H,S, will necessitate an additional
removal step such as absorption in a NaOH solution, absorption on hygroscopic
salt and reaction in a Fe;O3-bed.

Hb>S can be treated directly in the digester vessel. The sulfide either reacts with
a metal ion to form an insoluble metal sulfide or is oxidized to elementary sulfur
[35, 79].

(a) Air/oxygen dosing to the biogas system

This technique is based on the biological aerobic oxidation of H»S to elemental
sulfur by a group of specific bacteria [18].
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Most of sulfide oxidizing microorganisms (Thiobacillus) are autotrophic [82—
85] and use CO; from the biogas as source of carbon. They grow on the surface of
the digestate or on the framework of the digester and do not require inoculation.
The following reaction occurs in the biogas:

2H,S + 05 — 28 + 2H,0 .1)

not only elemental sulfur, but also sulfate is formed, which can cause corrosion in
solutions. A certain amount (2—6 %) of O, required for the reaction is introduced
in the biogas. A reduction of H,S concentrations down to 20—100 cm*m~3 and a
removal efficiency of 80—99 % can be achieved [46, 47] but the remaining con-
centrations may still be too large [37]. Safety measures have to be taken to avoid
overdosing of air since biogas in air (6—12 %) is an explosive mixture. Moreover,
care has to be taken to guarantee anaerobic conditions.

(b)Addition of iron chloride into the digester

Commonly, FeCly/FeCl3 is added during digestion to reduce the concentration of
H5S to a few hundred cm®m™3. Precautions should be taken to prevent O, and N»
from entering the biogas, rather than to remove them [35, 46, 47, 79].

Iron chloride can be dosed directly into the digester or through the influent
mixing tank. It reacts with the H,S present in the biogas to form FeS (particles)
according to Egs. (4.2) and (4.3). The precipitation reaction of the iron salt can be
written as follows:

2Fet 4+ 3527 — 2FeS + S 4.2)

Fe2t + 82~ — FeS 4.3)

This method is very efficient in reducing high concentrations of H»S, since a
reduction of H,S concentration down to 100 ¢cm? m~3 can be achieved [37], but
does not allow the attainment of a low and stable level of hydrogen sulfide [47].

4.4.2 Removal of H,S After Digestion
4.4.2.1 Adsorption Using Iron Oxide or Hydroxide

Hydrogen sulfide reacts easily with iron oxide, iron hydroxide, and zinc oxide and
forms iron sulfide or zinc sulfide, respectively [18]. This process is often referred
to as “iron sponge” because rust-covered steel wool may be used to form the reac-
tion bed.

Iron oxide and iron hydroxide react with H,S in the biogas according to follow-
ing reactions

Fe, O3 + 3H3S — Fe)S3 + 3H,0 4.4)

2Fe(OH); + 3H,S — FeyS3 + 6H,0 (4.5)
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The reaction is slightly endothermic: a temperature minimum of about 12 °C is
required, but the optimal conditions are between 25 and 50 °C. Condensation of
water on the iron oxide should be avoided since the iron oxide material will link
together with water which reducing the surface [3]. The iron oxide can be regener-
ated with oxygen according to the following reaction:

2Fe>S3 + 30, — 2Fe> 03 + 6S (4.6)

4.4.2.2 Physical and Chemical Absorption with Liquids

Physical absorption removes H»S by absorption in water or an organic solvent [18,
37, 86—88]. The most common solvent is water although operational problems due
to the growth of microorganisms on the packing occur.

Two types of water absorption processes are commonly used for the upgrad-
ing of biogas: single pass absorption and regenerative absorption [48]. A high con-
sumption of water is needed in the case of absence of regeneration steps.

Chemical absorption liquids that can be used are:

e Diluted NaOH-solution: NaOH reacts with H,S to form Na>S or NaHS which
precipitates. The formed sodium salts are not regenerative and have to be dis-
posed of;

e FeCl,-solution: FeCl; f reacts with H,S to form insoluble FeS that needs to be
removed;

e Fe(OH)s-solution: H,S is removed using Fe(OH)s resulting in the formation of
Fe,S3. Regeneration is done with oxygen or air (closed system) [18, 37, 89, 90].

Horikawa et al. [91] investigated chemical absorption of H;S in an Fe(III)-EDTA
catalyst solution. In this process, H,S is dissolved in an aqueous solution and cata-
Iytically removed by a chelated iron according to the following reaction:

S2~ 4+ 2Fe?t = S + 2Fet .7

The sulfur produced is easily separated by sedimentation or filtration from the
Fe-EDTA-solution. Regeneration of the aqueous Fe-EDTA-solution is done by
oxygenation according to Eq. (4.8):

0s(aq) + 2Fe’T = 2Fe’* + 20H 4.8)

The regeneration the Fe-EDTA-solution allows a large consumption of chemicals.
The process can be carried out at ambient temperature and is highly selective in
removing H»S: the volumes CH4 and CO; present in biogas remain nearly con-
stant. A removal of 90—100 % can be obtained for biogas containing 2.2 % H,S at
a gas flow of 1 dm? min~!, and at a solution flow of 83.6 cm>® min~! and an inlet
biogas pressure of 220 kPa [91]. At lower catalytic solution flow, lower absorp-
tion efficiency is obtained. At lower inlet H>S concentration higher absorption effi-
ciency is obtained. Therefore, the total removal of H,S depends on the use of the
adequate ratio of gas to liquid flow rates [91].
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4.4.2.3 Separation of H,S with Membrane

HaS can be separated from the gas by the use of semi-permeable membranes. HS (and
CO») can pass the membrane whereas CHy cannot [18, 37]. In addition, gas-liquid
absorption membranes can be used. The membranes are micro porous and have hydro-
phobic properties: the molecules in the gas stream, flowing in one direction, diffuse
through the membrane and are absorbed on the other side by the liquid, flowing in coun-
ter current. At a temperature of 25—35 °C the H,S concentration of the raw gas of 2 %
could be reduced to less than 250 cm®m~3 thus yielding an efficiency of more than 98 %.
NaOH is used as the absorbent in liquid [18, 46].

4.4.3 Biological Filter

This method is similar to the technique where air/O, was added to the digestion
tank. It is based on the use of specific bacteria that are able to oxidize HjS. Air
(4—6 %) is added to the biogas the filter bed; H»S is absorbed in the liquid phase
that is gas condensate and liquid from effluent slurry separation. After absorp-
tion, H,S is oxidized by the bacteria, growing on the filter bed. The temperature
is about 35 °C which promotes the biological process. Sulfur is retained in the
liquid of the filter [18, 35, 37, 79]. Biological filtration is required in several plants
for removing odors (oxygen rich situation) [47] and in some cases to remove
H,S from biogas. This technique has the advantage of low costs in comparison to
chemical cleaning. The method is also able to remove ammonia from the biogas.
With addition of air to the biological filters, the H>S content can be decreased
from 2000—3000 to 50—100 cm® m~3. Some works reported H,S reduction from
800 to 10 em® m~3 [35, 79].

Among the several gas purification processes proposed to eliminate H»S, such
as chemical scrubbing, physical adsorption [92], electrochemical treatment [93],
and biofiltration [94, 95] the physical and chemical treatments suffers the disad-
vantages of high costs and secondary pollutants production although are rapid and
efficient. On the contrary biological treatment that directly metabolizes H»S into
sulfate has receiving increasing attention. It is reported that the drop in pH caused
by sulfate accumulation has negative effects [96—101], therefore, studies on bio-
logical processes have focused on removing low HS concentrations (10-50 ppm)
to prevent rapid pH drop [102-106].

Other studies that combined chemical and biological processes for both H)S
elimination and ferric iron regeneration by Acidithiobacillus ferrooxidans have
been reported [107-109]. These processes are based on two reactions as follows:
the inlet H»S is first oxidized with a ferric iron solution and yields elemental sul-
fur, and the reduced ferrous iron is then reoxidized by A. ferrooxidans in the bio-
logical process.

Separate studies that focused on chemical absorption [110, 111] and bio-
logical oxidation [109, 112] were proposed. For instance, when the inlet HpS
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concentration is lower than 300 ppm, the rate-limiting step for the chemical
absorption process is the mass-transfer limitation, as revealed by model vali-
dation [113]. When the system has a high inlet H>S concentration (e.g., above
1500 ppm), the H,S removal efficiency is significantly maintained via long GRT
(gas retention time) and stable ferric iron concentration in the chemical reactor
[114]. In the biological reaction, Mesa et al. [115] investigated the continuous oxi-
dation efficiency of ferrous iron by using immobilized A. ferrooxidans. However,
studies that focused on the combined and continuous operation are limited.

In the present study, the chemical absorption reactor and the biological oxi-
dation reactor with immobilized A. ferrooxidans CP9 were connected and then
examined in both laboratory and pilot scales to evaluate the performance of H)S
elimination. In the laboratory-scale study, optimal operating parameters, such as
GRT, temperature, and H2S inlet loading were examined. In the pilot-scale study,
the biogas with an average H;S concentration of 1645 ppm was introduced into
the chemical-biological system. The long-term performance was examined, and
the results demonstrate that the chemical-biological process effectively removed
H>S from the biogas.

Biotrickling filters work by passing a stream of contaminated air through a
chemically inert packing material over which an aqueous phase is continuously
trickled. Microorganisms grow as biofilms on the surface of the packing material
by using pollutants transferred from the gas to the biofilm as energy and/or car-
bon sources. The effect of CH3SH in the removal of H,S in biogas in biotrickling
filters has not been explored yet although there are few references in the co-treat-
ment of low loads of CH3SH and HjS for odor removal [106, 116].

The biological oxidation of HS in aerobic (Eqs. 4.9, 4.10) and anoxic
(Eq. 4.11) biotrickling filters occurs according the following scheme [100, 117]

H,S + Oy — S° + H,O 4.9)

H,S + 20, — SO, 2 + 2H" (4.10)

15NO; + 12HyS — 9H,0 + 6S° + 650, % + 5NO; + 5N +20H™ + 4H*
(4.11)

Equation (4.3) involves both complete and partial denitrification coupled to com-
plete and partial H,S oxidation [118]. In both cases the principal products are sul-
fate and elemental sulfur.

The risk of clogging by elemental sulfur formation is the most important bot-
tleneck for stable, long-term operation in biotrickling filters.

The ratio between the available electron acceptor and H»S, i.e., O2/H,S and
NO3~/H,S in aerobic and anoxic biotrockling filter are the key parameters to end
up with a certain SOz 2/S° produced ratio [100, 119].

The biological oxidation of CH3SH under aerobic conditions produces formal-
dehyde and H;S intermediate product [120]. The overall reaction can be expressed
by Eq. (4.12) [121].
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2CH3SH + 702 — 2CO; 4 2H2S04 4+ H2O (4.12)

Chemical oxidation of CH3SH to DMDS in an aerobic reactor has been reported
according to Eq. (4.13) [122]

2CH3SH + 1/20, — CH3SSCH3 + H,0 (4.13)

Recently van Leerdam [122, 123] have found that CH3SH also reacts chemically
with biosulfur particles at pH 8.7 to form DMDS and other polysulfide according
to

2CH3S™ +H' + 1/8Sg = HS™ + CH3SSCH;3 (4.14)

2CH3S™ + S8 = S} + CH3S,CHy(withx + y = 10) (4.15)

The main products of these reactions are dimehyl polisulfides (DMDS and dime-
thyl trisulfide (DMTS)) and some longer-chain dimethyl polysulfides.DMDS and
DMTS are less inhibitory than CH3SH on biological (poly)sulfide oxidation [124].

H,S and methylmercaptan (CH3SH) are the most common sulfur compounds
found in biogas. Montebello et al. [99] studied the simultaneous removal of
H»S and CH3SH was tested at neutral pH in two biotrackling filters one operated
under aerobic conditions and the other one under anoxic conditions. Both reac-
tors were run for several months treating H,S concentration of around 2000 ppm
and CH3SH in the range 10—75 ppm. Maximum removal capacities of around 1.8
gS-CH3SH m—h~! were observed by stepwise increasing CH3SH concentrations
from 0 to 75—90 ppm(v) at a constant H,S loading rate of 5363 gS-H,S m—3h~!.
Maximum H»S elimination capacities for both reactors were between 100 and 140
gS-H,S m—3h~ 1.

A negative influence was found in the elimination capacities of CH3S by the
presence of high H»S in both biotrckling filters. CH3SH chemically reacts with
elemental sulfur at neutral pH enhancing the overall reactors performance by
reducing the impact of sulfur accumulation. Both reactors were also able to treat
CH3S without prior inoculation because of the already existing sulfide-oxidazing
microorganisms grown in the reactors during H,S treatment. Co-treatment of H,S
and CH3SH under aerobic and anoxic conditions was considered as a feasible
operation for concentrations commonly found in biogas (2000 ppm of H,S and
below 20 ppm of CH3SH).

A chemical-biological process was propose by Ho et al. [107] to remove a high
concentration of HpS in biogas. The high iron concentration tolerance (20 g L™!)
of Acidithiobacillus ferrooxidans CP9 provided sufficient ferric iron level for sta-
ble and efficient H,S removal. The results showed that the H»S removal efficiency
reached 98 % for 1500 ppm HjS. The optimal ferric iron concentration was kept
between 9 and 11 g L~! with a cell density of 108 CFU g~! granular activated car-
bon and a loading of 15 g S m~3 h~!. In pilot-scale studies for biogas purification,
the average inlet H,S concentration was 1645 ppm with a removal efficiency of up
to 97 % for a 311 days operation and an inlet loading 40.8 g S m~3 h~.
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Removal of H,S up to <100 ppm by in situ precipitation was reported by sev-
eral authors [20, 125, 126]. The remaining content of H>S which is not removed
by bacterial activity is cleaned by adsorption on ZnO ideally reaching concentra-
tions levels of <1 ppm [127].

Trace impurities are removed in a final step by an adsorption bed of activated
carbon aiming for concentration levels <1 ppm [128].

4.5 Adsorption on Activated Carbon

H>S can also be removed by using activated carbon, which is often dosed with KI
or sulfuric acid (H2SOy) to increase the reaction rate. Before entering the carbon
bed 4—6 % air is added to the biogas and H»S is catalytically converted to elemen-
tal sulfur and water in biological filters, according to Eq. (4.16):

2H,S 4+ O, — 2S 4+ 2H,0 (4.16)

The elementary sulfur is adsorbed by the activated carbon. Best efficiency is
obtained at pressures of 700—800 kPa and temperatures of 50—70 °C that can be
achieved through heat generation during compression. In continuous process the
system consists of two vessels [35, 46, 79]: one vessel for adsorption and the other
for regeneration. Regeneration can be performed with hot nitrogen (inert gas)
or steam. The sulfur is vaporized and, after cooling, liquefied at approximately
130 °C. Typically, the activated carbon is replaced rather than regenerated [18, 35,
46, 79].

4.6 Ammonia Stripping

Anaerobic digestion effluent typically contains high amounts of ammonium, phos-
phate, suspended solid (SS), and persistent organic substrate, which has been gen-
erally applied as a fertilizer for recycling the nutrients in agricultural field [129].
However, the excessive application of digested effluent in agricultural areas is the
probable cause of nitrogen pollution in farming areas [130]. The high ammonia,
phosphate, and SS contents of anaerobic digestion effluent are generally difficult
of access to conventional biological treatment processes, such as activated sludge
process [131, 132], soil trench system, etc. [133]. In addition, the relatively low
chemical oxygen demand/total nitrogen (COD/TN) ratio [129-131] is insufficient
to facilitate efficient TN removal. Meinhold et al. [134] suggested that the COD/
TN ratio for efficient TN removal by nitrification and denitrification in an activated
sludge process should be between 4 and 5. Hence, physicochemical pretreatments
such as ammonia stripping, ion exchange, membrane processes, and chemical pre-
cipitation are required to lower the concentration of ammonia, phosphate, and SS
prior to application to biological treatment processes. Ammonia stripping has been
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successfully applied in pretreating pig slurry [135, 136], landfill leachate [137],
urea fertilizer plant wastes [138], etc. However, researches on the application of
ammonia stripping to anaerobic digested effluent are limited. Further, the optimal
Ca(OH); dosage must also be studied because of the different C, N, and P concen-
trations and pH buffer capacity of anaerobic digested effluent.

Lei et al. [139] showed that an overdose of calcium hydroxide, i.e., 27.5 g/L
wastewater, achieved higher ammonia, phosphorus, chemical oxygen demand, sus-
pended solids, and turbidity removal efficiency. The pH of the anaerobic digestion
effluent can be increased from about 7 to about 9 by CO; stripping. It was roughly
estimated that 43 m> of biogas (CH4:CO; & 60:40 %) produced daily could be
purified to CH4:CO, &~ 74:26 % by neutralizing the pH of the 5 m?® anaerobic
digestion effluent pretreated by ammonia stripping.

4.7 Materials for Sulfur Removal: Activate Carbons
and Zeolites

At present adsorption technology is recognized to be the most common technol-
ogy applied to reach ultra-low sulfur levels for fuel cells applications. Activated
carbon is one of the most versatile adsorbents known with high removal efficiency,
low costs reusability, and possible product recovery [16, 140-155]. However, there
are many other commercial adsorbents used for fuels desulfurization at ambient
temperature and pressure, such as silica, alumina, zeolites and some metal oxides
[156-166].

Aslam et al. [147] reported the study of activated carbon (AC) made from
waste oil fly ash (OFA) which is produced in large quantities from power gen-
eration plants through combustion of heavy fuel oil. OFA contains ~80 % C that
makes it suitable for producing AC by physicochemical treatments using a mixture
of HNOj3, H>SOy4, and H3PO4 acids to remove non-carbonaceous impurities. The
physicochemical treatments of OFA increased the surface area from 4 to 375 m%/g.
The materials are characterized by combined SEM and EDX techniques. The AC
is further treated with HNO3 and NH4OH solutions in order to attach the carbox-
ylic and amine groups on the surface, respectively. FTIR characterization is used
to confirm the presence of the functional groups on the surface of AC at differ-
ent stages of its development. The performance of functionalized AC samples is
tested for the removal of HoS from a synthetic natural gas by carrying out break-
through curves. The results showed maximum adsorption capacity of 0.3001 mg/g
for NH4OH functionalized AC with 86.43200B % regeneration efficiency. The
NH4OH-treated AC is more effective for H>S removal than acid-treated AC.

Phooratsamee et al. [146] reported the preparation of activated carbon from
palm oil shells by chemical activation using ZnCl, impregnated with NaOH, KI,
and K,COs3 for H,S absorption from biogas. The production of activated carbon
involved three stages; (i) carbonization of raw material at 600 °C; (ii) activation
of char product from the first stages; (iii) alkali impregnation of activated carbon
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NaOH, KI, and K>CO3 solutions. The result showed that the highest surface area
and the pore volume (741.71 m?/g and 0.4210 cc g~ ') was obtained on K,CO3-AC
activated carbon. The best performances were obtained with KoCO3-AC in com-
parison to KI-AC and NaOH. Therefore, K;CO3-AC impregnated activated carbon
has a high surface area and showed be an efficient adsorbent for removal of H,S
from biogas product.

Cu and Zn modified 13X zeolites prepd. by ion exchange or impregnation and
activated carbons (ACs) treated with KOH, NaOH, or Na;COj3 solutions were
studied by Micoli et al. [149] as H,S sorbents for biogas purification for fuelling
molten carbonate fuel cells. H>S sorption was studied in a new experimental appa-
ratus equipped with a high sensitivity potentiometric system for the analysis of
H»S. Breakthrough curves were obtained at 40° with a fixed bed of 20 mg of the
samples under a stream (6 L h™!) of 8 ppm H,S/He mixt. The adsorption proper-
ties of 13X zeolite improved with addn. of Cu or Zn:Cu exchanged zeolite showed
the best performances with a breakthrough time of 580 min at 0.5 ppm H»S, that is
12 times longer than the parent zeolite. In general, unmodified and modified ACs
were more effective H,S sorbents than zeolites. Treating ACs with NaOH, KOH,
or NayCOs3 solutions. improved the HS adsorption properties: active carbons
treated with NayCO3 was the most effective sorbent, showing a breakthrough time
of 1222 min at 0.5 ppm, that is twice the time of the parent AC.

The influence of modification conditions and operation conditions on the H»S
adsorption performance on AC samples was also study by Liang et al. [150]. The
authors reported that a combinatory method of high pressure hydrothermal treat-
ment followed by alkaline solution impregnation could promote the HoS adsorp-
tion performance remarkably.

Monteleone et al. [153] studied anaerobic H»S adsorption on activated carbons,
with particular attention to the influence of thermal treatment on adsorption capac-
ity, to feasibility of regeneration and the competitive adsorption of H,S and CO,.
The selected materials were characterized before and after adsorption tests, using
sorption of N, XRPD, TGA-DTA, SEM, and EDX. All tested carbons showed a
better adsorption capacity before thermal treatment, confirming the crucial role of
H>O in absorption mechanism. Activated C impregnated with metal salts, revealed
the highest adsorption capacity due to the combination of microporosity and oxi-
dative properties.

Osorio et al. [167] reported a study dealing with biogas purification coming
from the anaerobic digestion of sludges in a wastewater treatment plant. The puri-
fication apparatus contains scrubbing towers and filters of activated carbon at the
end of the line. The H,S inflow concentrations were quite high (up tp 2000 ppm).
The effluent biogas from the scrubbing towers presented an H»S concentration
less than 1 ppm and zero or undetectable values after adsorption of active carbons
filters.

An et al. [151] investigate the performance of activated carbon fiber (ACF)
modified by impregnation with transition metals. The differences of the perfor-
mance between original and modified ACF and the effects of type and concentra-
tion of impregnants were studied. It was observed that the adsorption capacity of
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ACEF was significantly improved by modification and that sulfur capacity increased
with the concentration of impregnant initially, and then decreased. The adsorp-
tion of HS was in the order: 5 % Cu(NO3)-ACF > 5 % Co(NO3),-ACF > 5 %
Mn(NO3),-ACF. The modified ACF by 5 % Cu(NO3)2-3 % Co(NO3), solutions
has the best performance with the sulfur capacity of 166.7 mg/g. The modified
ACF by 5 % Cu(NO3)2-3 % Co(NO3)>-1 % Mn(NO3); solution has the worst per-
formance with a sulfur capacity of 83.3 mg/g.

Huang and Chen [152] propose a dynamic adsorption model to simulate
removal of H,S by a fixed-bed packed with copper impregnated activated carbon
(IAC). After diffusion into the interior of a pellet, H>S species either may be phys-
ical adsorbed on carbon surface or may react with the copper impregnated on the
IAC.

Hernandez et al. [141] studied a system for both the desulfurization and dehalo-
genation of landfill biogas at ambient temperature. The principal aim of the work
was to identify a multifunctional adsorption bed that would be able to purify the
landfill biogas to sulfur and chlorine concentrations of below 1 ppmv, with a
high removal efficiency (>99 %). Two commercial activated carbons were stud-
ied. Moreover activated carbon, functionalized by ZnO nanoparticles, was tested at
ambient temperature for the simultaneous removal of H,S and organochlorinated
mols. The biogas desulfurization results have shown that the ZnO (10 %) modified
commercial active carbon has a higher adsorption capacity than the commercial
material due to the presence of well dispersed ZnO nanoparticles on the surface.
Moreover, the biogas dehalogenation results confirm that the use of two adsor-
bent beds in series improves the performance of the abatement of high molecular
weight halogenated.

Riberio et al. [14] reported a study of adsorption of carbon dioxide, meth-
ane, and nitrogen on an activated carbon honeycomb monolith supplied by Mast
Carbon (United Kingdom). A very interesting property of honeycomb monoliths
is that the pressure drop is almost negligible [168]. Kinetics of adsorption (diffu-
sion rates) of pure gases was measured by diluted breakthrough curves of the pure
gases diluted in helium. A mathematical model using one lumped resistance was
employed to determine diffusivity coefficients from experimental data. The results
were correlated with the Langmuir and multisite Langmuir models.

Chang [142] reported the study of high-silica/alumina ratio (>10) zeolite
including MCM-4 and Y-type zeolite or high-silica zeolite and Mg?t or Cu?*
modified activated carbons.

Yazdanbakhsh et al. [158] reported the HS breakthrough capacity of copper-
exchanged Engelhard Titanosilicate-2 (ETS-2). The adsorbent efficiency remains
unchanged up to 950 °C. Below 750 °C, the adsorption capacity at breakthrough
is 0.7 mol of H,S per mol of copper while >750 °C the capacity of the adsorbent
is halved. The change in H,S capacity is due to Cu®* reduction by the H, which is
formed through the thermal dissociation of H;S.

Liu et al. [157] studied an efficient hybrid adsorbent/photocatalytic composite
(TiOy/zeolite) for the HpS removal and SO, capture by coating TiO; on the sur-
face of cheap natural zeolite with an ultrasonic-calcination way. The TiO»/zeolite
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showed the highest H>S removal capacity and lowest SO, emission, compared
with the single zeolite adsorption and TiO, photocatalysis. H»S removal capacity
and SO; capture capacity of TiOy/zeolite were enhanced in the presence of mois-
ture in the biogas.

Papurello et al. [29] reported the use of with Na-X zeolites combined with a
ZnO guard bed (heated at 300 °C) before feeding the reformer unit in order to
guarantee a durable and stable operation.

Tomadakis et al. [162] proposed pressure swing adsorption method using as
adsorbent materials 4A, 5A, and 13X molecular sieves was studied by Tomadakis
et al. [162]. It was found that 13X and 5A materials give high purity methane
(98 % or more) of zero or nearly zero HpS concentration for short periods of
time. High methane recovery rates were obtained in most adsorption experiments,
averaging at 60—70 % for all sieves, and topped by 100 % in certain 13X runs.
Similarly, high H,S recovery rates were typically achieved in desorption tests
averaging at 72 % with sieve 4A, and reaching 100 % in some 13X and 4A runs.

A theoretical approach to describe the adsorption fenomena of H>S on zeo-
lites was reported in literature. Shah et al. [156] studied the adsorption behav-
ior of binary mixtures of H>S and CH4 on different all-silica zeolite frameworks
using Gibbs ensemble Monte Carlo simulations at 25 and 70 °C and pressures in
the range 1—50 bar. The simulations demonstrate high selectivities that increase
with increasing HoS concentration due to favorable sorbate—sorbate interactions.
The simulations indicate significant inaccuracies using unary adsorption data and
ideal adsorbed theory. Cosoli et al. [160] used coupled grand canonical-canoni-
cal Monte Carlo and mol. dynamics (MD) simulation techniques to investigate in
details the adsorption of low-pressure hydrogen sulfide (H,S) in zeolites, and the
selective adsorption behavior toward carbon dioxide and methane, the main biogas
constituents. Results from Monte Carlo (MC) simulations indicated, among many
others, zeolite NaY as the best option for H,S removal. Thermodynamic evalua-
tions confirm the results obtained from Monte Carlo simulations, evidencing the
greater affinity for H,S to NaY zeolite framework.

A theoretical approach was also reported by Qiu et al. [161] to investigate
the interactions between H;S and HZSM-5 zeolites. The results showed that the
nature of interactions lead to the formation of the zeolite cluster-H»S and silanol-
H»S complexes was van der Waals force confirmed by a little change of geometric
structures and properties.

Recently, the removal of sulfur and chlorinated compounds has received more
and more attention but only few reports are focused on the selectivity of different
adsorbent materials respect to these different molecules [15].

Ryckebosch et al. [18] described the removal of halogenated carbon hydrates
that are mainly found in landfill gas. These compounds cause the corrosion in
engines and can be removed with activated carbon. Generally, are used two tubes
in parallel for the treatment and for the regeneration, respectively. Regeneration
is done by heating the activated carbon to 200 °C, thus evaporating the adsorbed
components which are thereafter removed by an inert gas flow [46].
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Hernandez et al. [141] report a study on the removal of sulfur and halogen-
ated compounds from a model landfill biogas through adsorption. SCL3 Recently
Papapdias et al. [30] performed a detailed analysis of impurities contained in
digester and landfill gas combined with a sensitivity analysis of electricity costs of
a fuel cell system focusing on establishing a fitting gas-cleaning unit SC L3.

The landfill was in Pianezza (Turin) performed with the company Asja
Ambiente Italia S.p.A.

The authors [141] reported the results obtained on six commercial adsorbents
(Table 4.6) to compare their selectivity and their uptake capacity toward nine dif-
ferent sulfur compounds (including mercaptanes). In Table 4.7 the analysis of the
biogas is reported.

Norit activated carbon presented the highest adsorption capacities for COS
MM, EM tBM, and sBM. Conversely zeolite 13X had the highest uptake capac-
ity for DMS and iPM and the ST material showed the highest capability to adsorb
MES and THT; almost the same performance was observed for MES adsorption
on zeolite 13X.

Moisture and other sulfur-free hydrocarbons (C2 to C5) are indeed present in
the real biogas and may influence the adsorption process. Since activated carbons
and zeolites can adsorb water this capability can significantly reduce their selectiv-
ity and uptake capacity toward sulfur compounds [169-172]. When RGM3 was
tested in the presence of moisture its uptake capacity towards some sulfur com-
pounds was greatly reduced (from 58.892 to 22.164 %). Reduction of up to 100 %
for COS, 57 % for DMS-iPM, 89 % for MES and 60 % for THT were observed.

It was found that each halogenated compound is adsorbed on the activated car-
bon in a different manner: Norit R1540 W and Norit RB4 W could remove the
majority of the chlorinated species but with different breakthrough times. The
adsorptive capacity for the smaller molecular weight species (chloromethane and
chloroethane) is practically zero but it is the highest for the 1,1,2,2-tetrachloro-
ethane (6.79 and 7.76 wt%, for the R1540 W and RB4 W, respectively). Hence,
these activated carbons have an uptake capacity that increase with the molecular
weight (MW) of the halogenated molecules, although this trend is not absolute:
the adsorption capacity can be explained as a function of the adsorbate molecu-
lar weight, degree of unsaturation, polarization and symmetry as well. The authors

Table 4.6 Adsorbents tested [141]

Use Active component Supplier Product name
Desulfurization | Activated carbon with Cr and Norit RGM-3
Cu salts
Zeolite 13X Grace Davison 554HP
Molecular sieve Grace Davison Sylobead 522
Molecular sieve Grace Davison Sylobead 534
Metal oxides Non disclosable ST
Metal oxides ECN SulfCath
Dehalogenation | Activated carbon Norit R1540 W
Activated carbon Norit RB4 W
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Table 4.7 Analysis of the Pianezza MSW landfill biogas [171]
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Parameter Measure unit Minimum value Maximum value
Temperature °C 9 26
Humidity %o v 0.6 1.1
(0)) % v t.q. 1.5 2.8
CO, % v t.q. 34 40.9
CO % v t.q <0.001 0.003
N; % v t.q. 11.4 16.0
H» % v t.q. <0.1 <0.1
CHy % v t.q. 42.8 50.2
Hydrocarbons > C5 (as hexane) Ing/m3 337.3 1178.0
Aromatic hydrocarbons mg/m? 101.4 128.0
Total organic carbon (as C) rng/m3 306 790.1
Siloxanes mg/m3 <0.05 <0.2
NH; mg/m? <0.5 15.7
HCI1 mg/m> <0.6 2.0
Organochlorurated compounds mgCl/m? 20 30.6
Total chlorine mgCl/rn3 17.4 32.0
HF mg/m? <0.5 0.8
Organofluorinated compounds mgF/m? 1.2 6
Total fluorine mgF/m? 1.2 <6,6
H,S p.p-m. 114.3 205
H,SO4 p.p-m. <0.3 1.0
Mercaptanes (CoH5SH) p-p-m. 0.7 27.7

concluded that none the tested adsorbents could remove the wide variety of sulfur
compounds and the chlorinated compounds with low molecular weight that could
be present into the landfill biogas, such as chloromethane and chloroethane.

The authors [141] proposed a multistep desulfurization process with two adsorp-
tion beds so that the species not adsorbed in the first bed could be trapped in the
second one. The first bed is based on molecular sieves; the second one contains
activated carbons that are able to remove all the S-compounds present in the
biogas. Tests that have been performed on the SOFC power generation system at
the Turbocare site in Turin [171]. A two component arrangement of 130 kg zeolite-
X followed by 90 kg activated carbon provided an acceptable solution for large-
scale SOFC unit. After 4 months of operation no sulfur breakthrough was observed.

4.8 Removal of Sulfur Compounds in Fuels
by Adsorption Processes

Organic sulfurs in natural gas and liquid fuels are poison to both the reforming
catalyst and fuel cell’s electrocatalysts. Many zeolites adsorb organic sulfurs and
can efficiently remove these impurities from fuels. Sulfur removal by adsorption
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has obvious advantages over hydrodesulfurization. The process can be car-
ried out at room temperature and does not require hydrogen, which is an impor-
tant advantage. Table 4.8 lists some zeolites and mesoporous materials used for
the removal of sulfur compounds. Yang and coworkers [173, 174] prepared Ag
and Cu ion-exchanged NaY zeolites that selectively adsorbed sulfur compounds
via m-complexation between thiophene and the ion-exchanged metals. Other
researchers reported high degree of desulfurization using Ni/KY [175], AgNOs3/
Beta [176], and CuZn/Y [177] adsorbents. These adsorbents were regenerated
by washing with solvents at room temperature without loss of capacity. Feng and
coworkers [178] used Ce(IV)Y zeolite to produce diesels with unprecedented low
S (i.e., <0.01 ppm S). Mesoporous materials with their extremely high surface area
and highly accessible pores are also efficient adsorbents [179-188]. Metal oxides
and salts supported on mesoporous materials [189-196] had been used to remove
sulfur from fuels, but were less able to attain the same level of ultra-deep desul-
furization seen in the zeolite counterparts. Metal cations in zeolite appear to be the
key in achieving ultra-deep desulfurization and it might be possible to replicate the
same zeolite environment in mesoporous silica by incorporating zeolite framework
structure on the pore wall, which has been demonstrated by several researchers
[197-201].
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Chapter 5
The Effect of Sulfur Compounds on MCFC

5.1 Sulfur Poisoning on the MCFC Components

Molten carbonate fuel cells (MCFC) are composed of a porous nickel-based
anode, a porous nickel oxide-based cathode and molten carbonate salts as elec-
trolyte within a porous lithium aluminate matrix. Molten carbonate fuel cells with
internal reforming can be fed directly with light hydrocarbons rich gas such as
biogas.

Though MCFCs have the advantage of not requiring noble metal catalysts for
the electrochemical reactions, some species have a poisoning effect on the cata-
Iytic properties of the electrodes.

The harmful effect of impurities may depend on the partial pressure of other
species in the gas (e.g., hydrogen, water, carbon dioxide), the current density at
which the fuel cell is operated, the temperature, and the fuel utilization.

Hydrogen sulfide is the most important contaminant and even few parts-per-
million concentrations the fuel gas at the anode side strongly affect cell perfor-
mance. HpS has an immediate effect on cell performance, also at 1 ppm [1]. The
effect of sulfur poisoning was observed at the initial H>S addition, even though the
concentration was very low.

The limit of HS concentration accepted for fuel gas is less than 1 ppm. Sulfur
poisoning of the electrode is irreversible upon long-term exposure to concentra-
tions of more than about 10 ppm since surface structure changes take place and
cause permanent damage and deactivation of the anode [2-11]. At low concentra-
tions the effects of HpS are generally reversible by passing over HaS-free hydro-
gen and water vapor.

Poisoning mechanisms depend on many factors, such as applied current den-
sity, inlet anodic gas composition, operating temperature and pressure.

In many studies various causes have been identified for the immediate decrease
in MCFC performance upon introduction of H,S [6-9, 11-16]. This problem has
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been widely studied but no assessment on the mechanisms of the poisoning by
H>S has been reached.

There are two main interactions of H,S with cell components, with the electro-
Iyte and with the anode and cathode [11].

H,S can react chemically with carbonates of the electrolyte to form either
sulfide or sulfate ions (Eqgs. 5.1 and 5.2) reducing electrochemically active charge
carriers which would otherwise be available for the hydrogen oxidation mecha-
nism [5, 13, 17]. The cell performances decay, even if the ion conductivity of the
electrolyte does not appreciably changes because carbonate ions are replaced by
the same equivalent number of sulfur-based anions.

H,S + CO3~ — HyO + CO, + S~ (5.1)

HyS + CO2™ + 3H20 — SO~ + CO, + 4H, (5.2)

H,S can react with carbonates also via electrochemical processes [5, 14, 18]
(Egs. 5.3 and 5.4) yielding harmful, ionized sulfate compounds forming either
sulfide S%~ or sulfate SO42~ ions.

5C02™ + 4H, 4+ HpS — S>~ 4 5C0; + 5H,0 + 8¢~ (5.3)

5CO%™ + HaS — SO~ + 5C0; + HyO + 8¢~ (5.4)

Standard potentials of above reactions are, respectively, — 1.037 V and —0.986 V
with respect to 0,:CO; = 33:67 vol.% reference electrode.

When the above reactions occur instead of the hydrogen oxidation, the overall
cell reactions are respectively as follows:

H,S + M,CO3 — M5S + H,O + CO, (5.5)

HS +M,CO3 + 3H,0 — M504 + CO;z + 4H; (5.6)

where M is a metal such as lithium or potassium.

Hydrogen sulfide is a poison for the nickel catalyst and the negative effect on
fuel cell performance is well documented [3, 8, 9, 13, 18, 19].

H>S reacting with nickel can block electrochemically active sites for the hydro-
gen oxidation, can change the wettability of the anode toward carbonates, can
modify the anode surface and its porous structure, can alter the anode conductiv-
ity, can change the carbonate conversion to sulfate and can poison catalytic sites
for the water gas shift reaction.

The affected sites give rise to morphological changes in the anode structure,
and can thereby cause further deterioration of cell performance through second-
ary effects like impeded gas diffusion, volume change or reduced wetting by the
electrolyte [20].
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Possible reactions of hydrogen sulfide with nickel can have different natures:
formation of bulk nickel sulfides via chemical reactions, reaction (5.7); surface
sulfuration either via physical adsorptions of hydrogen sulfide molecules, reaction
(5.8), or via chemisorptions of sulfur atoms, reaction (5.9) [18].

xNi 4+ yH,S — NixSy + yH, (5.7)
Ni(s) + H»S(s) — Ni—Hj;S(ads) (5.8)

2Ni(s) + H,S(g) — Ni—HS(ads) + Ni—H(ads) — Ni—S(ads) + Ni—H, (ads)
— Ni—S(ads) 4+ Ni + Ha(g) (5.9)

With the anode, H»S can be chemisorbed on nickel surfaces or can react chemi-
cally with nickel to form nickel sulfide. Nickel sulfides can be formed also electro-
chemically by oxidation of sulfide ions in the electrolyte.

Ni + HpS — NiS + Hy (5.10)

Ni + S%~ — NiS + 2¢e~ (5.11)

Electrochemical poisoning reactions occur when the anodic potential reach elec-
trode potentials for nickel sulfides formation: the standard electrode potential for
the half-reaction forming NiS and Ni3S2 are respectively —0.756 V and —0.829 V
[13, 18]. At open circuit voltage conditions, the anodic potential is more negative
than electrode potentials necessary for either NiS or Ni3S; formation.

At low H;3S levels just two poisoning reaction types occur: physical and chemi-
cal absorptions on nickel surface by reactions (5.8) and (5.9); replacement of
carbonate ions with sulfide and sulfate ions by reactions (5.1)—(5.4). In fact, for-
mations of bulk nickel sulfides by reaction (5.7) are thermodynamically forbidden.

Devianto et al. [21] investigated the poisoning effect of H>S on Ni-based
anodes in MCFC at low H»,S concentrations, simulating biogas impurity. A con-
ventional Ni-Cr anode was coated with ceria using dip coating to form a rare earth
metal oxide thin layer on the surface of the anode. Electrochemical studies of the
Ni-based samples were performed in symmetric cells under anode atmosphere
(Ha, CO», H70, and N, as balance) with 2, 6, 12, and 24 ppm of H»S by means of
electrochemical impedance spectroscopy.

The results showed that the poisoning resistance was enhanced at low coat-
ing percentages of ceria; the effects depend on H,S concentration and the applied
load. These results were confirmed by electrochemical impedance tests where the
cerium oxide addition appears through stable polarization behavior up to 6 ppm
of H,S, particularly in the mass transfer region. The protection is explained by the
depression of poisoned Ni active sites and formation of a layer to the metal sur-
face. The ceria coating layer is a potential solution to reduce H,S poisoning of
MCEFC:s fuelled with biogas.

Higher water content accelerated the effect of corrosion and the poisoning
resistance was enhanced at low coating percentages of ceria; effects depend on
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H>S concentration and the applied load. The ceria coating layer is a potential solu-
tion to reduce H»S poisoning of MCFCs fuelled with biogas.

The research to obtain new advanced anode materials with high sulfur tolerance
and effective recovery capability is largely discussed in literature [7, 17, 22]. Zaza
et al. [18] studied the H,S poisoning mechanisms of conventional nickel-based
anode MCFCs in order to determine sulfur tolerant advanced anodes for MCFC
fed with biogas. Proposed anode materials include two different categories: anodes
made of an electrocatalyst and a hydrogen sulfide trap such as NiCr covered with
either CeO; or CeO,—Zr0O;; anodes made of a hydrogen sulfide resistance electro-
catalyst such as NiAl

5.2 Effect of SO; on Cathode and H>S on Anode

Recently Rexed et al. [23] studied the effect of contamination of MCFC with low
concentrations of both SO, at the cathode and H,S at the anode. The poisoning
mechanism of SO, is due to sulfur transfer through the electrolyte and formation of
H>S at the anode. Measurements were performed with SO; in the oxidant gas at con-
centrations up to 24 ppm, for short-term (90 min) and long-term (100 h) contaminant
exposure. The poisoning effect of H>S (up to 12 ppm) was studied for gas composi-
tions with high and low concentrations of Hj in fuel gas. Sulfur poisoning by SO»
of MCFC has been considered as a result of anode exhaust gas recirculation to the
anode. Any HjS present in the exhaust gas will be oxidized to SO, (reaction 5.12)
together with residual fuel in a catalytic burner before entering the cathode.

H>S +3/20, — H20 + SO, (5.12)

CO3™ 4 S0, + 1/205 — COy + SO;~ (5.13)

H,S causes poisoning of the Ni-anode surface by formation of NiS which kineti-
cally hinders the oxidation of hydrogen [3, 7, 18]. It may react chemically to
form NiS (reaction 5.14), or electrochemically as sulfide in the electrolyte (reac-
tion 5.15), with the nickel anode to form nickel sulfide.

xNi + yH,S — Ni,Sy + yH, (5.14)

xNi + yS?~ — Ni,S, + 2xe (5.15)

SO; added to the cathode immediately affects also the anode, indicating a trans-
fer mechanism of sulfur from anode to cathode. It can be hypothesized that SO,
dissolves into the electrolyte as sulfate ions which migrate to the cathode where
are released as HjS, causing the poisoning of the anode catalyst by interactions
with nickel HjS. Increased polarization of both anode and cathode was observe
after longterm exposure to 8 ppm SO; at the cathode increasing at high current
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density. The short-term tests show anode polarization for concentrations higher
than 12 ppm SO, suggesting that the transfer mechanism of sulfur from the cath-
ode to the anode is fast, although no detailed data on transfer kinetics are reported.
The anode poisoning effects were largely reversible by regeneration with clean
gas, however, the cathode evidenced irreversible polarization. The increase in cell
resistance after long-term exposure was attributed to the cathode. This could be
due to carbonate being replaced by sulfate by reaction with SO, dissolved in the
electrolyte, or the formation of a layer at the electrode—current collector interface.

Ciccoli et al. [5] discuss the possibility of regeneration of the fuel cell.

In fact in the case of nickel transformation to nickel sulfide (reaction 5.10),
passing pure gas over the poisoned anode can regenerate the electrochemically
inert metal sulfide to the original, active catalyst:

The conditions and limits for the above reaction to be reversible are under
investigation in and could provide a crucial, added operating parameter to guaran-
tee long-term reliability of the MCFC stack. In this study [5], it is observed that, at
different currents and concentrations of H,S, the cell voltage drops can be partially
recuperated. At higher degrees of poisoning and current load, the performance
degradation is permanent.

Zaza et al. [18] reported that cell performances recovery levels depend on water
vapor amounts in inlet anode gas. Irreversible poisoning effects are due to stable
nickel sulfide formations, Ni3S,.

References

—_

. Cigolotti V, McPhail S, Moreno A, Yoon SP, Han JH, Nam SW, Lim T (2011) MCFC fed
with biogas: experimental investigation of sulphur poisoning using impedance spectroscopy.
Int J Hydrogen Energy 36:10311-10318
2. Hoffmann J (2005) Applications of molten carbonate fuel cells with biofuels. In: Lens P,
Westermann P, Haberbauer M, Moreno A (eds) Cells biofuels for fuel. IWA Publishing,
pp- 478-94

3. Vogel WM, Smith SW (1982) The effect of sulfur on the anodic H> (Ni) electrode in fused
LipCO3-K,CO3 at 650 °C. J Electrochem Soc 129(7):1441-1445

4. Cigolotti V, McPhail S, Moreno A (2009) Non-conventional fuels for high-temperature fuel
cells: status and issue. ASME J Fuel Cell Sci Tech 6(2)

5. Ciccoli R, Cigolotti V, Lo Presti R, Massi E, McPhail S, Monteleone G et al (2010) Molten
carbonate fuel cells fed with biogas: combating H,S. Waste Manag 30(6):1018-1024

6. Sammells AF, Nicholson SB, Ang PGP (1980) Development of sulphur-tolerant components
for the molten carbonate fuel cell. J Electrochem Soc 127(2):350-357

7. Devianto H, Yoon SP, Nam SW, Han J, Lim T-H (2006) The effect of ceria coating on the
H,S tolerance of a molten carbonate fuel cell. J Power Sources 159:1147-1152

8. Kawase M, Mugikura Y, Watanabe T (2000) The effects of H,S on electrolyte distribution
and cell performance in the molten carbonate fuel cell. J Elect Soc 147(4):1240-1244

9. Uchida, Ohuchi S, Nishina T (1994) Kinetic studies of the effects of H2S impurity on hydrogen
oxidation in molten (Li + K)COs3. J Elect Chem 369:161-168

10. Jablonski G, Hamm JR, Alvin MA, Wenglarz RA, Patel B (1982) Evaluation of Gasification

and Gas Cleanup Process for Use in Molten Carbonate Fuel Cell Power Plants. Department of

Energy, Morgantown Energy Technology Center, Report DOE/MC/16220-1306 (DE83003821)



136 5 The Effect of Sulfur Compounds on MCFC

11. Zaza F, Paoletti C, Lo Presti R, Simonetti E, Pasquali M (2008) Effects of hydrogen sulfide
impurities on MCFC performance. In: Fundamentals and developments of fuel cells confer-
ence—FDFC2008, Nancy, France, 10—-12 Dec 2008

12. Kawase M, Mugikura Y, Izaki Y, Watanabe T (1999) Effects of H,S on the performance of
MCEC. II. Behavior of sulfur in the cell. Electrochemistry 4:67

13. Weaver D, Winnik J (1989) Sulphuration of molten carbonate fuel cell anode. J Electrochem
Soc 136(6):1679-1686

14. Townley D, Winnick J, Huang HS (1980) Mixed potential analysis of sulphuration of molten
carbonate fuel cells. J Electrochem Soc 125(5):1104—-1106

15. Marianowski LG, Anderson GL, Camara EH (1991) Use of sulphur containing fuel in molten
carbonate fuel cells. United States Patent, No 5,071,718

16. Dong J, Cheng Z, Zha S, Liu M (2006) Identification of nickel sulphides on Ni-YSZ cermet
exposed to Hj fuel containing H»S using Raman spectroscopy. J Power Sources 156:461-465

17. Gong M, Liu X, Trembly J, Johnson C (2007) Sulfur-tolerant anode materials for solid oxide
fuel cell application. J Power Sources 168:289-298

18. Zaza F, Paoletti C, LoPresti R, Simonetti E, Pasquali M (2010) Studies on sulfur poisoning
and development of advanced anodic materials for waste-to-energy fuel cells applications.
J Power Sources 195:4043-4050

19. Watanabe T, Izaki Y, Mugikura Y, Morita H, Yoshikawa M, Kawase M et al (2006)
Applicability of molten carbonate fuel cells to various fuels. ] Power Sources 160:868-871

20. Hernandez S, Scarpa F, Fino D, Conti R (2011) Biogas purification for MCFC application.
Int J Hydrogen Energy 36:8112-8118

21. Devianto H, Simonetti E, McPhail SJ, Zaza F, Cigolotti V, Paoletti C, Moreno A, La Barbera
A, Luisetto I (2012) Electrochemical impedance study of the poisoning behaviour of Ni-based
anodes at low concentrations of HaS in an MCFC. Int J Hydrogen Energy 37:19312-19318

22. Cheng Z, Zha S, Liu M (2006) Stability of materials as candidates for sulfur-resistant anodes
of solid oxide fuel cells. J Electrochem Soc 153(7):A1302-A1309

23. Rexed, Lagergren C, Lindbergh G (2014) Effect of sulfur contaminants on MCFC performance.
Int J Hydrogen Energy 39:12242-12250



Chapter 6
The Effect of Biogas Impurities on SOFC

6.1 Introduction

Biogas contains several substances (Table 6.1) that have negative impact on the
process converting the biogas into energy. So the biogas should be converted into
biomethane stream having proper characteristics.

The treatment of biogas generally aims at: (1) a cleaning process, in which
the trace components harmful to the natural gas grid, appliances, or end users are
removed, (2) an upgrading process, in which CO; is removed to adjust the calo-
rific value and relative density in order to meet the specifications of the Wobbe
Index. This latter parameter is dependent on both the calorific value and the rela-
tive density [1, 2].

After transformation, the final product is referred to as ‘biomethane’, typically
containing 95-97 % CH4 and 1-3 % CO,. Biomethane can be used as an alterna-
tive for natural gas. In general, the type of end use of the biogas sets its quality
demands [3].

An interesting alternative to conventional technology can be based on SOFC
due to their high biogas to electricity conversion efficiency (around 50-60 %).
Conversely to thermal engines, SOFC can operate with diluted biogas, differently
from while internal combustion engines (ICE) that cannot operate if the CH4 con-
tent in biogas falls below 40-45 %. Essentially two main concerns come from
direct biogas feeding in an SOFC: carbon deposition and the detrimental effects
of contaminants on the Ni anode electrode [5-9]. Carbon deposition can be eas-
ily managed provided that a proper steam-to-carbon or oxygen ratio in guaranteed
at the SOFC inlet so that C build up is thermodynamically unfeasible. Carbon
deposition has been investigated by several authors [7, 10-13]. Memelstein et al.
[10] reported that thermodynamic calculations do not indicate C deposition from
a typical biomass gasification syngas at SOFCs operating temperatures >750 °C.
However, intermediate temperatures <650 °C require threshold current densities
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Table 6.1 Biogas impurities and their consequences [4]

Impurity Possible impact

Water Corrosion in compressors, gas storage tanks and engines due to reaction with
H»S, NH3 and CO; to form acids

Accumulation of water in pipes

Condensation and/or freezing due to high pressure

Dust Clogging due to deposition in compressors, gas storage tanks

H)S Corrosion in compressors, gas storage tanks and engines

Toxic concentrations of H>S (>5¢cm’m™2) remain in the biogas

SO, and SO3 are formed due to combustion, which are more toxic than H,S
and cause corrosion with water

CO, Low calorific value

Siloxanes Formation of SiO; and microcrystalline quartz due to combustion; deposition
at spark plugs, valves and cylinder heads abrading the surface

Hydrocarbons Corrosion in engines due to combustion

NH; Corrosion when dissolved in water

Oo/air Explosive mixtures due to high concentrations of O3 in biogas

Cl~ Corrosion in combustion engines

F~ Corrosion in combustion engines

well above what is achievable to inhibit the effects of C deposition. Zheng et al.
[11] observed that C deposition depends on temperature, gas composition, (CO
or CHy), and presence of CepgGdp201 9 electrolyte in the composite-type elec-
trode. Stable fuel cell performance, without C deposition, was obtained for
SrFe(.75sMog 2503.5-based SOFC in 10 vol.% of CO in CO,. Also for SOFC oper-
ating with CHy at temperatures <700 °C no coking was obtained. Singh et al. [12]
reported thermodynamic analysis of the carbon deposition in a SOFC fueled by
a biomass gasifier. The carbon deposition is shown to decrease with steam in the
feed stream, while the amount of carbon first decreases and then increases with
temperature. Gunji et al. [13] studied a SOFC using Ni/scandia-stabilized zirco-
nia (Ni-ScSZ) anodes under internal reforming conditions. A single cell achieved a
maximum power density of 0.64 W/em? at 900 °C with a 97% CHa/3% H,0 fuel.
With this fuel composition the cell voltage during power generation at 0.5 A/cm?
was stable at 900 °C for >150 h. However, under the same conditions degradation
of anode performance and C deposition occurred at 800 °C.

The as produced biogas from AD contained several contaminants like as sul-
fur, aromatic, siloxane, and halogenated compounds that can in principle affect the
SOFC performance and the electrode stability. Sulfur compounds are present in
the range from tens to thousands of ppm(v) (sulfur) while halogens and siloxanes
vary from 0.1 to 10 ppm(v). Sulfur compounds are generally the most abundant
in biogas and decompose to HpS at the SOFC operating temperature. Moreover
H>S is a well-known poison for Ni-based ceramic cells [6, 14]. Sulfur compounds
decompose to H,S at the SOFC operating temperature as shown from equilibrium
thermodynamic calculation [5]. H,S adsorbs on the Ni active sites preventing H»
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and CO oxidation as well as also methane reforming [15]. The effect of chlorine
compounds, generally decomposed to HCI in the H; rich anode environment, is
less understood than sulfur compounds. However, a deactivation mechanism simi-
lar to that of sulfur (dissociative chemisorption on the Ni surface) but less severe
was generally observed [16]. Aromatic compounds are probably the less dan-
gerous ones as they are catalytically converted to Hy and CO within the SOFC.
Siloxanes are instead the most critical ones for durability of the fuel cell. For
instance a study by Ruokomaki et al. [17] showed how the siloxane compounds
already affect the SOFC performance at 10 ppb(v) whereas chlorine compounds
concentration above 5000 ppb(v) are required. Haga et al. [18] also showed how
an amount of 10 ppm(v) of D5 in the H; feed quickly leaded to a cell failure.

6.2 Effect of Halogenated Compounds

Halogenated compounds lead to corrosion in delicate power plant components and
measures have to be taken in order to keep low the concentrations [4]. In connec-
tion to SOFC the effect of chlorine gas are analyzed in several articles: experi-
ments show that fuel gas containing 5 ppm of CI does not cause cell degradation
or voltage drop in the SOFC [19-21]. Blesznowski et al. [21] investigated the
effect of HCl-contamined fuel gas and concluded that at 10 ppm a recoverable
voltage drop is identified. When increasing concentration levels to 1000 ppm the
cell voltage starts to decrease continuously at a rate of 9.4 % over 100 h.

Recently, Trembly et al. [22] have investigated the effect of HCl on the SOFC
at 800 and 900 °C. The study has indicated that introduction of 20-160 ppm HCI
leads to a performance loss of about 13-52 %. It was also shown that the cell per-
formance loss at 800 °C is mostly associated with the increase in charge-transfer
resistance whereas at 900 °C the performance losses are affected by increases in
the ohmic resistance and charge-transfer resistance across the SOFC [22, 23].

In the chlorine poisoning, the reaction of Ni with chlorine is crucial to under-
stand the poisoning mechanism. According to Haga et al. [18] the formation of
NiCl, may be described by reaction (6.1):

Cl(g) + Ni(s) = Nichy(s or g) ©.1)

Haga et al. [18] observed low but still measurable degradation in cell voltage
for Hy-based fuels containing 5 ppm Cl,, whereas fuels containing 100 ppm and
1000 ppm Cl, caused continuous degradation of cell voltage with an almost con-
stant degradation rate. The degradation rates were 1.7 and 13 % per 100 h for
Hj-based fuels containing 100 ppm and 1000 ppm Cl,, respectively. In addition,
significant microstructural change of cermet anode surfaces was confirmed by the
FESEM observations.

Haga et al. [18] suggested that contrary to sulfur, chlorine can easily react with
Ni: nickel chloride (NiCly) is stable even when only ca. 100 ppb and 10 ppm Cl,
are contained in fuel gases at 800 °C and 1000 °C, respectively. Furthermore the
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formation of NiCl, should be paid careful attention in durability of SOFC anodes,
as the sublimation temperature of NiCl; is 985 °C, near the typical SOFC opera-
tional temperatures [18].

The interaction of Cl, with Ni was also proposed by Tjaden et al. [24] that sug-
gested the subliming of NiCl, at Cl concentration >100 ppm. Low levels of hal-
ogens compounds typically observed in biogas are not dangerous for the SOFC
system. However, halogen compounds have to be considered when applying
adsorptive gas-cleaning methods: adsorption efficiency of active carbon decrease
in the presence of halogenated and aromatic co-vapors. Absolute breakthrough
times of various sulfur compounds decrease by up to 14 % when halogen contain-
ing co-vapors are added to the gas stream [25].

Poisoning effects by various fuel impurities, including H,S, CH3SH, COS, Cly,
and siloxane, to Ni—-ScSZ cermet anodes have been analyzed and compared by
Haga et al. [18] with the aim to study the poisoning mechanisms for typical SOFC
fuel impurities (sulfur compounds, chlorine, and siloxane).

Haga et al. [18] studied degradation of cell performance by measuring cell volt-
age and anode polarization at a constant current density of 0.2 Acm~2 for humidi-
fied H, and CHy4 fuels. Cell voltage was measured at a constant current density of
0.2 Acm™2, at temperatures 800-1000 °C and, by changing the carrier gas from
pure N, to impurity-containing Nj,. Gradual and continuous degradation was
verified in Cl, poisoning, associated with a microstrucutural change to form Ni
precipitates in the Ni-Sc-SZ cermet anodes. Poisoning for hydrogen-based fuels
containing 5 ppm sulfur compounds, H>S, CH3SH, and COS, caused an initial cell
voltage drop of about 15 mV at 1000 °C. The initial voltage drop was independ-
ent of the kind of sulfur compounds, whereas in the case of poisoning by CH3SH,
an additional gradual decrease in cell voltage was clearly detected after the initial
voltage drop. It is known that a few ppm levels of HoS as well as sulfide-based
odorants are typically contained in commercial natural gas [26], and thus the
major impurity in SOFC anode poisoning may be H»S so far [19, 27-32].

6.3 Effect of Sulfur Compounds on SOFC

Depending on its production source and the stage of the upgrading process biogas
can contain a number of sulfur compounds that have the capability to corrode pro-
cessing equipment and gas pipeline, to inhibit the performance of vehicle catalysts
and to damage fuel cells..

It is widely recognized that sulfur compounds are the major poisons for fuel
cell systems [28, 33-38] Most common reduced sulfur compounds found in
biogas are HpS and methylmercaptan (CH3SH) Also ethylmercaptan, dimethyl
sulfide (DMS) and dimethyldisulfide (DMDS) are found [39-41]. Brown et al.
[40] reported as an example a study measuring sulfur-containing compounds in
biogas from a plant in Linkoping, Sweden [42]: the biogas before upgrading con-
tained hydrogen sulfide (at a volume fraction of up to 32.4 pmL L) carbonyl
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sulfide (1.2 wmL L~!) methanethiol (up to 0.75 pmL L~!) dimethyl sulfide (up to
9.2 wmL L) carbon disulfide (up to 0.02 pmL L~'), 2-propanethiol (up to 0.05
pwmL L~!) ethylmethyl sulfide (up to 1.2 wmL L~!) diethyl sulfide (up to 0.58
pwmL L) and dimethyl disulfide (up to 1.0 pmL L™1).

Typically HpS content in biogas ranges 1000-20,000 ppm, while CH3SH
is normally present in trace levels of around 1-20 ppm, with maximum values
reported around 100 ppm [43-45].

In terms of process performance impact Van de Bosch et al. [43] reported that
CH3SH severely inhibits biological sulfide oxidation (50 % reduction of the bio-
logical oxidation rate) at concentrations above 0.05 mM under natron-alkaline-
aerobic conditions. Complete inhibition was found at CH3SH of concentration of
0.65 nM. Thus, potential accumulation of CH3SH in aerobic and anoxic biotrick-
ling filters may hinder H,S removal.

6.3.1 Levels of Sulfur-Containing Compounds in Biogas

The accurate quantification of low concentration of sulfur-containing compounds
in gases is essential to ensure compliance with legislation in a number of indus-
trial and environmental sectors. These measurements are very arduous due to the
reactivity of such compounds [40]. The actual European Directives of promote the
diversification gas supply [46, 47] and European Commission targets specify that
20 % of EC energy consumption should come from renewable sources by 2020
[48]. As a direct result of these drivers the European biogas industry has strongly
increased starting from 2012, more than 20 Mtoe of biogas was produced in the
European Union [49]. The key uses for biogas (as biomethane) are for the injec-
tion into natural gas network and for vehicle fuel [40].

CEN (The European Committee for Standardization) Technical Committee
408 (Natural gas and biomethane for injection in the natural gas grid) is currently
working in response to the ECs Mandate M/475 [50] to develop specifications for
the permissible levels of a range of compounds.

The concentrations of sulfur-containing compounds in biogas can vary substan-
tially depending on the source of the gas, but mass concentrations of hydrogen
sulfide as high as 7000 mg m~> are possible [51]. However, typically hydrogen
mass concentrations are <600 mg m~> for biogas produced by anaerobic diges-
tion and <100 mg m~3 for biogas from landfill [52]. Biogas is usually desulfurized
whilst still in the bioreactor in order to avoid damage to downstream processing
equipment [40].

The maximum gas concentrations of sulfur-containing compounds permissible
in European countries [53] are shown in Table 6.2.

H,S is the most stable sulfur compound under SOFC operational conditions
and the equilibrium concentration of other sulfur compounds such as COS is rela-
tively low [18].
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Table 6.2 Maximum mass concentrations of sulfur-containing compounds specified in
European gas transmission network [40]

Country Maximum mass concentration mgm >

Total sulfur-containing compounds Hydrogen sulfide Thiols
Austria 100 5 15
Belgium 150 5% 15
France 30 5% 6
Germany 30 5 6
Italy 150 6.6 15.5
Netherland 45 5 -
Poland 40 7 16
Spain 50 15% 17
Sweden 23 10 -
Switzerland 10 5 -
United Kingdom 50 5 -

An Asterix (*) indicates the specification is for the sum of hydrogen sulfide and carbonyl sulfide;
a dash (-) indicates that no specification exists [40]

Tjaden et al. [24] reported chemical equilibrium calculations showing that H»S
is the most stable sulfur compound at the operating temperature of SOFC [24, 33].

Sasaki et al. [33] reported equilibrium concentration of minor sulfur-based
impurities in the fuel cell fuels in the temperature range 400-1000 °C. As sulfur-
based impurities in the fuel cell gases, HoS, elementary sulfur, inorganic sulfur
compounds, mercaptans alkyl (di-)sulfides, thiophenes, and related compounds
have been taken into account.

The authors considered various types of fuels including Hy, Hp-CO, CO, CHy,
biogas, LPG, gasoline kerosene, and diesel fuel. COS can also coexist, but even in
CO riche gases and in hydrocarbon-based fuels COS concentration in equilibrium
is one order of magnitude lower than H,S concentration. Other sulfur compounds,
such as CH4S at intermediate temperatures and HS(g) and SO; at high temperature
are also expected to coexist but their concentrations are less that 1 ppb assuming
thermochemical equilibrium. As a solid carbon, only the graphite was taken into
account for simplicity. Thermochemical calculations at 400-1000 °C clearly indi-
cates that H,S is the predominant sulfur species at the elevated temperatures the
typical operational temperatures of fuel processors for low temperature fuel cells
PEFC as well as of high temperature fuel cell such as SOFC.

As the poisoning by HS with a concentration less than approximatively
100 ppm, a typical sulfur concentration of practical fuel, is associated with an
increase in anodic overvoltage: the tolerance concentration of sulfur can be
determined by the tolerant cell voltage drop. Concentration of sulfur will also be
limited by irreversible poisoning process such as oxidation of Ni to NiO and Ni
sulfide in SOFC [26].
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Initial cell voltage drop due to sulfur contamination is temperature dependent
and decrease with increasing temperature [24, 54]. The extent and nature of cell
degradation is dependent on applied cell materials and microstructural characteris-
tics and thus the phenomenon of degradation cannot be generalized. It is assumed
that any kind of sulfur compound has to be removed to a level <1 ppm to ensure
long-term performance of the SOFC.

Haga et al. [18] studied the poisoning by sulfur compounds and observed that
it occurs generally in the following way: cell voltage decreases rapidly after add-
ing each impurity to fuel gas, followed by a quasi steady state with a constant cell
voltage [19, 28]. In this study, the initial voltage drops by three types of sulfur
impurities were compared under various conditions. Similar results are reported by
Tjaden et al. [24] that concluded that long-term exposure to mercapatanes can be
however, more critical than H>S or COS contamination.

The initial voltage drops by CH3SH and COS were almost identical to the
initial voltage drop by H»S. Initial voltage drops at a constant current density of
0.2 Acm™—2 were approximately 80, 35, and 15 mV at 800, 900, and 1000 °C.

Degradation behavior by CH3SH was different from that by H»S, as cell voltage
gradually decreased with time after operation beyond ca. 2 h.

Ni particles with the size of 50-70 nm® were deposited on ScSZ surfaces in the
anodes.

In a recent paper [55] SOFC cells with YSZ electrolyte and anodes of
LaSrCrMn oxide (LSCrM perovskite) or LSCrM impregnated with Ni/CeO, are
tested with Hy fuel containing 50 ppm H»S. Ni and CeO; particles with diameter
of about 100 nm are distributed on the surface of LSCrM. XRD, XPS measure-
ments showed that the anode poisoned with H»S is covered by adsorbed sulfur,
metal sulfides and sulfate radical. Sulfides are produced by the reaction of sulfur
with the anode rather than the direct reaction between H,S gas and anode. This
seems to contradict previous studies on Ni/YSZ anodes [56], where absorbed
sulfur is the sole poisoning product. According to thermodynamic analysis [14],
the sulfide Ni3S; can be formed only when H,S concentration (in Hp) is higher
than 3600 and 4700 ppm at 750 °C and 800 °C, respectively. Formation of
other sulfides such as NiS and Ni3S4 need a higher equilibrium pressure of H»S.
However, Ni3S; is detected on the anode with a low HS concentration of 50 ppm.
The formation of sulfides can take place at a lower H»S concentration through the
reaction of absorbed sulfur with nickel considering the higher adsorption energy of
S compared to H»S on the anode surface, as confirmed by DFT calculations.

Thermodynamic calculations [57-59] were reported on the stability of nickel
sulfides as a function of temperature, PO, (or P(H)/P(H,0)), and H,S content.
At low H3S conc. (~10 ppm), sulfides were not observed [60-62]. For higher
(100 ppm) H»S concentrations, nickel sulfides were generally observed [63-65].
Ni sulfide formed in H containing 100 ppm H)S at 727 °C [65] although it is
not thermodynamically stable. Haga et al. [18] reported no formation of Ni sulfide
under the condition with 5 ppm sulfur compounds.

These results outline the importance of in situ techniques to study the sulfida-
tion process.
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Thi et al. [57] studied the kinetics of the reactions between H,S and Ni or Ni-
CGO (ceria doped with gadolinium) by using Raman spectra in situ. NizS; is
formed at low temperature (200-500 °C) and remains stable at 800 °C while no
Ni3S; is formed on clean nickel at 800 °C. It is important to avoid contact of a
working SOFC with H,S during heating and cooling. Probably, the first step of
Ni3S, formation is adsorption of sulfur onto Ni that is fast at low temperature, but
much more difficult at high temperature [66, 67]. At high temperature, a Ni3S,
film is formed at the surface of the Ni-CGO pellet, due to a diffusion of nickel
toward the H,S atmosphere. Moreover, H,S reacts with the support CGO to pro-
duce Ce405S,.

SOFC anodes Ni-gadolinium doped ceria (Ni/GDC) are studied for sulfur poi-
soning under operando conditions by Nurk et al. [62]. The molecular structure of
sulfur species formed on the anodes in the temperature range 250-550 °C is stud-
ied by XANES (K shell). With H; fuel containing 5 ppm HjS, several sulfur spe-
cies in different oxidation states (6+ , 4+ , 0, —2) are detected: the species could
either relate to —SO42~ or SO3 (2), -S03% or SO, (2), S» (g) or surface-adsorbed
S atoms, and Ni or Ce sulfides. These results do not agree with thermodynamic
phase calculations, in particular the formation of sulfate species is not expected at
the highest temperatures: this can be related to the difference between equilibrium
conditions and the steady-state conditions in the fuel cell that are determined by
kinetic-controlled processes.

Ni anodes exposed to H,S undergo a reversible or partially reversible degrada-
tion for few minutes [39, 60, 68], followed by a slow non-reversible degradation
[39, 60, 68]. It is generally accepted that the initial rapid decrease of performance
is due to adsorption of sulfur species with inhibition of the three-phase-boundary
(TPB) for hydrogen oxidation [39, 60]. On the other hand, different hypotheses
have been proposed to explain the following slow degradation: (i) the formation
of a volatile NixSy phase, leading to degradation of the electrode structure [56,
59, 69]; (ii) adsorption of sulfur on nickel particles that are in less accessible sites,
such as pores with bottlenecks [69]; (iii) surface reconstruction of Ni that leads to
catalytically less active form [69]; (iv) bulk phase diffusion of sulfur into Ni grains
[69].

Nickel sulfide formation is reported with HoS > 2500 ppm at 850 °C with 50 %
H; fuel, and therefore, cannot explain the generally observed power degradation of
SOFCs with few ppm H»S: the sulfur poisoning of nickel-based anodes is generally
explained by dissociative adsorption of H»S on nickel [62]. Two stage poisoning
of Ni/8YSZ (8 mol% Y,03 doped ZrO,) anodes was reported [39, 59, 71]. Singhal
[71] found that at 1000 °C with constant current density, adding H»S to the fuel,
the cell voltage decreased rapidly (11.5 % with 10 ppm HjS). A slow decrease of
cell voltage (3.5 %) occurred in the following 100 h. The effect of H,S was revers-
ible. Sasaki et al. [39] also found a two phase poisoning with 5 ppm HsS in 5 %
H>0/95 % H; fuel at 1000 °C. The cell voltage was almost recovered after remov-
ing H»S. The poisoning was more severe and not reversible when the tempera-
ture was lowered to 850 °C. It was hypothesized that the chemisorption of sulfur
caused a decrease of electrochemical sites thus increasing the anodic polarization.
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Increasing pH»S to 20 ppm led to increased chemisorption of sulfur on nickel and
thus further increase in anodic polarization and cell voltage loss. However, no sul-
fur but NiO traces were found in the poisoned anode. Wang et al. [59] studied the
effect of adding 2-50 ppm H>)S to a fuel containing 50 % Hj/1.5 %H>0 in Na.
The cell voltage dropped rapidly in the first minutes and slowly in the next 120 h.
After removing H»S, the cell voltage was recovered to 96 % in 50 h. The irrevers-
ible poisoning was explained with a microstructural change of the nickel surface.
Fewer studies are reported on the poisoning of Ni/CGO (Gd,O3 doped CeO5)
anodes. Tests with syngas (34.8 % H2/35.7 % N2/40 % CO) containing 207 ppm
H,S at 850 °C showed a rapid drop of power of 6-8 % then a slow degradation
up to 10-12.5 % (Trembly et al. [30]). The power recovered to 97 % after HpS
removal. After the tests the amount of nickel decreased and morphological change
was observed. NiS formation was the proposed mechanism. Lohsoontorn et al.
[61] reported that the performance of a Ni-CGO/YSZ/Ni-CGO symmetrical cell
decreases with decreasing pHa (9.7-97 %), decreasing temperature (600-557 °C)
and increasing pH,S (1-3 ppm). The recovery of the cell after removal of H)S
increased with increasing pH,. The performance loss was due to the increase
of the resistance due to charge transfer. Zhang et al. [72] compared Ni/YSZ and
Ni/10CGO anodes in the presence of H,S (5-00 ppm in H») at 800 °C. The drop of
cell voltage was much higher with Ni/YSZ than with Ni/CGO anode. The positive
effect of CGO was attributed to its mixed ionic electronic conductivity. Ni surface
of both anodes appeared rougher after contamination with H,S but no sulfur was
found with EDX. Smaller CGO particles were observed after the experiment.

In the work of Schubert et al. [70] Ni/YSZ and Ni/10CGO anodes are com-
pared for the effect of H,S, using an Hy/H,O/N, fuel mixture at 850 °C. The deg-
radation of cell voltage is noticeable even with 2 ppm H;S. The cell with Ni/8YSZ
anode showed two poisoning stages: the first stage occurred in few minutes while
the following degradation was slower and lasted more than 10 h. The degradation
of cell with Ni/10CGO occurred in one step and was slighter. The drop of per-
formance cannot be explained by sulfide formation because it is not thermody-
namically possible under these conditions. Dissociative H>S adsorption on Ni is
assumed on the base of DFT calculations (Eq. 6.2) [73]:

Ni() + HaS(g) = Ni— S¢5) + 2H) 6.2)

where the subscript (s) indicates species on the surface of metallic Ni. The heat
of adsorption of H,S on different forms of metallic Ni was found more favorable
than the heat of formation of Ni sulfides [74, 75]. The authors propose a Temkin-
like equation to describe the adsorption of H,S and a mechanism of poisoning that
explains the time progress of sulfur contamination of the Ni anode. On the basis of
this mechanism, it is possible to calculate the nickel anode surface area from the
duration of the first step of decrease of the cell voltage. The higher sulfur resist-
ance of Ni/I0CGO compared to Ni/YSZ is explained with the high mixed ionic
electronic conductivity of the CGO phase and its ability to adsorb H.
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SOFC degradation due to H»S is studied by a mathematical modeling approach
by Vahc et al. [76]. Electrolyte-supported and anode-supported SOFC are consid-
ered. Both contain five layers: anode gas diffusion layer (AGDL), anode active
layer (ACL), electrolyte (ELEC), cathode active layer (CCL), and cathode gas dif-
fusion layer (CGDL). The electrochemical reaction occurs at each active layers
and the internal reforming reaction occurs only at AGDL. The model is based on a
Temkin-like isotherm of sulfur adsorption. The sulfur coverage and cell polarization
are related to the cell temperature, H>S concentration, and electrochemical perfor-
mance. Vahc et al. [76] concluded that the effect of sulfur poisoning on the internal
reforming reaction is dominant over its impact on the electrochemical reaction.
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Chapter 7
The Effects of Siloxanes

on High-Temperature Fuel Cells

7.1 Siloxanes in Biogas

The second largest family of biogas contaminants is volatile organic silicon
compounds, namely silanes and siloxanes [1].

Siloxanes are a group of components that contain a Si-O bond and organic radi-
cals (methyl, ethyl, and other organic groups) bound to the silicon atom. Siloxanes
are used in cosmetics, pharmaceuticals as antifoam products and have useful prop-
erties like high compressibility, low flammability, low surface tension and water
repelling properties, high thermal stability, low toxicity (nonallergenic), and bio-
degradability [2, 3].

Siloxanes are a class of compounds formed by linear or closed chains of func-
tional groups (R,Si0), where R is either a hydrogen or alkyl group.

Cyclic siloxanes are designed with the letter D, whereas the linear compounds
are designated with the letter L. The number following the letter refers to the
quantity of Si atoms in the molecules [4].

The linear species L2-L5 and cyclic species D3-D6 are the most commonly
found in biogases in significant concentrations (1-400 mg m3) [5, 6].

The total volatile siloxanes content and their relative volumetric percentage in
biogas vary largely depending on biogas origin: as they are largely used mainly
in cosmetics and detergent products their content is extremely low in biogas from
agricultural wastes whilst biogas deriving from human activities can contain silox-
ane contents as large as 3-25 mg/m?> (0.6 ppm).

Sigot et al. [7] reported typical total volatile organic silicon compounds
(VOSIiCs) including siloxane concentrations in the 0—60 mg/Nm3 [8] but higher
concentrations up to 400 mg/Nm> have also been measured [9-13]. VOCSiCs
are suspected to come either from direct volatilization of low molecular weight
siloxanes [14] or from chemical and/or biological degradation of higher molecular
weight silicones [15, 16].
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Cyclic siloxanes, octamethyltetrasiloxane (D4) and decamethylcyclopentasilox-
ane (D5), are the most common compounds in waste treatment plants (WWTP),
D4 and hexamethyildisiloxane (L2) in landfills [1, 12, 17, 18].

For waster and landfills the majority of the siloxane compounds are in the D4
(61 %) and D5 (24 %) category, total siloxane ranged from 5.03 to 9.91 mg/m>.

Wheless and Gary [19] reported siloxanes in digester for 15 different sites with
an average of 27.7 mg/m> and a range from 3.8 to 122 mg/m?> for categories D4
and D5. In comparison the results for landfills indicate a mean value 4.1 mg/m3
and a range from 1.6 to 6.23 mg/m? for D4 and D5. This indicates that digester gas
tends to have significantly higher siloxane concentrations than landfilll biogas.

Siloxanes in the biogas from WWTPs originate from the sewage sludge diges-
tion, where soaps and other silicon-based cosmetics are contained. Their concen-
tration in biogases has been reported to be in the range of 2-30 mg/Nm? [20] and
4-80 mg/Nm? [21] according to site and season variability. Other studies report
average concentrations between 30 and 50 mg/Nm? with peaks up to 400 mg/Nm?>
[22, 23]. On the other hand, Vesterager and Matthiesen [24] report that the gen-
eral concentration range lies typically below 10 mg/Nm? and that the higher values
reported in literature concern sites facing troubles with biogas trace compounds.
In particular, cyclic siloxanes (D3, D4, D5, etc.) have been reported to be in larger
concentrations in WWTP biogas streams.

The sources of volatile methylsiloxanes (VMSs) and poly dimethylsiloxanes
(PDMSs) in biogas are largely increasing [25]. For example, VMS solvents have
importance because they are aroma free, are available from natural sources and are
not covered in the VOC regulations.

The VMSs are representing replacements for solvents such as 111-TCA. Other
uses for VMSs are as carrying agents in applications such as skin cream and stick
deodorants [26]. Volatile methylsiloxanes are also common components in prod-
ucts such as shampoo, cosmetics, detergents, pharmaceutics, ink, lubricants, and
adhesives. To put the magnitude in context a solid antiperspirant may contain
50 % siloxanes. In industrial applications siloxanes are the basic building blocks
of silicones used as universal sealant. Polydimethylsiloxanes are used to lubricate
hypodermic needles and to coat bottle stoppers and room temperature vulcanizing
silicones are used for other medical and pharmaceutical equipments.

As a consequence of these and further uses the growth in the use of VMSs and
PDMs over that last 15 years has been dramatic and is resulting in the presence of
siloxanes in both wastewater and landfills wastes. In WWTP hydrophobic silox-
anes [27, 28] accumulate in the sewage sludge and given the anaerobic conditions
and high temperatures in the digesters (mesophilic digesters in the range 30-38 °C
and thermophilic digesters in the 45-60 °C range) generate biogases containing
siloxanes. Similarly, siloxanes are contained in the refuse placed in the landfills
and subsequently with the anaerobic conditions and relatively high temperatures
(approximatively 25 °C) in landfilled refuse also generate biogases containing
siloxanes.

Table 7.1 [25] summarizes the chemical properties of the more prevalent silox-
ane compounds.
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Table 7.1 Chemical properties of the siloxane compounds mainly present in biogas [25]

Siloxane compound Abbreviation | Molecular | Boiling | Melting | Vapor
weight point point pressure
(g/mol) | (°C) (°C) at 25°C

(kPa)

Hexamethylcyclotrisiloxane D3 222.46 134 65 1.14

C12H303Si3 1.83

Octamethylcyclotetrasiloxane D4 296.61 175 174 0.13

CsH2404Si4 0.17

Decamethylcyclopentasiloxane | D5 370.77 210 —44 0.05

C10H3005Sis 0.02

Dodecamethylcyclohexasiloxane | D6 445.00 245 -3 0.003

Ci2H3606Si6

Hexamethyldisiloxane L2 162.40 100 —67 4.12

CgH13Si20

Octamethyltrisiloxane L3 236.50 153 —82 0.52

CgH24Si30,

Decamethyltetrasiloxane L4 310.70 194 —68 0.073

C10H30Si403

Dodecamethylpentasiloxane L5 384.80 230 —81 0.009

C12H36Si504

Benzene 78.11 80.1 5.5 0.12

It is well evident that siloxane compounds have higher vapor pressure at tem-
peratures typical of biogas in digesters and in many landfills. Because they have
relatively high vapor pressures and low water solubilities they also have high
Henry’s law constants [26]. For example, siloxane compound D4 has an Henry’s
law constants in the range 3—17 that are values very high for a chemical compound
with a molecular weight of 296.6 mg/mol. This indicates D4 has a strong tendency
to volatilize to air [29] and hence into biogas from wastewater and landfills. The
high molecular weight siloxanes volatilize and thus are transported in the biogas
because of the low water solubility (in the ppb range) [25].

A large number of siloxanes are found in trace in biogas. Siloxanes, which
mostly arise from hydrolysis of polydimethylsiloxanes [8, 17], represent trouble-
some impurities for biogas upgrading equipments [3, 9, 10, 12, 14, 30, 31].

The major issue for utilization of biogases is that the high molecular weight
volatile forms convert during combustion to silica and form amorphous silica ash
[7, 32, 33]. Crystalline SiO, produced from the oxidation of siloxanes during com-
bustion represent the so-called “sand in the transmission” [12, 25, 34].

Several studies have been carried out on the poisoning by siloxanes in the fields
of gas turbines and gas engines [14, 17, 35-37]. Microcrystalline silica, a very
firm substance which has similar properties to that of glass coats and grazes metal
surfaces, e.g., the spark plugs, cylinders, valves, and emission catalyst with white
deposits and acts as a thermal insulator.
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Engine manufacturers claim maximum limits of siloxanes in biogas, ranging
from 0.03 mg m~3 (Capstone Microturbines) to 28 mg m~ (Caterpillar) [2, 6].

No extensive studies are reported on the effect of siloxanes on MCFC.

Siloxanes also have a poisoning effect on SOFCs performances. Segregated
silica can deposit in porous cermet anodes [7, 38, 39], also on steam reforming
catalysts and FC anodes, causing their silication and consequent deactivation. [17].
Moreover it also affects many other components of the fuel cell system, such as
heat exchangers, catalysts, and sensors [3, 40].

For these reasons siloxane removal is highly recommended [7]. It has been rec-
ognized that the presence of siloxane needs to be kept below 1 ppm in order to
avoid damages [12].

They however are considered as the most difficult contaminants to remove from
biogas [14, 15, 38, 41-43]. And the presence of siloxanes makes also more com-
plex the issue of purification of biogases from sulfide and halide compounds [17]
due to competitive adsorption of different biogas contaminants [42]. For instance,
the adsorption of the different compounds follows the ranking: water > aromat-
ics > siloxanes > halocarbons, halocarbons. Finally, other gas trace compounds
(i.e., linear, aromatic, and halogenated hydrocarbons), typically found in waste-
derived fuels, are also known to cause detrimental effects in the fuel cell catalysts
[3, 44, 45].

7.2 Effect of Siloxanes on SOFC

Siloxane impurities can reach downstream SOFCs and could cause degradation of
cell performance. In general, degradation mechanisms can be classified as intrinsi-
cally or extrinsically sourced [42, 46, 47]. Intrinsically sourced degradation occurs
because of microstructure coarsening, impurities in raw materials, etc. The initial
degradation was assumed as intrinsic due to the grain growth of Ni particles [5].
Extrinsically sourced degradation occurs when a foreign or unexpected material
is introduced into the cell to induce degradation. Extrinsic type degradations are
also all conditions inducing Ni redox cycles, carbon formation, or secondary phase
formation.

It must be taken into account that silica contamination in the SOFC does not
only originate from a contamination of the fuel stream but silicon compounds can
be also contained in the water used for the steam reformer upstream of the SOFC
or can derive from stack sealants.

Madi et al. [42] report the study of the impact of silica contamination on the
performance of SOFC Ni anodes. Haga et al. [48] observed the effect of feed-
ing 10 ppm of D5 on a Ni anode showing how the SOFC performance is rapidly
falling (within hours). The analysis revealed the plugging of the anode structure
with SiO; deposits [47]. They concluded that the presence of siloxane can cause
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deposition-type degradation, associated with the formation of SiO»(s) according to
the following reactions:

[(CH3),S10]5 + 25H,0 = 5Si(OH)4 + 10CO + 30H; (7.1

Si(OH), = SiO, + 2 H,0 (7.2)

In this paper [42] the software Factsage® was employed to calculate the thermo-
chemical equilibrium decomposition of siloxanes at the SOFC operating temper-
ature of 700 °C. In particular, the equilibrium phase diagram for the quaternary
system Ni-Si-O-H was calculated showing the probable formation of solid Ni-Si
solution. However, the presence of solid Ni-Si phases has not been reported in
the literature [42]. Instead, silica deposition was widely observed on the blades of
microturbines fed with biogas rich in organic silicon compounds [21] and operat-
ing with inlet temperature quite similar to the operating one of an SOFC stack.
The study of Hauch et al. [49] reports on the degradation phenomena involving
the segregation of silicates at the anode three-phase boundary during electrolysis
operation. They observed that the raw materials used in the anode manufacturing
processes and the albite (NaAlSi3Og) glass sealant can cause Si contamination.
The sealant was responsible for the initial passivation of the tested cell, caused by
the formation of glassy phase from gaseous Si(OH)4 evaporated from the sealant
silicates that can precipitate at the triple phase boundaries in the Ni/YSZ electrode.

Madi et al. [42] also investigated the effect of D4 (octamethylcyclotetrasilox-
ane) siloxane (at ppb(v) level) on the performance of the SOFC Ni anode. The
mechanism of Ni anode degradation was hypothesized. The study was extended to
the cell stack. A commercial Ni-YSZ anode-supported SOFC, with the active area
of 12.5 cm? (TOPSOE Fuel Cell) was used. The cell was heated from room tem-
perature to 800 °C at a rate of 100 °C/h.

SOFC stacks consisting of a series of 11 cells each were used for the experi-
ments. All the stacks were provided by TOPSOE Fuel Cell (Denmark). Anode-
supported type cells with a Ni anode are used in these stacks.

Upon the introduction of 1 ppm D4 at 495 h, the cell voltage started to
decrease gradually from 0.785 V with an average degradation rate of 0.25 mV h™~!
at constant current density of 0.25 A/cm?. At 2 and 3 ppm D4, the cell perfor-
mance strongly decreased with an average degradation rate of 0.34 mV h~! and
0.39 mV h™!, respectively.

The effect of D4 was tested on a single cell that was exposed to siloxane con-
centrations in the range of 0.1-2 ppm. A marked degradation was observed, and a
partial performance recovery was observed when feeding clean gas at the end of
the experiment.

The effect of D4-siloxane on the stack performance was studied by varying the
D4 concentration from 69 ppb (v) up to 1.0 ppm(v) and strong voltage degrada-
tion even at the lowest concentrations was observed. The effect of the contami-
nant starts immediately suggesting the poisoning of the electrochemically active
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sites rather than the pore blocking. A voltage degradation (~5 % per 1000 h) is
observed with 69 ppb(v) of D4 and at 1 ppm(v) the degradation rate is as high as
32 % per 1000 h. The degradation rate of the stack was comparable to that of the
single cell, for the same concentration of D4 (1 ppm), a consistent degradation rate
results.

The authors concluded that cell degradation is caused by Si deposition on the
anode support down to the electrolyte interface at the three phase boundary.

Madi et al. [42] hypothesized that the deposition took place due to the decomposi-
tion of the siloxane as given by Egs. (7.3) and (7.4), where it is converted into SiOx(s)

[(CH3)2Si0]5(2) + 25H,0 = 5Si(OH),(g) + 10CO +30H,  (7.3)

Si(OH),(g) = SiOx(s) + 2H,0 (7.4)

According to the proposed degradation mechanism, the siloxane is fast decom-
posed to SiO; as it reaches the fuel cell anode chamber, thus depositing silica both
on the interconnect and anode current collector. Some Si remains in the vapor
phase as Si(OH)4 that further diffuses to the triple phase boundary (TPB) region
where it can precipitates too.

Haga et al. [48] studied the influence of [SiO(CHj3)2]s (decamethylcyclopen-
tasiloxane: D5), the major siloxane species in a digester gas, on electrochemical
activity of SOFC anodes by measuring cell voltages and anodic polarizations as a
function of operational temperature.

They observed that cell voltages decrease in the presence of 10 ppm siloxane
(D5) in 3 %-humidified H, at 800, 900, and 1000 °C. Poisoning by siloxane for
30-50 h resulted in a fatal degradation of cell performance. This degradation is
associated with the formation of SiO» (s) in porous cermet anodes.

The formation of SiO, (s) under SOFC operational conditions may be
described by reactions (7.5) and (7.6):

[(CH3)3Si0]5(2) 4+ 25H,0 — 5Si(OH)4(g) + 10CO+30H,  (7.5)

Si(OH)4(g) — SiOa(s) + 2 H,0 (7.6)

Silica precipitation may cause a decrease in the active TPB areas, simultaneously
leading to an increase in nonohmic anodic polarization and in ohmic loss on the
anode side.

7.3 Siloxanes Removal Techniques

Several techniques have been developed, also at the industrial level [6, 41, 42, 50—
52] to purify biogases from siloxanes, such as condensation, absorption in liquids,
adsorption on solids at room temperature and decomposition [39, 53, 54] (Table 7.2
[6]) or combination of refrigeration and adsorption on active carbons [25].
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Table 7.2 Techniques for removing siloxanes in biogas [6]
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Method

Advantages

Disadvantages

Absorption with organic
solvents

High removal efficiency
(97 %)

Complete removal not possible

Absorption in strong acid

High removal efficiency
(<95 %)

Corrosion

Environmental issues

Hazardous chemicals

Absorption in strong base

n.da

Corrosion

CO3 %~ precipitation

Hazardous chemicals

Adsorption on silica gel

High removal efficiency
(<95 %)

High pressure needed

Higher removal capacity
versus activated carbon (50 %
extra)

Regeneration possible (95 %
desorption at 250 °C)

Moisture decreases efficiency

Adsorption on activated
carbon

High removal efficiency
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Siloxanes can be removed by physical absorption with long carbon chain organic
solvents in a spraying device or a packed column. A complete removal of siloxanes
is difficult to obtain because siloxanes are highly volatile and they are stripped from
the solvent at elevated gas flow rates. This problem does not arise when siloxanes are
absorbed chemically, since they are converted to components of low volatility.

Both cyclic and linear siloxanes are stable against chemical and biochemical
degradation. Strong bases and acids catalyze the cleavage of Si-O bonds. However,
strong bases cannot be used because large amounts of precipitated carbonates are
formed due to the high content of CO; in biogas.

The practical application of acids as absorbent must be evaluated with care
because of the corrosive potential and the potential risk to health and environment
[41]. Cryogenic separation of siloxanes is also a possibility. Hagman et al. [55]
reported removal efficiency of 25.9 % when cooled to —25 °C and of 99.3 % when
frozen to —70 °C.

High temperature treatment with solids, such as alumina [17, 53] allows complete
siloxane removal [52, 56]. This technique can be applied to treat biogases prior to
steam reforming and/or to utilization with high-temperature fuel cells [54], heat pro-
duced by the fuel cell being used to preheat the landfill gas. Biological removal or deep
chilling are also recently proposed [12], but at present are still a challenge [12, 56].
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7.3.1 Adsorption Processes

Although high-temperature treatment with solids may be efficient for siloxane
removal, [57, 58] room-temperature adsorption in solids is the most practical
technique today. Several adsorbent materials are reported to be active in siloxane
adsorption. Earlier Schweigkofler and Niessner [41] tested inorganic materials like
silica and 13X molecular sieves concluding that silica is cost-effective and effi-
cient material, although its regeneration is incomplete also at high temperature.
Similar results were reported by Matsui and Imamura that observed a more effec-
tive adsorption on some ACs [40].

The most used solids to remove siloxanes are activated carbons (ACs), although
other solids, such as inorganics (silica and zeolites) or polymeric resins, may also
give interesting results.

To make adsorption practical from an economic point of view, regeneration of
the adsorbent by desorption is needed. This is, however, a major problem with the
adsorption of siloxanes on solids, in particular ACs that can be ACs can only be
partially regenerated from siloxanes after use [52, 57].

Adsorption on high surface area materials, namely silica gel, zeolites, and
activated carbons (ACs) is a well-assessed method for siloxane removal [1, 2,
6, 8, 13, 30, 31, 3941, 52, 56, 58-66] due to the very large internal surface area
(500-1500 m?g) including macropores (pore diameter > 20 nm) and micropo-
res (pore diameter < 20 nm). Due to the contemporary presence of siloxanes and
H>S in biogas stream several commercial high surface area materials useful for H>S
removal can be efficiently employed to reduce siloxanes concentration down to less
than 1 ppm.

As biogas contains a broad range of different compounds in varying concentra-
tions, high selectivity for siloxanes is essential due to competitive adsorption [6].

ACs are frequently used as adsorbent materials to remove siloxanes. The chem-
ical backbone of siloxanes is very stable and chemical reaction of siloxane bonds
(Si-O-Si) with the surface is unexpected. Therefore, siloxane removal mainly
occurs through physical adsorption [58]. Other possible adsorbents are molecular
sieves and polymeric pellets [2]. The temperature and humidity of the gas affect
the efficiency of activated carbon separation; hence before activated carbon filtra-
tion the gas should be dried, otherwise the filter quickly saturates with water [21].

Ryckebosch et al. [6] reported polymer beds (Tenax TA 60/80 mesh and Amberlite
XAD 1II 20/60 mesh), inorganic adsorbents (Molecular sieve 13X 45/60 mesh en sil-
ica gel particle size 1-3 mm), and two adsorbents with carbon as the major compo-
nent (activated charcoal, particle size 2.5 mm en Carbopack B 60/80 mesh).

Silica gel and activated charcoal showed the best performances since the
absence of initial breakthrough concentration of siloxanes in the effluent unlike
the other adsorbents. Thermal regeneration of silica gel and activated charcoal is
performed at 250 °C for about 20 h. Silica gel gives excellent regeneration (more
than 95 %) while activated coal regeneration was less effective. Humidity plays
an important role in the removal of siloxanes with silica gel, since its presence
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decreases the removal efficiency and a dehumidification step should be required
before siloxane adsorption. Silica gel beds can be operated at elevated pressure,
achieving simultaneously a very effective biogas drying and a quantitative silox-
ane removal. Experiments with silica gel show that its removal capacity is larger
than with activated carbon.

Cheremisinoff and Ellerbush [67] have experimented with graphite-based
activated carbon and coconut shell activated carbon. Niessner [41] compared
the effectiveness of various technologies for the removal of siloxanes in digester
gas from bench-scale conditions. They reported that silica gel was very promis-
ing and cost-effective material for removal of siloxanes (adsorption capacity more
than 100 mg/g). Liang et al. [68] used a polymorphous porous graphic adsorption
system to remove siloxanes from biogas from an anaerobic digester but did not
report any quantitative removal efficiency. Huppmann et al. [69] suggested based
on bench-scale testing that adsorption using resins may be cost-effective approach.

Sigot et al. [7] described a dynamic laboratory scale experiments on a synthetic
polluted gas to compare three adsorbents for removal of octamethyltetrasiloxane
(D4): activated carbon (AC), zeolite (Z), and silica gel (SG).

Octamethyltetrasiloxane (D4) was chosen as a representative of VOSiCs
because it is present in both landfill gas and sewage gas [9, 62, 70] D4 content was
30 ppm(v) (400 mg/Nm?) that is high compared to field concentrations, but allows
to set a low and stable siloxane concentration and enable shorter experiments
to reach saturation. A similar experimental approach was frequently reported.
Schweigkofler and Niessner [41] adjusted siloxane (hexamethylsisiloxane L2 or
decamethylciclopentasiloxane D5) concentration to 4 g/m> in most experiments
involving silica gel; Matsui and Imamura [40] set the concentration of D4 in their
model gas at 4.5 g(m?); Finocchio et al. [39] investigated hexamethylcyclotrisilox-
ane (D3) at a concentration of 5000 g/m3 .

Sigot et al. [7] tested three commercial adsorbents: a coconut-based activated
carbon (AC) obtained from Chemviron Carbon (930 m2/g BET surface), 13X
zeolite obtained from CECA (700 m2/g BET surface) (Z), Chameleon silica gel
obtained from BDH Prolabo (690 m%/ g BET surface) (SG).

The adsorption capacity of D4 was estimated from the integration of the area
above the breakthrough curve and by gravimetric method. SG proved to be the
most efficient adsorbent for D4 removal compared to active carbon and zeolite.

Dynamic adsorption tests at 27 °C showed adsorbed quantities of 52-53
mgD4/g for AC, 113-139 mgD4/g for Z, and 216-259 mgD4/g for SG. This result
was explained by the surface chemistry of SG which exposes surface siloxane
(Si-O-Si) and silanol (Si-O-H) groups that show affinity for the compounds of the
same family such as D4; indeed there is a strong affinity of silicon for oxygen [71].

The SG adsorption capacity as expected decreases in the presence of humid-
ity due to competitive adsorption: at 70 % relative humidity was 21 mgD4/gSG,
that is, 10 times lower than in the absence of water. Similar result is reported by
Schweigkofler and Niessner [41] who studied L2 or D5 removal on SG at rela-
tive humidity in the range 10-15 %. Tests conducted at 45 °C (that is a condition
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comparable to thermophilic conditions for biogas production or occurring during
the summer in collection pipework) resulted in a decrease of about only 15 % of
the adsorption capacity.

Regeneration of exhausted SG was carried out at 300 °C for 24 h for. The
regeneration was only partial probably due to siloxane polymerization on SG,
leading to about 90 % decrease of the SG adsorption capacity. This is in accord-
ance with Montanari et al. [17] that observed an incomplete regeneration of SG
exhausted with D3 after treatment at 200 °C. On the contrary Schweigkofler and
Niessner [41] observed excellent desorption efficiency of L2 or D5 (greater than
95 % of SG) by thermal desorption at 250 °C with gas circulation that probably
improved the desorption. According to Sorenau et al. [8] the interactions between
siloxane molecules and silica gel are hydrogen bond type and thermal regeneration
is easily achieved.

However Montanari et al. [17] observed polymerization of D3 to silicone dur-
ing adsorption on SG in dynamic conditions which could explain the partial regen-
eration. A combination of both mechanisms can match all these results: mainly
hydrogen bonds form at low siloxane uptake when SG load increases surface
polymerization (stronger bonds) occurs and makes siloxanes difficult to desorb.

Montanari et al. [17] studied the adsorption of hexamethylcyclotrisiloxane (D3)
on pure activated carbons, silica, and NaX zeolite and their regeneration using
FT-IR spectroscopy [39, 53]. The experiments have been performed with a con-
centration of D3 far higher (250 times higher) than real one in landfill biogases
that allow one-day experiments.

In Table 7.3 the properties of the materials are reported.

The results obtained confirm promising literature data on active carbons for
removal of D3 from biogases [57, 72-76].

According to these data, silica and NaX zeolite are not only less efficient than
ACs but show similar difficulties also in the regeneration step. Polymerization of
D3 to silicone is proposed to occur on silica and NaX zeolite during the adsorp-
tion causing the adsorbent deactivation. D3 adsorbs on silica by hydrogen bond-
ing on the surface hydroxyl groups and is only partially desorbed by heating up
to 200 °C or by vacuum treatment. On NaX zeolite, purging at room temperature
allows some D3 desorption that does not further occurs by increasing temperature.

Table 7.3 Adsorption and desorption capacities for HMCTS over solids [17]

Adsorbent Supplier and | Apparent BET Effective Desorbed/
type density (g/mL) surface area | adsorption | adsorbed
(m%/g) capacity HMCTS (°C)
(gHMCTS/
gADS)
Silica gel Grace 0.72 350 0.230 0 %
Faujasite NaX | Sylobead MS | 0.69 500 0.276 16 % at 100
544 Grace 123 % at 200
Pure activated | NORIT RB4 | 0.41 >1000 0.580 4 % at 100
carbon '8 %at200
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Polymerization of D3 is supposed to be the most likely cause of the only partial
regenerability of all these solids after D3 adsorption.

Similar results are reported by Finocchio et al. [39] that studied the adsorption
of D3 on different materials such as activated carbons (ACs), silica, and zeolite.
The adsorption and regenerability have been investigated by infrared (IR) spec-
troscopy in the apparatus reported in Fig. 7.1. Pure ACs appeared efficient sorb-
ents for D3, more effective than alkali-impregnated ACs and inorganic solids, such
as zeolites and silica gel. The presence of transition metal in ACs enhances the
adsorption capacity, although such metals may cause more difficulties in the han-
dling and disposal of spent adsorbents.

The authors reported that D3 polymerizes in part upon adsorption into polydi-
methylsiloxane causing the partial regenerability. In Table 7.4 Finocchio et al. [39]
summarize results concerning the adsorption of D3 on some ACs.

Gilson et al. [12] studied technique to simultaneously reduce both the hydro-
gen sulfide and siloxanes concentration to less than 1 ppm. Five different commer-
cial activated carbons (AC) previously studied [77] and effective in H>S removal
have been tested at L2 at concentration of 100-200 ppm. Samples differ in spe-
cific surface area. Their performances are compared to understand which mecha-
nism controls siloxane removal and which carbon characteristic plays a role in the
adsorption process. Table 7.5 summarizes data of the tested ACs.

The adsorption was studied by varying concentration, grain size, and adsorbent
bed height.

Two different zeolites and silica gel powder were also tested, but appeared to be
inadequate as adsorbents with respect to L2.

The best adsorbent carbons were those with the larger surface area (ACI,
AC3, AC7), while the ACs that break earlier are those with the lower specific
area value (AC2 and ACS5). The specific surface area that correlates with the

Flowmeters/controllers

vent

thermocouple

FT-IR
analysis

AN

-
bypass Tubular
reactor

Fig. 7.1 Scheme of adsorption apparatus [17]
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Table 7.4 Adsorption capacities for D3 over solids [39]

Adsorbent Origin Apparent Effective adsorption
density capacity (gu/gcart)
Silica gel Grace 0.72 0.230
Faujasite NaX Sylobead MS 544 0.69 0.276
Grace
AC Picacarb 0.561
AC NORIT RB4 0.41 0.580
AC impregnated with NORIT ROZ 0.47 0.483
KI
AC impregnated with NORIT RGM1 0.49 0.878
Cu'" and CrV7 salts
AC impregnated with NORIT RBAAL1 0.53 0
KOH < 15 %
AC impregnated with Carbonfilter Multisorb 0.06
alkali DS SH4
AC impregnated Chemviron carbon 0.285
Solcarb KS3
AC impregnated with Sicav Si 30 K 0.332
KOH 8 %
spent AC NORIT RB4 spent end 0.27
column
spent AC NORIT RB4 spent half 0.07
column
Table 7.5 Characterisitic of  Activated carbon Impregnant Specific area m?
activated carbon [12] o
AC1 Cu, Cr salt 978
AC2 KOH 691
ACS KI 880
AC3 Virgin, basic 923
AC7 Virgin, acid 1100

adsorption capacity is the total internal area, without distinction between micro-
and macroporous and not merely the macroporous one as reported by Oshita et al.
[62]. The L2 molecules dimension, of some nanometers is anyway smaller than
the micropore diameters so these can contribute to the active adsorption process.

The strict correlation of the adsorption capacity with the surface area points to
an adsorption mechanism based on physical adsorption rather than chemical one.

The adsorption mechanism differs from that observed for H>S on some AC that
is based on chemical interactions [77].

The measured capacities vary from 10 mg of L2 adsorbed per gram (AC2) to
100 mg per gram (AC7) as reported for similar carbons [28, 64]. The adsorbed L2
amounts calculated from the breakthrough curves were in good agreement with
results from TGA measurements.
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The adsorption capacity was evaluated changing the input concentration of
L2. As expected larger L2 concentration, that is, larger partial pressure, favors the
kinetics and the filling of pores, otherwise not accessible.

The regeneration process by thermal desorption (up to 200 °C) degrades the
adsorption capacity down to about 70 % of initial capacity probably because of
the formation of nonvolatile compounds on the ACs surface. A thermal treatment
at T > 200 °C was attempted in several studies [28, 64]. Successive studies [40]
assessed a 5-25 % loss in adsorption capacity after regeneration regarding silica
compounds and hydrogen sulfide. The impossibility to regenerate the spent car-
bon rises considerably its costs as purification system [39, 64], otherwise very low.
Adsorbent beds have to be replaced regularly avoiding a continuous process.
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