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CHAPTER |

INTRODUCTION

1.1 Introduction

Over the past decades, the continuous growth of the human’s energy
requirement has caused a number of problemas sueh as shortage of natural resources,
environmental problems and-ehimate changes: With-the traditional energy production
technologies, combustion of-fossil fuels has emitted a large amount of green house
gases to the environment. Especially, CQO, as a greenhouse gas has been considered as
a main contributor forthe/global warming problem (Simbeck, 2004; Suelves et al.,
2005; Naser and Timethy, #2007 Edwards et al., 2008 and Ahmed et al., 2009).
Moreover, it is produced around 213  billion tons per year
(http://en.wikipedia.org/wiki/Fossil fuel) fés"U|ting in the raising of the world
temperature around 1.7 to 4.9 °C since iégo (Boudghene Stambouli and traversa,
2002). Therefore, many researchers have fc.-)cuged on the development of alternative
energy with high efficiency as well as éh‘Vi?bnmentaI friendly power generation

technologies.

Fuel cell is one of the promising clean technologies which directly transforms
the chemical energy Of a fuel linto high-efficiency  electrical energy and reduces
greenhouse gassemission (Karl and Gunter, 1995; Poirer and Sapundzhiev, 1997;
Martin.and,Ralph,.2003)..Especially in solid oxide, fuel, cell (SOFC) type, a variety of
fuels (e.g. ‘gasoling, diesel, alcohol, ‘natural gas,“coal, ‘hydrocarbon“and petroleum
based substances) (Assabumrungrat et al., 2005; Hernadez-Pachecco et al., 2005;
Hussain et al., 2006; Naser and Timothy, 2007; Sangtongkitcharoen et al., 2008;
Patcharavorachot et al., 2010 and Arponwichanop et al., 2010) can be used in this
SOFC systems due to its high operating temperatures (873-1273 K) (Boudghene
Stambouli and Traversa, 2002; Douvartzides et al., 2008 and Piroonlerkgul et al.,
2008; 2009). Furthermore, it has offered several advantages; for examples, chemical

durability in SOFC stack, easy operation and high quality by-product thermal energy.



Typically, a SOFC system consists of 3 main parts; i.e.,, 1) a fuel processor for
hydrogen production, 2) a SOFC unit which subsequently generates electricity from
hydrogen and recovers useful thermal energy from spent fuel and 3) an afterburner
where residual fuel is completely combusted in order to supply thermal energy

coupled with SOFC to other energy consumption units.

Generally, the fuel processor plays an important role in order to produce and
carry the H, fuel to the electrical generation step of SOFC stack. In the consideration
of appropriate primary feed at fuel processor, methane is an attractive and convenient
fuel for the SOFC system due to its availability;highest hydrogen to carbon ratio in
the overall hydrocarbon substances and low cost (Ermakova et al., 2000;
Vivanpatarakij et al., 200Z.and.Serrano et al, 2010). There are several reaction routes
for generating hydrogen.from methane such as methane steam reforming (MSR),
partial oxidation, autothesmal reforming, and methane decomposition (Edward and
Maitra, 1995; Suelves‘et al, 2005; Bonura et al., 2006; Vivanpatarakij et al.,2007; Li
et al., 2008 and Wang.et al., 2009). Methane steam reforming (MSR) (Eq. 1.1) is
probably the most well-established technology nowadays and widely used as the fuel
processor in the conventional SOFC syster'ri.; It offers the highest hydrogen production
but with some disadvantages stchi as high réaction energy consumption, having
carbon oxides and steam as impurities in the- féformed gas and taking place of side

reaction at changing temperature.

CH, + H,0 < 3K+ CO, AH® =+ 206.9 kJ mol-1 (1.1)

A number of researches have focused on the methane-fuelled SOFC systems
by proposing several ways to 1mprove the efficiency and perfarmance of the systems.
Due to the impurities in the reformed gas from the conventional SOFC system,
membrane reactor technology (the combination of membrane and steam reforming
reactor) (Powell and Qiao, 2006; Damen et al.,2006) is a promising pre-carbon
capture technology in power generation. Especially a palladium type membrane
which is highly selective to hydrogen has been widely examined (Basile et al., 2003;
Galucci et al., 2004; Fernandes and Soares Jr, 2006; Patel and Sunol, 2007). It was

proposed to be employed as a fuel processor as it can offer high purity of hydrogen



and increase the methane conversion. Vivanpatarakij et al. (2009) presented the
upgrading of SOFC system with the applications of various operation modes in
membrane reactor considering the combined compressor and vacuum pump.
However, this system is hardly provided in the real operation due to high cost of
membrane material and high operating pressure (Sangtongkitcharoen et al., 2008 and
Piroonlergkul et al., 2009).

The addition of CaO-CO, acceptor and water-gas shift reactor are also
proposed to provide the higher purity of hycdrogen, since it is constructed after the fuel
processor (Abanades, 2002; Choudary and Goodman, 2002; Barelli et al., 2008; Grasa
et al., 2008; Vivanpatarakij et al.; 2009; Piroonlerkgul et al., 2010). The removal of
CO;, from fuel prior to be fed 1n"'SOFC can improve SOFC performance (lordanidisa
et al., 2006; Dalle Nogarg‘et al.,/2007; Vivanpatarakij et al., 2009 and Piroonlerkgul
et al., 2010). Although this technique can supply the high purity of hydrogen, little
amount of CO; is also preduced in the afterburner, consequently, the conventional
SOFC system should be equipped with acarbon capture and storage (CCS) facility
after the afterburner. CCS has a role in th_é ‘reduction of global warming problem,
because it prevents the CO; emitted to the-‘:‘a_it'r'npsphere. This CCS generally has three
main steps consisting of CO, separation, CQé cémpression to the liquid form for easy
transport and storage, of concentrated quuidEOg undep the ocean or underground
(geological formatigr) at depth of more than 800 meters' (Damen et al., 2006; 2007,
Abu-khader, 2006 and Kurt et al., 2009). However, this system may not be
appropriate in the present time due to high capital cost with complex system and high
energy demand:(Pairer.and Sapundzhiev., T997; Piroonlerkgulet al., 2008; 2009).

OH} s 2H . €4 AKO= /756 kI maliL (1.2)

Methane decomposition (MD) (Eg. 1.2) is an interesting alternative reaction
for hydrogen production as it requires lower energy consumption than conventional
MSR. The gas product contains COy-free hydrogen due to absence of oxidant
substances (steam, oxygen). Although the hydrogen generated from MD is less than
that from MSR. It has performed more advantages for the SOFC. When using pure
hydrogen generated by MD as a fuel, the performance of this SOFC is improved



better than the conventional SOFC (Eguchi et al., 2002; Baron et al., 2004;
Suwanwarangkul et al., 2006; Damen et al.,2006; Bonura et al., 2006; Yusuke et al.,
2009 and Piroonlerkgul et al., 2009). Considering its by-products, MD produces a
separated phase by-product as it only captures the carbon in to the valuable solid
form. Therefore, no carbon oxides are presented to the SOFC, resulting in a long
operation life time of the catalyst and SOFC stack (Takenaka et al., 2001; Villacampa
et al., 2003; Coutelieris et al., 2003 and Sangtongkitcharoen et al., 2005).
Furthermore, this solid carbon can be used as a commodity product in the various
fields (e.g. adsorption material, membrane, catalyst, electrical devices and fuel cell) or
sequestered (or stored) for future use (Muradows2001; Meyer, 2009 and Muradov et
al., 2010).

Regarding the glebal-warming, MD Is considered as an alternative fuel
processor for MSR. Carben in methane is first captured at the fuel processor in the
form of solid carbon.<Thegefaore,,CCS facility is not necessary to capture CO, in the
SOFC system with MBP. The System would become less complicated and require
lower cost and energy consumption, Howev'e'r-, MD is not widely proposed to be the
alternative fuel processor in SOFC systerﬁ (Eguchi et al., 2002; Baron et al., 2004;
Bonura et al., 2006 and Yusuke et al., 2009). ‘The comparison of MD and MSR in
terms of performance,and economic analysis éhbuld be of interest in order to decide

whether MD or conventional MSR Is appropriate for a SOFC system.

Therefore, this study is aimed to,evaluate and compare the performance
between the two fuel processors; MSR and MD, particularly When carbon capture and
storage is demanded for CO, capture in MSR. The SOFC systems are considered to
operate-at @:thermatly self-sufficient conditiony(Qrert=10) (Sangtongkitcharoen et al.,
2005; Palazzi et al., 2007; Vivanpatarakij et al., 2009 and Piroonlerkgul et al., 2008;
2009) at which no external energy is needed and the highest possible electrical power
generation is achieved. Furthermore, the economic analysis is carried out to determine
the appropriate fuel processor for the SOFC at the optimal operating condition
(operating voltage and fuel utilization) based on the same net electrical power of
1MW. Better performances of the SOFC system and reduction of environmental

problems are expected when the SOFC is equipped with MD as a fuel processor.



1.2 Objective

To compare the performances of the methane-fuelled SOFC systems with
different fuel processors; i.e., conventional methane steam reforming and
decomposition, particularly when carbon capture and storage is further demanded for
CO; capture in steam reforming, and to perform economic analysis of the two fuel

processors.

1.3 Scope of work

1.3.1 Simulate the conventional (methane steam reforming) and proposed (methane
decomposition) fuel processoron the basis of 1 mol s of methane using ASPEN™
PLUS PROGRAM to_detepming the characteristics of the reactions at varying

temperatures.

1.3.2 Select the optimal condition for each fuel processor namely both of reaction

temperature and steam to methane ratio of methane steam reforming.

1.3.3 Simulate performances “of -the th‘r',SOFC systems with different fuel

processors to determine the amount of energy involved for all units.

1.3.4 Evaluate and compare the performances of the two SOFC systems at varying
fuel utilization and operating voltage to find the thermally self-sufficient condition (at
Qnet = 0) where no additional energy is demanded from an external source.

1.3.5 Calculate the overall electrical efficiency'when carbon capture and storage
(CCS) facility was installed in the conventional SOFC (MSR-SOEC-CCS) in order to
prevent'CQO;'emission to atmosphere.

1.3.6 Perform economic analysis of the three SOFC systems (SMR-SOFC, SMR-
SOFC-CCS and MD-SOFC) based on a net electrical power generation of 1 MW.



Thesis organization

This thesis is organized as follows:

= Chapter I is the general introduction indicating the motivation, rationale ,
objective and scope of this research.

= Chapter Il provides the fundamental theory for this research namely the
principle of fuel cell, the specific characteristic of solid oxide fuel cell
(SOFC), general characteristic of methane decomposition and conventional
steam reforming, carbon capture andsstorage (CCS), etc.

= Chapter 111 reviews the previous research.works on SOFC operation leading
to the motivation on-the propJosed methane decomposition in this research.
This chapter _censisis .of the methane reforming reaction for hydrogen
production, furthep techniques integrated with MSR processor, methane
decompositionySOFC system and CCS technologies.

= All about the rgsearch simulat-i:ons methodology including the simulation
program, mathematical modi_efls and calculation procedure in the
performance analysis df SOFC arJe p;fesented in Chapter IV.

= In Chapter V, the simulation aﬁaé_galculation results are presented and
discussed. It is divided into three_ﬁa_in parts; reaction characteristics of fuel
processors, performéhce analysis -oquolid oxide fuel cell (SOFC) system
and economic analysis.

= The overalll conclusion from this research analysis and some
recommendations-for future research works are in Chapter V1.

= Finally, the “details  of “thermodynamic data’ and. properties of related
composition are included in Appendices at the end of this thesis.



CHAPTER Il

THEORY

2.1 Fuel cell

A fuel cell is an electrochemical device that directly transforms the chemical
energy of fuel gas into electrical energy (DC); thermal energy and water without the
need for direct combustion-as an intermediate step; giving much higher conversion
performances and lower green-house gases than conventional fossil fuel power
generation. As shown in Figure 2.1, the basic physical structure of fuel cell generally
consists of an ion conducting electrolytesin center of a cathode (positive electrode)
and an anode (negative€lectrode), furthermore, external circuit (load) connecting with
two electrode used in the current collectic}p and separating each unit cell in the stack
by the separator (bipolar) plate. = 4

— - Electrical power
== LOAD Y
Hvdrogem fuel Oxidant gas
—_— Electrolyte [
ANODE CATHODE
electrode electrode

mm) Thermal energy

- Water

Figure 2.1  Schematic diagram of general fuel cell operation



2.1.1 Basic principles of fuel cell

The operating principle of fuel cell is quite similar to that of conventional
batteries such as electrochemical conversion of reactants to generate electricity, a
reaction occurs between hydrogen fuel and oxidant gas (oxygen from air) through
electrodes and via an ion conducting electrolyte. However, unlike batteries, fuel cell
does not run down or require recharging; it can be operated as long as both hydrogen

fuel and oxygen gas are supplied into electrodes.

Hpt-50, § —=H,0 2.1)

Generally, fuel cellsoperation is initially when oxidant gas and hydrogen fuel
are fed into cathode and anode, respectively. The chemical reaction is shown in Eq.
2.1. When the electroghemical reaction occurs, the electrons flows pass the external
circuit (load) and the ions arg conducted across the electrolyte. Thus, electrical current
is created while the by-products are genératéd in the forms of water and thermal

energy.

2.1.2 Major components of fuelcell

The typical fuel cell (Figure 2.1) is mainly composed of two electrodes (anode
and cathode), @n éelectrolyte)and: interconnector. Separatoriplates, extra components,
are needed when more than one unit cell of fuel cell is required. The required

properties can be concluded as.follows;

2.1.2.1 Electrodes

Electrodes (Boudghene Stambouli and Traversa, 2002) play an important role
as their main function is to provide a reaction between the reactant and the electrolyte,
without themselves being damaged or corroded. It must also contact the three phases,
I.e., the gaseous fuel, electrolyte and electrode itself, when total components of fuel
cell assemble to operate in power generation. The basis requirement properties of

electrode are typically porous and made of an electrically conductive material.



Anode_

Anode is operated in the reducing atmosphere, oxidation reaction has an effect
to release the electrons. Therefore, high electronic conductivity is needed as electrons
transfer to create current into the external circuit. Furthermore, it also should tolerate
under the reducing atmosphere. Several requirement properties of anode are different
from cathode due to difference in function. In some cases, anode also has the catalytic
properties such as using in catalytic reforming in hydrocarbon fuelled fuel cell

system.

Cathode

In order to conduct the electron from anode, cathode also has the high
electronic conductivity and+enetgh porosity. Generally, cathode is operated in the
oxidizing atmosphere at a‘high temperature, hence, properties of material in cathode
must have high chemicaland structural ‘stability. When it is fitted together with
electrolyte and interconnegtor, it should have the suitable of thermal expansion and
less reactivity with vicinity gomponenits.

2.1.2.2 Electrolyte =7,

The electrolyte is used to prevent the t\;/vo electrodes to come into electronic
contract by blocking the electron. It must péfrﬁit the flow of charged ions from one
electrode to the otherto maintain the overall electrical charge balance. The required
properties of electrolyte are:

= High ion conductivity

= Lesselectronic transfer for avaidance 'of voltage [0Ss

= Dense electrolyte to prevent gas mixing

= Thermal:stability,during,operation

2.1.2.3 Interconnector
Interconnector is installed to collect the current from fuel cell. It is located to
link the anode with external circuit, and its required properties are:
= High electronic conductivity
= Chemical and structural stability during operation
= Appropriated thermal expansion

= Less reactivity with vicinity components
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2.1.3 Types of fuel cell

Generally, fuel cells are mostly classified by the type of electrolyte used in the
fuel cells. The chemical characteristics of electrolyte affect to the selection of fuel and
operating condition. The choice of electrolyte dictates the operating temperature range
of the fuel cell. The operating temperature and useful life of fuel cell dictate the
physicochemical and thermomechanical properties of the material used in the cell
components (i.e., electrodes, electrolyte, interconnect, current collector, etc.).
Aqueous electrolytes are limited to operating temperature of 473K or lower because
of their high vapor pressure and rapid degradation‘at high operating temperature.

Nowadays, six majortypes of fuel cell are available as shown:

1. Proton-exchange/membrane fuel cell (PEMFC)
Direct methanol fuel cetl (BMEC)

Alkaline fuel eell (AFC)

Phosphoricacid fuel cell (PA_F_,.C){-

Molten carbonate fuel cell (M‘Ci:I;G_)

o g k~ w BN

Solid oxide fuel cell(SOFC) ==

Each types of ftel cell have the difference of specific characteristic and basic
requirement as shown In Table 2.1. They are also classified on the basis of operating
temperature into 2:groups; low temperature’ (PREMFC{ DMFEC; AFC, PAFC) and high
temperature range group (MCFC, SOFC). In the low operating temperature group, all
the fuel.must be firstly converted to.hydrogen prior.to.entering the fuel cell. The
anode catalyst in“this“low operating temperature of' fuel cell’ should be strongly
poisoned by CO. In addition, the high operating temperature, it allows the ability of
internal fuel processing, therefore, they (MCFC, SOFC) supply fuel flexibility and
offer high electrical efficiency.



Table 2.1

Summary of characteristics and basic requirement of fuel cell types

(Rayment and Sherwin, 2003; Haile, 2003; Andujar and Segura, 2009; Neef, 2009 and Kirubakaran et al., 2009)

11

Fuel cell type PEMFC DMFC AFC PAFC MCFC SOFC
Mobilized or - - - .
. . - Immobilized Liquid Immobilized Liquid
Hydrated Polymeric lon Polymericdon Immobilized S . .
Electrolyte Exchange Membrane | Exchange Membjafie 4f ROtsSiumHydroxide Phosphorus Acid in Molten _Carbonate in Ceramic
i = 3 SiC LiAIO,
in asbestos matrix
H P LW
Operating 313-353 333-393 338493 433-473 903-923 873-1273
temperature (K) _ ;
CH;OH | .

Fuels H, or alcohol solution | 4 HQ:,J,-:%J H, H,, CO, CHy, etc H,, CO, CHy, etc
Oxidants Oy, air Oy, humid air 54405 Hip Oy, air Oy, air,CO, Oy, air
Diluents CH,, H20, CO;, CHa, H20, CO, i A8l | CH,, Ho0, CO; H,0, CO, H,0, CO,

) | CHy4, H,0, COs», L J
= =0S CO-
Poisons CO, H,S, COS CO, HZS,‘__C__‘:; CO H,5.COS -_ﬁ_)_: H,S, COS H,S, COS H,S, COS
L mobile, laptop, low Ol v, transportation and e D (I medium to large TIBEI) U9 (BT
Applications ower’ enera:[ion potable electronic space shuttle power generation ower aeneration power generation
P g application P with CHP system P g with CHP system
Electrical 0.01-250 0001106 014250 504,300 200-200,000 0.5-2,500
power range (kW)
Electrical 40-55 40 50-55 40-45 50-60 40-60
efficiency (%)

1T
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2.2 Solid oxide fuel cell (SOFC)

With the longest continuous development period starting in the late 1950s, SOFC
promises to be extremely useful in large scale application over another type of fuel
cell. It shows the desirable characteristic of power generation which can be
considered for a wide range of applications including stationary power generation,
mobile power, auxiliary power for vehicles and specialty applications (Boudghene
Stambouli and Traversa, 2002; Fuel  cell Handbook, 2004). Some prominent points

. /
of SOFC are concluded as listed below: /ff;

= SOFC is composed of all soli"d-state materials.
==

= The solid-st%@r of ag SOFC components indicates that there is no
It

fundamental Li ion ‘on _the cell configuration. The cells are being

installed in t n 'Cphfiguﬁafions, I.e. tubular cells or rolled tubes, and

Interconnection

W in,
planar flat- ?jzn irgu‘r_atiotg as shown in the Figure 2.2 a) and b)
respectively. il

(a)
Electrol
Fuel flow & e
Air electrode
mmAir flow s Fuel Electrode

Cuarrent flow

Repeating unit {

Orcidant (low

Bipolar scparator
Fuel flow

Figure 2.2  Typical SOFC configurations (a) tubular cell (b) planar flat-plat
(Hammou and Guindet, 1997 and Boudghene Stambouli and Traversa, 2002)
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= Particularly rigid ceramics electrolyte, it has more chemical and physical
durability than other types of fuel cell resulting in the high operating
temperature and endurance in corrosion problem.

= Its cells can operate at temperatures as high as 1273K, significantly higher
than any fuel cell type as mentioned in the Table 2.1.

= With its extremely high temperature operation range (873-1273K), SOFC
can utilize various types of fuel (e.g. alcohol, natural gas, coal and
petroleum based substances), allows internal reforming, promotes
electrocatalysts with non-precious metals, has fast chemical reaction and

produces high quality electrical powerwith thermal energy.
w

2.2.1 Principle of solid.exide ftel cell"J,(SOFC)

4

SOFCs are divided inio two operatlons based on the type of conducted ion
such as SOFC with oxygen-ion conductmg electrolyte (SOFC-0%) and SOFC with
proton-ion conducting electrolyte (SOFC H ) Major differences between two types
of SOFC are the direction of lon flowmg t_hrcugh the ceramic electrolyte and the
location of produced water by product occurr-lng in the opposite cell sides as shown in
Figure 2.3 (Boudghene Stambouli and Traversa 2002 AndUJar and Segura, 2009).

+ 2-
(a) SOFC-H (b)'SOFC-O

h H.0 H;0
H b H* o o2 o
* H - H o O +
O
. He
Electrolyie Electrolyie
ANODE CATHODE ANODE CATHODE
electrode electrode electrode electrode

+ 2-
Figure 2.3  Basic principle of SOFC operation (a) SOFC-H (b) SOFC-O
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The electrochemical reaction in the SOFC-H"

Anode : 2H, =  4H" + 4de (2.2)
Cathode : 0, + AH" + 4¢ = 2H,0 (2.3)
Overall : 2H; + 0, = 2H0 (2.4)

2_
The electrochemical reaction in the SOFC-0O

2- -
Anode : H2 + O = H,O + 2e (2.5)
- 2-
Cathode : O2 +1fpa = O (2.6)
Overall : 2H2 + O2 = 2H20 (2.4)

2.2.2 Fuel gas for SOFC

SOFC requires.only.a single fuel proc_:essor to pre-reform their fuel, which can
be gasoline, diesel, alcohol, natural gas, boal, hydrocarbon and petroleum based
substances (Assabumrungrat et al:; 2005; Hussain et al., 2006; Naser and Timothy,
2007; Sangtongkitcharoen ‘et al, 2008: " Patcharavorachot et al., 2010 and
Arponwichanop et al., 2010). The nature of:ové-rall pollutions from the fuel cell must
vary correspondingly, with the fuel gas mixture. Using-hydrocarbon, for which a
supporting infrastructure is recently avatiable; proposed a variety of advantages over

using hydrogen.

Firstlyhydrocarbons are’'muchieasier to'transport-andto store since they are in
a stable state which requires no processing before use. They are also more efficient at
producing .energy. Methane is.an.attractive.and convenient hydrocarbon fuel for the
SOFC system (Erimakova ‘et‘al.; "2000; Boudghéene' Stambouli-and-traversa, 2002;
Vivanpatarakij et al., 2007 and Serrano et al, 2010), it offers the large amount of
hydrogen to carbon ration. In the electrochemical benefit, methane for example yields
eight electrons per molecule whereas hydrogen only yields two electrons energy. This
large amount of electrons must affect on the amount of electrical energy production.
This advantage could be magnified with the indirect feed of more complex

hydrocarbons.
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2.2.3 Basic requirement of SOFC cell component

2.2.3.1 Specific component requirement of SOFC

The identification of SOFC component kinds should consider the specific

function of each component of SOFC with the characteristic of SOFC operating

condition. Therefore, the total component of SOFC stack cell must meet the basic

requirement to provide long operation life time of power generation such as (Nguyen,
1993; Song, 2002 and Kirubakaran et al., 2009):

Suitable stability (chemical, phase;” merphological and dimensional) and
conductivity.

Chemical compatibility'with other components

Similar thermal expansion all over the cell operation to avoid cracking
Dense electrolyte'toavoid.gas mixing

Porous anode and cathode to consent gas transport to the reaction sites
High strength.and toughness properties

Fabricability and amenable to paftic’UIar fabrication conditions

Low overall cost e ‘

Compatibility at higher operatihg ‘:temperatures at which the ceramic
structures are fabricated. pat

2.2.3.2 Materials for SOFC cell components

(Boudghene Stambouli and Traversa, 2002)

Electrolyte

The extensively used electrolyte of SOFC is a dense or non-porous ceramic
material which-has-the-excellent-praperties-of, axygen. ion-conductivity at
high operating’ temperature such' as' stabilized-zirconia, -especially yttria
(Y203)-stabilised zirconia (ZrO,) or YSZ.

Anode

Anode material must be metals due to the reduction condition of fuel gas.
Furthermore, this metal material should be non-oxidized, even if the
composition of fuel shifts during the operation of cell. The anode structure

should be fabricated with a little porous to assist mass transfer of reactant



16

and product gases. SOFC anode is mostly fabricated from the composite
powder mixtures of electrolyte material (YSZ) and nickel oxide (NiO) at
which NiO subsequently being reduced to nickel (Ni) metal prior to
operation. Hydrocarbons can be directly reformed in SOFC anode where
the NIi/YSZ catalyzes the reaction kinetic coupled with oxygen ionic
carrying. It should be notes that the state of art SOFC nickel anode can
perform sufficient activity for the conventional SOFC without the need
additional catalyst (Clarke et al., 1997 and Dick, 1998). And it can be

achieved the internal reforming or.auto reforming inside SOFC cell.

= Cathode

Similar properties tosthe anode, cathode is a porous structure at which
allows the rapidimass transfter of reactant and product gases. Under the high
operating temperature 0f SOFC, 'noble metal or electronic conducting oxide
is required 0 use as cathode material. Perovskite-type lanthanum strontium
manganite (LSM) and lanthanum calcium manganite (LCM) present the
excellent thermal expansion match with zirconia electrolyte and provide a
good performancg at-SOFC terhpé‘ra]ture range. Generally, Strontium (Sr)-
doped lanthanum manganite (LaMnO‘g) is widely used to be SOFC cathode
(Yamamaoto, 2000). a

2.2.4 SOFC operating chiaracteristics

2.2.4.1 Open cireuit voltage (OCV) ar theoretical voltage

OCV/ is) ah . ideal “voltage “in “the ‘electrochemical <.reaction based on
thermodynamic equilibrium between H, fuel and oxidant gas. This value is obtained at
specific operating condition such as temperature, pressure and reactant composition.
Especially in reactant compositions, the difference in concentrations of components
between anode and cathode electrode, namely H, pure at anode feed and O, pure at
cathode feed, provide a maximum ideal difference potential at both of electrodes
resulting in OCV of the SOFC cell. The OCV plays an important role to be the
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driving force in taking electron transport from one electrode to another and generates
the current passing complete circuit.

2.2.4.2 Actual cell potential

The actual cell potential is decreased from its ideal potential (OCV) because of
the irreversible potential losses as shown in the Figure 2.4. These losses are often
referred to as polarization, overpotential or overvoltage which can be categorized as

followed:

Activation overpotential is the one type of voltage loss which occurs from
electrochemical .reacion at the electrodes. This reaction requires some
energy to ove__rcome its acti\ll_ation energy (Ey), for example, adsorption
energy of reargtant on /the electrode surface and desorption energy of
product out ‘of surface.__ Genar'aIJ!y, this loss dominates at low current

density, the \/I diagram eXhibi'ts non-linear. The main variable controlling

this loss is opgrating temperature in order to affect the reaction rate of
electrochemical. JAt. hlgh operatmg temperature of SOFC, the rate-

o a

determining step |s very fast resultlng in the decreasing of activation

|

overpotentral and the V-l dlagram becomes Imear

-

HJ.

o Theoretical EMF or Ideal Veoliage \'—"

Regian of Activation Polarigagion
. I Reachon Rale Loss)

Tolal Loss

Region of "
Concentration Polarigation
fi5as Franspun oes )
Reglon of Ohmic Folafzation
il (Resistante Logss)

Operation Voitage, V, Curve

D - i - i — -
Current Density (mAlem2)

Figure 2.4  Ideal and actual fuel cell voltage on various current density
(V-1 diagram) (Fuel cell Handbook, 2004)
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The SOFC operation under high current densities or high fuel utilization
has more difference in concentrations of H, fuel and oxidant between bulk
and electrode surface. Significantly, the larger concentration gradient in this
region can cause the concentration overpotential. At lower current densities

from Figure 2.4 and fuel utilization, this loss is very small.

This ohmic overpotential is @ major loss in the SOFC operation, caused by
ionic resistance in the electrolyte and.electrodes, electronic resistance in the
electrodes, current _collector and interconnect. This loss is directly
proportional to_gcurreat density and V-1 diagram shows the linear trend at

intermediate currenidensity.

Internal current overpotential or fuel erossover occurs by the fuel crossing

or electron leakage through an eIe_é:thIyte, however, this loss is very small.

2.2.5 SOFC advantages and some drawbééké

Although SOFC is the most promising fuel cell type with many advantages

(Hammou and Guindet, 4997; Boudghene, Stambouli and Traversa, 2002; Fuel cell

Handbook, 2004; Andujar and Segura, 2009) as well as utilized in both of compact

application and‘the large scale-commercial power generation as previous mentioned.

However, ithereare, somey drawbacks SOECcurrently theing «developed to be the

commercialized fuel cell system under the challenges of ground-breaking technology
(Hammou and Guindet, 1997; Song, 2002 and Fuel cell Handbook, 2004).

2.2.5.1 SOFC advantages
= SOFC is the most efficient fuel cell providing the high ratio of fuel input to

electricity output.
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= SOFC is flexible in terms of size. It can be applied in both of small home-
scale power generator and large commercial-scale power plant.

= SOFC is flexible to use various types of fuel gas such as alcohol, natural
gas, coal and petroleum based substances, even though it operates with or
without fuel processor or reformer.

= SOFC system can reduce the CO, emission when compared with the
conventional combustion of fossil fuel.

= High human’s life qualities are presented due to eliminating the danger of
carbon monoxide toxiec in exhaust:gases, as CO produced is transformed to
CO,, at the high operating temperaitire:

» The internal reforming of fuel gas can possibly operated in the SOFC cell
with the rapid reaction rate.| Thus, the use of precious catalysts such as
platinum or rutheénium.s not necessary.

= The high operating temperature of SOFC generates the thermal energy
byproduct which can be utilized for co-generation systems or combined
cycle applications: ]

= SOFC does not fage the dilemm_é\ with electrolyte management liked the
liquid electrolyte such &s the corfééixge_ and difficult to handle.

= SOFC is quite enough te be constkUcféd indoor, because its configuration is
set in the kind'of modular with thé-érdlid state construction and no moving
part.

= SOFC can be steadily operated more than 40,000-80,000hours.

= Low operating and maintenance, cost can be achieved under the SOFC
power generation. Theefficient ‘operation of| the SOFC system will
significantly decrease the energy bill (mass production) and affects on the
lowermaintenangecost:

=. The addition 'of external reformer corrects the problem of difficult
infrastructure of hydrogen fuel such as transportation from natural source

and storage.

2.2.5.2Some drawbacks of SOFC
= With the high operating temperature, SOFC stack is restricted the material
flexibility and selection. Hence, the cost of this material fabrication and

stack assemblage is higher than another fuel cell types.
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= The fragility of its cells is hardly fabricated to a large size when the SOFC
system is scaled up to megawatt size.

» The operating voltage loss or overpotential of cell due to the low electrolyte
conductivity is still too high, even if it operates at high operating
temperature.

= The high temperature operating system wastes the long operating time

resulting in the slow start up and shut down.

2.3 SOFC system for sustainable energy

Although high-eperaiing tempera}ture SOFC can produce the electrical power
and usable thermal egnergy; the® SOFC system requires the integration of many
components beyond the SOFC stack . itself. Various system components are
incorporated into powep system® to aIIéV\i" operation with conventional fuels, to
transform produced electrigal power: into fh_g AC power, and often, to utilize rejected
excess thermal energy to achieve.high eﬁidjency and to removal CO, in the exhaust
gas. This incorporation of varigus systeméél’ﬁponents is called “Balance of Plant

(BoP)” (Fuel cell Handbook, 2004). -
: Reforming Oxidant
gas

: agent

FUEL
PROCESSOR

POWER
CONDITIONER

—
AC
POWER

Raw fuel

Usable thermal energy
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| /

\

CLEAN EXHAUST

Figure 25  SOFC system for sustainable energy
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In the rudimentary form, SOFC power systems consist of a fuel processor,
SOFC unit, power conditioner, thermal energy recovery unit and CO; separator unit.
Recently, CCS technology has been performed to capture and storage CO, from the
exhaust gas. Although, fuel cell technology is proposed to generates electricity with
eco-friendly technology, the little amount of green house gas emissions are also
produced when other fuels are applied in the fuel processor. The simple schematic of
this basic system and their interconnections is presented in Figure 2.5 with the

integration with CCS facility.

2.3.1 Fuel processing unit

Hydrogen (H)«is thesmesi desired fuel for eleetricity generation in fuel cell
because it offers high gell performance having low potential loss and coke formation.
Therefore, the fuel processing should be pérformed to convert the various fuels via the
fuel processor at the propér gondition to-generate the H, for SOFC. Although SOFC
has high chemical and physical durability, fuel processor is also necessary to use in
order to save the maintenance cost-0f SOFC stack and provide long life operation.
Methane (CH,), the main compenent of natural gas, is considered as a suitable and
convenient raw fuel for the SOEC system due to-its availability, highest hydrogen to
carbon ratio in hydrocarbon substances and fow cost (Ermakova et al., 2000;
Vivanpatarakij et al., 2007 and Serrano et al, 2010).

In the fuel processor, the reforming, reactions are..generally provided to
generate H, from "CHy-'such as steam 'reforming,- partial-oxidation reforming and
autothermal reforming. Concerning®in the H; yield, and the energysbalance of SOFC
systemi“methane steam,reforming (MSR) Is almost! performed in-the fuel processor of
the conventional SOFC. Because methane steam reforming produces more H; yield
and can efficiently utilize the generating thermal energy from SOFC stack due to
nature of endothermic reaction. On the contrary way, partial-oxidation reforming and
autothermal reforming provide the lower yield of H; and higher amount of carbon

oxides (COy) especially in partial-oxidation reforming.
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MSR is suitable for SOFC stack in terms of H; yield and the energy balance of
conventional SOFC system; however, its system also produces the CO, at the
afterburner step. Alternative reaction proposed to replace the conventional fuel
processor is methane decomposition (MD). This reaction generated high purity of H,
fuel can directly flow into SOFC system, and the first advantage from conventional
SOFC system is to eliminate the CCS facility and can save in more cost. However,
MD may be the preferred fuel processor option for SOFC system, therefore, the both
of reaction should be investigated the performance with the operation of SOFC

system.

2.3.1.1 Methane steam reforming (Conventional fuel processor)

Methane steam reforming (MSR) has been investigated for several decades as
an effective H, productionand was implemented in real industry in 1930 (Barelli et
al., 2008). MSR is thg' endothermic_ revesible reaction and normally reaches
equilibrium over an aetive catalyst, as at such high temperatures the rates of reaction
are very fast. Nickel-based €atalysts-are usually used in MSR. Platinum, cobalt and
noble metals are also active, but more exp(_én:s;ive. Over mentioned catalysts that are
active for MSR nearly always occurs as wé[lf however, this reaction can operate with
or without a catalyst. =

MSR is the mature technology, practiced industrially on the large scale for H,

production. The basic generic hydrocarbon C.H,, and reforming reactions for CH, are:

CaHt NH,0 > (5 +)H, +nCO, 2.7)

Methane steam reforming reaction

CH,+ H,0 < 3H,+ CO, AH® =+206.9 kI molt  (1.1)

Water-gas shift reaction

CO+ H,0 < H,+ CO,, AH® =-412 kimolt  (2.8)
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The reforming reactions (Egs.1.1 and 2.7), more correstly termed
oxygenolysis reactions, and the associated water-gas shift reaction (WGS) (Eq.2.8)
are carried out normally to provide the overall methane steam reforming (Eq.2.9) at
elevated temperature, typically 773 K (Dick, 1996; King et al., 2005; Holladay et al.,
2009).

—_—— - - —— 4

Therefore, the MSR in conventional-fuel processor refers to the overall
methane steam reforming which-combined the methane steam reforming and water
gas shift reaction. With thes«chemieal equilibrium, two sub-reactions in MSR favor the
H, at the different temaperature: range. Methane steam reforming significantliy
generates H, at the highs0perating temperature whereas water gas shift reaction is
lower tha methane steam’ reforming. Hence, the MSR fuel processor should be

operated at temperure of the ensured-high H, yield.

Methane decomposition reaction

CH, < 2H, + C, L AH°=+756KImolt  (1.2)

Boudouard reaction

2CO « C+ CO,, AH®=-172.4kImol*  (2.10)

Carbon gasification

C+H,0% CO+ H,, AH®= +131.3 ki mol™* (2.11)

Consideration in the further side reaction related with compositions of MSR,
carbon solid liked coke and soot can be occurred via direct decomposition of methane
(Eq.1.2) or by the boudouard reaction (Eq.2.10) (Dicks, 1996 and Sangtongkitcharoen
et al., 2005). This side reactions significantly affected both in fuel processor and
SOFC due to its clogging or pluging tube, blocking the active site of catalyst.

However, the increasing temperature or reacting with steam can reduce this coke or
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carbon formation in MSR (Eq.2.11) (Fuel cell Handbook, 2004 and Piroonlerkgul et

al., 2009)

2.3.1.2 Methane decomposition (Proposed reaction in fuel processor)

Decomposition reaction can be used with the variety of gaseous and liquid

hydrocarbon fuels and ideally suit to simple hydrocarbon structure. Consequently, this

reaction is appropriate for methane because its simple structure has only C-atom with

the H- single chemical bonds. This process of hydrogen generation is to simply heat

methane in the absence of the oxidant substance(H,O, COy and air). The methane is

thermally decomposed to H and solid carbon as shown in Eq.1.2.

Methane is directly decomposed to-‘rs'e'parated H, gas phase and solid carbon.

It is reasonably proposed to be the alternativg fuel processor, because high purity of

H, can be achieved to be the fuel of SOFC stack and CO; is totally captured in the

form of solid carbon, This §olid carbon can be used.as a-commodity product in the

various fields (e.g. adsorption material; membrane; catalyst, electrical devices and

fuel cell) or sequesteréd (or stored) for future use (Muradov, 2001; Meyer, 2009 and

Muradov et al., 2010) as shown in Figure 2.6. Many researchers have reported that

this solid carbon can ke [precious carbon types/such! asicarben nanotubes and carbon
nanofilaments (Piao et al., 2002; Suelves et al., 2005 and Makris et al., 2005).

CH,

TD

B H,

carbon

Figure 2.6

!

© ©

Products of methane decomposition reaction (Muradov, 2001)
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On the general thermodynamics view point, methane decomposition is an
endothermic reaction and also a feasible reaction at temperature over 823 K. Due to
its high favorable temperature, catalyst is necessary to accelerate reaction and also
reduced the maximum temperature in the reaction. Common catalysts used are noble
and transition metals such as Ni, Fe, Cu, Pd, etc., supported on high surface area
ceramic substrate such as Al,O3; and SiO,, etc. Especially, Nickel-based catalyst has
higher activities compared to other transition metals as well as high yields of
products. Bimetallic catalysts were more active and produced higher yields of H,

compared to monometallic catalysts (Ahmedetal., 2009).

2.3.2 SOFC unit

SOFC unit plays.an dmportant rele in the power generation system and
supplied thermal energy. H> rich gases produced from 2 kinds of fuel processor are
fed in to the SOFC unityThen the DC electrical power and by product thermal energy

are generate via the electrochemical with oxidant gas.

2.3.3 Power conditioner

Power conditicher is an enabling technology that is necessary to convert DC
electrical power generated by a SOFC into usable AC power for stationary loads,
automotive application; and-interfacesswith-electrical utilities=It should be noted that

this unit is not'cansidered in‘this study.

2.3.4 Thermal energy recovery unit

This thermal energy recovery unit consists of an afterburner where the
unutilized fuel from the electrochemical reaction at the SOFC stack is combusted, and
heat exchangers. Thermal energy generated in this combustion is recovered and

distributed to other energy consumption units and equipments such as preheaters, fuel
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processor, so that the demand of external thermal energy source is reduced. High
performance of SOFC system can be achieved from this unit.

235 CCSunit

For a SOFC system with MSR, an additional CCS facility is installed after the
afterburner in order to avoid the CO, emission to the environment. The CO, emission
has significant effects on ozone layer depletion, human toxicity and fresh water
aquatic eco-toxicity. The operation of CCS fer SOFC includes 3 main steps as shown
in Figure 2.7 as follows (Simbeek, 2004; Damenet al., 2006; 2007, Abu-khader, 2006
and Koornneef et al., 2008);

Exhaust gas

@0, geparation . W
from thc gkhaust gas, | & P g

Concentrated CO, gas ~ —
CO:Compressionfs. Transport Storage to

in the liquid form. |

geological formation

Figure 2.7 Carbon capture and storage facility (CCS).

= CO, separation
CO, isiseparated .out of .the ‘exhaust gas 'with| the various methods
(mentioned in the literature review), and the remained gas such as the air is

also brought back to utilize in the SOFC system.

= CO, compression to the liquid phase and transportation
Concentrated CO; gas from the previous step should be compressed under
the critical pressure (7.4 MPa; Koornneef et al., 2008) into liquid phase due

to the easy transport to storage. The important concern in this step should
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be considered in the pressure loss along the pipeline transportation,
therefore, the compressed pressure should be higher than the critical
pressure of CO, Moreover, this pressure loss occuring in this step, it will

indentify the injected pressure in the next step.

= CO, storage into a geological reservoir.
This step must consider 3 main issues; the storage place, injected pressure
and the depth of storage place form the Earth's surface. First, the storage
places, geological informations, ’épe /proposed for this CCS process such as
underground, under the sea, oil reServoirs, abandoned gas field and deep
saline aquifers (Gibbins and"éhalmers, 2008). Second, injected pressure is
still consider(igt;o’w Aan critical pressure of CO; in order to easy storage
and overcome # Servoir pressure. At last with the depth of the injected
pressure, th:/d{ 5 .-q,UId_'be‘__éhough distance due to avoidance of CO;

leakage. Therefore, i gst‘be I"ng_er than 800'm.

Figure 2.8/ | Advantage of CCS (httpi//news.bbe.co.uk)

Furthermore, CCS advantages are not only to prevent the CO, emission
emitted out to our world, but also to utilize the CO, in the enhancement oil and gas
recovery as shown in the Figure 2.8. By pumping CO; into an oil and gas reservoir,
previously unrecoverable oil and natural gas can be pushed up to where they can be
reached. Once all of the recoverable natural resources have been reached, the depleted

reservoir can act as a storage site for the CO, (IEA, 2006).



CHAPTER I

LITERATURE REVIEWS

In this chapter, the literature reviews are divided into five parts. From the first
part, the previous works on methane reforming reaction for H, production are
presented especially on methane steam greforming. This part aims to show that
methane steam reforming is-the available cheice-for high efficiency H, production.
Then the further techniques'whieh improve the efficiency of methane steam reforming
are also reviewed in the second part. The various techniques are developed in order to

generate the higher yield and purity of hydrogen.

Next, methane decaompesition reactiqn IS proposed and also compared with the
conventional steam refarming in the thifg part. Then, the fourth part is about the
previous interesting SOFC system such as-'-t'h’e' effect of the composition of fuel gas,
the SOFC efficiency development. At Iast,"c':’hé_ new carbon capture and storage (CCS)
technology is studied in the characteristics aﬁdf']rféquirement in each step.

3.1 Methane reformingiréaction for H; production

There are threesmain conventignal,methane referming-reactions to produce H;
fuel including steam‘reforming, partial-oxidation and autothermalreforming. Table 3.1
compares the pros and cons and also shows the efficiency of the three reforming

reactions.
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Table 3.1 Comparison of three reforming reactions
(King et al. 2005; Holladay et al., 2009 and McHugh, 2005)

Hydroge n Advantage Disadvantage Efficiency
production
-Oxygen not required
Steam -Lower process _temperature -High air emission with more green
reforming -Best H,/CO _ratlp _ house gas 85%
-Most extensive industrial
experience
-LowH>/CO ratio
Partial -No catalyst required 4| -Very high processing temperatures 60-75%
oxidation -Compact -Soot fermation/handling adds
process complexity
Autothermal | -Lower processitemperature -Limited commercial experience
. . r v 3 ' 60-75%
reforming than partial exidation -Required air or oxygen

3.1.1 Methane steam reforming

Steam reforming s the most well-established H» production technology and
the highest performance of reforming reaction in terms-of the amount of H, produced
per mole of reactant feed and the ratio of H,to undesired CO (McHugh, 2005; King
et al. 2005 and.Holladay et-al.;2009); As,theprevious mentioned, the combined steam
reforming and water-gas shift is“the’endothermie reaction ‘so the large extent of
external thermal source is required.“At intermediate and high opérating temperatures
(Holladay et al., 2009), the major problem affecting an the deceasing of activity in
methane "steam reforming is the coke deposition on the catalyst surface due to
blocking the pore of catalyst surface. Thus, this reaction continuously enhanced by
improving the catalysts, operating conditions and heat transfer to achieve better

performance (Yanbing et al., 2007).
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In the real commercial process, the steam to carbon ratio is usually set to a
value higher than 1.4 in orders to maintain the catalyst activity and improve cycle
efficiency (Fuel cell Handbook, 2004).

Methane steam reforming reaction

CH,+ H,0 <> 3H,+ CO, AH® = +206.9kImolt  (1.1)

In equilibrium consideration of the side reaction (WGS), the steam to carbon
molar ratio should be 2 or higher (Palsson‘ei al., 2000; Sangtongkitcharoen et al.,
2005 and Arpornwichanop et al., 2010). The'exeess steam is used to force the reaction
to completion. Air is further added to improve the resistance of coke formation (Egs.
211 and 1.2) and supply.«the energy demanding (Dias and Assaf, 2004;
Sangtongkitcharoen et alg2005)

Water-gas shift reaction

CO + H,0 < H,* €O, L AH%=-41.2 ki mol! (2.8)

Overall methane steam reforming (MSR in fuel processor)

CH, + 2H,0 < 4H, + CO, L AH°=+165.7kimolt  (2.9)

Due to nature" of endothermic reaction, basis of-required condition is high
temperature and low pressure. Atmospheric operating pressure has been suggested in
the economic considerations(Holladay et al :2009). Although this reaction can operate
with or withaut a.catalyst: (Larminie and Dicks,' 2000), methane can be highly
converted itself” at temperatures above 1173 K (Anderson and Garcis, 2005).
Furthermmore, methane,can be ctaonverted to the IH, over a-nickel-based catalyst at the
temperature about 773 K (Dick, 1996 and Hoogers, 2003). Therefore, catalysts are
neccesary to reduce this high operating temperature. The properties of the methane
steam reforming catalyst should resist coking and decomposition by steam, be
inactive for side-reaction, maintain the activity at high temperature and have high

mechanical strength as well as good heat transfer properties (Oliveira et al., 2009).
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CH,+ H,0 H,+ CO+CO,

N4
eiSste

Figure 3.1 Function of catalyst besides from catalyzed reaction.

The methane steam reforming catalyst can be divided into two groups: non-
precious metal (typically nickel) and preeious metals from group VIII elements
(typically platinum or rhodium based).The advantage of using precious metals from
group VIII elements is"about.dess coke formation. Due to the severe mass and heat
transfer, the activity of thescatalyst does not affect the limiting conversion. So less
expensive nickel-based caialysts are .used almost universally in industry (Rostrup-
Nielsen, 2001). Rakass‘et al. (2006) alsoexamined that unsupported nickel powder
catalysts as a catalyst in'internal or exterrnél reforming exhibited the high methane
conversion of 98+2%, no coke was generated at the steam to carbon ratio of 2 and
temperature of 973 K. -

i

Some additives suchas magnesia, potassium or other alkaline (Ross, 1974;
Takeguchi et al., 2002)-are-atinosi-added-tnto-the-hiekel-based catalysts to enhance
the activation of steam, and dissociation of steam into: OH and H species. Carbon
deposits can lead to active site blocking and affect the catalyst reactivity and stability.
The support canfalsojplay arole-inssuppressing carbon-depasition. Ceria (Kusakabe et
al, 2004 and Laosiripojana“et ‘al.,”2005) has been~known 'to ‘be able to oxidize and

inhibit the deposited carbon.

Several works have evaluated the performance of methane steam reforming
based on equilibrium reactions (Temkin, 1979; Hufton et al., 1999; Ding and Alpay,
2000) and also determined the Kinetics of this reaction. It is very fast on the range of
high temperature of 1173-1273 K and may be affected by mass transfer phenomena
(Achenbach et al., 1994). Both of Joensen and Rostrup-Nielsen (2002) mentioned
about the effect of operating condition on a typical equilibrium conversion of steam

reforming of methane against temperature and pressure and steam/carbon ratio. In
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order to maintain a high methane conversion, it is necessary to operate the system at
high temperature, low pressure, and relatively high steam to carbon ratio.

3.1.2 Methane Partial oxidation

Methane partial oxidation reaction

CH, + %Oz <2H,+ CO., AH' = -36 kJ mol™ (3.1)

Partial oxidation -converts methane~to..H, fuel by partial oxidization
(combustion of methane with-non-excess oxygen-or substoichiometric amount of air).
A low oxygen-to-fuel ratio favors higher hydrogen yield. This reaction is highly
exothermic, and raises the reactant to a high temperature, thus, it is not necessary to
use a catalyst for operation (Doctor and -I:amm, 1999 and Holladay et al., 2009). It
can express that oxygen Suppresses therhydrogen production; however the energy
requirement from external thermal sources would be decreased. The thermal energy in
this reaction is only provided in the fuel p;q_éessor for the “controlled” combustion.
Generally, partial oxidation cam.-handle much heavier petroleum fraction or larger
hydrocarbon structure than other catalytic réa:ctions and is therefore suitable in case of

gasoline or other logistic fuels.

The amounts of 'desired hydrogen from partial oxidation per mole of reactant
feed are less than from steam reforming reaction. The H,/CO product ratio is favored
for the feeds t0 hydrocarbon synthesis reactors'such as Fisher-Tropsch (Holladay et
al., 2009). Moreover, some soot actually occurs in the high operating temperature, but
the separate scrubber  can remove ‘it out (Joensen and Rostiup-Nielsen, 2002).
However, the non catalytic methane partial oxidation also needs the high combustion
temperature of 1573-1773 K to ensure complete conversion and to reduce carbon or
soot formation (Rostrup-Nielsen and Horvath, 2003). This causes relatively the most

significant CO2 emission (Turpeinen et al., 2008).

Although catalysts hardly provide long operation because the coke and more

hot spot take place in the fuel processing reactor due to exothermic nature of this
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reaction, several works (Song, 2002 and McHugh, 2005) have demonstrated the use
catalyst to reduce the operating temperature. This reaction is called catalytic partial
oxidation. It provides sufficient thermal energy internally to maintain the operating
temperatures of 873-1473 K capable of achieving equilibrium product concentrations
at millisecond residence times (Dauenhauer et al., 2006). Nickel and Rhodium based
catalysts are mostly used, but nickel has a strong tendency to coke via the consumed
CO in boudouard reaction and Rhodium cost has significantly increased. Torniainen
et al. (2006) also reported that these two catalysts can be achieved around 90% in
methane conversion and more than 90% inhydrogen selectivity. Lower temperature
conversion increases system efficiency and leadsto less CO. At last, methane partial
oxidation has a good reaction characteristic in little amount feed of O, to provide
more complete reaction, it.shouid be of concern on the safety in exothermic operation

and the thermal management to supply the system.

3.1.3 Autothermal reforming of methé{ne

Total Oxidation
LY

nu2 =0 n

Figure 8.2, Different operating conditions ffor fuel reforming
(Rabenstein and Hacker, 2008)

The improvement on the hydrogen production of partial oxidation need steam
addition to the reactant mixture in order to prevent coke formation, control operating
temperature and composition of product (Bellows, 1999; Joensen and Rostrup-

Nielsen, 2002). With the proper air (02) to carbon ratio and steam, an adiabatically or

thermally neutral point (net thermal energy of the reformer equals zero) can be
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presented that is called Autothermal reforming as shown in Figure 3.2. Methane can

be converted faster at which no external thermal source.

As mentioned previously, excess of steam (water), oxygen and catalyst can be
also utilized to prevent the carbon formation at high temperature. The great
configuration in thermal management can be achieved in this reaction. It consists of
two extremely different zones at which a thermal zone of partial oxidation is used to
generate the heat needed to drive the down steam reforming reaction in catalytic zone.
An advantage partial oxidation over methane steam reforming is about the rapid
reaction start while producing larger amount-of.H5than partial oxidation.

Dvorak et al. (1998) examined the relation of methane steam reforming and
partial oxidation and thesresults showed that the oxidation reaction takes place to
equilibrium faster than the steam reforming reaction over the nickel based catalyst.
But in ruthenium based, both reactions occur in parallel. This can be expressed that it
combines from endothermic Steam- reforming and exothermic partial oxidation.
However, for the real operation, it may be _fdi"fficult to control at adiabatic condition
without external thermal source, it should-ﬁié' kept under slightly exothermic reaction
(Xuan et al., 2008). =

3.2 Further techniques integrated with MSR processor

Regarding overall products of methane steam reforming (MSR), the
combinatienwyofy, hydregen; .carben, oxides; ~water sands uneonverted methane are
presented at the'outlet “steam“of fuel “processor or reactor. The improvement of the
reforming reaction is needed when the large amount of COx was produced.
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Figure 3.3 Complex configuration of,development of MSR (Barelli et al., 2008)

Firstly, one oramore water-gas' shift (WGS) reactors - typically a high
temperature reactor (HTS) and fow tembé?ature reactor (LTS) (Figure 3.3) (King et
al. 2005 and Holladay et al., 2009) are pr'-gposed to utilize the equilibrium of WGS as
shown in Eq. 2.8. High'and low t_emperattjj_fr-g WGS reactors generally use the iron and
copper catalyst, respectively. Barelli etj#@[.. (2008) illustrated in these complex
configuration of MSR in ‘Order 0 achieve i:I-arge amount and high purity of H,
production. The supplemental CHgis combufsfte;d to supply the high thermal energy at
the bottom of MSR fuel processor. At higher temperature.of 623 K, the reaction has
the fast equilibrium;-out is limited by thermodynamics to-the amount of CO that can
be shifted. This high_temperature stage can reduce 7% of the total amount CO
(Choudary and Goodman, 2002). Then, a lower temperature reactor (483-603 K) has a
role to convert the CO back; and then the amount of CO. declined to around 0.5% of
the total amount of CO. And not only is the additional shift reactor, further integrated
to provide the WGS in the inereasing of H; product, but alsa the CQ, removal unit
such as pressure swing adsorption, temperature swing adsorption and amine scrubbing

is desired in order to achieve more than 95% purity of H,.

Next, sorption enhanced MSR is a new field of research to operate MSR fuel
processor with in situ CO, separation. This addition of CO;, sorbents to a
hydrocarbon-reforming reactor was first described in 1868 by Roster-Nielson

(Rostrup-Nielsen, 2001) in order to reduce the complexity of the set of the WGS
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reactor. CO, sorbents such as calcium oxide, dolomite are added in the MSR to
enhance and shift the reaction resulting in the fast kinetics of reaction and high purity
of H, (Rawadieh and Gomes, 2009; Fernandez et al., 2009). These types of CO,
sorbents are inexpensive, easy to find and characterized by high adsorption ability.
Moreover, this process is simplified, there is no need for WGS reactor, therefore, and
the investment cost can possibly be reduced. Balasubramanian et al. (1999) presented
a H, rich gas product from the sorption enhanced MSR by CaO, the CH,4 conversion
was improved to 88% and high purity of 95% can be achieved at temperature of 773-
923 K at atmospheric pressure. Lopez Ortiz and Harrison (2001) applied dolomite
into the Ni-based catalyst in the mass ratio 0F2.2<2.7 with an aim to use CO, sorbents
to substitute the catalyst support. Dolomite plays an important role to remove the CO,

and increase CH,4 conversion‘in.ihe multi-cycles.

However CO; sorbents need'the high temperature (over 923 K) to regenerate
the inactive state of their sorption which leads to less stability (Barelli et al., 2008).
The advantage of combining of CO» sorbent in the MSR is about lower operating
temperature which may reduce catalyst cokihg-and sintering. And it is also used as the
catalyst support. Some disadvantages shoufld"b]e considered; more energy is required
to regenerate the sorbent. The exothermic energy is produced along the sorption step,
more thermal durability in reactor or fuel procéééor IS needed to be aware of about the
hot spot. However, this method is only the best for the improvement of MSR reaction,
CO; is produced back in the generating step. It cannot totally eliminate CO, and CO
based on this method. Another concern in, this MSR with sorption enhancement
techniques is the content of CO in the product gas, especially for some application
such as fuel cell'that may be poison for the catalyst. When this process is applied to
use in the fuel.cell-system;ymare:thanconeunitiin"CQy sarption isyrequired at the fuel
processor and the after afterburnér due to consideration in‘global'warming crisis.

Lastly, palladium (Pd) inorganic membrane is the further technique applied
into the MSR fuel processor which called Pd membrane reactor-fuel processor (Basile
et al., 2003; Galucci et al., 2004; Fernandes and Soares Jr, 2006; Patel and Sunol,
2007). Although some polymeric membranes can provide the good result of hydrogen
selectivity, they cannot be operated at high temperatures necessary for MSR. Pd

membrane is a preferred choice (Lu et al., 2007) due to high stability, H, permeability
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and selectivity. Roys et al. (1998) has succeeded in the use of Pd membrane under the
severe condition of MSR fuel reformer in the high endurance as 1600 h and 30 cycles.
The simultaneous of generation and separation in the one unit can be achieved, when
the forward shifting of MSR equilibrium is done by the Pd membrane, the operating
temperature can be lower to 773-823 K. This further advantage of Pd membrane fuel
processor is about to modify the system less complicated comparing with the further
integration of shifting reactor. However, this MSR integrated with Pd membrane have
been operated with high operation and. investment cost because of desired high
operating pressure and high Pd membrane costy respectively (Galucci et al., 2004 and
Piroolerkgul et al., 2009).

3.3  Methane decompaesition

In general hydregensproduction such as stream reforming, partial oxidation,
auto-thermal reforming asimentioned in the previous part, they require more than one
applications to give the high purity and large amount of hydrogen such as WGS
reactor, pressure swing adsorpticfi unit, temperature swing adsorption unit, amine

scrubbing unit, sorptien enhanced MSR unit and Pd membrane reactor.

Decomposition  reaction Is an alternative hydrogen production. The
decomposition reaction .is suitable to use for a variety of gaseous and liquid
hydrocarbon fuels. It is an attractive method ‘to produce hydrogen-main product and
also give more #aluable by-products-carbon nanotubes and filiments (Suelves et al.,
2005).

Overall methane steam reforming (MSR fuel processor)

CH, + 2H,0 <> 4H, + CO,, AH=+165.7 kI molt  (2.9)

Methane decomposition reaction (MD fuel processor)

CH, < 2H, + C, AHC= + 75.6 kJ mol-L (1.2)
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Regarding economic point of view, more researches have studied on other
processes to substitute conventional hydrogen production processes (Muradov, 2001;
Muradov et al.,2005; Abbas and Wan Daud, 2009 and Ahmed et al., 2009). Methane
steam reforming (MSR) was mostly selected on the hydrogen production because of
high efficiency, high amount of hydrogen product (Ahmed et al., 2009). Comparing
between the reaction (Eq. 2.9) and decomposition (Eq. 1.2), the thermal energy
requirement per mole of H, for methane decomposition (MD) is less than that of MSR
(37.8 and 41.4 kJ mol™ H,, respectively). The amount of CO, emissions from the
process could potentially be as high as 0:48 mol CO, mol™® H, for steam methane
reforming compared to 0.05 mel €O, mol™H2 fer methane decomposition. More than

10% of the methane heating value is needed to drive the endothermic process.

The decompositionaceomplishes the removal and separation of carbon in a
single-step. Consequentlyy this process offers significant emission reduction. It can
potentially produce astream of H, with the purity up to 95 vol.% (Takenaka et al.,
2001; Villacamp et al 42003 and Suelves et al., 2005). From the point of view of
carbon sequestration, it is‘easier to separate,' héndle, transport, and store solid carbon
than gaseous CO,. The major drawback of ;t'he] thermal decomposition method is the
energy loss associated with the sequestration of carbon. Thus, decomposition may be
the preferred option for natural gas and other h)}drocarbons with high H,/C ratio.

Non-catalytic thermal decomposition of methane requires temperature higher
than 1573 K to achieve the reasonable yield due to the strong bonds of carbon and
hydrogen atoms ‘(Holmen, 2009).' By "Using catalyst,” the temperature can be
significantly reduced, depending on type of catalyst. Abbas and Wan Daud (2009) and
Ahmed-et aliy(2009)suggested:thejselection of catalystas shewn:in Table 3.2.

There are various parameters to decide the selection of catalyst such as
operating temperature, stability and carbon product; moreover, the precious carbon
product must be in the form of filament which has the hollow shape and nanometer
size. General decomposition of methane also investigated reaction over Ni-based and
Fe-based catalyst. Ni-based catalysts as the combination Ni with more stable metals
were more active and produced higher yields of H,. But the main product was CNTs

not Hy; some research used the Fe-based catalyst. Fe metal has the opposite properties
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of Ni metal. The properties of Fe are more stability and less activity. Then, it can use
in high temperature reaction, but their low activity affected on the accumulation of

various type of carbon product.

Table 3.2  Summary of catalysts generally used for CH, decomposition and their
suitable operation temperature and carbon product characteristics. (Abbas and Wan
Daud, 2009 and Ahmed et al., 2009)

Temp ature range (K)
Parameter 9{ o
773-973 928-1223 1523—1223’:-* 923-1523 > 1473
Catalysts Ni-based Fe=based~" | Carbon-based NI, Co, Fe, Pd, P, Thermal/plasma
Cr, Ru, Mo

; Graphitic
Carbon Filament Filament Tu_rbostratlc turbostratic/ Amorphous
product filament filament

Effect of type of suppart was investigated; the support also plays an important
role to affect on the reaction activity and the size of carbon solid. The high dispersion
of metal of the good support cafi be achieved the small size of metal resulting in the
carbon nanotube and filament growth and long life catalyst (Nakamura, 1999). The
sizes of metal particles were approximately the same as_the diameters of the carbon
nanotube and filament, were much larger than the particle size of the catalysts before
reaction one may believe that the decrease of the carbon-nanotube and filament rate is
caused by the_sintering of the metal particles.. The metal-support interactions are
found to play a determinant role for the'growth:mechanism. Weak interactions yield
tip-growth mode whereas strong interactions lead.to base-growth.c.Both growth modes

are schematically shown in Figure.3.4,

Takenaka et al.(2004) operated this reaction at 823 K and subsequent dry
reforming of the carbon-filament product with CO; into CO at 923 K over supported
Ni catalysts (Ni/F-SiOz, Ni/SiOz, Ni/TiOz, Ni/Al;O3). Among various supports,
catalyst activity varied on the kind of support according to the following trend:
TiO,~Al,O3 >> F-SiO,, SiO,. Their results indicated that TiO, and Al,O3 were

excellent supports for the repeated cycles of the methane decomposition, compared
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to SiO,. TiO, and Al,O3 supports inhibited serious aggregation of Ni metal particles
and maintained the size of Ni particles at the range favorable (60-100 nm) for
methane decomposition, while Ni metal particles in Ni/SiO, aggregated into ones

larger than 150 nm with the repeated cycles.

CHy

Base- ?f

¢ Tip-growth

Figure 3.4  Thedwao growth modes of filamentous carbon (Anne, 2005)

The systems with a greater metal sﬁr,féb'e area are more stable, resulting in a
longer lifetime to catalyze the-CH; decomposition.was presented by Bonura et al.
(2006). By varying types-of-Ni-base-support-catatysts-such as Ni/MgO, Ni/SiO,,
Ni/ZrO, and Ni/LiAIO,, 1t was found that Ni/MgO gave the best activity on CH,4
conversion (around 60%) due to their high active surfaCe to react the decomposition
of CHy, high dispersion of-Nismetal;and low Ni, mean-particle size. Catalyst activity
was compared ,according to the following reactivity 'scale:*Ni/MgO > Ni/SiO>>
Ni/LiAlO,> Ni/ZrO,. Consideration' in the carbor*purification, Bai et al. (2007) and
Yusuke'et al. (2009) presented thealternative way ta neglect the purification step of
carbon solid. By the use of carbon type support with small loading of metal, CH,4
decomposition showed high activity, and carbon nanotubes and filament can be

achieved at the high operating temperatures.
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CH, +H,

<
Figure 3.5 Schematics of fluidized bed reactor with further mode in the study of
a) Ahmed.etal«(2009) | . b) Muradov et al. (2010)

Ahmed et al. (% end I\{LurﬁdO\_TE: et al. (2010) suggested the way to separate
the carbon solid out h}é MD reactorifor continuous operation. This proposed
system can lead to the appllcatlon of MD; ‘}Jel processor into the fuel cell system in
order to separate carbon solid before the I—!z Fy.;h gas was fed into fuel cell stack as
shown in Figures 3.5a) and b) respectlvely,. Fdelzed bed reactors applied with the

vibration mode (Flgure 3.5a) are utilized to separate out of capture carbon solid by the

gravimetric force. ‘I'.hese schematics can reduce the carbonl:logglng problem not only
in the fuel processor,:_‘_but also in the anode of fuel _e_ell. Moreover, it can be the
possible path to avoid the.carbon oxides generation via the side reaction (such as
Boudouard reaction). from solid carbon'in the poewer generation (Piroonlerkgul et al.,
2009).

34  SOFC system

SOFC performance actually depends on the composition of fuel gas fed into
the anode side of SOFC. In the conventional SOFC with MSR fuel processor, this

steam reforming system gave the higher performance with high power density than
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another reforming system (i.e. reforming with air, reforming with combined air and
steam) (Piroonlerkgul et al., 2008). However, the general direct feed compositions
from the MSR fuel processor are normally consisted another gas products with
desired hydrogen such as unconverted methane, excess water and carbon oxides (CO,
and CO) (Suwanwarangkul et al., 2006; Sangtongkitcharoen et al., 2005;
Piroonlerkgul et al., 2009; Barelli et al., 2008 and Holladay et al., 2009). The steam to
carbon ration mainly plays an important role to determine the composition in fuel gas.
Due to the larger steam to carbon ratio, the fuel gas (hydrogen rich gas) is diluted with
the excess steam in the anode side (Arpornwichanop et al., 2010; Dokmaingam et al.,
2010 and Patcharavorachot et al., 2010) leading-to the lower fuel utilization. Thus, the
power generation is decreasingly produced resulting in lower performance of SOFC.
For the low steam to carbgarsratio, unconverted methane is also present in the fuel gas.
Dick (1996) and Sangtongkitcharoen et al. (2005) have reported that the presence of
unconverted methane ingsthet SOFC feed also decreases the SOFC performance
because of carbon formation and partial blocking of anode pore. The anode is likely to

rapidly break down at last.

Similarly, the performance of SOFVC’;élsp declines when the amount of carbon
monoxide in the anode feed gas increases according to increases in the activation and
concentation overpotential losses (Eguchi et aI 2002; Baron et al., 2004 and Dalle
Nogare et al., 2007), Furthermore, carbon dioxide produced via the WGS also has an
effect on the lower performance of SOFC system (Suwanwarangkul et al., 2006 and
Dokmaingam et al., 2010). Carbon monoxide and carbon dioxide has relation in each
other via Boudouard ‘reaction which' performs ‘more carbon solid at the lower
temperature. Assabumrungrat et al. (2005) and Sangtongkitcharoen et al. (2008)
suggested ithe spossibility-to<prevent icarbon -formation @at) the anode|by raising the
SOFC temperature. However, the durability in anode material shouldbe considered to

operate at the high temperatures.

Pure hydrogen theoretically seems to be the right fuel for SOFC power
generation (Fuel cell Handbook, 2004). The superior SOFC performance with high
power density and electrical efficiency has been reported, when pure hydrogen instead
of a MSR fuel gas is fed to the anode side of SOFC (Eguchi et al., 2002; Baron et al.,
2004; Suwanwarangkul et al., 2006 and Piroonlerkgul et al., 2009). Therefore, the
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further applications in MSR fuel processor were developed to provide high purity of
hydrogen as previously mentioned in Section 3.2. Dalle Nogare et al.(2007) examined
the natural gas reforming processes for fuel cell. They proposed the installed the WGS
reactors including high and low shift reactor over the FeO-based catalyst at operating
temperature of 643 K and over CuO-based catalyst at operating temperature of 473 K,
respectively. After that the pressure swing adsorption is also required to purify the
hydrogen fuel at operating temperature of 973 K, and then fed into the fuel cell. They
showed that high purity of hydrogen product can be achieved about 80 mol% at the
WGS reactor. PSA unit has taken place to remove carbon dioxide out; the fuel cell
efficiency has been improved to 43%.

Membrane reactor.technology (the combination of membrane and steam
reforming reactor) (Poweli‘and Qiao, 2006; Damen et al., 2006) is the promising pre-
carbon capture technology in‘pewer generation. Especially palladium type has been
widely examined the seleciive of hydrogen (Basile et al., 2003; Galucci et al., 2004;
Fernandes and Soares Ji, 2006; Patel-and-Sunol, 2007) and proposed to install in the
fuel processor, this method can perform high pUrity of hydrogen, increase the methane
conversion. Vivanpatarakij €t al. {2009) 'b;résg_nted the upgrading of SOFC system
with the applied the various operation maodes ‘in membrane reactor considering the
combined compressor and vacuum pump. fhree operation modes of membrane
reactor are high pressure compressor, combined low pressure compressor and vacuum
pump and combined high pressure compressor and vacuum pump. The economic
analysis of this study revealed that the total capital cost/net electrical power is
dependent on hydrogen recavery, net electrical efficiency and operation mode. This
results showed ‘that the replacement of conventional fuel processor with membrane
reactor—begcome attractivey at:'high; electricalefficiency: | And:thes combined high
pressurescompressor and vacuum pump is the best operation mode to be the fuel
processor with SOFC system, because of more increasing of driving force. However,
this work did not provide the thermal energy utilization integrating in the SOFC

system.

Piroonlergkul et al., (2009) examined the improvement of driving force by
vacuum pump and also compared the performance and economic profit with the

conventional SOFC system under the thermal energy utilization operation. This
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condition is called “thermally self-sufficient” which means is the recovery of thermal
energy generating from SOFC. They proposed that the high performance of SOFC
can be achieved at this operating condition due to no external thermal source. The
palladium membrane reactor integrating with additional vacuum pump gave the
higher power density more than that of conventional SOFC system, which power
density is around 0.4398 W/cm?®. However, this system is hardly provided in the real
operation due to high cost of membrane material and high operating pressure

(Sangtongkitcharoen et al., 2008 and Piroonlergkul et al., 2009).

Considering in other technigues, the . €a0=CO, acceptor can provide the higher
purity of hydrogen, since it is_constructed after the fuel processor. The removal of
CO;, from fuel prior to be fed 1n"'SOFC can improve SOFC performance (lordanidisa
et al., 2006 and Vivanpatarakij et al., 2009) Nevertheless, this system configuration is
not suitable from an envitenmental view point since CO, produced via WGS reaction
is found at the afterburner and cannot be captured. Piroonlergkul et al. (2010) has
developed this SOFC system with the application of second CO, capture unit. The
second CO, capture unit such as palladium membrane reactor is located after the first
unit in order to achieve highest perity of hj}dfbg_en. Although this system can provide
the high performance, reduce the stack area and‘prevent CO,, negative net cost saving
was shown. Little amount of CO; also oééurs at the exits of the afterburner,
consequently, the copventional SOFC system should be equipped with a carbon
capture and storage (CCS). CCS has a role in the reducing of global warming
problem, because it prevents the CO, emitted to the atmosphere.

According to the discussion above, more complexity and not much eco-
friendly~inithe-conventional «SSOFC | systemishould ke impreved with the alternative
fuel processor. The reaction in the fuel processor should give the separated phase of
product, no mix with desired hydrogen. Methane decomposition (MD) (Eq. 1.2) is
proposed for hydrogen production as it requires lower energy consumption than
conventional MSR (Muradov, 2001; Muradov et al., 2005; Choudhary et al., 2006;
Ahmed et al., 2009; Abbas and Wan Daud, 2009). It has performed more advantages
for the SOFC.
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When pure hydrogen generated by MD has applied to be the fuel, the
performance of this SOFC is improved better than conventional SOFC (Eguchi et al.,
2002; Baron et al., 2004; Suwanwarangkul et al., 2006; Damen et al.,2006; Bonura et
al., 2006; Yusuke et al., 2009 and Piroonlerkgul et al., 2009). Considering their by-
product, MD produces a separated phase by-product as it only capture the carbon in to
the valuable solid form. So that no carbon oxides is presented in the SOFC, resulting
in a long operation life time of the catalyst and SOFC stack (Dick, 1996;
Sangtongkitcharoen et al., 2005). Furthermore, this solid carbon can be used as a
commodity product in the various fields (e:g«adsorption material, membrane, catalyst,
electrical devices and fuel cell) or sequestered«(or stored) for future use (Muradov,
2001; Meyer, 2009 and Muradov et al., 2010).
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Figure 3.6.«. PEMEC experiment’s result:with the MD fuel processor
(Sun et al., 2010)

However, MD fuel processor is not widely studied in the SOFC system (Liu et
al., 2010 and Muradov et al., 2010), this MD is mostly interesting to improve
operating condition to receive the high purity of hydrogen for fuel gas of SOFC. The
new proposed on the MD fuel processor integrated in PEMFC experiment is presented
as shown in the Figure 3.6 that the maximum power density of fuel gas feed from MD
fuel processor showed the value nearly pure H, (0.7 W cm™ for fuel gas form MD and
0.78 for pure Hy) (Sun et al., 2010). It should be noted that the fuel gas feed from MD
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fuel processor passes the high purity hydrogen’s restriction of the PEMFC and it also
shows the equivalent of efficiency liked pure hydrogen fed in PEMFC.

Importantly, the comparison of MD and MSR in terms of performance and
economic analysis should be the interesting parameters to decide that MD or
conventional MSR is appropriate for SOFC system.

3.5  Carbon capture and storage technologies (CCS)

Although, the separation processes have been developed to capture totally
CO,, somehow, CO; is not'diminished out except that further using in another process
such as dry reforming, water-gas shift reaction, acid process, etc (Holmen, 2009). In
recent years, CCS has‘achieved much attention for its potential to receive the major
CO; reduction especially in the operatio'n_ of fuel processor and power generation
plant (Calin, 2009; Naser.and Timothy; 200'_!8)".'- CCS plays an important role not only
to separate CO, out of the systens, but also-i;_t_' Eqr] prevent the CO, pollution emitted to

the atmosphere.

I electricity
gas transmjssion I L Ss distribution

| - | [ | A
gas distribution CO, transmission 2 injection

Figure 3.7 CCS The power plant with CCS technology (Damen et al., 2007)

CCS could enable large reduction of CO, emissions from power generation
plant by more than 85% of total amount, and only reduce the power plant efficiency
around 8-12% (IEA, 2006). Generally, CCS consists of 3 main steps of an exhaust gas
from the power plant; 1) CO, separation, 2) CO, compression to the liquid phase and
transportation (usually via pipelines or tankers), and 3) CO, storage into a geological
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reservoir (more than 800m) as shown in Figure 2.7 and 3.7 (Damen et al., 2006;
2007; Abu-khader, 2006 and Kurt et al., 2009).

3.5.1 CO, capture or separation technology

There are several methods for CO, capture or separation from gas stream such
as the use of chemical solvent, adsorption on the solid, membrane (Abu-khader, 2006
and Figueroa et al., 2008). This section showed further contents as revealed in the

following sections.

Adsorption technology on the solid, especially CaO, is developed in the CO,
removal performance liked beyond mentioned. CO, has been removed by the
carbonation of CaO to CaCGOs« Two stages of this process are carbonator and calciner
operated for differeniefunetions. At the carbonator, the circulating fluidized bed
prefers to be the carbonation reactor, when the CO; capture continuously takes place
with the exhaust gas. CaQ solid particles éan' easily attach this exhaust gas feed and
can be recycled (Grasa et al.; 2008}. This f'i’rst‘ stage is operated at 873-973K and must
lower than the regeneration stage (973;1150K) (Vivanpatarakij et al., 2009;
Piroonlergkul et al.;~2010 and Romeo et al., 2010): Nevertheless, make-up CaO is
required to be fed to the carbonator due to the sintering of CaO solid since these CO,
capture operates several cycles of carbonation-calcination (Abanades, 2002; Grasa et
al., 2008 and Vivanpatarakij et al., 2009) and affects on the operating cost. Lee et al.
(2006) study on the kinetics'of Carbonation reaction) which, present two regimes;
chemical reaction control regime and diffusion control regime. They showed that the
values .of activation, energy of two, regimes are 72 kJ kmal for chemical reaction
control regime and’102.5 kJ Kmol™®for diffusion éontrol regime'in the carbonation of
the mesoporous CaO and CO,. The CO; capture by this technology performs more
benefit when installed in the fuel processor. The removal of CO; shifts the forward
reaction of WGS, hence, the partial pressure of H, can be improved resulting in higher
purity and larger amount of H, fuel (Balasubramanian et al., 1999; Lee et al., 2006;
Wang et al., 2006 and Chen et al., 2008). Furthermore, the exothermic energy from
the carbonation could compensate the thermal energy demand in the MSR fuel

processing reaction.
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Membrane separation technology is expected to provide high performance
CO; capture from the exhaust gas of a power generation plant (Abu-khader, 2006).
The component technologies of the membrane separation technology include various
kinds of CO, separation membrane and the vacuum pumps applicable to physical
adsorption technology (Teramoto et al., 2003 and Figueroa et al., 2008). This
technology has been extensively test and presently applied in the capture of CO; in
natural gas (Bredesen et al., 2004; Granite and O’Brien, 2005). Membrane technology
performs more advantages over conventionally used of chemical absorption
technology. It can be flexibly operated in haadling feed steams with variable flow
rates and composition. Bracht et al. (1996) presented the range of energy consumption
using in membrane technology, its range is 6.33-11.09 kJ mol™ CO; in case of a shift
coal-derived fuel gas. Furthermeore, CO shift reaction (in WGS reactor) couple with
this technology can diminish the problem of energy losses because of the lower steam
demand in the syngas progessing part. In the CO, selective membrane, polymer is one
of interesting material‘€hoice due to its low capital costs compared with other types of
membrane (Alexander Stern:, 1994). The production process of polymeric membrane
is also simple and easy 0 handle. Howev'er',- it should be noted that the common
problem of this polymeric membrane use is"t;h‘e instability of the membrane at the high
operating temperature (Amelio et al., 2007). Pérmeability and permselectivity are the
two important variables to decide the optimal -o‘p-erating membrane for gas separation.
The most attractive type of polymeric membrane in this area is polyimide membrane
because it offers higher permeability and permselectivity (Shekhawat et al., 2003).
Harasimowicz et al. (2007) investigated the capability of this type of membrane by
the capillary module. The CHy concentrationin mixture of biogas can be improved
from 55-85% t0191-94.4%, this showed that CO; can be significantly separated out of
CH,. Poly=t=trimethylsilyl<1<propynec(RTMSP) and:Poly-dimethylgiloxane (PDMS)
also give, high selectivity of CO,/H; (Merkel et al., 2001), therefore, these two types

must be installed after a fuel processor.

Chemical absorption technology is selected to be the capture unit in this
research in order to receive separation efficiency more than 90% (Herzog., 1999;
IPCC., 2005 and Koornneef et al., 2009). CO, is captured by using a chemical
absorbent such as amine solution. Thermal energy is consumed to operate this capture

in the absorber at temperature range of 320-340 K and to regenerate the chemical
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absorbent in the stripper around 400 K so that the net electrical power output of the
SOFC system is reduced (Bolland and Undrum, 1998 and Kurt et al., 2009).

Monoethanolamine (MEA) is the most used absorbent in this system (Freguia
and Rochelle, 2003; Wang et al.,, 2004). MEA is mostly used at the 30%
concentration (Singh et al., 2010) and consumed at the rate of 1.5-3.1 kg ton™ CO,
removed (Chakma, 1995; Chapel et al., 1999; Rao et al., 2006; Knudsen et al., 2006;
IEA GHG., 2006; Koornneef et al.,, 2009 and Singh et al., 2010). Then, it is
compressed to adsorb CO, from the exhaust gas; and then pumped into the stripper. At
this stage, the energy demand comprises of gempression and pumping of solvent
which consume in the fange of 2.63-4.83 kJ mol™ CO, removed from the gas
(Condorelli et al., 1991; IPPC.;+2005 and Koornneef et al., 2008) while the energy
consumption in the regeneration stage \(stripper) consumed in the range of 34.23-
38.02 kJ mol™ CO, removéd (Chapel et al., 1999; Alie et al., 2005; Knudsen et al.,
2006; RaO et al., 20065 Ahu-Zahra et al., 2007 and Koornneef et al., 2009).

3.5.2 CO, compression to the'liguid phase and transportation

After CO, was separated out of the exhaust gas, the concentrated gas CO is
also provided to the-eompression stage to be in liquid form. Thus, the liquid form of
CO;, can be easily transported via the pipeline to storage, but this method is high cost
(Damen et al., 2007). The.basic requirementsin this stage is the compressed pressure
of CO, .The pressure should be more than the critical pressure of CO, (7.4 MPa;
Koornneef et al., 2008) in order to have the enough pressure supporting the CO,
liquid "flow along~the" pipe line transportation. | The compressed - pressure which
prevents‘the two phases flow of CO; is in the range of 11-17 MPa for 50-500 km of
transported distance (Hattenbach et al., 1999; Wong and Bioletti, 2002; Damen et al.,
2007; Koornneef et al., 2008; House et al., 2009 and Singh et al., 2010) Isentropic
compression or reversible adiabatic compression is the basis assumption to calculate
the energy requirement for this step (Damen et al., 2007 and Koornneef et al., 2008).
For example, minimum work required in this stage is obtained at 14 MPa and 50 km
distance; a typical value is about 13 kJ mol™ CO, transported (Kurt et al., 2009).
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Koornneef et al. (2008) also derived the energy requirement for compression from
Damen et al. (2007), this stage consumed energy of 17.6 kJ mol™ CO, transported
basis on the pressure of 11 MPa and distance of 50 km. After the compression step,
the pressure loss calculation should be provided to identical the initial pressure of the

next step.

3.5.3 CO; Storage

This stage also required the energy la=order to inject to the storage place
(http://www.osler.com/neWsresources/Details.aspx?id=1324) such as the ocean,
underground. In the petroleum.indusiry, liquefied CO, must be injected to the deep
saline, depleted oil and gas reservoirs to recover this valuable natural recourse with
the CO; injection. Minimum of'required distance of the depth is more than 800 m
(IEA, 2006). Pressureof this/step, is ardl]ng the hydrostatic pressure of the ground
water at the well head. This'step is assurr;ed to avercome the physical barriers which
are gravity and surface teasion. I\/Iihimum-i/\i/;br;l-( is about the power from the change of
pressure and concerned on: the injection ifféﬂ_ppe due to the increasing of reservoir
pressure (Damen et al., 2006; 2067). A typT__rE_éI?value of the minimum work over the
life time of the injection is abb?dximately 2 kJ* _rr-lol'1 COs storage at 2km. depth and
20 MPa (Kurt et al'.,, 2009), where as Koornneef et al. (2008) presented this stage
consumed 1.11 kJ mol™* CO, storage at 3km. depth and 15 MPa.



CHAPTER IV

SIMULATION

This chapter presents all about the research simulations methodology
including the simulation program, mathematical models and calculation procedure in
the performance analysis of solid oxide fuelicell (SOFC). At first, two types of fuel
processing reaction, conventional steam reforming (MSR) and decomposition (MD),
are simulated by the Aspen™ Plus program-in-order to study and analyze on the
characteristics of fuel processingreactions. This simulation can justify the appropriate
condition in each fuel precessor to obtain into the performance analysis of SOFC
system. Mathematical mogd€ls written in Visual Basic are employed to analyze the
SOFC system performanceunder the thermglly self sufficient condition. It should be
noted that the carbon capturg and storage (CCS) is demanded for CO, capture in MSR
fuel processor. 4

Thus, SOFC system are consideréd Ji:n the three kinds with the further
integration in its system such as the MD" fuelprocessor (called MD-SOFC),
conventional MSR! fuelprocessor (called MSR=SOFC), conventional MSR fuel
processor and the CCS (called MSR-SOFC-CCS). At last, the economic analysis of
all the SOFC systems is performed with the same basis of electrical power generation.
The costing model and related information used in this analysis is also presented in

this chapter.

4.1  SOFC systems overview description

The schematic diagrams of the SOFC systems with MSR, with MSR and CCS,
and with MD are shown in Figures 4.1- 4.3, respectively. It should be noted that the
overall of SOFC system operating pressure are set at the atmospheric pressure due to

the economics consideration (Holladay et al., 2009). Furthermore, isothermal
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condition is performed in overall equipments and system. The major components in
the systems include heat exchangers, a fuel processor, an SOFC stack, and an

afterburner.

For the conventional SOFC system with MSR (Figure 4.1), steam is generated
in a heat exchanger and mixed with the heated methane. Then the gas mixture is fed
into the fuel processor where the steam methane reforming (Eq.1.1) and water-gas
shift reaction (Eq.2.8) take place to generate H-rich gas (reformed gas) for SOFC
fuel. The H,-rich gas and air are introduced into the SOFC stack at the operating
condition of 1073 K and atmospheric pressure (Piroonlerkgul et al., 2008; 2009).
After electricity and useful-thermal energy were produced, the exhaust gases are then
combusted in the afterburnerto_generate thermal energy for utilizing in the system.
The exhausted gases are gooled. and discharged from the SOFC system at 483 K.
Furthermore, the addition of CCS s oﬁly required in the case of the MSR-SOFC
system (Figure 4.2), the CCS is placed after the afterburner for CO, capture. For our
proposed SOFC system with MD (Eg.1. 19 the operation is less complicated as there
IS no steam input to the reactor and no the addltlonal CCS (Figure 4.3).
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53

on «———  Mass flow
1]
4'/\ Electricity <g---- Thermal energy
WSOFC .
M < —— Flectricity
Air Y
208K Heater A9
. Afterburner

Q2 : /‘\\

[ ]

: S EETY —oN

Water Heate Y Mixer
eater
298K 0 7 - ‘ Exhaust gas
o Fu L 7 483 K
' : .
L]
[ =§!>
Methane -
Heater
208 K

Additional unit - CCS facility

Figure4.2  The co

SOF em configuration integrated with CCS
facility. '

X

+———  Mass flow
<@ ---- Thermal energy
- i AN
srectrictty gil <1 Flectricity
WSOFC
4 o, Heater W
S ER) § ==
O | | '
Methane : 4 A 3 Cathode " N
298 K H ; T ceepp O
LY Ne - - - - de . ]
Fuel processor Exhaust gas
483K
Carbon

Figure 4.3

The proposed SOFC system configuration (with MD in fuel processor)



54

4.2  Fuel processors

Two types of fuel processor which are methane steam reforming (MSR) and
methane decomposition (MD) fuel processor as shown in Figure 4.4 a) and b),

respectively are simulated using Aspen™ Plus program and the basic assumptions are

listed as follows:

= Steady state operation with negligible friction loss.

= All gasses, e.g. CHy, CO, CO;, H,0,H,, N,and O, are ideal gases.

= In order to accept the mechanism of*MSR (related with Egs. (2.1) and
(2.8)), MSR contains only five components which are CHy, CO, CO,, H,0,
H, (King et al., 2005;Dalle Nogare et al., 2007; Barelli et al., 2008).

= The air containg21 .mol% O, and 79 mol% N,.

» Due to nature of epdothermic reaction basis of the Le Chatelier’s principle,
atmospherie'pressure is set to b’é the operating pressure.

= |sothermal condition; 4

= For the performance ahalysis, 1r"rjoal- s of methane is set at the inlet fuel

processor.

it ol

The fuel processing ‘reactions’ are r'i_rif/_eStigated under the thermodynamic
equilibrium, thus, the"RGibbs teactor is chosen to be the fuel processor model in this
program. Consequently, the exit gas in each fuel processor reaches its equilibrium
composition. Beginning with the 1mol s of methane feed at the fuel processor, the
heat exchangers are need to pre:raise temperature up for reduction of the slow start up
problem at the fuel processor (Abbas and Wan Daud, 2009 and Ahmed et al., 2009).

Figure 4.4  Schematic diagrams of fuel processors: a) MSR b) MD.
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In order to study and analyze the characteristics of fuel processing reactions,
CHy, conversion, H,/CH4 mole ratio, purity of H, fuel in the gas phase and the energy
requirement of fuel processing reaction are obtained by adjusting the operating
parameters. The operating temperature of both fuel processors are varied in the range
of 273 to around 2000 K and the MSR reaction is further varied with the steam to
carbon molar ratio in its reaction. However, the amount of steam should consider in
the equilibrium restriction of the side reaction (WGS), the steam to carbon molar ratio
should be 2 or higher due to avoidance of coke formation and faster complete reaction
(Palsson et al., 2000; Sangtongkitcharoen et al., 2005 and Arpornwichanop et al.,
2010).

Finally, the appropeiate-operating conditions in each fuel processor namely
both of reaction temperature and steam to carbon melar ratio of MSR are selected to
analyze the product distgibution, ‘then provided this appropriate fuel processor to

integrate with SOFC system.

4.3 SOFC STACK MODEL

A fuel processor Is installed prior to the SOFC unit. With appropriate
conditions, the H; rich gas or reformed fuel gas Is fed to the anode of the SOFC stack
while the heated excess air (100% based, on the methane equivalent flow) is
introduced inlthe cathode side. After that the electrochemical reaction occurs to
generate electricity and useful thermal energy as mentioned in Section 4.1. The
SOFCrsystemsare, operated: asy shown: in~Figures’ 4:1+4:3 for tMSR and MD,

respectively.

The analysis in the SOFC stack cell unit should employ the reliable SOFC
model. Therefore, the modeling of SOFC stack is based on the researches of
Piroonlerkgul et al. (2008; 2009) to investigate the performance of SOFC system
integrated with different fuel processors. This type of SOFC model is oxygen-ion
conducting electrolyte (SOFC-O%) as well as it is more attractive than the proton-ion

conducting electrolyte (SOFC-H") due to less steam requirement and less carbon
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activity (Sangtongkitcharoen et al., 2005). The electrochemical mechanism in this
SOFC type is shown in the Egs. (2.4)-(2.6). Only hydrogen is assumed to react
electrochemically with oxygen ions. The SOFC stack component’s materials; the
anode, electrolyte, and cathode are made of Ni-YSZ, YSZ, and LSM-YSZ,

respectively.

2-
The electrochemical reaction in the SOFC-O
2.

Anode : H o +.0 /3 HO + 2¢ (2.5)

L 2-
Cathode : O2 I le L O (2.6)
Overall : 2H2 rie O2 = 2H20 (2.4)

Importantly, this SOFC /model has been verified with the three experiment
result’s cases; high purity©0f hydrogen case (mole fraction of hydrogen =0.97; Zhao
and Virkar, 2005), MSR reformed fuel case (mole fraction of hydrogen =0.4; Tao et
al., 2005) and low concentration of hydrogg.n-}:ase (mole fraction of hydrogen =0.26;
Petruzzi and Fineschi, 2003). Model valid?a:t-i-or’)_ in the high purity of hydrogen case
(Zhao and Virkar, 2005) and MSR refokrh_ed_ fuel case (Tao et al., 2005), the
simulation showed ihe good result with the hrigh accuracy of the experiment data,
especially at the operating temperature of 1073K. And with the experiment data using
low concentration of hydrogen case, the model also showed the good agreement with
those from the literature (Petruzzi and Fineschi, 2003).

The high“operating temperature of SOFC significantly promotes the reaction
rate and the Tast kifiatics. Jt'was reparted at high temperature that-the electro-oxidation
of H; is much faster than of CO (Khaleel et al., 2004), and the reaction rate of WGS is
faster than any rate of oxidation (Blom et al., 1994; Swaan et al., 1994; Bradford and
Vannice, 1996). Hence, it is also assumed that the methane remaining from the fuel
processor is consumed via the overall methane steam reforming in the stack and the
anode compositions always reach their equilibrium along the cell length.
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4.3.1 Electrochemical model

Equations using for SOFC performances analysis namely open circuit voltage,
overpotentials, power density, power and electrical efficiency are considered in this
model. The related parameters in this model are presented in the Table 4.1.

4.3.1.1 Open circuit voltage
Open circuit voltage or theoretical voltage (E) can be calculated from the
Nernst equation, at which the value depends upon the reversible potential (E°),

temperature, and gas compositions. Such open.eircuit voltage can be obtained by:

rs

B EO_{_EIn BE&

(4.1)
2F PHs0

4.3.1.2 Actual cell potential _
Actual cell potential (V) as expressed in Eq. (4.2) is always less than the open-

circuit voltage (E) (Eq. 41) due to aphéérgnce of overpotentials. Three major

overpotentials are involved in the: system, including ohmic overpotential (77onm),

activation overpotential-(#4);-and-conecentration-overpotential (77.onc)-

Ve o5 E_znloss = ¥ Tact, =Tlohm —=Tlconc 4.2)

4.3.1.3-Qverpotentials

In the calculation, there“are three major ‘overpotentials” type namely ohmic

overpotential (77,nm ), activation overpotential (7}.), and concentration overpotential

(Meonc)- The internal current overpotential can be neglected due to its small value.
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= The ohmic overpotential (7),nm) is the most concerned overpotential in the

SOFC stack when compared to others, and it has directly related to current

density (i) as shown in Eq. (4.3)

(4.3)

Mohm = 2.99x10_11iLeX[{10_?00j

This loss causes from the higher electronic conductivity of the electrodes
compare to the electrolyte. It has an effect on the resistance of ion flow in
electrolyte and the resistance of-electrons flow through the electrodes
(Ferguson et al., 1996).

»= The activation .overpotential (77.) Is controlled by the Kkinetics of

electrochemicals reaction at the electrode surface. High temperature
operation in"SOEC promotes the fast reaction rate, leading to a reduction of
this loss. In this work, the Butlér_-VoImer equation is performed to compute
the activation oyerpotential, And F is the Faraday’s constant which is equal
t0 96,485.34 C mal . =

i

— i{exp(%j—exp(%ﬂ (4.4)
RT RT

In case of SOEC;, .« and z are set to be 0.5 and 2 according to Chan et al.
(2001). |Consequently, the activation potential at each electrode from the
Eq. (44) can be simplified.as:

RT . 4| 1 )
Nactj = ?smh l(ﬁ] j=a.c (4.5)
YJ

The exchange current density (ip) in each electrode is related to partial
pressure and operating temperature. The expression for the anode and
cathode electrodes can be computed from the following equations (Fleig,
2003):
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i, = 7 Pr, || Pr0 exp _Eaua (4.6)
oe : Pref Pref RT

D 0.25 E
. 0, act,c
I = — expl ———— 4.7
0, I P P( RTJ (4.7)

stack, the react

difference con w bulk and the reaction site.

Therefore, thi ' y the relation between gas diffusion
coefficients a I ature a nin Egs. (4.8)-(4.9):

”conc,a 3 i . - (48)

Noonce = ) (4.9)
oo )|
o U ﬁl mgm WELI7
ammmmgﬁmwmé’a .
Da(eﬂ) = (p%:oj DHZ(eﬁ) + (pTZZJ DHzo(eﬁ) (4.11)

1 1 1
Y + (4.12)
Dyer) n|D,, D

0,.K 0,-N,



60

and related with:

L - é[ L, 1 ] (4.13)
Du, ety N{ D,k Du,npo
. - + L (4.14)
Dr o) N Dyok  Duno '

The correlation betw
can be expressed

’L&/arameter and the normal parameter
15). /'

———
_—r, | S

D (4.15)
b h AN :
Knudsen di 5-cON ed by -n relation below:
D, « ; (4.16)

Ordinary i
(Eq. (4.1 1!, |

FlaLEF D A o
AN TUNN NN Y

where O pg(collision diameter; A) and Q , (collision integral; Yakabe et al.,

D) apman-Enskog equation
J

LY

1

2000) of each gas is computed as follows:

O, +0
Opg = (4.18)
2
o _ 106036 0193 103587 176474 (4.19)
? Tl exp(0.47635-T,)  expl152996-T,) exp(3894-T,)
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) T
As well as Ty is equal to —.
€as

Total related parameters of this model are concluded in the Table 4.1.

Table 4.1 Summary of model parameters (Ni et al., 2007).

Parameters Values

l. 750 pum

le 50 um

= 50 um

n 0.48

e 5.4

Ya ‘ 1.344 x'10"° A m?

Ve 91 2,051x10° A m?
= {4\ 1x10%) mol?
E. Y 12x10° Jmol™
- k- B4 oy A
T o '-':’-j 2641 A
o, ~ 3798A
o S o7 A

e, 59.7
h0 809.%

&y, 71.4

£, 106.7

4.3.2 *SOFC calculation procedure

The most variables which are employed to decide the optimal SOFC system
are the electrical efficiency, power density and the stack area. Then, the mathematical
models in the section 4.3.1 are managed and ordered to the step of the calculation
(called the algorithm as shown in the Figure 4.5) before the Visual basic is set up to

calculation. The calculation procedures are shown as below;



Start
Input nio%, Nio®, V,
Ut finar@nd A Ug

Set Atotal 0
f=1and Uf1 A Uf

# Compute
if, Ef for Uy

AUt NNy
ARIAIN T wm T8

Compute
Electrical efficiency

End

Figure 4.5  The flowchart of the calculation procedure in the program.
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4.3.2.1 The desired values of anode and cathode inlet molar flow rate of each
composition (n;® and n;o°), operating voltage (V), final fuel utilization (Usfina), fuel
utilization step (AUy) are initially input to the program at the ensured operating

condition (temperature of 1073 K and atmospheric pressure).

iﬂ'l'ﬂ, We, Pave

c ¢ | ¢ | o ¢ | P = | T ¢
Mo M1 Rz 13 14 15 Mg Hjp-1 L
Ly ) 2 gl s STl Mty ") Cathode
] T - i 1 - 1 T
E, | E, | Eg ‘ %4l L5 | E, | | E,
Th | T I SR |} TN RoTTegs, | TIa
Ay | A, AL WAL S ARND ™ | A, | Electrolyte
i LA O g TR s iy
Un | Ul G 0, s N\ U0, | Up,
I ) ) el l |'. L £ I al
Ry .r}” 1n; Fﬂ | JM.l"._;r II ”.".Sa ‘ Mg ol ”jlfa A ”!',ﬁ: | -1 | n.r',.lr(J Anode
== —F FON SmE TR T —

SO

=

Cosracl area eollection

i 4 )
iid 1

Figure4.6  The SOFC stack area sepaté_ﬁ;:fﬁ for the electrochemical calculation.

u oy
gl

Some definitions, formulas or information of important parameters are presented:;

= The availabrlxé SOFC fuel includes of hydrbgen, carbon monoxide and
methane ' (Andujar, and Segura,“2009; Neef, 2009“and Kirubakaran et al.,
2009)

= Fuel utilization' (Us)% The ‘'measurément ‘of the'ameount of fuel is

consumed in the stack cell based on the inlet fuel feed at the of fuel cell.

H> equivalent cONsumption in SOFC stack
Us (%) - 2,equivalent x 100 (4.20)
H2,equivalent fed to the SOFC system

= Hydrogen equivalent (n The other gas compositions can be

H,.eq )

influenced the electricity generation like hydrogen gas such as carbon
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monoxide and methane (Palsson et al., 2000; Zhang et al., 2005;
Piroonlerkgul et al., 2009 and Arpornwichanop et al., 2010).

Meg = My, + Teg +  (4xNcy,) (4.21)

= Fuel utilization step (AUs) : The fuel consumption which refer to the
used oxygen atom in the electrochemical is divided into steps for simplistic
calculate and accuracy results (Piroonlerkgul et al., 2009).

AUs = El ™ 1y (4.22)

H, .eq

- Total current (1)

—— 1 (4.23)

4.3.2.2 The equation seiwof the electrechemical model from Section 4.3.1 is used in

the calculations. Open cigcuitvoltage (E) is initially calculated from Eq.(4.2) and then

provided to set the equivalent following. in Eq.(4.3). The trial and error of current

density (i) takes place‘Until the difference between E and total overpotential (#) is
equal to the operating voltage (V).

= The current density of SOFC syst(;_n_is achieved, then, the SOFC stack area

of this fuel utilization region (A, ) is calculated using the following

equation. A;derived from the calculation at each fuel utilization region are

added up to-achieve total SOFC stack area (Astar) as shown in Figure 4.6.

' bt (4.24)

4.3.2.3 After'the'area of SOFC in'the step size of the fuel'utilization is'collected, next,
the value of Us; is checked with the desired fuel utilization (Usginal) Whether it reaches

the Us final OF NOL.

= |f Uss is still lower than Ussinai, thus the calculations which increased the
step of fuel utilization (U iteration) are recomputed until U is equal to

Ut final.
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4.3.2.4 Average current density (iave), average power density (pave) and total electricity
(W) are also calculated with Eqgs. (4.39) - (4.41), respectively.

2F -
lave = (U f,flnal) (4.25)
Avotal
Pave = iaveV (4.26)
Pave
W, = — (4.27)
° Atotal

4.3.2.5 Finally, the electrical-efficiency calculations; overall electrical efficiency and
stack cell electrical efficiency-take place to further compare the performance of the
interesting SOFC system.

Overall electrical efficiency (%)

Net glectrical power generated

(LHV of methane x methane feed rate) + Required external energy x100 (4.28)
Stack cell electrical efficiency (%) =
_ Net electrical-power-generated 100~ (4.29)

(LHV of fuel %-fuel feed rate) . 2node side

4.4 Supplementary equipments

4.4.1 Heat exchanger

Thermal energy requirement for each unit can be calculated using
conventional energy balances. It is assumed that the heat exchangers in the SOFC

system are operated under adiabatic condition (no energy loss).
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4.4.2 Afterburner

The anode and cathode exist gases are fed to the afterburner unit, where the
exhaust gas is completely combusted to eradicate the composition of methane, carbon
monoxide and hydrogen. It also generates thermal energy for supplying to all energy-
demanding units in the SOFC system. The thermal energy can be extracted from the
combusted gas without energy loss and the final exhaust gas emits to the environment
at 483 K excepting in the case of MSR-SOFC-CCS.

-

45  Carbon capture.andstorage unit

For the conveniional' SOFC sysItem with MSR; an additional CCS facility
(Figure 4.7) is installedsafter the afterb.gfher (called MSR-SOFC-CCS) in order to
prevent CO, emission to the environment;, (Simbeck, 2004; Damen et al., 2006; 2007
and Abu-khader, 2006).

I_C03 separation

I
|
I
I
|
|
L

Transport
Storage to
o geological formation
Compression of CO, Concentrated

Figure 4.7  Three important steps in the CCS facility
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The operation of CCS employs the power generation of the SOFC to utilize in
its steps as shown in the Figure 4.2. There are 4 main assumptions for this unit,

including:

No water is prior separated out from the exhaust gas,

Operation is under the isothermal and isobaric condition

The ideal gas state is still the basis assumption.

CO; and air do not chemically interact.

The energy requirement in the CCS facility can be-calculated as follows:

45.1 CO; separation frem the exhaust gas

The exhaust gas fromsthe afterburner is transported to the CCS facility. The
selected capture method is the' chemical absorption by the methyl ethanolamine
absorbent (MEA) (Freguia and Rochelle,»2003 and Wang et al., 2004). This capture
method offers more CQ; separation eﬁi_biéncy than 90% (Herzog., 1999 and
Koornneef et al., 2009) and.only tise MEA‘éﬁp,erimately 1.96 kg ton CO,™* (average
from Chapel et al., 1999; Koornneef et al.; 2069; Knudsen et al., 2006; IEA GHG.,
2006 and Singh et al., 2010.). With the 30%wt of MEA solution, CO, is initially
absorbed at the absarber unit (Singh et al., 2010) with the operating condition;
temperature of 323 K and atmospheric pressure (Gibbins and Chalmers, 2009). At this
stage, the electricity is required around 23.55 kWh ton CO,™ in order to use in the
pump and fan.This function of the-pump and fan are ta carry"MEA absorbent and to
overcome the pressure drop at the absorber unit. After the CO, is absorbed until the
MEA solution will-saturatey MEA"solution is fed to, regenerateiat thesstripper for reuse
in the absorber. Temperature of this stripper unit'is 393 K (Gibbins and Chalmers,
2009) and the thermal energy is required around 4.12 GJinermar ton CO,™ (average from
Chapel et al., 1999 (optimal) ; Alie et al., 2005 (optimal); Knudsen et al., 2006; RaO
et al., 2006; Abu-Zahra et al., 2007 and Koornneef et al., 2009). However, this CCS
facility employs the electricity from the SOFC system to utilize, thus , the power
equivalent factor (Pef) is important to convert the thermal energy form into the
electrical energy form. Koornneef et al. (2009) presented this value is about 0.2

-1
GJelectrical G\]thermal .
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45.2 CO;,compression and transportation

The concentrated CO, separated from the exhaust gas at the previous step is
converted into the liquid form under the compression step. In order to easily transport
and to prevent the two phases flow of CO, via the pipeline, the compressed pressure
should be more than the critical pressure of 7.4 MPa and the temperature should be

less than or equal to the critical temperature of 304 K (Koornneef et al., 2008).

The compressed pressure in this study determined by averaging compressed
pressure of the various literature reviews is‘about.d4 MPa (average from Hattenbach
et al., 1999; Damen et ak;2007; Koernneei et-alk, 2008 and House et al., 2009),
furthermore, this average compressed. pressure may support the transport distance of
50 km without the pressurgdloss (Koornneef et al., 2008 and House et al., 2009). The
temperature is assumed ai 303/ K. (Damen et al., 2007). The calculation of the
compressor is based on the fluid mecha:nics theory at which the compressed work
under the isentropic compression (Damen ét al., 2007; Koornneef et al., 2008 and
House et al., 2009) as shown in-the Eq.(4.-30)".f The N stages which are equal to 4 are

determined for the reduction in the'power Cc‘j!ns‘umption (Koornneef et al., 2008).

my ZMﬂN—ﬁ =——|| (4.30)
4| Ry
h o (4.31)
whnere = .
e IR

Finally, the actual electrical power consumption (Eq.(4.32)) can be achieved

by stipulating the isentropic (7}s) and mechanics efficiency (77,) of 0.8 and 0.99
(Damen et al., 2007 and Koornneef et al., 2008).

E = - (4.32)
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453 CO; Storage

After liquid CO; transport to a promising place, it also needs the enough
pressure in order to inject to the 3km. depth of the well (Koornneef et al., 2008) and
to overcome the physical barriers which are gravity and surface tension (House et al.,
2009). Pressure of this step which is around the hydrostatic pressure of the ground
water at the well head is 20 MPa (average from Hattenbach et al., 1999; Damen et al.,
2007; Koornneef et al., 2008 and House et al., 2009). The calculation of the
compressor is similar to the section 4.5.2, bui the N stages are equal to 2 (Koornneef
et al., 2008).

45.4 SOFC efficiency with thefurther CCS application

The overall electsicalefficieney alters from the Eq.(4.28), when CCS facility
is integrated to the conventional SOFC. The CCS facility doesn’t relate with the
thermally self sufficient operation in terms of zero net'energy’s balance, but, it only
provides the electrical power generation of SOFC to utilize in its driving operation.
SOFC efficiency with CCS application is shown in Eq.(4.33).

Efficiency of MSR-SOFE-CES-(%)

Weapture ™ (QCa ><Pef)"'VVCom i

.. pture pression

= Efficiency of MSR-SOFC — X 100
y (LHV.of methane x methane feed rate)

(4.33)

4.6 Thermally self-sufficient operation (Qnet = 0)

The SOFC systems in this study are focused on an operation at the thermally
self-sufficient condition) (Palazzi et al., 2007; Vivanpatarakij et al., 2007 and
Piroonlerkgul et al., 2009). At this condition, the value of Qe is equal to zero,
indicating that the total generated thermal energy from the SOFC system is performed

to supply the overall thermal energy-demanding units without external energy input.
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The thermally self-sufficient condition can be achieved by tuning of fuel utilization
(Uy) at various operating voltages (V).

From the system configuration in Figures 4.1-4.3, there are main units which
play an important role in releasing thermal energy namely; SOFCs (Qs) and
afterburner (Qs). But the MD requires a further cooler due to its high temperature in
fuel processor. Therefore, this proposed system with MD will have three generated
thermal energy units, Qs, Qs, and Qs. In term of thermal energy demand, this value
consists of the energy consumption in heaters and fuel processors. The Qpe in the

thermally self-sufficient operation is calculated Dy:

SOFC system with MSR

Qnet = (Q1+ Q2 Q3 #Qu) = (Qs + Qp) (4.34)

SOFC system with MD

Qnet = (Q1+ Q2 +04)=(Qa:+Qs5.+106) (4.35)

For the CCS facility (Figure 4.3), only conventional MSR is necessary to add
the CCS facility (MSR-SOFC-CES) due to capture and storage the CO,. Because of
thermally self-sufficient operation, there are no external.energy and electrical input;
hence, this unit has metely the effect on the electrical power produced from the SOFC

system to separate COs; compress, transport and storage:

4.7 Economic.analysis

Not only the performance analysis is the method to justify the optimal SOFC
system, but also the economic analysis should be analyzed couple with performance
in the real process system. For the economic analysis, the deviation in the value of
money with time is neglected. Hence, the interest rate and the inflation rate are
assumed to be zero. Under the economic analysis, the net electrical power generation
of three SOFC systems; MSR-SOFC, MSR-SOFC-CCS and MD-SOFC are set to be
identical to 1 MW.
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It should be noted on this analysis that

= Under the thermally self-sufficient operation, external energy and
electricity are not required.

= CCS is only constructed with MSR due to CO, capture, thus, higher
produced electrical in MSR-SOFC-CCS will be need due to the similar
1MW of net electrical power generation.

= Other costs without mention are assumed to be similar to conventional case
(MSR-SOFC).

The overall cost is provided to analyze consisting of the SOFC stack capital
cost, supplementary equipment,raw material fuel andreceiving product cost and CCS
capital cost. Five variablesstised to justify the SOFC system which provide more
economic benefit are savingn capital cost in SOFC stack, saving in additional cost of
supplementary equipment, saving of rawirhaterial fuel, return profit from by product
and additional cost of CES./ And the final result is shown in the form of net cost
saving in the Eq. (3.36).

Net cost saving ($)

= Saving in capital cost in SOFC stack + Saving In additional cost of supplementary
equipment + Saving of raw material fuel + Return profit from by product — Additional
cost of CCS (3.36)

Where the word of “saving” is refer to the comparison this interesting value with the
conventional case. For example, saving in capital cost in SOFC stack is equal to the
fuel costjof conventional case-minus the interested case: Under this result of economic
analysis;jpositive net cost saving indicates that the interested case Is economically
superior to the conventional case. The costing models and parameters used in the

economic analysis are listed in Table 4.2.

Under the consideration of environmental with economic analysis, two carbon
captur cases; MSR-SOFC-CCS and MD-SOFC are performed to evaluate in term of

“effective cost of carbon capture” as shown in the Eq. (3.37).
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Effective cost of carbon capture ($ ton™)

Net cost saving ($)

Rate of carbon capture (ton year1) xPlant life time (year)

(3.37)

Table 4.2 Costing models and parameters used in the economic analysis.

Costing model and parameters

\1/4.

SOFC* (Piroonlerkgul et al., 2009)
- Cell cost ($)
- Number of cells
- Number of stacks

- Fuel cell stacks cost (%)

Heat exchanger ($ kW)

Ceent = Agisgiecal x 0.1442*

Neent = Atotal P Asingle cell

Netack = Neaiy /100

Cs‘tack E

2.7 X[(Coo XNeen)+(2 X Netack X Asingle cent X 0.46425)]
100 (Steinberg, 2009)

Capture capital cost ($ ton*CQ5)
Compressor ($)

Pipeline cost in CCS
($ ton'CO, 100km™)

42.33 (Herzogs, 1999)

Coompressor = 4.49x HP*™x 10°
(Pirdt'):’mgr_kgul et al., 2009)

2356 (éyé';fége cost; http://www.arc.ab.ca)

Raw material fuel cost ($ (1000 ft) )
Carbon selling cost ($ 16%)
MEA cost ($ ton™)

9.36 (IEA Nattiral gas+2010)
0.5 (http:/Amavw:icispricing.com)

1950 (average cost;-http://www.alibaba.com)

Project life time (year)

5

*A single cell aféa is fixed at 200 cm?




CHAPTER V

RESULTS AND DISCUSSION

In this chapter, the simulation and calculation results are presented and
discussed by dividing into three main parts; reaction characteristics of fuel processors,
performance analysis of solid oxide fuel cell (SOFC) system and economic analysis as
mentioned in the previous chapter. At first,-the.appropriate operating condition of
both fuel processors is chesen to generate a reformed gas for feeding to the SOFC
system, and then the SOFC.sysiem is analyzed to find the thermally self-sufficient
operating point. Carbon _eapture and storage (CCS) is further integrated to the
integrated methane steam geforming and selid oxide fuel cell (MSR-SOFC) system in
order to be environmental friendly ‘fike ‘th(?_ Integrated methane decomposition and
solid oxide fuel cell (MD-SOREC) system. Under the desired condition, the optimal
condition (related with the highest of b'o'Wer density) can be achieved via the
performance analysis. Lastly, the fet electrlcal generation is scaled up into 1MW
basis for economic analysis. This-part is S|gn|f|cantly discussed to find the best fuel
processor for integration with SOFC system '

5.1 Reaction characteristics of fuel processors

Under the thermodynamic consideration, twao fuel processors;| MSR and MD
are firstly investigated to determine the characteristics of the reactions and to select

appropriate operating condition of the fuel processors.

5.1.1 General characteristics of fuel processing reaction

Both of two reactions simulated in Aspen™ Plus program are based on the

equivalent methane flow rate of 1 mol s* at various operating temperatures and
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various steam to carbon ratios (S/C) for MSR. The operating temperature of both
reactions is varied on the range of 273-2000 K and the S/C ratio is varied initially at
the basic requirement S/C ratio (Palsson et al., 2000; Sangtongkitcharoen et al., 2005

and Arpornwichanop et al., 2010) of 2 until the excess steam of S/C ratio of 4.

According to the Le Chatelier’s principle, both reactions (Egs. 2.9 and 1.2)
are favorable at low pressure. Thus, the atmospheric operating pressure is reasonably
performed to operate in the overall SOFC system due to the economic consideration
and the Le Chatelier’s principle acceptation.

100 WW
7 N
W, _”_

- 80
=
g
E 60 Methane steam reforming
£ H,0/CH, -
g —=—1 —-—315 =3
= 40 't
4 =35 —x4
&
2 20 4 = Methane decomposition
=2y
O R . L
273 573 873 1173 1473 1773

Temperature (K)

Figure 5.1  Methane equilibrium conversions, between conventional methane
steam reforming ((solid line ) with marker- point)vand decomposition

(dash line) at the atmospheric pressure and varying temperature.

Figure 5.1 shows that the methane conversion increases with the increasing
operating temperature because of endothermic nature of both reactions. Water is a
suitable oxygenated compound for reforming reaction (Piroonlerkgul et al., 2008 and

Holladay et al., 2009) and methane in the MSR fuel processor can be converted to
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desired hydrogen fuel at a lower temperature. The higher amount of steam can shift
the forward MSR reaction to complete methane conversion at the lower temperature.
Comparison with MD, methane at minimum S/C ratio of 2 in MSR is completely

converted at the lower temperature (over 1000 K) than methane in MD (1400 K).

{ Methane steam reforming
H,0/CHs :

b

———
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Figure5.2  Hydrogen tomethane (H,/CH.) mole raiio between conventional
methane steam reforming (solid line- with marker points) and
decomposition (dash line) at the atmospheric pressure and varying

temperature.

Figure 5.2"shows' the ‘nydrogen production represented ‘by the mole ratio of
H,/CH,4. MSR offers much higher H,/CH, mole ratio than MD as part of hydrogen is
obtained from the steam. Methane in MD is directly converted to hydrogen in the
H,/CH,4 mole ratio of 2 following to Eq. 1.2. In contrast, for MSR, this H,/CH4 mole
ratio is influenced by the coupled reaction-water gas shift reaction (WGS) along the
operating temperature. At the initial operating temperature, methane steams reforming
reaction (Eq.1.1) as well as the WGS (Eq. 2.8) continuously generate hydrogen, so the
H,/CH,4 mole ratio curve increases and reaches the maximum hydrogen production.
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After that the endothermic reverse WGS (reverse Eq. 2.8) plays an important role in
the MSR at the higher temperature around 900 K, the hydrogen is consumed with the
carbon dioxide in the reaction. The H,/CH4 mole ratio curve slowly drops to steady
curve at the higher temperature.

Although the MSR fuel processing reaction shows higher methane conversion
and hydrogen mole in the product compared with MD fuel processing reaction, it is

obviously shown that the hydrogen purity is much lower as shown in Figure 5.3.
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Figure 5.3 'Hydrogen concentrations chetween: conventional methane steam
reforming (solid line" with marker, points) and decomposition (dash

line) at'the atmospheric pressure and varying temperature.

MSR is taken place via the two main reactions (methane steam reforming in
Eqg. 1.1 and water-gas shift in Eq.2.8) as previously mentioned, thus, its hydrogen
concentration must be lower because of the contamination with carbon oxides (COy),
remaining steam and methane. Even though the higher amount of steam (higher S/C

ratio) can shift the forward MSR reaction, it also dilutes the hydrogen fuel with the
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excess of steam (Piroonlerkgul et al., 2008 and Dokmaingam et al., 2010). This will
be effect in future use in the SOFC (Suwanwarangkul et al., 2006;
Sangtongkitcharoen et al., 2005; Piroonlerkgul et al., 2009; Barelli et al., 2008;
Holladay et al., 2009). For MD, hydrogen is generated without the presence of COy
and diluted steam in the gas product. Hydrogen purity of MD can be achieved nearly
100% at operating temperatures higher than 1473 K. Furthermore, carbon can be
captured as the solid form, thus, the gas composition at the exit of this fuel processor

only consists of only hydrogen and the remaining methane.
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Figure 5.4  /Total enengy requirements ef conventionalsmethane steam reforming at
the ‘atmospheric pressure, varying temperature and steam to carbon

ratio.

Considering the energy requirement as shown in the Figure 5.4, MSR fuel
processor is also influenced by the thermal energy demand of the side reactions;
namely methane decomposition reaction (Eq. 1.2), boudouard reaction (Eg. 2.10) and
carbon gasification (Eq. 2.11). This part only analyzes the ralated reaction, the related
product distribution will be later mentioned in the appropriate condition of fuel
processor part. There are two regions on the energy profile at varying temperature;
low temperature region (at room temperature to around 953K) and high temperature
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region (higher than 953 K). The effect of the side reactions has significant influence
on the reduction of the total energy requirement at the low temperature region.

At the low temperature region, two main reactions (Egs. 1.1 and 2.8) generally
play an important role in the generation of hydrogen fuel, resulting in the net
endothermic reaction in Eq. 2.9. The energy requirement increases with the increasing
temperature and the increasing S/C ratio, but the energy profile in this region does not
behave like the linear curve. It can be identified that the carbon formation occurring
via the Boudouard reaction (Eg. 2.10) affected to the exothermic thermal energy
(Dicks, 1996). Thus, this Boudouard and“\MGS reaction support some energy
requirement for MSR. Other side endothermic reaction which are MD reaction
(Eq.1.2) and Carbon gasification reaction (Eg. 2.11) have an effect when the
Boudouard and WGS reagtion‘de not favor at the higher temperature of 696 K and
812 K, respectively (ideniified from Gibb’s free energy). Consequently, the energy
profile presents the linear tend of enérgy requirement atthe high temperature region.
It shows higher energy requirement levelithan low temperature region, because the
summation of endothermic reations aiso play the role in the MSR system namely
methane steam reforming (Eq. 1.1}, MD rééCtig_n (Eq.1.2), reverse WGS (reverse Eq.
2.8) and Carbon gasification reaction (Eg. 2.11).

Even though Boudouard reaction can provide some exothermic energy, the
long operation without the reactor clogging by coke or soot is preferable. To have
high methane conversion; avoidance of many related side reactions and reduction of
the excess of Steam are considered-to operate at the high aperting tempertaure (Fuel
cell Handbook,"2004 and Timmermann et al., 2010) as shown in Figures 5.1-5.5.
Figure’5i5shows that, §/C ratio {sjan important variable @ffectingion the total energy
requirement at the varying temperatures. The basic heat of reaction at the specific
temperature is the energy that the reactant can be readily converted at the state of
selecting tempertature, therefore, every S/C ratio has intimately the basic heat of
reaction at the one temperature. This is enphasized that higher steam feed in the
reaction must require the higher pre-heating energy as shown in the defference area of
total energy and basic heat of reaction (Sangtongkitcharoen et al., 2005 and

Dokmaingam et al., 2010).
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The energy requirement of MD is presented in Figure 5.6, the total energy
requirement has been improved with the increasing temperature. This figure also has
the difference region between total energy and basic heat of reaction like Figure 5.5,
methane also required the two parts of energy in order to preheat to the reaction
temperature and to convert itself into hydrogen and carbon. However, methane in MD
has the equivalent methane conversion, it must require the higher operting
temperature than MSR operting temperature. This is because the decomposition of
methane takes place without the oxidant substance (like steam in steam reforming of

methane).

5.1.2 Appropriate operating condition of fuel processor

The appropriates conditions = of methane steam reforming (MSR) and
decomposition (MD) fuel progessors can he selected from the investigation on general
charateristics of reation. For the MSR fuel processing reaction, several works have
reported a suitable amotnt ‘of steam to provide long activity and reduce carbon
formation. As mentioned in the literature review, conventional industrial methane
steam reforming reaction is usually run under a S/C ratio of 1.4 or higher (Dick,
1996), but the equilifrium consideration of the water gas shift reaction (WGS), the
S/C ratio is suggestio be 2 or higher (Renner and Marsehner, 1985; Palsson et al.,
2000; Sangtongkitcharoen et al., 2005; Vivanpatarakij et al., 2009; Arpornwichanop
et al., 2010).

In addition, it is noted that using high excess of water in the system has some
disadvantages; 1) excess steam can dilute the hydrogen concentration in the reformed
gas, 2) higher thermal energy is required in the SOFC system, and 3) power density
and performance of the SOFC can be lower as reported by Piroonlerkgul et al. (2009)
and Dokmaingam et al. (2010). The S/C ratio of MSR s firstly selected at the ratio of
2.5 as the carbon activity at this value tends to approach zero (Piroonlerkgu et al.,
2009). Many researches also gave support to utilize the S/C ratio of 2.5 at the high
operating temeprature for MSR fuel processor (Renner and Marschner, 1985; Palsson
et al., 2000; Douvartzides et al., 2003 and Zhang et al., 2005). Next, appropriate
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operating temperature is determined based on the requirements of high methane
conversion, large amount and high purity of desired hydrogen in the reformed gas.

The product distribution should be firstly described before the appropriate
temperature of both reactions is selected. This behavior of product distribution (Figure
5.7) under the varying temperature agrees with the related reaction explanation in the
two energy profiles of Figures 5.4 and 5.6. It can be concisely enumerated that
methane is increasingly consumed. i@ produce hydrogen fuel when the operating
temperature of endothermic reaction Is raised« 1t.is clarly shown that hydrogen can be
more generated in the MSR due to the presemee of water reagent and higher
stoichiometric coefficient.«inthe. theoretical mele balance (Egs. 2.9 and 1.2)
(Dokmaingam et al., 2010; Halabi et al., 2010). MD. reaction shows the simple
reaction in order to dirgetly erack/without the side reaction, thus it shows the similar
trend of hydrogen and carbon'salid. The cafbon solid only occurs in the main products
of MD, it can be in the warious forms of earbon such as nanotubes, nanofilament,
fibers, and powder like'Caron black or activated carbon (Suelves et al., 2005; Bonura
et al., 2006 and Abbas and \Wan Dalid, 2009). The high temperature is desired in the
operation of this MD for SOFC system in order to achieve the high purity and large
amount of hydrogen fuel.

Whereas the“MSR reaction manifests the different trend of product, two
behavior of product accurs with the changing operating temperature range. At the
lower temperature range, sproduct distribution of MSR occurs under the methane
steam reforming (E@. 1.1) and WGS reaction (Eq. 2.8). Thegproducts are hydrogen
and carbon oxides. The carbon formation in MSR also significantly occurs at the
lower temperature wiaithe Boudauard reaction (Eq. 2110),-so in the lower temperature
the energy requirement must be lower by this exothermic reaction. However, the
excessive can suppress the carbon formation in the MSR reaction (Eqg. 2.10), and then

the carbon in MSR is not pressent in this temperature range.

At the high temperature, WGS and Boudouard reaction are not favored
resulting in the significant reduction of carbon dioxide. The endothermic reverse

water gas shift reaction (RWGS) (reverse of Eq. (3)), in turn, plays an important role
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in the MSR process, resulting in the declination of hydrogen production at
temperature higher than 1100 K. The appearance of methane decomposition (Eq.1.1)
and the carbon removal of gasification reaction causes the higher carbon monoxide.
The side reactions occurring with methane steam reforming reaction also support that
this temperature range needs higher energy requirement, and thus reduces the amount
and purity of hydrogen as mentioned at the previous part.
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Figure 5.7  Product  distribution of conventional -~ methane steam reforming
(H20:CH,4=2.5) (solid line) and of decomposition (dash line) at
atmospheric pressure and varying temperature (basis on 1 mole of pure

methane_for both processes):

Consequently, the appropriate operating temperatures under equivalent
methane conversion of two reactions are selected at 1073 K and 1523 K, respectively
at the atmospheric pressure. This selected temperatures offer the suitable of S/C ratio
(for MSR) and high methane conversion, H,/CH4 mole ratio, purity of hydrogen with
the acceptable total energy requirement. In addition, the appropriate condition of
MSR fuel processor at which is the atmospheric pressure, S/C ratio of 2.5 and the
operating temperature of 1073 K (Piroonlerkgul et al., 2009) is resonably selected to
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compare with MD fuel processor. It is suitable for the SOFC system, because this
appropriate condition is in the region of CARBON-FREE-REGION of the carbon
deposition mapping of methane steam reforming in the Fuel cell Handbook (Fuel cell
Handbook, 2004) and the carbonization chart of Douvartzides et al.’s research
(Douvartzides et al., 2003).
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Figure 5.8  Energy requirements between methane conventional steam reforming
(solid line) and decomposition (dash line) at the atmospheric pressure

and varyingtemperature.

5.2  Performance analysis of solid oxide fuel cell (SOFC) system

Both of appropriate fuel processors; conventional methane steam reforming
(MSR) and decomposition (MD) are integrated into SOFC system called MSR-SOFC
and MD-SOFC, respectively. The performance analysis is initially investigated under
the thermally self-sufficient condition (Qnet = 0) (Palazzi et al., 2007; Vivanpatarakij

et al., 2007 and Piroonlerkgul et al., 2009) in order to operate without external energy
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requirement, and then these conditions are performed to operate the SOFC system for
the high electrical efficiency.

5.2.1 Investigation of thermally self-sufficient condition (Qnet = 0)

For both MD-SOFC and MSR-SOFC, the systems are operated under the
thermally self-sufficient condition (Qne: = 0) at fuel cell temperature of 1073 K, which
is previously reported as a suitable SOFC operating temperature (Andujar and Segura,
2009; Neef, 2009; Kirubakaran et al., 2009 and_Riroonlerkgul et al., 2009). To find
the optimal condition at-thermally self-sufficient-eondition, the amount of fuel
processor and air heater’s thermal energy can be firstly calculated which are Q;, Qg
Qs (fuel processor) and Qu (air  heater) as shown in the Figures 5.9 and 5.10,
respectively for MSR<SOFE and MD-SdFQ. The total generated thermal energy from
the SOFC (Qs) and therafterburner (Qs) rs calculated via a trial-and-error method by
tuning the fuel utilization'(Us) at fiked opé[a:t-ing voltage of SOFC. The thermally self-
sufficient condition at which this total geijérated thermal energy is equal to the total
thermal energy consumption from-the syétém- (Eq.4.34 for MSR-SOFC and Eq.4.35
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The results of net thermal energlf/_ EQnet) under a trial-and-error method by
tuning the fuel utilization (U¢) at fixed opjé'r'afi'ng voltage of SOFC cell stack (V) are
presented in Figure 5.11 (MSR-SOFC) éhjé_ffigure 5.12 (MD-SOFC). At the same
operating voltage MSR-SOFC 'neexds to opér;f; at lower fuel utilization than MD-
SOFC, because more residual fuel or non-ufilizedsfuel-is required to supply the
sufficient thermal energy requirement by combustion at the afterburner. This supports
the discussion in the Zpr'evious part that MSR is more endbthermic reaction than MD.
Not only MSR has more energy requirement in its reaction, but also in the complete
combustion step at thelafterburner MSR alse needs'to remoye-more unwanted exhaust
gas substances hefore venting to the atmospheric or feeding to a CCS unit.

Consequently, the optital condition ‘based“on 1 mel s ™'6f pure methane feed
of fuel processor presents the highest electrical power generation which are 408.55
kW for MSR-SOFC and 238.94 kW for MD-SOFC as shown in Figures 5.9 and 5.10.
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87

5.2.2 SOFC performance analysis with the different fuel proseccors under
thermally self-sufficient condition (Qnet = 0)

Methane- fuelled solid oxide fuel cell (SOFC) via the different types of fuel
processor (MSR and MD) is operated under the thermally self-sufficient operation
(Qnet = 0) which was acheived from the previous part. Based of 1 mol s of methane
folw rate, methane is fed into the conventional MSR or MD fuel processor to produce
hydrogen fuel at the temperature of 1523 K and 1073 K, respectively and the
atmospheric pressure, and in order to compare.the influence of product composition,
the products of fuel processing reaction is thea“fed directly to SOFC system at the
temperature of 1073 K {0 generate the high efficient electricity and useful thermal

energy under the operation.witheut external energy requirement.
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Figure 5:13 Power density and fuel utilization at various operating voltages for
different SOFC systems at the thermally self-sufficient operation

(Qnet = 0).

By varying operating voltage at the thermally self-sufficient operation, the

SOFC performaces of two different fuel processors are presented in Figure 5.13. The
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optimum operating voltage (where maximum power density is obtained) for the MSR-
SOFC system is at 0.60 V (0.4 W cm™) and for the MD-SOFC is at 0.65 V (3.9 W
cm™). The higher power density is observed in the case of the MD-SOFC since the
MD produces purer H, than the MSR-SOFC as is evident in the hydrogen
concentration in Figure 5.3.

This optimal fuel utilization and operating voltage are reasonably chosen in
the moderate values. Low operating voltage is not appropriate for SOFC system since
it is difficult to control high thermal energy releasing from SOFC stack (as presented
in the Figure 5.15) and may damage the celi“siack due to the high fuel utilization. In
contrast of high operating voltage, it is not practical for use in conventional SOFC due

to the achievement of low pewerdensity (as presented in Figure 5.13).
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Figure 5.14 © Voltage" information' at*various fuel ‘utilizations’ for-different SOFC
systems at the thermally self-sufficient operation (Qne: = 0).

Figure 5.14 presents open circuit (or theoretical) voltage, operating voltage
and overpotentials (losses) at various fuel utilizations. The product composition
produced from the fuel processor has a major effect on the cell operating voltage of
SOFC (Fuel cell Handbook, 2004). MD produces high purity of the hydrogen fuel
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without the dilution of another composition, thus, the open circuit (or theoretical)
voltage is yielded to be higher than MSR. When the fuel utilization is larger
consumed, the more depletion of fuel at the anode is, leading to an increase in
overpotentials (losses). Similarly, because the impurity in hydrogen fuel in case of the
MSR is higher than that of the MD, the overpotentials in the SOFC system in case of
the MSR are therefore higher than that of the MD at similar fuel utilization.

This result is in good agreement with those reported by Eguchi et al. (2002),
Baron et al. (2004) and Dalle Nogare et al (2007), of which overpotentials in SOFC
system, such as activation.and eoncentration-everpotentials, are occurred due to CO
impurity in hydrogen fuel, leading to lower SOEC performance. This is also the
reason why MD presents.ihe higher operating voltage of than MSR at the same fuel
utilization. The current_density also increases with the increase of fuel utilization,

finally, MD offers the higher power density as mentioned in Figure 5.13.
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Figure 5.15 Thermal energy at various operating voltages for different SOFC
systems at the thermally self-sufficient operation (Qpet = 0).
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Regarding the energy consideration, the value of produced thermal to
electrical ratio (TER), which is defined as the portion of fuel needed to utilize as a
thermal energy to obtain an equal electricity production (Farhad et al., 2010), is found
to be 3.90 for the MSR-SOFC, and 2.66 for the MD-SOFC system at the thermally
self-sufficient point (Qnet = 0). The higher value of TER observed in the MSR-SOFC
system is because the MSR is more endothermic than the MD. Figure 5.15 has
conformed to the aspect of both TER ratio of the fuel processors. Under the zero net
balance of energy in the SOFC system, MSR-SOFC offers the higher thermal energy
from the SOFC and afterburner to supply the total energy requirement of overall unit,
especially in, MSR fuel reformer. Thus, MSR-SOFC has the lower fuel utilization at

the similar operating voltage in order to get the Unburned fuel utilization at the

afterburner.
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Concerning the environmental friendliness of MSR-SOFC, CCS facility is
integrated into MSR-SOFC called MSR-SOFC-CCS. The CCS is applied after the
afterburner in order to separate the carbon dioxide. The concentrated carbon dioxide
gaseous is then compressed to convert into the liquid form and then transported to
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storage as described about the details in the previous chapter. The additional CCS has
no effect from either external energy or electrical input due to the operation under
energy self-sufficient condition, therefore only the electrical power produced from the
SOFC has an effect. Under the calculation from Section of 4.5, under the 1 mol s of
methane input to system, CCS needs the electrical power from the SOFC system to
separate out CO; ca. 40 kW, to compress, transport, and storage approximately 18.04

and 1.15 kW, respectively.
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Figure 5.17 Electrical efficiency for different SOFC systems at the thermally self-

sufficient operation (Qpet = 0).

At lastysit ean bejseen thatalthough-the electricity,ofdMD-SOFC is generated
lower amount”than '0f ‘MSR-SOFC; based on the“product composition inlet at the
anode side of, SOFC system the stack cell efficiency of the MSR-SOFC was found to
be 45.9%, lower ‘than: that of the MD-SOFC of which isi 58.5%. (Figure 5.17).
However, overall electrical efficiency of the MSR-SOFC system, either with or
without the CCS, is much higher than that of the MD-SOFC (26.84%). This is
because the flue gas in the MSR-SOFC is combusted and generates thermal energy
whereas the by-product, solid carbon, is not further combusted; hence the energy in
case of the MD-SOFC is stored in the system. The CCS needs the total electrical
power from the MSR-SOFC system about 51.19 kW, consequently, the addition of

CCS reduces the net electrical efficiency ca. 6.7%.
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5.3  Economic analysis

After comparing the appropriate operating condition between two main fuel
processors (MSR, MD) and performance investigation of three SOFC systems (MSR-
SOFC, MSR-SOFC-CCS and MD-SOFC), it is necessary to further consider the
benefit in term of economics in order to evaluate possibility in large-scale industrial
operation. Economic analysis is based on 1 MW of net electrical power generation as
mentioned the information in Chapter 4. It should be noted that the CCS facility is
only applied in the MSR-SOFC. Under thesthermally self-sufficient operation, CCS
does not alter the optimal condition (optimal_iwel utilization and operating voltage)
because the operation of this Unit utilized the produced electricity from SOFC stack.
Basis on 1MW of net elegiriCity production, thus MSR-SOFC-CCS need the higher
methane feed and generai€s electricity more than 1 MW in order to provide enough

electricity in the CCS facility.
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Figure 5.18 Qgtack and fuel utilization for different SOFC systems at the thermally

self-sufficient operation (Qpet = 0).

Under the 1MW of net electrical generation, when the fuel is increasingly

consumed to supply the thermally self-sufficient operation as shown in Figure 5.18,
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the more overpotentials occur affecting to lower operating voltage. With the higher
fuel utilization, thermal energy at the SOFC stack cell should be considered due to the

physical properties (thermal stability) of stack cell.
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Figure 5.19 Power density and stack areél__'fbr_jQifferent SOFC systems at the energy

self-sufficient operation (Qne[i_ 0)

These phenomena must be related with Figure 5:19 and the detail described in
the previous section. This higher fuel utilization is consumed to generate the highest
electrical powerifrom the thermally ;self-sufficient;operation;zthen, SOFC stack only
needs the lower, SOFC'stack area. Concerning the optimal condition (where maximum
power density is obtained) of each kinds of fuéi~processor, the“MSR-SOFC (with
CCS) and MD-SQFC ‘systemcisaiat: 060 V land 0:65 V, respectively. Not only MD
gives the highest performance (power density and electrical efficiency) but it also has
lower SOFC stack area compared to the MSR-SOFC and the MSR-SOFC-CCS.
Moreover, MD also has lower thermal energy stack than the other system, this results
in the lower cost of stack material. This must be confirmed that the proposed MD -
SOFC has more advantages over conventional SOFC at the equivalent of net

electricity.
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Consideration in the investment cost for economic analysis is based on 1 MW
of net electrical power generation. Five parameters are used to justify the economic
benefits namely SOFC stack capital cost, additional of supplementary equipment, cost
of raw material fuel, return profit from by-products and additional cost of CCS. Table
4.2 summarizes the costing model and parameters used in research’s analysis. The
economic profiles under thermally self-sufficient operation are summarized in Table
5.1. Firstly, MD-SOFC offers the less complexity than other systems, then, the less
capacity of used equipment of MD-SOFC system is required. It can save the
additional cost of supplement equipment .over the conventional MSR-SOFC
approximately $120,000. With the optimal“cendition, the MD-SOFC system can
reduce the SOFC stack size about 1.89% compared to the conventional MSR-SOFC,
whereas the stack size in case oithe MSR-SOFC-CCS is larger than that of the MSR-
SOFC about 16.94% as itshas.to produce higher electrical power for the CCS facility.
In addition, the MD-SOFE can improve the power density about 1.93% compared to
the conventional MSR=SOFC. This 15 why the SOFC stack area of the MD-SOFC is
smaller than that of the MSR-SOFC (approximately 4.8 m?), thus using the MD-
SOFC can save the SOFC capital cost apprdxifnately $20,000. Whereas MSR-SOFC-
CCS has nearly the same pefformance and 'éhili]r_onmental friendly state of MD-SOFC,
it requires the higher investment cost (inrcludi‘ng SOFC stack and CCS cost) than
conventional SOFC approximately $1,200,000-.‘ |

Considering the reactants used and products obtained from different fuel
processors, at the similar net electrical power production, the fuel feed cost of the
MD-SOFC system is higher than'that 'of the MSR-SOFC|orithe MSR-SOFC-CCS.
This result is because the MD-SOFC requires higher number of methane to produce
the sante, amaunt of Hofor thezSORC. it isnoted thatalthough'the fuel feed cost of the
MSR-SQFC-CCS is more expensive than that of the MSR-SOFC system due to the
need of more electrical power but it is still significantly lower than the case of MD-
SOFC system. With a consideration only of the fuel feed cost, the MD-SOFC might
not be a good alternative fuel processor supplying to the SOFC system. However, it is
worthy to note that the MD system can remarkably return some precious benefit as the
valuable by-product, solid carbon, can be obtained. Many types and forms of solid
carbon can be generated depend upon the decomposition conditions such as graphite,

carbon black, activated carbon, carbon nanotube, or carbon filaments , of which each
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has  different  selling  price  (http://www.timesnano.com/price.asp  and
http://www.helixmaterial.com/Ordering.html). In this study, we chose to examine the
return profit for the cheapest solid carbon, carbon black, along 5 years operation. The
evaluation results in Table 5.1 show that the return profit is around 8.7 million dollars
leads to the positive net cost saving ca. 6.6 million dollars. But in MSR-SOFC-CCS
presents the negative net saving cost ca. 2 million dollars.

Last but not least with the eco-friendliness concerning the carbon captured
from the ordinary reaction in fuel processor, MD-SOFC presents the positive effective
cost of carbon capture around 840 $ ton™ on-the contrary way, CCS applied in
conventional SOFC has the negative effective cost of carbon capture around 91$ ton™.
This indicates that not only” MD-SOFC shows the high performance of electrical
power generation, but also offers potential benefit regarding the environment

conservation.



Table 5.1
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The performance and economic analysis of interesting SOFC systems.

MSR-SOFC
Conventional | withccs | MD-SOFC
unit technology

Net electricity produced (MW) 1.00 1.00 1.00
Feed rate (mol/s) 2.45 2.86 4.19
Operating voltage (volt) 0.6 0.6 0.65
% Fuel utilization 88.21 88.21 94.92
Power density (W/cm2) 0.39 0.39 0.40
% Improvement of power density - - 1.93
SOFC active area (m?) 254.58 297.72 249.77
% Improvement in SOFC area - -16.94 1.89
Electricity produced in SOFC(MW) 1.00 1.17 1.00
% Overall Electrical efficiency ; 45.89 45.89 26.84
% Stack cell efficiency < 45.89 39.24 53.49
Capital cost of SOFC ($) | 1,055,018.92 | 1,233,765.39 | 1,035,074.30
Additional cost of supplementary equipment ($). | - 711,143.39 831,629.07 592,985.83
Raw material fuel cost ($) _ 73,123,270.53 3,652,431.61 | 5,340,367.76
Carbon by product selling cosi($) = i - 8,699,400.52
Additional cost of CCS ($) - 985,614.08 i
Saving capital cost of SOFC misiEE T | 17874647 | 19,944.62
S;L’:B?nzﬂfi(g’”a' N R ]| 12048568 | 118157.56
Saving of raw material fuel ($) - -529,161.08 | -2,217,097.23
Return profit from car_t;bn by product ($) - = 8,699,400.52
Addition cost of-CGS($) i =085,614.08 -
Net cost saving ($) - 41,814,007.31 | 6,620,405.47
Effective cost of carbon capture ($ ton™) -91,34 838.88




CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Performance comparison between imethane steam reforming (MSR) and
decomposition (MD) for solid oxide fuel cell'(SOFC) system with carbon capture is
investigated in order to propose the alternative decomposition reaction to be the fuel
processing reaction at the fuel processor. Under the conventional SOFC with the
methane steam reforming (MSR), the high elecirical efficiency can be achieved via
integration with various possible;complex and high cost of separation processes
(membrane reactor, water-gas shift reactor __and sorption enhanced MSR process) to
obtain high hydrogen puritys For the nature of MD reaction, methane can be directly
converted into separated phasg of product éo’rﬁpositions which are hydrogen and solid
carbon. It may provide better performah‘(:;e'"than the conventional SOFC system.
Therefore, this research investigates the prdboé:?éd SOFC system integrated with MD.

The results of the three parts presented in Chap’tér 5 ean he-concludes as follows;

Two fuel processors; MSR and MD are considered based on the assumption of
thermodynamics equilibrium  operated at the atmospheric pressure, various
temperatures of 273:2000°K and varying“steam to carbon ratio (S/C ratio) of MSR
(more than minimum requirement). MSR can reach the complete conversion at lower
temperature (1000,K) than,MD, because the oxygenated-reactant, such as steam, has
an effect on“the converting of “methane to hydrogen. It-also ‘generates the higher
amount of hydrogen fuel which can roughly approximate by the higher stoichiometric
coefficient of hydrogen mole. However, methane in MD can be converted to the
product without the appearance of side reactions unlike MSR such as carbon
gasification, boudouard reaction, thus, it shows the higher purity of hydrogen more
than MSR along the operating temperature range. Furthermore MD requires the total
energy (for pre-heat and reaction) less than MSR. In order to compare the nature of

reaction in fuel processor for direct use in SOFC, the appropriate condition is selected
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with the basis of equivalent methane conversion. For MD, the operating temperature
is 1523 K, but for MSR is 1073 K. S/C ratio of MSR is also chosen under the energy
consideration and more than minimum S/C ratio requirement, thus S/C ratio is

equivalent to 2.5.

Then, performances of two appropriate fuel processors, conventional methane
steam reforming (MSR) and methane decomposition (MD), were investigated in the
methane-fuelled SOFC system under thermally self-sufficient condition (Qnet = 0). At
this condition, the system is operated with n@ external energy requirement. To operate
with this condition, the tuning of fuel utilizatica-and operating voltage in each SOFC
system is by trial-and-error. As a result, at the same operating voltage MSR utilizes
the lower fuel at the SOFC.stack and performs the unburned fuel to supply thermally
self-sufficient condition. Fhissalso supports that MSR is more endothermic reaction
than MD. After that the fuel wtilization and operating voltage are determined under
the desired operation,the optimal condition of each SOFC system are selected for the
performance and economic analysis..The results demonstrated that high performances
and high electrical efficigncy can be obtair_lfea when the system was operated at the
self-sufficient condition. The MB-SOFC ﬁéh‘q_rms more advantages over the MSR-
SOFC as high purity of H, feed is obtained, ;giving a lower polarization and thus
higher in power density (0.4 W cm®) and-'rc-ell stack: efficiency (53.5%). As a

performance result, lower cell stack area can be used in the case of MD-SOFC.

Moreover, the MD_yields valuable by-products, solid carbon, rather than
undesired-by-praducts such as €Oy -as ‘observed in the MSR. Imaddition, when CCS is
applied to MSR:SOFC, of course the system become more complex with an increase
in thercapital costand «operating [costi ofsurplus celectricity #far (CCS unit. As a
consequence, the MD Is more environmental friendly and can gainthe return profit
from such by-product. Thus, effective cost of carbon capture of MD-SOFC presents
the positive effective cost of carbon capture (838.88% ton™), whereas the MSR-SOFC-
CCS show the negative effective cost. Economic analysis reveals that the MD-SOFC
has the gratifying result with larger net saving cost (ca. 6.6 million dollars for 1 MW

with 5 years of project life).
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To sum up, applying the MD processor with SOFC system is proved to be an
alternative fuel processor for electrical power generation. It is suggested that the
economic success of this proposed SOFC system with MD should relies on the

technology development on cogeneration of hydrogen and valuable carbon products.

6.2 Recommendations

6.2.1 Further economic analysis should be performed by including the overall cost

of involved equipments and uniis in SOFC system such as the fuel processor cost.

6.2.2 To overcome thesconventional-averall electrical efficiency, the carbon solid
from methane decomposition (MD) can be used as a fuel like the hydrogen for
electrical power generation. /At should t_):eanoted that this carbon has the highest
volumetric energy density (Muradov et ai‘:', 2010) among all electrochemically active
fuels, battery and other type of hydfocarbont_;.fl;'els. The carbon solid should be divided
into generating power and selling. There;‘c-)-re_,_'__. the direct carbon fuel cell (DCFC)
should be further investigated and installed E@r_a!lel location of SOFC system in order
to ensure that MD reaction offers both of theqhigh overall electrical efficiency and

economic benefit.
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APPENDIX A

DETERMINING HEAT CAPACITY AND
THE ENTHALPY CHANGE OF RELATED COMPOSITION

A.1l  Heat capacity correlation is a series expansion in temperature (Kelvin).
Chb = A+ BT + CT? +#,D1° + ET*, [Imol™ K] (A1)
Where
Co = heat capacity of ideal state, Jmol™ K*
AB,CD and E = regression coefficients for chemical compound
T = tenperature, « K
Table Al Heat capacities of selecied component (Cp)
C mol K = A+ B+ €7+ DT + BT T-Kelvin
Components A 5 s c 5 =
Methane 34.942 T3.9057x107 | L.9184%X107 |~1.5303x107 | 3.9321x107
Carbon (s) -0:832 34846%x10~—|=1-3233%10> 0 0
Carbon monoxide |  29:556 -6.5807x10° | 2.0130%x107°+ -1.2227x10° | 2.2617x10™
Carbon dioxide 27437 4.2315x107 | -1.9555x10™"| 3.9968x10° | -2.9872x10™"
Water 33,933 -8.4186x10° "192.9906x10™ | -1.7825x10° | 3.6934x10™
Hydrogen 25.399 2,0178x10° ¢ -3.8549%x107 | 8.188x10° | -8.7585x10™"
Nitrogen 29.342 -3.5395x10° [ 1.0076x10™ | -4.3116x10° [ 2.5935x10™"
Oxygen 29.526 -8.8999%10% | 3.:8083x107 | 8:2629x10® | 8.8607x10™
A.2  The change in enthalpy, AH(T) at constant pressure is
T
H((T) = H{+ [CodT (A2)
298
;
AH(T) = [CpdT (A3)

298
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APPENDIX B

DETERMINING GIBBS ENERGY OF FORMATION
AND EQUILIBRIUM CONSTANT OF RELATED COMPOSITION

B.1  Gibbs energy of formation is important to analysis of chemical reaction.
Values for individual compounds (reactants and products) are required to determine

the change in Gibbs energy for the reaction.
AGreaction = Z‘(nAGf)products' Z(nAGf)reactants (Bl)

The change in Gibbs energy;for a reaction may be use in a preliminary work to
determine if a reaction is thermodynamicélly favorable at a given temperature. For
thermodynamic equilibrium, the- following rough criterion is useful for quick
screenings of chemical reactions:

AGreaction < 0 kJ mol™ reaction favofab‘le
0 < AGreaction < 50 ki mol™  _reaction possibly favorable
AGreaction > 50 kJ mol™ reaction not favorable

The correlation of Gibbs energy of formation is a series expansion in temperature
(Kelvin).

AGy =1 Al H BT, £ ICT? ", [KJ mol™] (B2)
Where
AGq = gibbs energy of formation of ideal state, ~ kJ mol™
ABand C = regression coefficients for chemical compound
T = temperature, K



Table B1 Gibbs energy of formation of selected component (AGy)
AGt [kImol*]= A + BT + CT? ;  T-Kelvin
Components A B C
Methane -75.262 7.5925x10% 1.87xx10”
Carbon (S) 0 0 0
Carbon monoxide -109.885 -9.2218x107 1.4547x10°
Carbon dioxide -393.36 -3.8212x107 1.3322x10°
Water 33.933 -8.4186x10° 2.9906x10”
Hydrogen 0 0 0
Nitrogen 0 0 0
Oxygen 0 0 0

B.2

AG reaction

Riun K

(B3)
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Determining “the ;equilibrium constant (K) The change is significantly
because of the associated chemical equilibrium for the reaction.
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