Equilibrium Modeling of Coal and Biomass Gasification

by

Gregory Charles Vaughan

A thesis submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Master of Science

Auburn, Alabama
August 1, 2015

Keywords coal, biomass, gasificatiomodeling

Approved by

Mario R. EdenDepartment Chair and McMillan Professor of Chemical Engineering
Christopher B. Robert®ean of Engineering and Uthlaut Professor of Chemical Engineering
Yoon Y. Lee ProfessoEmeritusof Chemical Engineering



Abstract

This thesis endeavors to add to the fieldeqgtilibrium modeling of coal and
biomass gasificatioby utilizing widely available commercial process modeling software
(Aspen Plus®) tevaluate the impacts of various system parameters within a gasification
system and by providing an evaluation of general techniques that are used in creating
equilibriumbased simulations of gasifiersFrom the results presented, the following
conclusions and recommendations are madé -to-fuel ratio should be concurrently
varied with any other system parameter when performing a parametric analysis of a
gasification sys#gm. The carrier gas utilized in dfged systems should not be ignored.
The correct representation of the form of sulfur in sufearing feedstocks important.
Additionally, further work is needed in accounting for the heat of formation of various
feedstocks in gasification models, and further work is also needed to allow for simple
modifications to equilibrium gasification models to represent various technologies (e.qg.

entrained flow, fluidized bed, etc.) for use in feasibility studies.
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1. Introduction

As the world population continues to grow, the limited natural resources of the
planet will continue to be stretched amongst an-ev@easing number of player&ach
nationds access to reliable sources of er
importance The supply obil and natural gggwo critical fossil fuels, will bat the heart
of the matter.Recent estimates predict thatcarrent production rates, proven world oil
reserves will last 54 years and proven world natural gas reserves will last 61 years (World
Coal Association2014). Not only are these two key commoditiasd their derivatives
used directly for energy, but thare alsahe feedstockfor producing manyghemicals;
thus, if their supply is depleted, the impact will be much greater than that of fuel value
alone It is critical thereforethat new sources of energy be sought and existing methods
and sources ofl@rnative energy be improved. One older energy technology that has
seen a surge in interest over the last two decades is gasification.

Gasification uses limited amount ofoxidant to partially oxidize a carbonaceous
fuel source to produce a product gash significant fractions of hydrogen ¢Hand
carbon monoxide (CO). This gas stream, commonly called synthesis gayngas,
can then be used for a variety of applications including power generation, the
manufacture of various chemicals, and thedpiction of transpoation fuels. One
advantage to gasification is that a wide variety of materials can be used as the carbon

source; though there are practical limitations, virtually any cabased substance can be



used as a feedstock. Of particulaterest as feedstocks are various types of coal and
biomass, with eacfeedstockiaving its own set of benefits.

As interest in gasification has increased over the last two decades, research and
development in this field has grown. Gasification modetingpled with benciscale,
pilot-scale, and even commercidale research systems have been used to further
understand the underlying science behind gasification and the various gasification
process technologies. With regard to modeling, étesd. (2007)wr 1 t e, AThe 1 nfl
design variables and processing conditions on the gasifier performance naugtite
determined before any commercial processes are designed. Such models are then used as
tools for design modifications, scaling, and optimiaadi . A report from the U.S.
Depart ment of Energy | isted nAndevel opment
ranked need on a prioritized list of nindtye needs for research and development in the
field of gasification(Claytonet al, 2002) Thus, tle availability of reliable models is
critical to the widespread commercialization of gasification.

Gasifiers are essentially chemical reactors, and most mathematical gasifier models
can be classified as one of two types of traditional mathematical reacuels 1)
equilibrium models or 2) kinetic models. Equilibrium models are not as complex to
create as kinetic models, but their accuracy is often doubted because in many systems
equilibrium is not actually achieved. Thus, many modelers focus on kimetdels,
which often account for very specific system conditions (e.g. particle size); however,
because these models are so system specific, their application may be limited to a narrow
range of system configurations, conditions, feedstocks, etc.; wherpakbrium models

offer the potential for a much wider range of application.



This study hopes to add to the collective knowledge of equilibrium gasification

modeling in three main respects:

1) Conducting a thorough analysis of the impact of varioustesy
parameters onan equilibrium coal/biomass gasification modeding
commercial process modeling software

2) Being the first known work to present a robust parametric analyas
equilibrium gasification modelin which the fuelto-air ratio is
simultaneously varied with other system parameters

3) Proposing hypotheses when model predictions diverge from established
observations in coal and biomass gasification

4) Evaluating equilibriurdrbased modeling of gasification generally, to
suggest areasf particular consideration in developing such models as
well as recommending areas of further research in the field

Though not a main objective, this work will also make general recommendations

to aid in the widespread commercialization of gasificatmhnology.



2. Background

2.1 History

The history of gasification goes back to the 1600s, when Jean Baptist van
Hel mont discovered that heating coal resul
(Kirk-Othmer 2002). In 1788, the first patent related to gasification was issued to Robert
Gardner (NETL, 20195. The work of Scotsman William Murdoch advanced coal
gasification technologies in the late 1700s and early 1800s, and as a result of his efforts,
At own gas, 0 called synthesis gas today, S
London in the early 1800&ETL, 2015.

The first commercial use of gasification in the United States was in Baltimore in
1816 for lighting purposeNETL, 2019. Thetechnology spread throughout the U.S.
and was used for lighting and heating, but in the late 1800s, advances in electric lighting
technology and increasing use of natural gas reduced the use of coal generated syngas in
the U.S. NETL, 2015. Perhaps som®f the most famous work in the field of
gasification came in Germany in the time leading up to and during World War II. Carl
von Linde developed a process to cryogenically separate oxygen from air in the 1920s,
which allowed the first truly continuous oggnblown gasification processes to operate
(Higman & van der Burgt, 2003). The predecessois many of the various types of
conventional gasification processes used today were then developed later in the 1920s

and thel930s (Higman & van der Burgt, 2003It was also during this time, that Franz

.
C



Fischer and Hans Tropsch developed the Fisthgpsch (FT) process to manufacture
liquid fuels from coajproduced syngadNETL, 2015.

Though worldwide interest in gasification was limited after World Wa$dluth
Africa used gasification to produce liquid fuels and chemicals, building one gasification
plant in the 1950s and two more in the 1980s, further proving the viability of gasification
technology NETL, 2019. Also, both the Shell and Texaco gasificatiprocesses, two
important processes, were developed in the 1950s (Higman & van der Burgt, 2003).
Both of these processes ume entrainedflow configuration; the Shell process is dry
feed, and the Texaco process is shkiegd. Interest in gasificatiom the U.S. rose and
fell with crude oil availability and prices during the 1970s and 1980s, but various projects
did prove the ability of gasification to adapt to different applications during this time

(NETL, 2015.

Figure2.1i SASOL Il & SASOL lll gasification plants in South AfricdNETL, 20159

Finally, due a variety of economic, political, and environmental forces during the
1990s, the appeal of gasification in the United States and Europe began growing again

(NETL, 2015. In recent years, thboom of shale oil andaturalgas hasdrawn much



attention, and it couldhnce againshift interest away from gasificatiobut in the long

term, gasification may yet prove to be a vitally important energy technology.

2.2 Thermochemistry

The principalconcept behind gasification is using pressure and a limited supply of
oxidant to partially oxidize a carbonaceous feedstock, which, through a complex
network of chemical reactionsgsultsin a gaseous product stream that ideally contains
large fraction®of hydrogen and carbon monoxide, the two desired products. In addition
to hydrogen and carbon monoxide, gasification syngas contains large fractions of carbon
dioxide (CQ), water (BHO), and possibly nitrogen gNand/or methane (Cjidepending
on theprocess. Other components that may be in the product gas are ammos)ia (NH
nitrogen oxides (N@ndNOQOy,), sulfur oxides (S@andSG;), hydrogen sulfide (k5),and
hydrogen chloride (HCI) among others. In addition, ash may be present in the product
gas, ad its composition varies with feedstock, system conditions, etc. The theory of
gasification is commonly explained as occurring in different stages or zohesse
zones may be localized to a spatial region inside of the gasifier vessel, as in-bexving
gasifiers, or the reactions in eastage of the processay be occurring throughout the

entire volume of the gasifieras in fluidizedbed gasifiers Thesestages with their

! The work presented in this thesis was performed assuming the use of air or a higher
oxygen (Q) content gaseous oxidant stream. Steaty gasification systems do exist,

but were not considered in this work.



associated chemistry, can be summarizetbbewvs (NETL, 2015 Probstein &Hicks,

1990 Higman & van der Burgt, 2003; Adhikari, 201Kirk-Othmer, 2002

1) Drying i The feedstock undergoes dewatering, which often occurs in a
process or unit operation prior to the gasifier dry-feed gasifiersbut any
residual moistureemainingin thedriedfeedstock after pretreatment liquid

water in the feedstock slurwyill be vaporized in the gasifier itself.

2) PyrolysisDevolatilizationi Heat from combustioncauseschemical bonds
within the feedstock to break, resulting in compds of various molecular
weights. The light components vaporize. Some remain gaseous while others

form tars. The heavy components form char

3) Combustioni The combustible components react with oxygen, releasing the

heat which is the driving force forerentire process.

C+%»QY CO ( pH-114 kJ/mol) (1)
CO+%QY GO ( gpH-283 kd/mol) )
C+OY CO ( g H-394 kJ/mol) (3)
Hy+% QY 0 ( pH-242 kJ/mol) 4)

4) Gasificationi Steam and carbon dioxide react with the char (carbon) that has

notbeen oxidized to form hydrogen and carbon monoxide.

WaterGas Reaction:

C+HO # CQ + H (@H = +131 kJ/@ol)



Boudouard Reaction:

C+CQz 2 CO (H = +172 kJ/ @pol )

Additionally, the following reactions are important to the gasification process

Methane Combustion:

CHi+2 0V C® 2 HO ( pH-803 kd/mol) )

Methanationor HydrogasificationReaction:

C+2Hz CH ( H-75%J/mol) (8)

Methane Reforming Reaction:

CHi+HO 2z C3IM, + (H = +206 kJ/@ol)

WaterGas ShiftReaction:

CO+HO 7 ,G6, ( qH-41=kJ/mol) (10)

Other Reactions:

C+2HO 7 ,GOH, (H = +90. 1 kJ¥mol )
C+HO Z I,+@&GCH (pH = +7.7 kJ/amol )
CHi;+% QY CO2Hy ( pH-36%J/mol) (13)

Previouswork has shown that the watgasshift, Boudouard, andhethanatiorreactions

arethefi f u n d a meactionsir the gasification processd r 7 Bds.



2.3 Feedstocks

As previously mentioneda strength of gasification as an energghnologyis
that a wide variety of solid, liquid, and gaseous materials can be utilized as feedstocks.
Coal, petroleum coke, waste plastic, waste paper, biomass, industrial waste, municipal
waste, refinery residues, residual heavy oils, sewage sludge, black figtual gas, and
refinery off gas have all been used or proposed as feedsteckter Wheeler2015;
Claytonet al, 2002) This flexibility means that the viability of gasification as an energy
platform is not dependent on a few single sources of raw materials; thus, the syngas
product is not as susceptible to supply shortages and upset conditions as other energy
sources, sth ascrude oil. Though a wide variety of feedstocks can be used in the
gasification process, this study focasm the use of various types of coal and biomass.
Coal and biomass each offer benefits as a potential feedstock.

At current productionrage, t he wor |l ddéds proven oi l an
last 54 years and 61 years, respectively, but proven coal reserves will last 142 years
(World Coal Association2014). Thus, the supply of coal will far outlast that of oil or
natural gas, by the sheeramount available for use, coal is an important feedstock for
gasification.

While coal is more abundant than either oil or natural gas, the other major
feedstock considered in thikesis biomass, is even more abundaMost areas of the
world haveaccess to biomass of some form or another. In addition, biomass offers two
more great advantages as a feedstodh Biomass is renewable; unlike fossil fuels,
which have limited total recoverable reserves, the supply of biomass is virtually

unlimited and 2)whi | e t he i ssue of mieamasad of usl 9delha



certain that using biomass is much closecaonneutralthan fossil fuels. In addition,
biomass gasification could make use of biomass streams that are often discarded such as
hulls, husks, clippings, etcAdditionally, usingwhat would generally be considered as
waste biomass, as opposed to food source dssnfe.g. corn)would not affect the
availability or the pricing of food crops.This could prove to be of great benefit in

countries where food supplies are already limited.

2.4 Feedstock Analyses
There are standard laboratory methods for analyzing fesdstamposition and
energy content. A basic understanding of these analyses is important in modeling coal

and biomass gasification.

2.4.1 Proximate Analysis

The proximate analysis of a feedstock divides the mass of the substance into four
categories 1) moisture, 2) volatile matter, 3) ash, and 4) fixed carbon. The mass of
moisture is found by heating the feedstock to betweernl110Q4C for one hour and
determining the change in mggtigman & van der Burgt, 2003). Volatile matter is then
determined § heating the novdry-feedstock to a much higher temperature (950°C for
one method) for a set period of time and determining the change in mass again (Higman
& van der Burgt, 2003). Ash is the remaining mass after combustion of the feedstock
(Higman & vander Burgt, 2003). Fixed carbon is the mass fraction remaining after
subtracting the other three; it is important to note that this not actually a measure of

carbon in the substance but i s an nartific
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van de Burgt, 2003). In fact, a portion of the carbon in the sample is driven off with the

vol atiles (Gaur & Reed, 1998) . The Afi xed
amount of char that remains after drying, pyrolysis, and volatilization (Gaueé&d R

1998). Many reports will also normalize volatile matter, ash, and fixed carbon to give the

mass fractions on a dry basis.

2.4.2 Ultimate Analysis

Ultimate analysis is another method of analyzing the composition of a feedstock.
The ultimate analysis of feedstock reports the mass fractions of carbon (C), hydrogen
(H), nitrogen (N), oxygen (O), sulfur (S), and ash. Some analyses will also report the
mass fraction of chlorine (Cl). It should be noted that there is some variation in how
moisture is repoed in the ultimate analysis. Some analyses will report moisture as a
separate mass fraction unto itself. Other reports will lump the moisture in with the
hydrogen and the oxygen. Still other reports will be on a dry basis, thus the moisture is
not repraented at all in the analysis. Either reporting moisture as a separate fraction or
showing results on a dry basis are preferable to including the moisture as portion of the
hydrogen and oxygen fractions, becatsgorting the moisture as hydrogen and @tyg
prevents fair comparisons of one specimen against another because of differing moisture

contents.

2.4.3 Sulfur Analysis

The sulfur analysis of a feedstock further divides the sulfur content into three

classifications 1) pyritic, 2) organic, and 3) inorgansulfates (Higman & van der Burgt,
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2003). Pyritic sulfur exists as iron sulfide (FgSP e r r 7§}“ &d). Organic sulfur is
chemically bound into the structure of the cdatabstein &Hicks, 1990. The sulfate
form generally comprises ery small portion of the sulfur in the sampR é r r4'6 s
Ed.). In coals of the eastern United States, which are generally ksgtfar, the
majority of the sulfur exists in the pyritic form. In the lowseifur coals from the
western United Stateshe majority of the sulfur exists in the organic forrBiomass
feedstocks generally have a much lower sulfur content than coal. The process simulation
software(See Section 4)lhat was used ithe work presedin this thesisrequires that

the sulfur analysis bprovidedto use the property set for modeling solids. This can pose
a problem becausalthoughproximate and ultimate analysis data is readily available for
many potential feedstocks, sulfur analysis data is oftenimduded. Therefore,
assumptions had to be made regarding the breakdown of any sulfur prEseimpacts

of this assumptioarefurther discussed iSection6.8.

2.4.4 Heating Value

The heating value of a feedstock is usually given as either the Higlagng
value (HHV) or the lower heating value (LHV). The HHV of a substance indicates the
energy per unit mass that is released if that substance is cdymnpltebusted and any
water formed during theombustion is condenseB ¢ r 1 A Bds). The LHV assumes
that the water formed during combustion is not condensed; thus, it is inherently less than
the HHV by the amount of energy usked vaporizing and increasing the temperature of
any water formed as a combustion produtlthough inmany industrial applications the

LHV is more applicable than the HHV becadatent heat of any steam formed during
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combustion is not recoveremhore data is available for the HHV of potential gasification
feedstocks than for the LHV of those feedstock$ie work reported in this thesis used

HHV due to the requirements of the process simulation soft{&ae Section 4.1)

2.5 Gasifier Types

In the gasification process, a variety of equipment is necessary for feedstock
treatment and syngas cleanup and cowwirtig, butthe heart of the gasification process is
the gasifier vessel itself, and there are several different types of ga#iiatisan be
employed. There are different methodisr classifying gasifiersincluding method of heat
delivery, gasifying agnt, and reactor typ&(obstein &Hicks, 1990).

Classification based on the method of heat delivery divides the gasifiers into two
groups,direct or indirect, based on the method in which the heat from the combustion
zone is delivered to the drying, pyrolysis, and gasification zones. In processes that utilize
direct gasification, the heat from the combustion zone is supplied to the otlesr kzpn
the fact that a portion of the feedstock is combusted in the gasifier véaselersely
indirect gasification separates the combustion and the drying/pyrolysis/gasification into
two separate vessels. In this configuratitwe, energy needed fdne exdothermic zones
is supplied from the combustion zone by some m#uialinks the two vessels without
creating direct contact between theess phasesf the vessels.

Another method of classification is based on the gasifying media that is injected
with the feedstock. Air, oxygemand steam are the most commonly used oxidants. Thus,

gasi fiers «c¢an -bbeo wenl, adoshsiii @ xvyegdd naest ch.ai r
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Yet another method of classifying gasifiers is to divide them based on whether the
feedstock is supplietb the gasifier adry particlesor as a slurry. Drjeed gasifiersise
a transport gas to deliver the feedstock into the gasifieugh a series of loekoppers
Slurry-feed gasifiers combine the feedstock particles with water to make a slurry, which
is pumped into the gasifier.

Gasifiers can also be classified by whether or not the ash from the feedstock is
converted to slag. In slagging gasifiers, the temperature is maintainedthboweting
point of the ash particles, whereby the partidi@sn a liquid slag. In norslagging
gasifiers, the temperature is kept below the temperature at which the ash begins to soften
(Higman & van der Burgt, 2003) The ash melting temperatures and the ash softening
temperatures are not the same; below the adkrsofj temperature, the ash particles
behave as a solid, but in between the ash softening and ash meltingateneisethe ash
particles begin to agglomerate and become sticky but do not behave as a liquid slag; thus,
this region of operation for a giveieedstock should be avoidgtiigman & van der
Burgt, 2003)

The most common method of classifying gasification prassssbasedon the
method of contacting the feedstock and the oxidant in the gasifier vessel. By taking this
approach, gasifiers can blassified as one of three main typéds fixed-bed or moving
bed, 2)entrainedflow, 3) fluidizedbed. The operation of these various classifications of

gasifiers is discussed in the following sections.
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2.5.1 Moving-Bed/FixedBed

In movingbed gasifiers a bed of feedstock particles is moved continuously
downward by gravity, and the oxidant usually injected from the bottonfupdraft)
creating countercurrent flow between the solid and gas phassss{ein &Hicks, 1990
Higman & van deBurgt, 2003. A grate at the bottom of the vessel supports the solids
(Probstein &Hicks, 1990. Because the bed of solids is maintained at a fixed height by
the continuous introduction of feedstock, this type of gasifier is sometimes refeasd
a fixedbed gasifier, which can lead to confusion due &sbemingly contrary terms that

are used to describe it.

Moving-Bed
Gasifier
(Dry Ash)

Figure 227 Moving-bedFixed-bedgasifier NETL, 2015

In the updraft movinded gasifier, the reaction zones progress dowietigth of

the reactor from the point of feedstock injection, as shown in the following figure
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Figure2.31 Updraft Gasifie(Adhikari, 2010

Although the oxidant is usually injected from the bottom of the gasdiber potential
configurations do»ast, and it should be noted that the spatial relation of the zones varies
depending on the injection point of the oxidant. The following figure shows the

orientation of the zones in a crossdraft moviegl gasifier.
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Fuel

| Reduction

Air - . _ll Syngas

Figure2.41 Crossdraft gasifiefAdhikari, 2010

Note the central combustion zone or fAheart
orientation to the combustion zonélthough various configurations are possible, most
of the literature focuses on the updraft configuration, so it is this configuration that will
be discussed in detalil.

The combustion zone isearthe base of the gasifier, and the heat progresses up
the length of the gasifier supplying energy to the endothermic processes of gasification,
pyrolysis, and drying, respectivelyBecause of this configuration of the zon#se
feedstock particles can be fed with high moisture content, up to 60% by weight
(Handbook Biomass Gasificatipr2005). This configuration also causes the outlet
temperature of the syngas to be relatively lower than atipers of gasifiersbecause

sensible heat is removed from the syngas and dries the feedstock in the upper portion of
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the gasifier ligman & van der Burgt, 2003 The vertically decreasing temperature
profile also causes more of the hydrocarbons driven off in the pyrolysis process to be in
the liquid state, as opposed to the gaseous stateefLak 2007, and some othese
liquids, or tars, may become entrained in the synigagi{an & van der Burgt, 2003 In

coalfed systems, the average linear velocity of the bed ranges from 0.5 m/h to 5 m/h
depending on the combination of pressure and oxidant sele&robstein &Hicks,

1990. The presence of fines (< 3mm) can pose operational problems in ri@dng
gasifiers because of their tendency to agglomerate and impede the flow of gas through the
bed and the potential to be carried out with the syngas prdeiatigtein &Hicks, 1990).

The Lurgi dry-ash gasifier shown in following figure, is an example of a movined

gasifier.

Figure2.51 Lurgi Gasifier NETL, 2019
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The SASOL Il & Il plantsin South Africa havea combined total of 80 Lurgjasifiers
and the Great Plains Synfuels Plant in North Dakota has 14 Lurgi gasNMEBL(

2015.

2.5.2 EntrainedFlow
Entrainedflow gasifiers introduce the feedstock particles and the oxidant
concurrently, often from the top of the gasifier. The actual site of the injection port can

be changed so that they are-fopd, sidefired, etc. (Higman & van der Burgt, 2003).

Siad (S)team.
0
/:!' Qxxgen

Entrained-Flow
Gasifier

| ==Gas

S

Figure 261 Top-fired entraineeflow gasifier NETL, 2015

Entrainedflow gasifiers require that the feedstock particles be very small.
Probstein and Hickell90)r e commend a particle size of ap
and van der Burgf2003)r ecommend t hat particle Tlei ze be
gasifiers are generally designed for high throughput, with the feedstock particles having
very short residence times of roughly a few secoiisehbstein &Hicks, 1990. This

short residece time requires that the gasifier operate at a very high temperature to
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achieve a high conversion during the small amount of time that the feedstock particles
remain in the gasifier (Leet al, 2007). Outlet gas temperatures can range from 1250 to
1600°C (Higman & van der Burgt, 2003).Using oxygen as the oxidant can help to
achieve these high temperatures (keal, 2007). These temperatures are the highest of
the main types of gasifier®obstein& Hicks, 1990. In addition to enabling a rapid
conversion, the high temperature alsoates other operational benefitsMethane
production is very lowthe ratio of CO to C@is high and he syngas product has low tar

or heavies contentP(obstein & Hicks, 1990. The high temperature presents some
drawbacks as well. Ash is melted into slag, and the hot outlet gas must be quenched
which results in thermal inefficiency(obstein &Hicks, 199(. Additionally, the H/CO

ratio in the product syngas from entrairfemlv gasifiers is the lowest of the major
gasifier typesRrobstein &Hicks, 1990. Entrainedflow gasifiers can beither dryfeed

or slurryfeed The following figures depict two weknown entrainedflow gasifier

designs

95% O,—fu

D
Coal

Figure2.71 Shellgasifier(NETL, 2015
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The Shell gasifieris a dry-feed, oxygerblown gasifier than can accept a wide variety of
coals (Leeet al, 2007). Worldwide, Shell has sold 27 licenses for their technology

(Shell, 2015).

Figure2.81 TexacoGasifier(NETL, 2015

The Texacogasifieris a slurry-feed, oxygerblown gasifier Probstein &Hicks, 1990. It

can use coal, petroleum coke, heavy oil, or natural gas as a feedstotk, (2015.

More than 6Qunits are in operation around the worldETL, 2015.
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2.5.3 Fluidizedbed
Fluidizedbedgasifiers operate by fluidizing a bed of feedstock particles with the
oxidant, which enters near the bottom of the gasifier. The oxidant injection can be either

co-currentor countercurrent to the feedstock particles.

Fluidized-Bed
Gasifier

Steam, %A 3»5’1. o
Oxygen/"‘“'ﬁ.

or Air

Ash

Figure 291 Fluidizedbed gasifier NETL, 2015

Particle size is a very important parameter in the operatfoa fluidized-bed gasifier
(Higman & van der Burgt, 2003 For coal, the particle size rormally less than 6 mm
(NETL, 2015. If the particles are too small, it can contribut¢hi® inherent tendency for
the carryover of solids into the syngas produdiginan & van der Burgt, 2003 The
nature of thefluidized-bed promotes good mixing, andtherefore, uniform bed
temperature as well asxcellentcontact between the solid and gas phaBesbstein &
Hicks, 1990 Lee et al, 2007. This, in turn, causes the gasification reactions to reach
equilibrium rapidly, allowing for highthroughputs but with feedstock residence times
that are longer than those of entrahflesv gasifiers Probstein &Hicks, 1990 Leeet al,

2007). Additionally, the temperature uniformity also prevents clinker formation in higher
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temperature anes Probstein &Hicks, 1990. Two drawbacks of the fluidizedasifier

are that it does not perform well with coals that have a tendency to cake or swell, and the
carryover of a portion of the feedstock or char into the prodexdbétein &Hicks,

1990. This causes decreased overall conversion. Normally, this phenomenon is
addressed by solids separation that returns a portion of the unreacted solids to the gasifier
(Higman & van der Burgt, 2003 With regard to ash or slagerser mineral particles

drop out of the bed, anthe temperature is usually kept below the temperature at which
ash begins to soften and form slag because slag formation negatively affects the nature of
the fluidized regime FRrobstein & Hicks, 199; Higman & van der Burgt, 2003
Generally, among the various types of gasififltsdized-bed gasifiers havehe lowest

operating temperatureBrobstein &Hicks, 1990).
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- Air / Oxygen / Steam
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Ash

Figure2.107 U-GAS® gasifier NETL, 2015

The U-GAS® gasifier is a fluidized-bed design that can operate on a variety of
feedstocks (NETL2015. The designhas been licensed for two facilities China

(NETL, 2015.

254 Specialty Gasifiers
In addition to the traditional types of gasifiers, there are also a vafietgvel
gasifier technologies available such as molten bath, arc furnace, and electric induction

(Warnecke, 2000).
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255 In-Situ Gasification

It should be noted that 4situ gasification, where the feedstock (e.g. lignite,
bituminous coal, etc.) is gasified in underground seams by injecting the oxidant into the
seam, igniting it to begin the partial combustion/gasification process, and cgjldotin
syngas agrade, is another option. Though it still involves the same thermochemical
principles as industrial gasifiers, it is a different technology entirely, and is not

considered in this thesis.

2.6 Additional Systems
Though the gasifier vessel @l§ is the critical componentof any gasification
process, there are a number of process systems that are vitally important to the operation

of the overall process. Some of these systems are discussed in the following sections.

2.6.1 Feedstock Pr&reatment

Most feedstock if not all, require some typef sizing operatiorto allow for
feeding to the gasifier. Shredding, crushing, grinding, and screening are examples of
different operations that may take place depending on the selected feedstock. The
preferred feedstock particle size varies depending on the type of gasifier (See Sections
2.5.1:2.5.4. Generally, movingbed gasifiers accept much larger particles than either
entrainedflow or fluidized-bedgasifiers.

In addition to sizing operationspme gasiers also require that the feedstock be
dried. Drying is not required for slurfged gasifiersfligman & van der Burgt, 2003

Most dryfeed movingbed gasifiers also do not require drying because the drying step
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takes place within the gasifiidigman & van der Burgt, 2003 For systems that require
a drying step, the most energetically favorable option is to use waste heat from the

product gas as opposed to a fired dryéig(nan & van der Burgt, 2003

2.6.2 Feedstock Handling

One important sysita in any gasification process istmethod of introducing the
treated feedstock into the gasifier vessel. Conventional gasifier feed systems are one of
two types, dryfeed or slurryfeed.

Dry-feed systems use a carrier das transport gasjo transpar the feedstock
particles which is pressurized by a lock hopper systéditrogen, carbon dioxide, or
recycled syngas are used as the carrier gHsthe gasification process has an air
separation uni{see next sectionp supply highpurity oxygen tothe gasifier, then the
nitrogen from the air separation unit is an easy option for use as the carrier gas. Nitrogen
is more commornn gasification for power production, batditional N in the process
can be problematid the downstream application dfi¢ syngas is for the production of
chemicals other than ammonidigman & van der Burgt, 2003 Carbon dioxide is
viable option if the gasification facility has a €@moval process, eliminating the
problem of introducing additional nitrogen into thegess but may reduce the O
ratio of the syngas produ@tiigman & van der Burgt, 2003 Lastly, recycled syngas can
al so be used to feed the solidstal,2088).i n t he
Dry-feeding the solids into the gasifier eliminates the energy penalty that is incurred
when slurryfeeding is used, but difgeding can pose its own challenges. The -lock

hoppers that are generally used are expensive, operate discontinuously, ara requir
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increasing quantities of carrier gas for increasing operating pressure of the gasifier, which
incurs its own thermal penaltidigman & van der Burgt, 2003 The U.S. [2partment of
Energylistst hi s | ock hopper deli ver ydowrsttiemme 0a sa ni
recognizes it as a gasification supporting technology that needs improvétanorfet

al., 2002.

Slurry-feed systems use water as the medium for transporting the feedstock into
the gasifier, allowing more conventional and reliable suragation technology than the
lock hopper system used with diged systems. The drawback to sldiegd systems is
the energy penalty that is paid to vaporize the liquid water once it enters the gasifier.
This problem can benitigated by preheating thelurry before introducing it into the
gasifier (Higman & van der Burgt, 2003).The standard operation of slwiged coal
systems is 6000% solids by weight (Higman & van der Burgt, 2003).

Additional feeding technologies include wet ldotppers, whichuse lock-
hopperdo pressurize a slurry, and dynamic hoppers, which use a tall column of feedstock
to deliver the solids into the gasifieHigman & van der Burgt, 2003).However, a
survey of gasifier designs reveals that these feeding technologies are much less common

than the traditional drfeed or slurryfeed processes.

2.6.3 Air Separation

For gasifierghat use oxygeenriched air or nearly pure oxygen as an oxidant, an
air separation unit (ASU) is necessary. The most common process for this is cryogenic
separation (Higman & van der Burgt, 2003). These cryogenic air separation processes

work by compresing and drying the air and then condensing the air into a liquid; this
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liquid is then distilled yielding tw@r threeproductstreamsa nitrogerrich stream and
oxygenrich stream and, in some processes, an angbnstream (Higman & van der
Burgt, 20@). The oxygefrich stream can then be used for the gasification process.
When integrated gasification combined cycle (IGCC) power generation istéreled
enduseof the syngas, 95% oxygédras been reporteas the probable economic optimum

for use agsheoxidant NETL, 2015. Even higher purity oxygen is often required for the
production of clean fuels and chemicaNE{TL, 2015. In addition, the ASUis
considereda weak link in oxygetiblown gasification systems due to its high cost and
energy usagegnd a report from personnel at the United States Department of Energy lists
air separation as #echnology that needs improvement to aid in the widespread

commercialization of gasificatiorC{aytonet al, 2002 NETL, 2015.

2.6.4 Syngas Cooling

The syngas stream exiting the gasifier is at a high temperature, ranging from
550°C for certain movirped gasifiers to 1600°C for some entraufiedv gasifiers
(Higman & van der Burgt, 2003)To perform various cleanup operations on the gas, the
temperatire must be lowered.For solids removal, the temperature must be less than
500°C Higman & van der Burgt, 2003) For acidgas removal (AGR) processeSeg
Section2.6.8, the temperature must be reduced to around 100°C (Phillji§). The
cooling necessary for particulate removal may be performed separately from the cooling
required for AGRNETL, 20195.

Both direct and indirect heat exchange can be used to cool the syngas. Direct

cooling or quenchingcan be accomplished by introducing watepled gas recycled
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from downstream, othe feedstock slurry (in slurfged gasification systems) into the
syngas exiting the gasifigHigman & van der Burgt, 200ETL, 2015. Indirect
cooling is accomplished by a network of either radiant or convebidat exchangers (or
both) which produces steam to be used elsewhere in the prbiEeBk, (2015. From a

heat recovery standpoint, indirect cooling to generate steam is more favorable, but
requires additional expensive equipment ttet be prone to eros and fouling from

ash patrticles in the syngasigman & van der Burgt, 2003)The capital costs of cooling

with a quench are much lower than those of indirect cooling designs, but quenching is
less energefficient (Higman & van der Burgt, 2003) However, if the downstream
application of the syngas requires a highefG® ratio thanthe gas has leaving the
gasifier, a wateguench will convert a portion of the CO to &@er the wategas shift
reaction, which will increase the,l €O ratio. Thusdirectquenching could also provide

this advantage depending on downstream requirements.

2.6.5 Syngas Cleanup

Regardless of the end application of the syngas, it will reqadieanup.
Particulate matter can be removed by a variety of technologies suchtas, fil
electrostatic precipitatorgyclones,or wetscrubbers. After particulate removal, further
gas cleanup is performed based on the requirements of the downstream systems.
Different applications (IGCC, FT, etc.) have different tolerances of theusspecies
that may be present in the syngas; therefore, vatexisologiesare utilized to reduce
the levels of oxygen (and/or oxygeontaining species), mercury, nitrogen oxides,

chlorides, cyanic compounds, sulfur (and/or sutfontaining species), and ammonia
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(e.g. sorbent injection for mercury remov@)ETL, 2015 Ullmannd 5" Ed). Someof

these species are removed in the AGR system, which is discussed fuBhetiam2.6 8.

2.6.6 WaterGas Shift
The watergas shift (WGS) reaction is very important in the gasification process.

Recall that the WGS reaction is as follows
CO+HO 7z ,@6, ( pH-41=kJ/mol) (20)

Since heat is a product when CO is converted intg &@ H, the reaction is favorable
toward hydrogen production at lowemperatures (Higman & van der Burgt, 2003). In
addition, because the reaction esjuimolar, pressure has a minimal effect on its
equilibrium (Higman & van der Burgt, 2003). The effect of this reaction within the
gasifier is significant, but it is often used in a reactor network sep@aoatethe gasifier
to adjust the composition oi¢ syngas. There are multiple reasons why this might be
necessary. Many downstream applications require hydrogen to carbon monoxide
(H2/CO) ratios greatethan whatcan be achieved by that gasification process. For some
applications, it might be desirgbto simply maximize the production of hydrogen from
the feedstock. In the case of a power generation application with carbon capture
requirements, it might be necessary to convert some of the CO intow®@h can be
removed by the AGR system, thusoaling the process to meet the specified carbon
capture requirementss(ol & Yang 2009). Whatever the reaséor its usage, WGS
reactor technology is important to the gasification industry.

The watergas shift system may be based on a single reactoulipla reactor

configuration Grol & Yang 2009). The syngas products from fiegd systems often
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require additional steam to be introduced into the syngas stream prior to entering the
WGS system, while the syngas from slufegd systems often has enbugoisture that

adding steam prior to WGS is not necessaMf£TL, 2015. WGS systems can be

designed to operate over a variety of temperature ranges and can use a variety of catalysts
with 500°C as the high end temperature maximum for catalytic convedigman &

van der Burgt, 2003) Operating above this temperature causes thermal degradation and
deactivation of the catalyst (Higman & van der Burgt, 2003). The WGS system can be
placed before the sulfure movi ng AGR syst e msshiftwh i @rh afst era |

AGR systemwhichiscalledd s we &6t f t . 0

2.6.7 Sulfur-Gas Conversion

The majority of the sulfur in a feedstock will be converted 18 kh the gasifier,
but a portion will remain as carbonyl sulfide (CGNETL, 2015. Depending on system
conditions, the portion of sulfur in the feed that is converted to COS is rougldy63
(NETL, 2015. The amount of COS in the syngas is important because although some
AGR technologies will effectively remove CO$pany AGR technologies do not
effectively remove COS but are very effective at removings HHigman & van der
Burgt, 2003). Thus, it sometimes becomes necessary to convert COS 8to H

catalyticallyby the following reaction:
COS+HO 2z ,@8.S ( pH-30kJ/mol) (14

This reaction is also promoted in the WGS system, and depending on system setup, the

WGS process alone may convert enough COS to ultimately theetulfur removal
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requirements in the AGR, or a separate reactor for COS conversion may be necessary

(Grol & Yang 2009).

2.6.8 Acid-Gas Removal

Acid-gase$ will inevitably be present in syngas; these includgSHCOS, and
CO,, and there is often a need to remove these gases. In converting syngas to fuels and
chemicals, sulfur compounds can cause catalyst poisonthgl@activation. In power
production applications, carbon capture requirements may be in place. In either case, an
acidgas removal (AGR) systens used to remove the undesirable species from the
syngas. Three common @d-gas removal technolegs are absorption, adsorptiorand
diffusion Higman & van der Burgt, 2003) The following list examinesriteria for

comparing different technologiggligman & van der Bugt, 2003)

1 Inlet Gas Compositioin The removal technology must be ablerémovethe
impurities in the formand concentratiom which they exist in the inlet gas.
For example, a particular technology is only effective at removy®) blut a
significant fraction of the sulfur is in the form of COSAdditionally, the
effects ofany impurities that foul, decompose,aiherwisenegatively impact

the removal equipmensolvent(s), etanust be considered.

l'n the context of ggaassiof icya tsfieasadi, dc tomederbtee ume
specifically to sulfurcontaining species or can include £8 well. This thesis adopts

the latter approach.
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1 Selectivityi The effectiveness with which a given technology removes one
speciesn the syngas relative to the other specigbésyngas This can be of
particular importaoe relative to the desire to remove £@® leave it in the

syngas.

1 Outlet Gas Requirements§ Downstream applications have varying

requirements relative to total sulfur and/or £Ontent.

1 Regeneratiofutility Requirementsi For AGR technologies that have an
associated regeneration process, the equipment and utilities necessary for

regeneration varies between different technologies.

Absorptionbased AGR processes use a solvent in an absorption/regeneration
setyp where a solvent contacts the syngas in a trayed or packed calemoying
targeted impuritieghe impurities are removed from the solvent in a regeneration process
that typically involves steam stripping or pressure reduction, thus allowing the smlvent
be sent back to the absorber to restart the cydigman & van der Burgt, 2003)
Solvents are generally classified into one of three tydgschemical, 2) physical,r@)
physicatchemical hybrid.

Chemical solvents chemically bond to theidgases, and the regeneration step
uses heat to break the bonds to release the impurities and regenerate theBEIvent (
2015. Various primary, secondary, and tertiary amines are used as chemical solvents,
with methyldiethanolamindMDEA) being themost widely used (Higman & van der
Burgt, 2003;NETL, 2015. Additionally, one noramine chemical solvent for AGR is

potassium carbonat&ETL, 2015.
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Physical solvent technologies use high agad partial pressure in the inlet gas to
drive absorption bthe impurities into an organic solvenNETL, 2015. Solvent
regeneration is performed by pressure reductdBT(L, 2015. Rectiso® (methanol),
Selexolt (dimethyl ethers of polyethylene glycol), aRdriso® (n-methytpyrrolidone)
are all examples gdhysical AGR solventdNETL, 2015.

Physicalchemical solvents, or hybrid solvents, are a blend of a physical solvent
and a chemical solvent, thus allowing the solvent to work as both a physical and chemical
solvent (Higman & van der Burgt, 2003)Sulfinol® (mixture of diisopropanolamine
[DIPA] and Sulfolane [tetrahydrothiophene dioxideghd m-Sulfinol® (mixture of
MDEA, Sulfolane, and water) are examples of physitemical solvents (Higman &
van der Burgt, 2003hell, 2015.

Adsorption is anothr opton for AGR. The impurities are absorbedtorvarious
potential sorbents in a packed bed. Alumina, zeolite, activated carbon, silica gel, zinc
oxide, and copper oxide are common sorbedigrian & van der Burgt, 2003NETL,

2015.

Diffusion removaltechnologies utilize the rate at which different species within
the syngas permeate a polymeric membratignjan & van der Burgt, 2003) Thus
certain species pass through the membrane relatively quickly, while others pass through
more slowly, thus removithe quicklypermeating species from the gas strebligran
& van der Burgt, 2008 The following table gives a comparison of the relative

permeability of common syngas species relative to one another:
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Relative Permeation Rates of Syngas Components
Quick Intermediate Slow
H, CO, CO
HoS CH,
N>

Table 2.1i Relative rates of membrane permeaidigman & van der Burgt, 2003)

2.7 Downstream Technologies

One of the strengths of gasification is that the product it produces can be used for
a variety of applications. The following figure gives an overview of thgossible

downstream applications of a coal/petcoke gasificgiiocess

Power & Steam

Coal/Petcoke

Iron Reduction

Fuel/Town Gas

Naphtha [ Fischer-
L Tropsch
Waxes Liquids
— 1
FT Diesel Car Fuel
&
Propylene
Oxo Chemicals
[ Acetic Annycride | Polyolefins
EASTMAN

Figure 2.11 Potential applications of gasification (Eastman, 2005)
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As shown in the figure, there are numerous possibilities for utilizing the syngas product
from gasification, \ich can be dividethto three broad categorie4) power generation,
2) synthetic chemical production, and 3) synthetic fuel productibmese applications

are discussed in the following sections.

2.7.1 Power Generation

The most common downstream technoldgy electric power generation from
gasification is the integrated gasification combined cycle (IGCC) power plant. These
plants operate on a similar theory as traditional combined cycle power plants, which often
operate using natural gas. In the IGCCtays the syngas is fully combusted in a-gas
turbine and the heat from this combustion is recovered to produce steam which drives a
steam turbine.One particular advantage of IGCC over conventional combustion boilers
is that contaminants can be removediirthe syngas prior to combustion in the-gas
turbine NETL, 2015. Additionally, coalbased IGCC plants are more efficient than

conventional coafired power plantsNETL, 2015.

2.7.2 Synthetic Chemical Production

A wide variety of chemical can be produced from synthesis gas. Ammonia
(NH3) can be produced by the following reaction over an iron or ruthenium catalyst
(Higman & van der Burgt, 2003).

N,+3H,z2 2 3NH ( gpH-92kJ/mol) (15)

Additionally, if NHz is produced, itan be reactedith CO, from the syngas to produce

urea (NHCONH,) as shown (Higman & van der Burgt, 2003).
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2NH;+ COz  N,BONH, + H,0 (16)

Methanol is another chemical that can be produced from syngas. Methanol has a
wide variety of uses, includingerving asan ntermediatgor platform chemical)n the
production of other chemicals. It is produced from syngas by using a copper catalyst to
react B with CO or CQ according to the followingeactions (Higman & van der Burgt,

2003).
CO+2HY CsBH ( pH-91=kJmol) (17)
CO;+3H, Y GCsBH +H,0 ( pH-50kJI/mol) (18)

Additional chemicals that can be produced from syngas include acetic anhydride,
acetic acid, and mixed alcohols, which range frogmlCohols to Gg-alcohols NETL,

2015 Higman & van der Burgt, ZIB).

2.7.3 Synthetic Fuel Production

Syngas can also be converted to liquid transportation fuels. This use of syngas
maybecome increasingly important as compet.
to grow. One method of creating transptidn fuel, converts methanol, which can be
produced as described in the previous section, into gasoline. Another technology for fuel
production from syngas involves much older technology that has seen a great resurgence
in interest over the last decade. Fisehmpsch (FT) reactors can be used to convert
syngas into a variety of hydrocarbons, including fuels, oils, and waxes according to the

following reaction (Irankhaket al, 2007):

an+mo ..
n CO +2en2—m8H2Y @l + 1 HO (19
g -
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A variety of catalysts cabe used in the FT process, with different catalysts requiring

different H/CO ratios in the syngas.

2.8 Environmental Considerations

As with any industrial procesanderstandingnvironmental impactis important.
Though only a few considerations will be discussed briefly here, there are many
environmental issues that play a role in the implementation and operation of gasifiers and
the downstream application of the syngas produks. was previously mentionetiyo
environmental benefits can be foundbiomass gasificatignvhich utilizes a renewable
energy source and is closer tarbonneutral than the combustion of fossil fuels.
Another ecefriendly aspect of gasification is tha&#GR technologies make carbon
sauestration possibleln addition,as a source of power generation, gasification allows
for easier capture of sulfur than does conventiaoalfired power generation because
the removal of KIS from syngas is much more easily accomplished than remo®ag S

from flue gas (Higman & van der Burgt, 2003
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3. Modeling Approach

3.1 General Approach

The research presented in this thesis is aimed toward general observations in
equilibrium modeling of coal and biomass gasification using commercial process
simulation software. The model configuration used for this work is not intended to
reflect the configuration of a particular style of gasifier but is intended to be used to
evaluate the equilibrium phenomena of equilibribased gasification modeling at large
with afocus on comparing results to established observations and suggesting limitations

of and areas of improvement for equilibrium gasification modeling.

3.2 Selected Feedstocks

The abundant supply of coal and the flexible and nearly ubiquitous supply of
biomas make them ideal feedstocks for gasificatidihis work was done using two coal
feedstocks and two biomass feedstocks. Montanabisuiminous coal and lllinois
bituminous coal were used as the two coal feedstocBsuthern pine woodnd
switchgrassvere used as the two biomass feedstocks. The characterization of each of

these feedstocks is given in the following tables.
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Montana Sub-Bituminous Coal

Proximate Analysis | As Received | Dry Basis Ultimate Analysis | As Received | Dry Basis

% Moisture 10.50 % Moisture 10.50
% Ash 11.20 12.51 % Carbon (C) 59.82 66.84
% Volatiles 34.70 38.77 % Hydrogen (H) 4.38 4.89
% FixedCarbon 43.60 48.72 % Nitrogen (N) 1.33 1.49
100.00 100.00 % Sulfur (S) 1.10 1.22
% Ash 11.20 12.51
% Sulfur (S) 1.10 1.22 % Oxygen (O) 11.67 13.04
100.00 100.00

HHV (BTU/Ib) 8600.00

Table 3.1' Montana sukbituminous coa{MTC) characterization

Illinois Bituminous Coal

Proximate Analysis As Received | Dry Basis Ultimate Analysis | As Received | Dry Basis

% Moisture 13.00 % Moisture 13.00
% Ash 10.70 12.30 % Carbon (C) 59.82 68.76
% Volatiles 37.00 42.53 % Hydrogen (H) 4.12 4.74
% FixedCarbon 39.30 45.17 % Nitrogen (N) 1.07 1.23
100.00 100.00 % Sulfur (S) 3.74 4.30
% Ash 10.70 12.30
% Sulfur (S) 3.74 4.30 % Oxygen (O) 7.55 8.68
100.00 100.00

HHV (BTU/Ib) 11000.00

Table 3.2 lllinois bituminous coa(lLC) characterization

Southern Pine Wood

Proximate Analysis As Received | Dry Basis Ultimate Analysis | As Received | Dry Basis

% Moisture 8.20 % Moisture 8.20
% Ash 0.30 0.33 % Carbon (C) 42.47 46.26
% Volatiles 72.39 78.86 % Hydrogen (H) 5.16 5.62
% FixedCarbon 19.10 20.81 % Nitrogen (N) 0.12 0.13
100.00 100.00 % Sulfur (S) 0.00 0.00
% Ash 0.30 0.33
% Sulfur (S) 0.00 0.00 % Oxygen (O) 43.75 47.66
100.00 100.00

HHV (BTU/Ib) 8100.00

Table 3.3" Southern pine woo(5PW)characterization
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Switchgrass

Proximate Analysis | As Received | Dry Basis Ultimate Analysis | As Received | Dry Basis

% Moisture 8.18 % Moisture 8.18
% Ash 2.72 2.96 % Carbon (C) 40.86 44.50
% Volatiles 77.18 84.06 % Hydrogen (H) 5.17 5.63
% FixedCarbon 11.92 12.98 % Nitrogen (N) 1.10 1.20
100.00 100.00 % Sulfur (S) 0.00 0.00
% Ash 2.72 2.96
% Sulfur (S) 0.00 0.00 % Oxygen (O) 41.97 45.71
100.00 100.00

HHV (BTU/Ib) 8250.00

Table 3.4i SwitchgrasgSWG)characterization

These four materials cover a diverse range of feedstock optiolwsvmiddle rank coal,

a highhmiddle rank coal, and two potentially large biomassurces.
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4. Software & Simulation Techniques

4.1 General Information

All process modeling was done witAspen Plus® a commercial process
simulation software package. This software is widely used in academics and industry,
and can be used to model a variety of processes. The software enables the user to model
a wide range oprocesssby allowing the user to choose from a variety of-sutels to
represent the necessary unit operations in the overall process. Thevedalb or
subroutines (or fAblockso as they are refer
material and egrgy streams, thus producing an overall process flowsheet. System
components and the governing thermodynamic model(s) must be specified, and once all
necessary input has been completed, the software uses rigorous mathematics to determine
the simulation otput. In additionAspen Plus@has the ability to model nonconventional

solids, which was integral in studying coal and biomass gasification.

4.2 Modeling Tools

A tool incorporated in the software package that was extensively used in
generating the datawash e fisensi tivity analysiso funct
specify independent and dependent variables within the process (e.g. material flows, unit

operation conditions, feedstock parameters, etc.) and generate a pool of data that shows
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the respaose of each dependent variable to the manipulation of the independent variable

over a given range

4.3 Thermodynamic Model
The PengRobinson model with the Bostdviathias modification (PHBM) is one
of the softwareds suggest esedtongendraté tke ditaoim c o0 a

this study.

4.4 System Components

Creating an accurate model is dependent on including the components (i.e.
chemical species) that may be found in the system. The following components were
included in creating each of the siratibns ammonia (NH), argon (AR), carbon (C
[modeled as graphite]), carbon monoxide (CO), carbon dioxide)(@®drogen (H),
hydrogen sulfide (b5), methane (Ck), nitrogen (N), nitric oxide (NO), nitrogen
dioxide (NQ), oxygen (Q), sulfur (S), sulfu dioxide (SQ), sulfur trioxide (S@), and

water (HO). Each simulation also included ash as a nonconventional ameponent.

4.5 Feedstock Modeling
In addition to the previously specified components, one additional component was
also included in eachmaulatiord coal; however, coal is not a traditional component in
the sense that the others are. The dncoal
introduce the feedstock of choice into the system, whether it is actually coal, biomass,

another feedstéc Due to anearly unlimitednumber of possible feedstacland an

43



infinite number of possible characterizations of the feedstocks, each feedstock is
introduced into the model as a material with known fractions of various chemical species
via the previousl discussed proximate, ultimate, and sulfur analyses. The higher heating
value of each feedstock is also included as part of the data that is entered for each
feedstock. Thus, the coal component in each simulation is actually used to represent each
type of feed for the gasification process. Because the software cannot handle this
nonconventional component as a standalone speciesterial and energy balances or
chemical reactionst must be broken down into its constituent chemical species. This

process is discussed in further detail in the following section.

4.6 Subroutines

The two following blocks within the software were the keynits involved in
modeling the gasification process:

RYIELD 1 This unit is a chemical reactor that is used when the yield of each
productis known and can be specified. Within the scheme of gasification modeling, it is
used to break down the nonconventional feed component into components that the
software an actually use in running simulations. It should be noted that this reactor is
not an actuaseparatgiece of equipment that would be present in a gasification system,
but is needed to accurately model the gasification process because of the inathibty o
modeling software to handle each possible feedstock as a unique spedigs. thesis,
the RYIELD unit will be referenced as the DECOMP block.

RGIBBS i This unit is a chemical reactor that operates by determining the

product stream compositiorhat under specific conditions (temperature, pressure, heat
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duty), minimizes the Gibbs free energy of the system. In addition, it does not require
knowledge of the kinetics that take place within a given reaction system, so it allows the
user to model sysis with complex chemistry that is not well described or not
documented. This makes this block an ideal choice for use in coal and biomass
gasification modeling. It should be noted that this unit assumes that thernmoiclé
equilibrium is achieved. In this thesis, the RGIBBS unit will be referenced as the
GASIFIER block.

TheRYIELD andRGIBBS blocks together model what would be the gasification

vessel in a given coal or biomass gasification system.

4.7 Additional Considerations

As previously stated, the MEOMP and GASIFIER blocks would be one vessel in
a real gasification system(See Figure 4.1 for a simplified simulation flowsheeT)o
account for this, the DECOMP and GASIFIER blocks were linked by an energy stream.
This was necessary to prevent théwsare from returning a solution that would not occur
in reality. Because two blocks must be used to model what is actually one unit operation,
gasification, it is possible for the software to find numerical solutions for each unit
separately that are aetlly thermodynamically unfeasible for the gasifier as a whdfle.
the two blocks were not linked, the GASIFIER block would have more heat available for
use in energy balances because it would not account for the energy required to break the
feedstock imd its constituent components.In standalone operatiprthe RGIBBS
subroutine allows the user to specify any two of the following parametensperature,

pressure, and/or duty, but when the RGIBBS unit is linked to the RYIELD unit via an
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energy streamhe user is allowed to specify only the pressure. When configured as such,
the simulation achieves a solution by taking whatever heat is needed by the DECOMP
block from the GASIFIER block, and the residuahisilable to the GASIFIER block for
energy balaces Thus, this strategy mitigates the previously mentioned problem of
thermodynamically unfeasible solutions. This approach does sacrifice the flexibility of
being able to set both the temperature and the pressure of the gasification progess, but

is necessary to realistically simulate the system.

4.8 Ambient Conditions

All simulations in this study assumed an ambient temperature of 25°C and an
ambient pressure of 1 atm. All streams into the model are assumed to be at ambient
temperature unlesstherwise stated. The COALFEED stream is assumed to be at both

ambient temperature and pressure as is the DECOMP reactor.

4.9 Model Assumptions

The following assumptions were made in creating the simulations. The
composition of standard air was assumeteéo/8 mol% N, 21 mol% Q, and 1 mol%
argon. For slurnfeed systems, the slurry was set7&8% solids by weight, unless the
solids content of the slurry stream itself was the variable of the sensitivity analysis. This
assumed solids content falls withiime range of 6000% solids by weight which is the
normal range of operation for coal slurriégigman & van der Burgt, 2003)Lastly, for
all feedstocks containing sulfur, an assumption was made for the breakdown of the three

types of sulfur within the sulfur analysis. This was necessary because sulfur analysis
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data is very difficult to find for most gasification feedstodbsgt Aspen Plus®requires

that sulfur analysis data be provided to use the-aumventional solid functionality.
Therefore, the sulfur in each suloontaining feedstock was assumed to have the
following composition by weight 45% pyritic, 10% sulfateand 45% organic (Eden,
2010). The effects of the various sulfur types are examined further in the results and

discussion section.

4.10 SimulationFlowsheet

The following figure show a simplified versionof the simulation software
flowsheet for both drfeedand slurryfeed setups.t is not the exact flowsheet that was
used to generate the data presented in this thesis, but it is functionally the same and is

simplified for ease of viewing.
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Figure 417 Simplified smulation screenshot

Note that the configuration allows the addition of carrier gas and/or slurrying water

bet ween the ADECOMPO and AGASI FI ERO0O bl ocks

a7



5. Literature Review

Damiani and Truccq2010) developed amodified-equilibriumbased biomass
gasification model.The model assundehat the gasifier operates at atmospheric pressure
and that all tar is converted to gases. The authors note that traditional equilibrium models
of downdraft biomass gasifiers give lower gasifier temperatures and lower values for
solid cabon and methane out of the gasifier than what is observed experimentally. The
suggested cause for these discrepancies is that a portion of the carbon and the hydrogen
fed to the gasifier do not actually reach equilibrium. The base equilibrium modadsutil
constant atomic ratios of C/O, H/O, and N/O into and out of the gasifier in conjunction
with interdependent expressions for temperature dependent rate constants and the overall
system energy balance to calculate the temperature of the gasifier @modnhesition of
the product. A modification to yield more accurate predictiomsas achieved by
determining a correlation between the equivalence ratio and the amounts of solid carbon
and methane that exit the gasifier, whighre obtained empirically. Tis, for a given
equivalence ratio, the model removes a calculated amount of the carbon and the hydrogen
from being available for equilibrium calculations, and adds these molecules back to the
equilibrium predicted stream composition in the form of solidb@a and methane.
Compared to the experimental data that was used as the basis for the modifications, the
modified model more accurately predicted values for £0,H\,, CO, CQ, H,, CH,, and

temperature than the original equilibrium model. When comparédo additional sets
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of experimental data from literature for the gasification of rubber wood, the modified
model had mixed results compared to the equilibrium mode&r one data setthe
modified model more accurately preddtN,, Hy;, and CH, andthe simple equilibrium

model more accurately preddctCO and CQ. Foranother data sethe modified model

more accurately predietl N,, CO, and Ch, and the simple equilibrium model more
accurately prediedd CO, and CH. The modified model more accusbt prediced the

lower heating value of the syngas in both data sets. The authors note that the application
of the modified model to systems with equivalence ratios around 0.4 is limited because
the model predicts negative values for the moles of carbbim equilibrium.

Shenet al. (2012) used a piloscale entraineflow gasifier to evaluate the effects
of blending various gasification feedstocks. The gasifier was configured to be ekher air
blown or oxygerblown, and 95% oxygen was used as the axtidor the experimental
work. One major system parameter that was evaluated was the effedtarb@n ratio
on the composition of the syngas. In one set of experimental data, increasing the
O,/carbon ratio from 0.5 to 85 Nni/kg clearly decreased the concentration efard
CO while increasing the concentration of £ @hile the results ofhe other data set do
not show an easitgescribed trend. The authors also created an equilidvasaed model
in Aspen Plus@&hat showed goodgreement with the experimental results.

Barman, Ghosh, and D@012) generatedan equilibrium model and a modified
equilibrium model. The initial model was evaluated against published experimental data
for two different feedstocks, and the authors datgatively good correlation with their
model, with 7.2% being the largest error of predicted mole fraction against observed

mole fraction for any species in the syngas except, @Hich had error values of 51.1%
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and 54.1%. The authors modified their rabdo better predict the nesquilibrium
behavior of CH, and compard the results to experimental data from five different
feedstocks. The modification to the model resulted in much more accurate predictions of
CH, in the syngas, but the impact on thewacy of the other species in the syngas
varied.

Vaezi et al. (2011) developed a numerical, modifiedjuilibrium model of the
downdraft gasification of heavy fuel oil. The formation of chagSHand NH were
assumedo be negligible, with the syngas comprised of €O, CQ, CH,, H,O, and N.
Because of thassumed absence of carbon in the product gas, the researchers consider
only the watergas shift reaction and the methane reforming reaction. The madel
evallated against previous experimental results from a gasification system with a
configuration similar to that of the model, showing good agreement between the two,
with the exception that the model preditia much lower quantity of methane in the
syngas thamvas found experimentally. The overall root mean square (RMS) error of the
values of syngas component fractions and HHV predicted by the model against the
experimental data was 0.54. The modek augmented by the addition of factors that
relate the moderesults to the experimental results. Additionally, the researchers
performed parametric studies to examine the impact of varying equivalence ratio,
oxygenenrichment of gasification air, and gasifier pressure. By varying the equivalence
ratio, the autbrs found a value of ER (0.37) that yielded the maximum fraction, af H
the syngas. The authors then evalddtee effects of varying oxygen content of the
gasifying agent while maintaining this optimum equivalence ratio, and found that the

model predited increasing H and CO in the syngas with increasing oxygen content of
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the oxidant. Increasing gasifier pressure up to 80 atm at the same eqeivatoc
resulted in decreased fractions of Bhd CO in the syngas, and greathcreased
fractions of CQ, CH,;, and HO in the syngas.

Schusteret al. (2001) report their results of creating an equilibrimased model
of adual fluidizedb ed st eam gasifier in |PSEprokE.
carbon in the feedstock remained in the syngas praduchar. B CO, CQ, CH,;, and
H,O were considered in equilibrium calculations, with all the sulfur and the nitrogen in
the feedstock assumed to be converted 8 &hd NH, respectively. Tar formatiowas
not considered. Increasing gasifier tempermtigsulted in finding a temperature that
resulted in the maximum fraction ok kh the syngas. CO and,@ generallyincreased
with increasing temperature over the entire range of evaluated temperatures while CO
and CH decreased with increasing temperafs Increasing moisture content in the
feedstock increased the fractions gfamd CQ in the syngas andecreased the fractions
of CO and CH.

Doherty et al. (2009) developed an equilibrium model of a CFB gasifier using
Aspen Plus® The model breaks the gasification process into multiple blocks, and
assumes that 2% of the carbon in the feedstock is lost with the ash and that 3% of the heat
input is lost from the gasifier. Additionally, all sulfwas assumedo form HS, and
NOX wasnot considered The model was evaluated using available experimental data,
and the model results generally compared favorably with the experimental results, with
the exception that the model s cal cul at ed
was more than double that of the empirical data. The model used a gasifier pressure of

1.05 bar. The effects of equivalence ratio, air temperature, and feedstock moisture

51

T



content were all evaluated. Increasing equivalence ratio was found to increase the
fractions of H and CO up their maximum values, at a common ER, and increasing the
ER beyond this valuejecreased the fraction of both. Increasing air temperature at an
ER=0.29 increased the fractions of &hd CO in the syngas over the entire inpugean

Ramanaret al. (2008)developed two equilibrium gasification models, one based
on chemical equilibrium and the other based on Gibbs free energy minimization. Both
models were evaluated against data from the gasification of cashew nut shell char in a
downdraft gasifier. The Gibbs free energy minimization model was generally more
accurate in predicting syngas composition, with the chemical equilibrium model showing
much larger error in predicting CO and £f@actions in particular. Both modeyselded
estimates of Cilin the syngas thatvere much lower than was observed in the
experimental results. Qualitatively, both models showed the same results when
evaluating the effect of equivalence ratio and feedstock moisture on the syngas
composition, althogh the actual values differed. Increasing ER from 0.1 to 1.0 caused a
steady decrease in the fractions of bothaHd CO in the syngas, while the fraction of
CGQO; in the symas increased with increasing ER. Higher feedstock moisture resulted in
increasingH, and CQ and decreasing CO in the product gas.

Radmaneslket al. (2006)created two kinetic models based on two separate sets of
background data for the gasification of beech wood in a bubHllidjzed-bed The
researchers modeled the gasifier as two parts,flth@éized-bed region where both
heterogeneous and homogeneous reactions occur, and the freeboard region of the gasifier,
where only homogenous reactions occur. The models use both fluid dynamics an

reaction kinetics. The results of both modeksre examinedagainst experimental data
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for the system with regard to gas composition as a function of height in the reactor, with
one model clearly proving to be more accurate. Additionally, a comparisba cesults

of one of the models against empirical data is presented for various parametric studies,
including the effect of equivalence ratio. As the wRsincreasedrom 0.1 to 0.5 the
models predi@d decreasing fractions of 41 CO, and CH in the gngas while the
fraction of CQ in the syngas increagever the same range.

Shen, Gao, and Xia008) present an equilibriurdbased model of a twibed
gasifier created usingspen Plus® The authors use Gibbs free energy minimization
blocks to simulate both the combustion bed and the gasification bed. w&esot
considered and the gasifier presswesset to 0.1 MPa. Sandasused as the circulating
energy carrier between the beddthough the authors note that other solids such as
limestone could be used and would have an added catalytic effect. Increasing gasifier
temperature from 650 to 800°C was shown to increasentl CO fractions in the syngas
while decreasing the fractisrof CQ and CH. Further tempetare increase from 800 to
900°C continued to increase the fraction of CO and decrease the fractions ah€O
CH,, although the fraction of hydrogeemained relatively constant.

PuigArnavat et al. (2012) developed amadified-equilibrium-based model of a
fluidized-bed gasifier using Engineering Equation Solver. Initially, a true equilibrium
model was created assuming chemical equilibrium of the Boudouardgestewater
gas shift, and methanation reactions in the gfagse. This model was modified by
adding a pyrolysis unit between the drying and gasification units within the model. The
products of the pyrolysis unit were calculated using correlations from previous work.

Additionally, a set fraction of the char anar produced in the pyrolysis blockere
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assumedo be present in the syngas product of the gasifier. An additional modification
from true equilibrium basing the GHih the syngas on user inpubius the equilibrium
constant of the methanatioreaction was ignored. The model was evaluated by
comparing its predictions to experimental results from various literature sources; the
accuracy of the model varied depending on the case. Also, the model was used to
perform parametric studies on variagystem conditions, including equivalence ratio, air
temperature, and oxygen content of air. With a feedstock of woodchips with 10%
moisture, increasing ER from 0.3 to 0.6 decreasgard CO fractions in the syngas,
while increasing C@fractions in thesyngas. Using the same feedstock, increaging
temperature from 25 to 825°C increasedadd CO in the product gas while decreasing
CO, and CH. For hemlock woodchips with 11.7% moisture, with &fied from 0.1 to

0.6, both the fractions of bothy,tdnd COwere highest at an ER of roughly 0.3. The,CH
fraction decreased over the entire range, while the fraction of @€areased with
increasing ER from 0.1 to 0.4 and increased as ER was increased further from 0.4 to 0.6.
In another study with the sarfeedstock, enriching the oxygen content of the gasification

air from 25% to 50% (volume) significantly increased fractions paidd CO over the

entire range. The fraction of G@creased only slightly over the range, and the fraction

of CH, decreased gnificantly.

Lee, Choi, and Paei010) discuss the use of commercially available process
simulation, software for gasification modeling. The authors mention various process
simulation packages but particular focus is given to examining the adequacy of
equilibrium-basedmodels of coal gasification iAspen Plus® The authors note the

usefulness of such models in predicting the thermodynamic limits of a given process but
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also examine the potential limitations of such models. They note that some gasifier
configurations will not reach equilibriurand present estima®f the relative reaction

rates of the heterogeneous reactions of carbon (char) within the gasifier system. The
reaction rates of carbon with,@ and carbon with COwere estimated to be 1000 fold
greater than that of carbon with,.H Additionally, the authors note the inability of
equilibrium models to predict the differences in the temperature and composition at
various points within the geometry of the gasifier. Th&hats conclude that for more
accurate results, kinetic models should be used but also suggest the potential -of a two
stage equilibrium model, where the heterogeneous reactions are all solved in the first
equilibrium stage and the homogenous reactions @ked in the second equilibrium
stage.

Li et al. (2001) present a thermodynamic equilibrium model that is evaluated
against experimental data and used for various parametric studies. The model uses a
Gibbs energy minimization approach to model the gagibn of Highvale and
Pittsburgh Seam coals in a circulatifigidized-bed C, H, O, N, and Swere the
elements thatwere consideredin the model. From these elements, 42 gaseous
components and 2 solid componem&re included Ash was consideredto be
chemically inert. The equilibrium mod&as modified by including a parameter to
account for the fractional approach to equilibrium of the carbon in the system. For the
model the authors present, the value of the parameteregressedrom experimenta
data, but the authors note that to develop a fully predictive model, an algorithm would

need to be developed to accurately predict the value of the parameter for a given system.
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The authors conclude that the developed model sHlogood agreement with
experimental results with the exception of CH

Nikoo and Mahinpey(2008) used Aspen Plus®to createa model of an
atmosphericfluidized-bed biomass gasifier. A vyield reactor was used to simulate the
decomposition of the biomass anits constituent components. The stream leaving the
yield reactor is separated into volatile components and solids using a separation unit. The
volatiles enter a Gibbs reactor while the solids bypass the Gibbs unit. The product of the
Gibbs reactor anthe solids from the separation unit are combined and fed to two CSTR
units in series. One unit represents flo@ized-bedregion and the other represents the
freeboard region of the gasifier. FORTRAN caedgsusedto incorporate fluid dynamics
into the CSTRs. The model accurately predicted the qualitative effect of increasing
temperature from 70000°C on the fractions of z{CO, and ChHl Experimental data
showed a decrease in the fraction of,(®the product gas over the temperature range,
but themodelpredicted an increase. The effects of varying equivalence ratio from 0.19
0.27 were also presented, although the model was not as accurate in predicting the
general trends of the fractions of the components in the syngas in response to varying ER
as it was in predicting the response to varying gasifier temperature. The authors suggest
various measures to increase the accuracy of their model, including accounting for tar
formation and wall effects.

Hannula and Kurkela (2010) developed a modigedilibrium model of an ai
blown, fluidizedbed biomass gasifier usirspen Plus® Experimental data from the
gasification of sawdust was incorporated into the model to more accurately predict the

incomplete conversion of carbon and the formation of rgahtlwons and ammonia using
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FORTRAN subroutines. The authors report an average relative error from the model of
14% for the concentrations ob, HCO, CQ, and CH compared to the experimental data.
Further datavaspresented n ev al uat i n gytaphedict threoodeeall cabona b i | |
conversion of other biomass feedstocks, with the researchers concluding that the model
could accurately predict the carbon conversion of 3 of the 5 additional feedstocks. The
authors conclude that while parameters for ryoaly an equilibrium model can be
extrapolated to similar feedstocks (e.g. feedstocks with similar moisture content or
reactivity), attempting to use the same parameters for dissimilar feedstocks does
introduce error.

Gungoret al. (2012) created achemical equilibrium model of coal gasification
using FORTRAN. Air gasification and &ateam gasification were evaluated
parametrically. Gasifier temperature, gasifier pressuretodirel ratio, steanto-fuel
ratio, and coal properties were the inpiatshe model. Four Turkish coals were used as
the feedstocks. At 1400°K and roughly atmospheric pressure, varying itoefuet
ratio from 0.2 to 1.2 on a mass basis increased boththadithe CO in the syngas, but
the overall molar ratio of MCO in the syngaglid not vary significantly. Holding the
AFR at 1.2 at the same temperature and pressure and increasingosteahratio on a
mass basis from 0 to 0.4 greatly increased thenkhe syngas while also increasing the
CO. Because the resmm of the H was more significant, increasing steam also
increased the MCO ratio. At Increasing gasifier pressure up to 4053 kPa decreased both
H, and CO in the syngas.Lastly, the authors varied the gasifier temperature at
atmospheric pressure whilelding the AFR at 1.2 and the SFR at 0.4. Increasing

temperature had little impact on the syngas.
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Azzoneet al. (2012) report their findings of developing a chemical equilibrium
gasification model to perform parametric evaluations and contharewith enpirical
data from literature. The authors modeled a downdraft, dpest gasifier. They
assumd that no tar will be present in the syngas, which is comprised,,0€B, CQ,
CHa, H0O, and N. A factor to account for the lack of complete carbon convensem
included. Increasing process temperature decreagexhdi CH in the syngas, while
increasing CO upot an optimum temperature and then decreasing as temperature was
increased beyond thaoint. Increasing gasifier pressure resulted in decreagsehdd
CO butincreased Cll Varying the moisture content of the feedstock at constant
temperature and pressudecreaskeH, and CO in the syngas. When the models
configured to the same getis as were used in an actual gasifier with results presented in
the literature, the model was shown to generally predict more hydrogen in the syngas, but
less carbon dioxide and methane that was observed in the empirical data. The model

predicted the ahon monoxide and water content of the syngas fairly accurately.
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6. Results & Analysis

6.1 Approach to Results & Analysis
A consistent approach is taken for reviewing each sensitivity analysis. The results
are presented, analyzed, and themy points particularly pertinent to gasification

modelingor commercializatiomrediscussed

6.2 Initial Sensitivity Studies

Initially, various sensitivity studies were performed for each of the four selected
feedstocksbased on the a®ceived analyse§See Section 3.2).After evaluating the
results of these sensitivity studies, it was determined that the sensitivity studies should be
performed using the same moisture content for each of the four feedstocks. Thus, all of
the following studies were perfoed by adjusting the moisture content of each of the

feedstocks to 5% weighttasis and normalizing the values of the other components.

6.3 Varying AFR

To evaluate the effects of dw-fuel ratio (AFR) on the system, a sensitivity

analysis waperformedo vay the air flow rate to the gasifier.

6.3.1 Varying AFR 1 Dry-Feedi Results
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6.3.1.1 VaryingAFRT Dry-Feedi Effect onSyngas Components

The following figures show theffects of varying AFR orsyngas component

flows for each of the four feedstocks at &@n.

Air/Fuel Ratio vs. Syngas Substreams
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Dry) @ Gasifier Press. = 30 atm
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Figure6.11 MTC: AFR vs. syngas component flows (e€aed)
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Air/Fuel Ratio vs. Syngas Substreams
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Figure6.21 ILC: AFR vs. syngas component flows (efiged)
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Air/Fuel Ratio vs. Syngas Substreams
1000 kg/h (5%MC) So. Pine Wood (Dry) @ Gasifier Press. = 30 atm
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Figure6.31 SPW: AFR vs. syngas component flows fegd)
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Air/Fuel Ratio vs. Syngas Substreams

o 1000 kg/h (5%MC) Switchgrass (Dry) @ Gasifier Press. = 30 atm
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Figure6.4i SWG: AFR vs. syngas component flows (fiegd)

For all of the feedstocks,nconverted carbon in the product decreases as the air
to-fuel ratio is increased. Additionallin each case the maximum flow of both hydrogen
and carbon monoxide is very near to thER at which 100% carbon conversion is
achieved® Methane is present in the product gas at AFR valuesAEBsc, but at an
AFR only marginally geater than AFR:, methane igssentially eliminated as a product.
Water formation decreases with increasing AFR, up to the point of complete carbon
conversion, and then increases dramatically as AFR is increased beyond that point. In the

Montana sufbituminous coal, carbon dioxide formation increases with increasing

3 AFRcc will be used to designate the-tirfuel ratio that results in 100% conversion of

the carbon in the feedstock.
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flow up toan AFR of roughly 3.5 at which point it levels off until the AFihcreases
aboveAFRcc. For the other three feedstocks, the flow rate of, @Othe product is
relatively constant at values less than AERFor all of the feedstocks, increagithe
AFR beyond AFRc causes the formation to G@o increas rapidly with increasing

AFR.

6.3.1.2 Varying AFRi Dry-Feedi Effect on Gasifier Temperature
The following figure showthe effects of varying AFR ogasifier tenperaturdor

each of the four feedstocks at &0n.

Air/Fuel Ratio vs. Gasifier Temperature

5500 1000 kg/h (5%MC) Feedstock (Dry) @ Gasifier Press. = 30 atm
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Figure6.51 AFR vs. gasifier temperature (dfged)
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For each of the feedstocks, increasing AFR increases the temperature up to
AFRcc. Increasing the AFR abow&FRcc continues to increase the temperatoféhe
gasifier, but the effect is greater than what is seen db-firel ratios less than ARR.
For the two biomass feedstocks, the data also shows the points at which the temperature
begins to decrease with increasing air flow. If the range of A&R were extended, this

point would be shown for the coal feedstocks as well.

6.3.2 Varying AFRT Slurry-Feedi Results

6.3.2.1 Varying AFRi Slurry-Feedi Effect on Syngas Components

The following figures show the effects of varying AFR on syngas component

flows for each of the four feedstocks at &@n.
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Figure6.617 MTC: AFR vs. syngas component flows (slufegd)
Air/Fuel Ratio vs. Syngas Substreams
o 1000 kg/h IL Bituminous Coal (Slurry) @ Gasifier Press. = 30 atm
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Figure6.71 ILC: AFR vs. syngas component flows (slufged)
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Air/Fuel Ratio vs. Syngas Substreams
1000 kg/h So. Pine Wood (Slurry) @ Gasifier Press. = 30 atm
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Figure6.817 SPW: AFR vs. syngas component flows (sltiegd)
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Figure6.91 SWG: AFR vs. syngas component flows (sluiegd)
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Relative to the drfeed configuration, for all four feedstocks, the &hd HO flows are
greater and the CO flow lower. The flow rate of CQis greater across the most of the
range, ot the maximunflow stays roughly the same. The AFR that eliminates CH
from the syngas is higheand in the range of AFRs where £tibes existthe flow rate

is significantly higher than is seen in the diegd configuration.

6.3.2.2 Varying AFRi Slurry-Feedi Effect on Gaifier Temperature
The following figure showthe effects of varying AFR on gasifier temperature for

each of the four feedstocks at 30 atm.

Air/Fuel Ratio vs. Gasifier Temperature
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Figure6.107 AFR vs. gasifier temperature (slusiged)
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Compared to the results from the degd simulations, the gasifier temperatures are

lower for all four feedstocks.

6.3.3 Varying AFRT Analysis

Generally, the results fit well with gasificatiwombustion theory. At lower
AFRs, the gasification reactions dorate; H and CO comprise a large fraction of the
syngas, and CHs also a product. As the AFR is increased beyond this region, complete
combustion reactions begin to domina® opposed to gasification reactipiasd the
combustibles are oxidized to,8 and CQ. The shift in the system from being
gasification reactions dominant, which are endothermic, to combustion reactions
dominant, which ar@xothermi¢ causes the temperature to increase dramatically as the
AFR is increased above AR The data fronthe biomass feedstocks also shows the
point at which the temperature of the gasifier begins to decrease with increased air flow.
Increasing the AFR above the value required for complete combustion of all of the
components causes this temperature decrbasause the additional air dilutes the
system. Thus, the same amount of heat is spread throughout an increasingly larger
guantity of gas, resulting in lower temperatures. The biomass feedstocks yield higher
H./CO ratios because the coal feedstocks lakigher content of carbon. Additionally,
the biomass feedstocks require less air to fully oxidize the combustibles relative to the
coal feedstocks. This is attributed to the higher combined hydrogen and carbon content
of the coal feedstocks, which preseas a larger amount of fuel to be oxidized, and the
much higher oxygen content of the biomass feedstocks, which means that much of the

oxygen required for combustion is contained within the structure of the biomass.
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The slurryfeed configuration has losv gasifier temperatures, as would be
expected due to the energy required to vaporize the liquid water. The larger amount of
water going into the system also shifts more CO inte @@ H. Methane content is
greater presumably because the system temperature is lower. Even though there is more
steam present to drive the methane reforming reaction, the heat available for this highly
endothermic reaction is less than that of the-fded sygems, resulting in greater

methane in the syngas.

6.3.4 Varying AFRT Gasification Modeling Implications

Air-to-fuel ratio has a critical impact on the fmgmance of gasification systems,
and it must be taken into account in the study of any other paranidtervalue of any
study of a gasification system parameter, without considering thie-faiel ratio at
which the parameter is evaluated, is limitdeurther research into gasification modeling,
or empirical gasification research for that matter, shoake this point into particular
consideration. When evaluating the impact of another system parameter (e.g. feedstock
moisture content), care should be taken to evaluate the impact of the system parameter at
a range of different aito-fuel ratios becausthe effects of manipulating said parameter

could be dramatically different with only a marginal change to the system AFR.

6.4 Varying AFR & Gasifier Press

To evaluate the effects of pressure, thet@iiuel ratio and the pressure were

varied for each athe four feedstocks in both dfged and slurrfeed configuratios
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6.4.1 Varying AFR & Gasifier PressuiieDry-Feedi Results

6.4.1.1 Varying AFR & Gasifier PressuiieDry-Feedi Effect on Carbon in Syngas
Generally, increasing pressure increatee unconverted carbon in the syngas,

with the one notable exception beifiinois bituminous coal at very low ato-fuel

ratios (<0.6) where increasing pressure decreases the carbon in the syfdes.

following figures show the results for the coeé@istocks.

Air/Fuel Ratio & Gasifier Pressure vs. Carbon in Syngas
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Dry)
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Figure6.117 MTC: AFR & gasifier pressure vs. carbon in syngas-fésd)
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Air/Fuel Ratio & Gasifier Pressure vs. Carbon in Syngas
1000 kg/h (5%MC) IL Bituminous Coal (Dry)
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Figure6.127 ILC: AFR & gasifier pressure vs. carbon in syngas {feigd)

6.4.1.2 Varying AFR & Gasifier PressuiieDry-Feedi Effect on H in Syngas
The same trend was observed for all four feedstocks. The following figures show
the results for lllinoishituminouscoal andSouthern pine woods representative of the

coal feedstocks and biomass feedstocks respectively.
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Air/Fuel Ratio & Gasifier Pressure vs. H2 in Syngas
1000 kg/h (5%M(C) IL Bituminous Coal (Dry)
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Figure6.137 ILC: AFR & gasifier pressure vs. Hn syngas (drfeed)

Air/Fuel Ratio & Gasifier Pressure vs. H2 in Syngas
1000 kg/h (5%MC) So. Pine Wood (Dry)
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Figure6.147 SPW: AFR & gasifier pressure vs; kh syngas (dnfeed)
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Increasing gasifier pressure decreases hydrogen in the syngas. The effect at AFRs less

than AFR.cis much greater than at AFRs greater than &FR

6.4.1.3 Varying AFR & Gasifier PressuiieDry-Feedi Effect on CO in Syngas
Increasinggasifier pressure decreageO in the syngas for all of the feedstocks.

The response to increasing pressigsrgreater at AFR less than AFR than at AFRs

greater than AFER.. The results forMontana sukbituminous coal are shown in the

following figure.

Air/Fuel Ratio & Gasifier Pressure vs. CO in Syngas
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Dry)
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Figure6.157 MTC: AFR & gasifier pressure vs. CO in syngas (tkgd)
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6.4.1.4 Varying AFR & Gasifier PressuiieDry-Feedi Effect on CQ in Syngs

For all of the feedstocks, at AFRs approaching AEkRncreasing pressure
increass CO, formation. Additionally, in the biomass feedstockscreased pressure
causs CO; flow in the syngas to reach its maximum at a lower AFR. Except for these
noted effects, the effect of pressure on,G@mation is negligible, as seen in the

following figures.

Air/Fuel Ratio vs. CO2 in Syngas
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Figure6.167 MTC: AFR & gasifier pressure vs. G@n syngas (dnfeed)
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Air/Fuel Ratio vs. CO2 in Syngas

o 1000 kg/h (5%MC) Switchgrass (Dry)
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Figure6.177 SWG: AFR & gasifier pressure vs. G syngas (dnfeed)

6.4.1.5 Varying AFR & Gasifier PressuiieDry-Feedi Effect on CH in Syngas

With the exception oMontana sutbituminous coal atower AFRS increasing
gasifier pressure ressltin increased methane in the syngas. Rbontana sub
bituminous coal atvery low AFRs (1.01.6) relative toAFRcc, methane formation
decrease with increasing pressure. Increasing the AFR beyond these yvalpe®
roughly AFR-c, while increasing the gasifipressurgincrease CH, as in the other three
feedstocks. The results from Montana-sittominous coal an&outhern pine woodre

shown in the following figures.
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Air/Fuel Ratio & Gasifier Pressure vs. CH4 in Syngas
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Dry)

[4-4.5
m3.54
m3-35
m2.5-3
m2-25
152
m1-15
m0.5-1
m0-0.5

CH4 Flow, Rate (kmol/h)

Figure6.181 MTC: AFR & gasifier pressure vs. Ghh syngas (dryfeed)

Air/Fuel Ratio & Gasifier Pressure vs. CH4 in Syngas
1000 kg/h (5%MC) So. Pine Wood (Dry)
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Figure6.197 SPW: AFR & gasifier pressure vs. ¢l syngas (dnfeed)
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6.4.1.6 Varying AFR & Gasifier PressuiieDry-Feedi Effect on HO in Syngas
The effects of increasing gasifier pressure on water formategimilar for each
of the feedstocks. The results for Montanaitbminous coal are shown in the

following figure.

Air/Fuel Ratio & Gasifier Pressure vs. H20 in Syngas
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Dry)
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Figure6.201 MTC: AFR & gasifier pressure vs.,B in syngas (drfeed)

For AFRs up to AFRBc the amount of water in the syngas incesa@s pressure

increases. Beyond the 100% conversion AFR, increasing the pressure has little effect on

the water content of the syngas.
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Effect on Gasifier

6.4.1.7 Varying AFR & Gasifier Pressurd Dry-Feed i

Temperature
The sameaesponsas seen in each of the feedstocks. Up to AfRncreasing

gasifier pressure incases the gasifier temperature. At-taHfuel ratios greater than

AFRcc, increasing the gasifier pressure has little effect on the gasifier temper@hee

results for Mordna sukbituminous coal are shown in the following figure.

Air/Fuel Ratio & Gasifier Pressure vs. Gasifier Temperature
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Dry)
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Figure6.217 MTC: AFR & gasifier pressure vs. gasifier temperature-fdad)

6.4.2 Varying AFR & Gasifier PressuiieSlurry-Feedi Results
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6.4.2.1 Varying AFR & Gasifier PressuiieSlurry-Feedi Effect on Carbon in Syngas

In the Montana subituminous coal, the effect of increasing pressamecarbon
varies at lower AFRS, increasing with increasing pressure at some and decreéhing
increasing pressure at others, but as the AFR neared AR effectis consistentwith
carbon increasing with increasing gasifier pressufer the lllinois coal, carbon in the
syngasis negatively related to pressure at lower AFRs and positively related to pressure
at higher AFRs less than AER For both ofthe biomass feedstocks, increasing pressure
causes less carbon in the syngas. The results for both of the coal feedstd&ésthach

pine woodare shown in the following tables.

Air/[Fuel Ratio & Gasifier Pressure vs. Carbon in Syngas
1000 kg/h (5%MC) MT Sub.-Bitum. Coal (Slurry)
AFR Pressures (bar) Kk
(Mass Basis| 40 (100 bar - 1 bar

1.6 4323 | 4241 | 4251 | 4269 | 42.88 | 43.06 | 4324 @ 43.40 | 4356 @ 4371 | 4385 0.61
1.8 39.19 | 3821 | 3805 3809 | 3819 3832 | 3846 3860 3874 | 38.88  39.02 -0.17
2.0 3251 | 3254 | 3268  32.83 | 3298 3312 | 3327 3341 3355 | 3369 33.83 1.31
2.2 2855 | 2823 | 2829 | 2839 | 2850 | 2861 | 2873 @ 2885 2897 | 29.09 @ 29.21 0.66
2.4 2603 | 2539 | 2534 | 2537 | 2543 | 2550 | 2558 | 2566 | 2575 | 25.83 @ 25.92 -0.11
2.6 2393 | 2321 | 2310 | 23.08 | 2310 | 2314 | 2318 | 2324 | 2329 | 2335 2341 -0.52
2.8 21.75 | 21.16 | 21.05 | 21.02 | 21.03 | 21.05 | 21.08 | 21.12 | 21.16 | 21.21 @ 21.26 -0.50
3.0 19.33 | 1899 | 1893 | 1892 | 1894 | 1897 | 19.00 | 19.04 | 19.08 A 19.12 A 19.17 -0.16
3.2 1664 | 1664 | 16.65 | 16.69 | 16.73 | 1677 | 16.82 | 16.87 @ 16.92 A 16.97 | 17.01 0.38
3.4 1372 | 14.09 | 1420 @ 1428 | 1436 | 1443 | 1449 @ 1456 @ 1462 @ 1468 1474 1.02
36 1061 | 11.37 | 1158 @ 1172 @ 11.83 | 11.94 | 1203 1211 @ 1219 @ 1227 1234 1.72
338 7.37 8.50 8.82 9.02 9.18 9.31 9.43 9.54 9.63 9.73 9.81 2.45
4.0 3.17
42 3.88
44 1.65
4.6 0.00
48 0.00
5.0 0.00

Note: Carbon flows in (kmol/h)

Table 6.1F MTC: AFR & gasifier pressure vs. carbon in syngas (stiegd)
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Air/[Fuel Ratio & Gasifier Pressure vs. Carbon in Syngas
1000 kg/h (5%MC) IL Bituminous Coal (Slurry)

AFR Pressures (bar) Kk
(Mass Basis| 1 10 20 30 40 50 60 70 80 90 100 (100 bar - 1 ban
0.2 -0.85
0.4 -2.08
0.6 -2.53
0.8 3221 © 3181 3162 | 3150 3143 | 3138 3135 | 3133 3132 @ 3132 -2.46
1.0 31.63 | 30.34 | 3000 @ 29.83 | 29.73 | 29.66  29.62 A 29.60 @ 29.58 | 29.58 | 29.57 -2.05
12 29.04 | 2813 | 2786 | 27.73 | 2766 | 27.62 | 2759 | 2758 | 27.58 | 27.58 ! 27.58 -1.45
1.4 26.14 | 2564 | 2548 | 2540 | 2536 | 2534 | 2534 | 2534 | 2535 | 2537 | 25.38 -0.75
1.6 23.02 | 2295 | 22.89 | 2287 | 2287 | 2288 | 2290 | 2293 | 2295 | 2298 | 23.01 0.00
1.8 19.74 20.09 20.14 20.18 20.23 20.27 20.32 20.36 20.41 20.45 20.50 0.76
2.0 16.35 17.10 17.26 17.37 17.46 17.54 17.61 17.68 17.75 17.81 17.87 1.52
2.2 12.88 14.01 14.29 14.46 14.59 14.71 14.81 14.90 14.99 15.07 15.14 2.26
24 9.35 10.84 11.23 11.47 11.65 11.79 11.92 12.04 12.15 12.24 12.34 2.99
2.6 7.61 8.11 8.41 8.63 8.81 8.97 9.11 9.24 9.36 9.47 3.69
2.8 4.36
3.0 3.56
3.2 0.54
3.4 0.00
3.6 0.00
3.8 0.00
Note: Carbon flows in (kmol/h)

Table 6.2 ILC: AFR & gasifier pressure vs. carbon in syngas (stteegl)

Air/[Fuel Ratio & Gasifier Pressure vs. Carbon in Syngas
1000 kg/h (5%MC) So. Pine Wood (Slurry)

AFR Pressures (bar) k

(Mass Basis 10 20 30 40 50 60 70 80 90 100 (100 bar - 1 bar
0.2 5.32 511 4.99 491 4.85 4.82 4.79 4.78 4.77 -2.48
0.4 4.32 3.12 2.76 2.48 2.42 2.37 2.35 -2.00

1.16

0.31 0.03

0.6

Note: Carbon flows in (kmol/h)

Table 6.3 SPW: AFR & gasifier pressure vs. carbon in syngas (sheey)

6.4.2.2 Varying AFR& Gasifier Pressure Slurry-Feedi Effect on H in Syngas
The same trend was observed for all four feedstocks. The following figures show
the results for lllinoisbituminouscoal andSouthern pine woods representative of the

coal feedstocks and biomass feedstpaspectiely.
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Air/Fuel Ratio & Gasifier Pressure vs. H2 in Syngas
1000 kg/h (5%MC) IL Bituminous Coal (Slurry)
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Figure6.221 ILC: AFR & gasifier pressure vs.Ain syngas (slurrnfeed)

Air/Fuel Ratio & Gasifier Pressure vs. H2 in Syngas
1000 kg/h (5%MC) So. Pine Wood (Slurry)

[35-40
m30-35
E25-30
m20-25
W 15-20
m10-15
m5-10
mo-5

Gasifier Pressure (bar)

H2 Flow Rate (kmol/h)

02 06 1 14 18 22 26 3 34 38 42 46 5 54 58 62 66 7 74 78

Air/Fuel Ratio (Mass Basis)

Figure6.231 SPW: AFR & gasifier pressure vs; lh syngas (slurrfeed)
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Increasing gasifier pressure decreases hydrogen in the syngas. The effect at AFRs

less than AFRBc is much greater than at AFRs greater than AFR

6.4.2.3 Varying AFR & Gasifier PressuiieSlurry-Feedi Effect on CO in Syngas
Increasing gasifier pressure decrsaS© in the syngas for all of the feedstocks.

The response to increasing pressigrgreater atAFRs less than AF& than at AFRs

greater than AFR.. The results for Montana sidituminous coal are shown in the

following figure.

Air/Fuel Ratio & Gasifier Pressure vs. CO in Syngas
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Slurry)

m20-25
m15-20
m10-15
m5-10
mo-5

Figure6.247 MTC: AFR & gasifier pressure vs. CO in syngas (slfagd)
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6.4.2.4 Varying AFR & Gasifier PressuiieSlurry-Feedi Effect on CQ in Syngas

For Montana coal and the biomass feedstocks, at AFRs approaching;, AFR
increasing pressurdecreases£O, formation. In the lllinois coal, increasing pressure
causes a decrease in £formation at AFRs less than approximately 2.4, but at AFRs
between 2.4 and ARR, increasing pressure causéscreased C@ formation.
Additionally, in the biomass feedstocks, increased pressure sc@@eflow in the
synga to reach its maximum at a low&FR. Except for these noted effects, the effect

of pressure on CJJormation was negligible, as seen in the following figures.

Air/Fuel Ratio vs. CO2 in Syngas

o 1000 kg/h (5%MC) MT Sub-Bitum. Coal (Slurry)

45

CO2 Flow Rate (kmol/h)
[ [ N N w w
o 19,1 o 193] o W3]
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0 1 2 3 4 5 6 7 8
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Figure6.257 MTC: AFR & gasifier pressure vs. G@n syngas (slurnfeed)
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Air/Fuel Ratio vs. CO2 in Syngas

o 1000 kg/h (5%MC) IL Bituminous Coal (Slurry)
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Figure6.2671 ILC: AFR & gasifier pressure vs. G@ syngas (slurnfeed)

Air/Fuel Ratio vs. CO2 in Syngas
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Figure6.271 SPW: AFR & gasifier pressure vs. €@ syngas (slurnfeed)
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6.4.2.5 Varying AFR& Gasifier Pressure Slurry-Feedi Effect on CH in Syngas
With the exception of Montana sidituminous coal atower AFRs increasing

gasifier pressure ressltin increased methane in the syngas. For Montana sub

bituminous coal at very low AFRs (120) relative to AFRc, methane formtion

generally decreasevith increasing pressure. Increasing the AFR beyond these values,

up to roughly AFRc, while increasing the gasifier pressuresuls in increased Chlas

in the other three feedstocks. The results from Montanabitutminous oal and

Southern pine woodre shown in the following figures.

Air/Fuel Ratio & Gasifier Pressure vs. CH4 in Syngas
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Slurry)
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Figure6.281 MTC: AFR & gasifier pressure vs. Glh syngas (slurnfeed)
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Figure6.291 SPW: AFR & gasifier pressure vs. ¢ syngas (slurnfeed)

6.4.2.6

Varying AFR & Gasifier PressuiieSlurry-Feedi Effect on HBO in Syngas

The effects of increasing gasifier pressure on water format@similar for each

of the feedstocks.

following figure.

The results for Montana-Bitbminous coal are shown in the
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Air/Fuel Ratio & Gasifier Pressure vs. H20 in Syngas
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Slurry)

| 40-50
W 30-40
H20-30
W 10-20
mo-10

Figure6.307 MTC: AFR & gasifier pressure vs..B in syngagslurry-feed)

For AFRs up to AFRBc the amount of water in the syngas increases as pressure
increases. Beyond the 100% conversion AFR, increasing the pressure has little effect on

the water content of the syngas.

6.4.2.7 Varying AFR & Gasifier Pressurei Slurry-Feed i Effect on Gasifier
Temperature
The same response is seen in each of the feedstocks. Up t@, AdReasing
gasifier pressure increases the gasif@amperature. At aito-fuel ratios greater than
AFRcc, increasing the gasifier pressure htke effect on the gasifier temperature. The

results for Montana subituminous coal are shown in the following figure.
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Air/Fuel Ratio & Gasifier Pressure vs. Gasifier Temperature
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Slurry)
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Figure6.317 MTC: AFR & gasifier pressure vs. gasifier temperature (stieeg)

6.4.3 Varying AFR & Gasifier Pressuré Analysis

Generally, the simulationperformed showed that increasing gasifier pressure

noticeably decreases both Bhd CO in the syngas at-4o-fuel ratios that are less than

that which is required tecompletely convert all of the solid carbon to other compounds
(AFRcc). These results are similar to the results from equilibrium models presented by
Vaezi et al. (2011), Gungoret al. (2012) and Azzoneet al. (2012. Two reactions
account for this phenomenon.Recalling the methanation andmethane reforming

reactiors:
C+2Hz CH ( gpH-75kJ/mol) (8)

= +206 kJ/@ol)

CH;+H,O 2 COH, + 3 ( PpH =
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As the system pressure increases, the equilibrium of the systems shifts away from
hydrogen and carbon monoxide and toward methane and water. (i.e. The regstesn
to increase the fraction of total system pressure accounted for by the pad&alrps of
met hane and water.) This iIs consistent wi
increases, the equilibrium of naguimolar reactions shifts towarthe side of the
reaction that will results in fewer molecules.

At first glance, one might assume that the following reaction would la¢so

impacted byncreasing pressure:

C+HO 7z I,+&QH, (pPH = +7.7 kJ/(1ol )
Of the reactions listed in Sectidh2, it is the only other reversible reaction where the
sums of the stoichiometric coefficients of the products and the reactants are not equal.
However, when evaluating only the gaseous components, the sum of thestetdl
coefficients of carbon dioxide and methane is equal to the stoichiometric coefficient of
water. With carbon existing in the solid phase, it does not exert a partial pressure on the

system. Thus, Reaction 12 would not respond to changing gaséssure.

6.4.4 Varying AFR & Gasifier Pressure Implications

The simulation results show the same trends as other equilibrium gasification
models presented in the literature. Vaetial. (2011) report that increasing pressure
decreases hydrogen and carlmoeonoxide in the syngas while increasing carbon dioxide,
methane, and waterGungoret al. (2012)report that increasing gasifier pressure results
in decreasing hydrogen and carbon monoxideowever, another report from the

literature which presents empirical data offers conflicting results with regard to hydrogen.
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Valin et al. (2010)report an increase in hydrogen in the syngas with incregsesgure

in the gasification of wood sawdust & fluidized-bed gasifier. The authors also report

that through analysis of their dat a, t hey
thermodynamic equilibrium constantso. Wi t
gasification system appaches equilibrium (e.g. feed/air flow configuration, temperature,

etc.), one focus area for equilibrium gasification modeling is to continue to develop
approximations to help account for known reguilibrium conditions, for example, the
tendency of solidcarbon in the gasifier to not be in equilibrium in specific gasifier
configurations. Working to improve equilibrium models with modificagitm account

for equilibrium approach will allow for thgreater use of equilibrium models over and

against kinetieanodels, which are much more time and labor intensive to create.

6.5 Varying AFR & Feedstock Moisture Content
The effects of varying feedstock moisture content were evaluated for each of the

four feedstocks at 30 atm.

6.5.1 Varying AFR & Feedstock Moisture ContenDry-Feedi Results

6.5.1.1 Varying AFR & Feedstock Moisture ContentDry-Feedi Effect on Carbon

in Syngas

For allthe feedstocks, increasing moisture content causes carbon in the syngas to

decrease. The following figure shows tkeults for IL bituminous coal.

90



Air/Fuel Ratio & Feedstock Moisture Content vs. Carbon in Syngas
1000 kg/h (5%MC) IL Bituminous Coal (Dry) @ Gasifier Press. = 30 atm
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Figure6.327 ILC: AFR & feedstock moisture vs carbon in syngas-fdgd)

6.5.1.2 Varying AFR & Feedstock Moisture ContentDry-Feedi Effect on H in
Syngas

In the Montana subituminous coal, increasing moisture contem@iuses an
increase in Kin the syngas at AFR values less than AERIn the lllinois coal, at low
AFRs (O 1.9), i ncreasing mosj but asrthe ARRdsnt e n't
increased from 1.9 up to ARR increasing moisture contentuses anricrease in bl
At values greater than AR, increasing moisture causdscreased for both coals
For both of the biomass feedstocks, increasing moisture causes decrgasbe ksults

for both coals and switchgraase shown in the following figures.
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Air/Fuel Ratio & Feedstock Moisture Content vs. H2 in Syngas
1000 kg/h (5%MC) MT Sub-Bitum. Coal (Dry) @ Gasifier Press. = 30 atm
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Figure6.337 MTC: AFR & feedstock moisture vszhh syngas (drfeed)

Figure6.341 ILC: AFR & feedstock moisture vs4in syngas (drfeed)
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