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Abstract

The research presented in this thesis was part of the International Pgpthars
Carbon Neutral Combustion, which was sponsored by King Abdulla University of Science
and Technology. The thesis focuses on-ftugl combustion under pressurized conditions
and assesses the technical and economic viability of combusting petrolezi(petoke)
for electricity generation, while capturing @O he technical evaluation was conducted
through simulating, in Aspen PIU§ an oxycombustion power plant that uses petcoke as
fuel. The basis for all simulations was a constant heat input7af W8, while a 3% (on
dry basis) excess oxygen was maintain in the flue gas along with an adiabatic flame
temperature ofl866°C Comparisons with the oxgombustion of lllinois No. 6coal
showed that ox¢goal combustion was 0.6% points (on HHV basmre efficient than
oxy-petcoke combustion (29.0% versus 29.6%). However, operatingpeirpke
combustion at elevated pressures improved the net efficiency to a maximum of just over
29.8% (on HHV basis) at 10 bar. A sensitivity analysis on the impagtesting pressure
was conducted on the fuel intake, ©quired, recycle ratio and removal ratio of &0d
NOx via flash distillation; along with how the operating pressure within the carbon capture
unit affects the recovery and purity of the £6®ing separated. The sensitivity analysis
showed that pressure had minimal impact on the fuel intake aretjQired but affected
recycle ratio by up to 3% points, while increasing pressure improved the removal ratio of
SOcand NQ. As for the operatingrpssure of the carbon capture unit, the recovery and
purity of the CQ produced was preferred at 35 Haraddition, a modification to the steam
cycle is presented that utilizes the latent heat of the flue gas to heat the feed water, which

improves thenet efficiency of the power plant at all pressures by 1.9% points.



As for the economic evaluatiothe oxypetcoke combustion power planas
assumed to be built in the US and in KSe levelized cost of electricity (LCOE) for
oxy-coal combustion was 18 ¢/kWh (in 2017 USD) compared to 10.4 ¢/k\Atid 6.5
¢/kWh for atmospheric oxypetcoke combustiom the US and in KSA, respectivelyhe
LCOE further drops to a minimum of 9.2 ¢/kViththe US, or 5.7¢/kWh in KSAyhen
oxy-petcoke combustion takes pladel® or 15 bar. However, based on a profitability
analysis, operating at 10 bar has the highest net profit, higbiegtesent value and lowest
discounted payback periochmpared to the plants operating at 1, 5 and 15\dather in
the US or in KSA A sensitivity analysis was also conducted that showed that the cost of
manufacturing (COM), LCOE and costs of £@voided andCO, captureare most
sensitive to total capital cost, and to a lesser extent the cost of the fuel, which in this case
is petcoke. Overall, the technical and economic evaluation help conclude that using petcoke
as a fuel to generate electricity is viabieoil-refining countries likehe US or KSA in
which pressurized oxpetcoke combustion is better than atmospherithadighest net

efficiency and lowest LCOE are achieved at an operating pressure of 10 bar.
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Chapter 1: Introduction

As part of the International Partnership for Carbon Neutral Combustion (IPCNC),
sponsored by King Abdulla University of Science and Technology (KAUST), the research
presented in this thesis assesses the technical and economic viability of using petroleum
coke (petcoke) as fuel for electricity generatiBetcoke is a low grade fuel that is a by
product of oil refining and so, not only isriéadily available (for free) to oil-refining
countries, such as the Kingdom of Saudi AagliSA), the United StatedJ)S), or even
Canadait is also relatively cheajp purchase However, petcokebds emiss
during combustion are undesirable, which is a concern when using petcoke to generate
energy (Wang et al., 2004). Thus, exyel combustion technologg a promisingoption
to reduce these emission when usggcokefor power generatiarin addition, the thesis
will investigate the impact of increasing the operating pressure of theamlgustion
system on performance armfofitability. That is because elevated pressures should
improve the net efficiency of the process and its profitability, while allowing for cheaper

and easier removal of waste.



1.1 Electricity Generation and CO, Emissions

Our dependence on fossildig dates tdhe steam engine, sparking the industrial
revolution in 1760. Yet, our current energy landscape was most influenced during the
1970s by an increase in population and labor force, productivity technologies powered by
fossil fuels, governance digeapolitical relationships and finally, environmental priorities
(WEC, 2016).Since then, greenhouse gas (GHG) emissions almost doubled. In 2016, 49.3
gigatonnes of C®equivalent (GtC@eq) of GHG were emitted, with energy production
being responsibleof 72% of the emissions, of which heat and electricity production make

up 31% (WRI, 2017).

GHG emissions consist of, approximately, 72% carbon dioxide2)(CT®%
methane (Ch), 6% nitrous oxide (BD) and 3% fluorinated gasé®livier et al., 2017).
Thus, wth increasing GHG emissions, ¢@vels in the atmosphere increased to about
410 parts per million (ppm) in 2017 from historical levels {p8&0) that did not exceed
300ppm (NASA, 2018). Such an amount of £i@the atmosphere is disrupting the global
carbon cycle and leading to globhahrming (IPCC, 2014). Without mitigation efforts to
reduce the levels of GQand other GHG in the atmosphere, global temperatures will
increaséetween 3.7°C to 4.8°C by20, which could prove catastrophic on our ecological
system (IPCC, 2014). Thearis Agreement sean ambitious goal to limit the average
increase in global temperatures to a maximum of 2°C. However, there are currently 1.2
billion people without access tmodern electricity services and the global population is
projected to increase by another 1.8 billion2§60 (IEA, 201&). Thus, asFigure 1.1

shows the global demand for enerdiyn metric tonne of oil equivalentyill increase by



about 28%, espedig in China and India, due to expanding economies and growing

populationsigA, 201A).

Eurasia
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20 Middle East
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Figure 1.1 Change in Primary Energy Demand from 2218l0 (IEA, 2017a)

Given the nature of the economies and populatiodsgussion, cheap and reliable
fossil fuels will make up at least 58% of the global energy mix B9 2@sulting in a 13%
increase in energselated CQ emissions IEA, 201M). Therefore, despite efforts to
develop reliable renewable energy sourteglectrify sectors antb improve efficiency,
CO:emissiors areexpectedo be between 1.5 to 2 times higher than the level required to
meet the target set in the Paris Agreement (McKinsey Energy Insights, 2018). London
based nofor-profit think tank, CarborTracker Initiative, found that 60 to 80 percent of
coal, oil and gas reserves of publicly listed companies could be classified as unburnable if
global average temperature increase is to be limited to 2°C as per the Paris Agreement.

This would jeopardizetareholder value as Citigroup estimated that these assets are worth



around 30 trillion USD (Tugend, 2017). Thus, climatenpatible economic development

is essential considering the potentahsequencesf climate change.



1.2 Carbon Capture Technologies

To mitigate the build up of C£n the atmosphere, carbon capture and sequestration
(CCS) technologies have been developed in which thep@@uced by power plants or
industrial processes is captured and injected into geological formatimisas depleted
oil and gas fields or saline formations used for enhanced oil recovery (IPCC0O20
Figure 1.2 shows the three main technologies available for CCScquostustion, pre

combustion and oxjuel combustionIPCC, 2005).

N,
o, #

Coal co
2
' Gas Power & Heat | Separation
Biomass
Air co,
A0,
) Coal Steam CO,
o § P, | \
Pre combustion Gasification Reformer | H; ey \ o,

- +CO, Sep. | Power & Heat co,
Gas, Oil wdy A_/“ Compression
ar
Coal CO, /

Gas ﬁ Power & Heat
Biomass = .
40,

Air == [Air Separation

Oxyfuel

N,

Figure 1.2 Overview of Carbon Capture Processes (IPCC, 2005)

In postcombustion, CQ@ is separated from the flue gas produced during the
combustion of the fuel in air, without requiring any modification of the combustion system.
Typicaly, a liquid solvent such as, momthanolamine (MEA), is used to capture the £0
present in the flue gas through absorption. Duringcprabustion, the fuel is decarbonized
in steam and air or oxygefd{) to produce synthesis gas (syngas), which is masttbon
monoxide (CO) and hydrogen {H CO further reacts with steam in a shift reactor to

produce CQ@ and H, which are then separated using absorption, adsorption, cryogenic

5



separation or membrane separation. As forfaey combustion, the fuel is cdimasted in
Oz insteadof air, with the presence of GOThis results in a flue gas that consists of mostly
CQO; and water (HO), which can be separated through compression and the condensation

of H20. The next section further details eftyel combustion.

Once the C@from the production site is captured, it is then transported to a storage
site via pipelines, trucks and rails or ships, depending on the quantity and demang for CO
(IPCC, 2005). The most common method of transportation is via pipelinesh wehic
capable of transporting large quantities of-2Clansportation via ships can be economical
in certain locations where the transportation distance is very large or ovésessaller
guantities of CQ trucks and rails are viable but are usuallgcufor when the production
and storage sites are clofellowing the transportation of G@ the storage site, it is then
sequestered into geological formations as mentioned earlier. While the potential volume
available for storage might be large egbufor any energyelated CQ generated,
sequestration carries the risk of stored@@entually emerging back into the atmosphere
and contributing to climate change in the future. Along with sequestrationc@@ be
used in the production ofert mateials. This is geologically stable but is not
technologically mature and incorporating £@to the production process of these products

is expensive (Vanek et al., 2012).



1.3 Oxy-Fuel Combustion Technology

This research focuses on capturing d@m power plants using the oxyel
combustion process in which the fuel is combusted inz@a@ CQ) environment in the
guastabsence of nitrogen. The resulting flue gas then containsa@®OHO along with
some impurities (e.g. SONOy, O) based on theype of fuel, plant conditions and
configuration. Among these impurities are nitrogen oxides because of the presence of small
amounts of nitrogen (Nl in the oxygen stream and in the fuel as bound nitrogen. The O
streamis producedvia cryogenic distillathn in an air separation unihA$U) andcontains
2-3% N and about 95% ©with the remainder being argon (Ar). This stream is used as a
combustion medium, instead of air, to burn the fuel. In such.arcl®environment, the
combustion temperature could reach about 3000°C, which is too high for viable materials
of construction. Thus, about -BD% of the flue gas is recycled back into the boiler to
absorb resulting heatjuscontrolling the flame tempetare inside the boiler to match the
adiabatic flame temperature when the fuel is combusted in a conventiefi@ditase
(DOE, 2017). The advantage of efiyel combustion is that most of the flue gas stream
will be composed of C&and HO; condensing 1 HO and chilling the stream will result
in a CQ stream with about 95% purity, which is compressed to 110 bar and sent via

pipelines for storage or reuse.

Figure 12 shows the main components of the process flow diagram for afueky
combustion systewith CO, capture(Shafeen, 2014)The ASU is connected to the boiler
through the @feed stream, which enters the boiler along with the fuel. A steam generation

line connects the boiler to the balance of plant (BOP), also known as the steam cycle. A



flue gas stream from the boiler section connects the €pture and purification unit

(CPU), referred to as the G@apture and compression u@CU)in the diagram.
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Figure 1.3 Typical Oxy-Fuel Power Plant (Shafeen, 2014)

The auxiliary requirements can be high given the need for an ASU and.aCe0.
However, sincanost of the Mis eliminated through the ASU, the overall volume of the
flue gas stream is significantly lower than that of arfieed power plant, which reduces
the size of the plant s ¢ o mp(BunaadhGQGursdersem d
2013). While there are currently no commerciaty-fuel plants oxy-fuel combustion
remains a promising and competitive option for carbon capture as the reduction in

efficiency and increase in investment are comparable to those relateddongvastion

and posttcombustior{Davison, 2007; Kanniche et al., 2010)
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1.4 Research Objectives and Contribution

The main objective of this thesis is to investigate the viability of usinggi@ade
fuels, such as petroleum coke (petcoke), as feedstock to generate power through
pressurized oxyuel combustiortechnology Petcoke is a solid refinery fproduct and
thus, has a low price. It also has a higher carbon content than coal but, due its high sulfur
contentjts emissiorcharacteristics are undesirall@ang et al., 2004). To the best of the
aut horés knowl edge, none of t -boenbugiianbof i s hed
petcoke at neither atmosphenior pressurized condition8lso, there are 5 publicationrs
4 at atmospheric conditions and 1 at pressurized condiitimet present an integrated
process configuration for an oxymbustion power plant thancludes an ASU, a boiler
section, a BOP and a GGPU, all simulated using commercially available software such
as AspenPlus (Xiong et. al, 201Fu and Gundersen, 2013; Hagi et al., 2@8i&afeeret

al., 2014; Chen and Wu, 2015).

To fulfill the objective mentioned earlier, the thesis will present a model, in Aspen
PlusM, of an integrategrocess configuration for an oxxypmbustion power plant that uses
petcoke as fuelThe model adoptan ASU from Fu and Gundersen (2013), a BOP form
DOE/NETL (2@8), and aCO, CPU from Shafeen (2014), but each of these components
is modified based on performance requirements for this research. In addition, the technical
model will be complemented with an economic model to assess the economic viability of
atmosphac and pressurized oxyetcoke combustion in comparison to epoal
combustion. It is worth noting that none of the integrated-ammbustion process

configurations published is accompanied by an economic analysis.



1.5 Thesis Outline

The thesis is divided intthe following six chapters:

Chapter 1 discusses thé&mitations of curbing climatehange and how carbon
capture technologies, and e®yel combustion in particular, can allow for climate

compatible developments. In addition, the contribution ofttiesis is also introduced.

Chapter 2 provides a literature review of oxXyel combustion simulations.
Experiments and key projects are discussed first, followed by a list of affueky
combustion simulations preformeding Aspen softwarat atmosphec and pressurized

conditions.

Chapter 3 describes the development of the model in Aspen™Jussed to
simulate oxycoal and oxypetcoke combustion. The fuels used are described, along with
the development of each of the components of the power plaatddvelopment of the

economic model used for analysis is also included.

Chapter 4 presents the validation of the model developed in the previous chapter.
It also details the technical evaluation of atmospheric and pressurizéasbxpmbustion.
In addiion, the impact of pressure on the process is discussed through sensitivity analysis

results.

Chapter 5 presents a comparative economic analysis of atmospheric and
pressurized oxpetcoke combustion. In addition, the sensitivity analysis of the plant

econanics is presented.

Chapter 6 gives the conclusions learned from this research along with any

recommendations worth considering moving further with such research.
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Chapter 2: Literature Review

2.1 Oxy-Fuel Combustion Experiments and Projects

Oxy-fuel combustiorhas beerutilized in multiple applications even before €0
emissions were ever a concern. In 1982, it was proposed to utiliziei@xgchnology in
coalfired power plants to control G@missions while producing high purity @€treams
for enhanced oil recoverfAbraham et al., 1982; Horn et al., 1982rgonne National
Laboratory (ANL) initiated the investigations of this idea in the mid and late 1980s with
laboratoryscale studies that focused on combustions characteristicnaie 1990s,
studies by various other research groups further covered coal reactivity, heat transfer and
emissiongChen et al., 24). The focus of these studies and their most relevant research
parameters are summarized by Buhre et al. (2005) aneggaitd et al. (20107J.0 further
study oxyfuel combustion, projects were developed at the pilot, industrial and
demonstration scale&igure 2.1 shows a compilation of the survey Wall et(2010)
conducted on the historical development of-fx§ combustion research from pistale
to industrialscale tests and fuficale demonstrationdVhile only the important and
relevant projects will be discussed in this section, rdetailscan befound in Wall et al.
(2010, 2011) Buhre et al(2005)andToftegaard et a[2010)along with an exhaustive list

of ongoing and proposed projects in Chen e24l12).
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Figure 2.1 Historical Development of Oxifuel Projects. Adopted from Wall et al.,120
(Chen et al., 219

In 2008, Vattenfall constructed a 30 MMiést facility in Schwarze Pumpe, a lignite
fired power plannhearBerlin, Germany. Initial results published by Anheden ef24l11)
showed that oxjuel operation can be done quickly and safely while the facility me
emission limits and recovered over 90% of thex@@h a concentration of over 90% on a
dry basis. Air Products also contributed to the project by adding sour compressior for SO
and NQ removal, auterefrigeration for inerts removal and PRISkhembranéechnology
for the recovery of C®and Q from vent streamWhite et al.,2013). The results were
deemed encouraging and were meant to serve as a basis for the design and operation of

Vatt enf alecloxi-tiel @demdnstrbtidgn plant tanschwalde, Germgn

Al ong with Vattenfallds facility, TOTALGOGS
service early 2010. wast he wor | dés fir st inattrdgasmweed and
plant and includes an ASU, a 30 MWoiler and dlue gagreatmentunit. Thp | ant 6s f | ue
gas is also the first oxfpel flue gas to be directly injected into a depleted natural gas

reservoir. Late in 2011, CIUDEN completed the construction of arcoaytest facility in
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Spain that includes a 20 MM\bxy-pulverized coal boiler aha 30 MW oxy-circulating

fluidized bed boiler, which is the largest in the world. Early 2012 saw CS Energy convert

the retired Callide station, a 100 MMpulverized coal power plant in Queensland,

Australia, to an oxjcombustion power plant. Itistveor | dés first retrofit
with electrical generatiofWall et al., 2Q0; Wall et al., 2011) Successful operation of

these plants allogfor the commercial demonstration oxyel plants, paving the way for

oxy-fuel combustion with C@capture for electricity generation
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2.2 Atmospheric Oxy-Combustion Simulations of Solid Fuels

|l nspired by An ®Bestudies onetrofiting aa 865 BIW ligrfit& 0 O
fired power plant in Germany withn@ASU and a flue gas treatmenystem for CQ
recovery Rodewarld et. al (2005) simulated tgaplication of @CO, combustion in coal
fired power plants using Aspen Pllifs The simulation applied oxfuel combustion
principles to an existing coéired power plant in Rostock, Germarhat, through atfired
combustion, produced about 550 M/at a net efficiency of 44.3% (on HHV basis). The
ASU is modelled after a wedlstablished Linde process and provided a 97% purity O
stream. The flue gas consisted of 30%a@d the recycle ratizvas 68.6% as to keep the
heat capacity and adiabatic temperature in the combustion chamber within-firedair
range. The C®recovery rate was 83% and was captured using a combination of
condensers, compressors and heat exchangers but a definite @gityotvprovided.
Sensitivity analysis did show that G@urity needed to be at least 95% for the purified
CO to be liquid during transportation. Overall, the éxgl combustion power plant had
a net efficiency of 36.5% (equivalent to a 90M¥eductionin net power generated) and

the cost of electricity was 10#4kWh (based on 2017 USD).

With the potential implications of increasing €€missions in the atmosphere, the
US Department of Energy (DOE), with support from the National Energy Technology
Laboratory (NETL), set objectives to develop performance and cost baselines for oxy
combustion studies and identify any limitations to capmi®0% of the C®produced
from combusting pulverized coal without increasing the cost of electricity by more than
20% (DOE, 2008). Out of the 12 cases presented imefh@t 4 were oxycombustion

cases, utilizing cryogenic distillation to supply,@nd a supercritical steam cycle. The
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chosen coal was lllinois No. 6 and Aspen Plusvas used to simulate all cases as a
550MWhet power plant for performance and cost analysisw@s supplied at either 95%

or 99% purity, 70% of the flue gas was recycled 83% of SQwere removed using a
wet flue gas desulfurization (FGD) unit. About 99% of the;@&@duced was captured,
but the CQ purity was not reported. However, increasing the @ity to at least 95%,
reduces the Crecovery rate to about 85.5%h& average net efficiency of the 4 cases
was 29.3% (on HHV basisyyhich is comparable to afired combustion with carbon
captureand indicating a carbon capture penalty of about 10%. As for the cost analysis
(based on 2017 USD), the levelized cokelectricity (LCOE) over 20 years was about
11.95¢/kWh for the 4 cases. That is 0.6&kWh cheaper than afired combustion with
carbon capture but 4.48kWh more expensive than conventionatfaied combustion.
Ultra-supercritical steam cycles vee also simulated and showed an increased net
efficiency by an average of 4.5% points and a reduced LCOE by about/R\¥6. It
should be noted that all the carbon capture cases studied increased thbyL@GE than
20% relative to conventional afired combustion. Details on each of the cases in this
comprehensive study and associated analysis are found in a report pulyisthedOE

and NETL (DOE, 2008)

Xiong et al.(2011) simulated an 80MW gross OXy-pulverized coal power plant
using AspenRIs™. The simulation was based ¢ime 20® report by the US DOE and
NETL, and so, uses lllinois No. 6 bituminous coal pedormssensitivity analysis on £
purity, recycle ratiorecycle positionair ingress and the removal pbllutants The
analysis found the following: 95%-@urity to be high enough for oxfyel operation; a

recycle ratio of 70.5% would allow for a flue gas stream with 30f0hOt recycle was
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preferred to cold recycle for corrosion protection and so the chosen rpogifien was

after the economizer; air ingress should be avoided to allow for better operation; and oxy
combustion decreased N@missions but increased the 3@ the flue gas. The flue gas
processing unit was simulated with an assumption of removing 00% SQ, producing

a 97.61% purity CQ stream. Additional optimization work was performed on the
distillations columns in the ASU and the flue gas processing unit to improve
thermodynamic and economic properties; the net efficiency of the simulatgdwaa

34.72% (orHHV basis).

To analyze the flue gases from power plants, Pei et al. (2013) simulated a 300 MW
power plant under various combustion conditions using Aspen*PIEsr combustion in
air, the adiabatic flame temperature was 1789°C laadlie gas composition was 84.1%
N2, 8.1% CQ, 3.8% Q and 3.6% HO. Under an oxicombustion atmosphere of 21% O
and 79% CQthe adiabatic flame temperature was 1395°C and the flue gas composition
was 64.7% Cg 28.9% HO and 4.8% @ Under an oxycombusion atmosphere of 30%
O and 70% CQthe adiabatic flame temperature was 1757°C and the flue gas composition
was 61.3% Cg 28.1% HO and 7.3% @ Under an oxycombustion atmosphere of 40%
0. and 60% CQthe adiabatic flame temperature was 2035°C anfiitbgas composition
was 53.2% CQ 26.9% HO and 10.6% @ The remaining molar fractions are mainly
made up of CO, NO and S(Pei et al. also conducted a sensitivity analysis on the effect
of temperature, excess oxygen and the combustion environme&HOMNO, and CQ

production.

Fu and Gundersen (2012a) conducted a comprehensive exergy analysis of-a double

distillation column ASU to reduce the irreversiblities during low purityp@oduction
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through changes within the flowsheet structure. The prosesssimulated in Aspen
Plus™. They found that the ASU reduced the net efficiency of the plant by 6.6% points, as
the air compression and distillation are the two largest irreversiblities, responsible-for two
thirds of the exergy losses in the ASU. Sugegshanges within the flowsheet structure
included increasing the isentropic efficiency of compressors from 0.74 to 0.9 and placing
an intermediate boiler in the lower pressure column. Fu and Gundersen (2012b) also
investigated possibilities to integratee compression heat from the ASU with the steam
cycle. They also ran a techvagconomic analysis of orstage, twestage and threstage

flash separation in the CPU, which revealed thatstage flash separation was the most
costeffective configurationfu and Gundersen, 2012c). As an extension to their research,
they conducted an exergy analysis and attempted heat integration of a 548 MW
supercritical oxypulverized coal power plant (Fu and Gundersen, 2013). Along with
simulating their oxycombustionsystem, they simulated an -fiired combustion power
plant for comparison, using Aspen PMsThe ASU and the CPU consumed 117.8 MW
and 64 MW, respectively, contributing about 9% of the exergy losses. In addition to the
previous suggestions, these lossesld be reduced by optimizing the €f@covery rate

and integrating the ASU or the CPU with other parts of the plant. Integrating the ASU and
CPU with the steam cycle improves the net thermal efficiency by 0.38% points and 0.27%
points, respectively; anmhtegrating both increases the net thermal efficiency by 0.72%
points. The net efficiency of the dired combustion system was 39.8% (on HHV basis),
which decreased to 30.4% for eggmbustion, with the ASU contributing 6.3% points and

the CPU contributig 3.4% points.
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Hagi et al. (2013) published an exergy analysis of anpmyerized coal power
plant to assess heat integration opportunities and investigate potential improvements
through a fdnovel archi t™ wasusedktosintate a 1080e pl ant
MW gross plant, where an ASU provided-@t 95% purity for 3.5% excess in the boiler,
which was supplied with Bituminous Douglas Premium coal and operated at 1250°C. The
flue gas was denitrified through a selective catalytic reduction (SCR)desulfurized
using a wet FGD unit, and dehydrated in a CPU to recover 90% of th@roduced at
98% purity. The exergy analysis allowed for process modifications to be investigated,
which improved the steam generator fuel efficiency and reduced hexergy losses by
16%. These modifications reduced the energy penalty associated with the ASU and CPU
from 11.4% points to 7.9% points, resulting in an improved net efficiency of 38.7% (on

HHV basis), compared to the basase net efficiency of 32.6%.

Shafeen (2014) used Aspen HYSY'So simulate an oxjuel combustion system
and carried out a detailed exergy analysis to develop an exergy analysis tool to be
implemented into the simulation for automatic exergy calculations. The exergy analysis
was usedd identify potential improvements in the model for higher net efficiencies. The
model uses an ASU developed by the International Energy Agency (IEA), to supply 95%
O, and adopts the BOP used by the US DO, for a 786dMdower plant. As for the
CPU, a atented model that utilizes twatage flash separation was used, which maintains
at least a 94% Cfproduct purity for flue gases with as low as 30%,(Xanganeh and
Shafeen, 2011). The exergy analysis showed that the boiler section contributed 78.1% of
the total exergy losses with the ASU, BOP and CPU contributing 11.6%, 7.8% and 2.6%,

respectively. Thus, waste heat integration was implemented across the power plant,
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reducing exergy losses by 10MW and gaining 11.4JMVBoth models recovered 92.55%
of the CGQ and produced C&with 95.78% purity but the base model had a net efficiency

of 27.75%, while the improved model had 28.35%.

Instead of coalyo6rik et al. (2017) compared the eepmbustion of Estonian oil
shale (EOS) and Utah White River oil sh@l®©S) to conventionally combusting EOS and
UOS in air. Aspen PIU¥ was used to simulate the combustion processes, and the
comparison focused on the flue gas composition and volumetric flowrate, boiler efficiency
and heat capacitie¥0ruk et al. maintaine 3% excess in the boiler with a pure supply of
oxygen and adjusted the recycle ratio to maintain a boiler temperature similar to
conventional aifired combustion with 20% excess air for EOS (1556°C) ar@iS
(1384°C). In the case of wet recycle, EOSd ddOS required 67.3% and 66.5%,
respectively, of the flue gas to be recycled. In the case of dry recycle, the ratios drop to
64.1% and 65.6%, for EOS and UOS, respectively. Notable though is the decrease in the
flue gas volumetric flowrates during oXyel combustion. In wet and dry recycle cases,
EOS produced 23% and 29% less flue gas, respectively, compared to 31% and 33% less
flue gas, respectively, for UOS. Since there was no CPU simulated, the highest CO
compositions in the flue gases were achievedndudry recycle and were 77.8% and
80.1%, for EOS and UOS, respectively. While \Ngnissions decreased during efxel
combustion,SG, emissionsincreased and were positively related to boiler temperature.
Interestingly, the boiler efficiency increasiedm 81.6% for akfired combustion to about

89% during the ox3combustion cases.

More recently, Ding et al. (2018) used Aspen Pfus simulate a wastto-energy

power plant that uses oXyel combustion technology. The simulation is based on a 12
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MWe conventional wast¢o-energy plant in Shenzhen, China that incinerates 800 tonnes
of municipal solid waste (MSW) each day. Ding et al. comparedcorybustion to
conventional combustion and found a decrease of 11.59% in net efficiency. Optimizing
every parof the power plant through sensitivity analyses increased the net efficiency by
2.69%, to 9.57% while producing G@ith 95.79% purity. The optimized parameters
included a boiler temperature between 850°C and 1150°C amd @5% purity, which

took into acount minimizing NQ (removed via selective neratalytic reduction) and SO

(removed via a FGD).
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2.3 Pressurized OxyCombustion Simulations of Solid Fuels

The ThermoEnergy Integrated Power System (TIPS) is one of the earliest designs
proposed and studied to demonstrate pressurizeflekgombustion Zheng et al. (2007)
performed a technical feasibility study of TIPS by comparing it to conventionarad
oxy- fired pulverized coal power plants to investigate any technical and economic
advantages. A 100 MW boiler was used with Wyoming Powder River Basin (PRB) and
lllinois No. 6 coals, and at 80 bar. By operating at an elevated pressure, TIPShadttav
utilization of the latent heat of the fuel as water vapor can be condensed at higher
temperatures and the @@ be condensed at ambient heat sink temperatures, eliminating
the need for refrigeration. In addition, a smaller boiler configuratioreéxled, particles
can be scrubbed out, and acid gases can be condensed out of the system, which can achieve
significant capital and annual savings. The optimal operating pressure is dependant on the
CO: recovery rate and purity required, but TIPS, opegaat 80 bar, has a net efficiency
(on HHV basis) of about 31%, compared to about 24% and aButor the conventional

air-fired and oxyfired cases, respectively.

One of the main oxgoal combustion technologies that allows for pressurized
operation is ISOTHERM®, a flameless combustion technology patented by ITEA
(MalavaziandRossetti 2005). Following experimental studies at 4 bar on a 5d\b\iler,
ENEL developed an oxgombustion system based on ISOTHER(®Benelli et al., 2008;
Gazzino et al.,@08). Hong et al. (2009) modelled the system by ENEL using Aspel'Plus
to analyze and compare it to atmospheric-oagnbustion. Coal was supplied as ewalter
slurry to a noradiabatic 300 MWhboiler where thermal energy losses, assumed at 2%,

were dictated by size. Combustion temperature was maintained &4C]1%8tich required
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88% of the flue gas to be recycled. The operating pressure was set to 10 bar and that
increased the saturation temgteire of the water and the dew point of the flue gas allowing

for more thermal energy to be recovered from the flue gas. That was done by redirecting
the water out of the BOP into the boiler to recover the 2% losses and intoprésgare
deaerator, repcing the steam bleeding from the higiessure and the lepressure
turbines in the BOP. The proposed pressurized system achieved a net efficiency of 33.5%
(on HHV basis) compared to 30.2% for the atmospheric system. Hong et al. (2010a)
followed their anbysis with a study on the effect of pressure on the thermal energy recovery
rate, overall steam bleeding, overall compression power demand, gross power output and
net efficiency, and found that operating pressures around 10 bar are optimal. In addition,
their techneeconomic studyusingassumptions from literature for the economic model
and sensitivity analysigound the cost of electricity to be mainly sensitive to fuel costs and
plant capacityHong et al. 2010b). The capital cost of pressurized -axynbustion was
somewhat less than atmospheric-@oynbustion and postombustion, and based on that,

the cost of electricity and CCavoidance costs of pressurized axgmbustion were
comparable to values found in literature for other carbon capture sy&tehian et al.

(2012) conducted a simultaneous muHriable optimization with the objective of
maximizing thermal efficiency. A similar flowsheet to the one developed by Hong et al.
was used but the steam bleeds move directly into the deaerator infsteadamling from

one feedwater heateF\\VH) to another. The maximum was about 34.5% at operating
pressure between 3.75 and 6.25 bar. Another optimization study was carried out, but

instead of using a heat exchanger for recovering thermal energy franwagbr in the
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flue gas, a direct contact separation column is implemented (Zebian et al., 2013). The

maximum thermal efficiency was about 34.1% at an operating pressure of about 12.8 bar.

The other technology found in literature that allows for pressdmxycombustion
is Staged, Pressurized Ogpmbustion, or SPOC. Gopan et al. (2014) introduced SPOC
as an alternative to potentially increase plant efficiency by staging fuel into more than one
boiler to control heat flux and combustion temperaturegiSgaends up allowing for a
nearzero recycle and flue gas cleanup through a single direct contact column. A 520 MW
power plant with SPOC was modelled in Aspen Plusith Wyoming PRB and lllinois
No. 6 coals as fuel. The operating pressure was 10nblatha temperatures of the boilers
were 1891C, 1950C, 1755C and 1618C. The 208 report by the US DOE and NETL
was used as basis and SPOC was compared to atmospher@onolystion and
conventional aufired combustion, which showed that SPOC reducesl dfficiency
penalty of carbon capture frodk0% to about 4%points. Gopan et al. (2015) further
analyzed the effect of pressure and fuel moisture on SPOC and suggested 16 bar to be the
optimal pressure and that dry or surfalrg feeding of fuel was pferred to avoid heat
saturation. Hagi et al. (2014) conducted a comparative study-fifegircombustion, oxy
combustion, ISOTHERM and SPOC, in Aspen P comparing the energy
performance of each system. An arbitrary value fop @ity was set at 3 with oxy
combustion recovering 90% of the €@nd ISOTHERM and SPOC recovering 95%.
Focusing on SPOC and ISOTHERM SPOCO6s net efficiency (base
compared to 41.9% for ISOTHERMwhich lead to Hagi et al. concluding that SPOC

performedsignificantly better than ISOTHERR
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Soundararajan and Gundersen (2013) designed a 79go.MVessurized oxy
combustion system, operating at 10 bar, and compared it to a 77gdBnospheric
oxy-combustion system, by modelling both cases in AspesPlBituminous Douglas
Premium coal was used as fuel. Both cases had a 95t6e6@m coming from a ASU to
maintain 3% Qin the flue gas. However, the temperature in the atmospheric boiler was
maintained at 185C by recycling 71% of the flue gas and ttemperature in the
pressurized boiler was maintained at 1%5My recycling 85.3%. They explained that
almost all the heat transfer in the heat recovery stream generator (HRSG) takes place
convectively, lowering the temperature of the flue gas. Pollutsateemoved using a sour
compression process and £©®recovered and purified in a double flash unit. The rate of
CO. recoveryincreasesin the pressurized system by 2.8%, from about 95% in the
atmospheric pressure. Also, auxiliary requirements desmtedsy 10 MW for the
pressurized system resulting in a net efficiency of 34.5% (on HHV basis), compared to
32.8% for the atmospheric system. In addition to the previous flowsheets, Soundararajan
et al. (2014) also simulated afired combustion, using Aspen PIlfs to estimate the
energy penalty of carbon capture and emissions avoided. They studied the influence of
operating pressure, x(Qourity and CPU operating parameters on the performance of
pressurzed oxycombustion systemd.he energy output penaltgf carbon capture was
about 6.8%, decreasing to 6% for pressurized-antybustion; and the optimum

parameters were found to be 24 bar with 979p@ity, for at least 90% C£ecovery.

Chen and Wu @15) attempted to improve the efficiency of esgal combustion
through heat integration and operating at an elevated pressure. They modelled agl00 MW

power plant in Aspen PIf that uses bituminous coal as fuel. Then@le fraction in the
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flue gas wagust above 3% and about 80% of the flue gas was recycled, maintaining a
combustion temperature of 16@5 The purity of the @stream from the ASU was 97.5%

and the purity of the C&tream produced was about 91%. They investigated operating the

system atambient pressure without heat integration and found the net efficiency to be

30.95% (on HHV basis). Increasing the operating pressure to 10 bar improved the
efficiency to 33.97%. Applying heat integration to the system operating at 10 bar, through
pinch armlysis based on a heat exchanger network optimization algorithm, further

improved the net efficiency to 35.49%.
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2.4 Summary and Research Gap

All publications discussed in this chapter use solid fuels but while most publications
use coal, twgublications use oil shale and MSW, which are considereegjlage fuels
(Yoruk et al., 2017; Ding et al., 2018). Another lgrade fuel that literaturdoes not
explores is petroleum coke (petcoke). In addition, only 5 of the publications discussed in
this chapter present an integrated process configuration for azoaxyustion power plant
that includes an ASU, a boiler section, a BOP and a@r; and only 1 configuration is
at pressurized conditions (Xiong et. al, 20Eu and Gundersen, 2013; Hagiaét 2013;
Shafeen et al., 2014; Chen and Wu, 2015). Thus, this research explores using petcoke as
fuel for a power plant that utilizes oxyel combustion technology using Aspen PYis
model and simulate the process. The model is an integrated ptioaesslopts an ASU
from Fu and Gundersen (2013),GD» CPU from Shafeen (2014) and just like all 5
publications referred to earlier, adopts a BOP by DOE/NETL8R@0ong with the boiler,
each component is modifie meet performance requirements, based on sensitivity
analysis results. As for economic analysis, none of the 5 publications mentioned include
oneand of the publications discussed in this chapter, only 2 present an economic analysis
of their process (DB, 20@; Hong et al., 2010b)Thus, thisthesiswill develop an
integrated oxycombustion process simulatiém contributean assessment of the viability
of atmospheric and pressurized epgtcoke combustion, in addition to an economic

analysis to asseghe profitability of the process.
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Chapter 3. Model Development

This chapterdiscusseshe development ain ASU, a boiler sectio BOP and a
CO:CPUintegrated into one process flowsheet, in AspenI8s8, to simulate an oxy
fuel combustion powerlant (AspenTech, 2011)The ASU is adopted frorthe study
performed byFu and Gundersen (2013), referred tdNaswegian University of Science
and TechnologyNTNU) throughout the textwhich is originally based on othkterature
(Hands, 1986)Theboiler section andBOP are based aihe study performed by th&S
DOE on the oxycombustion of pulverized cbDOE, 2008) The CQCPU was developed
based on a patented design invented by Zanganeh and Sita@ammetEnerg(Zanganeh
and Shafeen, 2Q). Finaly, an economic model, based on literatureNmrasetkamon
(2017),Towler and Sinnott (2008) aricdurton et al. (2009)is presented in the final section

of this chapter to assess the economics of arpexgoke combustion power plant.
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3.1Fuels

As mentioned earlier, the research in this thesis explores simulating the oxy
combustion of petcoke at atmospheric and pressurized conditions. Petcoke has high carbon
content contributing to a higher heating value than c®able 1 summarizes the
compositon of petcoke, which was provided by the University of Stuttgart along with the
composition of Illinois No.6 coal, which was extracted fromWsDOE study mentioned
earlig (DOE, 2008)It should be noted that théHV of the fuet usedare27.2 MJ/kg fo

coaland34.6 MJ/kg for petcoke

Table 3.1 Composition of Illinois No. 6 Coal and Petcoke

Proximate Analysis (on Dry Basis) lllinois No. 6 Coal Petcoke
Fixed Carbon 49.7% 85.9%
Volatile Matter 39.4% 11.9%
Moisture 0% 0%
Ash 10.9% 2.2%
Ultimate Analysis (on Dry Basis)

Carbon 71.7% 80.8%
Oxygen 7.8% 8.8%
Hydrogen 5.1% 3.5%
Sulfur 2.8% 3.1%
Nitrogen 1.4% 1.6%
Chlorine 0.3% 0%
Moisture 0% 0%
Ash 10.9% 2.2%
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3.2 Model Description

The overall process flowsheetsbown in Figure 3.1, and shows the ASU, boiler
section, BOP and CZTCPU mentioned at the beginning of the chapter. The flowsheet
contains the sealled Hierarchy blocks ASU, STEAM-CY (i.e. BOP) and CO2CPU
that link to detailed simulations of those preses, which, along with the boiler section,
are described nexit. should be notethat the literature used to develop the flowsheet for
this researcltontainedstream summariescluding the flowrate, temperature, pressure,
and composition of streanns the respective flowshee(®OE 2008; Fu and Gundersen,
2011; Shafeen, 2014 addition, the Per&obinson (PR) equation of state (EOS) is used
during the simulations as the majority of the literature reviewed uses it and it is also
applicable to the temperatures and pressures chosen in this research (rausmitz,

1998)
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Figure 3.1 Oxy-Combustion Process Flowsheet for Coal and Petcoke
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3.2.1 Basis and Design Specifications

Given the literature mentionegharlier, developing a 550 M¥\power plant in
AspenPlug" would allow for largescaleelectricity generatiorio be simulated and the
results to be compared with published data. Thus, the basis for developing the process was
the value of thermal energy thabs being produced by the fu#&B77 MW, which was
picked after reviewing the net power outputs and net efficiencies found in literature (DOE,
2008) To choose the temperature in the boiler, a simulation was conducted to determine
the adiabatic flamémperature of the fuel combusted in a conventiondiranl system
maintaining 20% excess air; as shown in Fig8r2 The resulting adiabatic flame

temperatures in the boiler were 183G8€coaland1866°Cfor petcoke.

e T T — PorTe | ) ;
g i q
FUEL ‘@ DECOMP i T
| |
IN-BURN -_—
a HOT-PROD Q) COOLPROD
W R-1013
1011
ne]
AR ‘D

MXER

Figure 3.2 Conventional AirFired Combustion System for Coal and Petcoke

To maintain the temperatures determined abdueng oxycombustion,a design
specification was used to determine the fractiotheflue gasthat needso berecycled

back to the boiler. Finally3% excess oxygen (on dry bass$jould bemaintained in the
flue gasduring oxycombustionto ensurghe complete combustion of the fuel. Thus,
design specification was used to maintain 3% excess oXggairy basispy varying the

oxygen flow rate coming from the ASU into the boiler.
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3.2.2 Air Separation Unit

Combustion takes place insiBel01-1 in an oxygen rich environment provided by
the ASU(Figure3.3). Air at 1 bar and 25°C (AIR) is provided to the ASU and compressed
to 5.6 bar in a threstage compressor {001) during which some of the-8 present is
condensed out of the system. The compression heat of the remaining strearh) (ASU
removed through avatercooled column (V101), which further dries the stream before
passing through a separator-1d2) to remove any remaining-®, CQ and other
impurities (Fu and Gundersen, 2013). Compressed dry air{#$hkn passes through the
first heat exchangdHX-1) where it is cooled to its dew point-df73.8°C before passing
through a higkpressure distillation column {I01). 101 separatesdNASU-8-1) at 99%
purity, which is sent back to HX to provide cooling. Th®. (ASU-10-1), along with the
remainirg distillate (ASU9-1), then pass through the second heat exchangeljrXere
further cooling takes place before the lpvessure distillation column ¢I02). T-102
produces @(ASU-14-1) at 95% purity and N(ASU-13-1), which is sent back through
HX-2 and HX1 to provide cooling as well (Fu and Gundersen, 2013). After heat recovery,
the N\ streams, now ASt8-4 and ASU13-3, are mixed and vented into the atmosphere at
ambient conditions, as stream N2OUT. As for ASU1, it passes through HX where it
is heated to 11°C, at 1 bar, generating a stream (02) with 953%¢Ar and 2% N which
is sent a$D2INLET toR-101-1 where it reactw/ith the fuel (coal or petcoke).
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3.2.3 Boiler and Flue-Gas Section

To simulate the combustor, a combination of RYield and RGibbs is used. RYield
simulates the decomposition of the fuel in terms of its components based on ultimate
analysis, wHe RGibbs calculates the chemical equilibrium of the combustion reaction by
minimizing the systemdés Gibbs free energy (N
In Figure 3.1, FUEL goes through DECOMP (RYield) before enterti®R1 (RGibbs)
for simulatedcombustion. Along with FUEL, INLET enters B01-1 carrying the @with
which the fuel is reacting. INLET is a mixture of O2 (from the ASU) and the flue gas
recycle stream (RECYCLE) and is made up of about 26%86 CQ,14% HO and 6%
other impurities. ie combustion inside -R01-1 takes place at 1830 for coal and
1866°C for petcoke, which means that the resulting flue gas,4RQDD, is coming out
of R-101-1 at either of those temperatures, based on the fuel -lPRXD then passes
through a heat recovesteam generator (HRSG), represented byOR3, where it is
cooled to 178C. A temperature of 16°C is needed to avoid any condensation before the
stream(COOLPROD)enters the bag filteSOLIDSEP where 99.8% of particulate matter
is removed. The tempdtae is further increased to 3 asthe stream enters a separator
unit (SO2SEP)that acts as a black box to represent a flue gas desulphurization (FGD) unit,
removing 98% othe sulphur dioxide (S@) present in the flue gas, GAS(DOE, 2008)
After removingS(Q;, thestream(GAS-2) enters a flash separator-{04) to remove any
H-0 that condensed, resulting in a flue gas that is over 709 GAG-4). Over 70% of
GAS4 recycled back into R01-1, as RECYCLE, to maintain the required combustion
temperature; and the remaining 28%, FL-GRBS, is sent into the CO2CPU for further

processing, as will be described later in this section.
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3.2.4 Balance of Plant

The heat recovered by R01-3 is used in the steam cycle (or BOP) to generate
electricity. The steam cycle (Figure 3.4) consists of three jmighsure turbines (HPT),
two intermediatgressure turbines (IPT) and five lgwessure turbines (LPT), which
provide steam to preheat the feed water passing through the four feedwater heaters
(FWH). In addition, there is a deaerator, a condenser and pumps. Feed wel®igSC
fed from the condenser {EL7) to the pump @®02) where it is discharged at 17.2 bar
and 38.5°C. Instead of going through a FWH, the discharge2($ffirst goes through a
heat exchanger (E05) where it is heated to 86°C (&€1-2) using the latent heat of
GAS-2, instead of extracting steam from the LPTs,X2, G115, G116 and €117
(Hong et al., 2012).-4-2 then goes into the first FWH {EL8) before entering the
deaerator (SOEAR) at 9.5 bar and 161.7°C. The feed water from the deaerate)(SC
then goes through another pumpl(®3) and is discharged at 290 bar and 167°C. Then,
the dscharge (S€7-1) goes through the remaining FWHs1E4, E115 and EL16)
before entering the boiler at 289 bar and 264°G-8yT he feed water is heated to steam
through R101-3 before entering the first HPT {{08) at 599°C, at 242 bar (SE1).
Following C-108, are two HPTs (@09 and €110) after which the steam (&E7) is
reheated through-R01-3 to at 621°C and 45 bar (S£8). SG9-8 then enters the IPTs,
C-111 and €112, where part of the exhaust steam frorhl2 (SC15) is used to drive
the boikr feed turbine drive (DOE, 2008). The remaining steamd3G) enters the
LPT (C-113) at 10 bar and 381°C and goes through the remaining LPTH{(@ C
117). The steam exits the LPTs at 0.07 bar and 42°&{3%) and, along with the boiler

feed turbire drive exhaust (S@6), all seal and gland steam condensateX®Gnd

35



makeup feed water (MAKBJP), enters EL17 to be recycled back as feed water
(Shafeen, 2014). It should be noted, that steam from the turbines is extractetidatpre
the feed wateas it passes through the FWHSs. In addition, in Figure 3.4,-AGRAT
account for the amount of energy that would have been allocated to an FGD if it were

included in the simulation, instead of SSEP (in Figure 3.1).
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3.2.5 CO2 Capture and Purification Unit

The portion of thdélue gas that is not recycled (FLUEAS) is sento the
CO2CPU (Figure3.6). FLUE-GAS enters multstagecompression with intercooling, at 1
bar and 64°C, which compresses the stream up to 30 bar, while cooling it to 35°C
(Shafeen, 2014). The resulting flue gas (EE&R) then enters a dryer {¥09) removing
any remaining BO to avoid the formation of ice, fage entering the first heat exchanger
(HX-3) as CPU13 and the following flash separator-(\M 1) as CPtL4 (Fu and
Gundersen, 2013).-¥11 outputs CP5, which is separated into CP17 and CPLILS,
and CPU16. CPU18 is expanded to 15 bar, reducing itaperature te38°C, and is
then flashed throughXt10, separating it into CRPB, which is redirected back into HX
3 to provide cooling, and CRPB, which is pumped ¢(201) back to 30 bar (CRBDO)
before mixing with CPUL6. CPU17 goes into the second heathanged (H>4) and
then into a flash separator{M2). \-112 separates the impurities into GRQUand the
COxinto CPU21. CPU20 goes back through HXand HX3 and is released into the
atmosphere after being expanded to 1 bar and heated to 23°C&3GPCPU21 then
provides cooling to HX4 and HXx3, before going through-C08 where it is compressed
to 110 bar (CPB4-2). The mixture of CPt16 and CPLBO is also high in C&and
provides cooling to HX3 as well, before being compressed b§@ to 110 bar (CPU
35-2). The streams CRB4-2 and CPB5-2 are mixed and cooled to 43°C through E
119, which produced Cat over 96% purity, ready for further compression and
transportation for reuse or storage, while also recovering over 96% of thaitally

found in FLUEGAS (Shafeen, 2014).
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3.2.6 Model Convergence

To construct the flowshegt Figure 3.1, the boiler and flue geesction was created
first to simulate air combustiogproducing 1877MW. A stream containing 95% %03%
Ar and 2% N was then introducetb simulate oxycombustion witt8% excess oxygen
the flue gas. That allowefbr the introduction of aecycle streanthat maintains the
adiabatic flame temperature inrI®1-1 without convergence issuehe BOP(or steam
cycle) in Figure 34 was then constructe@h a hierarchy to simulate power generation
using the 1877 MW produced by the boiler and flue gas sectdsteancycle is a closed
loop, however, Aspen PIl% cannot simulate closed loops arsdjuiresan input and an
output. Thus, to allow for the steam cycle to conve8f&2 and SCG1, weretreated as
input and atput, respectively. In additioMAKE -UP wasintroduced to make up fany
lost feedwatem SGAIR-1 or SCAIR-2 ensuring that S@ and SE1 were identicalAn
ASU (Figure 3.3)was then simulatedin a hierarchy)to replace the 95% Ostream
introduced earlieDespiteall the input needebleingprovided by the stream summaries in
literature, F102 ran intaconvergence issues cadss theallocatedlowrates of ASU-13-
1, ASU14-1 and ASU151. The splitwas adjustedusing massbalance which was
necessary as the amount of air required for this flowsheet was different from liteFfature
ease convergencdlowrate ratioswere usedinstead of mass flowrateginally, the
CO2CPUin Figure 3.5wasconstructed (in a hierarchy) to jfyrthe remainingflue gas
from the boiler and flue gas sectidflowrate ratios were used from the starid to reach
convergence the CO2CPU was ifst simulated without recycling CRBB back for
purification.Once convergence was reache®U-33 wasrecycled back through-®11X -

4, which eased cwergence.
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The input file for simulating anoxy-combustion power plant at atmospheric
conditionsis shown in Appendix,Jvhichincludes765 lines of inputOverall,there were
89 blocks and 162 streams. Theiler and flue gas section included®ckswhile the
ASU, BOP and CO2CPU included 15, 34 and 31 lHomspectivelyAs for the streams,
the boiler andlue gas section had 29 streams while the ASU, BOP and CO2CP2Bhad
69 and 48 streams, respectiuelhe defaultnumberof iterations for each block in Aspen
Plus™ was used in which convergence was reachedithout any warnings or errors,
within about 9Gsecondslt should be noted that thigrailation was ruron anintel® Core’™

i7-6700HQ with 16 GB of RAM
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3.3 Economic Model

While economicassessments of oxyel developmentarefound in literature, it
should be noted that comparing economic assessments with one another will demonstrate
significantdiscrepancy due to different calculation basis and varying costs, policies and
legislation among countries. With no commercial -dxgl plants yet, there is also
considerable uncertainty with regards to costs, efficiency andu@@ation (Buhre et al.,
2005).However, a comprehensive review comparing teedranomic studies of carbon
capture technologies is published by Kanniche et al. (2010) and another iyeRah
(2015) assesses the current cost o Capturetechnologies in comparison to gorment

repors published up to a decadga

To assess the economics of epgtcoke combustion, literature was reviewed to
develop an economic model of a 550 Mp@wer plant that operates at 85% of its capacity
for 20 years(Norasetkamon, 2017Fowler and Sinott, 2008;Turton et al., 2009)In
addition, the economic model will neeassumptions that are appropriate to -oxy
combustion technology. Along with details of the economic model, these assumptions will

be explained when applicable in the following seltions.
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3.3.1 Capital Cost Estimation

The class of capital cost estimates utilized here is referred to as study estimates in
literature and it focuses on the major equipment in the process. Estimating the cost of
purchasing these equipment is needesstomate the capital cost of the power plant and to
do that, the operating pressure and the materials of construction need to be specified. For

equipment operating at ambient pressure and using carbon steel, equation (3.1) is used:
17T 0 0ol1¢ o0l11¢ (3.1)
whered is the purchased cost of the equipment, A is the capacity or size of the equipment

and K3 are constantéTurton et al., 2009)For cases where the operating pressure is not

ambient, or where carbon steel is soitable, equation (3.2) is used instead:
0 O (3.2)
where0 is the capacity or size of the equipment, with m, a and b as constants (Towler

and Sinnott, 2008).

Since the power plant in discussion is a new one there are vdiiectsand indirect
factors that contribute to capital cost. Direct costs include equipment and installation
material costs along with labor costs for installation; and indirect costs include taxes along
with freight, insurance and construction overheadtg;oin addition to any contractor
engineering expenses. Costs associated with these factors are accounted for by equation

(3.3):

§ 80 (3.3)
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whered is the bare module equipment cost, and it is equivalent to summing thefcosts o
the direct and indirect factors, whil® is the bare module factor, which accounts for
nonambient operating pressure and materials of construction other than carbon steel
(Turton et al., 2008)When the equipment is operating at ambient pressudeisan
constructed of carbon steel, then and™O are used’O is calculated using equation

(3.4):
O 0 000 (3.4)

whered and6 are constantSQ is the material factor, which is 1 when carbon steel is
used, andOis the pressure factor, which can be calculated from equation (3.5) or equation

(3.6) if the equipment is a process ves¥a} (  ):

1TQ 6 61 1T @® 611 @ (3.5)

"Of; 2 g (3.6)

whereD is the operating pressure in jaEs.3 are constants (these constants are equal to 0

for equipment not affected by operating pressure) and D is the vessel diameter in m.
Equation (3.6) assumes that the process vessel is made of carbon steel in which 0.00315 is
the corrosion allowance in m, 94ithe maximum allowable working pressure in ba@, 0

is the weld efficiency and 0.0063 is the minimum allowable thickness of the vessel in m
(Turton et al., 2008). While equation (3.3) is applicable to most equipment, the bare module

cost of furnacesy ) and sieve tray( ) is calculated using equations

(3.7) and (3.8), respectively:

5 i 50 O (3.7)
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8 0 0§ O (3.8)

where0 is the number of trays ad® is the quantity factor, which is equal to 1 when N
O 20 and calculated using equation (3.9) whe
I1TCO MyxxpBipdd @ m1 xlol @ (3.9)
In addition to the direct and indirect costs mentioned eatfiere are contingency
and fee costs and auxiliary facilities costs that should be considered when discussing a new
power plant. Contingency and fee costs protect against oversight and faulty information,
and are assumed at 15% and 3%, respectively, dfatteemodule cost. On the other hand,
auxiliary and fee costs include costs associated with site development, auxiliary buildings
and offsites and utilities, and are assumed to be equal to 50% of the bare module costs for
ambient operating pressure andbwar steel. Adding the contingency and fee costs to the

bare module cost provides the total module cost and adding the auxiliary and fee costs to

the total module cost provides the grassroots cost:
0 pPp P O (3.10)
0 0 ™B 0 (3.11)

where,0 is the total module cosd, is the grassroots cost andis the total number of
equipment (Turton et al., 2008). Whde is also referred to as the fixed capital investment
(FCI), the amount of cait required to start up the plant and finance the period of
operation before revenue generation is referred to as the working capital cost, which is

assumed to be 15% of the fixed capital cost (Turton et al., 2008). Finally, the summation
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of the working cpital cost and the fixed capital cost provides the total capital cost of the

power plant:

47 GAADEODIDS O7T OEEARABEOAIOD 6 (3.12)
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3.3.2 Cost of Manufacturing Estimation

There are also costs associated with the daily operation of the power plant, referred
to as cost of manufacturing (COM). These costs are usually divided into direct
manufacturing costs, fixed manufacturing costs and general expenses. Direct
manufacturing asts consider the cost of operation, which varies with production rate.
However, fixed manufacturing costs are independent of production rate as they consider
property taxes, insurance and depreciation, which are charged at a fixed rate. As for general
expenses, they include management, sales, financing and research functions, which are all
necessary to carry out operatigmsrton et al., 2008)To evaluate these costs the FCI, cost
of operating labor, cost of utilities, cost of waste treatment and costvahaterials need

to be estimated, in which the summation of all these costs provides the COM:

860 ™ WS OX 6 pRad 6 6 (3.13)

where0 is the cost of operating labar, is the cost of utilities) is the cost of waste
treatment an@d is the cost of raw materia{Surton et al., 2008)To calculated , the
number of operators per shift is needed, which is calculated using equation (3.14), along
with the average hourly wage of an operatdrich is heavily dependent on the location of

the plant but is estimated to be as 61,620 USD (Bureau of Labor and Statistics, 2017).

o WO TR G (3.14)

where 0 is the number of operators per shijt, is the number of articulate solid
processing steps arid is the number of neparticulate processing stefs. ando

are calculated based on the costs in Tables 3.2 and 3.3, respectivély; asdalculated

based on the cost of the fuel, which in trase is petcoke (Turton et al., 2008pwever,
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the cost of petcoke is assumed to be zero, since the power plant in discussion is assumed

to bein a country that is alreagyroducing petcoke as a4pyoduct during its business

usud oil-refining processe®therwise petcoke is assumed to cost about 51 USD/tonne

for a power plant in KSA or 57.45 USD/tonne for a power plant in th€BJS, 2018;

Pulak, 2016)

Table 32 Cost of Utilities (Turton et al., 2008)

Utility Description gJoé‘ E) 1GJ)
Low pressure steam (5 bar, 160°C) 6.08
Steam from Boilers ~ Medium Pressure Steam (10 bar, 184°C) 6.87
High Pressure Steam (41 bar, 254°C) 17.70
Cooling Tower Water Processesooling water (30°C to 40°C to 45°C 0.16
Refrigeration Low Temperature-0°C) 7.89
Very Low Temperature-$0°C) 13.11

Table 33 Cost of Waste Treatment (Turton et al., 2008)

Process Description Cost
b (USD/common unit)
Waste Disposal Nonhazardous 36 USD/tonne

(Solid and Liquid) Hazardous
Primary (filtration)

Waste Water Secondary (filtration, activated
Treatment sludge)
Tertiary (filtration, activated sludge
chemicalprocessing)

200-2000 USD/tonne
41 USD/1000m

43 USD/1000rh

' 56 USD/1000r
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3.3.3 Levelized Cost of Electricity and CQ Avoided and Capture Costs

To compare oxjfuel combustion technology utilizing petcoke to other combustion
and renewable technologies utilizing other fuels, the levelized catecificity (LCOE)
is required. LCOE is the cost per unit of electricity of building and operating a power plant
over its assumed lifetime and so, it represents the minimum price at which electricity must

be sold for the power plant to break even. LCOg€alsulated using equation (3.15):

0600 (3.15)

where 6 0 "@ the capital charge factor for P years of levelization (P chosen here to be 20
years), CF is the capacity factor (85%) and E is the electricity generated per year if CF was

100% in kWhet(Turton et al., 2008 0 "@ calculated using thee followgrequation:

000

(3.16)

whereQs the interest rate, which is assumed to be 17i5%e USand¢ is the number of
annuities, which is assumed to be @rton et al., 2008)When assessing oxyel
combustion, calculatinthe cost of C@avoided and cost of G@aptures also important

as it provides context for how much the ASU and CO2CPU are contributing:

#1 O&/ ' O1 EAAA (3.17)

#1 O&/ # AbOOOA—— (3.18)

whered 0 U ®0 0 UHBDtwithout considering thASU and CO2CPU. Both LCOE values

are in USD/kWhand CQ Captured and both G®roduced values are in tonnes/kWh.

49



3.3.4 Profitability Analysis

To perform a profitability analysis on the power plant, it is first assumed that the
land required is purchased at time zero, and its cost is equal to 5% of FCI. The construction
then starts, and given the magnitude of the power plant, it is assuméddsticanstruction
will last for three years, in which the staip time of the plant starts at the end of the third
year(Turton et al., 2008)Iin addition, it is assumed that FCI excluding the cost of land, or
FCI 6, is paid ov e rtheffirbtgearfandr3@X in eadn of éhe follpvang r s :

two years.

There are three criteria to analyse profitability: time, cash and interest rate. These
criteria are calculated here using a discounted technique, which discounts the yearly cash
flows back to timezero taking into account the time value of money. The time criterion, or
di scounted payback period (DPBP), -upasdt he
can be determined using equation €3. The cash criterion, or the net present value (NPV),
is the cumulative discounted cash positadrthe end f t h e m@hdasrcdlcolated! i f e
using equation (3.20Y he interest rate criterion, or the discounted cash flow rate of return
(DCFROR) is the interest rate that makes NPV equal to zero walheash flows are
discountedDCFROR is the highest aftéaix interest rate at which the project breaks even

and should be greater than the internal discount rate for a project to be considered

profitable.
nm 06 00— (3.29)
60w B —— (3.20)
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where"Ois annual profitandé is the time period, which in this caseiplus the number

of years of construction, and is the net cash inflow during.

Another useful approach to asspssfitability is calculating the equivalent annual
operating cost (EAOC), which allows for a profitability analysis when the expected
operating lives of equipment differ. EAOC, which is calculated using equati2d),(&
basicallythe direct manufacturgicosts anédministrative costadded to the total capital
cost amortized over the operating lffieurton et al., 2008)

0606 66041 GAAID E O DIO

T {00 Opd 0 pwo 0 o] (3.21)
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