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Abstract

Fossil fuel consumption remains a significant contributor to glgveknhouse gas
emissions, accounting for approximately 90% of the overall emissions, with fossil fuel power
generation systems identified as a major source oféissions. Given the ongoing industrial
activities and increasing energy demand, completely discontinbmguse of nonrenewable
resources for power production is not feasible in the near futurec&fure and storage (CCS)
technologies offer a promising option for continuing to utilize fossil fuels in a cleaner and more
sustainable mannefhe wide deploynt of carbon capture technologies alone has the potential
to decrease power plant emissions by as much as 196%ever, he current CC%echnologies
face severalchallenges fobroadimplementation, specifically significant energy requirements
high capitd cost and flexible operatianThe currenCCStechnologies lead to a decrease in the
net power output of the plant @pproximately25-40% and result in a substantial increase in
power generation costs, potentially up to 70%. Another challenge is thieeragnt for flexible
operation of CCSas wth the increasing penetrati@h renewable energy sources in the power
grid, fossil fuelfired power plantsneed to operate i loadfollowing mannerto ease the
integration of intermittent renewable sourc@snsequently, significant fluctuations in the power
plant flue gas necessitate flexible operation of the downstream carbon capture system to adapt to

these changes.

The above challenges necessitate implementing innovative solutions in the operation and
desgn of carbon capture systems to reduce the energy penalty and cost oa@@@ing and
improve the flexible operation of CCS to accommodate both-lbaseand loadollowing
operating of the power plants. Membrane systems offer promising advantaggsaf@atiag CQ
from other components of power plant flue gd#)oughthe process encoungseveral techigal
and economicchallenges These challengesiust be addressed to optimize thdesign and
integration with fossifueled power plants and enharibe feasibility of this environmentaly
friendly technology for extensive adoption.

This dissertation is focused on the development of flexible and efficient mentiasee
carbon capture technologies for laigmale implementation and integration withttbbaseoad
and loadfollowing fossitfueled power plants under high renewable energy integration. This

dissertation aims to address and provide insights intoctineent challenges by employing

XVi



advanced modeling, simulation, and optimizatechniques. An efficient and flexible musitage
membranebased CCS process is developed and optimized to address the challenge of energy
requirements and cost penalties of the system. In this context, a comprehensive teciomoic

model for the possibl designs and operating strategies of the membrane separation process is
developed in order to investigate the potential and viability of the membemael CCS system.
Furthermore, the optimal process design and the possible-affsdéetween performance
indicators of the membrard®msed CCS are presented with the aim of reducing energy and cost
penalties. Finally, the transient behavior of the membbased process is further investigated at
different disturbances and variat®im the power plant opeian imposed by the plant load
following behavior to address the required flexibilitytbé carbon capture systerhe results
substantiatethat the proposed system could be an optimal and flexible option for the
decarbonization of power plants operatingai loadfollowing manner.The best possible trade

offs between objective functiosbiow thathe CQ capture cost and energy penalty of the process
could beas low as 13.$/tCO; and 10% at optimal design and operating conditiévso, the

results showttat the response of the membrane module tedtapge irfeed flowrate conditions

is much faster thathe conventional C@capture process, making this technology promising for
flexible integration.This study provides valuable insight into membrane séjosr and can be

used by decisiomakers for the sustainaldevelopmenof fossitHfueled power plants.

Moreover, b address CCS integration challenges for the power plant operating at base
load mode, a hybrid solassisted membraremine CCS equipped waithermal energy storage is
developed in order to improve the power plant operation and reduce teardban electricity cost
and the energy penalty associated with the €&Pturing. In this regard, the conventional amine
based CCS is hybridized with aufti-stage membrane process for selective @&0irculation to
improve the separation driving force and decrease both CCS equipment size and energy penalty.
Furthermore, the solar energy field witkhdur thermal energy storage is integrated with the
devebped CCS to provide the required thermal energy and flexibility for capturing 90% of
released C@ The resultgrovedthat he specific reboiler duty and total packing volume in the
caseof the proposed design could significantlyreduced byt.3-6.9% and39-44%, respectively,
compared to the baseline caééso, due to the change in the inlet air properties and integration of
the solar fieldo the CQ capture plantthe output power of the systamthe proposedlesigns

canbe increased b$¥3.819.4% in comparison to theonventionalcase.Moreover, he results
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revealed that theeveloped designepresentshe lowest levelized cost of electricity and €0
avoided cost, 81.43 $/MWh and 101.66 $/tonng@mong thetherCCSequippedpower plant.

The proposed designand system investigation conducted in this dissertatod for
addressing the technology challengéthe CO, capture proceskold considerable promise in
facilitating theideal reduction of carbon emissions from fo$séled power plants and promoting
sustainability within the power sectofhese advancemen@nd developmentsalong with
appropriatggovernmental policies and incentive progranas) potentiallyienhance the economic
viability and desirability of C@ capture systems, making them increasingly favorable for

widespread implementation.
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Chapterl. I ntroducti onObanedc tRevseesar c

1.1 Climate change mitgation and carbon capture and storage

Carbon dioxide, a significant gas present in the atmosphere, plays a crucial role in
sustaining life on Earth. This molecule is essential for the process of photosynthesis, which
provides energy to plants, the primaggource of food as well asource obxygen which is vital
for humarlife [1]. However, ecent evidence suggests that human activities associated with energy
production are causing an excessive buildupgasbon dioxide €O;) in the atmospherf2]. A
significant increase in atmosphe@©, concentration habeen reported, surpassing 415 parts per
million (ppm) in 2019 from the prandustrial revolution level of 280 ppnas energy demands
have increased globallg]. This accumulation o£O; has surpasseithe capacity of Earth's natural
cycles to balance,iandCO; has becoméhe most abundant greenhouse @&dG) generated by
human activitiesand it isexpected to lead to severe environmental issues in the fatowegh
climate changd4]. As presented irFig. 1-1, CO; has beerresponsible for the major GHG
emission and associated negative impacts since 98 United Stat[5]. These potential

environmentaimpacts include the melting polar ice caps, rising sea levels, drastic changes in

HFCs, PFCs, SFs, NFs: 3%

10,000 “

8,000 .

6,000
4,000

2,000

Emissions (million metric tons of
carbon dioxide equivalent)

- . . -
1990 1994 1998 2002 2006 2010 2014 2018 \ 2021

Year

@ Carbon dioxide @ Methane
@ Nitrous oxide @ Fluorinated gases
@ Land use and forestry carbon stock change
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weather patterns, warming and acidification of the oceans, depletion of the ozone layer, and poor

air quality, which subsequently endanger human, plant, and anim#l life

Since the start of the industrial revolution, carbon dioxide emissionsdrawetially
risen primarily due to the combustion of fossil fuels for power generation. This anthropogenic
activity, which currently accounts for 80% of the world's energy supply, haslgteanteasd
atmosphericCQO; levels [7]. Specifically, globalCO, emissions from energy combustion and
industrial processaa 2022reacled 36.6 gigatons (Gt) o£O,, marking the highest amount ever
recorded8]. As depictedn Fig. 1-2, the United States emitted around 5.6 GO, in 2021 through
energy production and industrial activity, which is about 15.3% of global adi@e¢missions
[5]. Althougha decrease in recent decades has been reported in GHG emissions, mainly due to
switching coal to natural gas power plaritere stillarelarge GHG emisions from the energy

sectors that need to be addregsepreventlimate change issues.
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Fig. 1-2. U.S. GHG emission by inventory sector from 1990 to 2021 [5]



Simultaneously, we arwitnessinga significant surge irthe global population and a
remarkable expansion in energy usage, fueled by the increasing number of countries adopting
industrialization.It is expected that energy consumption will continue to escalate in the 21st
centuryasThe International Energy Agency (IEA) projected a 50% surge in energy demand by
2050[9]. Accordingly, decarbonizing fossil fupbwe plants is of paramount importance to align
with the environmental goalof achieving zero emissions by 205@utlined by the

Intergovernmental Panel on Climate Change (IP[2Q).

Various options exist for decreasi@O, emissions from conventional power plants,
including enhancing fuel conversion efficiency through adedntechnologies like integrated
gasification combined cycle (IGCQ)1], supercrical and ultrasupercritical pulverized coal
power plants[12], and ratural gas combined cycle (NGC()3]. Another approachs fuel
switchinginvolves transitioning from carbeintensive fuels (such as coal) to less carindensive
alternatives like natural g4$4]. Additionally, the most emerging technology is carbon capture
and storage (CCSyhich coud be integrated with fossil fuel combustion platdscapturethe
emittedCO,. CCUS, which stands for Carbon Capture, Utilization, and Storage, plays a crucial
role in facilitating the shift toward achieving net zero emissions through various means. It
addresses emissions stemming from current energy infrastructures, offers solutions in sectors
where emission reduction is particularly challenging, such as cement production, aids in the
significant expansion of lovemission hydrogen generation, and allows éxtractng certain

amounts ofZO; from the atmospherid5].
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Fig. 1-3. Schematic of carbon capture and storage technolfidigs



CCS technology involves the process of captuf@® emissions from sources, such as
power plants or industrial facilities, and transpaythemto a storage site where it is deposited in
sinks like geological reservoios aquifers odirected taCO; utilization plantdor beingconverted
to valuable produst The schematic ahe CCS chain is depicteid Fig. 1-3 [16]. There are two
major approaches for capturif@O,, including point sourc&CO, capturing and direct aiCO,
capturing. Poinsource capture refers to the process of capturing and redir€fingmissions
from significant sources such pswer plants anchdustrial facilities. This technology enables the
capture ofCO,, preventing it from being released into tenosphere. Additionally, there are
methods available to address historic&k emissions that are already present in the atmosphere.
These methods include direct air capture and storage (DAC), which involves ca@xing
directly from the air, and bioengy with capture and storage (BECCS), which combines bioenergy
production withCO, capture and storagd7]. These approaches offer potential solutions for
mitigating and reducin@Oz levels in the atmospher&iven that power production is a major
contributor toCO, emissions, capturinGO. from electricity plants presents an attractive solution
for reducing theCO, output associated with fossil fuel combustion. To achieve thaaret
emissions targe€C O, captuetechnologies enable fosdueledpower plants to continue operating
while reducing their environmental impact, providingoadge toward a cleaner and sustainable
energy futurg18].

Due to the potential and importance of CCS technologies in climate change and net zero

emission scenarios, there has been a notable surge in the CCS facilities, which now encompasses

300

250
200

150

100 ‘ ‘

CAPACITY OF CCS FACILITIES CO2 (Mtpa)
ul
o

o

2010 201 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
YEAR

EARLY DEVELOPMENT @ ADVANCED DEVELOPMENT @ N CONSTRUCTION @ OPERATIONAL

Fig. 1-4. Capacity of CCS facilitiem the worldat different stages from 2010 to 202P9]

4



a totalof 196 projectsvorldwide The trend of CCS facilitiesapadiy in the worldis presented in
Fig. 1-4, which emphasizes the remarkable progress and momentum in recent years. However,
there are only 3@perationacommercialscale CCS facilities in the wotlavith a total capture

capacity of 42 million tonreof CO, per yeaf19].

Fig. 1-5. World map indicting operational commercial CCS facilifies]

Fig. 1-5 presentghe distribution of these facilitiesorldwide, indicating thathe U.S. is
the leading country with 15 operation CCS facilities. The number of these facsigigsected to
increae significantly in the near future due to potential advancement in the process and design as

well as government investment and incentive progf@ds

In the context of achieving Net Zero Emissions (NZE) by 2050, it is estimated that the
amount of CO, captured by CCS technology significantly increases from the current annual
amount of42 million tonnesto 7600 million tonnsby 2050, representing a remarkable increase
of at least a hundred times the current lej@sAs illustratedin Fig. 1-6, this amount is divided
among different sources, with fossil fuel combustion contributing around 50% of the captured
CO, industrial processes accounting for 20%, amdcdbmbination of bioenergy utilization with
CQO, capture and Direct Air Capture (DAC) methods making up approximately{20%
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2050

It is worth noting that the utilization &@CSwith fossil fuels is expected to drive nearly
70% of the overall growth iI@CSuntil 2030 within the NZE framework. Howeverarious factors
including economic, political, and technical challenges, contribute to the uncertainty surrounding
the future growth of CCS, which creatibstacles that hinder the widespread adoption and scaling

up of CCS tehnologies.

To effectively combat climate change, it is crucial to transition towards cleaner energy
sources and technologies such as renewable energy resources. Anticipated advancements in the
global energy mix include a gradual transition towards renkewetergy resources like solar and
wind power As of 2021, the share of renewables in global electricity generation has already
reached 28.79415,21] However, despite the increasing installed capacity of renewables, the
intermittency and nowdlispatchability of these sources impose a significant obstacle in achieving
a smooth integration with electricity grifi82]. Fossil tiel plants offer several advantages over
emerging renewable sources, such as their ability to respond swiftly tadestmoithanges in peak
power demand, provide backup during electricity production using sources like wind or solar,
generate larger quanés of energy at a lower cost, and adapt to short andtéyng shifts in
energy requiremen{23,24] By considering the increasing demdodelectricity, the continued
presence of fossfueled power plantequippedwith CCS along witha high share of renewable
energy in the electricity mjxs expected in the foreseeable fut{8i 27]. This approach ensures

a reliable and stable electricity supply by leveraging the strengths of each energy source. While



intermittent renewables contribute to reducing carbon emissions, cmmanihermal power
plants provide a reliable baseload capacity that can be flexibly adjusted to meet fluctuating

demand.

1.2 Motivations and challenges

Although CCS is widely acknowledged as a crucial technology for mitiga@iGg
emissions in the fossflieled power sector, the substantial costs involved and the significant
energy requirements associated with its implementation are the primary obstacles to its widespread
deploymen{28,29] One notablehallenge is the increased energy requirements associated with
CO, separation technologies, leading to reduced overall efficiency of the power plant and
economic viability of the power plant. Additionally, the costs of implementing capture systems
contribute to both the initial capital investment and the ongoing operating costs of power plants.
The current CCS technologies can lead to a decrease in the net power output of the plant by
approximately25-40% and result in a substantial increase in power gaoercosts, potentially
up to 70%[30i 32]. Accordingly, balancing the potential environmental benefitth the
associated energy and costs penalties is crucial in determining the practicality and viathiéty of

wide implementation of carbon capture technologies into power plants.

Another challenge that limits the widespread deployment of CCS is theamgnt for
flexible design and operation of CCS integrated with fefsgiled power plants. As the penetration
of intermittent renewable energy sources continues to increase in the electric grid, conventional
thermal power plants are faced with the avadle of frequently cycling their load and operating
under lowload conditiong33]. The fluctuating output from renewable sources can lead to sudden
surges or drops in power production, requiring thermal power plants to quickly adjust their
operations to maintain grid stabilifg4]. This often involves ramping up or down the output of
conventional power plants toompensate for the intermittent nature of renewable energy.
Consequently, the downstream carbon capture plant, which is integrated with the power plant,
needs to be responsive to these rapid changes imposed by the shifting load demands. To respond
to the clanging load demands, the carbon capture plant must have the flexibility and adaptability
to adjust its capture and storage processes accordingly. It should be capable of handling varying
flow rates and concentrations of carbon dioxide to ensure efficeebbie capture throughout

different operating conditions. Additionally, dueth® increasinghare of renewable energy and



thepotential integration oénergystoragefacilities, the thermal power plant may need to operate
at a reduced loadrhus, the capability of carbon capture system for operating efficiently and

flexibly during partial load conditionsas becoma challenge that need to be addressed.

1.3 Problem statementand research objectives

Among the available technologies for point seu@O, capturing, the conventional and
widely-implemented process is the absorption G0, into amine solvents, such as
monoethanolamine (MEA), which has provedhavenotable advantages. Although extensive
research studies have been undertaken to showwasebility and potential of this technology,
significant challenges are still remained for lasgale commercial implementatidB5i 41].

These challenges include the high thermal energy requirement to regenerate solvent along with
high capital and operating cost, resulting in a substantial reduction in energy efficienay and
escalation in the cost of electricity. On the other hamembrandechnology is considered to be

one of the promising and fadeveloping alternatiwssfor CO, captue purposs [42]. Membrane
processes offer advantagesich as selective separation, scalability, and flexibility, while
conventional absorption processes are known for their high capture efficiency. Despite the fact the
current membrane technologies face the same challenge of costs and energy requitements, t
continuous advancements in membrane materials and innovative process designs hold the potential
for membrane technology to become a key player in the development of sustainable power
generation system@3]. Therearesignificant gaps in the field d€O, capture technologies to

make them technically and commercially viable and appropriate tifier largescale
decarbonization of fossfleled power plantsAccordingly, considering the researghpsin the

field that have been discussed in the next chaptsevenresearch question®kQ) have been

proposedhataddressinghemmakes significant contributiosa andgenerate new knowledge

U RQ1: Whatarethe current status, challenges, and progressfcapture technologies for

integrating with fosstfueled pover plant®

U RQ2: How can the technical performance of membrbased carbon capture technologies be
improved to enhance their efficiency and effectiveness in capturing and storing carbon

dioxide?



U RQ3: What are the key factors influencing tleeonomicand energyperformance of
membranebased carbon capture systems, and how can they be optimized to reduce costs and

increaseenergyeffectiveness?

U RQ4: How is thedynamicperformance omembranebased integratd with loadfollowing
power plans, and how can the flexibility of membranbased carbon capture systems be
enhanced to accommodate different industrial processes and varying carbon capture

requirements?

U RQ5: What noveprocess design and integraticem be developed to overcome the limitations
of thecurrent carbon captusystem8How can the integration @ower plants witlmenewable
energy sources and membréresedCCS be optimized to create a hybrid system that

combines efficient carbon capturéhvsustainable power generation?

U RQG6: What are the impacts of commeresalale deployment of the propoderid design on
the capital cost, operational costs, equipment size, capture cost, and electricity cost of the

system?

U RQ7: How is theperformance of the proposed novel hybrid sysiteiime case of oftlesign

and partial load performanee

Overall, gven the global importance of implementing CCS technology and its significant
potential in reducingcO. emissions from fossil fuel power plants, this dissertagidtressekey
challengesmentioned in the research questioAscordingly, he primarygoal is to developan
innovative and practical solution for the optimal design, operation, and flexibleatitegof CCS
with fossitfueled power plantsTo accomplish this objective, it is crucial to employ advanced
approaches in the development and enhancement of carbon capture systems. These methods should
focus on reducing the energy and cost implication€©4 capture, as well as improving the
flexibility of CCS systems to accommodate both bHasel and loadollowing operations of power
plants. By implementing these measures, the efficiency and effectiveness of CCS techcanogies
be optimizegd making then more economically viable and adaptable to different operational
requirements of power plant§.o achieve the main goal of this dissertation, five research
objectives with their correspondimgsearch questions atakks have been proposed as follows:

U Objective 1:Literature review inhe CCS field(RQ1)



Approach: A comprehensive literature reviag/conducted to give insight intihe progresand
developments InNCO, capture technologies as well as associatbdllenges and potential

opportunitiedor flexible carbon capturéechnologies

New knowledge: Overview of recent progress, developments, and challeng€Oin

capture technologies design and integration

U Objective 2:.Component and systelavel simulatiors andtechneeconomic investigatioof
themembrandbasedCCS(RQ2)

Approach: Despite the membrareased CCS potentialsr CO, capturing purposeshe process
encountesseveral techn@conomic challenges tha¢ed tde addressed to enhance the feasibility
of this environmentallfriendly technology for extensive adoptiokccordingly, this dissertation
addresses and provides insights into this objective by employirgneeld technical models
involving lumped parameter models thebalance of plastand a mechanistic membrane model.
Furthermore, an economic model comimgsdifferent cost factors for the capital cost and
operational cost of the system components is Idpee to investigate techreonomic

performance and sensitivity analysis of several desigd operating parameters of the system.

New Knowledge: Understanding the technical performance and cost of membrane
technologies in various designs and operationposed by upstream power plants

U Objective 3. Developnent ofan economically viable design of midtage membranbased
CCS witha flexible operation for integration with power plant under load following
operation(RQ3 and RQ4)

Approach: An efficient and flexible multstage membranreased CCS procesuust baleveloped
using a rigorouprocess optimization approatthaddress the challenge of the systéhe optimal
process desigrof membranébased CCSs proposed and the possible traewfs between
performance indicators of the membrdresed CCS are presented with the aim of reducing energy
and cost penaltiedvioreover the transient behavior of the membrdrased process is further
investigated at different disturbances and variatiarthe power plant operation imposed by the

plant loadfollowing behavior to address the required flexibilitytloé carbon capture system.
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New knowledge:Optimal multistage membranreased CCS process and possible trade
offs for energy and cogtenalty- Flexible operation and transient behavior of membrane process

for integration with power plant under load followingeration.

U  Objective 4Development ofa novel solarassisted hybrid membrat@nine carbon capture

system for flexible and sustainle decarbonization of natural gdised combined cycle

power plantRQ5)

Approach: To address the technical and economic challenges associated with the conventional
aminebased CCS process and its integration with the-lsagepower plant, a new hybr@dO,

capture process is developed and investigated. The aim of this hybrid desigmpdve the

power plant operation and reduce the-oavbon electricity cost and the energy penalty associated

with CO, captue. In this regard, the conventional amip@sed CCS is hybridized with a multi

stage membrane process for selec@@ recircultion to improve the separation driving force

and decrease both CCS equipment size and energy penalty. Furthermore, the solar energy heating
system with thermal energy storage is integrated with the developed CCS to provide the required
thermal energy anfliexibility for the integrated system.

New knowledge:An Efficient and robust design of a CCS process by hybridization of membrane
amine process and solar heating field for flexible and sustainable decarbonization of natural gas
fired combined cycle (NGCQower plant

U Objective 5. Investigaton of part load performance and economic viability of the natural
gas combined cycle power plant integrated with salssisted hybrid carbon capture system

(RQ6 and RQY)

Approach: The part load operation and economic analysis of the developedassisied hytd
membraneamine CCS for flexible and sustainable decarbonization of the NGCC poweagant
investigated in detail. A advancegrocess modeling and simulatie performed byutilizing
severalsoftwareand custom models off-design conditiog wherethe power planturbine load
decreases from 100% to 50%. Furthermareaccurateconomic modebased on a weknown
methodologyis developed to calculatbelevelized cost of electricity andO; avoided cost. The
economic performance of the system is evalyateda detailed comparison with other casas

well as sensitivity analysis of parameters on the economic indicaterprovided.
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New Knowledge:Insight into part load performance and economic viability of the natural
gascombined cycle power plant integrated with the proposed design

1.4 Dissertation structure

The current Ph.D. dissertation consists of an additional five chapters that corresiend to
five research objectives mentioned earlier. Additionally, it includes a compilation of five journal
papers that are associated with conductethsksin the dissertation to address research objectives

two to five

Chaptertwo, corresponihg to theapproachof thefirst objective, serves as the technical
background othe CO; capture process, emphasizing the current development and progress in the
field with a specific focus on its application in the power sector. It discusses the challenges
associatedwith balancing power generation and the need for flexib@ capture plants.
Furthermore, it explores various aspects of integrating natural gas combined cycle power plants

with the CO» capture process.

Chapters three to six of the dissertation align directly approachegperformed in the
second to fifth reseanmbjectives. The analysis and results of these chapters have been published
or submitted to prestigious pesviewed journals. The specific mapping of the chapters to the

respective publications is as follows:
U Chapter 3: Multi -stageMembrane-basedProcess for Power Plant Decarbonization

Published paper: Asadi, J., & Kazempoor, P. (2021). Teckempnomic analysis of membrane
based processes for flexiblEeO, capturing from power plant&nergy Conversion and
Management246, 114633

U Chapter 4: Optimal Designand Dynamic Behavior of Membrane-based CCS

Published paper: Asadi, J., & Kazempoor, P. (2022). Sustainability Enhancement of Fossil
Fueled Power Plants bpptimal Design and Operation of MembraBased CO, Capture
ProcessAtmosphere13(10), 1620.

Published paper:Asadi, J., & Kazempoor, P. (2022). Dynamic response and flexibility analyses
of a membrandased CO, separation moduldnternational Journal of Greenhouse Gas
Control, 116, 103634.
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0 Chapter 5: A Novel Solar-assistedHybrid Design of CCSProcess for Flexible

I ntegration

Under review paper: Asadi, J., & Kazempoor, P. (2023). Advancing Power Plant
Decarbonization with a Flexible Hybrid Carbon Capture Syst&mnergy Conversion and

Management
U Chapter 6: Off -designOperation and EconomicViability of the Integrated System

Under review paper: Asadi, J., & Kazempoor, P. (2028)ynamic Performance and Economics
of SolarAssisted Hybrid Carbon Capture for Natural Gas Combined Cycle Power, Plant

Applied Energy

Fig. 1-7 presents the summary tfe dissertation structure ariie connection between
research questions and new knowledgeach chapter. Each of these chapters concludes with a
summary section that highlights the significant points and itsidarived from the obtained
results. Finally, in Chapteseven, all the pertinent findings are consolidated, and the main

conclusions of the work artiedirection of future research in the field are presented.
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—>

Chapter 1
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-

Chapter 2
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membrane-based carbon capture technologies be
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\__dioxide?
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economic and energy performance of membrane-
based carbon capture systems, and how can they be
optimized to reduce costs and increase energy
effectiveness?

» RQ4: How is the dynamic performance of
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membrane-based carbon capture systems be
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create a hybnd system that combines efficient carbon
capture with sustamable power generation?

-

» RQ6: What are the impacts of commercial-scale
deployment of the proposed hybrid design on the
capital cost, operational costs, equipment size,
capture cost, and electricity cost of the system?

» RQ7: How is the performance of the proposed novel
hybnd system in the case of off-design and partial
load performance?
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Chapter2. Background ea Rd wirew

? Research Question:RQ1-What is the current status, challenges, and progress of CO
capture technologies for integrating with fodsiéled power plants?

Objective: Performing literature review in the CCS field

c:

V New Knowledge: Overview of recent progress, developments, and challenges in CO

capture technologies

The current chapter is organized as follows to provideaekground and aetailed
literaturereviewregading the primary goal and research objectives of this dissertation: In Section
2.1, common types of power plants that could be integrated twalCO, capture process are
introduced and discussed. Section 2.2 is devoteahtoverviewof CO, captureand sbrage
methodsfor point source capturingncluding postcombustion, pre&eombustion, and oxfuel
combustion, is provided along wittdiscussion abouhe pros and cons of each method. Section
2.3 comprisesthe potential gas separation technologies @@, capture systems that can
effectively separat€O, from other gas components, withspecific focus on absorption and
membraneC O, separation technologies. Sectiod icludesa comprehensive review of vans
studies centered around the modelisgnulation and optimizationof the membrane and
absorptionprocesss Furthermore Section 5 delves into thdlexible operation and design of
CCS technologiesdvioreover,Section 26 reviewsvarious strategieof the hybridization ofCO;
separation methodand integration of CCS with renewable resourcesratdral gas combined
cyclepower plantsLastly, Section Z. provide conclusions and remarts this chapter

2.1 Fossitfueled power plants

Fossitfueled power plants are electriciggnerating facilities that rely on the combustion
of fossil fuels, such as coal, oil, and natural gas, to produce energy. Most thermal power stations
worldwide use fossil fuel, outhumbering nuclear, geothermalnass, or concentrated solar
power plants, to meet the growing demand for electriaityldwide [44]. The most common
fossitHfueled power plants include pulverized ctiedd power plants (PC), natural gised
combined cycles (NGCC), and integrated gasification combined cycles (IGCC).
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Fig. 2-1 displayssimple block diagrams illustrating the configuration of pulverized-coal
fired power plants. Initially, coal and air are introduced into the boiler, where they undergo
combustim to produce steam. This steam is then utilized to generate electricity. Subsequently, the
flue gas generated in the boiler is directed towards a flue gas desulfurization (FGD) section, where
the removal of sulfur compounds takes plptsg. The resultant flue gas, which is now clean and
saturated, is released into the atmosph®tgpical 550 MWe pulverized supercritical cefaked
power plant haan efficiency of 39.3%6 and produce821 kg/s flue gas with CO, concentration
of 13.5 mol.%30]. The averag€0; intensity of the coal power plant is the highest among other
types of power plants, equal to 961 ®@./MWh [46]. Currently, approximately 8,500 operational
coal power plants spread across the globe possess a capaagdiag 2,000 gigawatts,
contributing to over onthird of the total global electricity generatiph7]. Remarkably, coal
power plants stand out as the largest individual source of greenhouse gas emissions worldwide,
accounting for ondifth of the global total. This highlights their significant role in the production
of carbon dioxide and other greenheugmses that contribute to climate chageordingly, the
properties of flue gas from this type of power plant has been considered in this dissertation for

integrating with carbon capture and storage process.
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Fig. 2-1. Schematic of typical pulverized coal fired power plptH]
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The NGCC power plant mainly consists of three-puicesses, combined cycle gas turbine, heat
recovery and steam generation (HRSG) system, and steam tudsr@esented iRig. 2-2. The

gas turbine compresses air, which is then heated through the combustion of injectétiefuel
resulting energy is harnessed as the hot product gases expand through an expandehedriving t
rotor that directly powers both the compressor and the generator. The generated exhaust gases with
temperatures ranging from 550 to 650°C are then used in a heat recovery system to produce steam
at different pressures for expansion through a steammtutbigenerate additional electricity8].

NGCC power plants demonstragehigherefficiency of 50%.A typical NGCC plant witha

capacity of 555 MWe produsé397.4 kg/s flue gas with @0, concentration of 4 mol.%9].
Accordingly,the NGCC plans, comparé with coalfired power plarg, aremore efficient with

lower CO, emissiors (425 kgCO/MWh) [50]. In 2021, NGCplants accounted for 32% of the

total electricity generation in tHe.S, while coalfired powergeneration held the second position

with a share of 22%&1]. In the present dissertatioiie NGCC power plant, as one of the widely

used sourceof power, is considered for modification and integration with CCS.

Exhaust

A

Pump
HRSG
Fuel l Condenser

Compressor

Air

Fig. 2-2. Schematic of typical NGCC power pld48]

Fig. 2-3 presents the schematic af Integraed Gasification Combined Cycle (IGCC)
power plantwhichis a type of advanced power generation facility that converts coal or other solid
fuels into synthesis gas (syngas) through a process called gasifjéajiorhe syngas is then used
to generate electricity through a combined cycle system, similar Mss&£C plan. IGCC plants
are designed to achieve higher efficiency and lower emisiansonventional coafired power
plants by utilizing gasification technology and advanced pollution control syséaégmcal IGCC
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plantwith 640 MWe capacity produsd 100 kg/s flue gas withCO, concentration of-14mole%
[49]. This type of fosstfueled power plant demonstragset plant efficiency of 4% withaCO;
intensity 0f602 kgCO.,/MW. Although the performance of IGCC plaim terms of both efficiency
and emission has been improved compared to the traditionafireaapower plarg, 20-47%
higher capital costs for IGCC plantalong with many technicathallenge and operation

complexity, arethemain barrieito replacing the conventional coal power plgt3).
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Fig. 2-3. Schematic of IGCC power plaji2]

2.2 CO: capture and storagemethodsfor point source capturing

CCS technologies are comprised of three distinct components. The carbon capture process,
constituting the first part, is the most expensive component, accounting for approximately 50% of
the total cost§s4]. WhenCO, compression is included, the costs can escalate and reach up to 90%
of the total expens¢49]. The secnd part of CCS technologies involves the transportati@Qaf
acting as a crucial link between the capture stage and the third part, which focuses on storage.
While the transportation and storage aspects may not be asteosive as carbon captureeyh
present significant challenges in terms of planning and implemen{&égrCarbon dioxide can
be captured from different sources according to its partial pressure, operating condittbns
composition of the gas mixture. In thermal power generatiorydimgjj fossil fuels, biomasand
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other wastdo-energy plantshe capturing approaches can be broadly categorized into three main
processes: preombustion, oxyfuel combustion, and pesbmbustior{56].

2.2.1 Pre-combustionCO:2 capturing

In the precombustion process, the fuel undergoes oxidation through a gasification process
andCQr is captured before the fuel is burned in a combustor. As preseriied 24, this process
involves reforming or converting the fossil fuel into syngas, which is a mixture containing
hydrogen (H2), carbon dioxide, and carbon monoxide (6Q) The CO in the syngas undergoes
a shift reaction, where it reacts with steam to produce more hydrogen and carbon dioxide. The
carbon dioxide is then separated from the gas mixture, typitatygh a physical or chemical
absorption proced$8]. As a result, a hydrogetch stream is obtained, which can be utilized in
various applications such as boilers, furnaces, gas turbines, engines, and f{&dlcdllse pre
combustion capture method benefits from higher concentrations and pressdf@scofnpared
to othercaptureproceses, enablingow energy penalty due ©0; capturing[54]. However, this
process has a complex operation sithacapture plant i the middle of design, artie power
plant needs significant modificatig60]. Also, this method is limited to theagificatiorbased
power plantintegrated coal gasification combined cycle (IGCC) plant serves as an example of
this technology[61]. It is important to note that the fuel conversion process irc@mabustion

capture is costly and is typically more suitable for new plant prd@2is
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Fig. 2-4. Schematic of preombustiom CCS[4]

19



2.2.2 Pog-combustionCO:2 capturing

Postcombustion technology is presently the most common method for capG@né\s
depicted inFig. 2-5, CO, is removed from the exhat flue gases of power plantsthe post
combustiorprocesswhich typically exis at atmospheric pressu@ne of the primary advantages
of postcombustion capture is its ease of integration with existing power gé8jtdHowever, a
significant challenge in this press is that the concentration@®; in these flue gases is generally
very low (1015% for coalbased power plasaind 4 mole% for NGC(Jp4]. Therefore, capturing
CO. from postcombustion flue gases requires efficient separation technologies to handle low
concentration levels and large flowrd&b]. Hence, identifying a cosffective approach for
capturingCO, from flue gas is crucial. Additionally, the presence of various contaminants such as
SOx, NOx, and fly ash in the flue gas fuethncreases the complexity and cost of the separation
process usinghis technoloy [66]. Due to its simple integratio with power plarg, post
combustion capture technology requires a lower auxiliary system to ensure smooth operation
compared to the preombustion method67]. Consequently, the capital cost associated with
implementing and maintaining this system tends to be |dhemthe precombustion capture
systemsAlso, previous studies showed that when utilizing natural gas as fuel, temtaustion
carbon capture pcess results in a 14% decrease in efficiency compared to the reference power
plant[68,69] On the other hand, the pasimbustion carbon capture process shows a relatively
lower efficiency drop of 8% compared to the reference power plant when natural gas is used as

fuel [69]. These efficiency drops reflect the energy requirements and process complexities
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associated with capturing and separating carbon dioxide from the flue gases generated during
combustion. It is essential to consider these efficiency losses when evaluatinasthiitieand

costeffectiveness of implementing carbon capture technologies in power péhts

2.2.3 Oxy-fuel combustion capture system

Oxy-combustion involves burning fuel in an oxygemnriched environment, resulting in the
primary emissans of carbon dioxide and water vapor while minimizing the presence of nitrogen
[71]. The general scheme for the process using thecorybustion method is presentedrig.

2-6. The use of purexygen in fuel combustion, instead of air, leads to the absence of nitrogen in
the flue gas and aimcreased concentration GfO,. Oxy-combustion technology is primarily
applied to solid fuelfired boilers, such as pulverized coal boilarsl circulating fluidized bed
boilers[72]. The advantages of oxyombustion include reduced nitrogen oxide (NOx) emissions,
smaller boiler dimensions, a simplified method for captu@@y compared to other technologies,
the possibility of retrofitting existing technologjeand a lower mass flow rate of exhaust gases
(approximately 75% less compared to combustiahéair)[73]. However, oxycombustion also

has its drawbacks, such the high energy requirement for the separation of oxygen traair,

which typically has a purity level of 989%, the need for higltemperatureesistant materials,

and highinitial capital costg$74].
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2.2.4 Comparison of CO2 capture technologies

Table 2-1 shows the limitations and advantages of each capturing method based on the
available literature. It can be concluded that the-postbustion CCS has great potential to be
integratednto boh existing and new power plants, although there are some technical challenges
that need to be addressed. Addressing these technical challenges to pave the way for the

commercialization and larggcale application gbostcombustionCO, captue technoloy is one

of the aims of this Ph.D. dissertation.

Table2-1. Advantages and limitations GOz capturing methods

CO2 Capture
method

Advantages

Limitations and
challenges

Related
References

Pre-combustion

1 Lower energy requirement for
COz separation and compression

1 The feed gas to the CCS unit has a high
pressure, which improves the CCS
performance

1 The presence &0, at much higher
concentrations in syngas makes
COz capture less expensive

1 It can only be applied in
gasificationbased power plants
like IGCC.

1 It cannot be retrofitted to the
existing power plant as this
method needs lots of change i
the process.

1 It requires a complicated
chemical plant in front of the
turbine, which can cause extra
shutdown of the plant.

[62], [57], [75],
[59], [76], [58]

Oxy-combustion

1 high concentration o£Oz for easy
separation

1 As a result of decreased flue gas volume
the cost of carbon capture in oxyfuel
combustion is low

1 Massivereduction in NOx emissions

1 It cannot be retrofitted tthe
existing power plaras this
method needs lotsf change in
the process.

1 High cost and energy
requirement of air separation
and flue gas recirculation

1 Material of construction to
withstand hi¢p temperaturgis
needed.

[74], [77], [78],
[79], [73]

Postcombustion

1 It leads to a lower total electricity
costcompared to others which maktbis
method favorable for power plants ownel

1 It can be easily retrofitted to both existing
and new power plants

1 It can be used for different types of powe
plant, coalfired, IGCC and NGCC

1 1t will not affect the operation and
reliability of thepower pant since the
CQO; capturing is after the power supply

1 There isatechnical challenge
due tothe low thermodynamic
driving force forCQO; capture

1 Alarge amount of energy is
required forCO, capturing and
separation

1 The presence of impurities
such as SOgnd NOx in the
flue gas, needto be separated
before CCS

[64], [80], [81],
[82], [83]

2.2.5 COgqtransportation and storage

COe transportations the intermediary step in the CCS supply chain, connecting the capture
site to the storage location. Various transportation methods can be utilized, including pipelines,

rail, road tankers, and ships, depending on the sp&iificcapture and storage sceioa [34].
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Pipelines e welksuited for transportin@O» over long distances and at large scaidsle road
tankers are more appropriate for short distances and smaller capacities.

CO, storage is a crucial process that involves safely and securely storing the captured and
transportedCOy in different types of storage s#tf56]. There are several potential options@a.

storage, including:

1. Geologicalstorage[85]: This involves injectingcO; into deep gelogical formations, such
as saline aquifers (porous rock formations filled with saline water) or depleted oil and gas
reservoirs that are no longer productive. These formations act as natural traps, securely

storing theCOz underground.

2. Enhanced Oil an@as Recovery (EOR/EGR36]: In this methodCO; is injected into
depleted oil and natural gas reservoirs to enhance the recovery of remaining resources. The
injectedCOz not only aids in the extraction process bubaksmains trapped within the

reservoir, effectively storing th@O, underground.

3. Submarinesediment Layerd87]: Deep underwatetCO, can be injected into suitable

sediment layers beneath the ocean floor, where it can be stored safely over long periods.

These various storage options offer different advantages and eatisids, and the choice
of storage site depends on factors such as geological characteristics, prox@akystmurces, and
local regulationg88]. Implementing a combinatn of these storage methods can contribute to

effectiveCO, management to mitigate climate change.

After capturing and separati@O,, compression wilbccurat different stages in the CCS
process. It camccu after the initial capture process, preparing @@ for transportation via
pipelines, ships, or other means. Additionally, compression may be required before injecting the
CQO into storage site€100-150 bar) ensuring it reaches the appropriate presiuréngterm
storag€89].

2.3 CO: separation technologies

Various gas separation technologies can be utilized for sepai@tagfrom other
components of flue gas in the pastmbustion phse. The primary methods include physical and

chemical absorption, absorption, cryogenic separation, and membrane prdagsaesprovides
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a schematic representation of the potential technologies and methdtiS.feeparationwhich

are under investigation in both academia and induE«gept forcryogenic separation, all other
methods mentioned in the figure require material carriers., Adstectingthe appropriate
technology forCO; capture depends on the specific characteristics of the flue gas stream, which
are primarily influenced by the power plant technology used. Chemical absorptionn®she
implemented technolggor CCS while membrane technology is the most potential and promising
one[90]. A brief description of these technologiegh a specific focus on chemical absorption
and membrane technologiegiesented below

. Methanol

- | Physical
Absorption Glycol-based
Ionic liquids

a - Py
T Alkaline
~ Absorption —— Hybrid amines

\ Ammonia
Modified Ionic liquids

= = Zeolites
Physical Activated carbons

Adsorption
J i T~ MOFs/PPNs

< {L ___— Metal oxides

ACdl;f)mi:i:ln —— Amine-enriched
EPHORI™ Modified MOFs

CO: separation

_— Inorganic membranes

Polymeric membranes
\

Hybrid membranes
\ Biological

_— Forestation
Oceanic fertilization

T Micro-algae

Fig. 2-7.VariousCO, separation technologidsr postcombustionCOz capturing

2.3.1 CO2 absorption processes

Among the mentioned methods for capturi@§,, the most welestablished and
commercially accessible technology is liquid absorption, particularly in the petroleum and
chemical industrie$75]. Absorption of CO, using the solvenoccurs either with physical or

chemical absorption. In this process, a gas stream reacts with a liquid to degrade components. If
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remarkable chemical reactiormse not implementedetween liquid and gas, the interaction
between absorbent and gas is gdhedzfined as physical absorptioat the same timef it takes

place as reversible or irreversible, this interaction is described as chemical ab$b8jtion
1 Physicalabsorption

Physical absorption involvasilizing organic or inorganic solvents to physically capture
COp without undergoing chemical reactions with the solvent. This method is primarily employed
for gas streams containing concentra@c at high pressures. Commercially, it is utilized to
eliminate acid gases, such @&, and H2S, from natural gas, as well as to ext@o from
synthesis gas in ammonia, hydrogen, and methanol production prddd3gsehysical absorption
occurs according to Henryoweretemperature ahed pressunge r at i
affectefficient CO, removal[91]. In physical absorption, since the reactiorC&», and absorbent
is low, the energy needed for regeneration is lower than the chemical absorgiton Bhysical
solvents are also associated with certain drawbacks, includingClomH?2 selectivity, high
solvent viscosity, limited thermal stability, flammability, corrosiveness, and toX2} Some
of the commercialabsorption processes GO, physically can be listed abe Selexol process
using dimethyl ether or propylene glycas an absorbenthe Fluor process using propylene
carbonate as an absorbethi Rectisol process using methanol as an absorbenthairisol

process using Mnethyl pyrrolidone as an absorb§a2].
1 Chemical absorption

Chemical absorption processes are currently favored foicpasbustionCO; capture due
to the relatively low partial pressure®@0; in exhaust gases. This method is suitable for removing
CO, present in low concentrations (low partial pressutddwever, this technology faces
challenges in power pla@O; capture, mainly related to the high energy requirements for solvent
regeneration and degradation. Chemical solvents such as amine solutions, aqueous ammonia, and
carbonates are utilized to rene@0, from the gas stream through chemical reactions that occur
in the absorption column. An ideal chemical solvent for this purpose should possess the following

characteristics:
1 Minimized energy/cost requirements for regenerating the solvent.

1 The enhancedabsorption rate promesthe efficient capture oCOs.
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1 Increased reactivity in capturir@€O..

1 Affordable solvent cost.

1 Improved stability, with reduced degradation and lower corrosive properties.
1 Reduced environmental impact.

Alkanolamines likeMonoethanolamingMEA) in aqueous solutioms the commonly
employed solventandhave become the standard amine @O, capture in power plants due to
their effective CO; transfer rates, relatively affordable cost, and biodegradaf@gj; Fig. 2-8
illustrates a schematic diagram of the chemical absorption process, which occurs in two stages. In
the first stage, the flue gas reacts with the solvent in the absorber to ca@tuiRubsegently,
the COq-rich solution is transported to the stripper, wHe€® is regenerated at high temperatures.
The solution withouCO; (leartloading solution) is then returned to the absorber column. The
stripper produces a higlpurity carbon dioxide streanwhich can be compressed, stored, or
utilized. The absorber and stripper model incorporates multiple equilibrium and kinetic reactions.

C02 to

Cleaned gas Cooling Storage
water

Absorber

Stripper

Cooling
water

Cooling
sy Solvent

Rich
solution Lean solution

Fig. 2-8. Schematic of chemical absorptiG®, separation method
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Chemical absorption has long been utilized in the chemical industry, with 30% MEA and MDEA
solutions being commonly udelue to their high process efficiency and carbon dioxide fQdiy

However, the chemical absorption method is en@mggnsive as it requires a significant
amount of heat for thstripper It is estimated that approximate3@-40% of the heat supplied to
the steam in the boiler should beetited to the CCS installation, depending on the absorber used,
in the case of a steam unit fired with hard o4&l. In the process a£O, capture besidesMEA
with the chemial formula GH7NO., other primary amines such diglycolamine (DGA) with the
formula C4H11NO2, scondary amines include 2jgiinodiethanol (DEA) with the formula
C4H11NO», diisopropanolamine (DIPA) with the formul@dsH1sNO2 have been utilized as the
solvent[96]. Also, tertiary amines such asiKethy}t2,2-iminodiethanol (MDER) with the formula
CHsN(C2H4OH). are also utilized foremoving sour gases such as H2S @@ in gas treatment
processef97]. The reaction betwee@iO, and amines is reversible, as the weak bond formed is
easily broken when the liquid is heated. WI@&D, reacts with MEA, it forms a carbamate and
bicarbonate solution while releasing 83.6 kJ/mol, as shown in equatid8gJL)By heating the
MEA solution, the MEA carbamate and bicarbonate decompose, regenerating the amine and
releasingCO..

60000000 6U0P 6000000 060

In addition to the conventi@al solvents, there have been developments in other solvents
for CO, capture.Specifically, steric hindrance amgesuch as -Aaminc2-methyl1-propanol
(AMP), and cyclic diamine, such as piperazine (PZ), have been commercially uS€y tapture
[99]. AMP exhibits exceptional absorption and desorption characteristics, including lower energy
consumption for desorption, higher dadation resistance, and a higher loading capacity of 1 mol
COx/mol aming100]. PZ is commonly used as an activator in other amine syste@®f@apture
due to itsrapid reaction rate witicOp, which improves mass transfer rates and kingfiog)].
However, PZ's solubility in water is very low, redng CO, capture with high PZ content
solutions to be conducted at high temperat[i@2]. FurthermoreSolvent blends have shown the
potentid to enhance absorption properties by combining different types of solvents since primary
and secondary amines exhibit high absorption rates, while tertiary amines have a higher capacity.
For example, blending MEA with a small amounP&@can improve thabsorption rate, as PZ is

50 times faster than MEf99]. Another option is using a solution of AMP promoted with PZ,
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which has been suggested as a good alternative to MBAFurthermore, anic liquids have
emerged as novel alternatives to amines. Tlwgenelting point salts consist of a large organic
cation and an arbitrary anion, allowifay physical or chemical abgation of CO, depending on

the pressur@l03]. New-generation solvents have been propdsedduce energy consumptjon
including wateifree solvents and biphasic solven&nce he presence of water in a solvent
increases the energy demand for thigerneration processovel waterfree solvents such as non
agueous organic amine blends (methanol, ethylene glycol), aminosilicones, or amines with a
superbase have beander investigatiofl04]. Each of these solvents has some advantages and
disadvantages fa€O, separation application, as summarized able 2-2. Overall,fundamental
research and pilot plastudies are necessary to understamtherthe behavior of new solvents

for absorption technology to facilitate the application of pashbustionCO;, capture.

Table2-2. Pros and cons of various solvents for chemical absorptibreapturing procesi®94,96,105,106]

Solvent type Advantage Disadvantage
MEA 1 strong reactivity withCO 1 Elevated vapor pressure

1 Widely available and cosffective 1 Strong corrosive properties

1 Rapid absorption rate 1 High energy requirement for regeneration
MDEA 1 Minimal corrosive properties 1 Slow reaction rate wit€O;

1 Highly resistant to degradation
1 Selective to H2S absorption

DEA 9 Low corrosivity and minimal foaming 9 Generation of corrosive acids
1 Reduced energy requirements 1 Incapable of handlintpw-pressure gases
DIPA 1 Non-corrosive 1 PoorCO; absorption capability
1 Low vapor requirements for recovery
Pz 1 Demonstrates high absorption capacity, twice  Limited concentration
that of MEA
1 Formation of carbamate durif@; reaction
AMP 1 Efficient absorption and hig80: loading 1 Inferior amineCOz mass transfer compared 1
9 Lower corrosiveness compared to other MEA
solvents
lonic liquid 1 Exhibits low vapor pressure 1 Higher cost compad to amine solvents
9 Ecofriendly solvent 1 ReducedCO; absorption capacity compared
1 Reduced energy demand for recovery to MEA

1 Hindered mass transfer due to high viscosit

Moreover,Extensive research studies have been undertaken to showcase the viability and
potential chemical absorption procedsr largescale commercial implementatiof35i 41].
However, a significant challenge lies in the high thermal energy consumption in the stripper
column to regenerate solvent, resulting in a substantial reduction in energy efficiency and a

subsequent escalation in the cost of eletyritn response, extensive efforts have been dedicated
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to developingmorereliable and cosgffective desigrs for CO, separation from othetue gas
components. Over the past decablesides research amproving solvents properties and
developing efficienhsolventsfurtherprocess improvement approaches sudhersnal integration
[107,108] novel and hybridprocess designand processoptimization [95,109,110] are
implementedto reduce costs and enhance tlfikleativeness ofabsorptioAdbasedCO, capture

processThese studies are reviewed and discuss#tkinext sections.

2.3.2 Membrane-basedCO:2 separation

1 History of membrane technology

Over the past few decades, membrhased gas separations have gained significant
industrial adoption due to their various advantages, including reduced environmental impact and
lower capital and operating costs compared to conventional separation pddddgeThe
concept of membraneased gas separation was initially proposed by Graham in [ll8&8. The
first commercialized membrane gasaetion process was 979 which sparked further interest
and led to the development of different gas separation processes that could compete with existing
technologieg113]. Currently, membrane gas separation is widely used in industrial applications
worldwide, including air separation (for nitrogen production and oxygen enrichmgdihgen
recovery from ammonia purge streams, separation of hydrocarbons and light gaseé& and

removal from natural gg414].

1 Membrane materials

Membrane materials used f@QO, separation can be categorized into two main types:
porous and noiporous membrang415]. Nonporous membranealso referred to as dense film
membranes, are typically made of polymers that are above their glass transition temperature. In
this stae, the polymers exhibit a more ligtiite behavior[116]. Membrane permeability and
selectivity are important parameterslie characterization and comparison of various membrane
materials. They deterime the ability of a membrane to selectively allow certain substances to pass
through while restricting the passage of others. Membrane permeability refers to the rate at which
a specific substance can permeate or pass through a membrane. It is a nidhsutramsport

capability of the membrane for a particular component.
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Two commonly used polymeric membranes for gas separations are glassy and rubbery
membranes. Glassy membranes are rigid and have alig@assiture. They operate below their
glass tramition temperatures. On the other hand, rubbery membranes are flexible amahdoft
they operate above their glass transition temperatirebbery polymers often have high
permeability but low selectivity, whereas glassy polymers have low permeability but high
selectivity[117]. Glassy polymeric membranes are predominantly used in industrial membrane
separations du® their excellent gas selectivity and favorable mechanical propé&tasmercial
glassy polymeric membrane incligmlysulfones, polyimides, polyaramides, and polycarbonates
[42].

Inorganic membranes, including zeoliiased membranes such as DDR zeolite, S8R0
zeolite, and Zeolitd, have been utilized f& O, separation under high temperature, pressure, and
harsh conditions where organic membramay not be suitabld. 18]. However, their applicability
is limited due teseverafactors includinghigh cost, low processability, and membrane poisoning.
Metalorganic frameworks (MOFs) are a promising class of hybrid materials that consist of metal
ions as coordination centers covalently bonded with organic linkers. MOFs exhibit high porosity,
large surfae area, and higRO, uptake capacity, making them potential candidatesCiOs
separatiorf119]. Developing continuous MORmembranes poses several challenges due to their
inherent characteristics. These challenges include poor intergrowth, low stability at high moisture
content, low reproducibility, and limited molecular sieving by the organic lifilked]. Mixed
matrix membranes (MMMs) combine inorganic materials, sashzeolite, alumina, silica
nanoparticles, carbon nanotubes, graphene oxide, and zeolitic imidazolate frameworks (ZIFs),
with a polymeric matrix[121]. Including these inorganic fillers provides molecular sieving
properties, enhancing the separation performance of the membrane. MMMs can have an
asymmdric structure with a thin skin layer supported by a poroudaydr[122]. One significant
disadvantage of MMMs is the inadequate ability to disperse inorganic particles evenly throughout
the polymer matrix. Insufficient dispersion results in particle aggregation, which causes defects in
the membrane structur€hese defects have a negative impact on the overall performance of the
MMM, leading to a decrease in its effectivenfs20]. Facilitated transport membranes (FTMs)
offer an alternative approach @O, separation, demonstrating the potential to achieve higher
permeances and selectivities compareddoventional polymeric membrang23]. In FTMs,

CO, selectively permeates through the membrane via a reversible reaction with a complexing
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agentcarrier incorporated in the membrafi4]. Nonreacting gases like H2, N2, and CH4
permeate exclusively through the solutdiffusion mechanismComplex membiae fabrication
sensitivity to operating conditions, and limited stability are the main drawbacks of this membrane
type[125].

As mentioned beforeesgeral kinds of membrane materials have been proposed fo©the
capture process, such as inorganic, orgaracganic, and polymeric membranes, although most
of them are not tested in piletale CCSs. Among the propos€®,-selective polymeric
membranes, Membrane Technology Research Inc. developed the Polabsamgmhich can
provide remarkable permeance values of 18000 GPU ((1 GPU = 16cm® ( STP)?7 (s c¢cm
cmHg))) and moderat€O,/N> selectivity of 50 and is applied into several pilot plants CCS
[126,127] On the other hand, high@O,/N> selectivity andCO, permeance can be reached by
facilitated transport membranesich aspolyvinylamine (PVAm)/piperazine glycinate (PG),
presented the selectivity of more than 140 and the permeance of greater than 700 GPU at the
normal flue gas conditiorj428,129] It is reported tha€O,/N. selectivity higher than 40 ar@O,
permeance higher than 500 GPU makes the membrane separation competitive tebasbant
absorption for CC$0]. However, a more comprehensive understanding of membrane properties
effects on the system performanecel @conomy is critically important to enhance the viability of

membrane separation in a flexilil€, capture system.
1 Mechanism of gas transport in membrane

In membrane gas separation, gas molecules are selectively separated from their mixture.
Membrane cotactors, howevempromote the contact between two phases liquid and gas
phase [130]. Membranes form sengiermeable barriers to separate compounds through various
mechanism, including convective flow, Knudsen diffusion, molecular sieving, aalution
diffusion[131]. Two widely recognized models are used to describe gas permeation in membranes:
the pore flonmodel for porous membranes and the solutlffusion model for dense (nonporous)
membraneg[132]. Fig. 2-9 provides an illustration of the gas permeation mechanisms in
membranesWhile both porous and dense membranes have the potential to be useleédtve
gas separation, it is worth noting that all commercially available gas separation membranes

currently rely on dense polymer membranes.
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Fig. 2-9. Mechanisrms of Gas permeation through the membrane

The mechanism of gas transport through membranes is influenced by several factors,
including the physical and chemical structure of the membrane, the characteristics of the
permeating gas species (such as size, shapk,polarity), and the interaction between the
membrane and the g43%33]. The distinction between the solutidiffusion and pore flow
mechanisms is based on the size and continuity of the pdies thie membrane. In the solution
diffusion mechanism, the transport occurs through tiny spaces known-aslineee elements or
pores. These pores are created by the thermal motion of the polymer molecules and are considered
gaps between the polymer ahsi The transport process in this mechanism is described by Fick's
law and follows the principles of solutiahffusion [131]. In contrast, the pore flow mechanism,
described by Darcy's law, involves relatively large and fixed pores within the membrane. Thes
pores do not fluctuate in position or volume on the timescale of gas movement and are
interconnected. In this mechanism, gas transport occurs through the continuous channels provided

by these relatively large porfk34].
1 Membrane modules

In industriatscale separation processes, a significant amount of membrane material,
ranging fron hundreds to thousands of square feet, is requi#ttient packing of these
membrane materials into modules is essetdiahsure economic viability and practicalityhile
cost is an important factor in selecting membrane modules, issues like fantirgpncentration
polarization often take precedenckhere are several types of membrane modules available,
including plateandframe modules, tubular modules, spwadund modules, and hollow fiber
modules. Among them, spiralound modules and hollowkier modules are the most commonly
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used in gas separation applicatigh85]. Fig. 2-10 presents the schematic of these membrane

modules.

Spiralwound modules are wedluited for gas separation applications involving Higlk
feed gases with contamination agwhcentration polarization concerns. These modules consist of
a flat sheet membrane material wound around a central permeate tube, creating a spiral structure.
This design allows for a large membrane surface area within a compact module, facilitating
efficient mass transfgfL26]. On the other hand, hollow fiber modules are more suitable for high
volume applications that require low flux and low selectivity membranes. Hollow fiber modules
consist of numerousmall, hollow fiber membranes bundled togetihea similar configuration to
shell and tube heat exchanggr30]. Hollow fiber membranes are highly desirable in membrane
processes due to their large membrane area per unit volume, ease of constructamit and
supporting structure. These characteristics contribute to the overall performance and economic
feasibility of membrane processes. Currently, the majority of gas separation membranes are
manufactured in the form of hollow fiber modules, with less @@# being produced as spkal
wound moduleg[130]. This membranemodule type has been considered @O, captue

applicationin this dissertation
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Fig. 2-10. Schematic of membrane modules, (a) spiral wound membrane contactor, (b) hollonefiblerane contactt

Also, flow configuration in the membrane modules can be categorized into two types:

parallel flow and croslow membrane moduleas presented ikig. 2-11. Crossflow modules

33



mainly depend on the fedd-permeate pressure ratio as a driving fofde parallel flow module

is also categorized as-corrent flow, countecurrent flow, and countesurrent flow with sweep
gas[136]. Countercurrent flow is widely recognized for enhancing mass transfer in the case of
limited pressure ratifil37]. Due to complexity and flow distributiormounterflow modules are
currently limited in their applications, mainly usier air dehydration and some nitrogom-air
processesMost membrandased gas separat®utilize crossflow modules because of simple
operation.Counterflow modules are expected to be employdten it comes to separati@O,

from flue gas in power plants. This is because cotftaer operation offers clear advantages: it
increases the concentration GD; in the permeate from 29% to 41%, reduces the required
membrane area by 38%, and decreases power consumption §¥2g§%n the sweep module, a
small portion of the residue gas is introduced to the permeate side at the end of the module. This
has a dramatic effect due to additional driving fothe membrane area needed for separagon

significantly reluced by almost 40%.
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Fig. 2-11. Schematic crosffow, counterflow, and counteflow with sweep module designs

Cross-flow Counter-flow

1 Membrane-based process fo€O2 capturing

The membrane gas separation is considered as a potential aatfexiste technology for
flexible postcombustionCO, capturing due to several known benefgsich as low energy
consumption[138]. Besides the postombustion method, the membrane modules Gk
capturing can be usedtime precombustion strategyvhich involvesCO, capturing before power
generation via the combustion procg$89]. Also, oxygen transport membranes have a wide
application in the oxacombustionCO; capturing methodvhich consists of a cobustion process

with oxygen instead of aif140,141] However, A technical challenge for cesftficient CO,
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capturing by the membrane process is the@f partial pressure (typically 0.15 atm.) in power
plant flue gas, which implies a low thermodynamic driving force foi@eseparation. To reach

the desiredCO, capture rate andCO, purity, the permeability and selectivity of available
membranes are not adequate for a sistdge membrane procg$83]. To address this challenge,
many researchworks are devoted to both the development of new membranes and the

improvement of membrane process designs.

Fig. 2-12 shows a twestage membrane process schemédic postcombustionCO;
capturing The flue gasnustbe compressed prior to being supplied to the membrane unit to
provide the necessary driving force required for the gas separation. Membrane separ@tian for
capture is simple and does not involve chels or regeneration. However, membra@;
separation, based on the flue gaS, partial pressure, needs a considerable inlet pressure to
provide enough driving force fa€O, separation and reduce the required membrane[b424
Hence in the case of low parti@, pressure in postombustion flue gas, the main challenge is
high compressoand membrane cost, where process design and optimization based on multistage
membrane systems could offer a solutidndetailed review othe current design and potential

improvements inthemembranebasedCO; capture process is presentedhanext setion.

Coal-fired power plant Membrane-based carbon capture system with two stages
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Fig. 2-12. Schematic of two stage membrévesed CCS process

2.3.3 Adsorption-basedCO: separation

In adsorption processes, molecules adhere to the porous surface of a solid either by physical

and/or chemical forces. The adsorption separation process typically consists of three steps: the
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adsorption step, where a film of the adsorb&@,] is formed onthe surface of the adsorbent
(molecular sieves or activated carbon); a purging step, where the other gases are purged from the
vessel; and a desorption step, whereGQf® is desorbed from the adsorbehig. 2-13 indicates

the simpleCO, adsorption process, which consists of adsorption and desorption[543)s
Typically, single bedCO, adsorption employs four distinct regeneration cycles, namely pressure
swing adsorption (PSA), temperature swidgaption (TSA), electrical swing adsorption (ESA),

and vacuum swing adsorption (VSH}Y4]. TSA heas the adsorbents for regeneration leading to

a larger sorbent inventogswell asa high energyequirementin the ESA electricity is passed

through the bed to heat up and regenerate the adsorbent. In pressure swing adsorption, the pressure
of the adsorbent is reduced to achieve desorpti@®OafVacuum swing adsorption is a specialized

form of pressure swing adsorption used whenfeed gas pressure is close to the ambient pressure
[145].

2.3.4 Cryogenic-basedCO: separation

The cryogenic method of carbon capture technology utilizes liquefied natural gas (LNG)
to generate the necessary cold energy for capt@@glt is employed in both oxyfuel combustion
and posttombustion carbon capture processes to sep@@ierom flue gas. Cryogeni€0O,
capture enables the production of highly pGe@;, reaching levels of up to 99%. This method
involves several steps, inding compression, expansion, separation, and cooling. However, the
cryogenicprocesdss considered less desiralthen other technologietue to its high operational
costg[146].

Flue gas CO, for transport

without CO, and storage

Vacuum
i pump

Adsorbent

=

|

Cold gas

Adsorber
12q10s3Q

Cold Liquid Hot Liquid

=X Heat pump
Adsorbent

Flue gas with CO,

Fig. 2-13. COz separation process using adsorption technolbg$]
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2.3.5 Comparison of CO2 separation technologies

Table 2-3 summarizs the abovedescribedCO, separation technologies along with their

pros and consWhile absorption remains the most widely used method for carbon capture,

membrane separation shows significant potential in the field as a less-ariengyve and cost

effective technique. Additiaaly, membrane systems are often compact, modular, and scalable,

allowing for easier implementation and integration into existing processes. These factors

contribute to the affordability and feasibility of membrane separation for carbon capture

applicatiors. While further research and development are needed to optimize membrane materials,

enhance selectivity, and improve efficiency, membrane separation holds promise as a viable

alternative to absorption methods in the field of carbon capture.

Table2-3. Characteristics of differei@O; separation technologies

Separation technology

Description

Main advantages

Main disadvantages

Chemical absorption[147]

Chemical absorption of
carbon dioxide with a solvent
such as MEApiperazine,
sodium hydroxideor
potassium hydroxide.

1 High carbon dioxide
absorption per unit of
solvent

1 No methane losses

1 Strong selectivity

9 Simple operation

1 High energy penalty in
the regeneration

1 High capital and
operating cost

1 Possibility of amine
emissions

Membrane separation[127]

This technique is based on th
different sizes of molecules.
Carbon dioxide is permeated
through a porous membrane
while methane is retained ove
the membrane surface.

1 Low costs

1 No needo use
chemical agents or
antifouling

9 No hazardous
emissions

1 High recovery

1 Need of a previous
stage to remove minor
contaminants

Adsorption [148]

Zeolite, molecular sieve, and
other solid adsorbentse

used to adsorEOz. By
changing the temperature an
pressureCQ; is released from
adsorbents.

1 Simple operation

9 Low energy
consumption

9 Fast sorbent
regeneration

9 High gas losses in the
desorption stage due t
the pressure release

9 The adsorbent has
limited capacity and
low sdectivity

Cryogenic[149]

CO: has different condensing
temperaturs; hence ggradual
decrease of flue gas
temperature is performed unt
pure gas flows are achieved.

1 High COz purity
Simple and easy to us

1 High costs and low
recovery

Table2-4 shows the status of pesbmbustionCO, capture development. Among various

separation technologies, the absorption process has reached a relatively advanced stage of

development. However, gtill requires careful consideration of equipment corrosion and entails

high costs for solvent regeneration. On the other hand, adsorption processes face limitations in
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terms of lowCO, adsorption capacity and susceptibility to the influence of other gases
adsorbents. Overcoming these barriers necessitates the development of new adsorbent materials.
Membrane technology shows promise due to its energy efficiency, but research is required to
optimize its performance at lo®0, concentrations and high cajiges. Continued exploration

and development in these areas will contributeadwancingcarbon capture and separation
technologies.

Table2-4. Status of postombustionCOz capture developmef1]

Absorption Adsorption Membrane

Commercial usage in chemical High Moderate Low
process industries 9
Operational confidence High High but complex moderate
:)'Qre]zarlrtl;nary source ofheenergy Solvent regeneration Solid sorbent regeneration Compression
Regeneration energy (MJ/&§:) 2.216 0.53.12 0.56
Efficiency penalty (%) 8.2114 5.4i19.0 6.4 8.5
Development trends New solventthermal New sorbent, process New membrane,

P integration configuration process configuration

2.4 Challenges and advances ithe design and operation of CO2 capture
plants

In this sectionalliterature review is conducted on the current challenges in the design and
operation of chemical absorptiddO, capture plarg the conventional process as well as
membranebasedCO, capture plargas the promising option for widespread implementatayn f
decarbonizing power plants. Furthermore, reteratureabout advances and progress in the field

is critically reviewed.

2.4.1 Challenges and advances in Chemical absorption

Agueous amindased technology is a chemical absorption process recognizedassthe
maturefor postcombustion captur@CC)of CO.. Aqueous MEA has been globally considered a
fundamental solvent because of its high separation selectivi§dgand its rapid rate of reaction
[75]. Even though this technique is quite old and has been commercitlesd)ventbased PCC
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process faces challenges due to the large flow rate an€@wconcentration in the flue gas,
requiring significant heat for solvent regeneratiorhese challenges impose energy and cost
penaltieson the power plants, affecting the viability and feasibility of the procEss.heat duty

for regenerating the amine solvent comprises three main componeti® ¢i@sorption energy
needed to break the chemical bond between the solvent and carbon dioxide, (ii) the sensible heat
required to raise the temperature of the aqueous amine solution, and (iii) the energy needed to
vaporize water foCO, stripping. Generdf, desorption heat accounts for half of the total energy
requirement for regeneration. Typicallje requirecheat fora stripperis obtained from steam
drawnoff from the medium/lowpressure turbine crossover in a power p[ab0]. The thermal

energy needed for solvent regeneration is a crucitdnpeance indicator in absorptidrasedCO

capture processes commonly measured by the adsorbent regeneration energy required to capture 1
tonne ofCO,. Traditional solvents like MEA typically require around -3.%5J of regeneration

energy per tonne o€0O; [151]. However, advanced solvents such as Shell's CANSOBN®

Fluor's ECONAMINE FG PLUE have achieved lower regeneration energy consumption,
ranging between 2.5 G@O, and 2.9 GJEO: [49]. This reduction in regneration energy
indicates improved efficiency and ceftectiveness of th&€O, capture process using these

advanced solvents.

To mitigate this energy efficiency penalty, extensive research has focused on four areas:
(1) developing solvents with improvemoperties like highCO, absorption capacity and lower
regeneration heafl02]; (2) modifying process configurations, such as inteepolgoor
recompression, and spBtream technique$l52]; (3) optimizing process parameters like
absorber/stripper sizes, solvent flow rate, andbaiber temperature/pressuf@53]; and (4)

effectively integrating the PCC plant with the power p[dad#,155]

Abu-Zahra et al[156] have identified key process parameters, sudb@seanloading,
reboiler pressure, and MEA concentration, that directly impact the heat duty of the reboiler. Other
factors, like solvent temperature and column heigllaty aless significant role in reboiler energy
consumption. AbtZahra et al. have suggfed that optimizing these parameters can lead to a 20%
reduction in reboiler duty and a 23% reduction in regeneration energy when using 40 wt% MEA.
Aboudheir et al.[157] conducted a study where they modified the solvent capacity and
concentration to optimize reboiler duty and cost. Damartzis et al. proposed alternatsreetow

designs for MEAbasedCO; capture systems and used techniques like orthogonal collocation on

39



finite elements to improve performance and reduce solvent floj\wa8. Moullec et al.[159]
exploredvariousprocess modificationfor MEA-based CCSategorized into heat integration,
absorption enhancement, and heat pump to analyze their inest. studyfound that the
reduction in regeneration energy rarggelld be upd 45% depending on the complexity of the
process modification. Julien et al. conducted two studies aimed at reducing reboiler energy
consumption [15]. They explored new solvent technologies beyond MEA and investigated
different process configurations, su@s stripper split feed, lean vapor compressor, and
combinations of the two, to optimize operational costs and procédses.Sultan et al[160]
assessed the advantages of three different modifications to the stripping process to reduce energy
requiremerg and cost. These modifications are lean vapor compression, stripper overhead
exchanger, and an advanced hybrid configuration combining both techr@édpaetago et al. used

CFD simulation to evaluate an MEA absorption proces<for removal on an AMTSP 3BY
structured packing in an industrstale pilot planf161]. They found that mulpacked bed
columns with interbed liquid distribute are ideal for studying industriataleCO, absorbers.

Also, regarding the ratio o€0O, recovery inthe MEA absorption processt is generally
recommended to set the optin@D, capture degree3O, amount in product strea@O, amount

in theflue gas) n the range of 890% for economic considerations, with a common value of 90%
used in most desigr32,65]

The absorption process @0, capture can be modeled using either a simple equilibrium
stage model or a rigorous rdiased modeF-or a largescaleCO; capture process, the rdtased
process modeling and simulatibilas been consideredvéal approach for evaluating different
configurations' performance and gainingfter andnoreaccurate insight into the process design
and developmenfl62]. The ratebased models, based on both #im and eddy diffusion
theories, have been shown to provide more reasonabtiicpons compared to the simple
equilibrium stage mode[463]. TheCO; desorption models in amirigased processes are similar
to the absorption section, including heat and maasster models and thermodynamic
considerations. However, tr@aj chemical reactions in th&rippercolumn, which operates at a
wider temperature range (e.g., 1080 °C), requires careful consideratjd®4]. Kinetic data for
reactions at this temperature range are often limited. Some models assume instantaneous chemical
reactions dommated by chemical equilibrium in the liquid phase, while others use kinetic models

[165]. Developing a model that incorporates #afale kinetic models and relevant process
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parameters would improve the accuracy of descrithed/IEA-absorption procesand provide a
more comprehensive understanding of the pro&msgeral process simulators have been used to
ensuresolution efficiency for this systenand they include Aspen PI$66], HYSYS[167],
ProMax [168], and UniSim[95]. These tools have been extensively used in multiple process
modifications andor theidentification of optimum operating cditions in comparison with the
conventional configuration. lthework by Ahn et al[95], they evaluated ten differedésignsof

MEA technologies for @oalfired boiler power plant using UniSim. They proposed that the use
of multiple strategies can help in reducing energy consumption for intégrateon capture and

in the compression unit. They achiev@0.9 % net increase in plant efficiency coupled with a
37% reduction in steam consumption. Likewise, Moullec and Kanfd&83 used Aspen Plus to

assess and compare several flowsheet modifications found in literature through modeling.

The optimization of th€ O, absorption operating parameters is crucial for cost reduction
and energy penalty in largeak testing. Many studies focus on simulation, mathematical
modeling, and optimization of the integrat€, capture process using common commercial
software stated above. Various flowsheet configurations can be achieved by manipulating
variables or addingdalitional process units. Several decision varslecluding temperature,
pressure, composition, gand solvent flow rate$ZO, loadings, process unit sizes, heat loads,
and CO, recovery level, are typidgl optimized [170]. Choi et al. [171] investigated
superstructurdased optimization to identify optimal operating conditions and configurations with
high energy savings i€O, capture. Yulia et alf[172] optimized aCO, absorption system by
selecting exhaust gas temperature, MEA molar flow rate, and reboiler duty as decision variables.
The goal was to maximizexergy and minimize exergoenvironmental impacts, improving system
efficiency and reducing environmental consequences. The combination of process optimization
and systematic optimization algorithms proves talpeacticalapproacho evaluating theCO,

cgpture process.

When assessing capture technologies and proposing new designs, it is essential to consider
various process characteristics and design implications as vkt @sonomic evaluation of the
process. These evaluations help assess the telchdiantages and economic impacts of the
capture technology in a fair and standardized manner, allowing for effective comparison and
decisionmaking. In techneeconomic assessments (TEAs) of capture technologies, the cost to

capture or avoid one tonne 6D is commonly used as a performance and economic indicator
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[173]. This metricconsidersll cost elements associated with the technology, including equipment
purchase, installation, labor, operating costs, and rfiofé]. Previous studies demonstrated
considerable cost penai$associated witleO, capturing mainly due to high capital and operating
cost. For instance, by integrating amivessed CCS witlan NGCC plant, the power pldanet
efficiency decreases by 7%ndthe cost of electricity could increase from 57.1 to 84.3 $/MWh,
resulting in acapture cost of 86.6 $/ton GO, [13,49] Li et al.[175] evaluated the technical and
economic performance of an MHE#ased postombustion capture process integrated with a 650
MW coalfired power station. The techrezonomic model estimated a capitaleéstment of
US$1357/kW with &0, avoided cost of USES. X/tonne Also, Yun et al[65] conducted a techro
economic analysis (TEA) for a cefiled power plant integrated with an MB#asedCO, capture
process that requires 3.57 GJ of regeneration energy per to@@.ofhe TEA stimated the
CO capture cost as 628per tonne ofCO,, while the avoidance cost was calculated to be $7.7

per tonne ofcO,.

A higherCO, concentration in the gas phase has several bene@it.inapture processes.
It can enhance the amount G0, chemically or physically bound to solid materials or liquid
solvents, as well as improve the permeation rates in membeseel processes. This is
particularly advantageous for cedaked power plarg (10-14 mole%CO,) compared to the NGCC
power plant (4 m@&% CQ,), affecting the capturing cost and energy penalty. Accordingly,
increasing th&€O, concentration in the flue gas could be an effective method to reduce the energy
penalty and equipment size @0, capture processesd leado improved capital CoO§CAPEX),
cost of electricity, andCO, avoidance cos{32,67] This area of improvement in chemical
absorption and its potential effect on the operatiothetipstream power plagtcapture cosand

cost of electricity has been comprehensively addressed in this dissertation.

Overall the high cost and energy penalty associated with the MEA absorpticesp for
CO, capture highlight the need for significant improvements in various areas of the process. To
facilitate widespread implementation, it is crucial to focud@velopingadvancedC O, separation
technologies. Additionally, optimal process designd integration strategieare vital in
minimizing the thermal energy demand and overall capture cost ke@odtustion carbon capture
processesAddressing these aspeatsakesit possible to enhance the efficiency and cost

effectiveness o€0O; capturemaking it more viable for largsecale deployment.
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2.4.2 Challenges and advances ithe membrane-basedCO: capture process

Compared withthe conventional MEA absorption method, membriased CO;
separation is considered an attractive alternativeCfoy capture, mainly because of its lower
energy requirement and operation ddst6]. In spite of the fact that the membramesedCO;
separation method hasn't been used commerciallg@rcapturing from power plants, recent
developments in membrane materials plus saajyingup, high packing density, small footprint,
and mobility make the membrane separation method a potential candidate for environmentally
friendly and sustainabl€O;, capture[115]. Using membrane technology in coal and natural gas
power plants presents the major challenge of @y concentration (4.5%), whch requires the
use of compressors on the feed side or vacuum pumps on the permeate side to enhance driving
force across the membraji&'7].

The selectivity and permeability of theembranes available on the market make a single
stage membrane process unsuitable for recove@@gt more than 90% purity from dilute@O»
flue gases in fossil gas combust{d78]. There have been a number of membrane improvements
proposed to overcome the deage of CO. capturing fromthe power industry. Membrane
materials with high selectivity and permeability, including polymeric, organic, and inorganic
materials, have been the subjectrafchresearch in recent years. It has been demonstrated that
Polars membranes developed by Membrane Technology Research Inc. can provide significant
COz permeances of 1002000 while theCO; /N2 selectivity is acceptable at $026]. The use of
facilitated transport membranesuch as Polyvinylamine/Pirazine Glycindtased membrangs
can also provide high€O,/N> selectivity (about 140) under normal flue gas conditi@28]. It
has been shawthat membranes with higiEO, permeability reduce the area and cost of
membranesin contrastmembranes with higl€O./N> selectivity reduce the energy consumption
and cost of operation of the system. Accordingly, future developments in membrane materials
require deep insight into how membrane properties affect the operation and economy of the carbon
capture systenBy considering the limited permeability and selectivity of commercially available
membranes, the process design of gas membrane systems plays a crucial role in determining their
economic viability. This involves determining the size andfigoiration of the membrane system
to meet the project's scope and specifications. The design of membrane processes can vary
significantly depending on the specific application and module configurations. Membrane module

is the central component of any maie process, and multiple modules are connected in series
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or parallel and form a stagend a combination of stages is called a cascade. In membrane process
design, the primary focus is on selecting the appropriate module configunagiororane material
selection and determining the required membrane area for each module, as well as the

compression or vacuum work needed to operate the sys7@h

Modeling and simulating the membrane gas separation process issffectte approeh
to gatheing valuable data related to the economics, design, and operation of the separation process.
Various aspects of membrane gas separation, such as economic evaluation, permeation analysis,
and module design, could be studied through process modeling and ismudatvever, most of
the existing models primarily focus on binary gas systemd steady operation without
considering pressure drop and temperature chad@€s181] with only a limited number of
models considering multicomponent systeand unsteady operati¢h82,183] The development
of a comprehensive model for hollow fiber membrane madataupled with a robust andcekible
solution method, can offer valuable insights into achievthg effective separation of
multicomponent gas mixtures. Such a model lwaa useful tool for guiding the design process

and optimizing membraneased gas separation systems.

Considering he existing membrane properties and other technical limitations, the
development and improvement of membrane process design and optimization of system operating
and design conditions can play an important role in improving the sustainability and viaibility
the membrane process for CCS application. Due to the low partial pres@@earid low driving
force in flue gas, implementing multi-stagemembranedesign and creating an internal gas
recycling is essential to reach the higl. recovery (90%) andigh CO; purity (95 mole%)
targets.The schematic afhe single and twestage membrane process is illustrateéio 2-14
[184]. To reach this separation target for posimbustion applications, previous authors suggested
different approaches for generating higher driviogés forCO, permeation by a combination of
feed compression, vacuum permeation, faedsweep system, retentate recycling, as well as
enricher and stripper desigfi®7,185 188]. In this regard, various parametric studies have been
implemented to study the fett of multiple designs, operating conditignand membrane

properties on the systésperformance and econorni89].
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Fig. 2-14. Single (a) and twstage (b) membrane process @ capturing[184]

Merkel et al[127] examined the influence of membrane properties and design parameters
on the required membrane arand the specific cost of a medtiage membrane process. They
concluded thaimproving membrane permeability is more beneficial than increaSigy/N2
selectivity for reducing theCO, capturing cost. Zhao et aJ185] investigated the energy
requirement and the capture cost of different designs of sstage membrane system using
Polyactive membrane wita 70% CO, separatiortargetand 95 mol%CO, purity. Zhang et al.

[82] presented a therm@conomic analysis of a twatage membrane system for postmbustion

CCS in a colfired power plant. They simulated the membrane process using PRO/II software,
and they resulted that selecting a membrane with high selectiditi le reduction in energy
consumption and an increment in the required membrane area. Brunet{il87hfocused a
evaluatinga two-stage cecurrent membrane process without sweep gas and recyclit@Cor
separation from flue gas. They analyzed the influence of the pressure ratio, mass transport
properties, and feed composition ©0» recovery and permea@O, purity. Giordano et a[188]
examined the energlemands and capture costs of single and desthee membrane systems at
differentCO, permeate purity using Polyactizel 500 polymer as a membrane. Mores €jt180]
performed a superstructure optimizationtted membrane process, considering up to four stages
and various driving force generation technologies, to minimize the associate Cataaiptue.

They substantiated that a membrane system with four stages and two recycles, the total annual
costof 99.53 M$/year can be reached by generating driving force using feed compression and
permeate vacuum. Xu et gl178] conducted agrametric study of a twstage membrane with a
crossflow configuration to find proper feed pressure and membrane seledbeiyging on

decreasing energy usage, required membrane area, and the €CQstoaipture They suggested
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that by considering a mdirane with lowCO,/N2 selectivity in the first stage and with higi©/N2
selectivity in the second stage, 0@, capture cost significantly reducéte et al[184] conducted

a sensitivity analysis to assess different types of membranes for caf@@@irfgom fossil fuel
fired power plants. They found the specific cost of captu@fy at a rate below $20 per tonne

using Polaris and PolyActive membranes whikezoncentration ofCO; exceed 13% by volume.

Using multiobjective optimization (MOOQ), it is possible to efficiently address the various
tradeoffs between operating and design parameters in membemsel CCS to achieve the
specifiedCO, removal target. In C8 processes, both evolutionary algorithms, such as NSGA
(Non-dominated sorting genetic algorithm), and gradleed methods, such as nonlinear
programming, have been applig®1]. The optimal design and operation of solveased CCS
have been widely studied83,158,164] For membanebased CCS, muHbbjective and
superstructurdased optimization methods have also been apfli#®,191 196]. For a mult
stage membrane process, Ariasal. [191] used a superstructure optimization approach to
determine the optimal number of membrangeasaand operating conditions for a rangec@b
recovery objectivesAccording to Mat and Lipscomb[193], a global search of the decision
variables space was used to find optimal membrane properties and iogecainditions for
minimizing levelized electricity costs for mukitage hybrid membrar@yogenic designlhe cost
function for a novel cryogenic carbon capture system below ambient temperature was minimized
by Lee et al[195]. To the best of our knowledge, most of the studies conducted on the optimization
of membranébased CCS have focused on the econgmécr a m eptimizatsd ofa specific
membrane design with a fixed value of membrane properties. Furthermore, few puisicati
[179,191,194]are available addressing mudtbjective and superstructure optimization in two
stage membrane CCS systems for determining simultaneously and systematically the optimal
configuration variables, operating conditions, and membrane properties for ca@@srigpom
coakfired power plants to meet the separation target specified by the U.S. Department of Energy
(90%COz recovery).

Although some researdh devoted to addressing these challenges, there are still many
fundamental questions and gaps about thenlbmanebased CCS for flexible and optimal
integration into fossifueled power plantslable2-5 presents the critical literature review on the

membranebased CCS anithe identified research limitations and gaps.
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Table2-5. A critical review of recent publications in the field of membrévased CCS

Ref Field of research founding Limitations and gaps
investigation
[185] | Parametric study | A cascade arrangement makes it possi| § A limited CO, Separation target (70%) is
of membrane to reach higlCO; considered.
based CCS Purity, and lead ta slight energetic { various membrane configurations are not
advantage in comparisavith MEA studied
absorption was achieved { sweep gas and recirculation effactignored
[82] | Parametric study | The main energy bottleneck of 1 Various membrane configurations are not
of membrane membrane technology is located in the|  studied
based CCS, membrane unit operation, which has | § Sweep gas and recirculation effect is ignore
Thermodynamic | relatively low exergy efficiency. 1 Economic evaluation is not complete.
analysis The ptimalCO/ N2 s el ect il q The effect otheoperating parameter on the
required membrane area is not discussed
[187] | Parametric study | The influence of the pressure ratio, mag { They only focused on a twstage cecurrent
of membane transport properties, and feed membrane process without sweep gas and
based CCS composition orCO; recovery and recycling
permeateCO; purity are reported. 1l The effect of operating conditions @0z
capture cost is ignored
[188] | Techneeconomic| The effect 0fCO, permeate purity on the § The simulated process is without sweep gaj
study of energy requirements and costs of and recycling, and various membrane flow
membrane Polyactive membranbased CCS are configurations
process reported. 1 The effect of operating conditions @O
capture cost is ignored
1 The separation target is not fixed, which in
some cases leads to |&D; separation
[190] | optimization They substantiated that a membrane | { Fixed membrane properti@se considered.
study of system with four stages and two recycl¢ § The effect of operating conditions @0,
membranebased | is the optimum design for the membran|  capture cost is ignored
separation system. { Various design and membrane module flow,
systems regime is not evaluated in their super
structure model
i Validation has not been reported
[178] | Performance Proper feed pressure and membrane | { The focus is othecrossflow membrane
analysisof selectivity have been found with a focuy module
membranebased | on decreasing energy usage, required | § Various design and membrane ratelflow
CCs membrane area, and the cosCal, regime is not evaluated
captue. 1 Fixed membrane properties are considered|
1 Unsteady state simulation is not performed
1 various compression methods are not
investigated.
[197] | A new approach | An asseswsent of the feasibility of 1 High COz capture cost of this technology
to using membranebaseddirect air capture has | { It can be used in removir@Q; from the
membrane in been implemented. atmosphere rather than large sossigch as
CCS application | They showed that mixeshatrix power plans.
membranes (MMMs) could reach both | § More studies need to be done in order to
high CO, permeability and selectivity in|  evaluate the reliability and effectiveness of
themDAC system. this technology
[198] | Pilot-scale of They resulted that the membrane 1 The dynamic performance and response of

membranebased
CCS forCOe
separation from
thepower plant

separation process is available on
demand, without the need for lengthy
startup and shutlown procedures or
even the need to operate continuously
regardless of flue gas availability.
Membrane prcesses using PolyActile
membranes seem to be well suited for
postcombustionCOz separation.

membranebased CCS toward possible
variations of operating parameters in partial
load conditions have not been fully exaed
due to the limitation of the pilot plant.

1 Efficient polymer membranes such as Polar
have not been investigated.

1 Multi-stage membrane design has not been
investigated
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[123] | Pilot-scale of Long-term testing of piloscale 1 The effect ofastep change in operating
membranebased | membrane modules containing hybrid conditions has not been studied.

CCS for facilitated transport membranes in 1 The effect of usteady operation on the size
COz separation hollow fiber configuration is reported. thesystem has not been investigated.
from power plant | Membrane modules showed |etegm { Multi-stage membrane design has not been
stability with negligible effects from investigated
impurities.

Simulation studies revealed the high

potential of the membranes for

CQO capture.

[199] | Dynamic They presented detailed dynamic 1 Focused on mathematical modeling of the

simulation model | modeling of a borside feed hollow fibef  membrane separation

for membrane membrane module with a couriairrent | § The effect of steggchange in operating

module flow structure to separateO; from conditions has not been studied.

coalbed methane 1 The effect of unsteady operation on the size
thesystem has not been investigated.

1 Multi-stage membrane design has not been

investigated
1 Constant membrane permeability and
selectivty
[183] | Dynamic A model forthedynamics of an unstead)  The simulation is in closed mode (No produ
simulation model | closedmode membrane module flow)
for membrane operation was developed. 1 The effect of steghange in operating
module The @mmposition profile establigid over conditions has not been studied.
time was simulated with an axial mixing q The effect of unsteady operation on the siz¢
effect. thesystem has not been investigated.
1 Multi-stage membrane design has not been
investigated

Even though valuable information about the performance and economy of carbon capture
systems was provided by the abalescribed references, there are still many fundamental
guestions about flexible integration and designs as well as efficient proceasiorpaxovel
process designs such as masttige design, retentate recirculation, and sweep gas and their
influence on the system performance a@@: capture costare not thoroughly evaluated.
Additionally, previous studies have not addressed the behawarious membranes at different
operating conditions as well as their potential effects on energy usage and system cost. In addition,
a fixed membrane system layout for the tecknonomic analysis is mainly used in the previous
works, and various configations of membranbased CCS have not also been proposed and
evaluated technically and economically. On the other hand, all of the dynamic simulation studies
generally focused on mathematical modeling of the membrane separation praresssteady
stae, and the system's dynamic response toward variations in operating conditions, which reflects
the flexible operation of the membrane system, has not been addressed. Additionally, many
mathematical models usually rely on several fixed assumptions, sucbnstant membrane

permeability and selectivity, which can reduce the accuracy of the dynamic model.
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To the best of our knowledge, a detailed study on the flexible design and operation of
membranebased CCS has not been performed. Moreover, the dynahavior of membrane
modules under various stgpanges in operating variables has not yet been analyzed in the open
literature. Accordinglyjnvestigatingthe optimal desigrof the membrane separation process for
integration into the power plant througlt@mprehensive techreconomic analysis and dynamic
behavioranalysis is among the research goals of this dissertation

2.5 Flexible design and operation ofCO2 capture systens

Fossitfueled power plants, responsible significant amount of GHG emissions, are
expected to be integrated with CCS anditlveeasingshare ofvariablerenewablesnergy (VRE)
sources such as solar and wind engegghown inFig. 2-15 [34]. To achieve the desired lew
carbon energy systems, different components of the energy systems need to operate in a flexible
manner at different operating conditid@80]. The flexibility of CCS corresponds to the capability
of CCS to respond to changes produced by the connected power generation systems (renewable
and thermal power plants) and is also responsive to external factors such as carbon pridg; electric
demand, and electricity prig201]. The high peetration of intermittent renewable energy in the
energy systems requires the CCS integrated with power plants to respond promptly to sariation
of seasonal and daily demanss that overallCO, emissions from the power placén be
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Fig. 2-15. Schematic of th&uture low carbon energy system
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maintained at low levelf202]. Furthermore, most CCS technologies consume a considerable

amount of energy, which underlines the necessity of their flexible operation as a way to balance

theelectricity supply during peak and gieak period$203].

Thus, selecting an appropriate CCS technology and reducing its energy penalty have a great

influence on the flexible operation of future energy systémthermore, theategrationof fossit

fueled power plastwith VRE leads to additional costs associated with load balancing, additional

power capacity, and energy stordg63]. The load of thermal power plantianges due tthe

intermittent nature of VREConsequently, fossfleled power plants are exposed to cycling

operations at various partial loads, and the CCS technology retmifedow [204]. Fig. 2-16
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presentsa schematic ofa sample power generation mix in several days based on the renewable
energy share in Oklahoma state, UfS, well asthe locational marginal price ($/MWh) of
electricity. According to this figureheloadof coatfired power plants NGCC power plamaries

in response to the grid demaadd LMP, as well as is required to respbto thehigh share of

wind and solar energy during specific hourshefday.

As shown inFig. 2-16, the price of electricity sold to consumers typically fluctuates based
onthedemandside response, meaning that electricity prices are lower duripgak hours when
demand is lower compared to peak hours. Introducing a CCS plant into the mpowveeatmpn
process will inevitably increase the cost of producing electricity. This additional cost becomes
more noticeable during periods when electricity prices are already naturally high. As a result, there
is an opportunity to mitigate the high eleatyqrices during peak hours by leveraging the inherent
flexibility in the operation of CCS technology.

Generally, the flexible operation of CCS integrated with fossil lo&erplantsdepends
on the transient behavior of the core technology use@@rseparation. Th&ansient response
of CCS at various operating conditions establishes requirements for the safe and efficient operation
of the whole system. It identifies the limit that shob&lconsideretly desigring andintegrating
various energy sources. Accordingly, it is crucially important to examine the capabilityGdihe
capture system for flexible operation, which can facilitate efficient technology development and
implementatiorf200].

Besides the impact of VRE on power plant operation, there are other common scenarios
that power plants encounter throughout their lifespan, leading to vasiafifilne gas properties
and available energy for CG205]. These include:

U0 Quick startup/shutdown: The ability to rapidly initiate dralt power generation in

response to changing demand or operational requirements.

U Quick change in output (load variation): The capability to adjust the power plant's output

rapidly, accommodating fluctuations in electricity demand.

U Increase in maximum outit The capacity to operate the power plant at its highest output

level for extended periods.
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U Decrease ithe minimum output: The flexibility to reduce the power plant's output level
to meet lower electricity demand efficiently.

U Fuel switchover: The abilitto switch between different fuel sources seamlessly, enabling
the power plant to adapt to fuel availability, cost, or environmental considerations.

U Bypass operation (in cases where the steam turbine fails to operate): A backup operation
mode thatallows the power plant to continue generating power by bypassing the steam

turbine, ensuring uninterrupted electricity supply during turbine maintenance or failures.

Regarding the dynamic performance of power gahe minimum load is typically limited
to 40% of its full load in modern gas turbines due to factors sutteasmbustion stability of the
fuel and associated emissions. This limitatisavents gas turbirkased power plants, which
contribute significantly to the total power capacity of natural gas combined cycles, from reducing
their power generation below this threshold. On the other hand, coal power plants can operate at a
minimum comjiant load of around 25% of their full lod&06]. Modern gas turbinesale fast
load ramps and dominant dynamics in the order of secémdsntraststeam cycles have slower
dynamics in the order of minutes due to the heat capacitance of the steam gdrigreek7
demonstratethe flexibility of a natural gas combined cycle, where the gas turbine dsiaster
to load changes while the steam cycle determines the time required t@ staatlystate[206].
Coal power plants lack a gas turbine for load control, relyingarernor valves at the steam

turbine inlet to control the load. Thus, their slower dynamics due to the slow performance steam
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cycle make them less suitable for flexible operation compared to modern natural gas combined
cycles[207].

Accordingly,theflexible operatiorof boththepower plant and CC@lays a crucialrole in
optimizing the performance, efficiency, and reliabilityfofure power generation systenMost
research on combining capture plants and power plants focuses on analyzing a single design point
under stable condition§l54,173,208] However, relying solely on steadyate models is
inadequate for fully understanding the system's behavior during operation or optimizing its
efficiency. Therefore, it is crucial to consider and analyeefligxible operation of power plants

with integrated postombustion capture, payifarticularattention to their dynamic performance
in fluctuating conditions.

The flexibility of aminebasedCO, absorption technology has been widely investigated in
current pilot capture plants by studying the effect of flue gas flow rate, liquid absorbent flow rate,
and steam pressuf@09 212]. To ahieve flexible operation in amifgsed CCS, several

operating modes and process configuration modifications have been suggested ag2fbipws

1. Flue gas venting: Thisethod is the most common aindolves releasing a portion of the
flue gas without undergoing the capture process. By selectively venting the flue gas, the

capture system's capacity and @yerequirements can be adjusted based on the current
demand or operating conditigras presented iRig. 2-18 [214].

- $250

Electricity | ,Reduce Capture Wlk - $200
Price with | Load

N ﬁ# . ‘\‘W $150

h . -
Absorber/ \ /w__/\be \l - $100
Stripper Load pRa&v"=" B T e B

A A== =+ $50

Electricity Price
(per MWh)

" Reduce Base l B
- a150% Plant Load —| $0
5 ] 100% -/Net Power
©9 50 f —2 output
Q ' i
& g () ‘ Il : Fraction
3 oo/u ||||| Ll | TTTTT TT TTT Trrrroy ety IIIII

0:00 12:00 0:50 12:00 0:00

Fig. 2-18. Flue gas venting (bypassing CCS) for flexible operation in conventional dragerl CC$214]

53



2. Varying degree of solvent regeneration: The process of regenerating the solvent used in the
capture system can be adjusted to different levels. By varying the extent of solvent
regeneration, the energy consumption and capture efficiency can be optimized based on

the specific operating requirements.

3. Lean/rich solvent storage: The storage of capsmivent can be managed in a lean or rich
state. Lean solvent refersasolvent with a lower concentration of the captut&s, while
rich solvent has a high@O, concentration. By storing and utilizing solvents with varying

CQO; content, the capture siem can adapt to different operating conditions and demands.

The dynamics of absorptidmsed CCS are inherently slow due to the complex interactions
involved in the process, such as mass transfer, heat transfer, and chemical reactions between gas
and liquid phases. Lawal et dR15] demonstrated that when there is a decrease in theilex
heat duty, it takes more than two hours for the system to reach a new steady state. This response
time is significantly longer compared to thpstream coalired power plantwhich experiences
faster dynamicsAdditionally, certain components of the system, such as the absorber, stripper
sumps, and lean MEA tanks, act as buffers for solvent flow rate, further contributing to the slow
response fothe system[33,210,211] These slow dynamics pose challenges in terms of system
control, particularly when it comes to responding to rapid changes in operating conditions or
electricity demand. Moreover, duettte complexity of theabsorptiorbased CCS, control of this
process at various changes in flue gas condit®nhallenging and imposether drawbacks for

this technology regarding tlikexible operatior{216].

On the other hand, membrahased CCS is considered a flexible alternative for integration
with power plarg due to lower energy consumption and modular design of paralle) whiish
allows bypassingsome units in order to respond efficiently the load variation meanwhile
capturing 90% o€0O, emissionsin membrane contactors, the gas and liquid phases are effectively
separated o distinct compartments (shell and tube sides), facilitating efficient mass transfer
through the membrane poreglso, it is expected that this process will respond rapidly to the
change in fluggasconditions.For a deep understanding of the effect of flexible operation on the
performance of membrafmsedCO, capture systems, dynamic pilot plaras well as dymaic

and steadystate simulation, arfeindamental

54



Several membrane gas separation pilot plant studies have been conducted to investigate the
long-term separation performance of the membrane sy§i@®,135,198,217]However, the
dynamic performance and response of membbased CCS toward possible variations of
operating parameters in partial load conditions have not been examined-stplstudies since
it may be challenging in pilot plants, specifically when performed frequently. Limited knowledge
of the flexible desigrand operation of membraitased CCS and difficulties of experimental
studies are the primary motivations for using dynamic and st&atly simulation of membrane
modules as a beneficial approach for analyzing the system'’s flexibility. Many studiesiigav
concerning the steaestate modeling and techvezonomic analysis of membrabased CCS
processes to analyze and improve the flexibility of the prof¥3$196,218] Although this
approach provides valuable information about membrane performance at different operating
conditions, it cannot consider various thtepement operating variables which can significantly
affect the design and operation of the system. Dynamic modeling is necessary for the realistic
design of the membrane gas separation process sicaedstimate transient behaviors at start

up, shutdown and the system transient behavior toward disturbances in the process.

Several methods and tools ftre dynamic modeling of membrane modules for gas
separation have been developed to analyze the system's dynamic performance. Bouton and Luyben
[219] develped a transient model for both crdksyv and counteflow membrane configurations
using differential equations for gas mole fractions. They assumed steddyconditions in the
formulation and used the flow resistance parameter and pressure dropkatedhe total molar
flowrates of the product streams. Tankseéries approach for multicomponent gas separation in
membrane module was implemented by Katoh ¢220]. They have considered nonideal mixing
flows in the retentate and permeate sides, and the governing ordinary differential equations are
simultaneously solved using a relaxation method that sigadystate solutions based on the
steady profiés of pressures and component concentration to calculate theégpaedent variables
of the model. Daeho K{99] provided detailed dynamic modeling of a bsrde feed hollow
fiber membrane module with a countarrrent flow structure to separa@0O, from coalbed
methane. Scholz et gR21] proposed a dynamic simulation of a hollow fiber gas separation
module for biogas upgrading processes to study control schemes for maintaining a required

constant product purity. Also, the nogtentde flow withdrawal operation of a croflew gas
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separation membrane module has been studied by Trubyanojd88aby developing unsteady
state modeling to optimize a pulsegtentate separation technique.

All of the studies above generally focused on mathematical modeling of the membrane
separation process an unsteady state, and the system's dynamic response toward variations in
operating conditions, which reflects the flexible operation of the membrane system, has not been
investigated. Additionallymanymathematical models usually rely on several fixesuanptions
such as constant membrane permeability and selectivity. Also, most of the proposed models have
been formulated for simulating the stesdgite operation of the membrane system ratherttigan
unsteady state condition. However, as mentionedréeftue to strong interactions between
membranebased CCS with other components of a low carbon energy system, flexible operation
of themembrane process is of great importance to attain satisfactory control performance. In this
regard, studying the dynacibehavior of the membrane process can provide practical information
for rational system design, process stgrtand shutlown, the transition between two steady
states, control, and operational strategies for flexible operatiomeapdnsdo the variabn of

fossitHfueled power plant operation.

2.6 Procesdntegration and hybridization of CCS

Among the fossifueled power plant options, NGCC power plants are favored due to their
moderate capital costs, lower emissions, shorter construction times, and high efficiency and
flexibility [222]. These characteristics make NGCC power plants attractive for integ@@S
technologies, enabling effective retion of CO, emissions while maintaining efficient and
reliable electricity generation. Currently, the average carbon intensity of global power plants
stands at approximately 47&€@./kWh, which is still far from the required global average of 100
gCO/kWh by 2050 to align with the climate god@23]. To achieve the degnated emissions
reduction targets, CCS implementation is necessary. However, as mentioned before, integrating
carbon capture technologies with power plants§aegeral challengess this integration results
in a considerable energy penalty and incréadectricity coss. Particularly in NGCC power
plants, where th€0O, concentration is much lower (around 4 mol.% compared to 15 mol.% in
coakfired power plants), the specific regeneration heat for amésed CCS is higher since the
energy penalty assated with CO, capture increases as tl&, concentration in the feed

decreasef30,70] Specifically, by integrating amiAgased CCS witthe NGCC plant, the power
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plant net efficiencyreduceshy 7% andthe cost of electricity could increase from 57.1 to 84.3
$/MWh, resulting in a capture cost of 86.6 $/tonGfd, [13,49] Therefore, develapg CO.
separation technologies along with optimal process design and integration is crucial to minimize

the thermal energy demand ahe capture cost of the pesbmbustion carbon capture process.

The thermal energgequiredfor operating a postombustion carbon capture system in a
power plant is often met by extracting lgwessure steam from the turbine, which reduces the
overall energy ef€iency of the power plai224]. Additionally, in this process, the thermal energy
requirement foCO, removal is typically fulfilled by burning extra fossiel, resulting in further
CO: emissionsOnepotential solution to mitigate the energy penalty associated with PCG plant
in fossilfueled power plants imtegratingsolar thermal energy with the carbon capture system
[225]. The schematic of this integration is presenteBign 2-19 [154]. This approach not only
reduces the reliance on the power plant for thermal energy but also helps to increase the overall

efficiency and sustainability of the carboapturing system.
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Integrating Concentrated Solar Power (CS#h Thermal Energy Storage (TE)r
providing heat to theCC systemsaspresented ifrig. 2-20, offers a particularly suitable solution
[226]. This integrated system has the potential to play a crucial role in transitioning to a sustainable
power generation system, reducing energy penalties from the integration of CCS with power and
industrial sectord227]. Despite potential investment requirements, the cost of solar energy
equipment has decreased in recent years, and the limitations of relying on sunlight can be mitigated
by considering thermal energy stord@28]. Concentrated solar power (CSP) is particularly well
suited to being integrated with PC&3 the temperature needed in the reboiler is typically around
120°C, and commercially available CSP systems can supply this required temgj2e8,220]
Various studies have explored the feasibility and benefits of integrating solar energy inte carbon
capturing systems, aiming to enhance the performance and environmental impactfioéatoal
power plantd230i 232] In a study conducted by Bravo et [dl54], parabdic trough collectors
(PTC) were integrated into an NGCC (Natural Gas Combined Cycle) power plab©andpture
system in two different scenarios: integration with the PCC reboiler and LP steam heating. The
results indicated that utilizing solar thernmsdéam generation for the PCC reboiler was more
efficient compared to LP steam heating. Moreover, if the solar PTC field could fully meet the

reboiler duty requirements, around 5.5% increase in the net efficiency of the power plant could

Irradiance | ___ /e _____.
Measurement

Ry |
<‘£V‘)§ ik A y, :
Y ™

Parabolic

Solar Hot Tank :,
Collector Boiler o
Field <
|

<€— Heat Transfer Fluid Cold Tank
<« — H,0
D Supplemental Fossil

Energy

Fig. 2-20. Integration of solar collector with thermal energy storage tg2gj

58



potentially be acleved. However, the economic performance of the integrated systetheand
potential impact of thermal energy storage to address the intermittency of solar ersengy ha

been evaluated.

On the other hand, several studies have focused on optimizing the design, integration, and
operation of th&CO, capture plantenhancinghe energy efficiency and cesffectiveness of the
integrated NGCC with CCS technology, making it more viable andctite for widescale
implementatior{66,152,216,233]Although NGCC plants are considered potential candidates for
implementing CCS technologies, the high flow rate of exhaustvigadow CO» concentrations
preserd challenges for itegrathg postcombustion CC$234]. This requires larg€O, capture
reactors to accommodate the high flowrates, operating aCtomseparation driving forecethat
increase the energy needed for separdi@gand the size of the PCC pld285]. In this regard,
new process modifications such as exhausteg@asculation (EGR) have been suggested to address
the limitations of lowCQO, concentration and optimiz€O, capture processes in NGCC power
plants. This process involves recycling a portion of the exhaust gas exiting the heat recovery steam
generator (HRS) system. This recycled flue gas is cooled and then introduced into the inlet of
the compressor, thereby replacing a portion of the air that enters the com[@22a 238]. It
has been reported that recycling 80% of the exhaust gas to the inlet air stream could raise the
CO: concentration in the flue gas to approximateilyoll%, meanwhile decreasing the volumetric
flowrate of the flue gas, which resulted in the rdoturcof energy penalty and capital cost of PCC
[32,239 241]. Li et al. [242] found that applying 50% recirculation ratio can raise @@
concentration to 7.9% while simultaneously reducing the inlet flow rate of the absorber by 51%.
This modification led to 8% reduction in reboiler energy consumption, from 4 to 3.7 KA@Okg
Biliyok and Yeung238] also reported that at a 40% EGR ratio, @@, concentration can be
increased from 4% to 6.6%, resulting in 7.5% reduction of the reboiler duty. Also, the volume of
absorber packing is decreased by increasing the ratio of flue gas recirculation. Nonetheless, the
extent to which Exhaust Gas Recircidat(EGR) can be implemented is constrained by the need
to maintain a certain oxygen concentration, typically around 16% vol, in the air stream of the gas
turbine compressor. This precaution is essential to avoid issues related to flame stability and

combustion efficiency[243].

Additionally, It has been reported thdte Levelized Cost of Electricity (LCOE) of the
power plant integrated with EGR and CCS couldieereased by-2% [32]. The extent tavhich
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Exhaust Gas Recirculation (EGR) can be implemented is constrained by the need to maintain a
certain oxygen concentration, typically around 16% vol, in the air stream of the gas turbine
compressor, as this precaution is essential to avoid issuesireldlame stability and combustion
efficiency[244]. To overcome this limitation, hybrid carbon capturdeys have been proposed,
mainly by integration of the conventional aminased CCS withCO, selective membrane
modules for Selective Exhaust Gas Recirculation (SEGR) in NGCC flug¢1§&s192,245]

Hybrid menbranesolvent processes have the potential to significantly enhance the performance
of postcombustion carbon capture by leveraging the advantages of both absorption and membrane
technologies in a synergistic mani£86,246] Merkel et al.[235] suggested integrating@O»
selective membrane process into the power plant to achieve k@ghe&oncentration in the flue

gas (potential above 15 mole%) without affecting the oxygen concentration in the irietreaiz

et al.[165] proposed the technology of select®®; recirculation using physical adsorption in a
rotary wheel configuration. The configuration utilizes a rotary wheel with selective poetesal

for CO, adsorption. Flue gas contacts the solid materiaCfog absorption at a lower rotational
velocity, and the separat€; is directed into a countaurrent air flow.Diego et al[239,247]
conducted a techreconomic analysis @O, selective membrane and amibased CCS (Carbon
Capure and Storage) plants, considering parallel and hybrid parallel/series designs. They
demonstrated that a parallel design with a SEGR recycle ratio of 53% could achiev&®0%
recovery and raise ti@0, concentration in NGCC exhaust gas to 18%vol by idyparallel and

series design. They reported that the power plant net efficiency and thermal requirethent of
capture plant are improved compared to the baseline case. However, they reported that the cost of
electricity andthe cost of CO, avoided considerably increasdy almost 10% and 25%,
respectively. Considering the minimum oxygen requirement in the gas turbine inlet air stream, in
the case of stardlone SEGR, it has been reported that the flu€gagoncentration significantly
increases from less than 4 mole% in the baseline case to about 18 mole% at 76 percent SEGR ratio
In contrastjn the stanealone EGR where 40% of flue gssrecycled back, the concentration in

the flue gas is about 6.5 mole%. The EGR strategy is more fdgaraterms of capital cost
requirement, while the SEGR design is capable of significantly increasii@heoncentration

leading to lower energy specific reboiler duty and capital cost PCC plant, but it requires
considerable capital investment for theembranebased systeni247]. Qureshi et al.[248]
analyzed the part load performance of parallel, series, and hybrid configurations of SEGR systems
integrated with an NGCC plant. Their study showed that the NGCC power plant with SEGR
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presents stable operation with a slight decrease in efficiency at partial loads. However, they have
assumed a hypothetical simple component splitter model in Aspen Pluodelinmg selective
exhaustCO;, separation. Baker et §233] investigated the postombustionCO; capturing from

the NGCC power plant equipped with mtdtage membrane separation and selective exhaust gas
recirculation. It las been reported that although memb#aased CCS with SEGR leads to a
significant reduction in the energy requiremen€ak capture, the large membrane area required

by this process is a key issue that needs to be addressed.

By optimal design andlybridization ofboth aminbased and membraiti@sed CCSit is
possible to harness their complementary strengths and overcome their individual limi@tions.
the other hand, it is critical to studydanalyze the performance of the integrated systemiboth
terms of economic and technical indicators to ensure the viability of the developed process for
commercialization. Besidghe importance athetechneeconomic performance of the integrated
NGCC plant withCO; capture, the other crucial aspect of system is flexible operation, which
includes both steadstate design and pddad oftdesign performancg01]. As mentioned
before, by increasing share of intermittent renewable energy sources in the energy mix and lack of
commercially available energy storage systems, fossilfastéd power plants widontinue to
play a crucial role in providing balancing energy by operating at part load conditions to adapt to
fluctuating energy demang00]. Accordingly, evaluating and ensuring operatldtexibility of
new alternative designs fdhe decarbonization othe NGCC plant is vital for its successful
implementation and lonterm sustainability in the electricity markétiteratureis scarceon the
analysis ofthepartload operation of NGCC ahts withCO, capture, specifically for novel designs
and integration. Rezazadeh et [d)50] studied the paitoad performance of the conventional
integration of NGCC with PCC. Alcara2alderon et a[249] assess the paltad performance of
anNGCC power plant that imcporates exhaust gas recirculation andminebasedCO; capture
plant. Ven der Spek et dR18] compared the patbad techneeconomic performance dhe
NGCCplant with selective exhaust gas recirculation with the conventional prddesgeported
that the electricity costs are higher in partial loads compared tw&dloperation. Also, Qureshi
et al.[248] examned the partoad performance ahe NGCC plant integrated with vario®0,
concentrating schemes usiaghypothetical simple component splitter model in Aspen Plus
software. Their findings demonstrated that the integrated system maintained stableropeesti

at partial loads, albeit with a slight decrease in efficiency. However, the impact oCligh

61



concentration and altered air properties resulting from selective exhaust recirculation on the full
load and partial load performancetbé NGCC plant $ still a subject of discussion and neeul

be addressed.

2.7 Chapter Summary

In this chaptera detailed literature review in the field 60, capture system and power
plant decarbonization is performed to addtbedirst research questiofRQ1) by providing an
overview of therecent progress, developments, and challeng€&Oincapture technologiesn
this regard, lie availableCO, capture tehnologies for power plantsan be categorized as post
combustion, pr&ombustion, and oxfuel combustion methods. Depending on the specific
characteristics of the gas stream requi@@ separation, multiple technologies can be utilized,
such as adsornpn, physical/chemical absorption, membrane separation, and cryogenic separation.
Previous studies contributed to an enhanced understanding of process improvements and
modifications that makeSO;, capturing from the NGCC power plant more efficient and leiab
Despite significant advancements, there are ongoing challenges in the sustainable design and
flexible operation and integration of carbon capture systems with-fas$#id power plants. These
challenges primarily revolve around reducing costs, minmgienergy penalties, and enhancing
the flexible operation of solantegrated systems. Addressing these gaps is essential as it enhances
the efficiency and viability of these integrated systems for {aocgée deployment, making a

valuable contribution tglobal efforts in combating climate change.
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Chapter3. Mul-$tiage MeBrebged eParocess

Power Pl ant Decarboni zati on

? Research questions: RQ2How can the technical performance of membrhased
carbon capture technologies be improved to enhanceeifieiency and effectiveness in
capturing and storing carbon dioxide?

U Objective: Component and systelavel simulations and techrezonomic investigation
of the membrandased CCS

V New knowledge:The technical performance and cost of membrane technolagiagdus

designs scenarios and operation conditions imposed by upstream power plants

In this chaptey a comprehensive techi@zonomic assessment of several membrane
separation processes is performed to investigate the potential and viability of dechssys a
flexible CCS technology for integrating into future l@arbon power plants. The technical model
combines lumped system models integrated with a distributed and mechanistic membrane model
that can predict the spatial distributions of all speailesg the membrane length in different
configurations. The economic model comprises different cost factors for the capital cost, energy
cost, and operation cost of the system components. Both models are employed to evaluate four
system designs with threeembrane types. The impacts of several decisiaking parameteys

such as the feed pressure and membrane propergsilly investigated.

3.1 Introduction

As a breakthrough step toward developingatimal system fodecarbonizinghe future
grid involving flexible CCS, energy storage, renewable resources, and fossil fuel power plants,
thischapterdiscusses a comprehensive teclegonomic analysis of membrane separation systems
for postcombustion CCS. The objective of ththapte is to determine and evaluate the
performance, cost impacts, and flexibility of membrased CCS systems by varying operating
parameters and membrane properties to simultaneously obtai€@#ecovery and 95 mole%
CQO, purity in the permeate gas. Accordingly, three pote@i@-selective polymeric membranes
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are selected, and the effects of key process parameters, including feed pressu@).feed
concentration, recycle ratio, sweep gas flowrate, @@ recovery ratio,on the process
performance and cost of membrdrased CCS are examined. Moreover, further investigations are
performed to study the effects of membrane properties, selectinttypermeability on the system
energy consumption and capture cost. Finallffebnt designs of the membrane separation
process, including various compression strategies and membrane flow patterns, are compared from
technical and economic viewpoints to find an appropriate design for improving the flexibility of

the membrandasedCO; capture system.

3.2 Method

3.2.1 Membrane-based CCS in a lowcarbon energy system

A membranebased postombustion CCS can be easily retrofitted to fossil fuel power
plants to significantly reduce th€0O, emissions produced by the gasification process or
combusion. However, there are several challenges, such as eiméeggive operation antthe
high cost of theCO, separation system, which affect the reliability and the cost of electricity
generation. A coalired power plant with 600 MW gross power capacéieases approximately
500 n#/s of flue gas, significantly larger than the input of a typ@@b absorption unit in natural
gas refinerie$l27]. Besides, th€O; partial pressure in typical power plants is lower than 0.15
bar, which implies a very low available driving force for separation and the need for creating an
artificial CO, partial pressure diffence. Also, the power plasiflue gas requires to be treated
removecontaminants, including ash, IOy, and water, which further increases the coS1Of

separation from flue gas with available technologies.

The schematic of a basic tvatage membrane system integrated with a 600 MWfoeal
power plant ipresented irfFig. 3-1. The 500 n¥/s of flue gas geerated in the power plant is sent
to the particulate and water removal units in order to separate its contaminants before entering the
CCS unit. In the membrar®sed CCS process, the flue gas with almost atmospheric pressure and
t emper at ur esthe Com@rdssion seetiant(caittet pressure: 5 bar) to provide the required
driving force forCO; separation. The compressed gas enters into a series of heat exchangers to be
cooled to 50 , then enters the f requsedenergyage o°f
for the equipment operation in the CCS units is proviaetthe power plant. The permeate stream

exits the first membrane at 1 bar and enters to compressor and heat exchangers to be prepared for
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the next stage of the membrahethe secod stage, the permeate stream is enriched Z@x

and the retentate stream, enriched frogidlmixed with the firsstage retentate and enters the
turboexpander for the partial recovery of energy used by the compressors. The capierits

the CCS units in order to be utilized in other processes or transported to safe storage to retain it for

long periods.

Coal-fired power plant Membrane-based carbon capture system with two stages
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Fig. 3-1. The base case of a tvetage membrane separation unit integrated avitbalfired power plan

3.2.2 Mathematical modeling of the membrane system

There are two types of gas permeation modules suitable for the CCS application, i.e., spiral
wound and hollow fiberFor the modeling o€0, separation by the membrane system, a hollow
fiber module is beneficial since the permeate pressure drop effects can be described by basic
principles, and the flow patterns can be considered as one dimension. Accordingly,tundihis s
the mathematical model for both courterrrent and crossflow for the hollow fiber membrane is
considered using the modeling strategy reported by Shindd25@l, which was widely adopted
in previous workg§251,252] Fig. 3-2 represents& schematic of the gas permeation in a counter
current hdow fiber membrane module. The flue gas enters the shell side of the module and
permeatestothti ber 6s bor e, a n c enridnex) exite froenrthie artd ef the 't r e a r
module. On the other hand, the permeate stream enrichefarxists from he feed sidevith
the assist of sweep gas (optional), which enters the fiber bore side in the opposite direction of the
feed.
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Fig. 3-2. Gas permeation in a countbow membrane

Theconsidered assumptions to derive the mathematical formulations are as follows:

1 The fibers are identical and straight with a uniform thickness.

1 The variation of concentration and pressure in the radial axis is negligible.

1 Membrane permeability is indepesmd of pressure and temperature.

1 The gas mixtures are assumed to be ideal gas.
1 The pressure drop is calculated by the Hageiseuille equation.
1 The effect of concentration polarization is neglected.

1 The membrane model is isothermal and stestdie.

The gas separation across the selective membrane is assumed to follow the-solution

diffusion mechanism, in which the permeance is the controlling parameter. Referfigg 3Q,

the permeation of a mutiomponent gas mixture can be described as follows:

’ “6 5 5
UC“ISl—UOOﬁU(A)ﬁ (1)
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0 0 (2)

= (3)

where 0 is the permeation rate of componénd) is the permeance of cqunenti
(permeability of componemtdivided by the thickness), is the selectivity of componenti
is the fiber outer radius, is the number of fiber® is the pressurey |, is the mole concentration

of component in the shelkide, andb  is the bulk composition of componernt the bore side.

The total molar balance of fiber bore can be described by Eqg. 4 as follows:

00 ,
Qo !
The pressure drop in the bore side can be calculated by the-Ragenille equation
[253]:
. QU p r"YO
v p— — 0]
Qw “1 €
The componentsnolar balance in the fiber bore is:
Q0 w j o ,
06 LW p UL @
The total molar balance in the shgltile of the membrane module is:
Q"0 ,
Qo X
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The pressure drop of retentate that exits from the shell side is calculated as:

Qu ,
- T W
Quw | v
The componentsmolar balance in the shell side is presented in Eqg. 9.
Q0 w j . ,
————— LW i U W
06 h

The above system of differential equations, as well as boundary conditions, physical
properties of components, and other equations, are programmed in the Aspen Custom Modeler.
The axial domain has been discretized by a@migr central finite difference method, and it is
found that considering 400 divisions is acceptable to achieve reliable and valid results. The set of
equationgs solved using Aspen Custom Modeler bunltDMO solver, which is very robust and
generates mallts within almost one minute using a typical laptop with Intel Cof&0E’10U
CPU@1.862.30 GHz and 16 GB RAM. Furthermore, the membrane length is assumed to be 1 m,
and the inner and outer diameter of the membrane is 400 and 600 um, respectively.sions ve
of mathematical modeling are considered for couaterent flow patterg including with and

without a sweep stream inlet.

For modeling the crossflow case, the direction of the permeate stream is vertical to the
direction of the feed stream overettimembrane surface area. In this flow pattern, the local
concentration of a component the permeate side is equal to the portion of gas that passes through
a specific point of the membrane. More details of crossflow membrane modeling are provided in
referenceq250,254]

3.2.3 Simulation of two-stage membranebased CCS

After modeling the countdtow membrane in Aspen Custom Modeler, the membrane
module is used as a usdfined model in the Aspen Plus software for simulation of the whole
CO, separation process. For modeling the general equipment such as compressor, expander, and

heat exchanger, the buift models available in the Aspen Plus model library have been used. The
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detailed mathematical modeling ofglequipment can be found the user manual of Aspen Plus

software as well as RgR255].

The PengRobinson thermodynamic model is considered for the modeling of gas behavior
in the process. The efficiency of all rotary equipment is assumed to be 85%. It is assumed that after
passing from the particuatand water removal units, the input flue gas of the CCS system is a
binary gas consisting @0, and N.. This assumption and system modeling hypotheses are widely
justified in previous studig256i 258].

Regarding the simulation results for the bassecaf CO, separation by a twetage
membrane system (as shown in Fig. 2), it is considered that the @@saéicovery of the system
is fixed at 90%. As a result, the permeate gas is enriched@@mvith a purity of 73.5 mole%,
and the retentate gasasriched from Nwith a purity of 98.4 mole%. Also, the total membrane
area of 1.807 million Ais required 111.7 MW of power plant capacity consumed by compressors
to reach the mentioned performance of the base case system fot/§00 fiae gas, inciding 13
mole% ofCO..

In the simulation of the membra@O, separation process, the separation targets can be
defined for the membrane module in the Aspen Plus software. Accordingly, it is possible to fix the
purity of products o€0O; recovery of each membrane stage, and the required ahesaregmbrane
is adjusted at each triahderror step until reaching the specified targets. Using this approach

gives the opportunity to perform a comprehensive evaluation of membased CCS.

3.2.4 Various membrane process designs andOz-selective membranes

As discussed before, the driving force €@, permeation in a gas separation membrane
is the difference in the partial pressure of the feed and permeate side. Due to @@ oavtial
pressurdn the postcombustion flue gas, great effort should be placed to achieve an adequate
driving force with lower energy consumption. In this regard, various modifications can be
proposed to address the driving force challenge, considering a compressanairtihene feed
inlet, using a vacuum pump at the membrane permeate outlet, increasing th€Oged
concentration by recirculation, and reducing @@, concentration in permeate by a sweep gas.
At a specifiedCO; recovery and product purity, consideringleaf these designs can significantly

affect the system cost and process energy consumption. On the other hand, different flow
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configurations othemembrane impact the performance and required membrane area. Therefore,
for evaluating and comparing differedesigns of membrane separation systemCO, capture

from a power plant flue gas, four different concepts are considered to cover various designs of
membranebased CCS. Concept A: feed compression and crossflow membrane modules. Concept
B: feed comprssion, counteflow membrane module, and sweep gas. Concept C: vacuum pump
and crossflow module. Concept D: vacuum pump and cotiotemodule. The schematic of the

proposed concepts is demonstrateBim 3-3.

Concept A Concept B

Recycle

M1: Cross-flow Flue gas

Flue gas

M1: counter flow

Hex-1 Hex2 — 7 et

Retentate 1 SRt st Rl Retentate 1

Permeate,

Concept C

Concept D

Recycle

Recyde

Retentate 1 Y

M2: Cross-flow A M1: counter flow Retentate 1

module

M1: Cross-flow
module

\/
M2: counter X

flow module

Flue gas y

Fig. 3-3. Various designs for membraiasedCO, capture

The selection chmembrane with appropria@0; selectivity and permeability can lead to
an improvement in the performance of membsaased CCS. Accordingly, the effect of
membrane properties (selectivity and permeability) on the performance of the system, as well as
the kehavior of various membranes at different operating conditions, are investigated by
considering three polymeric membranes. The considered membranes cover a wide range of
selectivity and permeability, from existing polymeric membranes @@k'N> selectivity of about

50 and high permeability to mo@0O,-selective membranes such as facilitated transport polymeric
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membranes withCO/N> selectivity of more than 100. In this regard, the first generation of
Polari€ membrane (Polaris genl) and the setgeneration of Polafis membrane (Polaris
gen?2) are considered, which have hitf, permeance equal to 1000 and 2000 GPU, respectively
[126]. Besides this higEO, permeance, the first and second genemaiidPolaris membranes has

a moderateCO,/N> selectivity of 50 and 49, respectively. Also, the PVAmM/&&a facilitated
transport polymeric membrane is considered, which demonstrates@®ity selectivity of 148

and goodCO, permeance equal to 735 GRUpilotscale test§l29].

To analyze the techreconomic performance of the CCS with various membranes, the
membrane degradation over time @& nonsidered due to the lack of experimental data, and it is
assumed the membranes are chemically and thermally stable during the operation. More

information regarding membrane degradation and stability is providedreference$217,259]

It is worth noting that although the PVAM/PG, as a facilitated transport membrane, follows
the reactiordiffusion mechanism an€O, partial pressure has eonsiderable effect on its
permeability, the separation process can be simplified by considering the sditftision
mechanismwhich neglects the mass transfer by the carrier ef#&€,261] In other words, the
PVAM/PG membrane is modeled as a common polymeric membrane tbatsfdfie solution
diffusion mechanism and has const@@ permeance an@0,/N> selectivity equal to 735 GPU
and 148, respectively. This assumption is considered in the modeling since the research goal of
this chapteris to study the techreconomic performance of membrapa@sed CCS at various
values of membrane selectivity and peainiéty rather than to study the influence of different

transport mechanisms and membrane types that generally needs experimental data.

3.2.5 Cost evaluation

To perform an economic analysis of membraased CCS, different cost factors are
considered for the apital cost (membrane and its frame, compressor, vacuum pump, heat
exchanger, and turboexpander), energy cost, and O&M (operation and maintenance) cost. The
procedure to calculate tH@O, capturing cost by membrane process is presentdabie 3-1,

which is comparable to those reported by previous works.
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Table3-1. Assumption and equipment cost fsronomic evaluation [16,31,45]

Category Value
Membrane module cost ($/in v
Total membrane cost ($) o 0 § v Tt
8 6 8
Membrane frame cost ($) No) coyprm —
CTMTT uu

Compressor cost ($) O O Mr¢qmppyP we p T
Vacuum pump cost ($) O O MY T we pT
Expander cost ($) O @ ™ pd

od
Heat exchanger cost ($) 0 2 on

TTT
Depreciation factor (25 years $ & T8t @1
Membrane depreciation facto $ & T® C U
(5years)
Total annual capital cost ($) O O 0 0 © 00

0 $&
Total annual operatonand "0, mdrp O O
maintenance cost ($)
Mo O O O O
Operational time (hr/year) o} UR I8 1
Electricity cost ($/kW H) 006 M8t
Cooling water cost ($/GJ) 0wd ™I
Total annual energy cost ($) . 00 w ®
(0] ;e w
0wo v

Total annual cost ($) ‘0 0 O O
Total operational cost ($) 00 0O0 O
Compressor and vacuum 0.85
compressor efficiency
COz capture cost ($tdD02) . 0

0eedidINi BAOQQ

There are several uncertainties about the power cost and the cost of various polymeric
membranes. For instancegembranealegradation and durability over a long operational time is an
uncertainty in the economic analysis. In this study, the average &is$6ff has been considered,
which is widely used in previous work%78,191] Even though the cost estimation of a large

scalemembranbased CCS may involve substanti al uncer
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and +20% to +50% on the high si@&2]), the relative cost comparison of various system designs
and different operating conditions using the specified assumptions and cost functions are still valid

and notable.

3.2.6 The framework of techno-economic analysis

The proposedramework forthetechneeconomic analysis of membrabased carbon
capture is presented kig. 3-4. The famework of techn@conomic analysis is divided into three
steps. First, the membrane system for different flow patterns is modeled in the Aspen Custom
Modeler. Afterward, four different designs of membrane preeseor CO, separation are
considered andmaulated in the Aspen Plus software. Also, three potential membranes covering
a wide range of selectivity and permeability are considered to comprehensively evaluate the
system performance. In the second step, process pardraffeats on the requiredea of
various membranes as well as the required enargyinvestigated at a given separation target.

The main variables influencing the process performances are:
1 The concentration A0z in flue gas
1 The pressure dhefeed stream to the membrane madul

1 Recycle ratio, which indicates the amount of seestagie retentate which recycle to the

feed of the first stage
1 CO:; permeance and selectivity thie membrane
1 TheCO:recovery ratio.
1 Sweep gas flowrate

In the third step, the modeling of process cosisluding capital cost, O&M cost, and
energy costis implemented to examine the influence of the variation of process parameters on the
CQO: capture cost. Finally, the various design€£ak separation by the membrane are compared
and evaluated from thedienceconomic point of view.
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Throughout the system techeoconomic analysis, the separation target has been
considered as achieving 9020, capture ratio and 95 mole@O; purity in the second stage
permeate stream. Since the singl@ge membrane process cannot reach the separatipa oo
stage membrane process needs to be considered for 4embtmomic analysis. Among the
proposed concepts, Concept B with couttarent flow pattern and retentate recycling has been
considered for analyzing the effect of various designs and tomereonditions since this
membrane configuration has been suggested by previous works as a promising design, and the
effect of sweep gas can be studied in this case. Finally, the tecbnomic performance of all

proposed concepts is compared at spegperating conditions.

3.3 Results and Discussion

3.3.1 Model validation

The developed mathematical model for calculating the performance of both eounter
current and crossflow membrane processes is validated with the model presented by Merkel et al.
[127], and the results are shownTiable3-2. The flue gas conditions are assumed to be 50§ m
1.1 bar, 50 COx.Alsad theC G recneety eatlo ammd fpermeate pressure are fixed

at 0.9 and 0.22, respectively. The validatresults show an excellent agreement with the
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maximum absolute percentage emwbless than 1%. The small error is attributed to the numerical
approach, solver, and the number of discretization elements.

Table3-2. Validation of membrane modeling with the work by Merkel et al. [16]

Counter-current flow Crossflow
Modeling  The work by Merkel Modeling The work by Merkel
Membrane module properties results (2010) results (2010)
Membrane area (fn 6.77 x 16 6.80 x 16 10.91 x 16 11.00 x 16
COz2 mole% in permeate 4057 40.60 28.86 28.90
COz mole% in retentate 209 210 2.08 2.10
Abs. Maximum error 0.47 % 0.95%

3.3.2 Technical analysis otthe membrane process

In the following sections, we analyze and discuss important operational parameters and
process design considerations of a -st@ge countecurrent membrane process f@O;
separation. Furthermore, it has been discussed howhhfe’s findings can be reconciled to
develop an efficient and cestfective CO, separation system.

3.3.3 Effect of retentate recirculation

The recycle ratio is defined as the ratio of the retentate stream flowrate that is recycled to
the first stage feed. For analggithe influence of the recycle ratio on the performance of a two
stage membrane system (Concept B), the ovE€@ilrecovery of the system is fixed at 90%, the
Polaris genl is considered as a membrane, and the feed pressure and permeate pressure are fixed
at 5 bar and 1 bar, respectively. It should be noted that in-attge membrane system with high
COq recovery, permeate enriching by recycling seestagje retentate gas is required to achieve a
high CO. purity in the gas permeaf&85]. Accordingly, to cover a wide range of recycle ratios
and to study the effect of retentate recycling onGfe purity of permeate strearthe separation
target of 95 mole% permedd, purity is not taken into account. Also, it should be noted that the
unrecycled amount of retentate stream is sent to the turboexpander for energy recovery. It means
that at zero recycle ratio all the secestalge retentate gas is sent to the expander, which represents

the base case design.
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Fig. 3-5(a) shows the variation ¢therequired membrane area and second meml&Z&ne
recovery (CCR) at different recycle ratios. By increasing the recycle ratio to 0.8, the inlet flowrate
of the first membrane module increases. This brings about an increment in the required membrane
area to met the target of 0.95% 0O, recovery. However, at high recycle ratios (greater than 0.8),
the loss ofCQO: in the system decreases, and the required membrane area of the second module to
maintain the totalCO, recovery at 90% reduces considerably. This carolsserved from the
reduction of second membrane CCR at high recycle ratios.
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Fig. 3-5. The effect of recycle ratio on the membréesed CCS performance

Fig. 3-5(b) presents the effect of the recycle ratio on the pern@aigurity and process
energy consumption (total auxiliary power consumption)c#sbe seen, increasing the retentate
recirculation boosts the perme&@, purity and increase energy consumption, specifically at high
recycle ratios. Because more driving force is generated due to the indt&seahcentration at
the membrane feed, it possible to achieve a higher purity@®, after the separation. On the
other hand, retentate recirculation requires higher energy usage, which is mainly associated with a
higher flow rate in compressors. Moreover, at a high recycle ratio, the inofetse retentate
flowrate of the second stage due to lower CCR is coincident with the raise of retentate recycling,
leading to a sharp increase in the input flowratthetompressor and cooler. Consequently, the
system energy consumption significantigrieases at high recycle rati8s.shown here, recycling
the second stage retentate gas to the first stage is required to ensure a higher@0xiin tfe
permeate gas, although both energy consumption and required membrane area increase compared
to a design without retentate recirculation.
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3.3.4 Effect of feed pressure

The pressure ratio is a very crucial parameter for system performance and economy. For
evaluating this operating parameter, Concept B with full retentate recirculation is considered, and
the permeate pressure is fixed at 1 bar. Also, as a separation target, theCi¥ecalbture ratio

and the permeateQ; purity are fixed at 90% and 95 he&6, respectively.

Fig. 3-6(a) illustrates the effect of the feed pressure on the system performance and the
behavior of various membranes. It can be noticed fragn 3-6(a) that the increment of feed
pressure leads to a decrease in the required area of the membrane, although the rate of reduction
decreases at high feed pressures (i.e., P >7 bar). Because by indteagnessure difference
across the membrane, a more driving force is generated faZ@heseparation, leading to a
decrease in the required membrane area to reach the specified separation target. This pressure
difference can be generated by considering@um pump at the permeate side or a compressor
at the feed side. The required area of the Polaris gen2 membrane is slightly affected by the
variation of feed pressure compared to other membrane types, which is mainly due toGtSshigh

permeance.
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g‘ -e-Polris genl - 1.4 4

g 14 A1 -e-Polaris gen2 8

— 12 4 ~=-PVAM/PG £ 121

C 5

] 14

g 10 s

$ g 5 0.8 | +Polr|s.gen1

5 5 ) -e-Polaris gen2

£ 6 4 Polaris gen1: 219,263 m? c P -»-PVAM/PG

£ Polaris gen2: 114,440 m? 206 -

2 4 - PVAm/PG: 475,712 m? &

= 2 — 2 0.4

° . . “

= 0 T T T T T >;D 0.2 T T T T T 1
3 5 7 9 11 13 15 3 5 7 9 11 13 15

Feed pressure (bar) Feed pressure (bar)

Fig. 3-6. Effect of feed pressure on the membrane

Fig. 3-6(b) shows the specific energy (total required auxiliary power for capturing one
tonne ofCQOy) versus feed pressure. As can be seen, by incretfrfged pressure, the specific

energy forCQOr capturing increases due the additional power required by compressors. In
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addition, utilizing the PVAM/PG membrane leads to lower specific energy at various feed
pressures, which is mainly because of its high selectivity.

It can be concluded that at a low feed pressure, the difference between the performance of
various membrags is more remarkable, and both Polaris membranes are better choices than
PVAmM/PG, although they require more energy to separate a specific amQ@ dhe effect of
membrane properties is discussed in detail in another section. Also, an intereskxuif tis
observed by changing the pressure ratio; by increasing feed pressure, the required membrane area
reduces, while the system consumes more power for compression. Economic analysis of feed
compression is discussed in the next section, which gthdeselection of the most cesffective

option.

3.3.5 Effect of CO2zrecovery ratio

The CO; recovery ratio corresponds to t8€, molar flowrate in the permeate to feix
CO. molar flowrate, which shows the efficiency of the separation system. The eff@D.of
recovery on the total required membrane areapancheateCO; purity is depicedin Fig. 3-7 by
considering feed pressure equal to 5 bar. The fieshbmane capture ratio is fixed at 90%, and the

second module capture ratio is variable to change theG@atecovery ratio of the system.

The results disclose that by increasing@i@ recovery ratio, the product purity decreases,
and the required mdmane area increases, representing a{oéfdeetween theCO, recovery of
the system, th€0O; purity, and the required membrane area. This effect can be described by the
fact that for increasing the flowrate ©0; in the permeate side, more membrane area is required,
and consequently, the other components can permeate through the meariatakesCO, purity
in the permeate side decreases. Also, the PVAM/PG membrane demonstrates a preferable
performance to achieve satisfactory permeate compositions and recovery ratios since it has higher
CO/N2 selectivity. However, the required membrane areadch highCO, separation increases
more significantly in the PVAM/PG membrane compared to the Polaris membranes, which can be

described by the low& O, permeance of this membrane.
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Fig. 3-7. Effect of CO, recovery ratio on the membrane area and pern@&@i@urity

3.3.6 Effect of membrane permeability and selectivity

CO/N2 selectivity and permeability of the membrane are two important parameters in a
membranebased CCS system. This can significantly affect system performance. Thus, the
membrane selectivity andO, permeance are investigated for concept B at a feed prexfsbre

bar with the aim of 90% O, recovery and 95 mole% perme&®€y, purity.

Fig. 3-8 illustrates the effect of membrane selectivity on the specificggnand the
required membrane area. It can be observed FignB-8(a) that by improving membrar@0,/N>
selectivity, the energy consumption of the process decreases. Importantly, this influence on the
specific energy is more significant at low@0,/N, selecivity since the compressor and cooler
before the second membrane module should handle higher flowrates. Moreover, from the variation
of specific energy with respect to selectivity at various values of memB@igermeance, it can
be concluded that thefett of membrane permeability on the specific energy is insignificant in
comparison to the effect of membrane selectivity, specifically at high values of merGidsNe

selectivity.

Fig. 3-8(b) illustrates the required membrane area versu€@®#N. selectivity at three
different CO, permeance values (500, 1000, and 2000 GPU). The required membrane area
increases by the increment of membrane selectivity, and this increasing tendency in the required
membrane area is more intense at ©@ permeance (500 GPU). This behavior is dud#ofact

that asCO,/N> selectivity increases, the purity @O, in the permeate increases, and the N
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permeation decreases, which implies that the total permeate flowrate decreases and a larger
membrane area is needed to reach the target of separation.
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Fig. 3-8. Effect of membrane selectivity on the membrane performai

The influence of membrane permeability on the total required membrane area and specific
energy is investigated for a membrane with @@./N> selectivity of 50, and the results are
presented iffrig. 3-9. It shows that by increasing tl¥, permeance, the required membrane area
decreases, anthe specific energy slightly increases because the available driving force and

permeate flow rate increase by improving the memb&epermeance.
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Therefore, although a membrane with high selectivity decreases the specific energy, its
undesirable effectrothe required membrane area clearly proves that a membrane with moderate

selectivity and high permeability is more beneficial for membizased CCS.

3.3.7 Effect of CO2 feed concentration

The CO, concentration of the flue gas exiting power plants can fluctuate considerably
depending on the operational conditions forced by the grid. Also, different types of power plants
produce flue gas with varying levels G00,. The flue gas of natural gas powsants includes
about 5 mole%C0O,, and the coafired power plant produces flue gas with-1® mole%CO;

[263]. In this regard, the investigation of fe€d. concentration influence on the membrdrased
CCS is performed for Concept B at a feed pressure of 5 bar with the target of 95 mole% permeate
COs purity and 90%CO; capture ratio.

Fig.3-10shows the effect a0, feed concentration on the system performance indicators.
According to Fig. 3-10(a), by increasing the fee@0O, concentration, the specific energy
consumption for membrane separation decreases. This can be described by the definition of
specific energy consumption, the végd energy for capturing one ton@0,. With the increase
of permeate flowrate, resulting from the riseGsd. level in feed, the energy consumption of the
compressor and cooler {Z€ and Hex3) increases. However, the permeate flow rate is the
denominabr of specific energy, and its increment aggregately leads to a decrease in the specific

energy.
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As depicted irFig. 3-10(b), the required membraneeardecreases with the increment of
CO, concentration in the feed gas. This is primarily because by increasing theCed
concentration, the available driving force f@0O; separation improves, and the membrane
achieves the specified separation targeh &itower total required membrane area. Furthermore,
this decreasing trend in the membrane area becomes more considerable when a membrane with a
higherCO./N2 selectivity, such as PVAM/PG is considered, owning to applying an extra driving

force to the membrane system.

It can be concluded that the increaseCak level in the flue gas generally improves the
performance of membrasased CCS. In this context, different apgitoes are suggested to
increase the level &0; in flue gas, such as flue gas recycling and combustion using oxygen
enhanced ai264].

3.3.8 Effect of sweep gas

Using sweep gas in the peeate side of the countBow membrane modules is suggested
as a promising way to produce a larger driving force for the separat@@®.qP65]. To analyze
the sweep gas effects on the membilaased CCS, the performance of concept B with and without
sweep gass compared, and the process information is present&igir3-11. The flowrate of
sweep gas is equal to five percent of the flue gas flowrate, taken from the first module retentate
stream. Also, the separation target has been fixed at®D9capture ratio and 95 mole%O,
purity in the second stage permeate gas. The results show that considering sweep gas can
significantly decrease the required membrane area (~16%) compared to the case without sweep
gas, although the energy consumption hakght increase in the case with sweep gas. It can be
concluded that using a small portion of the retentate stream as a sweep gas in theloaunter
membrane system leads to a remarkable decrease in the required membrane area owing to the

creation of a leger driving force that facilitateSO, permeation.
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Fig. 3-11. Operation and design information of t@tage membrankased CCS with and witho
sweep gas

The required membrane area and specific energgrims of various amounts of sweep gas
using different membranes are depictedFig. 3-12. It is notable that the decreasing trend in the
required membrane area abates at a higher ratio of sweep gas, as shiemgn3ii2(a).
Furthermore, the decreasing trend in the required membrane area is more notable for the
PVAM/PG membrane in comparison with Polaris genl and gen2. The other interesting result is
that at high ratios of sweeas, the required membrane area of the considered membrane becomes
closer, which is due to the availability of a significant driving force for each of the membranes.
Also, as shown irfrig. 3-12(b), the specific energy escalates by increasing the sweep gas to the
flue gas ratio, mainly due to the increase of flowrate in the second compressor and cooler. Also,

the increasing trend of specific energy intéasiat a higher flowrate of sweep gas. Accordingly,
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recycling a portion of the retentate stream as a sweep gas design improves the partial pressure of
COz in the system and in turn, remarkably decreases the required membrane area.
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Fig. 3-12. Effect of sweep gas amquired membrane area and specific energy for various membr.

3.3.9 Effects of compression strategies and membrane flow pattern

The driving force forCO, permeation in the membrane process can be provided by the
pressure ratio created by two strategies: feed compression and permeate vacuum. Since using each
of the approaches may have a significant influence on the process energy consumption and system
performance, these two different approaches are compared for the mesinhasadeCCS process
with the separation target of 9026, capture ratio and 95 mole@O; purity in the second stage
permeate gas. The comparison results of two compression strategiesargqul i able3-3 for
a twostage counteflow membrane system. It should be noted that the pressure ratio of both

strategies is identical and equal to 5.

The results offable 3-3 demonstrate that the using feed compression approach brings
about a substantial decrease (about 82%) in the total required membrane area in comparison with
the permeate vacuumhis is mainly because the pressure differei¥d (n the vacuum strategy
is lower than the feed compression, which resulted in a lower driving force and higher required
membrane area, as shown in Eg. 1. On the other hand, the permeate vacuum isrengpre e
efficient approach compared to the feed compression; it needs 35.7% lower energy for separating
one tonne o0, because the vacuum approach only pumps the permeate stream rather than the

feed stream that is mostly nitrogen. It should be noted that the turboexpander in the feed
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compression strategy recovers a part of the energy used by compressors, while dssibl& in
the permeate vacuum approach.

Table3-3. Comparison of CCS performance with different compression strategies and membrane flow patt

Compression strategies Membrane flow pattern
Egren(:)ression ngqupum Counter-flow Crossflow
Total required memb. area (m2) 1.948x10° 10.850x1(° 1.948x10° 5.451x10°
Total energy consumption (MW) 264.7 169.83 264.07 421.47
Specific energy (MWhr/ton captuf@Oz) 0.765 0.492 0.765 1.221
Permeate flowrate (kmol/hr) 8255 8255 8255 8255
COz recovery (%) 920 920 90 90

It can be concluded that using the vacuum pump in the membrane separation process
increases the flexibility of the CCS system because it reduces the system energy ¢gmiiafty
from the integrating of CCS with existing power plants. However, the paditi of such a
vacuum pump in largecale membranbased CCS is questionable. The economic evaluations of

these two compression strategies are discussed in the following sections.

The membrane flow pattern is another design aspect of the menfiasedCCS, which
is expected to affect the performance of the system. Among different membrane flow patterns
(cross flow, countercurrent, errent, perfeemixing, and oneside mixing), the crossflow and
counterflow are more practical and efficient f@O, separation[111,266] Thus, the comparison
between the performance of counfierv and crossflow modules for a twstage membrane
system at the abovementioned separation targets is performed in this study, and the results are
presented in Table 3. The results substantiatedheterflow design is more advantageous since
this design requires about 64% lower membrane area and about 37% lower required energy to
separate one tonne Gf0,. Also, Merkel et al[127] proved that the permeate stream from the
countefflow membrane has a high€O, purity at a fixed recovery ratio compared with the

permeate streamndm the crossflow membrane.

From a practical viewpoint, although the performance of the ccfloterpattern is
superior to that of the crossflow pattern, it has not been widely applied in the industry due to some

drawbackssuch as complexity and conceatton polarization on the permeate side. Accordingly,
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further research to address these issues and to enhance the applicability of-flaywnter
membransin the carbon capture system can contribute to effective and flexible carbon capture

systems.

3.3.10 Economic analysis of membranebased CCS

This section is devoted to the economic analysis of astage counteflow membrane
based CC%o have a better understanding of the various operating parameters effects and different
membranes on the cost G0, captue. For this purpose, the assumed process conditions for
studying the effect of each operating parameter are identical to those considered in the technical
analysis sections. Also, ti@O; capture cost ($80,) is defined as the total annual cost of the
systemper annual tonne of capturgdO,. Thus, this economic indicator can represent all
associated costs @O, capturing, including the annual capital cost, energy cost, and O&M cost.

Fig. 3-13 illustrates the influence of feed gasure on th€O, capture cost. It can be
observed that there is an optimum feed pressure range (5.8 to 8 bar) at wiiCh ¢hpture cost
for Polaris gerl and Polaris gen 2 is as minimum as 23.86@/tand 25.36 $£0;. Also, this
optimum feed pressure for the PVAM/PG membrane is 8.1 bar, which leadsG@¢tleapture
cost of 27.35 $E0O,. At low feed pressures (lower than 5.8 and 7 bar for Polaris and PVAmM/PG
membranes, respectively), the declining tren@0$ captue cost is mainly due to the decreasing

trend ofthe required membrane area, which is more significant at lower pressure range, as it is
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Fig. 3-13. Effect of feed pressure d@O, capture cost for different membrane type:
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shown inFig. 3-6. However, at a feed pressure greater than 5.8 bar, the increasing cost of energy
is the primary reason for the increasing cost6f capture.

The recovery ratio effect 080, separation cost is presentedrig. 3-14. Increasing the
COz recovery, the cost &8O, capturing decreases due to a higher amou@fat the permeate
flowrate. However, this decreasing trend in th@, capture cost slows down at high€,
recovery, mainly because of an increment in the required membrane argh @O, recovery.
This behavior is more intense for PVAM/PG membrane, and it leads to a minimum v@log in
capture cost, which can be described by a significant increase in the required PVYAM/PG membrane

area at higiCO; recovery rates.
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Fig. 3-14. Effect of CO.recovery onCO, capture cost for different membrane typ:

The variation 6CO, capture cost by the fe€elO, concentration is presentedHig. 3-15.
By increasing the concentration &O; in the feed gas, th€O, capture cads decreases
considerably, which is mainly due to the reduction of energy consumption and required membrane
area. Also, for the flue gas with lo@O, concentration, th€€O, capture cost by PVAM/PG
membrane is considerably higher than others, which substantiates that using membranes with

higherCO; permeance is more cesffective in this case.
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The variation ofCO, capture cost versusO./N: selectivity at differentCO; permeance
rates is presented Fig. 3-16(a). The result indicates for membranes with@@ permeance of
1000 and 2000 GPU (such as Polaris genl and gen2), the optimum valQeg/\éf selectivity,
which leads to a minimum value 60, capture cost, is 64 and 81, respectively. Also, it can be
seen that improving the selectivity of membranes does not always offersaewgj process. On
the other hand, a higher value of selectivity decreases the specific energy of the systerm(as show
in Fig. 3-8(a)), which is of great importance for the flexible operation of the memirased
CCSs. The other interesting point is that at high€s permeance, not only the value ©0;

capture cost is lower, but also the negative influence of increasing the selectivity on the capture
cost becomes insignificant.
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Fig. 3-15. Effect of feedCO, concentration orCO, capture cost for different membrane typ

Fig. 3-16(b) clearly illustrates the influence of membrane permeability and selectivity on
the CO;, capture cost. As can be seen, improving the memliZahegermeance is by far more
important than the selectivity parameter to achieve aaftesttive membranbased CCS. Also, a
further increment of the membrane selectivity after the optimum point increase®iloapture
cost. Furthermore, this threfmensonal curve could be useful for developing new membranes to

reach the desired level &0, capture cost or evaluate the economic feasibility of available
membranes.
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3.3.11 Economic comparison of different designs of membranbased CCS

In this section, the four designs of the tatage membrane process are compared
economically using the cost function presented in Table 2. In this regard, the four considered
concepts are simulated in the Aspen Plus software with the separation te99ét tdtalCO
recovery and 95 mole% &fO; purity in the final permeate gas. Also, the properties of the Polaris
genl membranare considered, and the pressure ratio of compressors and vacuum pump are
identical and equal to 8. Furthermore, due to the Imakeffect of sweep gas on the system
performance, five percent of the flue gas flowrate is considered as a sweep gas in concept B. It
should be noted that the base case is not compared with other concepts since it cannot meet the
separation target.

Fig. 3-17 shows the total annual energy cost and capital cost in different concepts. It is
obvious from this figure that the case of using a vacuum systémaacounteicurrent flow
membrane (concept D) leads to the lowest amount of annual energy cost compared with other
concepts. Even though the lower energy cost of vacuum operation is advantagtdwffefable
operation of membraneased CCS, there aather challenges that need to be addressed when
using this approach, such as the possibility of working at low vacuum pressuresdalge
application, and leakage. On the other hand, concept C (permeate vacuum and crossflow

membrane module) requiresetiighest capital cost, followed by concept D. This is mainly
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because of the higher cost of the vacuum system compared with typical compressors and higher
membrane module cost due to higher required membrane area to reach the specified separation
target.Overall, concept B has the lowest capital cost and a moderate energy cost in comparison to

other concepts.
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® Annual energy cost (MS$)

250 | m capital cost (M$)
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Fig. 3-17. Comparison of different concepts with respect to annual energy cost and capite

Fig. 3-18 presents the comparison between different concepts in terms of the required
membrane area an@0O. capture cost. As can be seen, using a vacuum compressor in the
configuration significantly increases the required membrane area, which may affect theheost of
membrane module. Similarly, the concepts with a crossflow membrane module (concepts A and
C) suffer from a larger membrane area and a gr&@ecapture cost compared with the counter
flow module. On the other hand, the concepts equipped with a Eedanpression system
(concepts A and B) need a lower membrane area, leading to aC@weapture cost. It can be
concluded that the feed compression approach by cecunteant membrane module and sweep
gas (concept B) is the most castective desigr{22.76$/C0Oy) since it has the lowest capital cost
andCQO, capture cost. Moreover, concept C (vacuum system with crossflow module) is the most
expensive design (118.9 &/,), although it can be considered a potential option when the energy
penalty of thegpower plant is of great importance.
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Fig. 3-18. Required membrane area a0@. capture cost for different concep

The results of the economic analysis presented here can help process developers select the
appropriate design for membrahased carbon capture systems. The total cosiGibacapture
system varies by separation targets, process design, operating pezaraete membrane
properties. The incorporation of a counteirrent membrane module with a sweep gas as well as
a feed compression approach into a memblased capture process can considerably enhance
the costeffectiveness of the pesbmbustion carbomrapture system. Also, generating driving
force via the vacuum system at permeate side is a more esféicygnt approach, which can
improve the flexibility of the system.

3.4 Chapter Summary

The objective of this chapter is to address the second reseastlonyRQ2)focuses on
possible solutiongo enhance the technical performance of membb@sed carbon capture
technologies to improve their efficiency and effectiveness in capturing and storing carbon dioxide.
To achieve this objective, the study emplay@mponent and systelavel simulations and
conducts a thorough techiegoonomic investigation of membrabased CCS. Through this
researchpnew knowledge regardintipe technical aspects and cost implications associated with
various membrane technology dgss under different operational conditidmss been acquired

and presenteth this chapterThese contributiongrovide valuable insights into how membrane
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technologies can be optimized to achieve better performance areffeativenesdeadingto the
advancement of carbon capture and storage solutions.

A fossil fuel power plant wilsoonneed to work in an integrated and fully connected grid
that involves components such as renewable sources and energy storage. In such a complex energy
system, a carbooapture system needs to satisfy other requirements to be effectively integrated
with other components. As the operational parameters of fossil fuel power plants change due to
intermittent renewable sources, the energy consumption@erdtingexpenses atarbon capture
technologies are important decision parameters. To evaluate these parameters, a comprehensive
techneeconomic analysis of membrane separation systems forcpugiustion CCS was
conducted in thishapterto identify the opportunities and fidimitations of membrane processes

to be considered as a flexible carbon capture system in power plants.

The maingoal of this chapteis how various designs and operating parameters of the
membranebased CCS can improve the tecleumnomic performancend flexibility of the system
to be considered as a potential option for integratit@the future lowcarbon energy system. To
this end, four designs of the dousliage membrane process and three polymeric membranes with
various transport properties veeconsideredand the influence of the feed pressure, f€&d%
concentration, retentate recycling, sweep gas, and membrane properties on theie¢enbntc
performance have been investigated with the separation target of 90% oécovery and 95
mole% CO, purity. The results revealed that by increasing the feed pressure, the required
membrane area significantly decreases, although the specific energy increasésehdgttbonal
power required by compressors. Also, using a ntarmdwith higheCO,/N2 selectivity, such as
PVAM/PG membrandgadsto lower specific energy. Also, analyzing the effect of retentate
recycling showed that at full retentate recycling, although higi@rpurity of the permeate gas
can be achieved, thestgm energy consumption and required membrane area increase compared
with the case of zero retentate recycling. Furthermore, considering a portion of the retentate stream
as a sweep gas remarkably reduces the required membranaltacagh the specificrergy of
the systemincreases. Moreover, the increase of @@; level in the flue gas improves the
performance and economy of the membrhaased CCS. The other notable result is¢natancing
the selectivity of membranes does not always offer asagtg process. On the other hand, a
higher value of selectivity decreases the specific energy of the system, which is of great importance

for the flexible operation of membraased CCSs.
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The economic comparison of different designs proved that considénmgfeed
compression approach by courterrent membrane module and sweep gas is the most cost
effective design (22.76%0,) since it has the lowest capital cost &1, capture cost. On the
other hand, the vacuum system with a coufitey module designs the most energgfficient
option, which decreases the energy penalty of the power plant and may lead to the flexible
operation of the system. The techemmnomic analysis results demonstrated that among the
various designs of membrabased CCS, selent a counterflow membrane module equipped
with a membrane with moderate selectivity and high permeability is the optimal design
reducingCO; capture cost and energy consumption and improving the system flexibility. Also,
secondstage retentate reculation, moderate sweep gas flowrate, g concentration of feed,
and moderate pressure ratio are other operating considerations that can contribute to system

flexibility improvement.

The results of this research can be used by policymakers and$desgners in the field
of carbon capture system design and operation. Also, the presented results can be considered in
the experimental research to develop new membranes with optimum selectivity and permeability,
which can lead to a cosffective and lexible membrandased CCS. Future studies can be
performed to investigate the following points: the performancehefsystem using other
membrane types by considering the dependency of membrane properties on system pressure and
temperature, uncertaintiésipact on the design and cost of the membitzased CCS, muki

objective and superstructure optimization of the system.
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Chapter4. Opti bhasiagbynamic Bfehavi
Me mbr-aanse€ € S

? Research questions: RQ3What are the key factomfluencing the economic and energy
performance of membras®msed carbon capture systems, and how can they be optimized
to reduce costs and increase energy effectivei®34?How is the dynamic performance
of membranébased integrated with loddllowing power plants, and how can the
flexibility of membranebased carbon capture systems be enhanced to accommodate
different industrial processes and varying carbon capture requirements?

U Objective: Development of an economically viable design of rastilige meroranebased
CCS with a flexible operation for integration with power plant under load following
operation

V New knowledge:Optimal multistage membranrkased CCS process and possible trade
offs for energy and cost penaltj-lexible operation and transiengéhmavior of membrane

process for integration with power plant under load following operation

The objective of this chapter is to develop optimal membbased carbon capture
systems to enhance the sustainability of fesml power plants by reducing their energy
consumption and operating costs. The rmstilige membrane process is numerically ehexd
using Aspen Custom Modeler based on the solddifinsion mechanism, and the effects of
important operating anddesign parameters are investigated. A mulijective process
optimization is then carried out by linking Aspen Plus with MATLAB and gisin evolutionary
technique to determine optimal operating and design conditions by calculating the best possible
tradeoffs between objective functionBurthermorethis chapter aims to improve the flexibility
of membranébased CCS units as a promisirgtinology forCO, capturing by analyzing the
system's transient behavior. A rigorous dynamic modelforembrane separation system is
developed, which includes differential equations of transport phenomena across the membrane,
mass balances, and pressdistributions. The model is utilized to investigate the dynamic

performance of a singistage countecurrent membrane module for separat@@ from the flue
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gas of a power plant. Steghanges in feed pressure, feed flow rate, feed composition, anatetent
recycling are considered for the analysis.

4.1 Introduction

Both the industrial and scientific communities have shown increasing interest in
membranebasedCO, separation in recent years due to several advantages oanithebased
postcombustion capture method. However, this process is still under development and eequires
significant amount of energyo generateenough driving force in the membrane modtde
separatig CO, from other components of flue gas. Accordingihgoptimal design and operation
of membranébased CCS could pave the way for optimal integration and improving sustainability
of fossitfueled power plants. In the following sectionsg thotential of a tw«stage membrane
process for optimaCO; capturing from a 600 MW codired power plantis discussed and
investigatedIn this chapter, based on a mathematical model developed in Aspen Custom Modeler
for the hollowfiber membrane modulenulti-objective optimization of membrasmsed CCS is
performed considering sustainability criteria as objective functions. To this end dissinsitivity
analysis was conducted to determine which operating and design parameters affect energy
consumpbn, capita] and operating costs dfie multi-stage membrane process. Afterward, an
evolutionary algorithm is utilized to perform a comprehensive roblgctive superstructure
optimization for a twestage membrankased CCS with the goal of achievingustainable and
flexible membrandased CCS that can integrate with fofséled power plants. This is aimed at

identifying the optimal system design, operating conditions, and membrane transport properties.

As mentioned before, due to strong interactioetsveen membrargased CCS with other
components of a low carbon energy system, flexible operatithre ofembrane process is of great
importance to attain satisfactory control performance. In this regard, studying the dynamic
behavior of the membrane ess can provide practical information for rational system design,
process statip and shutlown, the transition between two steady states, control, and operational
strategies. To the best of our knowledge, the dynamic behavior of membrane modules under
various stegchanges in operating variables has not yet been analyzed in the open literature. Also,
the dependency of pressure and temperature on the membrane transport properties and its effect
on the dynamic behavior of the membrane process is anothiealcconcern that needs to be

investigated. Accordingly, this chapter aims to investigate the flexibility of the membrane
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separation process by analyzing the dynamic behavior of hollow fiber membrane gas separation.
To this end, the dynamic model of thgess is developed and programmed in gPROMS software

to analyze the transient respons¢éh@fmembrane process. Thus, the purposes of the present study
are (1) to study the capability of the membrimased CCS for flexible operation by developing a
rigorous dynamic model of the system, (2) to investigate the response of membrane module at a
sudden stejghange in the process and feed conditions, and (3) to estimate the required time of the

membrane module to reach steatigte after step changes.

4.2 Superstructure for two-stage membranebased CCS process

For an optimal membrane separation process, it is necessary to develop a superstructure
that includes various potential designs and all the required components (e.g., compressors, heat
exchangers, splitters, ambranes, vacuum pumps, etEig. 1 illustrates the general
superstructure for a twstage membrane process for separd@i@gfrom flue gases of a 600 MW
coakfired power plant. Gasification or combustion exhaust flue gas must be treated before entering
the membrane module in order to remove contaminants like ash, SOx, NOx, andAwater.
membranebased CCS feed gas primarily contains aid CO,, and the fraction ofCO; is
commonly below 15 mole%Because th&€O, partial pressure in flue gas is low, an additional
driving force is needed to separate the gas, which can be supplied by either compressor at the
membrane feed side or by a vacuum pump at the permeatd-fiidegas conditions and other

fixed parameterased in this study are presented able4-1.

Table4-1. Flue gas condition and fixed membrane paatens

Parameter Value

Flue gas flowrate 500 n¥/s

Flue gas mole fraction COz: 13 mole%, N: 87 mole%
Flue gas temperature and pressure 50 and 1 bar
Membrane operating temperature 50

Membrane inner and outer diameter 400 and 600 um
Membrandength 1m

Membrane packing density 0.8

Rotary equipment efficiency 0.85

Pressure drop in pipes 0
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Fig. 4-1 shows how exhaust flue gas entering the membrane CCS unit can follow a variety
of process pathways, which are determined by various splitters (SP) in the superstructure. To
generate the drimg force, two methods have been considered: feed compression and permeate
vacuum. The blue and green lines depict these approaches, respectively. In this regard, the splitter
can be seen as a binary variable that determines the method of generatingripdatoe. Each
method has the same main pipelines, which are represented by black lines.f&y&iemance
and separation efficiency can be affected by retentate recycling and sweep gas, so different valves
need to be considered in the system modelchvBpecifies the flowrate ratio of the recycling
process. In addition, the proposed superstructure considers two common membrane flow
configurations, including crossurrent and countesurrent flow. The membrane modules can also
incorporate different polperic membranes with a wide range of transport properties. So, several
commercially available membranes are considered for the superstructure. In order to optimize and
analyze the proposed model, a mathematical programming model including both discrete and
continuous variables is developed based on the proposed superstructure.

Superstructure for Membrane-based carbon capture system with two stages

Coal-fired power plant

Retentate 1

————  Feed compression design

Vacuum pressure design

- Cross flow membrane module

Fig. 4-1. Proposed superstructure of two stage membrane primeeSES application

4.3 Mathematical formulation and optimization problem

On the basis of a solutiediffusion mechanism, mathematical models for counterent
and crosdlow hollow fiber membranes are develop&hmeschematic of a count@&urrent
hollow fiber membrane modulas presented ithe previous chaptewyith the inlet gas flowing to
the module shell side and permeating to the fiber boreGmeenriched with Nretentate stream)

exits from the shell side of the module, wher€&»-enriched gas (permeate stream) exits from
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the bore side in the opposite directiéor the mathematical modeling of a membrane stage, the
sameassumptionsnentioned in the previous chapteve been taken into account:

Thesummary othemathematical formlation of a membrane stage is showii @tle4-2,
assuming solutiowliffusion is the primary mechanism f@0O, permeationAs for the crossflow
memlrane module, the local concentration of each component on the permeate side is equal to the
fraction of gas passing through the membrane at a given point. Detailed mathematical modeling
of a crossflow membrane module is presentef2by]. The membrane model is algalidatedin
the previous chapter.

By utilizing the 2ndorder central finitaliscretization method with 200 elements, we have
programmed and solved the mentioned differential equations using the Aspen Custom Modeler
and DMO solver. Following the creation of the membrane models, theleBeed models are

imported into Aspen PLUST further analysis and optimization.

The power plant flue gas condition and membrane process parameters are presented in
Table4-1. Although it is more realistic toonsider oxygen and water contents in the flue gas, it is
assumed that the flue gas entering the memHbvased CCS is binary gaecludingCO; and N
with the atmospheric pressure as justified in previous wfikR9,267] The thermodynamic
properties and gas behavior are modeled using the-Reigson thermodynamic package.
Compressors and vacuum pumps are modeled as-siagje with fixed efficiency of 85%, and
heat exchangers are utilized afdeed or permeate comgssion to cool down the gas streams to
the process operating temperatuBespite the fact that oxygen and water are more realistically
present in flue gases, it is assumed that the flue gas entering meiiasadeCCS is binary gas,
including CO; and N. This is in line with previous work$189,267] Also, singlestage
compressors and vacuum pumps are assumed with a fixed efficiency of 85%, and heat exchangers
are used to cowlg down the gas streams to process operational temperatures aftar jeemeate

compression.

Table4-2. Mathematical equations for modeling membrane stage

. . ’ 1 \ 0 5 v 5 ’,
1 Permeation rate of component v ¢‘l ¢ I_ L W s U W

2  Selectivity of componerit ]
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3 Total permeation rate of component 0 0

Q0 . . . Q0 ,
4 Total molar balance of bore and shell si —— 0 Al A—— 0
Qw Qw
o Q0 w . ,
5  Components molar balance in fiber bol Y VW n U
. ., Q0 w j
6  Components molar balance in shell sid Twh Vw5 O
, , . Q0  pgWYO
7  Pressure drop in bore side v 0% 0 &
8 P drop in shell sid s cco'o
ressure drop in shell side 96 O

Moreover, the economic evaluation and cost functions are based on Table 2 presented in
chapter 3These equations include fixed operating and maintenance (O&M) costs, annual capital

costs, equipment purchase costs, and utility costs.

4.3.1 System optimization procedure

Optimization of membranbased CCS system design and operating parameters requires a
rigorous optimization procedure that simultaneously optimizes conflicting objective functions
with both continuous and discrete decision variables. As there can be no single optimal solution to
the multiobjective optimization (MOQO) problem because the dbjedfunctions compete with
each other, the optimization solution leads to a Pareto frontier containing a set of optimal points
[268]. As a consequence, the Pareto solutions represent the optimabdfirbéénveen objective
functions, which is critical for the design and operation of systems.

Mixed Integemonlinear Programming (MINLP) has been formulated to describe the best
design and operation of a membrdrased CCS, which can be solved both with heuristics and
deterministic methodi$79]. For optimization, the heuristic optimizatiolgarithms were selected
due to their robustness and capability of generating Pareto solution sets. Additionally, the Multi
Leader MultiObjective Particle Swarm Optimization algorithm (MLMOPSOQO) dsearistic
algorithmproposed by269] has been employed, which is capable of handling and optimizing
constrained MINLP problemsfficiently. An innovative approdtto updating particle positions
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by multiple leaders is employed based on this algorithm, which allows particles to use the
information of several nedominated solutions rather than just the closest. Additionally, there is
a parameter callethe Social Irfluence Factor (SIF) that controls the influence of leaders on
velocity vectors[269]. In previous works[270i 272], this method has proven successful in

maintaining the diversity and quality of Pareto solusets.
The membrarndased CCS optimization problem can be expressed as MINLP as follows:
0 Q& QAU 'Q  pltiB FE
Subjected to:
Q w rdj J
Q w 1h!
whereF represents the vector of objective functiorsepresents the vemt of model

decision variabled)m(X) is the vector of equality constraints agx) is to the vector oinequality

constraints
The objective functions vector includes the following performance indicators:

1 CO: capture cost: an economic indicator that shows the required cost to capture one tonne
of COz from flue gas ($€0,).

1 CCS energy penalty: this indicator shows the energy consumption of the CCS process per
power plant net capacity

1 CO:removal percentage: this indicator shows the removal efficiency of CCS, which can

calculate as the flowrate &fO; in permeate gas per the flowrateQ, in the flue gas.

In order to generate the best possible t@ifie for enhancing the sustainabilignd
flexibility of membranebased CCS, th€0O;, capture cost and the total energy consumption and

CO, capture cost need to be minimizaddCO, removal should be maximized.

Continuous decision variables are composed of critical process parameteretitat a
system performance and economic indicators. These variables include feed gas pressure,
COe concentration in the feed gas, and retentate recycling ratio, which are considectar of

continuous decision variables. As discrete decision variabkesowsider three membranes with
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varying selectivity and permeability (firstand secondjeneration Polaris membranes and
PVAM/PG membrane). Alsojarious layouts of the process in the superstructure model are
represented through the value of nodes (spliie binarywariables in the MINLP problem. The

SP3 and SP7 splitters value indicate whether the membrane module is counter flow (SP3 = SP7 =
1) or crossflow (SP3 = SP7 = 0). The values of other splitters also determine whether the
compression strategyfised compression (SP1, SP2, SP4, SP5, SP6, SP8 = 1) or permeate vacuum
(SP1, SP2, SP4, SP5, SP6, SP8 = 0). The process simulator applies mass and energy balance
constraints along with other design specifications automatically. The programmed MINLP has
inequalities constraints involving the range of decision variables as well &SQheemoval

objective functionwhich according to previous studjesust be above 70% he lower and upper

range of decision variables are shown in Tables-s.

Table4-3. Therange of decision variables

Variable bound
Compressor pressuratio 4-14
Vacuum ratio 2-8

COz concentration in flue gas

57 20 (mole.%)

Retentate recycling ratio 071

Sweep gas ratio 07 0.1

Polaris gen 1 | 50,0 :1000 GPU
Polaris gen 2 | 50,0 :2000GPU
PVAM/PG | :148,0 :735GPU

It should be menticed that a higher vacuum level is not achievable at an industrial scale
( < 0 .[1B4]. e stgadystate simulation of the process was performed in Aspen Plus, and the
MINLP problem and MLMOPSO optimization algorithm were implemented in MATLAB 2021a.
Aspen Plus and MATLAB are then linked using the Actxserver function in MATLAB thraugh
Component Object Model (COM) server, which enables information about equipment and streams

to be exchanged between the two software.
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4.4 Optimal design results and discussion

4.4.1 Parametric study of membranebased CCS

Prior to performing process optimization, it is beneficial to have an understanding of the
process behavioander different operating conditions. In our previous w¢i89], a detailed
technical evaluation of the twatage membrane process has been performed considering fixed
COz recovery (90%) and fixe@0O, purity in the permeate gas (95 mole%). In this study, we have

considered a fixed membrane area in the module

Here, a parametric study for counter flow configuration has been discussed in this

subsection, where the membrane areas of the modules are fixéke @@} recovery varies.

Considering the first generation of Pol&rismembrane CO./N2 selectivity: 50,CO;
permeance: 1000 GPU) in the first and second module membrane with a fixed area equal to
6.6x10 m? and 3.5 x1€) respectively, the effect of varie operating parameters on the system
performance has been analyzed. It should be noted that at the considered membrane areas, the
compressors discharge pressure of 8 bar, zero sweep gas, and full retentate recycling, the CCS unit
leads to 90%C O, recoveryand 95 moleCO; purity.

The influence of the compressor outlet pressure on the membrane separation performance

as well as the economic and energy indicatenfiustrated inFig.4-2. The result shows that when

the feed pressure is increased, the total energy requirement of the CCS unit increases because of
the extra power required by the compressors. Also, there istemuap compressor discharge
pressure( 7 bar) at which th€0, capture cost of the system is minimum25.2 $/CO,). Also,

since there is a low driving force f@O; separation at lower pressures, lovD, flowrates at
permeate stream can be obtainedjilegto a declining trend i60, capturing cost. However, by

further increasing the compressor discharge pressure, altf@Qglrecovery increases, the

increasing slope becomes slow at high pressures and negatively i@@actgpture cost.
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Fig.4-2. Effect of feed pressure on the membrane performance indice

Depending on the operational conditions imposed by the grid and power plant fuel type,
the CO; concentration of flue gas can fluctuate considerably. Accordingly, the influer@@,of
fraction of flue gas wthe CCS unit performance has been analyaed the results are presented
in Fig.4-3. It is shown that by raising the fe€®», concentration, the total energy requirement for
membranebased CCS unit increases, which can be described by the higher energy consumption
of the conpressor and cooler upstream of the second membrane module. Also, the increment of
feedCO;, concentration increases t8€» recovery of process am@lO, purity of permeate gas due
to the availability of extra driving force. The higher increasing slogg®fpurity compared with
CO recovery is associated with the influence of membrane selectivity to improve the permeate

purity at low availability of driving force. Although increasing @€, concentration in the feed
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Fig.4-3. Effect of CO; fraction of flue gas on the CCS unit performance
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gas increases the energy cost, @@ cgoture cost significantly decreases due to the higher
flowrate of COz in permeate gasvhich is the denominator of the economic indicator.

The influence of retentate recycling on the system performance indicator is illustrated in
Fig.4-4. It can be concluded that by increasing the retemétgcling, the permeat€O; purity
andCO, recovery improve due to the recirculation concept and high availability of driving force.
Although recyclingthe second stage retentate stream increts®e process energy consumption
since a higher flow rate enters the compressors, it improves the acomalcator of the
membrane CCS unit as the system can capture a larger am@@@i. df is shown here that it is
necessary to recirculate the retentate gas from the second stage back to the first stage in order to
guarantee higleO; purity in the permda, although the energy consumption increases compared

with a design without retentate recirculation.

According to the above parametric study of membitzesed CCS, along with the results
provided in our previous workl89], there are various conflicts between the effect of operating
and design variables of theé3S unit on the system performance, which need to be addressed for
flexible and sustainable operation and design. In this regard -ohjgictive optimization of the

system has been performed, and the results are presented in the following section.
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Fig.4-4. Effect of retentate recycling on the system performance
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4.4.2 Process optimization

The multiobjective optimization of the twstage membrane CCS process has been
implemented by linking Aspen Plus and MATLAB using the MLMOPSO technique. As
mentioned before, the membrane area is considered to be fixed, and their values for various
membrae types are considered as the system reache€@@%covery and 95mole%0O; purity
at the pressure of 8 bar, 13 mol€®®; in the feed gas, and full recycling. For the case of the
Polaris genl membrane, the first and second module membrane areas aedigsdd m? and
3.5 x13 m?, respectively. These values are 3.4l 1.79x16for the case of the Polaris gen2

membrane.

To reach acceptable Pareto solution sets, several algorithm parameters are evaluated, and
it has been concluded to consider imaxm archive size = 200, swarm size = 50, number of leaders
= 5, maximum iteration = 100, SIF = 2, global learning coefficient = 2.8, and personal learning
coefficient = 1.2. The stopping criteria were met at the iteration number of 64, and 73 Pareto

optimal solutions are found, as shown in Figure 6.

Fig.4-5 (a) presents the Pareto optimum solutions forGkae capture cost and energy
penalty of the pycess. Two Pareto points of A and B are marked, corresponding to the minimum
total power requirement and the minim@®, capture cost, respectively. Based on point (A),
using the PVAM/PG membranetine counter flow module and permeate vacuapproach led to
the most energgaving approach compared to the other designs, leading to the minimum energy
penalty equal to 10.02%. Although turboexpander is unavailable in the vacuum design, since this
design handkethe permeate stream with a lowervilate compared to the feed streammich
mostly consists of nitrogen, it requires a lower amount of power for recovering more than 70% of
CO,. However, theCO, capture cost at point (A) is the maximum (194C%)}#), which is mainly
due to the higher capitabst as the prespecified required area of vacuum design (1.8R1LB
significantly higher than feed compression to reach the separation tahgetminimumCO;
capture cost (point B) is equal to 13.1CE resulting from usinghe feed compression meid
and Polaris gen2 ithe counter flow membrane module, which can be related to low required
membrane area resulting from using a membrane with high permeance and efficient design. It
should be noted that at this point, the values of energy penalt¢@ndecovery are relatively
high (35.5% and 92%, respectively), which is because of the high discharge pressure of

compressors.
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The Pareto optimum solutions for tk¥, recovery and total power requirement of the
process are shown kig.4-5 (b), in which Point Cepresents the highest achievable, removal
of the system (99.99%). Considering a fixed membrane area, using feed compresaimuatet

flow module equipped with Polaris geteladsto the highest separation efficiency in the Pareto
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Fig.4-5. Pareto solutions set obtained from proagssmization
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solution set. At this point, the second stage is fully recycled, and flue@asoncentration and

feed pressure are 20 mole% and 10.57 bar, respectively.
Accordingly, through the integration of a cdemcurrent membrane module and feed
compression approach, a pasimbustion carbon capture process can be considerably improved
in terms of sustainability. Additionally, generating driving force by means of permeate vacuum is
more energefficient, improvng the flexibility of the system. The results of the process analysis
and optimization presented here can help process develaperslecisiormakers select the
sustainable design and operating conditions for the membias®sl carbon capture systems.

4.5 Dynamic modeling ofa membrane module
Fig. 4-6 shows the schematic of a tvdamensional section of the hollow fiber membrane

module corresponding thié geometry of the model considered in this study. For a hollow fiber
membrane module, the basic principles for pressure drop calculation in permeate side-and one

dimension flow patterns are valid.
In the membrandasedCO;, separation, the pesbmbustion flue gas as the feed is
supplied into the shell side, and carbon dioxide is separated via diffusion in the membrane and is

exited from the end of the bore side as permeate gas. Also, the retentate gas, which mainly includes

N, is exited from the outlet side of the shell.
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Fig.4-6. Schematic of a holloviiber membrane in the counteurrent flow design
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The mathematical modeling of the membrane module proposed in thisadioy the
simulation of cecurrent and countesurrent flow configurations. Also, it is possible to consider
the shellside of the membrane module as a feed inlet or its$ideeas a feed inlet. The considered

assumptions in the mathematical formulatare listed below.

The geometry of the hollow fibers is unaffected by high pressures.
All fibers have identical inner and outer radiuses. This assumption allows modeling one
fiber instead of various fibers with different diameters.

1 The membrane moduls under isothermal conditions because the temperature change of
flue gas due to the Jodlehompson effect is neglected in the studied range of feed
pressure

1 There is a negligible pressure change in the feed side of the hollow fiber (shell side)
because ofonstant bulk flow in the axial direction.

The pressure drop in the bore side is described by the Hagiseuille equatian

The pug flow modelhasbeen assumed both bore and shell sides, which means that
radial gradient in pressure and concentretioan be neglected. This leads to-one
dimensional modeling of the membrane module in the direction of flow.

1 Compressibility factor and pressure are considered to be steady for stable numerical
solutions.

1 Concentration polarization is negligible sinceasla minor effect on the system
performance.

1 The gases behave as an ideal gas.

Transport through dense membranes can be described via the sdifftision
mechanisni131]. The gas molecules diffuse through the membrane after being dissolved in the
dense polymer membrane based on this method p&aseability is referred to the product of
solubility and diffusivity. The rate of gas permeation through a dense membrane is described by

Fick's law, where the partial pressure difference over the membrane is the driving force.

0 0“0t 0 &5 O @ ¢ 1)
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Where0 is permeance dfcomponent in the membrang, andd are the retentate
and permeate pressures, j andw j are the mole fraction afcomponent at the retentate and

permeate( is the fiber outer diameter, agd is the number of the fibers.

To write the overall mass balances, a differential area is selected, and the change of molar

fraction for a certain period[p Y¢ can be described as follows:

O © Yo O o Yo 0 C
O ® Yon o Yo O oo o Yo 0Ywo " 6 Yoo o
Yo ® o (3)

Dividing the right and left sides of Equatior®y @nd (3) byYowand Yoo, respectively,

and tendingY and Yo to zero, the following ordinary and partial derivatives equations are

obtained:
Q"0 ,
Qo !
Q0 w § s a w
Q0 v ° g0

Applying the product rule to the first term of Equation 2 leads to:

Q6 5 , QO . . . @ i
Q0 © fae Y ° Tqo ¢

By substituting equation 4 in equationtBe rate of change in component concentration

can be calculated as follows:

Qw ., R A
Qw '

Considering the same approach for the shell side, the following ecaiadorbe derived
for theretentate flow rate and rate of changes in component concentration of the retentate side.

109



—-— 0
Qw v
” JAY 'Qb H no 'Q(b F] 3 ] I
(0] — — U UDW R w
Qo Qw h

Besides the equation for gas flowrate, the model needs to calculate the pressure on both
shell and bore sides. Therefore, the permeate side and retentate side pressure changes are calculated

as follows:

A p oYYy

" ™96 “t-o0 P
) 0Q
05 O pp
, O
w ” "Y p c

Where©O is the hydraulic diameter of the shell side, &vidis the crossectional flow
area of the shell side.

For polymer membranes, the solutidiffusion mechanism describes the gas permeation.
Based on this mechanism and physiochemical interactions between the membrane and gas
components, the separation osgamponents can occur by both diffusions through the membrane
and the solubility of gas molecules in the membrane. The gas perme&ilisydefined as the

product of the diffusivity coefficient) and the solubility coefficieny:
0 O Y po

In the membrane module, the gas separation is described by the sorption of the permeant
components in the membrane at the kpgbssure side (feed side), diffusion through the membrane
due to the gradient of partial pressure, and finalg, gas components desorption at the-low
pressure side (permeate side). The penetrant solubility measures the gas amount sorbed by the
membrane in an equilibrium state at a specific gas temperature and pressure, which commonly
increases as the gas condeilgglkand interactions with the polymer increase (thermodynamic

parameter). On the other hand, diffusivity is a kinetic measurement of the permeate gas transport
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rate through the membrane, which depends on penetrant size, mefréeaodume, and polymer

chain flexibility.

The membrane selectivity toward a specific gas component is defined as the capability of
the gas to permeate through the membrane. The permselectivity is the thepefmeability
coefficient of two gases, A and B, as follows:

o “y

o v a

C-l| (o]

The dependency of transport properties on the pressure and temperature of rubbery
pol ymeric membranes is consi der e-Arrhanigsimodel a mo d
developed by Maghami etl. [181]. Based on this model, the following equations describe the
effect of temperature and pressure on membrane permeability.
ol fh Q
Ny

0 &N Qon pu
wherea, b, c,andd are modifiable parameters, apds the feed pressure. This study
considers the adjustable parameters suggested by Maghami et al. (2019) for th& AMDA

membrane.

The boundary conditions for the above equatian be written as follows:
Atx=0:'0 O ,n n , O O O w 0
At x=L: PP DI

The initial condition for the simulation is considered the stesidie condition, which

means that the timeedvative of all variables d@t0 is equal to zero

The resulting solution of the above equations allows modeling the concentration profile
along the membrane in the counter flow hollow fiber membrane gas separation under unsteady
operation. Accordingly e model is programmed using the Academic license of gPROMS v1.5.0
custom process modeling software, and all PDEs and ODEs are solved using the default gPROMS
solver considering a variable time step. The se@yddr centered finite difference method isdis
for discretizing the spatial domain, and 400 elements are used as a default. THrRoBlasgn

equation of state model is considered using the Multiflash thermodynamic package to model the
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gas behavior in the membrane separation process. The gaamnueistlets are defined using the
built-in gPROMS mole fraction port. Finally, all differential equations pertaining to the membrane

module are solved using the central finite difference and default solver in gPROMS software.

It should be noted thdiefore the flue gas is delivered to a membrane module, other
impurities in the flue gasuch as CO, t6, NQ, and SQ need to be removed to prevent corrosion
of the pipeline and improve the process operation. Also, due to possible interactions of sorbed
water with the membrane, analyzing the impact of water vapors on membrane system performance
is complex and challenging. Accordingly, it is assumed that the power plant flue gas passes from
the particulate and water removal units, and the input gas ©©GRBeunit can be considered as a
binary gas consisting €O; and N:(87 mole% N and 13 mole%C0,). The membrane length is
assumed to be in, and the membrarseeouter and inner diameters are 600 and 400 pm,
respectively. Also, the selectivity of,NU) andCO, permeancepcor) is assumed to be 50 and
1000 GPU, respectively, which are similar to the properties of the first generation of Polaris
membrane developed by Membrane Technology Researdi26f CCR is a custom variable
corresponding to the fraction (mol basis)@®, that leaves in the permeate outlet stream with
respect to theCO, at the feed inlet, fixed at 0.8. Furthermore, It has been assumed that the
membrane system is working under isotheromalditions, and the energy balance equations are

ignored.The inputs and outputs of the dynamic model of the membrane are presented in Table 1.

Table4-4. Inputs and outputs dfiesystem model

Model Input Output

Fiber bundle Feed flow rate: 67033 kmol/hr Tube side partial pressure
Feed composition: 0.13 mole@O;,
Feed pressure: 5 bar
Shell Sweep flow rate: 13% of retentate Shell sidepartial pressure
Sweep composition: same as retentate
Sweep pressure: 1 bar
Membrane Permeance: 1000 GPU Component flux
CQOz Selectivity: 50
Tube side pressure: 5 bar
Shell side pressure: 1 bar
COzrecovery: 80%

Membrane module Size specifications Permeation area,
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1 Fiber bundle length: 1 m Retentate composition,
9 Fiber inner diameter: 0.4 m
9 Fiber outer diameter: 0.6 m
1 module Packing density: 0.8 Permeate composition,

Retentate pressure,

Permeate pressure

The steadystate simulation of membrafmsed CCS showed that system energy
consumptionCQO, separation cost, membrane size, and system cost significantly vary by a change
in feed condition. For investigating the transient response of the membrane gy®tess step
changes in the process feed conditions have been applied, and the response of system operating
and design variables such as permeate concentration, permeate flowrate, retentate concentration,
and the total required membrane area have beenatgdl To this end, we have utilized the
Schedule feature of gPROMS to impose tymamic membranenodel to stegchange at a

specified time in feed pressure, feed flow rate, feed concentration, and retentate recycling ratio.

4.6 Transient behavior results anddiscussion

The proposed model ahe membrane module is first validated using the results of
membrane gas separation processes reported by Merke[¥27d).as shown inTable4-5. The
flue gas flow rate is assumed to be 50%smvith 13 mole.% of£O,, and the feed pressure and
temperature are considered to be 1.1 bar and
the recovery ratio o€0, are constant and equal to 0.22 and 0.9, respectively. Considering the
same membrane geometry and modefimgthodology, there is an excellent agreement between
the modeling results and the results provided by Merkel ¢L2f]. According to Table 2, the
absolute maximum error is less than 1% which is related to the solver, numerical approach, and

the size of discretization elements.

Table4-5. Model validation using the reported data by Merkel et al. (2010).

Counter-current flow configuration

process specification Modeling results The work by Merkel (2010)
Membrane area (fp 6.77 x 16 6.80 x 16
COz2 mole% in permeate 40.57 40.60
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CO2 mole% in retentate 2.09 2.10

Abs. Maximum error 0.47 %

4.6.1 Dynamic behavior of CCS system to stephange in membrane feed pressure

The pressure ratio available in the membrane module is an essential parameter for the
performance of the membrane system, which is supplied from compressors upstream of the
membrane. The compressor outlet pressure is mainly controlled to be fixed atiedspezssure;
however, at partial operating conditions with the aim of changing compressor energy consumption,
the compressor outlet pressure may suddenly change, which affects the performance of membrane
CCS. Moreover, the inlet pressure of the membnaoéule is considered an operational parameter
that can highly affect the performance and energy requirement of the membrane module.
Therefore, the change membrane module feed pressure plays an important role in improving the
flexibility of the membrane module. In this section, the transient behavior of the membrane module
is investigated as the feed pressure suddenly decreases from 8 to 5 barg aAtseR @& effect
of asudden increment in inlet pressure on the transient behavtoemembrane module (from 5
to 8 barg at t =20 s) is analyzed. In all process analyses, thE@tedcovery ratio is considered
to be constant and equal to 80%, whgh typical recovery ratio for singkdage membrankeased
CCS. The dynamic behavior of stream flowrgermeate and retentate concentratama required
membrane area are presented in this section for two cases: constant membrane permeability and

variable membrane permeability as a function of operating pressure and temperature.

Constant membrane transport properties
As common assumptions in membrane separation modeling, the membrane permeability

can be considered to be constant and independent ofinggrarameters. For this case, the effect

of stepchange in feed pressure on the transient behavior of permeate and retentate flowrate is
presented ifrig. 4-7. Generally, considering a fix&@iO, recovery, the decrease of feed pressure
leads to a lower permeate ga&», concentration and a higher permeate gas flow rate. Therefore,
by astep decrease of feed pressure from 8 to 5 barg, the permeatddlexiibits an overshoot;

it quickly reaches a new steadiate condition after 11 seconds. In contrast, the retentate molar
flowrate shows an undershoot by a stbange in feed pressure, and it goes to a new sttatly

after 11 seconds. The undershaod overshoot behavior of the molar flowrate response are
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attributed to the jump in the rate of permeation (Eq. 1), which decreases proportionally to-the step
decrease in the feed pressure. This causes a significant change in the membrane permeation
resigance, leading to overshoot and undershoot in the molar flow rate of permeate and retentate,
respectively. Moreover, by increasing the feed pressure from 5 to 8 barg, the permeate flowrate
exhibits an undershoot; it quickly reaches a new ststatg condion after 7 seconds. It can be
concluded that the transient respons¢éhefmembrane module towatte step decrease in feed

pressure is faster thamatof the step increase in feed pressure.
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Fig. 4-7. Transient behavior of membrane system flowrate to-clemge in pressure

The effect of step decrease in feed pressurth®BO, purity of permeate stream and N
purity of theretentate stream is depictedHig. 4-8. Generally, the permeate stream has a higher

purity of CO; at the higher feed pressure since more drivingefas available in the system, and
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the membrane separation performance improves, as described by the solution diffusion
mechanism. As shown faig. 4-8, the transient behavior of permeate and retentate concentration
due to stegchange in the feed pressure is very fast, and the system can reach to steady state in less
than 13 seconds. Also, the transient behavior opWNity in the retentate andO; purity in the

permeate stream shows an undershoot by applying a step decrease in the feed pressure due to the
jump in the rate oC0O, permeation. After a time delay of 13 seconds due to the overshoot and
undershoot, the system becomes steady at the nevpfessure conditions. Also, the transient
behavior of permeate and retentate concentration due tinstepse in the feed pressure is faster

than the stem decrease condition. As a result, the system can reach a steady state in less than 5
seconds. Alsohe transient behavior of2urity in the retentate andO; purity in the permeate

stream shows a slight overshoot. After a time delay of 5 seconds due to the overshoot, the system

becomes steady at the new feed pressure conditions.
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Understanding the required membrane area at various times and operations can help
process engineers design a membrane module that can operate flexibly and tolerate unexpected
operating conditionsAlso, it shows the membnés flexible operation at different operating
conditiorsas the membrane design is modular and parallel and can bypass some modules to reduce
the available contact areBherefore, the effect of a step decrease of the feed pressure on the total
membrane i@a required to meet 80&O, recovery is illustrated ifig. 4-9. It can be noticed that
decreasing the membrane feed pressure causes an increase in the required membrane area. Because
by decreasing the pressure difference between the inlet and outletroétnbrane, the available
driving force for theCO; separation decreases, which leads to an increase in the required area of
the membrane. Furthermore, an undershoot in the dynamic respahseneinbrane area can be
seen due to a sudden increase infdex pressure, and there is an overshoot in the required

membrane area with a step decrease in feed pressure, which needs to be considered by process
designers.
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Accordingly, it can be concluded that by reducing the feed pressure, the available driving
force for permeation is decreased, leading tugher required membrane area to achieve the
separation target (80%0O; recovery). The higher area thfe membrane in the module leadsato
higher flowrate of permeate stream wadHower concentration o€0O;,, as shown inFig. 4-8.
Therefore, considering a fixeBO, recovery, by decreasing the feed pressure, the required
membrane area and permeate flowrate increases, however, the p@@y iafthe permeate gas

decreases.

Variable membrane transport properties

To thoroughly analyze the effect of step pressureatemluand temperature change on the
transient behavior of the membrane separation process, it is required to consider the variation of
membrane permeability and selectivity with pressure and temperature. Accordingly, based on the
modi fi ed f o rHoff-Asrifienius medel \bg applying a step decrease in feed pressure
from 8 bar to 5 bar at t= 20s, the variation of permeability and selectivity of membrane versus

operation time at two different temperatures are presenfEabile4-6.

Table4-6. Effect of pressure and temperature on the membrane permeability and selectivity at Bn@303

Membrane Time: 0-20s (inlet pressure: 8 bar)  Time: 20-100s (inlet pressure: 5 bar)
) Constant value
properties T= 35 T= 45 T= 35 T= 45
Permeability (GPU) 1000 900 1000 927 980
Selectivity 50 34.9 50 29.7 42.5

As shown inTable4-6, the permeability o€0, through the membrane is increased upon
the decrease of the membrane feed pressure from 8 to 5 bar at t=20s. However, it is reported that
the permeability of N slighty decreases by increasing the membrane feed pressure. Also, the
permeability ofCO; is much higher than Nn all cases. In principle, this behavior corresponds to
the variation of the polym&physical properties like density, molecular weight, andmeme,
and plasticization is not expected to play a role in the considered pressurgl&dtjgalso, the
observed increase @O, permeability with pressure can be explainedday 15.0n the other
hand, theCO, permeance of the membrane declines with increasing the operating temperature.
Because, contrary to diffusivity, the solubility generally reduces at lower temperatures, and as

shown in Eg. 13, the combination of theseapagters leads to a decreaseéCid, permeability.
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Consequently, as shown Trable4-6, decreasing the feed pressure from 8 to 5 bar increases the
selectivity of CO2/N2, and the selectivity d€O,/N2 decreases by increasitigetemperature from

35 t o THebeffects of membrane permeability and selectivity variatioesulting from
pressire and temperature changes the transient behavior of the separation process are presented
in Fig. 4-10. As mentioned, in the case with a vareapkrmeability and selectivity, the values of
membrane transport coefficients are lower at various times compared to the case with fixed
transport coefficients, which leads to a lov@®, mole fraction in the permeate. Furthermore,
more membrane area igjrered at a higher membrane selectivity since the higher valD&s\>
selectivity results in highe€O; purity in the permeate and lowep Nermeation. Therefore, this
reduction in the total flow rate of permeate resulted in a larger required memi®arie abtain

the specifiedCO, recovery ratio. The other interesting result is that in the case of variable
permeability and selectivity, the length of overshooting and undershooting in the membrane
transient response becomes lower, which is attributedhéo lower membrane transport
coefficients. Accordingly, it can be concluded that the higher selectivity and permeability of the
membrane, the larger the length of overshooting and undershooting in the transient response of the

membrane module.

4.6.2 Dynamic behavior of the system to stepchange in feed flow rate

The fossitfueled power plant is coupled with a carbon capture system and renewable
energy sources in a flexible and sustainable power generation system. This integration requires all
components to operate in a flexible manner which necessitates theil lpad operation. When
a power plant is working in partial capacity, the amount of produced flow gas varies at different
operating conditions, which can be interpreted atep change of flow rate ime downstream
unit, membrandased carbon capturestgm. To analyze the dynamic behavior of a membrane
module toward stephange in feed flow rate, we have imposed a step increase of 30000 kmol/hr
in feed flow rate after 20 seconds of steady operation at 67033 kmol/hr. Accordingly, the transient
behavior & the membrane module as the feed flowrate suddenly ch&noge$7033 kmol/hr to
97033 kmol/hr at t = 20 has been investigated by assuming th€@teécovery of the system
equal to 80%.
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Fig. 4-11 presents the transient behavior of the membrane system toward step increase in
the feed flowrate as described above. An increment of the feed flowrate proportionally increases
the permeate ahretentate flowrate. Also, it shows that by applying a step increase in the feed
flowrate, the molar flow rate of permeate and retentate respond very fast and without time delay
to reach a new steady state. Therefore, The fast dynamic behavior of theamesystem by step
change at feed flowrate makhis system a good alternative for future flexible carbon capture

systens, in which the membrane system needs to operate in partial load conditions typically.

Feed 97033 -| l
flow 67033

30000 -I 75000
25000 | 4 70000 —
£ <
= —s—Ppermeate - 65000 g
2 20000 | E
Retentate =~
= ) { 60000 &
L] m
& 15000 | s
2 4 sso00 2
&= 2
@ 10000 [ =
o {1 so000 £
o 3
£ s000 ¥
@ I 4 as000 =
o
o L L L L L L L L 40000
15 25 35 45 55 65 75 85 95

Time (s)

Fig.4-11. Transient behavior of membrane system flowrate to step change in
flowrate

Fig. 4-12 presents the transient behavior of product purity towards step increase in the feed
flowrate. Since th€Oz recovery ratio of the membrane module is constant (80%), product purities

in both ermeate and retentate streams do not change by any disturbance in feed flowrate.

Fig. 4-13 depicts the transient behavior of the required membnaabg applyinga step
increase in feed flowrate after 20 seconds of steady operation. Generally, by increasing the feed
flowrate in the membrane module, more membrane area is required to separate the required amount
of COp. Based on the result Big. 4-13, the required membrane area quickly increases by applying
a step increase in feed flow rate. It should be noted that since our goal is to improve the design of
membranebased CCS for flexible operation, the membrane area is not considered to be fixed.

Accordingly, by increasing the feed flowrate, both outlets’ flowrate and the membrane area
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required to achieve the specifi€D, recovery ratio increase. This increase in membrane area
improves the permeate rate of components through the membrane so tiratitiet purities in

both permeate and retentate streams do not change by any disturbance in feed flowrate.
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Overall, it can be concluded that the dynamic performance of the membrane toward a step
change in feed flowrate is very fasthich implies that membras®ased carbon capture can

respond quickly and operate in a flexible manner in the futureclyon energy system.
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4.6.3 Dynamic behavior ofthe system to step change in feed composition

The concentration &0 in the postcombustion flue gas is not constant, and it can change
at various operating conditions, particularly when the power plant is integrated with renewable
energy sources and a carbon capture system. Moreover, some power plants can operate with
various fossil fuels, which leads to the generation of flue gas with different concentrat©®s of
For instance, natural gas power plants produce a flue gas with about 5 @iedhile the flue
gas released from cefited power plants includes 116 mok% CO. [263]. Accordingly,
investigating the transient behavior of membrane systems toward changes in feesitc@mpgo
of great importance. In this section, the transient behavior of the membrane module is investigated
as theCO, concentration of feed suddenly decredsa® 13 mole% to 5 mole% after 20 seconds

of steady operation, considering the fix@é@. recovery of the membrane modutgual to 80%.

The effects of step decrease in f€0h concentration on the transient behavior of permeate
and retentate flowrate are presented in  Fig. 4-14. As can be seen, the membrane system
response to a steghange in feedO, concentration is slow compared to other step changes in
feed pressure and feed flow rate.dhde seen that when the f&&@, concentration reduces from
13 mole% to 5 mole% after 20 seconds of operation, the permeate and retentate flowrate slowly

reach steadgtate condition, approximately after 17 seconds.

co, 13
mole% 5 l

50000 r 1 60000

45000 |

10000 T 4 50000

—&—Permeate

35000 |

Retentate | 40000

30000 |

25000 -4 30000
20000
1 4 20000

15000

Retentate flowrate (kmol/hr)

10000 4 10000

5000 |

Premeate flowrate (kmol/hr)

U 1 1 1 1 1 1 1 1 o
15 25 35 45 55 65 75 85 a5

Time (s)
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Fig.4-15presents the transient behavior of product purity in permeate and retentate toward
stepchange in feedCO, concentration. Similar behavior to product flowrate can be seen for
permeate and retentate concentratiomsyhich by decreasing theéO, concentration in the feed,
the permeat€0, concentration decreases and retentatedNcentration increases. The reason for
this slow response is due to the rate of permeation and its dependeheecamponents mole

fraction,which make the membrane module respond slowly to acstapge in feed concentration.
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Fig. 4-15 Transient behavior of membrane systoncentratiorio step
change in feedoncentration

The dynamic behavior of the required membrane area towarettstege in theCO;
concentration of the feed stream is showrFig. 4-16. According to this figure, the required
membrane area slowly changes with the step decrease of fe@Dgasncentration after 20
seconds. This is mainly because by increaiegpermeate gas flow rate, a larger membrane area
is required for separating a certain purityQs,. Also, this increasing trend in membrane area is

more intense in the case of a step decrease in th€@ecbncentration applied to the membrane
system.
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4.6.4 Dynamic behavior ofthe system to step change retentate recychn

Considering recycling in the membrabased carbon capture has a significant influence
on the system performance, and since the recycling is from the retentate stream, it is not fixed and
can vary at different operating conditions. To analyze the dynbafiavior of the membrane
module toward stephange in retentate recycling, we have imposed a step increase of 20% of
retentate flowrate to be recycled after 20 seconds of steady operation without recycling by

assuming the fixed tot& O, recovery of the mmbrane module.

Fig.4-17andFig. 4-18present the transient behavior of molar flowrate and product purities
toward stepchange in the amount of retentate recycling ratio. Basdegpd-17, applying step
increase in retentate recycling, undershoot the peenfleav rate, and the system needs 22 seconds
to reach a new steadate condition. The reason for undershooting in the permeate flow rate is
that by increasing the retentate recycling, an additional driving force will be generated in the
system, which lads to improving the system performance. Therefore, it can be concluded that at
a fixedCOrecovery ratio, a lower permeate flow rate is required to capture a specific amount of

CO,, which is represented by a higher purity of permeate stream.

125



(%)
445 4 96.82
a3 | ( 96.8
® g35 ¢/ { 9678 2
(=]
H / £
> s ] 9676 3
2 a5 | 1 —v—Permeate | 9574 3
d“ Retentate =
o a2 | 41 96.72 %
2 S
H 5
g a5 | 1 96.7 g
@ ! «
e af 4 96.68
a05 | . . . . . . . . 96.66
15 25 35 as 55 65 75 85 95

Time (s)

Fig. 4-18 Transient behavior of membrane systewncentratiol
to step change iretentate recycling

Recycle 20
(%) 0 l : . . . .
17500 -~ 54000

| 41 52000 =
_ 17000 | "f-
£ 1 soooo 2
= —e— Permeate £
=] —3
g 16500 | Retentate 4 48000 %
2 16000 S aso00 2
=] [
= ©
o 4 aa000 %
=2
] ]
g 15500 T
E 4 42000 %
[ F]
o

15000 L L L L L L L L 40000
15 25 35 45 55 65 75 85 95

Time (s)

Fig. 4-17 Transient behavior of membrane system flowrate to step cha
retentate recycling

As shown inFig. 4-19, by increasing the recycling percentage, the inlet flow rate of the
membrane system elevates, leading to an increment in the required membrane area to meet the
separation target. Accordinglgpnsidering 20% of the retentate stream as adtapge in the
recycling flowrate, the membrane area required to capture 8@@.osuddenly increases due to
the availability of more flowrate in the membrane module. Moreover, the time delay of the
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membrae area to reach a new steatgte is small, and the system experiences a statdy
condition after almost 6 seconds.
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Fig. 4-19. Transient behavior of membrane system area to step cha
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4.7 Chapter Summary

The objective of this chapter is to tackle the third and fourth research questions (RQ3 and
RQ4)sincethedesign and operiain of membraneébasedCCS in a sustainabsnd optimamanner
are crucial to their largecaledeploymentlt aims to achieve this by devising an economically
feasible design for a mulitage membranrleased CCS system that can operate flexibly alongside
a power plant engaged in lcéallowing operations. The chapter presents novel findings pertaini
to these research questions. Specifically, it discusses the optimizegtagdtimembrarieased
CCS process and explores the potential tafte between energy consumption and cost
implications (addressing RQ3). Additionally, it examines the flexdperation and transient
behavior of the membrane process when integrated with a power plant that follows load
fluctuations (addressing RQ4).

The unsteadymodel of the membrane is programmed in Aspen Custom Modatet
imported into Aspen Plus to examireeteffects of feed pressut@O, concentration, retentate
recycling, and membrane properties on separation efficiency, power consumption, and economic

performance of a doublgtage membrane proceg®llowing that, Aspen Plus and MATLAB are
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linked to detemine the optimal operating and design conditions of the process using the
MLMOPSO technique. With increasii@O, concentration in the feed g&30, removal improves,
andCO; capture costs decrease significantly, although the process energy requireneasescr
slightly. Analyzing the best possible tradéfs between objective functions confirms that there is

significant potential to improve the sustainability of the process.

Since the membrane technology for gas separation is a promising alternatesetdioing
CO: from the flue of gas powgalants, itis of great importance to study the transient behavior of
membrane gas separations at various operating conditions. In this regard, the flexibility of the
membrane process is discussed in this paper bgla@ag a rigorous dynamic model for the
membrane module and analyzing the system's transient response. The transient behavior of
membranebased CCS by applying step change in the process parameters such as membrane
pressure, feed flow rate, fe€lD, concentration, and recycling percentage is then investigated

using gPROMS custom modeling software.

The results show that the response of the membrane modusdesfechange in pressure is
relatively fast; the membrane module requires 11 seconds to reactipstate, while the system
response to a steghange in feed composition is slower and goessteadystate after 20 seconds.

The permeate and retentate concentration present a fast responsectoastgpin the feed
pressure, and the system reaclbest¢ady state in less than 13 seconds. Also, the results show that
the higher selectivity and permeability of the membrane, the larger the length of overshooting and
undershooting in the transient response of the membrane module. Furthermore, theafagt dyn
behavior of the membrane system by step change at feed flowrats thiskeystem a good
alternative for future flexible carbon capture syssem which the membrane system needs to
operate in partial load conditions typicallijhe results of this wi can be helpful for process
designers and decisianakers to understarizktterthe optimal andflexible design and operation

of CO, captue systems.
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Chapter5. ANovel -aSoil atred HyobCCGC3II De s

ProcfessFl exi bl e I ntegration

? Researchquestion: RQ5- What novel process design and integration can be developed to
overcome the limitations of the current carbon capture systems? How can the integration
of power plants with renewable energy sources and membessel CCS be optimized to
createa hybrid system that combines efficient carbon capture with sustainable power
generation?

U Objective: Development of a novel solassisted hybrid membrasaenine carbon capture
system for flexible and sustainable decarbonization of nagiasfired combined cycle
power plant

V New knowledge: Efficient and robust design of a CCS process by hybridization of
membraneamine process and solar heating field for flexible and sustainable

decarbonization of NGCC power plant

In this chaptey a flexible and sustainable design is proposed for decarbonizing a Natural
Gasfired Combined Cycle (NGCC) power plant using a saksisted hybrid membraenine
carbon capture and storage (CCS) system. The design incorporates-stagelfiO, selective
membrane module for Selective Exhaust Gas Recirculation (SEGR) combined with exhaust gas
recirculation (EGR) to increase the concentratioB©f in the flue gas. Additionally, a solar PTC
field with thermal energy storage is integrated with the CCSilezbio provide the necessary
thermal energy for capturing 90% of the gener&@éd. A comprehensive process modeling and
simulation framework is developed and validated by results provided by the National Energy
Technology Laboratory (NETL) to accuratelgvestigate the interactions between different
components of the integrated proposed designs. The proposed designs and analysis have the
potential to contribute significantly to the decarbonization of fdaslled power plants and

enhance the sustainabyliand flexibility of the power sector.
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5.1 Introduction

Previous studies contributed to an enhanced understanding of process improvements and
sustainable integrations that mak¥s, capturing from the NGCC power plant more efficient and
viable. Despite sigficant advancements, there are ongoing challenges in the sustainable design
and integration of carbon capture systems with fdasled power plants. These challenges
primarily revolve around reducing costs, minimizing energy penalties, and enhandiegitiie
operation of solamtegrated systems. Addressing these gaps is crucial for maximizing the
efficiency and viability of these integrated systems. In this context, it is hypothesized that the
optimal hybridization of the membrane process with ariaed CCS for selective and ron
selective exhaust gas recirculation, along with the integration of solar thermal collectors with
thermal energy storage, could be a sustainable and flexible option for the decarbonization of
NGCC power plant. Accordingly,his work proposed a novel design that consists of the
combination of EGR and SEGR with the integration of PTC solar energy that provides 100% of
thereboiler steam requirement and presents a detailed study on the design and performance of this
integrated gstem. Furthermore, in order to improve the flexibility of the integrated system,
thermal storage tanks have been modeled and integrated with solar enesyy fadfdet solar
energy intermittencyln this regard a 650 MW NGCC power plant has been seted in
Thermoflex softwareand the carbon capture system, including both amine and membrane
processes has been designed and modeled in Aspen Plus software in order to captu@®0% of
produced by the power plant. The PTC solar field, with a capac4@MW located in Oklahoma
City, US, is simulated in System Advisor Model software. The simulations of various components
are softlinked through Excel in oflesign mode to study the performance of the integrated system.

5.2 Process description

5.2.1 Baseline natual gas combined cycle (NGCC) power plant

Fig. 5-1 illustrates the NGCC power plant, which comprises two GE 7FA.05 gas turbines,
each producing 420.6 MWe of power. Additionally, the plant includes two HRSG units and a
steam turbine that generates 185.9 MWe. The NGCC plant genersgepower output of ¥
MW with net plant efficiency of 57.4%. The design and configuration of the reference plant are

based on a typical NGCC plaefined by DoE/NETL (National Energy Technology Laboratory)

130



[13]. The process begins with air at ISO conditions (15 °C) being compressed in a gas turbine
compressor with a pressure ration of 17 and then mixed with natural gas in a combustor to create
a mixture of air and fuel for combustiamd further expansion in a turbine with inlet temperature

at 1357 °C to generate power. The exhaust gas from the turbine at 604 °C then enters the two

HRSGswhere the remaining heat is recovered to produce steam.
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Fig. 5-1. Schematic of the baseline NGCC plant

The steam generation section consists of two identical HRSGs with-pgrgdeure and
reheat configurations. Each HRSG is composed of HP, IP, and LP steam drums, as well as
economizerssuperheaters, and reheat sections. Within each HRSG, there are evaporators that
produce steam at three different pressure levels, namely 175/28/3.8 bar. Fheebglire steam,
after expansion in the HP turbine, combines with the IP steam, and the cdrstd@am is then
directed through a reheater before entering the IP turbine for further expansion. Jgredsure
steam, after expansion in the LP turbine, is sent to the condenser and subsequently pumped back

to the economizer using the LP pump.

The gagurbine exhaust gas exits each HRSG at 88 °C and passes to stacks. The considered

baseline NGCC power plant releases 224 tenh€O; per hour with a concentration of 3.9%.

The gas turbines in the NGCC plant operate with surplus air, resulting in mueh lo
concentrations o€Qyin the turbine exhaust gas compared to a-ticed power plant. The flue
gas from the NGCC plant typically contains oni 801% of COy, significantly less than the 10
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14 vol% found in the flue gas of cefled power plants. Qusequently, th&€ O, capture plant
integrated into the NGCC plant needs to efficiently sep&@drom a larger exhaust gas volume,
which contains approximately 30% of t8€, partial pressure found in cefated power plant flue
gas. The main technicahallenges for CCS widscale CCS application in NGCC power plants
are the high energy penalty and cost of conventional ME#ed CCS. To address these
challenges, a novel design based on the sasisted hybrid CCS has been proposed in this paper

and digussed in the following sections.

5.2.2 Solar-assisted hybridCO:2 capture system

The proposed solassisted hybrid CCS process is depicteBign 5-2, which comprises
an NGCC plant, the combination of exhaust gas recirculation (EGR) and selective exhaust gas
recirculation (SEGR) b O, selective membrane, an amibased carbon capture upibwered
by a solar collector field and a thermal storage system. This integration serves to r@i€e the
concentration and reduce the flow rate of flue gas delivered to thequosustion MEAbased
CCS plant. Additionally, the stripper reboiler of €88, capture plant is integrated with parabolic
trough solar collectors (PTC) to generate the necessary heat during daylight hours instead of
relying on steam extraction from the power plant IP/LP crossover. Accordingly, the aim of this

design is to increasthe concentration o€0, and decrease the flow rate of flue gas from the
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NGCC plant by utilizing a combination of EGR and SEGR while also reducing the power penalty
of the NGCC plant by incorporating renewable energy sources.

In the proposed design, themme-based CCS plant is integrated with a membiaesed
SEGR process as a combination of parallel and serries configurations, as sugges&@d by
order to decrease flue gas flowrate in asvbasedCO, capture plant (achieved by parallel
integration) and avoid higi€O, recovery in the absorber (achieved by series integration).
Additionally, the proposed design incorporates an EGR strategy, where a portion of the flue gas
leaving HRSG is recyed and mixed with the air streaeaving the SEGR process to optimize
and reduce the membrane area required for the SEGR purpose. Accordingly;stagevo
membranebased SEGR is considered in the proposed design, where a portion of exhaust gas from
the HRSG is cooled to 30 °C using a direct contact cooler (DCC) and then directed to (B@first
selective membrane module, in parallel to the arbased CCS plant. In this first stage, the flue
gas and &£ Ox-lean air stream are brought into courtarrent contact across the membrane,
allowing CO; to permeate through the membrane and gen@@ieenriched air that is fed to the
GT compressor. The partially depleted flue gas from the retentate side of the first membrane stage
is then mixed with the stream leaving the top of the absorber and is directed to the second
membrane stage, in series with amplant, in order to satisfy 902, capturing from the NGCC
plant. The portion of the exhaust gas that is directed to EGR passes from a DCC to reduce its
temperature to 30 °C and then mixes with@@-rich air stream from the membrane SEGR and
finally enters the gas turbine. In this design, the inlet air of the GT compressor acts as a sweep gas
in the countecurrent membrane module configuration and generates the driving force required

for separatingCO, without the need to utilize a huge compre$486,233]

It is important to notehiat maintaining an adequate oxygen concentration in the entering
air stream to the GT is crucial for stable operation and to avoid significant modifications in gas
turbine design since any significant changes to gas turbine engines would require adaaggtim
considerable cost for development, testing, and optimization. Therefore, the proposed design
assumes that the concentration of oxygen in the air stream entering the gas turbine should not be
lower than 16 mol%32,249] Although the EGR strategy is more favorable in terms of capital
cost requirement, the limitation of the NGCC equipped with only EGR is that thenorax
achievableCO;, concentration in the flue gas is about 6.5%vol with approximaid§% EGR
ratio[273,274] On the other hand, the SEGR design is capable of significantly increasid@the
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concentration to about 18%vol., but it requires considerable capital investment for the membrane
based systerf233,247] Therefore, to take advantage of the benefits of both configurations, the
proposed design combines both EGR and SEGR. In this regard, two dedicated splitters to define
the recirculation ratio in EGR and SEGR are consideratiatothe ratios change in a way that
satisfies the minimum oxygen purity requirement in the gas turbine inlet air stream. This allows to
analyzemultiple designs for the achievement of higl@®, concentrations in the flue gas while
minimizing the capitakost requirement. By utilizing both EGR and SEGR, it is expected the
proposed design offers an optimal solution for sustainable and fl€Xagapturing from NGCC

power plants. The properties of main streams and composition for the case of EGR+SEGR are
presented ithe next fctiors.

Typically, steam from the turbine cycle is utilized to fulfill the thermal energy requirements
of the PCC reboiler, approximately 120 °C, but this results in reduced power generation and lower
electrical efficiency{275]. Accordingly, in the proposed design, a concentrated solar energy plant
is integrated with the reboiler of the amine regeneration process to provide the required thermal
duty from solar energy and avoid efficiency penalty dudgdars extraction from the LP turbine.
Also, thermal energy storage is considered to compensate for the solar energy intermittency. As a
result, the heating demand of the reboiler can be met using solar energy, or steam extraction can
be used as a backup thg periods when an ample amount of solar energy is unavailable. Overall,
the proposed design presents a promising approach to enhancing the efficiency of the CCS plant

while also reducing the energy penalty of the power plant.

5.3 Model development

5.3.1 NGCC power plant

The simulation of the NGCC power plant has been carried out in ThermoflejevapD
and Aspen Plus V12.1 based on the design parameters of the baseline NGCC plant reported by
DOE/NETL [13] presented imTable5-1. The Thermoflex suite includes specialized equipment
utilized in power generation plants designed to ensure the efficient and optimal convergence of
thermal power cycles. This comprehensive suite is further enhanced by an extensive database

consisting of several gas turbines, which are characterized by thempanfze maps.
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To evaluate the influence of the proposed design on the performance of the Class F gas
turbine, the simulation of the gas turbine is performed for the baseline plant at ISO ambient
conditions using Thermoflex software in the design mode. Wétet, for the integration of the gas
turbine with EGR and SEGR, it has been considered that the gas turbine operateesigoff
conditions to evaluate the variation in the composition and properties of the inlet air. For the off
design operation of thgas turbines, it has been assumed that the turbine inlet temperature (TIT)
is fixed at the design condition temperature, so the compressor pressure ratio and inlet flowrates
change in order to maintain the TIT at 1357 °C, which is a typical temperat@e& foFA.05 gas
turbine enging13]. Moreover, the impact of variation in inlet air properties on the gas turbine
performance is described by constant swallowing capacity at different sections of the gas turbine
operating at choked conditiof77]:

8 : HEET OOEO p

whered is combustion gases flovate,”Yand0 are given temperature and presshris
isentropic exponents ( —), @ and U0 w are compressibility factors and the gas molecular

weight. By utilizing Thermoflex software at effesign mode for the gas turbine, the new operating
condition of the gas turbine at various inlet air properties could be calculated based on the mapped

performance curve.

The downstream equipment, including HRSGs and feedwater system, are simulated in
design mode to suit the gas turbine exhaust gas fioer and temperature, using a similar
configuration of heat exchangers, steam pressure, and temperature levels to the baseline design.
However, to account for differences between configurations, steam flow rates and heat transfer
areas are calculated usitig design criteria provided in DOE/NETL repd(t8,49] By doingso,
the overall impact on the power output and thermal performance of the combined cycle can be

investigated.
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Table5-1. Operating parameters for the simulation of the NGCC power plant basedOBINETL report [47]

Parameter Value
Inlet air temperature [°C] 15
Inlet air flow rate [tonne/h] 3623
Fuel inlet pressure [bar] 27.56
Fuel inlet temperature [°C] 38
Fuel composition [vol.%]

Methane (CH) 93.1
Ethane (@He) 3.2
Propane(@Hs) 0.7
n-Butane (GHuo) 0.4
Carbon Dioxide CO) 1.0
Nitrogen (N 1.6
Fuel lower heating value @ 25°C [kJ/kg] 47216
Gas turbine inlet temperature [°C] 1357
Compressor pressure ratio 17
Compressor polytrophic efficiency [%] 85
Steam turbinefficiency HP/IP [%] 88i92.4
Steam turbine efficiency LP [%)] 93.7
Condenser pressure [kPa] 4.8
HRSG pressure drop[kPa] 3.6
HP/IP steam temperature [°C] 567
Flue gas composition [mol.%]

N2 74.398
Oz 12.389
CO 3.898
H20 8.420
Ar 0.895

For the solvent regeneration in the stripper of the downst@@mcapture plant, the
required steam is originally obtained from the IP/LP crossover, where the steam is at optimal
pressure for being supplied to the reboiler. Considering all pressureipss and equipment
(~0.5 bar), a throttle valve has been considered on the IP/LP crossover to maintain the pressure at

3 bar in different casemcluding solar energy integration. Also, to prevent solvent degradation
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due to high temperature (degradatithreshold is 120 °C), the steam must be cooled down to
slightly above saturation temperature using @wgerheating system. To recover the waste heat
and reduce the steam extraction, a fraction of the condensate generated in the reboiler is recycled

back into the desuperheater.

5.3.2 Amine-basedCO: capture system

The implementation of postombustionCO, capture (PCC) is the most preferred option

for retrofitting existing NGCC power plants as it requires minimal modifications to the original
cycle. As shown in Figure 2, the considered PCC process is based on a standard chemical
absorption process that gsklonoethanolamine (MEA) solvent, which is capable of achieving a
90% capture rate with high purity @0O,. This process has been widely described in previous
works [103,278] The power plant and capture plant are primarily interconnected through the
following main connections: flue gas ppeocessing (blower and DCC to cool the exhaust gas
temperature to 40 °C), steam extraction from the inlet steam to the LP turbine or fromI&TC so
field to feed the reboiler, and the recycled condensate from the PCC to the HRSG water system.
In the mentioned integration, the first two operations lead to a reduction in the net electricity

output.

The simulation of MEAbased PCC is implemented ispen Plus software using the rate
based approach for both absorber and stripper modeling. The thermodynamic properties are
determined using the unsymmetric electrolyte MRamdomTwo-Liquid (e-NRTL) activity
coefficient model to consider the nateal behsior of the liquid phase. Additionally, the vapor
phase is described using the Redlaliong (RK) equation of state, which has been recommended
in previous studies and validated against experimental data in previous [M62879] The
absorber and stripper model incorporates multiple equilibrium and kinetic reactions. The aqueous

phase chemical equilibrium reactions among the MEADT CO;, system are as follows:

MEAH*+ H,OZ MEA + H30* ()
MEACOO +H,OZ MEA + HCO;' (2)
2H,0 Zz H30O' + OH' 3)
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HCOs +H,07 HzO' + CO5'2 (4)

COz+2H,0% HsO* + HCOs (5)

The equilibrium constants (K) for the mentioned reactions are determined by calculating

the standard Gibbs free energy for each component involved in the reactions:

YYD YO (6)

where Rrepresents the universal gas constldenotes the system temperature, %it@

represents the standard Gibbs energy change for reaction

The rate of formation of carbamate and bicarbomatsonstrained by kinetics, and the

forward and reverse kinetic reactions are presented below.

MEA+CQO;+H,0 Y ME A @ 80" (7)
MEACOO +H30'Y ME ACO#++ H,0 (8)
HCOs' Y CO+ OH (9)

CO+OHY HGO (10)

The details of the kinetic reaction rate equations and related parameters are available in
[39,98] To use the Aspen rateased model for estimating mass transfer, heat transfer, interfacial
area, pressure drop, and liquid holdup, it is crucial to have quantitative values and accurate
calculation of transport properties like density, viscosity, thewoatuctivity, surface tension,
and binary diffusivity. The details of models considered to calculate transport properties are
presented in referencf?9,162,279]

The aminebased PCC plant is designed to remove 90%0% released by the NGCC
power plant, using the Mellapak 250Y structured packimgy an agueous solvent with 30 wt.%
MEA and an optimaCO; lean loading of 0.2 (maCO2/mol MEA) in all cases. The considered
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optimum value for lean loading is considered based on the recommendation of previous works.
Specifically, the optimization study conducted by Agbonghae e{38] showed that the
considered learCO, loading is the optimal value for MEBased PCC integrating with

commercialscale fossifueled power plants.

Considering the optimal design and required flexibility of the PCC, it has been suggested
to consider two similar absorber columns along with one stripper cdl2&@j. For designing
absorber and spper columns, the columns' diameter is determined based on the velocity of flue
gas that equals 75% of the velocity at which flooding occurs, and pressure drop along the column
to be in the ranges from 147 to 490 Pa per meter packing. At a fixed absanbeted and design
spec of 90%CO, recovery, the absorber packing height gradually increases, leading to better
contact area and residence time and improvingeabsorption rate and ricbO; loading at the
bottom of the absorber. Accordingly, by incseay absorber height, the liquid-gas (L/G) ratio
decreases, which leads to a reduction in reboiler energy requirement. The optimum absorber height
and L/G are then selected at a paiuferefurther increasing absorber height (higher capital cost
requirenent) leads to a minor reduction in the reboiler duty. A similar design procedure is used to
estimate the optimum stripper height; the stripper height gradually increases to the level that the
reduction in reboiler duty becomes insignificant. The congtargmeters and design specs for the
simulation of MEAbased PCC in Aspen Plus is presented in Table5-2, whichare
selected based on several studies on {acgée capture plaf9,150,278,281]

Table5-2. constant parameters and design specs for M&zed PCC simulation

Parameter Value
Absorbent MEA

Column packing type MellaPack 250Y
Absorbent concentration [wt.%] 30

Number of Absorber columns 2

Number of Stripper column 1

COz capture efficiency 90%

Absorber column pressure (top stage) [kPa] 104

Gas temperature at absorber exit [°C] 35

Inlet solvent temperature [°C] 40
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Inlet flue gas temperature [°C] 40

Fluegas pressure at absorber inlet [bar] 1.137
Solvent lean loading (M@ G2/ mol MEA) 0.2
Stripper column pressure (top stage) [bar] 1.62
Stripper condenser temperature [°C] 35
Approach temperature in cross heat exchanger [°C] 10
Approachtemperature in reboiler [°C] 10
Rich/lean pumps outlet pressure [bar] 3
Solvent pumps efficiency [%] 75
Blower efficiency [%] 85

5.3.3 Membrane-based SEGR

To hybridize aminébased PCC and membrane process in the proposed desigrstageo
countercurrent flow membrane module equipped with sweep gasCandselective polymeric
membrane has been considered. The gas separation process acZ@sstiectivemembrane is
assumed to be described by the solution diffusion mechanism, where the controlling parameter is
the gas permeance, and the permeation rate of gas components can be described as follows:

0 ¢i ¢ —0 0 0 ® j (11)

wherel represents the rate of permeation for componant is the COxpermeability,
| denotes the componenselectivity,i is the outer radius of fibeg, is the total number of
fibers,andP represents the pressure on permeate and retentate side. Also, the mole concentration
of componeni in the shell side and the bulk composition of compomentthe bore side are

represented bgp ; andw j, respectively.

Details of conglered modeling assumptions as well as mass balance, energy balance, and
pressure drop equations involved in membrane gas separation mpdaieg been widely

discussed and validated in our previous w¢iks,189]

The resulting system of differential equatipradong with boundary conditions, are
programed in the Aspen Custom Modeler software and exported to Aspen Plus for integriation wit
aminebased PCC. All equations for the membrane model are solved using the BMIO solver
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considering the secormider central finite difference method using 40 elements in the axial

domain.

For the purpose of SEGR, the second generation of Polansrand142] is considered
as it offers highCO, permeability, 2200 GPU, along with moder&@e,/N- selectivity of 50. The
selectivity of other componentsncluding HO and Ar is 0.7 and 50, respective]$26].
Furthermore, theCO;, recovery of the first membrane module is constant at 90%, while the
recovery of the second membrane module is adjusted to ensure an over@g0&tovery in
the integrated processes.

5.3.4 Parabolic trough solar collector with thermal dorage

One of the most economical and sustainable options for providing industrial process heat
is a parabolic through collector fieldvhich primarily comprises two subsystems: the solar
collector and thermal energy storage. In the proposed design, the solar heat collected via parabolic
through collectors is utilized to replace the steam extraction from the LP turbine for the PCC
reboile by providing the required thermal energy through thevailer heat exchanger. In this
design, a heat transfer fluid (HTF) heated up to 300 °C by the concentrated sunlight in the collector
tube and is used to generate the required steam for the PCIenglagsing the return condensate
temperature to 128.4 AC (1AC above the satur
t hermal energy, the HTF is pumped back to the
reboiler, where it condensest 127 . 4 AC (1AC below its saturat:i
After condensation, the condensate is pumped to compensate for pressure losses before being

recirculated back to the main HTF heat exchanger.

Furthermore, a thermal energy storage (TE®)system (including hot and cold tanks)
with the capacity of 4 hours of energy storage has been considered to provide better flexibility for
the power plant and to overcome the intermittency of the solar energy by supporting the stripper
reboiler energyrequirement for some extra hours. In situations where solar irradiance is
insufficient, the thermal storage subsystem releases stored energy. Additionally, if there is a lack
of solar energy to fulfill the heating demands of the reboiler, the extractau $tem the LP

turbine can be utilized as an additional heat source.
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The System Advisor Model (SAM) from the National Renewable Energy Laboratory
(NREL) [282] is used to model the parabolic trough solar heating plant for the duration of one year
located in Oklahoma City, US. The model in SAM software is then linked with the Aspen Plus
using Excel for integration with the reboiler. For the simulation ofRRE field, the typical
metrological year (TMY), direct normal irradiance (DNI), and other climate data for the considered
location are extracted from the NREL database. The hourlydosihe product irradiance fare
PTC field located in Oklahoma City pesented irFig. 5-3, which shows approximate peaks at
9 50 AMring hours of maximum direct sunligitccordingly, the design of the PTC field is
performed fooperation amaximum irradianc§l54].

Based on the required HTF temperature, Thermincll\® consideredthe HTF for the
PTC field. The flow rate in the single loop ranges from 1 to 12 kg/s, and the design flow velocity
of the headers is aimed to be between 2 and 3[228]. A Siemens SunField 6 is selected as a
collector type, and the Siemens UVAC 204@onsidered as the receiver model. Solar multiple,
which is the rab of the thermal capacity of the solar field at the design point to the required
thermal power, is selected to be two for the design of the PTC system, which is a typical value for
the system with thermal energy stor§2@3,284] and the design thermal power generation of the
parabolic trough collector is fixed at 240 MW in all cases, by considering 15% thermal loss in the
heat exbanger and reboil¢i54].
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Fig. 5-3. Hourly DNI-Cosine Product Irradiance for Parabolic Trough Collect@id@ahoma City

142



5.3.5 COz2compression and storage

The recovere€ O, streamafter leaving the stripper condensgi35 °C and 1.62 bar with
a CO, purity of 96 vol%,requires conditioning Bere being transported or stored/utilized. The
multi-stage compression train consists of five compression stages with an intercooler that increases
the capturedCO; pressure to 150 bar with a purity of more than 99%. C@ecompression is
simulated in Aspen Plus, considering the intercooler temperature®af, pfessure ratio of 2.52,
and compressawith anisentropic efficiency of 85%.

5.4 Framework and model validation

5.4.1 Modeling framework

In order to design and analyze thefpamance of the proposed system, various simulation
software including Thermoflex, Aspen Plus, Aspen Custom Modeler, and SAM, have been
utilized due to their accuracy and advantageshiesimulation of the specific componenksg.

5-4 presents the hierarchical structure that has been utilized for the modeling of the proposed
hybrid solar SEGR process for flexible decarbonization of the NGCC power plant. It figould
noted that in the proposed framework, all data transfer and soft linking between software have

been implemented in Excel using Thermoflex and Aspen PlusAoidExcel software.

Hybrid
solar-SEGR
process

SEGR and EGR
modeling in Aspen
model of MEA-based CCS
in Aspen Plus
model of Solar heating system in SAM

Model of NGCC power plantin Thermoflex
GT: off-design mode
HRSG and ST: desing mode

Fig. 5-4. Hierarchical diagram for the simulation of proposed systel

143



To analyze the system performance, several indicators are consatedsscribed iffable5-3

Table5-3. Performance indicator considered for system analysis.

Performance indicator Equation

Gas turbine power output [MW] ® _— - (12)
Steam turbine power outp[MW] ) () © - (13)
Total Gross power [MW] W ® @ (14)
GT efficiency [%] - W o6 ME n 6 Ow (15)
Auxiliary power [MW] W @ @ ® W @ (16)
Net power [MW] ® ® ® 17)
HRSG efficiency [%] - 0 jo (18)
Specific reboiler duty [MJ/kgOz] YYO O Ta (19)
Carbon intensity [kGO2/MWh] 00a T0QHEé v Qi (20)
CO capture efficiency [%] 0 U ,d 8 cxfm im,ﬁ‘é,d‘ h.,i Qi e d (22)

O0dGé¢ o €dQE Qi QEOYQ

To analyze and compare the performance of the proposeehsslated hybrid CCS with

thebaseline system, various cases have been considered as follows:
1 Baseline: Aircombustion NGCC with conventional ME#ased CCS
1 EGR: NGCC with MEAbased CCS equipped with EGR
1 SEGR: NGCC with MEAbased CCS equipped with membrdrased SEGR

1 EGR+SEGR: NGCC wth MEA-based CCS equipped with a combination of EGR and
SEGR

The flow splitters considered on the SEGR and EGR stream control the amount of flowrate
that is directed to each process. In this study, the SEGR ratio is the fraction of flue gas relative to
the total flow of flue gas diverted to the membrédased SEGR. Also, the ratio of EGR is
determined to provide maximu@QO; recirculation while maintaining the minimum required O

concertation in the GT air inlet stream at various SEGR ratios.
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The overallCO, recovery in all analyses is fixed at 90%, and a parabolic through solar
collector field with a fixed thermal capacity of 240 MW and 4 hours of thermal storage is integrated
into all systems. The design of the gas turbine is fixed the same as the baseline case, while
downstream components, including HRSGs, feedwater system;baEéd CCS, and membrane
based SEGFRare designed based on the properties of their inlet streamscahdielering the same
design criteria.

5.4.2 Model validation

To verify the NGCC modeling results, important operating parameters of the system are
compared with those reported in NETL/DOE report ebseas presented ihable 5-4. The
difference between simulation results and reported values is less than 2.5%, which shows the high
accuracy of the developed model for the NGCC power plant.

Table5-4. Validation of NGCC simulation by DOEETL report[13]

Parameters rNeIpE)IIr_t Model Error %
Gas turbine powgdiMW ¢] 420.8 420.8 0.005
Steam turbine power [MW/ 229.6 229.3 0.135
Total gross power [M\4] 650.4 650.1 0.045
Total Auxiliary loads [MWe] 16.5 16.9 2.182
Total net power [MWe] 633.9 633.2 0.104
Cooling tower duty [MW1] 358.6 358.8 0.053
Total process pumgead [MW] 7.33 7.2 1.438
Turbine inlet temperature [°C] 1359.4 1357.2 0.162
Turbine exhaust temperature [°C] 604.4 603.3 0.182
Thermal Input (LHV) [MW] 1103.9 1101.7  0.199
GT efficiency (LHV) 38.1 38.2 0.262
Net electric EfficiencyLHV) 57.4 57.5 0.139
HP steam flowrate [tonne/h] 400.1 398.5 0.400
IP steam flowrate [tonne/h] 498.7 487.2 2.306
LP steam flowrate [tonne/h] 575.3 573.5 0.313
HRSG outlet temperature [°C] 87.7 87.8 0.114
Flue gas flow rate [tonne/h] 3706.9 3706.8 0.003
CO 3.91 3.90 0.256
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O 12.37 12.39 0.162

N2 74.39 74.4 0.013
Ar 0.9 0.89 1.111
H20 8.44 8.42 0.237

The validation of MEAbased CCS simulation was conducted based on a set of pilot plant
experiments published by Notz et f85]. The accuracy of the developed model isficored
through eight experiments, and the differences between the obtained results and the reported
experimental data are below 5%able5-5 outlines the simulation results compared with the pilot
plant results. The process description of the pilot plant as well as additional information about the

experiments design specificatiare available in the referenf285].

Table5-5. Validation of MEAbased CCS with pilot plant data provided[B§5]

Pilot plant Captured COz flow Rich loading
experiment (kg/hr) SRE (ki ©on) (mol CO2/mol MEA)
Exp Sim Error Exp Sim Error Exp Sim Error

% % %
4.67 4.74 150 5.01 5.09 1.60 0.386 0.385 0.26
4.83 4.98 3.11 5.05 5.12 1.39 0.397 0.397 0.00

34 441 4.62 476 4.85 4.71 2.89 0.417 0.426 2.16
35 4.57 4.71 3.06 4.27 4.35 1.87 0.411 0.419 1.95
36 4.46 4.68 493 4.68 4.51 3.63 0.393 0.408 3.82
37 4.41 4.39 045 511 491 3.91 0.398 0.411 3.27
38 4.52 4.5 044 54 5.18 4.07 0.385 0.401 4.16
39 4.48 4.42 1.34 523 4.98 4.78 0.4 0.405 1.25

Regarding the validity of the developed model for the cotriarent membrane module,

a detailed validation has beparformed inour previous workg176,189]

5.5 Results and discussion

This section describes the behavior and performance of the proposed configurations,

specifically focusing on the behavior of the various parts of the studied design and their interfaces.

The schematic of the proposed design is illustrateBign 5-2, and the properties and
composition of the main streams for the case of EGR+SEGR are presemtdaleb-6. In the

EGR+SEGR case, it has been considered that the same flowrate enters the PCC and membrane
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based SEGR (SEGR ratio is equal to 50%). Afterward, the flow fraction that is sent to EGR is
controlled in a way that a further increase in®i@ concentration of the GT air inlet stream could

be achieved while meeting the minimum requirement for oxggecentration (16 mole%) in the
compressor inlet air stream. As presente@able5-6, 25.6% of the HRSGs exit stream (stream

4) is directed to the &R (stream 5) after cooling down and condensing out water in DCC). The
remaining amount of flue gas goes to the SEGR splitter, where 50% of flue gas is directed to the
membranebased SEGR process, where the gas is cooled to 30 °C in DCC (stream 6)xasdds p
through the first membrane module Wi, recovery of 90%. The absorber top stream at 30 °C
(stream 8) is then mixed with the first membrane retentate stream at a §idlaoncentration

(2.3 mole%) and enters the second membrane module forrf@@eseparation and ensuring the
overall 90%CO; recovery of the integrated system. The results show the proposed method recycles
about 107.6 kg/€0» (63.9 kg/sCO, via SEGR and 43.7 kgBO, via EGR) to GT inlet air stream,
leading to a concentration @D.87 mole%CO; in the GT flue gas. The portion of flue gas that
enters the PCC is cooled to 40 °C at the absorber inlet (stream 7), and finally, the capbated

35 °C with a purity of 96% enters tk¥, compression process where it is compresse8@dar
(stream 9) through the muktage compressor with intercooler. The required thermal duty of the
reboiler is provided by the solar collector field. Steam from HTF heat exchangers (stream 11) at
2.5 bar with 1 degree superheated enters the rebwitere the steam is condensed to released
heat for amine regeneration. The condensate then is pumped back to the HTF heat exchangers
(stream 12)where the heat is transferred from the HTF at 300 °C to the condensate, and steam

produces for being sent to the reboiler.

Table5-6. Properties of streams in EGR+SEGR design

Stream

1 2 3 4 5 6 7 8 9 10 11 12 13 14
parameter
Mass flow [kg/s] 24 1038 1015 1038 254 369 375 310 58 57 93 93 687 607
Temperature [°C] 38 628 28 82 30 30 40 30 35 38 128 127 15 19
Pressure [bar] 27.56 105 101 101 101 105 114 103 162 150 25 26 1.01 1.01
Mole Fraction
[mole%]
CO, 10.87 7.13 1087 11.70 11.71 1141 130 96.33 100 O 0 0.03 0.68
0, 751 16 751 808 809 787 910 002 O 0 0 20.74 9.99
N> NG fuel 69.81 72.63 69.81 75.13 75.21 73.28 84.69 0.12 0 0 0 77.29 86.44
HO 1097 3.36 1097 419 409 656 396 352 0 100 100 1.01 1.86
Ar 084 087 084 090 0.9 088 095 000 O 0 0 094 1
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As can be seen frofhable5-6, the properties (temperature and composition) of the inlet
air to the gas turbine (stream 3) in the proposed design changes compared to the air stream (stream
13) that is utilized in the coewntional baseline case without any recirculation. The next sections

provide a detailed discussion of how these variations impact the NGCC plant operation.

The effect of the SEGR ratio on the flue @43 concentration is presentedhrig. 5-5. As
it can be seen, by raising the SEGR ratio, the flueG§asconcentration significantly increases
from less than 4 mole% in the baseline case to about 18.1 mole% at 76.4 percent SEGR ratio
(SEGR case). The limit on the quantity @D that can be recycled back is determined by the
concentration of oxygen at therabustor inlet air, which must remain constant at 16 mole%. In
the SEGR case that represents the hig@i@stconcentration in the flue gas, a negligible amount
of flue gas is sent to EGR since the air oxygen concentration is already at its minimum reguireme
Furthermore, the required EGR ratio decreases more significantly at a higher SEGR ratio which is
mainly due to highCO, transfer between the flue gas and air in the membrane modules. At a
medium level of SEGR ratio, the combination of EGR and SEGRIaiill lead to a high level
of CO, concentration compared to the baseline and EGR case. In the EGR+SEGR case, where
50% of flue gas is sent to the membrdmased SEGR, 25.6% EGR ratio has resulted in achieving
a higherCO; concentration in the flue gas wdmaintaining oxygen requirement in the air stream.
In this design, the achievab®O, concentration in the exhaust gas is 10.87 mole% which is still

considerably higher than the value in the EGR case (6.4 mole%).
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Fig. 5-5. Variation of flue ga€0: concentration and EGR ratio at different SEGR ratios
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5.5.1 Performance analysis othe NGCC plant

Increasing th&€€O, content of the air stream by SEGR and EGR has several effects on the
performance of the gas turbine, specifically affecting the swallowed mass flow rate by the
compressor as well as the turbine outlet temperature. As previously menttongds turbine is
typically operating at a constant turbine inlet temperature (TIT) determined by the materials used
in constructing and the cooling system employed in the expansion section. Accordingly, by
variation of inlet air stream properties dwerécirculation, the fuel gas and excess air flowrates
are varied in order to maintain the TIT at 1357 °C for the GE 7FA.05 gas turbine engine. In this
section, it has been assumed the solar energy is unavailable, and LP steam is extracted from the
IP/LP aossover to supply the required thermal energy of the PCC reboiler. The integration of solar
field is studied in the next sections.

Table5-7 presers the operating conditions at the inlets and outlet of the gas turbine (one
train) for three different casgscluding EGR, EGR+SEGR, and SEGR. As showiable5-7,
by implementingCO; recirculation via EGR or SEGR, the temperature of the inlet air stream
increases from 15 °C at ISO conditions to 30 °C in the SEGR case, primarily resulting from the
trarsfer of sensible heat from the flue gas to the air stream. However, this temperature rise is lower
in the EGR case compared to the EGR+SEGR and SEGR case due to lower sensible heat transfer.
Also, it can be observed that the turbine exhaust gas tempeeataiates from 602.8 °C in the
baseline case to 627.6 and 646.4 °C in EGR+SEGR and SEGR cases, respectively. Because
themolecular wight, density, and the specific heat of the inlet air by implementing EGR and SEGR
considerably increases since the memtmproperties inCO, are higher than the rest of the
components, leading to a reduction in the compressor outlet temperature and increment of the
turbine exhaust temperature (as it can be described by Eq.1). Consequently, the air and fuel
flowrate increaséo keep the TIT in the gas turbine at its design value for EGR+SEGR and SEGR
cases, resulted in a higher exhaust gas flowrate in EGR+SEGR (519.2 kg/s) and SEGR cases
(535.4 kg/s). However, the exhaust gas flowrate in the EGR case does not change bbnsidera
compared to the baseline case. It is mainly becatisdowerCO, concentration, the influence of
temperature increase on reducing gas air density is more significant than the influ€@se of
concentration on increasing gas density. Therefore, vkealh effect is a reduction of the gas
density in the EGR case, leading to a lower mass flow rate through the air compressor. A similar
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trend in the gas turbine performance atddsign conditions has also been reported by other
reference$63,165,286]

Table5-7. Properties and composition of gas turbine inleaaé@ exhaust gas for considered designs (one train).

Baseline EGR EGR+SEGR SEGR

EGR ratio [%] - 38.6 25.6 -
SEGR ratio [%] - - 50 76.4
GT inlet air stream

Air temperature [°C] 15 20.8 28.3 30
Pressure [bar] 1.01 1.01 1.01 1.01
Mass flow[kg/s] 503.2 502.7 507.3 522.8
COz concentration [mole%)] 0.03 2.59 7.13 14.44
Oz concentration [mole%] 20.74 16 16 16
Density [kg/m] 1.220 1.201 1.195 1.234
GT exhaust gas stream

Temperature [°C] 603.3 612 627.6 645
Pressure [bar] 1.05 1.05 1.05 1.05
Mass flow [kg/s] 514.8 5145 519.2 535.4
COz concentration [mole%] 3.90 6.40 10.87 18.08
H20 concentration [mole%] 8.42 9.66 10.97 11.63
Oz concentration [mole%)] 12.39 7.74 7.51 7.04

The variations in inlet air stream properties andsequent changes in stream flowrate and
properties to maintain TIT at its design value affect the performance of gas turbines and
downstream equipmenncluding HRSGs and steam turbend@he influence of different designs
on the performance of the NGQant is presented ihable5-8.

The greater mass flow through the gas turbine caused by increased air density leads to a
rise in the net power output from the gas turbine. Accordingly, the gas turbine power output is
boosted by 2.5 MW in the SEGR design, while the power output is redyc2® MW in the
EGR+SEGR design compared to the baseline configuration. Achieving a greater power output is
attainable by introducing the ridBO; inlet air into the compressor at a decreased temperature
since it leads to a higher inlet air density arghr swallowed mass flowrate by the compressor.

On the other hand, the elevated temperature and increased flow rate of the exhaust gases contribute
to greater availability of heat and efficiency in the HRSGs and a substantial boost in the power

output ofthe steam turbines. Accordingly, compared to the baseline case, the steam turbine power
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output demonstrates a notable boost of around 41.5 MW and 21 MW in the SEGR and EGR+SEGR

cases, respectively.

Table5-8. Performance indicators of the NGCC plant for the considered designs

Baseline EGR EGR+ SEGR SEGR
Gas turbine net power [MWe] x 2 210.4 208.7 207.5 212.9
Steam turbine Power [MWe] 175.2 180.8 195.9 216.76
Gross power [MWe] 596.1 598.3 610.98 642.58
Gross electric efficiency (LHV) [%0] 54.1 53.96 54.14 54.23
Net power [MWe] 537.8 545.22 557.84 588.13
Plant auxiliary [MWe] 58.26 53.05 53.14 54.46
HRSG efficiency [%] 82.9 83.89 84.91 86
Stack gas exit temperature [°C] 116.7 1125 109.5 106.4
Fuel LHV [kJ/kg] 47180 47180 47180 47180
Fuel input [kg/s] x 2 11.67 11.74 11.95 12.55
Carbon intensity [k§O/MWh] 416.5 412.2 409.7 408.8

The overall effect ofheproposed designs on the NGCC performance indicators and power
outputs is presented Fig. 5-6. It can be observed that the net electric efficiency in SEGR and
EGR+SEGR cases is increased by 1.7 and 1.3%, respectively, compared to the baseline case. The
main reason for this is ¢hhigher power outputs from the steam turbine train and lower plant
auxiliary, which leads to higher net power output from the NGCC plant. Furthermore, the carbon
intensity reduces by1.8% in the SEGR cases and-thy6% in the EGR+SEGR cases.

Fig. 5-6. Variation of performance indicators and power output of NGCC in diffel
designs compared the baseline case
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