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Abstract

Climate change is an immediate global crisis that is driven by the accumulation
of greenhouse gases, primarily carbon dioxide, in the Earth’s atmosphere. Car-
bon Capture and Storage (CCS) technologies play a pivotal role in reducing our
carbon footprint as we move towards a more sustainable future. This study aims
to compare four different carbon capture technologies and evaluate them based on
techno-economic analysis, energy analysis and exergy analysis.

The four technologies under evaluation are chemical looping combustion (CLC),
oxy-fuel combustion, post-combustion, and pre-combustion. The process modelling
of the four systems for a selected combined heat and power (CHP) plant is used
to carry out this comparison, which is next followed by energy, energy-related, and
economic analysis. The modelling of these four plants was conducted using Aspen
Plus simulation software and validated using the results given in the literature.

The study reveals that the CLC capturing technology outperforms other CCS pro-
cesses regarding cost efficiency, C'Oy capture rate and electrical efficiency. The
highest overall efficiency was observed for Oxyfuel combustion but the CLC plant
has the best net electric efficiency. For the CLC model, An almost pure stream
of C'O, is extracted from the Fuel reactor which is then subsequently compressed
after heat extraction. The CLC has the highest CO; capture rate among the four
models for this reason. From the exergy analysis, it becomes clear that the most
exergy destruction takes place in the combustion process for all the cases and that
it needs to be optimized to improve overall efficiency. The comparison of the overall
exergy destruction of the models shows us that CLC has the least exergy destroyed
and thus has the highest exergy efficiency, despite incurring higher initial expenses,
CLC displays the lowest levelized cost of electricity (LCOE) and payback period
when compared with all the other technologies. This indicates that CLC has been
estimated to be the most economical choice over the long term, despite necessitating
a more substantial initial expenditure.

To sum up, this case study offers insightful information about the advancement of
CLC technology and its advantage over competing carbon capture solutions. The
results provide a useful manual for energy sector decision-makers, highlighting how
important it is to select the appropriate carbon capture and combustion technology
with the intent to optimise performance and economics .

Keywords: Carbon capture and storage; chemical looping combustion, Aspen plus
simulation, thermodynamic and techno-economic analysis.
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1

Introduction

In today’s modern world, energy serves as the life force of economic growth, techno-
logical advancements, and overall human prosperity. However, the insatiable need
for energy on a worldwide scale, which is predominantly provided by burning fossil
fuels, has given rise to a grave concern: global warming and a surge in greenhouse
gas emissions.

Global warming poses an imminent danger to our planet because of the rising levels
of greenhouse gases like carbon dioxide (CO3), and methane (CH,)in our atmo-
sphere. Large amounts of C'Oy have been released due to the widespread use of
fossil fuels in transportation, industry, and the production of electricity, which has
intensified the greenhouse effect. The trapping of solar heat because of these gases
has had a profound effect on an increase in world temperatures and the disruption
of climate patterns. The effects are substantial and include, among other worrisome
occurrences, rising sea levels, harsher weather conditions, and loss of biodiversity.

It is now extremely necessary to address the various issues of modern energy use,
global warming, and greenhouse gas emissions. To effectively mitigate the far-
reaching effects of climate change[5], a decisive shift towards renewable and sus-
tainable energy sources must be made in tandem with comprehensive initiatives to
reduce emissions. All of these efforts are essential to keep our planet healthy and,
also for ensuring a sustainable future for our future generations.

1.1 Background and motivation

The rising global awareness of reducing carbon emissions is mirrored via interna-
tional agreements and initiatives that emphasize mitigating climate change. Nu-
merous nations have signed the Paris Agreement, which promotes the importance
of keeping global warming, far below 2 degrees Celsius, above pre-industrial levels.

In light of the growing worries surrounding global climate change and the pressing
need for sustainable energy solutions, carbon capture and storage (CCS) technologies
have emerged as an essential tool in our efforts to mitigate carbon dioxide (CO3)
emissions.

There are conventional ways such as Pre-Combustion, Post-Combustion, and Oxy-
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Fuel, as well as the newly developed method dubbed Chemical Looping Combustion
(CLC) among these technologies[6]. These techniques show promise in absorbing
C'O5 emissions from a variety of industrial processes and power plants. These dif-
ferent CCS techniques operate at distinct stages in the combustion process, each
with its particular advantages and disadvantages. To ensure widespread application
and enhance efficiency, it is crucial to delve into the complexities of these systems
through a comprehensive investigation.

The drive for this thesis stems from the desire to thoroughly analyze different carbon
capture systems from both technical and economic standpoints, with a particular
emphasis on the CLC system. As the entire globe grapples with the repercussions of
greenhouse gas emissions, there has never been a greater need for practical, efficient,
and economically viable solutions. By performing a thorough exergy analysis, which
focuses not only on the energy quantity but also on the quality and usability of
energy, and with a techno-economic assessment, we can gain valuable insights into
these systems’ performance, efficiency, and cost-effectiveness.

Additionally, this thesis tries to fill a research gap by thoroughly contrasting these
various carbon capture methods. Although certain systems have been examined
separately, an in-depth analysis that takes into account both the exergy and the
techno-economic aspects is necessary for assisting in industrial and policy decisions.
This thesis looks at all of these approaches to determine which is the most effec-
tive and financially sound strategy for particular industrial contexts, advancing the
adoption of carbon capture systems globally.

The results of this study can potentially assist the readers make informed choices
on the use of carbon capture systems. We have the potential to unlock a future
in which carbon capture technologies play a crucial role in limiting climate change
and ensuring a sustainable energy future for future generations as we delve deeper
into the complexity of these systems through thorough exergy analysis and precise
techno-economic evaluations.

1.2 Aim and scope

The primary aim of this thesis is to create and construct a Chemical Looping Com-
bustion (CLC)-based carbon capture model and compare it to the three established
Carbon Capture and Storage (CCS) procedures: post-combustion, pre-combustion,
and oxyfuel combustion. A wide range of criteria, involving studies of the techno-
economic, energy, and exergy analysis, will be used to conduct this comparison.

The scope of this thesis is to simulate a particular combined heat and power (CHP)
system using Aspen Plus while maintaining a set of consistent key parameters that

are the same across all simulation models to allow for fair and relevant comparisons.

Energy analysis will help us to determine the system’s energy efficiency and perfor-
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mance whereas, exergy analysis will reveal the thermodynamic losses and point out
opportunities for improvement. The techno-economic analysis will help us assess
whether the proposed CLC system is more economically viable than the traditional
CCS technologies.
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2

Literature Review

2.1 Carbon Capture and Storage

Carbon Capture and Storage (CCS) is a set of technologies and strategies that are
designed to mitigate greenhouse gas emissions, principally carbon dioxide (CO,),
by capturing C'O, emissions from processes effectively and securely storing them.
CCS is regarded as a vital climate change response, particularly in industries where
lowering emissions is difficult. The three basic steps of the CCS process are carbon
collection, transportation, and storage.

2.1.1 Post-Combustion Carbon Capture

Post-combustion carbon capture is another critical carbon capture technology, which
intends to absorb the carbon dioxide(C'Os) emissions, after burning of the fuel. This
technology is noteworthy because it can be adapted in existing power plants thus
offering a flexible approach to lowering C'O5 emissions.

The post-combustion capture in our thesis uses an amine aqueous solution in a
reactive absorption-solvent process. The two main sections can be identified as the
absorption section, where carbon dioxide is transferred from the gaseous state to the
liquid via the amine solution and the stripping section, where the solvent containing
carbon dioxide is regenerated. The two sections are interconnected by a cross-heat
exchanger[7]. A simplified flowsheet of the system is reported in 2.1

EXHAUST GAS

CONDENSER
€O+ H,0 co;
LEAN SOLVENT RICH SOLVENT ,J:
(cou) {HoT) bantolc

HEAT-EXCHANGER
ABSORBER (_ ); STRIPPER
FLUE GAS VAPOR
REBOILER
LEAN SOLVENT
RICH SOLVENT LEAN SOLVENT (STRIPPER BOTTOM)
(cowo) (HoT)

Figure 2.1: Post-combustion process|1]
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The flue gas rich in CO, enters the absorber where it is exposed to the CO, lean
solvent. Carbon dioxide-free flue gas exits the absorber and solvent rich in Carbon
dioxide leaves the absorber and is pumped into a stripper through a heat exchanger
where the solvent is regenerated via a reboiler. A train of high-purity C'O, is ob-
tained from the condenser and water is recovered from the same. The regenerated
solvent is then led back into the absorber and the cycle continues.

The key aspects of post-combustion carbon capture technology include:

o Fuel combustion and exhaust flue gas: The process begins with the combustion
of fuel and generates heat and/or, electricity. The exhaust gas, which typically
contains carbon dioxide(C'O3), nitrogen(N,), and sulphur oxides(SO,), is then
further sent to the carbon capture section.

o Flue gas treatment: The follow-up is the separation of carbon dioxide(C'Os)
from the other components of the flue gas. This can be done by employing
various methods including, the use of solid adsorbents, or utilizing amine-based
solutions to absorb C'O5 from the flue gas.

o (C'Os retrieval: The C'Oq rich stream is further processed for purification. The
absorbents are recycled and the retrieved C'O5 is compressed and stored.

Advantages of Post-Combustion Carbon Capture:

1. Retrofit Capability: One of the notable advantages of post-combustion carbon
capture is its amazing adaptability. It enables lower levels of emissions without
the need for major changes to the system and is readily integrated with power
plants that are already in service.

2. Cost-Effective Deployment: Post-combustion carbon capture is a carbon cap-
ture technology that is both efficient and affordable. Unlike other carbon
capture devices, it doesn’t require major alterations to existing systems. Be-
cause of lower initial capital expenses, it’s a more attractive choice for plenty
of industries looking to cut back on their carbon footprint.

3. Reduced Downtime: Installing post-combustion carbon capture systems in
existing buildings generally brings about little to no disruption. This is a huge
benefit since it enables businesses to adopt carbon capture equipment with
virtually no downtime.

Disadvantages of Post-Combustion Carbon Capture:

1. Energy Consumption: One of the main problems with post-combustion car-
bon capture is the amount of energy it consumes. Energy is needed in large
amounts to isolate and capture carbon dioxide from exhaust gasses. This en-
ergy drain may cause power plants’ net power output to decrease, which would
increase operating costs.

2. Chemical Solvents: Chemical solvents are the main tool used in post-combustion
carbon capture to absorb carbon dioxide from flue gases. Since these solvents
are often toxic and corrosive, they must be handled and disposed of with
caution.
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3. Large Equipment and Space Requirements: Achieving significant carbon cap-
ture, especially when dealing with flue gases which contain a lower concentra-
tion of carbon dioxide(CO,) often requires large and space-consuming equip-
ment. Some sites may not be able to implement this because of space limita-
tions.

2.1.2 Pre-Combustion Carbon Capture

Pre-combustion carbon capture, also known as pre-combustion C'O,y capture, in
simple words, is a technology that focuses on capturing C'O, emissions before the
combustion stage of the process. It is frequently used in hydrogen generation sys-
tems and integrated gasification combined cycle (IGCC) power plants. The main
goal of this technology is to transform carbon-based fuels like coal or biomass into
synthesis gas (syngas), a mixture of hydrogen (Hs) and carbon monoxide (CO).
Before burning, this syngas must go through a series of steps in order to extract

COs,.

The fuel is first gasified and used to produce syngas in a gasifier. This train of
syngas along with some combustion products is then directed into Water Gas Shift
reactors where a water gas shift reaction occurs.

The C'O4 produced is then removed from the syngas train via the Selexol process.
The Selexol process is an absorption-based process that uses a solvent to remove
H,S from the syngas mixture along with C'O, to produce nearly pure syngas. This
thesis does not cover the specifics of the selector process. The syngas obtained
can now be used as a fuel for combustion in a gas turbine and carbon dioxide is
separated|8].

Steam =

Xy o=

coz
Syngas C0z, Hz Storage
COz

Shift (WGS)

Air | N
= = A d
TR Water Gas

Nitrogen Slag Ash Sulphur
Exhaust

Hydrogen

Ai Heat &
Ar - =h Power

Figure 2.2: Pre-combustion process [2]

The basic elements in a pre-combustion carbon capture technology include:
o Fuel Gasification: The carbon-based fuel is first gasified, in a high-temperature
process involving oxygen and/or steam.
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o Syngas Cleanup: The syngas undergo a cleaning process to eliminate any
impurities like the sulphur compounds. This is essential to ensure no poisonous
gas emissions.

o Water-gas Shift Reaction: The CO-rich syngas undergoes the WGS reaction
which is the conversion of CO to C'O,, along with H, production. This reaction
leads to higher a higher hydrogen-to-carbon ratio in the syngas, thus preparing
it for CO, capture.

Advantages of Pre-Combustion CCS:

1. Higher Efficiency: One of the most significant advantages of pre-combustion
CCS is the ability to sustain a higher energy efficiency in power generation.
This could lead to lower operating expenses and help the plant maintain its
competitiveness.

2. Greater C'O, Concentration: Pre-combustion CCS frequently has a higher con-
centration of C'O,. The capture process is made simpler and more economical
by the higher CO, concentration, particularly for industrial applications where
less energy and equipment are needed for separation.

Disadvantages of Pre-Combustion CCS:

1. Complex Integration: Pre-combustion CCS can be more challenging and costly
to implement than post-combustion CCS since it needs extra steps to turn fuel
into syngas or gasified form before to combustion. This complexity can lead
to higher capital costs and increased maintenance requirements.

2. High Initial Investment: Pre-combustion CCS system construction and opera-
tion can involve large upfront costs. Some companies may be discouraged from
implementing this technology due to the high expense of C'O, separation and
compression equipment, as well as the requirement for gasification or other
fuel processing facilities.

3. Limited Applicability: Pre-combustion CCS is most suitable for facilities that
use gasification processes or for applications like hydrogen production. Its
broad adoption may be limited by the fact that it isn’t suitable for many
industries or power generation scenarios. Moreover, the technology depends
on the infrastructure and availability of suitable feedstocks for fuel gasification.

2.1.3 Oxy-Combustion Carbon Capture

Oxy-combustion carbon capture, also known as oxy-fuel carbon capture, is a so-
phisticated method of carbon capture that differs from our previous two entries.
Air, which has around 78% nitrogen and 21% oxygen, is used in the conventional
combustion process. However, in the system of oxy-fuel, pure oxygen(or enriched
oxygen) is used for the combustion process resulting in the generation of a sub-
stantially greater concentration of carbon dioxide. This distinctive feature makes
oxy-combustion a promising carbon capture technology.

8
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This carbon dioxide-rich flue gas is treated for other pollutants before some of it is
separated for liquification and storage while the rest is mixed with fresh air with
95% pure oxygen and directed to the combustion chamber for fuel oxidation. It is
worth noting that carbon dioxide does not take part in the oxidation of fuel and is
simply a supporting material[9].

Oxy-combustion carbon capture technology operates in the following ways:

e Oxygen separation: Pure oxygen is separated from the air, using an air sep-
aration unit(ASU). This step consumes electricity, and the separated oxygen
can then even be sent at the desired levels of pressure conditions.

o Combustion: The fuel is then burned, in a boiler or furnace, in the presence
of this pure oxygen, creating a highly concentrated CO4 exhaust stream.

o Flue gas re-circulation: This is a technique unique to oxy-fuel carbon capture,
and is used to improve combustion stability, control flame temperature and
enhance the overall efficiency of the process.

COy product
Air Infiltration for storage
Fuel {e.q. coal)
N. €o
Fiter Condenser FGD capil:ure and
O o COMmpression
B — unit
' Boiler b :
Fly ash ~ Water Sulphur ‘
ASU ¥ Water
(HG) [HG++) ]
A PH<n T
Bottom ash Vent gases
Recirculated flue gas

Figure 2.3: Oxyfuel process [3]

Advantages of Oxy-Combustion CCS:

1. High CO, Capture Efficiency: Oxy-combustion CCS has the potential to at-
tain high capture rates—typically above 90%. The combustion process in an
oxygen-rich environment produces a flue gas stream with a higher concentra-
tion of CO2, which makes it easier to capture as compared to conventional air
combustion.

2. Reduction of Impurities: Oxy-combustion reduces the emissions of pollutants
and impurities, such as nitrogen oxides (NO, ) and sulfur dioxide (SO;), which
usually appear in flue gases. Cleaner emissions can come from streamlining
the capture and purification procedure.

3. Flexible Application: Oxy-combustion CCS can be retrofitted to existing
power plants and industrial facilities, allowing for the capture of C'O, from
sources that are already in operation. This flexibility is essential for making
the transition to a low-carbon energy system.
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Disadvantages of Oxy-Combustion CCS:

1. Energy Intensive: Oxy-combustion requires the separation of oxygen, which
is a process that consumes energy. This energy-intensive oxygen separation
stage lowers the power plant’s or industrial process’s net energy efficiency and
reduces the process’s viability from an economic standpoint.

2. High Costs: In comparison to other CCS methods, oxy-combustion CCS has
comparatively higher prices. These costs encompass the oxygen generation
process, C'O, capture and compression, and transportation and storage infras-
tructure. These costly initial and ongoing expenses may prevent this technol-
ogy from being widely utilized.

3. Oxygen Supply and Infrastructure: Oxy-combustion CCS requires a steady
consistent supply of pure oxygen. It can be difficult and expensive to set up
the infrastructure necessary for the production, storage, and transportation of
oxygen, especially in large-scale applications. Smaller facilities will find the
technology less accessible as a result.

2.1.4 Chemical Looping Combustion Carbon Capture

Chemical Loop Combustion (CLC) has gained attention in academic circles since
the 1950s as a groundbreaking alternative to traditional combustion methods. [10]
Notably, it has emerged as an appealing choice for a more sustainable approach to
biomass combustion due to its innate capability to effectively separate C'O5 from
other flue gas components.[11] This distinguishing feature minimizes, or in some
cases entirely negates, the energy penalties typically associated with carbon capture
technologies.

CLC primarily operates through a sophisticated double-fluidized bed system, com-
prising an air reactor (AR) and a fuel reactor (FR). Within this system, a circulating
oxygen carrier takes the form of metal oxide particles, and its dynamic journey in-
volves successive oxidation and reduction processes during circulation.

In the fuel reactor (FR), the oxygen carrier facilitates the oxidation of the fuel,
ultimately yielding a pure outlet stream primarily consisting of COy and H20O.[11]
The regeneration of the oxygen carrier occurs in the air reactor (AR) as it is mixed
with an air stream. This regeneration process enables the oxygen carrier’s reuse in
the fuel reactor, thereby completing the CLC cycle.

Solid fuels consist of moisture, ash, char, and volatiles. These solid fuels go through
three distinct stages of mass loss: drying, devolatilization, and char combustion /-
gasification.
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Figure 2.4: AR-FR cycle [4]

The initial two stages, drying and devolatilization, are fundamentally endothermic
processes. Drying involves the release of moisture from the fuel, maintaining a
constant temperature until all moisture is extracted. Subsequently, devolatilization
commences as volatiles, including Hy, CO, CO,y, H0, and short-chained hydrocar-
bons, are released under the influence of sufficiently high pyrolysis temperatures.
These volatiles undergo several chemical reactions, dependent on the surrounding
gas environment. The residual char undergoes combustion. This phase typically
lasts for a longer extended duration compared to the preceding drying and de-
volatilization stages. After the combustion of the fuel particle, ash remains due to
the presence of minerals. [12]

The fuel reactor (FR) contains volatile gases and char from the solid fuel that go
through various chemical reactions. Importantly, these reactions are endothermic
in nature. Because the conversion of char is a slow process, a small fraction re-
mains unreacted and exits the FR to the AR due to insufficient time for reaction.
Additionally, a portion of volatiles accompanies the flue gas from the FR.

In an ideal scenario, the gases leaving the AR should primarily consist of nitrogen
with minimal oxygen content. However, the previously mentioned unreacted char
that enters the AR undergoes oxidation by the oxygen present in the air. This results
in the formation of a small amount of C'O,, which cannot be effectively captured.

The reactions within the air reactor (AR) are significantly exothermic, generating
heat that plays a crucial role in providing the necessary energy for the endothermic
fuel reactor (FR). Achieving the right balance in the circulation of the oxygen carrier
is vital for transferring sufficient heat to the FR.

One implication of the differing heat characteristics of the FR and AR is the need
for the FR to be adiabatic to prevent heat losses, while the AR should be cooled
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to prevent overheating. Overheating in the AR can result in issues with the oxygen
carrier, such as the agglomeration of bed materials. (21)

Advantages of Chemical-Looping Combustion CCS:

1. Efficient Carbon Capture: CLC’s excellent capture efficiency is well-known. It
is capable of capturing a large amount of CO4 emissions during combustion by
using metal oxides to trap C'O,. Because of its great efficiency, power plants
and industries have a lower overall carbon footprint.

2. Lower Energy Penalty: CLC usually has a lower energy penalty as compared
to other carbon capture systems. This implies that it is a more energy-efficient
choice for reducing emissions as it needs less extra energy to capture C'O,.

3. Fuel Flexibility: CLC can be applied to a variety of fuels, including natural
gas, biomass, and solid fuels. Because of its versatility, this technology is a
flexible one that can be incorporated into power plants and existing industrial
processes without requiring serious changes to the fuel source.

Disadvantages of Chemical-Looping Combustion CCS:

1. Complex Design and Operation: CLC-CCS systems can be complex to design
and operate. The chemical reactions require precise control and optimization,
which can be challenging as well as costly.

2. High Initial Costs: CLC-CCS system installation might be costly. Many in-
dustrial enterprises and power plants may find it hard to adopt these systems
owing to the initial capital costs associated with their construction.

3. Limited Proven Scale: CLC-CCS is not as commonly utilized or established at
bigger scales as some other CCS technologies, although exhibiting promise in
lab and small-scale experimental operations. Its short track record may raise
questions about its reliability and long-term success.

2.2 Energy Analysis

Energy analysis plays a pivotal role in assessing the efficiency and practicality of
carbon capture processes for reducing greenhouse gas emissions. It’s vital to delve
into the key concepts, methodologies, and the significance of energy analysis within
various carbon capture technologies.

Thermodynamic Principle: Energy analysis in carbon capture hinges on the
fundamental principles of thermodynamics. These principles provide the theoretical
underpinning for evaluating how energy flows within a system and how it undergoes
transformations. In the context of carbon capture, the central goal is to assess how
efficiently energy is utilized and converted throughout the process.

Energy Flows and Transformations: Energy flows are meticulously tracked at
every stage of carbon capture. This involves identifying energy inputs, such as the
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energy needed for capturing and separating C'Os, as well as energy outputs, which
may include the useful energy generated by the power plant. Furthermore, energy
transformations are observed, such as the conversion of chemical energy from fossil
fuels into thermal energy during combustion.

Significance of Energy Analysis:

1. Efficiency Assessment: Energy analysis quantifies how effectively a carbon
capture process reduces C'O; emissions while maintaining energy production.
It provides a vital measure of operational efficiency.

2. Resource Allocation: By identifying energy losses and areas for improvement,
energy analysis guides resource allocation, whether for retrofitting existing
facilities or designing new ones, ensuring efficient use of resources.

3. Environmental Impact: Improved energy efficiency in carbon capture processes
reduces C'O; emissions and lessens the environmental footprint. Energy analy-
sis helps estimate these reductions, aiding environmental impact assessments.

4. Economic Implications: Enhanced energy efficiency often lowers operational
costs, making carbon capture technologies more economically viable. This
economic benefit is crucial for the broader adoption of these technologies in
the transition to a low-carbon economy.

2.3 Exergy Analysis

Exergy is defined as the amount of work a system can perform when it is brought
into thermodynamic equilibrium with its environment. In other words, it is the
amount of useful work that can be extracted from a stream when it goes from a
state of energy to a reference state. Exergy analysis serves as a widely employed
tool for identifying process irreversibility in the form of losses and quantifying their
impact on overall process efficiency, providing insights into the quantitative aspects
of available energy utilization, environmental considerations, and economic perfor-
mance [48-50]. Unlike energy, exergy doesn’t adhere to the conservation rule. The
magnitude of exergy destruction is determined by calculating the exergy balance
over a particular component, defined as the difference between the exergy input to
that component (comprising the total exergy of streams and supplied work) and the
exergy output from the component (comprising the total exergy of streams and the
work output) [13]

The exergy of a process stream can be categorized into two components: physical
exergy and chemical exergy. Physical exergy (£, ,) represents the maximum useful
work attainable by transitioning a unit of mass of a substance from its current
state (T, P) to the environmental/reference state (To, Po) solely through physical
processes|. The formula for the physical exergy component is given by Eq. (2,1).

E

Tph

= (h — h()) - TQ(S - So) (21)
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In contrast, chemical exergy embodies the maximum useful energy achievable by
transitioning from the environmental state to the reference state through chemical
processes. These processes involve reactants and products at environmental temper-
ature and pressure, even when the stream composition is not in chemical equilibrium
with the environment. [14]

Ly, = Z i Lo, + R1o Z z;Inw; (2.2)

The exergy analysis in this project was conducted based on the fuel-product defi-
nition. Fuel exergy is defined as the input exergy or imported net exergy and the
product is defined as the product or exported net exergy.[13] The exergy balance
equation can be expressed as:

Eﬂk = Ep,k + Ed,k (23)

Where,

E¢, k = Exergy of fuel,
E,, k = Exergy of product
E4, k = Exergy destroyed

Exergy destroyed refers to the irreversibility or losses. It should be noted that
for dissipative components (such as coolers, mixers and valves) no useful exergy is
produced but exergy is destroyed. The exergy efficiency of a system component can
be expressed as the ratio of product exergy to the fuel exergy.

E, i
€ = —— 2.4
T B (24)

In this study, the reference state for exergy calculation is set at 25°C (T',) and 1 bar
(P,).

2.4 Techno-Economic Analysis

Techno-economic analysis plays a pivotal role in assessing the feasibility and eco-
nomic viability of carbon capture processes. In this section, we delve into the key
concepts and methodologies associated with techno-economic analysis within the
context of evaluating carbon capture technologies.

Methodologies for Techno-economic Analysis:

1. Capital Cost Estimation: The initial investment required for constructing and
commissioning a carbon capture facility is a critical factor. This includes costs
for equipment, materials, labour, and engineering.

2. Operating Cost Assessment: Ongoing expenses associated with the operation
of the carbon capture system must be estimated. This encompasses costs such
as energy consumption, maintenance, labour, and raw material requirements.
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3. Lifecycle Analysis: Taking a holistic approach, this analysis considers both the
environmental and economic impact of the technology throughout its lifecycle.
This involves evaluating factors like emissions, resource consumption, and end-
of-life disposal.

4. Sensitivity Analysis: This involves examining how variations in input parame-
ters, such as energy prices, carbon prices, and regulatory incentives, affect the
economic viability of the carbon capture process.

5. Return on Investment (ROI) Analysis: Assessing the time it takes for the
initial capital investment to be recouped through operational savings or rev-
enue generated by the captured carbon is crucial. This metric is vital for
understanding the economic attractiveness of the technology.

Carbon Capture and Storage (CCS) techno-economic analysis is critical for compre-
hending and assessing the viability and impact of CCS technology. Here are five key
elements that emphasize its significance:

1. Making Investment Decisions: Techno-economic analysis helps assist investors
and stakeholders in making informed decisions about the implementation of
CCS technologies. It gives essential insights into the financial viability, haz-
ards, and estimated returns on investment for CCS projects, which are required
for getting funding and support.

2. Policy Development and Support: Policymakers frequently rely on techno-
economic analysis to establish and strengthen carbon reduction measures.
Governments may develop effective motivations, regulations, and subsidy pro-
grams that promote CCS use and combat climate change by recognizing its
economic ramifications.

3. Carbon Emission Reduction Targets: CCS is critical to meeting carbon emis-
sion reduction targets. Techno-economic analysis assists in determining how
CCS can contribute to these goals, as well as estimating the cost-effectiveness
of various CCS systems in comparison to other mitigation approaches.

4. Market Viability: Understanding the economic aspects of CCS is critical for
determining its market viability. The analysis aids in the identification of
prospective markets for captured carbon products, such as enhanced oil recov-
ery or carbon credits, as well as the assessment of CCS’s competitiveness in
these markets.

5. Risk Mitigation: CCS initiatives include considerable financial and technical

risks. The techno-economic analysis aids in evaluating these risks and estab-
lishing mitigation methods.
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2.5 Software

2.5.1 Aspen Plus

Aspen Plus® is the primary process simulation software exclusively used by the
chemical industry and has many different applications. Chemical and process engi-
neers use it to simulate reactors, separators, pressure changes, heat exchangers, and
various other unit operations.

Using a graphical interface, process flow diagrams are constructed by connecting
different unit operations. Aspen plus simulations involve the handling of solid ma-
terials, fluids, and electrolytes, drawing from an extensive database of physical prop-
erties, mathematical equations, and thermodynamic models.
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Methodology

3.1 Biomass and Oxygen Carrier

The fuel used in Ortoftaverket mainly consists of forestry biomass and some recycled
wood and peat. As the fuel mainly consists of forestry biomass, the composition of
the fuel is assumed to be the same as that of forest residue in Sweden [15]. The
calorific, proximate, and ultimate values of the fuel are listed in the table (3.1).

We assume that the fuel has already been dried to a moisture content of 10% [16]
before we use it for combustion. The costs for drying the fuel are not taken into

consideration either, as the cost of the fuel includes the drying costs.

Table 3.1: Fuel Properties Based on Proximate and Ultimate Analysis

Parameters Value
Higher Heating Value (MJ/kg) | 20.54
Proximate Analysis (wt%)
Moisture 10.00
Fixed Carbon 21.85
Volatile Matter 74.10
Ash 4.05
Ultimate Analysis (wt%)

Ash 4.05
Carbon 51.00
Hydrogen 5.80
Nitrogen 0.90
Chlorine 0.00
Sulphur 0.04
Oxygen 38.21

To ensure that the results of the process simulations could be compared fairly, some
standard parameters had to be established. The first parameter set was the fuel
flow for the combustion chamber. We chose to scale the simulation model for a fuel
input of 100MW. The fuel flow rate was then determined using the Lower Heating
Value of the fuel, as indicated in the table (3.1).

Energy input(MW) = LHV (M J/Kg) * fuel flow rate(Kg/s) (3.1)
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Specifically, for the CLC model, Ilmenite was chosen as the oxygen carrier. The com-
position of the Ilmenite ore was extracted from Cheng et al[17]., where all the most
important constituents of Ilmenite ore are mentioned. Out of the many constituents
of Ilmenite, the major ones have been used in the simulation. The composition of
the OC is tabulated in table (3.2):

Table 3.2: Composition of [lmenite

Constituents | Composition (Wt%)
FegTiO5 54.7
F8203 11.2
SiO, 5.5
TiO, 28.6

In the Aspen plus model, Fe,Ti05 is defined as FeoOs + T10,, where Si0O9 and
Ti0y are inert.

3.2 Simulation

3.2.1 Simulation set-up

An appropriate stream class must be set to begin an Aspen plus simulation. The
stream class MIXCINC was used for all the simulations, which allowed the mixture
of three sub-streams: MIXED, Conventional inert (CI) solid, and non-conventional
solid. The substream “MIXED” accounts for all the components in the liquid-vapour
phase, whereas the “CI solid” and “NC solid” consist of all the solid compounds with
and without molecular weights. Ash and biomass are defined as “NC solids”, while

OC is defined as “CI solid”.

Biomass is defined as a non-conventional component where its attributes are entered
according to the data in Table (3.1), where the heat of combustion value is the same
as the HHV. To consider the formation of ash in the combustion process, it should
be defined in Aspen Plus. The ash is also defined as a non-conventional component;
its attributes are defined as 100% ash. The enthalpy and density of the biomass are
calculated via “HCOALGEN" and “DCOALIGT” models in Aspen Plus.

The property method chosen for the simulations is based on IDEAL but concerns
other methods because the models require different property methods for certain
simulation parts and, therefore, need to be referenced. The CCS processes were
modelled separately and then moved to HIERARCHY blocks, which were connected
to other parts of the CHP plant.[18],[19],[20],[1]
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3.2.2 Fuel decomposition

In the Aspen Plus simulations, the fuel must be decomposed in a separate unit be-
fore it is used for combustion. The RYIELD reactor decomposes the fuel depending
on the yield specified during the input and does not require stoichiometry or kinetics
of the reaction. It is worth mentioning that the fuel decomposition is an endother-
mic process and the heat for the reaction is derived from the combustion chamber
which is modelled using an RGIBBS reactor. The method of fuel decomposition is
reproduced according to the method described in the Aspen plus - Getting started
modelling processes with solids [21]. This is the same method that is used for all
the simulation cases.

The fuel combustion parameters differ in each simulation even though they are
simulated by the use of an RGIBBS reactor and will be discussed further in the
following sections.

3.2.3 Combined Heat and Power Setup

The turbine and DH system were modelled referencing the CHEMCAD simulation
modelled by [22]). A simplified version of the Heat Recovery Steam Generator
(HRSG) (Figure 3.1) depicts how heat is extracted from the flue gas and is used
for DH and the steam turbine. The heat from the flue gas is extracted via the
superheater and FG condenser which are both modelled as heat exchangers in the
simulation. The steam turbine is fed steam that is pressurized to 107 bars by pump
1 and is heated up to 540°C via the superheater.

Air Compressor

me [N RS ﬁ """""" > e
EE—— i
: C}€—— DHin

FG condenser
Sand

CFB boiler

To DH grid

Purge

|-_E E R
Bottom c ‘—447
Make up water

Ash Pump-1 Mixer

Legends ~ m=e------ Fluegas --------- Steam

Air ———— Water

Figure 3.1: Flow sheet of the HRSG

The amount of heat extracted by the superheater and the Flue gas condenser de-
pends on the flue gas characteristics, namely flow rate and temperature. The DH
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water enters through pump 2 at 44°C and 1 bar pressure where it is pressurized to
16 bar pressure. It then goes through the FG condenser and DH condenser where
it is heated to 93°C and is then sent for DH purposes.

A cooler is used to function as a heat consumer to denote the flow of heat from the
stream to the DH system. The DH condenser, modelled using a heat exchanger,
extracts heat from the stream exiting the Steam turbine and transfers it to the
district heating water flow.

The mass flow into the DH system and steam turbine vary from system to system
but the parameters listed in table (3.3) have been modelled to be constant for all
of the simulation models. Depending on the working of the different CCS systems,
the HRSG systems and their components have been subjected to change which will
be further discussed in the forthcoming sections.

Table 3.3: Common parameters for HRSG system

Plant Data Value
Admission Steam Temperature 540°C
Admission Steam Pressure 107 bar
Turbine Isentropic Efficiency 0.82
Pump Isentropic Efficiency 0.85
District Heating Supply Temperature | 93.3°C
District Heating Return Temperature | 44°C

3.3 Carbon Capture models

3.3.1 Post combustion

Dried biomass of the aforementioned characteristics enters the combustion chamber,
which is modelled using an RYIELD reactor for decomposition and an RGIBBS
reactor for combustion. An air compressor directs atmospheric air consisting of 21%
Oy and 79% N, into the RGibbs reactor. The amount of Air entering the RGibbs
reactor is set to 3 Kg/s and is determined by the CO/CO; ratio (mole basis) in
the flue gas exiting the combustion chamber. An acceptable ratio would be below
15% [1] and the ratio in our model is set to 5%. The RGibbs reactor is set to a
pressure of 1 bar. The combustion products then enter a cyclone where the flue gas
is separated from the ash and other solid particles. This hot flue gas then enters
the HRSG where heat extraction occurs via the components mentioned in section

HRSG.
The post-combustion system is retrofitted after the HRSG and therefore the HRSG

system does not require any additional components or changes. A simplified diagram
of the system is represented by figure 3.2. This system is installed after the Turbine
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and HRSG of the CHP plant where all the possible heat and work from the process
has already been extracted. The flue gas is also treated for Sulphur oxides before
it enters the MEA absorption plant. The flue gas characteristics entering the post-
combustion carbon capture plant are described in table (3.4).

Table 3.4: Flue gas characteristics (Post-combustion)

Mass Flow 35.06 Kg/s
Temperature 46°C
Pressure 1 bar
Component (mol%)

CO 0.01
COq 0.16
O- 0.01
Ny 0.69
H,0 0.14
H, 0.00
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Figure 3.2: Post-combustion process flowsheet

The flue gas cleaned of impurities such as particulate matter and Sulphur dioxides
is directed into the Absorber which is a packed column in the Aspen model where it
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is exposed to the MEA solution or Lean Amine solution. For the MEA absorption
simulation, the ENRTL — RK method is used with the electrolyte calculation options
set to MEA-CHEM. A 30% loaded MEA solution is circulated from the top of the
tower at a flow rate of 208Kg/s and the flue gas flows from the bottom with a flow
rate of 35.06Kg/s, up the Absorber column facilitating the absorption of COs. The
characteristics of the Amine solution are listed in the table (3.5)

Table 3.5: Lean Amine Characteristics

Mass Flow 208.4 Kg/s
Temperature 40°C
Pressure 1 bar
Component (mol%)

MEA 0.295
H20 0.635
CcO2 0.065

The now clean flue gas flows out of the absorber and is led into a stripper another
packed column, as the name suggests, the CO, is stripped from the amine solution.
The regeneration of the MEA solution is facilitated using a reboiler where the Rich
amine solution (RMEA) is now heated to 123°C. The separated stream of C'Oy
can be obtained from the condenser where other solvents are removed. Before the
stripper section, a heat exchanger is used to heat the regenerated Amine solution to
110°C. Additionally, the RMEA solution is pressurized to 1.8 bars before it enters
the stripper [1]. The reaction of Absorption and desorption is written below and is
the same reaction used in the Aspen Plus model.

2H,0 — H30" + OH™ (3.2)

MEA= + H,0 — H;0" + MEA (3.3)
HCO3~ — H,O + H30 + CO, (3.4)

CO, + MEA + H,0 — MEACOO™ + H;07 (3.5)
CO, + OH™ — HCO4~ (3.6)

The vapour from the stripper is directed into a condenser of temperature 40°C. The
regenerated Amine solution flows through the heat exchanger and is mixed with the
condensate from the condenser and subsequently cooled to acceptable levels before
the new solvent is added, and old solvent is purged, and the cycle continues. In
this thesis, the amount of solvent required for the process is determined through the
sizing of the model absorber described in (the MEA absorption booklet) and the
same procedure is followed and the estimated value for the same was obtained from
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the work of Dawid P. Hanak et. Al.[13]. The aim was to obtain a capture efficiency
of around 90%. The reboiler duty, condenser duty and ultimately cooling duty were
obtained from previous work performed by Dawid P Hanak as well. These values
have been tabulated in Table (3.6). The C'O, rich stream is then fed to the CO,
compression unit at 45°C and 1 bar pressure.

Table 3.6: Components with their corresponding duty

Component Duty (MW)
Stripper Pump 0.018
Reboiler duty 39.2
Condenser duty 16
Cooler duty 15

3.3.2 Pre-combustion

3.3.2.1 Validation of model

The first step in the ASPEN PLUS model is to determine which method is to be
used and we decided on COMMON/IDEAL as our base scenario. It all begins
with our standalone Air Separation Unit (ASU), which plays a crucial role in the
process. The ASU’s primary function is to separate air into its key components,
primarily nitrogen and oxygen. In this validated model, the ASU section consists of
an air compressor, the main ASU unit, and a multistage compressor for regulating
the temperature and pressure conditions of oxygen. The separated oxygen, at a
pressure of 36 bar, temperature of 25°C and purity of 95% by volume, is directed to
the gasifier section, a pivotal component of our operation. The flow rate of oxygen
is decided based on the research paper in use and the pressure is decided as a factor
of 1.2 times [18] the gasifier pressure.

Within the gasifier, coal enters the RYIELD and RGIBBS components, where the
gasification process happens at a high temperature of 1300°C and pressure of 30
bars. This stage initiates the conversion process and generates excess heat, which
we carefully harness for subsequent steps in the HRSG section.

The resultant product of the gasifier is syngas, a mixture of gases with carbon
monoxide (CO) and hydrogen (Hs) as the primary components. This syngas is
initially hot and under pressure, setting the stage for the subsequent phases.

Moving on to the Water-Gas Shift (WGS) and Heat Recovery Steam Generation
(HRSG) section, we have a complex setup. Here, the syngas undergoes a series
of transformations. To begin, the syngas are efficiently cooled to 350°C in the
heat recovery steam generation unit (HRSG) and then sent to the WGS-1 reactor,
designed using an RSTOIC reactor, with preheated steam at the same conditions.
Here, CO is partially converted to CO, by the water gas shift reaction. The exhaust
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is then cooled to 178°C in the HRSG section and fed to the WGS-2 which operates at
178°C and 30 bars. The cumulative CO conversion efficiency in both WGS reactors
is at 98%. The shift reactions inside the two WGS reactors are exothermic (AHrxn
= 44.5 KJ/mol). At this point, the syngas is cooled to 40°C in the HRSG unit and
fed into the Acid Gas Removal Unit (AGR), where 99.99% of HsS and 94.8% CO,

is removed.

Figure 3.3: Pre-combustion process flowsheet

3.3.2.2 Model Modification and process integration

After the pre-combustion model had been validated, it was adjusted to fit the needs
of our investigation. The flow rate was changed to 5.26Kg/s at 25°C, and the coal
was swapped out for biomass. The ASU unit worked the same way however, the
amount of oxygen separated and then used changed to 5.98 kg /sec, which was defined
by using the DESIGN-SPEC manipulator and fixing the CO:C' O, ratio of 1:3(based

on moles).

In our model, we have decided to integrate the Water Gas Shift section with the
Heart Recovery Steam Generation section. We have a superheater, a DH heater, an
FG condenser and an FG condenser-WGS which play an active role in heat trans-
fer and its recovery. A similar HRSG system was implemented in all our models,
however, because of the presence of 2 WGS reactors and the need for cooling in the
step between them, an extra heat exchanger, FG condenser-WGS, is introduced in
this particular process. The superheater now cools down the syngas from 1300°C
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to 350°C, which then enters the WGS-1. We decided that the water gas shift reac-
tion would happen adiabatically so, the exhaust gas from the reactor has a higher
temperature output of 463°C.

Another heat exchanger, the FG condenser 1, cools the exhaust that will enter the
WGS-2. In the final step, of this section, the FG condenser cools down the exhaust
of WGS-2 to 45°C and then sends it to the AGR. The syngas continues to the AGR
unit now containing CO,, H,, and steam. Approximately 90% of the CO, and
hydrogen sulfide (H3S) 99.99% in the gas stream is removed from this unit using
a Selexol-based technique. After this, the C'O, is sent at the final compression and
cooling stage, where it leaves at 40°C temperature and 110 bar pressure.

3.3.3 Oxyfuel combustion

3.3.3.1 Validation of model

The oxyfuel combustion process, unlike the traditional combustion process, uses a
nearly pure stream of oxygen with carbon dioxide to facilitate the combustion of
fuel. This removes the formation of Nitrogen oxides and facilitates the complete
combustion and conversion of C to C'O,. The first step in modelling the oxyfuel
process was to validate the model produced by Pei X. et. Al.[19] after reproducing
the same.

Wet coal with a flow rate of 50Kg/s at 25°C with characteristics mentioned in
Appendix 1.2 is dried by primary air (21% 02:79% N2), with a flow rate of 250Kg/s
in an RSTOIC block. The moisture content is reduced from 10% to 2% during
this process. A FLASH block is then used to separate the moisture from the dry
coal. Now similar to the decomposition process described in section 3.2.2, the coal
is decomposed into its constituent components by a RYIELD block and fed into the
combustion chamber (RGIBBS reactor).

A mixture of O, and recycled flue gas is used as an oxidant entering the combustion
chamber, the mixture enters at 350C and has a mass flow of 672.11Kg/s. The hot
combustion products are then subsequently directed into a heater unit where they
enter the heater at 1395°C and leave at 350°C, simulating heating consumption.
The flue gas train is then fed into a solid separation unit, followed by a separator
unit where the C'O, and O, are separated and recycled. The recycle ratio for the
flue gas is 83.6% and this results in 21%/79% O, to C'O, ratio.The recycled gas is
mixed with 100% pure oxygen with a flow rate of 93.77Kg/s at 350°C. The flue gas
exiting the combustion chamber was validated against the results produced in Pei
X. et al. work.[19]
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3.3.3.2 Model Modification and process integration

Firstly, the fuel was changed to biomass and so was the fuel flow to 5.26 Kg/s.
The drying using the RSTOIC unit was removed. The recycle ratio of flue gas has
been maintained for the modified model. However, the flow rate and temperature of
recycled flue gas as well as the amount of pure oxygen being mixed with the same
has been changed. A 95% pure stream mixed with the recycled flue gas consisting of
C'O5 and O2 with a flow rate of 6.88Kg/s. The mixture of air enters the combustion
chamber at 45°C instead of 350°C. This is because all the possible heat from the
flue gas is extracted via the HRSG before it is recycled.
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Figure 3.4: Oxyfuel combustion process flowsheet

After the combustion process, the flue gas is directed into the HRSG unit where
useful heat is extracted from the flue gas train. The HRSG layout does not require
any additional changes in terms of components and is similar to the system described
in section HRSG. The flue gas enters the HRSG at 1316 °C and leaves it at 45°C.
The flue gas characteristics entering the HRSG have been tabulated in Table (3.7).
The flue gas is first treated for Sulphur oxides before it is recycled and compressed.
The recycle ratio of 83.6% is maintained and is achieved by using a splitter.

The flue gas with a smaller flow rate is redirected for COy compression at 45°C and
1 bar pressure. The rest of the flue gas is mixed with fresh oxygen of high purity
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Table 3.7: Flue Gas Characteristics (Oxy-fuel combustion)

Mass Flow 56.94 Kg/s
Temperature 1316.66°C
Pressure 1 bar
Component (mol%)

CO, 0.88
O- 0.00
H,0 0.12

and is used for fuel oxidation. The 95% pure stream of Oxygen is obtained from an
Air Separation Unit (ASU). The modelling of the ASU is considered out of scope;
however, the energy requirements are taken into account, and the value for the same
is taken from [18]. As shown in the simplified figure 3.4, all of the flue gas exiting
the combustion chamber is sent into the HRSG for heat extraction.

3.3.4 Chemical Looping Combustion

3.3.4.1 Validation of results

The Chemical looping combustion process model is based on using two intercon-
nected fluidized beds modelled using two RGIBBS reactors and a solid oxygen car-
rier that provides the oxygen for fuel combustion. The model described in the work
of Olivier Authier et. Al. [20] was first reproduced a