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Abstract

The CO, emission into atmosphere over the past century is considered as the main
reason for global warming phenomenon. The Paris Agreement target of 2 °C urged
not only focus on this issue, but also e [edtive measures for the transition period
and long term. The solvent based post-combustion carbon capture, a conveniently
applied process,can be costly mainly due to high reboiler heating for the solvent
regeneration. If the cost can be reduced to an acceptable value for power plants,
then PCC processes exhibit substantial potential in coal and natural gas fired plant
emission reduction, which is a large share in global CO, emissions.

This study focuses on phase-change amines, that have reported good experimental
results in phase separation, and thus reduce reboiler heating demand. It starts
with checking and comparing a group of amines and selecting potential candidates.
Further PCC process simulation in Aspen shows detailed results in performance of
di Lerent configuration and amine type.

In general, two amines known as DIBA and HXA are seen as promising replacement,
especially HXA. The results are compared with MEA reference case. With respect
to reboiler duty, the two selected amines both showed more than 50% reduction.
And in the best scenario, the reboiler heating demand is reduced to 0.91 GJ/ton
CO, captured.

Keywords: Carbon capture, MEA, phase-changing solvent, amine, Aspen, decanter
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Abbreviation

CCS
CED
CF
CR
DEA
DGA
DIBA
EI99
GWP
HX
HXA
keq
MEA
MEDA
MW
PCC
RED
VLLE

Carbon Capture and Storage
Cumulative energy demand
carbamate formation
carbamate reversion
Diethanolamine

Diglycolamine
Diisobutylamine

Eco-indicator 99

Global warming potential
Heat Exchanger

Hexylamine

Reaction equilibrium constant
Monoethanolamine

Methyl diethanolamine
molecule weight
Post-combustion carbon capture
Relative energy diLerknce
vpour liquid liquid equilibrium
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Introduction

1.1 Carbon Capture and Storage Background

The Paris Agreement, published in December 2015, introduces theZtarget which
is widely accepted by countries and districts around the world [1]. The target shows
the great resolution of human beings in mitigating global warming, and from another
aspect reveals the importance of reducing greenhouse gase in current situation.

Ever since the industrial revolution, the carbon dioxide, known as the most common
greenhouse gas emitted by all kinds of industries was increasing dramatically due to
the growth in global fossil fuel consumption. This on-going growth in global fossil
fuel consumption [2], and the long road to widely replace fossil fuels with clean
technologies, will be contributing to the continuous growth in the total amount of
CO; if no practical strategies are utilized. One possible option for us to control the
CO, emission and realize our Z target is the carbon capture and storage, known
as the CCS technology.

CCS is the well-understood way that is able to remove CQrom ue gas released for
instance by power plants. Main parts of CCS are carbon capture, carbon transport
and carbon storage. The C@ capture part is studied with most focus, since it is
the dominating step that could signi cantly add additional operating cost to the
emitting power plants.

Carbon Capture

Well-understood CQ, capture methods at present are post-combustion carbon cap-
ture, oxy-fuel combustion process, pre-combustion capture, and inherent separation

3].

Post-combustion capture removes COfrom exhausted gas. It is a retro tting
method to control carbon emission for combustion process, and can be applied in
most of the existing power plant[4]. For post-combustion capture, proper selection
of solvent and arrangement of process structure can elevate the e ciency and reduce
cost, that is the mainly study area of this project. However, post-combustion cap-
ture process usually work under low pressure condition (same as ambient pressure,
or slightly higher than the ambient), that means energy is required for pressurizing
CO, after the process.



1. Introduction

In oxy-fuel combustion process, air is replaced by oxygen as the oxidizing agent [5].
The exhausted gas of the oxy-fuel combustion process contains around 75%, CO
while the rest is HO. CO, concentration can reach to over 99% after condensing [6].
Compared to postcombustion capture, using oxy-fuel saves some operating cost from
CO, stripping and amine consumption, but extra cost caused by pure oxygen coming
from intensive air separation needs to be account. Moreover, more sophisticated
equipments using advanced material for storing oxy-fuel and withstanding reactions
are needed, and the retro tting of the emitting plant will also increase the capital
cost.

Chemical-looping combustion (CLC) is a method of inherent separation that has
similar principle with oxy-fuel combustion. Two interlinked reactors, air reactor
and fuel reactor are occupied in a CLC system. Chosen metal oxide is oxidized by
air in air reactor and then react with fossil fuel in fuel reactor. The Used metal
oxide is recycled back to the air reactor [7] [8]. Similar to oxy-fuel combustion, the
exhaust gas after fuel reactor contains only CQOand water which will be handled
after condensing.

The idea of pre-combustion CCS is to use steam or oxygen to react with fuel, forming
synthesis gas(syngas) which contains only CO and,HA water-gas shift reaction
with extra steam is followed, to convert CO to CQ and produce a great amount of
hydrogen at the mean time [9]. Pre-combustion CCS is mainly designed for NGCC
and IGCC, the process however, needs high investment, and the running cost is also
high compared to other CCS processes [6].

Carbon Transportation

CO, separation and capture is the start of CCS process, the following step is carbon
transportation. Pressurized CQ can be transported by onshore truck and train,

o shore ship, and pipelines. Pipeline is currently a preferable option for most of the
practical CCS projects[10] that produce large amount of captured GO The cost of
pipeline transportation increases following the increasing of transporting distance,
and in some cases, shipping can be a better ¢@ethod. Thus, the decisive factor
of selecting carbon transportation method is the geographic conditions.

An exception is CCS projects built for oil industry. As the oil reservoirs are natural
CO, storing places, CQ produced at these projects can be injected directly to there,
thus no carbon transportation is needed [11] [12].

Carbon Storage

CO, storage methods can be classi ed as ocean storage and geological storage, both
of the methods being developed by oil and mining technologies. Carbon storage
needs proper locations, but the capacity of carbon storage for spots is hard to know.
CO; can leak from the storing places unintentionally and threatening life of human
beings and animals around the leaking spots. Therefore, cost of the carbon storage

2
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contains not only the short term cost for equipment and injections, but also the long
term cost for monitoring as well.

Ocean storage injects the captured CQdirectly into deep ocean, and the extremely
high pressure at the storing location will compress the CCto liquid with density
higher than water. The cost of ocean storage is not xed, because of the varied cost
for CO; injections, the deeper the storing location is, the higher price will be.

The other way is to store CQ geologically at places like deep saline formations, oil
and gas reservoirs and unminable coal beds. For oil and gas reservoirs, injecting
CO, to reservoirs can at the same time provide a force to drive out fossil fuels, a
considerable amount of energy can be saved in that way.

1.2 Solvent Based Post-Combustion Carbon Cap-
ture Process

Post-combustion carbon capture (PCC) has high utilization and installation poten-
tial in CO, emission reduction process. One major reason is that PCC does not
require main retro tting changes on plant owsheet or component design [13], es-
pecially in countries where abundant fossil fuel provide economic solution for large
scale power production. Considering the typical large capacity sizes, PCC are highly
possible to lead nal emission reduction in short term. However, the integration with
ue gas after-treatment process does require both technical and economic analysis.
Various factors including appropriate heat source for the capture process, secure
transport and storage facilities also limit the investment and implementation possi-

bility.

In mature modern power plants, the ue gas is normally sent to after-treatment
including particulate matter and desulfurization treatment. After this point the
ue gas will be directed to CQO, separation process, as in most PCC design cases.

There were already several solvent based industrial application of PCC in di erent
scales. Prior to PCC, aqueous amine solution has been commonly used in natural
gas sweetening eld for decades [14]. Previous acquired experience of amine based
absorption serve as cornerstones for the choice of appropriate absorbent molecules,
as well as complete PCC process design. Among the abundant amine family, Mo-
noEthanolAmine (MEA) has been preferred for high reactivity even at low C®
pressure [15], low cost, and relatively low thermal degradation [16].

MEA absorption demonstrates considerable 90% removal e ciency, while the main
obstacle of promotion lies in high energy and cost requirement[3]. Heat required in
the process mainly lies in solvent regeneration process, where steam is used to heat
the solvent and strip CG, out of solution. From previous testing results, 30% weight
based solution has reported an energy requirement of 3.7 GJ/ton GQL17] to 4.3
GJ/ton CO , [18] under di erent plant testing and CO, loading conditions, resulting

3
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in cost of 40-100 $/ton CQ captured [19].

Except for considering diverse PCC process designs, increasing solvent concentration
and mixing amines, there has been focus on investigation of phase change amines
which possibly reduce cost to large extent. Thus the range of studied solvents has
expanded to various compounds, aiming at high absorption capacity and low energy
consumption. The focus of this thesis will be a group of phase-changing amines [20]
which present phase separation properties at varying temperature ranges.

In the previous commonly adopted absorption process, alkanolamines including
MEA were preferred, because at that stage liquid-liquid separation was considered
as a shortcoming [21]. The hydroxyl structure in MEA indeed prevents phase sepa-
ration from water [15]. But as the research scope expands, phase changing solvents
o ers considerable energy reduction potential due to its liquid-liquid equilibrium
characteristic. Researchers in IFP Energies nouvelles developed a DVfXprocess,
which undergoes phase separation after absorption [21]. Less ow rate entering the
stripper and higher solvent cyclic capacity enables the stripper to work at reduced
heat duty.

Moreover, another advantage lies in possibly diminished reboiler temperature, which
provides opportunity of utilizing industrial excess heat. For example, the MEA
process requires heat at 120-130 If this could be reduced, there is signi cant
potential to integrate industrial excess heat. This and further process integration
potential contributes to energy and cost optimization [22].

1.3 Aim of thesis project

Based on available experimental data from recent studies in phase-changing solvents
for PCC, the main object of this thesis work is searching for appropriate amine
absorbents that have phase-changing property and can be used in DMX process

or other similar process, to largely reduce reboiler energy demand for high carbon
dioxide removal e ciency.

The thesis starts with study of amine candidates detailed in their performance in
phase separation and desorption process. Modeling and simulation for the carbon
capture process using Aspen Plus is then performed to compare the energy reduc-
tion achieved for the identi ed promising candidates. After that, sensitivity analysis

is needed to see the reliability of the modeling result, and meanwhile understand
limitations and the inaccuracy of process simulation. Dierent process con gura-
tions are studied to see their potential in reducing energy consumption to a greater
extension.



2

Theory

In the following chapter, theory about amine-based absorption reaction mechanism,
reaction equilibrium constant calculation, as well as VLLE background used in this
work are discussed.

2.1 Phase Change Solvent Absorption Flowsheet

MEA Absorption

Figure 2.1: MEA absorption owsheet

The MEA absorption owsheet is shown in Figure 2.1. The process begins with re-

actions between ue gas and amine aqueous solution in the absorber at near ambient
temperature, and subsequent heating of rich CQOloaded solution releases CQOin

the stripper component. Heat exchanger utilizes the high temperature lean amine

stream after stripping. Flow mixed with CO, and other vapor is condensed in the

5



2. Theory

condenser after stripper, so C@®can reach a high purity. CQ after the condenser
will be pressurized for transportation and further storage [3].

DMX™ Process

Figure 2.2: Phase change solvent absorption owsheet

Compared to the MEA process, the main improvement in DMX™ process is the
reduced ow to the stripper because of the liquid-liquid phase separation of solvent-
water-CO, mixture in a decanter [21]. After reaction with ue gas, the rich CQ
loading solution is separated into two liquid phases, where only the one with concen-
trated CO, is sent to the stripper, and the lean one is recycled back to the absorber.
The vapor-liquid-liquid equilibrium (VLLE) property varies according to di erent
molecule chosen, solution concentration etc, which a ects the composition and ow
rate of two phases.

2.2 Amine Absorption Reaction Mechanism

Amines suitable for phase-changing carbon capture should exhibit several important
features: phase-separation performance, absorption capacity, and regenerability in
stripper. The studied amines react with CQ according to di erent mechanisms,
considering their chemical structures. Basically amines could be divided into three
groups according to the number of hydrogen atoms replaced by function groups:
primary, secondary and tertiary amines represent amines categories according to
one to three substituents, respectively.

As in equation 2.1, rst and secondary amine aqueous solution mainly attend car-
bamate formation (CF) [23][20], which is the core caption and typically not reaction

6
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rate limited. The absorption capacity is also a ected by factors including amine
solubility, insoluble salt formation and amine aqueous solution concentration.

For tertiary amines, the lack of free proton results in the formation of bicarbonate
being the main capture equation (eq.2.2). Researchers also studied reactions includ-
ing carbonic acid formation (eq.2.4). Yet formation of carbonic acid is relatively
slow and negligible compared with overall reaction rate [23].

Thus in the study scope of thesis work, mainly CF reaction (2.1) is assumed for
primary and secondary amines, while tertiary amine goes through bicarbonate for-
mation (2.2) .

RNH! + RNHCOO , CO,+2RNH, (2.1)
CO,+ RNH,+ H,0, RNH; + HCO, (2.2)
CO,+ RNHCOO +2H,0, RNH; +2HCO, (2.3)
CO,+ H,0, H*+ HCO, (2.4)

2.3 Liquid Liquid Equilibrium of phase-change amine

Total Gibbs energy and the fugacities are used as criteria when considering equilibria
in a multicomponent systems. For a multicomponent system, whem and P is
constant, equilibrium is reached when Gibbs energy is minimum [24] [25].

Fugacity is another alternative for chemical phase equilibrium calculation. Com-
pared to Gibbs energy, it is a straightforward extension of its application to pure
uids. For a liquid-liquid equilibrium system, the equilibrium compaositions can be
given as 2.5. In the equation, the superscriptsand are used to mark the di erent
liquid phase. in equations stands for the activity coe cient, and x represents the
mole fraction ofi in one of the liquid phases [24].

o = X PiSalt = fbl (2.5a)

Xi = X (2.5b)
There is a possibility that three phases can coexist together, two liquid phase and
one vapor phase. And the equation to describe this vapor-liquid-liquid equilibrium

7
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is given as 2.6.

= xP=1f=yp=1 (2.6a)

X PR = x P = yiP (2.6b)

For vapor-liquid-liquid equilibrium, stable T and P are important factors. While
for liquid-liquid equilibrium, only T a ects.

2.4 Absorption and Stripping

Absorption and stripping are two important unit operations in solvent-based post-
combustion CGQ, capture. Flue gas is rstly sent to a unit where one or some
components are taken away by nonvolatile liquid added to the system. The process
is called absorption, and the unit where the process taking place is the absorber.
Absorption can be physical and chemical. Physical absorption is caused because
components have higher solubility in solvents than in gas. In chemical absorption,
this solubility is enhanced by chemical reactions taking place between the absorber
compound and the solvent.

Chemical absorption can be reversible and irreversible. For solvent-based carbon
capture, absorption is usually reversible,that is C@can be released out in strip-
per, where the reverse reactions are favored because of di erent process operating
condition [26].



3

Methods

This chapter explains methods adopted in study and comparison between potential

amine candidates according to performance in reaction, separation and regeneration.
Details in subsequent Aspen Plus owsheet modeling including component settings,

layouts variation, reaction de nition etc. are discussed as well.

3.1 Study of Phase-Change Solvents

There are already studies and experimental results about some phase-change sol-
vents, stating their potential and limitation in carbon capture process. So the study
starts from selecting appropriate amines and compare them using Aspen Plus, which
is a cornerstone for later owsheet setting up.

3.1.1 Property Method in Aspen Plus

To start investigating available solvents in the study, the property methods are
important to know. Collections of models and methods used to compute ther-
modynamics and transport properties in Aspen Plus are called property methods.
According to the di erent equations used and the calculating sequences, property
methods are classi ed into 10 groups in Aspen Plus V838 These groups are rec-
ommended to be used under di erent conditions. Good choices of property methods
will bene t the system in later simulations [27].

From equations 2.1, 2.2, and 2.3, amines studied in this project reacts with carbon
dioxide, and ions are formed in the reactions. Due to the existence of ions, ELEC-
NRTL turns to be a preferred method since it accounts for electrolytic system. But
when ELECNRTL is occupied in the system, problems occurs and Aspen can't cor-
rectly process the calculation. The main reason for this is that ELECNRTL doesn't
play well with the phase separation in decanter. When this methods is using, the
decanter will either not recognize molecules and report errors, or not able to perform
the liquid-liquid separation and give out wrong result that have only one stream out
from decanter.

110 groups in Aspen: IDEA, Refence correlations for speci c components, Liquid fugacity
and K-value correlations, Petroleum tuned equations of state, Equations of state for high pressure
hydrocarbon application, Flexible and predictive equations of state, Liquid activity coe cients,
Electrolyte activity coe cients and correlations, Solids processing, Steam tables
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Since the phase separation in decanter is one of the main study aims for this thesis
project, other methods are tried to see if they are suitable to be used. Among the
studied methods, UNIFAC-LL turns out to be an available alternative. The method
can be used to play with liquid-liquid equilibrium in decanter, and can help to plot
ternary diagram in Aspen.

3.1.2 Aspen Component Speci cation

Before processing the modelling in owsheet, components need to be speci ed in the
system. Most of the commonly used components have already existed in data-bank
in Aspen Plus V8.8. For electrolyte problems, Elec Wizard on Select Components
sheet can be used to input ionic components and relative reactions into system.

Seldom used molecules and ions that are not yet exist in Aspen data-bank can
be de ned by user, i.e., by providing the molecular structur€’. For properties

of these user-de ned components, there are two methods provided by Aspen to
evaluate using their structures, one is to evaluate by NIST TDE, and the other is
to estimate through the property estimation tool. Both of the methods however,
can only provide rough estimation for components. It is thus very important to
perform cross-checking (and tting of the underlying property models) of the most
important properties for the scope of the process modelling, if experimental data
are available.

3.1.3 Property Check and Modi cation

For user-de ned anions and cations, one noticeable problem is that the system still
recognize them as molecules. So the molecule weight of these ions are modi ed to
correct value.

Cyi

T + Cy

Inp," = Cy + + C4T + CyInT + C4T" forCg 6 T 6 Cg (3.1)
Another noticeable problem is incorrect vapour pressure estimation of ions in Aspen
property estimation. Extended Antoine Equation (eq.3.1) is used in Aspen to cal-
culate vapour pressure, and relevant £to Cy values are estimated by the property
system. This is a crucial property for absorber and stripper simulation. The C
values of molecules are modi ed to ensure zero ion emission. Detailed C1 to C9
values are given in Appendix A.1.

3.1.4 Aspen Ternary Diagram Study

The mixture of certain amines with water in the presence of CQexhibits two liquid
phases under certain conditions. The main object is to gure out their liquid-liquid
phase separation performance and working range. Aspen Plus 8.8 works as the
property estimation tool.

2lons de ned and imported by users are recognized as molecular form in Aspen, properties as
for molecule weight need to be modi ed manually to avoid errors in later simulation
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Ternary diagram analysis is the preliminary tool for checking VLLE behaviour. If the
amine agueous solution shows phase separation possibility, the diagram describes the
separation result for diverse working conditions through tie lines and phase envelope
as in Figure 3.1 below. Only mixture compositions in the envelope are separated
into water and lipophilic phase, while the two ends of tie line indicate composition

of corresponding out ow.

The preferred result is relatively complete separation of carbon dioxide, while water
could exist in both ows. Then only the heavy CQ loaded ow is sent to further
desorption. So the criteria of ltering amine at this section is that they could show
phase separation envelope in the ternary diagram.

According to Zhang, Qiao, Agar [20], certain amines have shown promising exper-
imental results on absorption capacity, regenerability and reaction rate. Based on
that, 7 amines are selected for our ternary mixture diagram study. 6 of them ful |
the criteria. These 6 amines are listed in Table 3.1 below, together with respective
VLLE ternary diagrams (Figure 3.1 to Figure 3.6). While study on DMCA?2 shows
that the working envelope is close to none, which is given in the Appendix Figure
Al

Although from the diagrams, EPD and CHPA show better phase envelope range
than others, this cannot conclude they are the best performing amines. The reasons
can be that ternary diagram study does not consider chemistry, and the compositions
of two separated phases are also important factors.

Table 3.1: 6 Amines which showed VLLE ternary diagram phase envelope

Name Amine Group CAS no. Existin Aspen
Diisobutylamine(DIBA) Secondary 110-96-3 YES
Di-n-propylamine(DPA) Secondary 142-84-7 YES

Hexylamine(HXA) Primary 111-26-2 YES
Cycloheptylamine(CHPA) Primary 5452-35-7 NO
N-Ethyl piperidine(EPD) Tertiary 766-09-6 NO

2,6-Dimethyl piperidine (26-DMPD) Tertiary 504-03-0 NO

SDMCA : N,N-Dimethyl Cyclohexyl amine
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Figure 3.1: VLLE ternary diagram DIBA

Figure 3.2: VLLE ternary diagram DPA
12
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Figure 3.3: VLLE ternary diagram HXA

Figure 3.4: VLLE ternary diagram CHPA
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