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Abstract

Climate change has become one of the most urgent environmental issues due to the rapid
reduction of anthropogenic carbon dioxide emissions. Reducing harmful CO, emissions is
possible through carbon capture and storage (CCS). CCS technologies rely on accurate
thermodynamic property estimations of carbon dioxide mixtures with impurities to design and
operate CO» transport processes. Consequently, researchers have begun to pay increasing
attention to studies related to thermodynamic properties, particularly vapour—liquid equilibrium
(VLE) of CO;, mixtures. Conventional methods to obtain these properties, such as experiments
or empirical equations of state, however, have many limitations. The phase equilibrium
property can be determined using the free energy, which is the criterion for stability. However,
it is extremely challenging to calculate the free energies of fluids using computer simulation. A
method for obtaining the absolute Helmholtz free energy (F) was developed in this thesis. This
thesis aims to use the Density of States (DOS) Partitioning Monte Carlo (MC) method to
accurately and unambiguously calculate the free energy to predict the phase coexistence
characteristics of binary mixtures of CO, with SO», H,S and N», which are typical impurities in
the captured CO; stream. The computed VLE from the DOS partitioning method is in good
agreement with available experimental data, the equation of the state model and MC
simulations. Other binary mixtures, especially those containing CO>, can also be explored using

this methodology.
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Chapter 1

Introduction

1.1 Synopsis

The first part of the report gives an overview of the background of the increase in global
temperature due to the heavy use of fossil fuels. And to deal with the climate crisis, since the
Paris Agreement, the international community has begun to form a consensus on reducing
carbon emissions and set the goal of achieving carbon neutrality as soon as possible to curb
climate deterioration. Following the background, the concepts of CCS are introduced. Such
technology is believed to have great potential to curb climate change, helping people to achieve
the goal of carbon neutrality as much as possible without completely abandoning fossil fuels.
CCS chain must be designed and operated concerning impurities present in carbon dioxide
captured from energy conversion processes. To determine the level of purification needed and
to evaluate the potential coexistence of impurities with CO», a comprehensive understanding
of the thermodynamic properties of impure gas streams, especially the VLE, is essential. It has
traditionally been possible to obtain these data through experiments or using empirical
equations of state, but each has its limitations. The development of molecular simulation
techniques, particularly molecular dynamics (MD) simulation and the Monte Carlo (MC)
method, have allowed many thermodynamic properties of fluids to be computed directly. Free
energy can be used to explain a wide variety of physical and chemical phenomena, but
calculating free energies by molecular simulation is more challenging. Therefore, the purpose

of this thesis is to address this challenge.
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1.2 Background

Since the 20" century, with the explosive growth of the global population and the acceleration
of the international industrial process, human beings have increasingly demanded various types
of energy. Among them, fossil fuels have contributed more than 85% of the energy (Rackley,
2017), and the remaining 15% consists of nuclear, hydro and other renewable energy sources.
Fossil fuels have been the main source of primary energy since the Industrial Revolution and
will likely remain so for the rest of this century. Figure 1.1 below shows the annual CO,
emissions since 1750. The massive consumption of fossil fuels has released large amounts of
CO; into the atmosphere and has changed the amount of carbon inherent in the atmosphere.
Although human CO, emissions are relatively small compared to the total amount of CO; in
the atmosphere, the rapid increase in CO, concentration in the short term still has a non-

negligible impact on the global climate (Kilkis et al., 2020).

Annual COz2 emissions

Carbon dioxide (COz2) emissions from fossil fuels and industry. Land use change is not included.

35 billion t World
30 billion t
25 billion t
20 billion t
15 billion t
10 billion t

5 billion t

Ot
1750 1800 1850 1900 1950 2020

Source: Global Carbon Project OurWorldinData.org/co2-and-other-greenhouse-gas-emissions/ » CC BY

Figure 1.1. Annual CO: emissions since 1750 (OurWorldInData, 2020)

NASA (2022) reported that the earth's average surface temperature has risen by at least 1.1

degrees Celsius since the 1880s. As shown in Figure 1.2, the global average temperature since
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1975 increased rapidly at a rate of 0.15-0.2 degrees Celsius per decade. Global warming is not
only an environmental issue. Still, it has also caused serious threats in important fields such as
the global economy, energy security and food security, etc., which is an unprecedented
challenge to human beings. Since the millennium, a series of problems caused by global
warming has gradually attracted the international community's attention. The deficiencies in
the previous economic development model have become imminent, and the establishment of a
low-carbon, sustainable development model has gradually become the consensus of various

governments (Li et al., 2022).

1.0

0.8+
0.6+

0.4

NASA GISS
Cowtan & Way
Berkeley Earth

0.4

06 g ! AR Met Office Hadley Centre/Climatic Research Unit

e | I I I
1880 1900 1920 1940 1960 1980 2000 2020

Figure 1.2. Global temperature records by the different research groups (NASA, 2022)

In December 2015, official representatives from 196 countries and regions gathered in Paris to
adopt the landmark Paris Agreement (PA). This agreement is a legally binding international
climate treaty that aims to bring every country into the same great cause and make a
corresponding effort on climate change. The 196 governments that signed the pact pledged to
work together to keep the world's average temperature no more than 2 °C above pre-industrial
levels, ideally lower than 1.5 °C (United Nations, 2015). In 2018, the Intergovernmental Panel
on Climate Change (IPCC) assessed the impact of a 1.5°C rise in global temperature compared
to pre-industrial levels and suggested the need and urgency to delay global warming. The report
of IPCC (2018) detailed that containing the climate rise within 1.5 degrees Celsius will largely
reduce the frequency of natural disasters (e.g., floods, droughts, etc.) from the perspective of

short-term and long-term impacts, respectively. Curbing climate rise will also greatly reduce
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risks to human survival due to rising sea levels and reduced biodiversity (Zhao et al., 2022).
Therefore, cutting down the emissions of greenhouse gases and mitigating global warming have

become the goal of all humanity.

In addition to determining the overall goal of advocating a green economy and slowing global
warming, the PA specifies a series of active measures regarding environmental protection and
human survival. These include achieving global climate neutrality by the mid-21st century
(around 2050). In order to realize this grand vision, every country needs to reach peak carbon
emissions as early as possible. Also, as the member states of the PA, all countries are required
to set greenhouse gas (GHG) emission reduction targets that suit their national conditions and
submit climate action plans every five years, known as nationally determined contributions
(NDCs). As the 23rd country to ratify the Paris Agreement, China became a PA member state
in 2016 and submitted its own NDC in 2020. In addition to China's practical actions in the field
of carbon emissions, more and more other countries are also actively responding to the carbon
neutrality initiative and take corresponding steps. At the One Earth Summit in 2017, 32
countries worldwide signed up for the Carbon Neutrality Coalition (CNC) to achieve carbon
neutrality goals. In 2019, 66 countries and regions pledged to achieve zero carbon emissions
and established the Alliance for Climate Ambition at the UN Climate Action Summit

(UNFCCC, 2019).

As the world's second-largest economy after the USA, China has become the world's factory in
recent years. China produces the world's largest amount of steel, cement, and other building
materials and also manufactures the world's largest number of industrial supplies such as ships,
machine tools and automobiles. Among them, fossil energy plays an irreplaceable and
important role in the process of China's industrial rise (Admos, 2019). However, the rapid
economic development has also produced corresponding environmental costs, and the
excessive consumption of fossil fuels has led to the persistently high carbon emission level in
China. Since 2011, China has become the world's largest emitter of CO, as shown in the Figure

1.3.
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2019 net GHG emissions from the world's largest emitters

Million metric tons of COze, including emissions and removals from land-use and forests and share of global
total

14,000 27%
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0

Figure 1.3. China becomes the world's largest emitter of CO, (Kate, et al., 2021).

As mentioned above, environmental protection and sustainable development have become the
consensus of today's international community. Therefore, as the largest carbon emitter, China
faces enormous pressure to reduce CO, emissions (Lin and Xu, 2020). Under this circumstance,
China has taken the initiative to assume its international responsibilities as the most populous
country in the world, formulated many policies to control carbon emissions, and made efforts
to promote and develop a green and sustainable economy. For example, in 2020, Chinese
President Xi Jinping made a declaration at the United Nations that China would peak its carbon
emissions by 2030 and achieve carbon neutrality by 2060 (shown in Figure 1.4 below). China
has demonstrated its support for the PA to the international community with practical actions,
leading the world to move towards the goal set on the PA (global average temperature increase

of no more than 1.5 °C), which reflects its determination to develop a green economy.
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Annual CO, Emissions
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Figure 1.4. China’s 2060 carbon neutrality plan (Lin and Zeng, 2021).

As introduced above, China plans to achieve the goal of peaking carbon emissions by 2030.
The term carbon peak mentioned here refers to a year in which the CO; emissions of an industry
or region reach their high historical values (peak). After getting the peak, the carbon emissions
of this industry or region will transition to a relatively stable stage and begin to decline after a
period, which means that economic growth becomes no longer positively correlated with CO»
emissions. It is one of the important indicators of achieving the goal of a green economy.
Another term, ‘carbon neutrality’ means that the CO, emissions produced by social production
and life are equal to the fixed CO; emissions absorbed by various biological and chemical
means. To achieve the goal of carbon neutrality, companies and individuals need to replace
traditional fossil fuels with clean energy as much as possible while avoiding waste of energy
and resources. However, carbon neutrality is an aspirational goal; for certain industries, net CO»
emissions are unlikely to be zero. For example, even if all electricity is powered by clean energy
(tidal, solar, wind and hydro), traditional industries such as steel and coal production will still
have carbon emissions. Therefore, establishing a carbon sink or carbon budget system is

required to make it close to neutrality (Becker et al., 2020).
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The above section explains what carbon neutrality means for a country or region; however, on
a global scale, carbon neutrality is a much more ambitious goal. The PA proposes that in the
future, efforts need to be made to keep the global average temperature below 1.5 °C of the pre-
industrial average. This means that in a limited period, the net emission of greenhouse gases
into the atmosphere must be close to zero. In other words, carbon neutrality can be achieved
when the greenhouse gases absorbed by various human activities can offset the greenhouse
gases that people produce. By monitoring the carbon emissions from the industry in 2021, Liu
et al. (2022) assessed the progress in achieving the goal of carbon neutrality and estimated the
remaining carbon budget. The dark blue line in Figure 1.5 illustrates the predicted CO,
emission mitigation pathway if the PA needs to be reached by 2050. Also, in this report, Liu et
al. concluded that if the trend in 2021 continues, the carbon budget may be consumed half a

year ahead of schedule with a 67% probability (Liu et al., 2022).

x% CO._emissions .. Daily
difference average
10 previous years in 2019

140

0 +1.2% -5.7% +4.8%
-
AT P
T A / .
N o Lawmme
s / ,-f’
5, 35.3 Gt 33.3 Gt 34.9 Gt / ] \
g Jul-1 1 Jut-1 n-1 Jut-1 f -~l
g o o1 Job1 Jend ) VY
@ 2019 2020 2021 / / \
b - L \
S iV /
2 : ¥ o R4
2 C0O,+Cl i r -_I’ \ 2°C scenarios
2 o ’o' 4% yr ')
3 Pt SRR
\ \
= g™
C:‘ +1.3 1 \

+1.7% yr \
L e
e B
N

*L7%yr! +0.7% yr! +03% yrt +21% yr! +1.3%yr' CH, \

(k3D ~

=="g" 0 e O

0
1970 1980 1990 2000 2010 2020 2030 2040 2050

Figure 1.5. Predicted CO, emission mitigation pathways (dark blue) to achieve carbon

neutrality in ten years (Liu, et al., 2022)

Of course, the greenhouse gas is not only CO,, but because of its extremely high amount, CO»
is the main component of greenhouse gas and seriously affects the climate. According to the

researchers' calculations (Su, 2021), the cumulative global CO; emissions reached a staggering
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2,500 Gt in 2019, four times more than in 1950. Therefore, CO; is usually the main objective
of the international community to achieve zero greenhouse gas emissions. Currently, the four
terms used to represent the goal of curbing global temperature rise proposed by PA are carbon

neutrality, net-zero carbon emissions, climate neutrality, and net-zero emissions, respectively.

The four terms mentioned above have very similar names, but they all have their meanings in
a strict sense. The [PCC's 2018 report defines the alignment of the concepts of carbon neutrality
and net zero carbon emissions. Carbon neutrality can be reached when the CO, emissions
produced by social production and life equal the CO; absorption. Thus, the object described by
the terms carbon neutrality and net-zero carbon emissions is mainly CO,. Net-zero emissions
generally refer to the balance between the production and absorption of greenhouse gases,
including CO,, and other gases, such as methane. Therefore, if net-zero emissions are used as
the test metric, the degree to which the target is achieved depends on the gas of interest. For
example, if a chemical plant targets zero methane emissions, engineers only need to focus on
how much methane the plant absorbs or releases each year, not CO». Different from the above
three concepts, climate neutrality is not specifically limited to one or certain greenhouse gas.
Climate neutrality refers to the macro impact of human activities on climate, as greenhouse gas
emissions are only part of the cause of climate change. Other human activities such as clearing
land, clearing forests, and building infrastructures such as roads and dams can also profoundly
impact the climate. It is worth noting that the carbon neutrality and net zero greenhouse gas
emissions mentioned above are not necessary conditions for climate neutrality; in other words,
as long as the local climate conditions are not affected, both methane and CO; emissions are

acceptable.

These concepts are dull and confusing to some extent, so even though the IPCC has clearly
defined these concepts and explained their differences in the report, there are still deviations in
understanding these definitions among policies in many countries. In many countries (such as
France, Finland, Japan, etc.), climate neutrality is still a strategic goal of economic development;

however, at the policy level, most policies and laws revolve around net zero carbon emissions.
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1.3 CO; Capture and Storage (CCS)

As mentioned in the section, greenhouse gas emissions from human activities are dramatically
affecting the global climate. Among these greenhouse gases, CO; is thought to be mainly
responsible for the increase in global surface temperature (Li et al., 2011). For the goal of a
green economy, humanity has begun to study how to reduce the existing CO> in the atmosphere,
and CCS technologies have emerged as the times require. The IPCC recognizes CCS as one of
the technologies that can effectively reduce mid-term CO, emissions in the atmosphere
(Mantovani, 2012). This technology usually refers to utilizing physical or chemical technics to
separate the carbon from the combustion of fossil fuels before being directly released into the
atmosphere. Then the CO; can be transported to a storage site and permanently stored (Metz et

al., 2005).

Currently, most research on CCS is devoted to the application of CCS in power plants and the
storage of captured CO; in geological reservoirs because power plants are the largest carbon
emission stationary sources in the world, accounting for 80% (Matteo et al., 2013). The
remaining 20% comes from other industrial sectors, such as steel plants (5%), cement plants
(7%) and oil refineries (6%). The IPCC also proposes that if CCS is widely used in the power
generation industry, CO, emissions per kWh of electricity can be reduced by up to 90%.
Therefore, the promotion of CCS can accelerate the realization of the vision of a green economy

as an effective complement to the clean energy strategy (Li et al., 2011).

Today, fossil fuels remain the dominant energy source for much of the world, and many
countries worldwide are making efforts to expand the share of clean energy in the energy mix.
Various policies have been formulated for this purpose. For example, increasing investment in
photovoltaics, hydropower generation, or tax exemptions on goods produced using clean
energy to encourage companies to use. But inevitably, since fossil fuels have been deeply bound
to industrial civilization, people cannot get rid of their dependence on fossil fuels in a short
time. Therefore, CCS may have enormous potential to play a significant role in addressing
climate change for the remainder of this century. From this perspective, the basic role of CCS

can be viewed as the transition to full use of clean energy, allowing people to continue to use
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fossil fuels while reducing carbon emissions, thereby delaying global warming. However, there
are currently only four large CCS commercial projects worldwide, each capturing and fixing
roughly 1 Mt of CO» annually. If CCS truly serves as a solution to curbing climate change, this

number must reach the level of Gt (Herzog, 2011).

CCS has not been promoted and used on a larger scale because its cost has remained high. In
summary, there are mainly three steps in a CCS system, as shown in Figure 1.6: capture (or
separation), transportation and injection.

Feed to

separation
Process

COsy rich
mixfure

Dehydration Compression / H -
Purification H liguefaction * Transport Storage

Conditioning

* Interaction with
other fluids and
minerals

Other gases

Figure 1.6. Main steps of the CCS chain (Li H, et, al., 2011).

The latter two steps, transportation and storage, are inexpensive because the existing
technology is quite mature. The real reason that makes CCS expensive is the separation, which
accounts for two-thirds of the entire system cost, hindering the large-scale commercialization
of CCS. Engineers and scientists have made many attempts and efforts to make the process of
separating CO; efficient and cost-effective. Based on the chemical reaction process during the
combustion of fossil fuels, three carbon capture techniques have been proposed: pre-
combustion capture, oxy-fuel combustion, and post-combustion capture, respectively (Li et al.,

2011).

As illustrated in Figure 1.7, pre-combustion capture refers to the pre-reaction of fuel with air
to produce a mixture rich in H, and CO (also known as syngas), which is then passed through
a catalyst to convert the CO into CO,. Finally, the separation of hydrogen and CO; can be easily
achieved in several ways. The obvious disadvantage of this approach is the requirement for gas

turbines that can operate efficiently in H,-rich conditions.
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Figure 1.7. Three proposed methods for CO; separation (Li, et al., 2011).

Oxyfuel combustion allows the fuel to carry out the combustion reaction in a pure environment
with only oxygen so that the product is only CO,, which can be directly transported and stored.
The need for pure oxygen makes this method expensive and unfavourable for commercial
deployment. The purpose of post-combustion capture is to remove CO; from the emissions
produced after the combustion of the fuel, which usually consists of N, and CO,. This method
is currently the most feasible because some of the technologies involved can be implemented

directly by retrofitting the flue without replacing the power system.

1.4 Conventional Method

Impurities are always unavoidable in the process of capturing CO- through energy conversion.
According to the previous study (Li H et al., 2009), the development and implementation of
CCS systems are significantly affected by impurities. Li H et al. (2011) have revealed it is
critical to accurately assess the thermodynamic properties of CO, mixtures, especially VLE,
when designing the procedure of CO, gathering and undesirable gas separating to enhance the
efficiency of the whole sub-processes involved in both capture and transport systems. Both the
fuel used and the technology used in the capture process determine the type and number of
impurities existing in CO,. For example, H>O is the dominant impurity in the CO, stream

captured after the combustion of amine solution, hence the fuel is relatively clean.
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Nevertheless, it is predicted that burning oxy-fuel can create a comparatively higher

concentration of unwanted substances in the gathered CO; stream, and the production of more

intricate composition happens and exist in the gathered CO, stream when Integrated

Gasification Combined Cycles are employed. Previous studies (IPCC, 2005; Li H, 2008; Visser,

2008) have summarized the possible impurities produced by various oil industries and the

processes of fuel conversion in Table 1.1. Meanwhile, Table 1.2 shows the probable ranges of

the impurity concentration in the streams obtained from the CO, gathering process (Li et al.,

2011).

Table 1.1. Possible impurities (IPCC, 2005, cited in Li H, et al.,2011)

Description

Possible Impurities

CO; captured from natural gas sweetening
CO; captured from heavy oil production
and upgrading

CO; captured from power plants using
post-combustion capture

CO; captured from power plants using
oxy-combustion capture

CO; captured from power plants using

pre-combustion capture

NOx

CH4, amines, H>O
st, Nz, 02, CO, HzO, Hz, COS, AI‘, SOX,

Nz, amines, HzO, Oz, NH3, SOX, NOx

N2, Oz, SO2, HaS, Ar

Hz, CO, N2, H>S, CH4

Table 1.2. Impurity concentrations (Li H, 2008 and Visser, 2008 cited in Li H, et al.,2011)

Component Min mol% Max mol%
CO; 75 99
N 0.02 10
0)) 0.04 5
Ar 0.005 3.5
SO <0.0001 1.5
H,S+COS 0.01 1.5
NOx 0.0002 0.3
CO 0.0001 0.2
H» 0.06 4
CH,4 0.7 4
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Several experimental and theoretical methods for obtaining the VLE of the working fluid are
proposed. The experimental design and implementation are often based on phase equilibrium
data of mixtures containing CO, to provide the basis, which needs to analyse the
thermodynamic characteristics of the mixture containing CO, when each phase reaches
equilibrium. Essentially, the thermodynamic parameters such as component concentration,
specific volume, and entropy of the mix at phase equilibrium can be figured out by analysing
the thermodynamic attributes of CO,-containing combinations when the phases are in balance
and by determining the thermodynamic parameters (e.g., temperature, pressure, etc.) at
equilibrium. So is to provide a basis for the analysis of the thermodynamic parameters related
to the CCS, the selection of the separation method, the separation purity, the separation rate,

the separation energy consumption and the design of the system process and equipment.

1.4.1 Experiment

The experimental method is the most straightforward and reliable way for the phase equilibrium
data acquisition; that is, a series of properties such as density and composition of each phase
state under the condition of phase equilibrium are measured at a given pressure and temperature,
and then the relationship between temperature, pressure, and molar composition of each phase
at equilibrium is calculated by the method of computational correlation. In the recent century,
more researchers have focused on investigating the VLE properties of CO; mixtures and carried
out numerous experiments. Experimental methods can be divided into analytical and non-
analytical methods in terms of whether samples are taken for analysis. The analytical way the
experimental determination is carried out by direct sampling gives relatively accurate results
under normal circumstances; however, the error is greater for special systems, such as
determining the thermodynamic properties of infinite dilutions. The analytical method can be
divided into static methods and dynamic methods according to how the system is brought to
equilibrium during the experimental determination. In addition, Valtz et al. (2002), have
developed some experimental systems that are highly accurate in estimating vapour-liquid
equilibrium via static methods. Dynamic methods are further divided into recirculation methods

and continuous flow methods. For instance, many investigators have also measured the VLE
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using recirculation methods, which can expedite the system equilibrium compared to static
methods. An apparatus utilising the vapour-phase single-recirculation method was designed by
Bobbo et al. (1998), and the system was improved by Zhao (2017) and Dong (2018), and Meng
et al. (2018). Moreover, another apparatus was developed by Lim et al. (2002) based on the
vapour-liquid double-recirculation method (Nie et al., 2018). The non-analytical process does
not require direct sampling but employs an indirect approach to determine properties such as
component content at phase equilibrium. This method uses the solution's dew point, bubble
point, volume change and chromatographic slope to assess phase equilibrium (Yang, 2016). By
evaluating hundreds of working fluids with the assistance of researchers, it was possible to

determine the VLE of these fluids.

1.4.2 Theoretical Research

There are two major methods widely employed in theoretical studies that are the equation of
state (EOS) and the group contribution (GC) (Li H et al., 2011). EOS relates the value of a
given substance's pressure, volume, and temperature into a mathematical equation. Essentially,
the deviation functions of ideal gas dynamic condition and phase equilibrium can be obtained
based on the relationships inside gas provided by typical thermodynamics. According to this,
even though the mixture component data is limited, commonly only including temperatures at
a critical level, acentric factors, and pressures, the thermodynamic properties in the case of
vapour and liquid phases can also be determined. A large scale of temperatures and pressures
involving two different zones that are sub-critical and supercritical can employ the equation of
state for mathematical analysis. The equations of state have been divided into various categories
based on previous research, such as cubic equations from the van der Waals family and
extended virial equations family. Performances of different models have been proved to be
varied depending on various attributes, components, and states (Abbott, 1979; Danesh, 1991;
Yang, 2003). The most common EOS associated with CCS, especially those estimated in

previous papers, are discussed as follows.

The cubic equations can be considered the simplest EOS, which makes them a favorite choice

while dealing with the applicable engineer. As a critical point can be forecasted, the condition
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of VLE can also be quantitatively obtained with this equation. Van der Waals raised the EOS in
1873; after that, scientists devoted themselves to improving the cubic equation by introducing
two or more parameters to predict the equilibria attributes of volumetric fluid and phase
accurately. Hence, there were more and more cubic equations proposed since 1873, for instance,
the Redlich—-Kwong EOS (RK) by Kwong and Redlich (1949), Soave—Redlich—-Kwong EOS
(SRK) by Soave (1972), the Peng—Robinson EOS (PR) by Peng and Robinson (1976) and so
on. Cubic EOS has commonly been deemed an outstanding model tool for phase equilibrium

(Lietal., 2011).

In terms of the modelling ability in VLE of those RK, PR, and SRK cubic equations of state,
also involving the Perturbed-Chain SAFT (PC-SAFT) and Statistical Associating Fluid Theory
(SAFT), Diamantonis et al. (2013) utilizing different binary VLE mixed with CO,, including

SO,, H,S, CH4, Oz, and N, as well as the mixture fluids of CO,—N,—0..

EOS has its advantages over other modelling approaches, and the fact that multiple
thermophysical properties can be calculated using relatively simple calculations with EOS is
undoubtedly its most endearing advantage. Moreover, several EOSs allow researchers to
employ the most adaptable one. Then, the accurate evaluation with EOS is capable of fully
satisfying the demand of engineering work. EOS also own some disadvantages, such as finite
applications. The reason is some of the property constants of the equation are calculated
utilizing the traditional working fluids in a general way, and several parameters, especially for
the coefficients of interaction, are absent. Those coefficients can only be determined from
previous experience, which is a tedious workload. But these shortcomings are relatively
addressed by the GC method, which is based on a hypothesis that thermophysical
characteristics for targeting fluids are the function of those parameters which are reliable to
molecular structure in fluids. GC means assumes that every single component consists of
different functional groups based on its molecular structure, and each group is capable of
contributing to thermophysical characteristics, which corresponding parameters of other groups
can present. VLE data from previous experiments help to determine parameters of functional
groups, commonly those traditional working fluids with known molecular structures. Besides,

several novel working fluids can be designed based on this functional group hypothesis.
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However, GC also has limitations. It is hard for this method to handle isomer systems since it
is derived from some specific approach. An example condition is that the existence of molecules
with a novel functional group that is not included in the database of group contribution method

would make difficulties in the properties evaluation of working fluids (Nie et al., 2018).

Besides, inter-component interactions are explored by correspondingly establishing hundreds
of mixing rules to predict the VLE of work fluids mixture with the help of cubic equation of
state (EOS). Research on mixing rules has received a lot of scholarly attention in recent years,
and there are only two dominant types, van der Waals (vdW) mixing rules and excess free
energy (GF) mixing rules (Kwak and Mansoori, 1986; Tochigi et al., 1995, cited in W, et al.,
2022). The combination of using the cubic EOSs and van der Waals mixing rules is commonly
used in VLE since this combination is simple and relatively accurate (Wu et al., 2022). The PR
EOSs using vdW mixing rules with a novel model, which are closely associated with acentric
factors and fluorine atomic numbers, were put forward by Chen et al. in 2008 to finish the
prediction of VLE properties within the context of HFC/HC binary mixtures. For the purpose
of predicting the phase characteristics of binary systems consisting of ethane + n-alkane and
methane + n-alkane, Duaret et al. (2014) proposed an exponential function, known as the kij
model, that establishes a relationship between the critical temperature and temperature by
utilizing the PR and RKPR EOS as supportive components (Wu et al., 2022). Besides, a PR-
VDW model based on the temperature-reliable kij was developed by Zhang et al., and the
prediction covered kij for a total of 351 binary systems was achieved using an experimental
database (Nie et al., 2018). With respect to the excess free energy (G*) mixing rules, they are
appropriate for behavior prediction of liquids in the case of greatly non-ideal systems. The
studies involve several mixing rules for the EOS/GE model, for example, HV, WS, MHV1, and

MHV?2 et al. (Nie et al., 2018).

Excess Gibbs free energy visualizes energy behaviors into specific parameters in the model
employing Cubic EOSs. It is proved by Qin et al. that the VLE data was highly accurate while
employing the o PR-WS-MUNIFAC model to evaluate not only the binary mixture of R152a +

R1234yf but also the ternary mixture of R32 + R125 + R134a (Qin et al., 2018).
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Su et al. (2017). evaluated and summarized capabilities and limitations in the prediction of
several prevalent cubic EOSs and mixing rules like VDW and Excess free energy employed in
VLE calculations of working fluids, especially focusing on how the interaction coefficients
impact predictions under various mixing modes and how to determine this parameter. Due to
the high dependence of the interaction coefficients on empirical data, a perfect model for
predicting that can provide a better prediction for the large range of mixtures has not been
proposed yet. In summary, determining interaction coefficients for binary systems has apparent

drawbacks (Nie et al., 2018).

It is clear from the above pieces of literature that both experimental and theoretical approaches
have their specific limitations. For instance, obtaining data for both traditional and novel
working fluids from the experiment is persuasive but costly and time-consuming. Therefore,
experiments are not considered the initial choice and primary assessment while dealing with
many working fluids and mixtures. Apart from that, it is experiments data providing the basis
of parametrization of theoretical methods like EOSs and GCs mentioned above. Therefore, the
absence of experimental results would lead to failure in accurate VLE prediction of novel
working fluids using those models. In addition, some research by Lasala (2016, 2017) has
pointed out that the optimization of models, in theory, requires the uncertainty of data from
experiments. Parameterization of thermodynamic models can be limited by the uncertainty in
experiments in every measurement result, which is a general issue affecting this process (Nie

et al., 2018).

1.5 Molecular Simulation

Temperature, density, volume, heat capacity, and other macroscopic properties are determined
by specific interactions between molecules on the microscopic scale. The research for
connections between the microscopic and macroscopic worlds has been a popular study, and
adequately explaining this connection is essential for determining fluids' thermodynamics and
transport properties. Molecule simulations have made great progress, which can also provide
information about their structure and dynamics. Calculations obtained by molecular computer

simulations can be performed to arbitrary accuracy if the simulation time is long enough. Unlike
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complex experimental processes, molecular simulations are reliable tools for studying the phase
equilibrium of fluids from a microscopic point of view, without the constraints of experimental
conditions, equipment failures and safety hazards caused by high pressures, etc. It has the
advantages of safety, speed and accuracy and can be extended to research areas where

experimental data are insufficient (Yang, 2016).

The development of molecular simulation, which includes MD simulation and the MC method,
has made significant advances in recent years. The molecular simulation method is a method
to link macroscopic phenomena to molecular interactions; this technique is highly predictive
and efficient for computation because it is based on statistics. In particular, Li et al. (2011) have
demonstrated that molecular simulation is a versatile and important method for studying CCS
since it overcomes the limitations of inadequate experimental data within traditional approaches.
Having determined the molecular structure of the fluid in which the work is, the VLE can be
predicted using molecular simulation. The Boltzmann distribution can be used to determine
some configurations of the particle system in the Monte Carlo method. Through sampling in
these configurations, one can calculate the thermodynamic properties of the system using the
ensemble average (Frenkel and Smit, 2002). While MC can calculate VLE efficiently (Ramdin
et al., 2016), the results are not that accurate regarding dynamic data (Theodorou, 2010).
Molecular dynamics simulation is based on the solution of Newton’s second law for particle
systems to determine the momentum and position at each time step of a particle. Thus, this can
provide a more accurate portrayal of the actual particle movement. As well as processes that
are in equilibrium, for instance, VLE, MD can also be used to determine non-equilibrium
processes (Li et al., 2010) and reactions (Huo et al., 2017). Following will be a discussion of

the details of MC and MD.

1.5.1 Statistical Thermodynamics

As a result of molecular simulation, all thermophysical properties can be predicted within a
theoretical framework, namely statistical thermodynamics (McQuarrie, 1976; Rowley, 1994).
In statistical thermodynamics, also known as equilibrium statistical mechanics, a connection

exists between the macroscopic and microscopic worlds. It uses total energy to obtain
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thermodynamic properties, which are determined by a particle's position and momentum. It is
a process of integrating over the momenta and positions of the molecules contained in the
system. When a system is observed at a particular time, its state depends entirely on the 3N
position coordinates (X, y, z) N (t) and 3N momentum conjugates p" (t) of the N particles,
identifying a phase point in 6N dynamical coordinates. Statistical mechanics is the theory that
explains macroscopic physical properties A by applying the microcosmic instantaneous replica
A[p" (£), N (t)] to the time average A, utilizing the following equation to calculate the time

average Agye-
.1
Aave = }Lrg;forA[pN(t),rN(t)]dt (1])

in which t represents the time and T represents the time interval. By integrating Newton's
equations of motion, the integral value calculated in Equation 1.1 approaches the property’s
actual value as the measured time increases to infinity. Such calculations are performed using
molecular dynamics simulation. As seen from the equation above, if the system’s initial state is
known, it can be integrated to obtain the time average A4,,.. However, due to the huge number
of particles in the macroscopic system (10?* orders of magnitude) and the infinite number of
corresponding microscopic states, A,,, is extremely complex. The system's initial state cannot
even be determined, let alone Newton's equations of motion, and the movement of particles can

be calculated.

Gibbs (1902) introduced the concept of an ensemble 1902: an ensemble is a set of systems with
a fixed number of molecules N utilized in statistical mechanics. The averages derived from
these ensembles are frequently referred to as ensemble averages. Molecular simulation is based
on ensemble theory. The ensemble theory, which aims to derive thermodynamic properties A
from a molecular perspective, aims to determine how likely a set of molecules will be in a
particular energy state (Nie et al., 2018). The time average can then be replaced by the ensemble

average (A):

4y = [J A@", " P(", r")dp" dr" (1.2)
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where P(p", ") is the probability that a configuration with momenta p" and positions ¥
will be found. As known from Equation 1.2, the result of the integration of the system in all
possible configurations (p", ") is what provides the solution. MC simulations can be used to
compute the ensemble average (A), which samples in accordance with a probability density

P(p",rN) based on a set of fixed macroscopic conditions (such as NVT, NpT, etc.).

Molecular mechanics simulations of fluids were first achieved by Metropolis et al. (1953),
when a scheme was developed to obtain the ensemble averages using sampling obeyed the
Boltzmann distributions. This resulted in MC simulations. Following this, Alder (1957) realized
that it was feasible to simulate the behavior of real systems by utilizing periodic boundary
conditions and it was based on the integration of equations of motion involving only a small
number of particles. This was the first molecular dynamics simulation of a real system. A
fundamental principle of statistical mechanics is the ergodic hypothesis, which states that at

thermodynamic equilibrium, the time average A, is the same as ensemble average (A).

However, there are some differences between the MC and MD, and the Figure 1.8 depicts the
flow chart for both methods. The MC simulation is stochastic and does not include information
regarding particle momentum or other time-dependent characteristics. Alternatively, MD is
deterministic and keeps track of both point positions and momenta as well as calculates forces
and accelerations. In contrast to MD, MC does not involve the use of time, and therefore it
cannot be used to calculate properties such as diffusion coefficients, viscosity or thermal
conductivity. MC simulations do not take into account the order in which configurations are
generated. The configurations in MD simulations, however, are determined by initial conditions
and occur in order of time, so there is limited capacity to improve their sampling efficiency
other than adjusting the time step or using special non-Cartesian coordinates. Due to this, MC
is a more efficient sampling method in phase space than MD. Additionally, MD is typically
capable of advancing velocity and position, which facilitates the exploration of local phase
spaces. MC is capable of exploring a relatively large area, even a distinct region of phase space.
In contrast, when calculations are performed on VLE, the focus is only on the configuration of
equilibrium that is stable. The process by which this configuration is reached is not of

significance (Nie et al., 2018). Thus, MC is a widely used method for the determination of the
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VLE. The determination of vapour-liquid coexistence characteristics can be achieved through
various MC methodologies, including the NPT plus test particle approach, Gibbs-ensemble
method, and grand canonical with histogram reweighting. However, the accurate estimation of
solid-fluid and solid-solid coexistences continues to pose difficulties within molecular

simulations.

Determine the potential among particles

lﬁ Assign initial positions of each particle —‘

v
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Figure 1.8: Flow chart of MC and MD simulation (Nie et al., 2018).

1.6 Aims and Objectives

The primary objective of this thesis is to introduce and investigate a novel computational
technique called the DOS Partitioning MC method. The DOS partitioning method is designed

to accurately calculate the phase coexistence properties of binary mixtures comprising carbon
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dioxide (CO;) as the main component and impurities such as sulfur dioxide (SO), hydrogen

sulfide (H»S), and nitrogen (N>).

One of the key motivations behind this study is the increasing significance of capturing CO»
streams in various industrial processes to mitigate greenhouse gas emissions. However, the
captured CO; streams often contain impurities, such as SO, H>S, and N», which can adversely
affect the separation and purification processes. Therefore, it is crucial to understand the phase
behavior and coexistence properties of these binary mixtures to optimize separation strategies

and enhance the efficiency of CO; capture systems.

The DOS partitioning method offers a promising approach to tackle the challenges associated
with accurately predicting the phase behavior of these complex mixtures. By leveraging the
density of states concept, this method enables efficient sampling of the phase space, facilitating
the calculation of various thermodynamic properties, such as VLE, critical points, and phase
diagrams. The proposed research will involve the development and implementation of the DOS
partitioning method, followed by extensive simulations to evaluate its accuracy and
effectiveness in predicting the phase coexistence properties. Through rigorous comparisons
with experimental data and existing simulation methods, we aim to demonstrate the superiority
of the DOS partitioning MC method in capturing the intricate phase behavior of CO; binary

mixtures with SO, H,S, and N» impurities.

1.7 Thesis Outline

This thesis is organized into the following six chapters:

Chapter 1 gives a brief description of the background to CCS, which need to consider impurities
in captured CO; and understand their thermodynamic properties, especially VLE. Obtaining
VLE data traditionally relied on experiments or empirical equations of state, each with
limitations. Molecular simulation techniques like MD and MC methods offer direct
computation of thermodynamic properties, but calculating free energy by molecular simulation

still poses a challenge.
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Chapter 2 reviews the MC methods with particular attention to the canonical, isobaric-
isothermal, and Gibbs ensembles and presents the move set needed to sample these ensembles.
It presents new methodologies development, illustrating the direct computation of the partition

function of fluids through simulations.

Chapters 3, 4 and 5 describe the DOS partitioning method as a computational tool to simulate
the VLE behavior of the CO»-SO,, CO»-H>S and CO»-N; three binary systems. The accuracy
and reliability of the DOS partitioning method are validated by comparing the simulation results
with experimental data, the PR-EOS model, and the Gibbs ensemble Monte Carlo (GEMC)

method reported in the literature.

Finally, Chapter 6 ends by highlighting potential extensions and future research interests.
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Chapter 2

Methodology

2.1 Synopsis

This section begins with an introduction to MC techniques, and then delves into the specifics
of the GEMC method, which enables the simulation of phase equilibria and interfacial
phenomena. Next, the thesis introduces the force field employed in the simulations. The force
field is a crucial component as it defines the intermolecular interactions and accurately
represents the behavior of the binary system under investigation. The thesis provides a
comprehensive explanation of the force field parameters and the considerations taken to ensure
its reliability in reproducing experimental observations. Moving forward, The DOS offers a
powerful means to derive the absolute partition function, enabling the determination of
thermodynamic properties and equilibria. The thesis emphasizes the importance of accurately
calculating the free energy and highlights the methodology employed to obtain reliable results.
Finally, the theoretical basis of the DOS partitioning method is elucidated and its
implementation in simulations is described step-by-step. By employing these techniques, the
research aims to enhance the understanding of VLE in binary systems and contribute to the

advancement of molecular simulation methodologies in general.

2.2 Monte Carlo Methods

In the ensemble average approach, because a set of systems in the ensemble must satisfy the

same macroscopic conditions, the ensemble varies in response to those conditions. It is usual
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to utilize three ensembles in molecular simulation: canonical ensemble (the temperature T,
number of molecules N and volume of system V are imposed), isothermal-isobaric ensemble
(T, N and the pressure p of the system are imposed) and Gibbs ensemble. When the density of
a monophasic fluid has been determined, the canonical ensemble may be used to simulate this
fluid and to obtain some of the required properties, such as pressure, heat capacity, and chemical
potential obtained using molecular simulation (Ungerer et al., 2007). Since the chemical
potential of the grand-canonical ensemble is constant, it is suitable for addressing problems

related to adsorptions.

By examining the partition function Q, the macroscopic thermodynamic properties of the

different ensembles can be obtained. The classical expression for the partition function is:

Q = v If exp[—pH @Y, V) dp" drV (1.3)

where h represents Planck’s constant, N! is used for particles that cannot be distinguished, £ is
1/kgT, kg represents the Boltzmann’s constant and H(p",r") is Hamiltonian function. All
particle positions "V and conjugate momenta p" are taken into account in the integral. When
N, V, and T are fixed in the canonical ensemble, macroscopic thermodynamic properties A can

be determined by the following equation:

_ JA(@N)exp|-BE(rN)]arV
A= [ exp[-BE(rN)]arN (]'4)

In this equation, " represents the set of positions of N particles composing the system and
E (M) represents the potential energy. The above Equation 1.4 can be used to calculate the
thermodynamic properties of A by calculating the integrals within the numerator and
denominator over particle positions (V). The thermodynamic property A can be calculated by
establishing a set of predefined coordinates and proceeding along either time (used in MD) or
ensemble space (used in MC) in such a manner that the Boltzmann distribution gives the

probability that the system will occur in one or more of the relevant states.

PIEG)] = 7222 (13
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where P is the probability that a configuration 7V is present in the system. The partition function

can be calculated by

QN V., T) = s f expl—pEG)]dr" (1.6)

where A represents the thermal de Broglie wavelength, E represents the configurational energy
of the system and " is a set of positions of all N particles. Therefore, the MC simulation is

based on this principle.

In order to determine phase equilibrium, each phase is required to be in chemical equilibrium,
which means the temperature (T), pressure (p) and chemical potential (i) should be equal in
two phases. Despite this, no such ensemble (upT) exists due to the lack of a thorough parameter
bound. To directly simulate the VLE, Panagiotopoulos (1987) proposed GEMC. The GEMC
method introduces two phases without explicit interfaces but simulates each phase
independently. Therefore, it is an extremely useful tool for calculating the VLE of relatively
large systems. The simulation commences by constructing the vapour phase and the liquid
phase within distinct boxes, namely box 1 and box 2, respectively (Panagiotopoulos, 2006).
Subsequently, MC moves are executed as part of the simulation process. In order to achieve
chemical equilibrium, particles are first displaced and rotated within each box. In addition, the
volume of each box is adjusted in accordance with a fixed total volume to ensure that the
pressure equilibrium between the two boxes is reached. Following this process, the NVT-
GEMC is defined as a GEMC with a constant volume throughout the whole simulation box.
Moreover, when the pressure within the entire simulation box remains unvarying, the NpT-
GEMC method is employed. Finally, the transfer of particles between the two boxes is

conducted to attain equilibrium chemical potential.

The partition function for NVT Gibbs ensemble can be expressed by

N " v .
Geipps(NVT) = z VAN, I (N — N )'f W = VN Myt d vy x
N1=0 r 17*7o

S expl-pE(s V)l [ exp[-pE(s ™5V ~v)lasy™ (1.7
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where N and V are the total number of particles and volume of the system, N; and V; are the
number of particles and volume of subsystem (cubic box) 1, and s, and s, are sets of reduced

coordinates of subsystem 1 and 2, respectively.

For each MC moves, form a current (old) configuration (o) into a new configuration (n), the
acceptance criterion for each movement, derived from the principles of statistical

thermodynamics, can be mathematically represented by the following equations.

p [y we
i =min
displacement,accept ’ W(O)

= min [1, exp (—BE(SN(n)) — E(sN(o)))] (1.8)

p  |q w(n)
= mn —
volume,accept ’ W(O)

= min [1, (Kigg)m (ZZEZ;)NZ exp (—BE(SN(n)) - E(sN(o)))] (1.9)
Ptransfer,accept = min [1: %]
= min [1, (leizl)vz exp (—ﬁE(sN(n)) - E(SN(O)))] (1.10)

where w(i) represents the weighting of the configuration i. Additionally, even though GEMC
has been demonstrated to be a powerful and efficient method of estimating vapour-liquid
coexistence, there are some works that have indicated that GEMC is vulnerable to low
acceptance ratios when considering complex molecule systems (Nie et al., 2018). In dense

phases, this limitation will be more pronounced.

2.3 Force Fields

When employing MC methods and MD simulations, it becomes essential to employ a
simplified analytical potential function to characterize the intermolecular and intramolecular
interactions within a system comprising a large number of atoms (Nie et al., 2018). These
functions are referred to as force fields (Cornell et al., 1995). It is important to emphasize that

force fields are the result of the limited understanding of molecular interactions and the limited
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computational resources at present. Experiment data are predicted more precisely and closely
to actual physical phenomena when a complex force field is employed. It is essential to find a
balance between the complexity of the force field, the capability to establish all the parameters
of the force field, and the time available for simulation. In this sense, a suitable force field
represents a balance, but as computing speeds increase and sampling algorithms become more

efficient, the balance may change.

In order to model single molecules or a collection of molecules, a typical force field can be

represented as follows:

kbi 2 kel 2
Ep (TN) = Zbonds?(li - li,O) + Zangles? (9 - gi,O) + Ztorsions Cn(l +

COS(TlQ) - ]/)) + ZaeA ZbeB 4‘5ab [(:{%:)12 - (@)6] + ZaeA ZbeB dadb (]']])

Tab Tab

where Ej, represents the potential energy of the system. It is arranged in two lines within
Equation 1.11, and the first line contains terms that describe intramolecular interactions
between pairs of bonded atoms, including bond stretching potentials, angle bending potentials,
and torsional potentials. The second line includes terms that represent intermolecular
interactions including Coulomb potentials which refer to electrostatic interactions, and
Lennard—Jones terms which refer to van der Waals interactions. It is also necessary to take into

account the fact that long-chain molecules contain intramolecular non-bonded energy.

Molecular simulations commonly utilize a four-component force field which describes the
intramolecular and intermolecular (or external) forces encountered in a system. Although more
complex force fields may contain further terms, these four components are typically present.
There is the possibility of further decomposing non-bonded interactions into additive and non-
additive interactions, for example. A force field is presented in this manner to assist in the
parameterization process by providing a visual representation of how changes in its parameters

affect its behavior.
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2.4 Free Energy and Density of States

An understanding of free energy and its derivatives is necessary for the calculation of all
thermodynamic properties of pure components or mixtures of different components, especially
VLE properties. However, the calculation of absolute free energy F has been found to be
substantially more challenging (Kofke and Cummings, 1997; Boulougouris et al., 2001) than
that of other equilibrium thermodynamic properties, for example the potential energy E, which
can be calculated through the use of time or ensemble averages. It is evident from this
discussion that robust methods for computing absolute free energies are needed. Since the
Gibbs-Duhem integration method (Agrawal and Kofke, 1995) and thermodynamic integration
(Mitchell and McCammon, 1991) have been used before to calculate the free energy, there has
been increasing attention paid to the density of states () for deriving the absolute partition
function (Dickson et al., 2010; Christ et al., 2010; Li et al., 2016). As a consequence of the
development of these methods, density of states calculations can be carried out, from which

partition function as well as free energy can be obtained successively.

The free energy of a system in the canonical ensemble can be expressed using the following

equation.
F = —kgTInQ(N,V,T) (1.12)
Equation 1.6 can be written in the form of reduced coordinates (s = /L) that

Q(N,V,T) = A;’TNN, [, exp[—BE(s")]ds" (1.13)

in which L is the cubic simulation box length and V (V = L?) is the box volume. V¥ /A3N N!

refers to the ideal gas partition function that can be calculated numerically.

Therefore, we aim to calculate the excess partition function (Q,,) which can be think of as the

integral of the Boltzmann factor exp(—SE) over all phase space:

Qex = [ exp[—BE(s™)]ds" (1.14)
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The relationship between the probability of a configuration possessing energy E and the density
of states Q(E), where Q(E) = [ 01 o (E — E(sV ))dsN , is characterized by proportionality. Thus

Q.. can be calculated by

52 exp (—-BE)Q(E)dE
52, Q(E)AE

Qex = (1.15)

The integration is performed across the entire range of potential energies accessible to the
system. The excess partition function (Q,,) can be calculated from the density of states Q(E),
as shown in Equation 1.15. Therefore, it is possible to compute all thermodynamic properties

of the system using knowledge of the density of states Q(E).

In addition, density of states calculations have the advantage that they are independent of
temperature and can be used to determine all thermal properties instantly, regardless of the
conditions. It has been shown that Wang—Landau sampling (Wang and Landau, 2001) is the
first method to be successful in achieving the goal of crossing over high free energy barriers
while visiting rare states with equal probability through the use of biased weights w(E) =
1/Q(E), leading to the possibility of directly calculating partition functions for continuous
systems (Ning et al., 2021). Due to the limitation of this method, only the partial partition
functions can be calculated for fluids (Ganzenmiiller and Camp, 2007), so direct calculations

for fluids partition functions remain a major challenge.

There is evidence that the nested sampling (NS) method based on Bayesian statistics, is the
most promising method currently available in the field (Baldock et al., 2017; Bolhuis and
Csanyi, 2018). In the configurational space, a number of fixed fractions are partitioned by
potential energies and uniformly sampled (Gong et al., 2019). According to Do and Wheatley
(2011, 2012, 2013), the DOS partitioning method is the nested sampling method that only uses
one walker. In addition to revisiting previously examined higher energy states, this technique
decreases the configurational space by a fixed factor of two at each sampling energy level.

Known crystal structures were also used as initial configurations (Do and Wheatley, 2016).
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The direct integral approach (DIA) has since been proposed as an alternative method of
calculating the partition function of condensed matter with a high degree of accuracy, which
has been demonstrated by MD (Ning et al., 2019; Liu et al., 2019). DIA is shown to work about
four orders more quickly than NS (Ning et al., 2019), and to have a precision approximately
four times higher compared to NS in low-density systems while being nearly one order better
in high-density systems (Gong et al., 2019). In the case of condensed matter under extreme
conditions, using DIA can provide a more effective method for investigating thermodynamic
properties (Gong et al., 2019). In addition to its speciality in high-density and high-pressure
systems, DIA lacks the capacity to deal with low-density, high-temperature systems (Ning et

al., 2021).

2.5 The Density of States Partitioning Method

Equation 2.1 indicates that the determination of the excess partition function relies on the
availability of the density of states. Consequently, the primary aim is to compute the density of
states Q(E) in order to obtain Q,,.

I3 exp (-BE)Q(E)dE
15 Q(E)E

Qex = (2.1)

This section describes how to discretize the energy range and, at the same time, obtain the

integrated normalized density of states associated with each energy subdivision.

In light of the rapid fluctuations in the Boltzmann factor at lower energy levels, it becomes
necessary to employ a more refined subdivision of the energy range (shown in Figure 2.1).
Furthermore, the analysis of Figure 2.1 reveals that the sole influential factor in this context is
the integration of the density of states over the subdivision. Consequently, when the subdivision

occurs at higher energy levels, larger subdivisions can be utilized.
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Figure 2.1. Sketch (not to scale) explaining the partitioning of the density of states (a) there is
only one energy subdivision at the start of the simulation; (b) the first energy boundary E,
divides the entire energy range; (c) the energy range is divided from -oo to E; by the energy
boundary E,; and (d) after setting the n'" energy boundary E, (w(E) = the weighting function

and int Q(E) = the integrated normalized density of states).

This energy range is then divided in a recursive manner in such a way as to yield the integrated
normalized density of states |, If "1 Q(E) dE/ f_oooo Q(E) dE which is equal to 1/2' for the first
m

subdivision (m = 1,E; < E < Ey, Ey = o0) (Figure 2.1d). In the second partition (m =
2,E, < E < E;), 1/2?is applied, and this pattern continues iteratively until 1/2" is used for the
two lowest energy subdivisions (m=nE, <E<E, jandm=n+1,-o<E<E,),
where n represents the number of energy boundaries in the subdivision. Initially, the entire
energy range is partitioned to establish the first energy boundary (E;). Next, the energy range
is divided from —oo to E; so that the energy boundary 2 (E,) can be defined, and this process

is repeated until reaching the energy boundary n (E,, ), determined by dividing the energy range
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from —oo to E,,_;. When the nth (n = 2) partitioning of the density of states will be

accompanied by the appearance of the energy boundary E,,.

At this point, a set of MC moves for the previously occurring subdivision is performed with the

m

weighting function w(E) = 4™, which m is the subdivision to which the configurational
energy E belongs (1 < m < n). The weighting function is an important tool in order to speed
up the simulation as well as to drive the simulation down to the low energy range. Accordingly,
a minimum of two-thirds of the system's configurations will be encompassed within a
subdivision with the lowest energy in the current simulation. The following equation can be
used as a method to estimate the probability of accepting an attempted MC move from the old

configurational energy E,;; belonging to the subdivision m,;; to the new configurational

energy E,,.,, belonging to the subdivision my,,.

P(old — new) = min (1,Cre)) = i (1,272 (2.2)

" W(Eoia) 4™Mold

Upon completion of all MC moves, the energy boundary E,, is set at the lowest energy
subdivision of the median configurational energy (—oo < E < E),_), and all sampled energy
must be discarded before moving on to the next division. These procedures will be repeated in

the next division energy simulation until the simulation is finished.

During the initial phase of the simulation, when there exists only a single energy subdivision,
all MC moves are accepted, constituting a process referred to as random sampling (W(E) =
4™), After a certain number of MC moves, the first energy boundary E; divides the whole
energy E (—o0 < E < 00) into two energy subdivisions which have the same integrated density
of states (1/2! and 1/2"). Before proceeding to the second division of energy, all sampled energy
should be discarded. Based on the second energy partitioning process, energy subdivisions 1
and 2 are weighted as 4! and 42, respectively, indicating that energy subdivision 2 has an
average access frequency four times higher than energy subdivision 1. As a consequence, 1/5
of the total MC steps will be in the high-energy subdivision, and 4/5 in the low-energy
subdivision. The second energy boundary E, is positioned at the median configurational energy

of the lowest energy, following an equivalent number of MC moves as in the initial energy

Tianhui Li 20416121 01/06/2023 43 /84



partitioning. The system is then divided into three energy subdivisions, with the integrated
density of states increasing exponentially for each successive subdivision: 4!, 42 and 43. The
total number of MC steps will be collected in energy partitions 1, 2 and 3, which will consist

0f 2/22,4/22, and 16/22.

There is a significant increase in the density of states QL(E) with energy, along with a significant
decrease in exp(—BE). There is a maximum value of [[Q(E)exp(—BE) dE] e at average
energy, and it appears in Equation 2.1 to obtain Q. Since the average energy cannot be
determined in advance, it is not possible to determine the number of energy boundaries. Based
on the criterion used for partitioning the configuration energy, it has been determined that the
integrated function [[Q(E)exp(—BE) dE],, at the current energy subdivision with the lowest
energy (mt") is significantly smaller compared to the maximum energy subdivision among all
subdivisions. At this point, further partitioning of the density of state will not yield any results,
which is why the simulation can be ended. [[[Q(E)exp(—BE)dE],]=
107°[[[Q(E)exp(—PE) dE]max] constitutes the stopping criterion. To encompass all
significant regions within the energy range, a minimum target temperature needs to be set. Due
to the temperature dependency, a minimum target temperature needs being used to cover the
entire energy range. From the normalized integrated density of states, the excess partition

function can be determined at the end of simulation.

0u. = m;?+1(f;::_1 ﬂ(E)dE)exp(—B(E)m) _ I Mexp (< B(E)m) 23)
e" Rt (J " (E)AE) Sz '

where (E),, is (Ep, + Epp—1)/2. In the first energy subdivision (m = 1), (E),, equals E;, and
in the last energy subdivision, (E),,, equals E,. Two lowest-energy subdivisions are equal in
normalized integrated density of states, so 27™ is replaced by 27" in the last energy

subdivision. Errors generated by introducing (E),, to this application is negligible.

By using Equation 2.3, the excess partition function can be calculated, and by using F,, =
—kgTInQ,, , calculate the excess Helmholtz free energy (F,,). A density dependent free energy
for an ideal gasF;;can be calculated by usingF;; = —k BT(xCO ,MPco, T Ximpurity lnpimpun-ty),

where x represents the mole fraction and p is the number density. As the result, density
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dependent parts of absolute free energies can be determined by summing the excess part and
ideal gas components (F = F,, + F;;). There is Gibbs free energy defined as G = F + pV (p
represents the pressure, while V denotes the volume of the system). The pressure composition
phase diagram curve is obtained by using G, and the chemical potentials of each species are
derived as well. The simulation package (the code) was written and developed by Dr. Hainam
Do. It is an in-house code being used within the research group (Do and Wheatley, 2011, 2012,
2013). In this thesis, I modified the force field and input files to accommodate the simulations

of the report binary mixtures.

The proposed method has an advantage in allowing people to obtain the fluid’s partition
function and absolute free energies within a wide range of temperature and density, in which a
cubic box simulation for the fluid was adopted with boundary conditions under a specific period.
A spherical cut-off 7., of 12 A is utilized to truncate the Lennard-Jones interactions in this
method for three of the binary mixtures. It should be noted that the cutoff length should not be
larger than half length of the simulation box, therefore, those interactions beyond the cutoff will
not take up the computational resources. Besides, a tail correction (Frenkel and Smit, 2002) to

6

term r~° is usually included when calculating the Lennard-Jones interactions, which gives the

long-range molecule energy as:
2 -
Etail = §7TP (450_6)rcu3t (2-4)

in which p represents the molecules density, € and ¢ represent a depth of the well and diameter

12 js not considered as it decreases

of the core, respectively. The correction for term r~
significantly with the distance. The calculation methods mentioned above have certain
limitations when approaching critical points or phase boundaries. Due to the existence of finite
size effects, fluctuations as well as the correlation lengths will become large and diverging near
those two conditions. As for the electrostatic interactions, Ewald summation (Allen and
Tildesley, 1987) was adopted in the proposed method with the tinfoil boundary condition, which

is very common and widely used in research. Force-Field Parameters of the molecular models

are given in Table 2.1 below.
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Table 2.1: Parameters for the 12—6 Lennard—Jones Potential and Partial Electric Charges

Used in the Simulations for the Gas Molecules. * COM: centre of mass site.

Molecule  Atom  &/kg (K) o (A) q (e) Angle (deg)  Bond length (&)
co, C 27.0 2.800 0.700 180.00 leco = 1.160
0 79.0 3.050 -0.350
S0, S 154.4 3.585 0.470 119.50 ls_p = 1432
0 62.3 2.993 -0.235
H,S S 122.0 3.600 0.000 92.0 lo_y = 1.432
H 50.0 2.500 0.210
COM* 0.0 0.000 -0.420 46.0 ls_com = 0.300
N, N 36.0 3.310 -0.482 180.00 Iy=y = 1.100
coM* 0.0 0.000 0.964 In=com = 0.550

For the cross-interaction parameters, the Lorentz—Berthelot combining rules are used.
1
O-ij =E(G"+Gf) (25)
gij =& €j (2 6)

2.6 Concluding Remarks

This chapter provides an overview of MC sampling techniques applied in various ensembles,
especially the Gibbs ensembles. Subsequently, these techniques will be employed in upcoming
chapters to investigate the fluid phase behavior of three binary systems: CO,-SO,, CO,-H,S
and CO,-N,. In addition to outlining the established techniques employed in our research, this
chapter introduces a new MC method that enables the computation of partition functions and
free energies for fluid systems. The introduced method is notably advantageous as it provides
access to free energy (hence entropy). Moreover, its simplicity and efficiency are demonstrated
by the fact that energy partitioning can be completed within minutes using a single processor.

Furthermore, the method encompasses a wide range of energy and temperature value.
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Chapter 3

Predictions of the Vapour-Liquid
Equilibria of CO: + SO: System

3.1 Synopsis

The CO,-SO; binary system is of significant importance due to its relevance in various
industrial processes, particularly in the context of CCS. CCS technology aims to mitigate
greenhouse gas emissions by capturing CO; from large point sources and storing it securely
underground. Understanding the VLE behavior of the CO,-SO; system is crucial for optimizing
the efficiency of separation processes involved in CCS. The DOS partitioning approach is
utilized as a computational tool to simulate the VLE behavior of the CO,-SO; binary system.
The accuracy and reliability of the DOS partitioning method are validated by comparing the
simulation results with the experimental ones, the PR-EOS model, and the GEMC method
reported in the literature. The findings of the simulations indicate that the DOS partitioning
method provides valuable insights into the VLE behavior of the CO,-SO; binary system.
Despite the slight overestimation of CO> solubility in the vapour phase at high temperatures,
the overall agreement with the literature data further enhances the understanding of the other

complicated system's phase behavior and solubility characteristics.
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3.2 Introduction

In the field of chemical engineering, the accurate prediction and understanding of VLE are of
paramount importance in the design and optimization of various industrial processes. VLE data
provides essential insights into the behavior of binary mixtures, enabling engineers to make
informed decisions regarding the selection of operating conditions, equipment sizing, and
process efficiency. One such binary system that has garnered significant attention is the carbon
dioxide-sulfur dioxide (CO,-SO») system. The CO,-SO, binary mixture holds considerable
significance in several industrial applications, particularly in the realm of environmental control
and energy production. Both carbon dioxide and sulfur dioxide are major components in
numerous industrial processes, including power generation, flue gas treatment, and the
production of chemicals and fuels. Understanding the VLE behavior of this system is crucial
for optimizing these processes and ensuring their environmental sustainability. To develop
efficient CCS processes, accurate knowledge of the VLE behavior of CO,-SO, system is
essential. These systems are encountered in various stages of CCS, such as the absorption of
CO; from flue gases using SO»-based solvents and subsequent stripping of the absorbed CO»
for compression and storage. Predicting the CO,-SO; mixtures phase behavior and equilibrium

properties will aid in optimizing the performance and energy efficiency of CCS processes.

One of the primary reasons for investigating the VLE of the CO,-SO; system from an industrial
perspective is its relevance to CCS technologies. In recent years, there has been a growing
concern over the adverse effects of greenhouse gas emissions, especially carbon dioxide, on
climate change. CCS has emerged as a promising approach to mitigate these emissions by
capturing CO, from flue gases and industrial processes and storing it underground. However,
obtaining reliable experimental VLE data for the CO,-SO, system presents significant
challenges. The behavior of this binary mixture is influenced by several factors, including
pressure, temperature, composition, and the presence of impurities. The high pressures and low
temperatures at which the VLE behavior of this system is typically studied pose technical

challenges for experimental measurements.
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Moreover, sulfur dioxide is a toxic and hazardous gas, which limits the availability of
experimental data due to safety concerns. It is difficult to perform precise measurements of
VLE properties under controlled conditions due to the potential risks associated with handling
and containing SO». These challenges contribute to the scarcity of reliable experimental data
for the CO,-SO, system, necessitating the development and application of alternative
approaches. In light of these challenges, the use of simulation methods, such as the DOS
partitioning Monte-Carlo method, has gained prominence in predicting the VLE behavior of
complex binary systems. By employing this method, it becomes possible to simulate the VLE
of the CO»-SO» binary system and gain insights into its phase behavior, even in the absence of

extensive experimental data.

Many experimental studies have investigated the VLE behavior of the CO»-SO; system. In the
research by Nagata et al. (2008), the CO,-SO, mixture phase behavior was investigated within
a cell in high-pressure equilibrium. The results showed that the solubility of CO, in SO,
increases with different pressure and temperature conditions. Another study by Kudo et al.
(2011) used a variable-volume view cell to measure the VLE behavior of the CO»-SO; system.
This study reported that the system exhibited a minimum boiling azeotrope at a condition of
approximately 313 K in temperature and 6.0 MPa in pressure. Simulation methods have also
been used to investigate the VLE behavior of the CO,-SO, system. MD simulations have been
utilized to study the phase behavior of the system by various researchers. In a study by Torres-
Acosta et al. (2013), MD simulations were utilized to investigate the VLE behavior of the CO,-
SO, system. The results showed that the system exhibits a negative deviation from ideal

behavior, with CO; exhibiting a preference for the liquid phase.

In this chapter, the DOS partitioning method will be adopted to predict the VLE behavior of the
CO,-SO; binary system. The simulations are compared with experimental data, PR-EOS model
and GEMC method, which is from the literature including density, pressure and equilibrium
mole fraction. By leveraging this approach, we seek to provide a comprehensive understanding
of the phase behavior and equilibrium properties of this industrially significant mixture. The

outcomes of this research will contribute to the design and optimization of carbon capture and
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carbon storage technics and enhance our ability to tackle the challenges of greenhouse gas

emissions and climate change on an industrial scale.

3.3 Results and Discussion

According to Figure 3.1, Gibbs free energy per particle versus volume per particle for CO, +
SO, mixtures at 263.15 K, 11.056 bar, and 333.15 K, 55.65 bar are represented. As can be seen
from this diagram, each phase of the system is shown to have a preference for different
conditions. There is a clear tendency for the liquid phase to be favoured at 333.15K and 55.65
bar (shown in Figure 3.1b) when no CO» is present, and it is accompanied by a lower minimum
value of free energy. It was found that there were two minima when the molar fraction of CO,
was 0.4, but even in this case, the liquid phase still seemed to prevail. A gradual preference for
the gas phase of CO; occurs as the molar fraction of CO, increases. In the presence of high
molar fractions of CO,, such as 0.8, the liquid phase becomes less favoured and ultimately
disappears. It is noteworthy that these similar results can be obtained under different conditions

as well, for example, at 263.15 K and 11.056 bar (Figure 3.1a).
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Figure 3.1: Gibbs free energy per particle versus volume per particle of CO, + SO, at different
compositions: (a) 263.15 K and 11.056 bar and (b) 333.15 K and 55.65 bar. The determination
of standard errors involves conducting a series of simulations for each volume. For better clarity,
the plots at the compositions of CO; equal to 0.0, 0.2, 0.4, 0.6, and 0.8 are offset by —5, —3.5,

—2.5,—1.5, and —0.5 kJ/mol, respectively.
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By taking into account the minima in Figure 3.1, the Gibbs free energy versus the composition
for both phases can be plotted in Figure 3.2. The coexisting composition can be found from a
double common tangent connecting the two phases in Figure 3.2. The phase diagram for the
binary mixture CO> + SO,, which is taken from Figure 3.2, and is plotted in Figure 3.3 with
the results of the experiment (Coquelet et al., 2014), the PR-EOS model with k; = 0.0274

(Coquelet et al., 2014), and the Gibbs Ensemble Monte Carlo method (Lachet et al., 2009).
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Figure 3.2: Gibbs free energy per particle versus CO, composition for CO; + SO;: (a) 263.15
K and 11.056 bar and (b) 333.15 K and 55.65 bar. By performing a set of simulations for each

volume, the standard deviations were obtained and shown as error bars.

In comparison with the literature data, there is very good agreement at both temperatures (see
Figure 3.3 a and b) with the exception of the DOS partitioning method results at high
temperatures in the vapour phase. Based on the simulations conducted, it has been observed
that the solubility of CO2 in the vapour phase is slightly overestimated, although this

discrepancy falls within the statistical uncertainties associated with the simulations.
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Figure 3.3: Phase diagram of the CO, + SO, system at (a) 263.15 K and (b) 333.15 K. Squares
with error bars represent the DOS partitioning method results. Blue lines are the PR-EOS model
with kij = 0.0274 results. Pluses represent the experimental results. Crosses represent the Gibbs

Ensemble Monte Carlo method results.

The DOS partitioning approach may not accurately capture the temperature effects on the
solubility of CO> in the vapour phase. The solubility of CO; in the vapour phase is known to
decrease with increasing temperature, and the DOS partitioning method may not fully capture
this effect. It's possible that the simulated results are overestimated due to the limitations of the
DOS partitioning method in capturing the effects of temperature. The intermolecular
interactions between CO, and SO, may become stronger at high temperatures. The DOS
partitioning method relies on assumptions about the intermolecular interactions between the
components of the binary system. It's possible that at high temperatures, the interactions
between CO; and SO, become stronger and are not fully captured by the DOS partitioning

method. This could lead to an overestimation of the solubility of CO; in the vapour phase.

If G as well as dG/dx are extracted from Figure 3.2 then calculating the above equations, the

chemical potential for each species (w; and 12) could be determined at any composition.

{ X{uf+agugy = G* 3.1)
dG®/dxf = pi — 3 '
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in which u represents the chemical potential and « is the phase state which can be vapour or

liquid phase.
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Figure 3.4: Chemical potentials of each species in the mixture CO, + SO at the

vapour—liquid equilibrium condition versus pressure at (a) 263.15 K and (b) 333.15 K.

With the help of Equation 3.1, Figure 3.4 depicts the chemical potentials of each of the
components in the CO, + SO, system at the condition of VLE. It has been demonstrated that
the chemical potential of SO, decreases while that of CO; increases with increasing pressure at
both temperatures. According to the graph, it can be concluded that the chemical potential of
SO, is about as sensitive to pressure as the chemical potential of CO,, when the chemical

equilibrium between the two phases is reached.

3.4 Conclusion

The DOS partitioning method was employed as a computational tool to simulate the VLE
behavior, and the accuracy and reliability of this method were validated through the
comparation of the results with the experimental data, the PR-EOS model, and the GEMC
method from the literature. The findings of the simulations have provided valuable insights into
the VLE behavior of the CO»-SO; system. Overall, the DOS partitioning method demonstrates
good agreement with the literature data, thereby enhancing people’s understanding of the phase
behavior and solubility characteristics of this complex system. It accurately predicts the

solubility of CO; in the liquid phase and the vapour phase at lower temperatures. However, at
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high temperatures, there is a slight overestimation of CO; solubility in the vapour phase. The
outcomes of this research contribute to the efficient design and optimization of separation
processes involved in CCS. By understanding the VLE behavior of the CO,-SO, binary system,
we can enhance the effectiveness of capturing CO, from large point sources and storing it
securely underground. The insights gained from this study can aid in the development of more
robust and cost-effective CCS technologies, ultimately helping to mitigate greenhouse gas

emissions and combat climate change.

Future research could focus on refining the DOS partitioning method to improve its accuracy
at high temperatures. Additionally, exploring the VLE behavior of other binary and
multicomponent systems relevant to CCS could expand our knowledge and further optimize
separation processes. By continuing to advance our understanding of these systems, we can
continue to develop sustainable solutions for reducing greenhouse gas emissions and promoting

a cleaner and greener future.
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Chapter 4

Predictions of the Vapour-Liquid
Equilibria of CO: + HzS System

4.1 Synopsis

The CO»-H,S binary system is relevant to sour gas treatment, where the separation of CO, and
H,S from natural gas or flue gas is of utmost importance. Understanding the VLE behavior of
this system contributes to the development of efficient and environmentally sustainable sour
gas treatment processes, ensuring compliance with regulatory requirements and minimizing
environmental impact. This chapter investigates the VLE of the CO,-H.S binary system using
the DOS partitioning method. By comparing the simulation results with both experimental data
and the PR-EOS model from the literature, valuable insights into the phase behavior of the
system are obtained. The comparative analysis reveals that, in contrast to the CO,-H.S binary
system, the CO»-H»S binary system exhibits a smaller width of the two-phase region. Moreover,
the simulation results indicate that the DOS partitioning method slightly overestimates the
solubility of CO; in both the liquid and vapour phases at both temperatures. Although this
discrepancy exists, it remains within acceptable limits considering the statistical uncertainties

inherent in the simulations.

4.2 Introduction

The investigation of VLE in binary mixtures plays a crucial role in the field of chemical
engineering, enabling the design and optimization of various industrial processes. Among the

binary systems of interest, the carbon dioxide-hydrogen sulfide (CO,-H,S) mixture holds
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significant importance, particularly in the realm of energy production, environmental control,
and the oil and gas industry. Understanding the VLE behavior of this system is essential for

addressing industrial challenges and ensuring the safe and efficient operation of processes.

The CO,-H.S binary system has garnered substantial attention due to its relevance to several
industrial applications. Carbon dioxide is a byproduct of various processes, including power
generation, industrial emissions, and the production of chemicals and fuels. On the other hand,
hydrogen sulfide is encountered in natural gas streams and oil refining processes, and its
removal is vital for ensuring product quality and meeting environmental regulations.
Consequently, accurate knowledge of the VLE behavior of the CO»-H,S system is essential for

optimizing these processes and ensuring their sustainable and cost-effective operation.

From an industrial perspective, the study of CO,-H»S VLE is particularly relevant to sour gas
treatment processes. Sour gas, which contains high concentrations of hydrogen sulfide, poses
significant challenges in the oil and gas industry. It is necessary to remove H>S from the gas
stream to meet safety standards, prevents corrosion in pipelines and equipment, and produce
marketable natural gas. The VLE behavior of the CO;-H,S system plays a crucial role in
designing efficient and reliable sour gas treatment processes, including gas sweetening
operations. Obtaining reliable experimental VLE data for the CO»-H:S system presents notable
challenges. The behavior of this binary mixture is influenced by factors such as pressure,
temperature, composition, and the presence of impurities. Experimental measurements of VLE
properties under controlled conditions are complicated by the high pressures and low
temperatures typical in sour gas treatment processes. Additionally, hydrogen sulfide is a toxic

and hazardous gas, making experimental measurements difficult due to safety concerns.

Simulation approaches have gained prominence in addressing this challenge, offering a means
to estimate phase equilibria in the absence of extensive experimental data. In recent years, DOS
partitioning method has emerged as a powerful simulation method for predicting VLE
properties of fluid systems. DOS partitioning method combines the efficiency of GEMC
simulations with the accuracy of DOS partitioning techniques. It has been successfully applied

to study the VLE behavior of various fluid systems.
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In this chapter, we use DOS partitioning method to study the VLE behavior of the CO»-H>S
binary system. We aim to provide accurate and reliable predictions for the equilibrium
properties of the system, including vapour and liquid compositions, densities, and phase
coexistence conditions. The outcomes of this research will contribute to the design and
optimization of sour gas treatment processes, improving operational efficiency, and ensuring
compliance with environmental regulations. Ultimately, the insights obtained from this study

will facilitate safer and more sustainable operations in the oil and gas industry.

4.3 Results and Discussion

The pressure-composition diagram for the binary mixture CO, + SO,, which is also taken from
the plot of the Gibbs free energy per particle versus volume per particle for binary mixtures
(Figure 4.1), and is plotted in Figure 4.2 based on the results of the experiment (Chapoy, et al.,
2013; Bierlein and Kay, 1953) and the PR-EOS model with kjj = 0.095 (Chapoy, et al., 2013).
The width of the two-phase region of this mixture is smaller than that of the CO, + SO, binary
mixture. In both temperature regimes, the simulations demonstrate a slight overestimation of

the solubility of CO; in the liquid and vapour phase.
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Figure 4.1: Gibbs free energy per particle versus volume per particle of CO; + H,S at various
compositions: (a) 293.15 K and 42.05 bar and (b) 313.15 K and 54.75 bar. The determination
of standard errors involves conducting a series of simulations for each volume.. In most cases,

the errors in G/N are between 0.4% and 0.7%. For better clarity, the plots at the compositions
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of COs equal to 0.0, 0.2, 0.4, 0.6, and 0.8 are offset by —5, —3.5, —2.5, —1.5, and —0.5 kJ/mol,

respectively.
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Figure 4.2: VLE of the binary system CO, + H,S at (a) 292.15 K and (b) 313.15 K. Squares
with error bars represent the DOS partitioning method results. Blue lines are the PR-EOS model
with kj = 0.095 results. Pluses in (a) represent the experimental results from Chapoy, et al.

(2013). Pluses in (b) represent the experimental results from Bierlein and Kay (1953).

The accuracy of the DOS partitioning method in predicting the phase behavior of binary
mixtures relies on multiple factors, such as the accuracy of the force field and the simulation
parameters. According to the VLE of the CO,-H.S binary system in Figure 4.2, the results
generated by DOS partitioning method may not be as accurate as other CO, binary systems for

several reasons:

Firstly, the CO,-H>S binary system is more complex than some other CO; binary systems, as it
involves both dipole-dipole and quadrupole-dipole interactions. The accuracy of the force field
used in the DOS partitioning method can be affected by the complexity of intermolecular
interactions, and if the force field is not accurate enough to account for these interactions, the
predicted phase behavior may deviate from experimental results. Secondly, the CO»-H>S binary
system has limited experimental data available for validating the predictions of the DOS

partitioning method. This can make it more difficult to accurately determine the simulation
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parameters and force field parameters, which can result in deviations between the predicted and

experimental phase behavior.

Thirdly, the accuracy of DOS partitioning method can be influenced by various simulation
conditions, such as temperature and pressure. Among binary systems, the CO»-H,S system may
have a narrower range of conditions in which it is in thermodynamic equilibrium, which poses
challenges for obtaining accurate predictions of its phase behavior. Typically, natural gas
processing conditions, where CO, and H,S are common impurities, are of interest. For instance,
at low temperatures and low pressures, the CO,-H,S system is anticipated to exist in the vapour
phase, and its phase behavior is usually described well by the ideal gas law. However, at
elevated pressures and temperatures, the system may exhibit non-ideal behavior, such as
molecular clustering or association, resulting in deviations from the ideal gas law. At low
temperatures and high pressures, the system may undergo phase transitions, such as
solidification or clathrate formation, which can negatively impact the accuracy of DOS
partitioning method. Furthermore, the force field used in the DOS partitioning method may also
be influenced by the simulation conditions. For instance, at high pressures, the intermolecular
interactions become stronger, leading to greater molecular packing and a higher likelihood of
non-ideal behavior. As a result, discrepancies between predicted and experimental phase

behavior may occur.

Moreover, the DOS partitioning method has certain limitations and may not be suitable for all
types of mixtures. The method assumes that the molecules interact through a pairwise potential,
which may not accurately depict the interactions in all mixtures. Furthermore, the DOS
partitioning method may not be applicable to mixtures with strong polar interactions or

hydrogen bonding.

Overall, due to the complexity of intermolecular interactions, limited force field parameters,
limited experimental data, and high pressures and temperatures, the accuracy of the DOS
partitioning method in predicting the VLE of the CO»-H,S binary system may be lower than

that of other CO, binary systems.
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The width of the two-phase region in the VLE of the CO,-H>S binary system is generally
narrower than other CO; binary systems due to the unique properties of H»S. H,S is a polar
molecule with a larger molecular size than CO», which can affect the intermolecular interactions
and phase behavior of the mixture. In general, the width of the two-phase region in a binary
system is determined by the difference in the vapour pressures of the two components, which
is affected by the intermolecular interactions between the molecules. For example, in the CO»-
methane binary system, the two-phase region is relatively wide because CO, and methane have
weak intermolecular interactions and similar molecular sizes. In contrast, in the CO»-water
binary system, the two-phase region is narrow due to the strong intermolecular interactions
between CO» and water. In the CO,-H,S binary system, the intermolecular interactions between
CO; and HS are intermediate in strength, and their molecular sizes are significantly different.
As a result, the width of the two-phase region is narrower than other CO; binary systems. This
can be seen in experimental measurements and simulations of the CO»-H>S binary system,
where the two-phase region is observed to be relatively narrow, even at high pressures.
Additionally, the polar nature of H,S can affect the distribution of the molecules between the
vapour and liquid phases. H>S molecules tend to prefer the liquid phase due to the strong
intermolecular interactions with water molecules, which can reduce the vapour pressure and

narrow the two-phase region further.

In summary, the narrower width of the two-phase region in the VLE of the CO»-H»S binary
system compared to other CO, binary systems can be attributed to the intermediate
intermolecular interactions between CO, and H,S and the polar nature of H»S, which affects

the distribution of the molecules between the vapour and liquid phases.
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Figure 4.3: Chemical potentials of each species in the mixture CO, + H,S at the vapour-liquid

equilibrium condition versus pressure at (a) 293.15 K and (b) 313.15 K.

It has been observed at both two temperatures, the H>S chemical potential decreases with
increasing pressure, whereas the chemical potential of CO, increases (see Figure 4.3).
Consequently, it can be concluded that the chemical potential of H,S is about as sensitive to
pressure as the chemical potential of CO,, when the chemical equilibrium between the two

phases is reached.

4.4 Conclusion

This chapter focused on investigating the VLE behavior of the CO, + H»S binary system, which
is crucial for sour gas treatment processes. Sour gas treatment involves the separation of CO»
and H>S from natural gas or flue gas, and understanding the VLE behavior of this system is
essential for the development of efficient and environmentally sustainable treatment processes.
The DOS partitioning method was employed as a computational tool to simulate the VLE
behavior of the CO, + H:S binary system. The simulation results were compared with
experimental data and the PR-EOS model from the literature, providing insights into the

system's phase behavior.

The comparative analysis revealed that the CO, + H»S binary system exhibits a smaller width

of the two-phase region compared to the CO» + H»S binary system. This difference is important
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in designing separation processes as it affects the operational conditions and efficiency of the
treatment system. Furthermore, the simulation results indicated that the DOS partitioning
method slightly overestimates the solubility of CO> in both the liquid and vapour phases at
different temperatures. However, it is important to note that this discrepancy falls within

acceptable limits considering the statistical uncertainties inherent in the simulations.

The findings of this research contribute to the development of efficient and environmentally
sustainable sour gas treatment processes. By understanding the VLE behavior of the CO, + H,S
binary system, we can optimize the design and operational parameters of separation processes,
ensuring compliance with regulatory requirements and minimizing the environmental impact.
Future research could focus on investigating the VLE behavior of other relevant binary or
multicomponent systems in sour gas treatment could further enhance our understanding and

improve the efficiency of treatment processes.

Overall, the insights gained from this study contribute to the development of sustainable
solutions for sour gas treatment, promoting environmental stewardship and ensuring the

responsible utilization of natural resources.
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Chapter 5

Predictions of the Vapour-Liquid
Equilibria of CO; + N; System

5.1 Synopsis

The CO,-N, binary system holds significant importance in various industrial and chemical
processes, particularly in the field of gas separation and purification. Understanding the VLE
behavior of this system is crucial for optimizing the efficiency of separation processes used in
applications such as natural gas treatment and flue gas purification. This chapter focuses on
utilizing the DOS partitioning method to investigate the VLE behavior of the CO»-N; binary
system. The primary objective is to compare the simulation results with experimental data and
existing literature models, assessing the reliability and accuracy of the DOS partitioning method.
The simulations demonstrate reasonable agreement with the literature data for the vapour phase,
particularly at low temperatures. Notably, at high temperatures, the DOS partitioning method
simulations slightly overestimate the mole fraction of N in the vapour phase. Nevertheless,
these deviations remain comfortably within the statistical uncertainties inherent to the

simulations and demonstrate a reasonable agreement with the available literature data.

5.2 Introduction

In carbon capture and storage, CO, is captured from industrial processes and stored
underground in geological formations. However, the CO; captured is often mixed with other

gases, such as N,, which can reduce the purity of the stored CO,. Therefore, it's important to
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understand the VLE of the CO»-N> binary system in order to effectively separate and store the
COs. VLE refers to the state where the rates of evaporation and condensation of a liquid are in
balance. In the CO,-N; binary system, the VLE is influenced by factors such as temperature,
pressure, and the composition of the mixture. To separate CO; from N in a carbon capture and
storage system, the VLE can be exploited through a process called absorption. This involves
dissolving the CO; and N, mixture in a solvent, such as an amine solution, which preferentially
absorbs the CO,. The solvent is then regenerated, releasing the CO; in a pure form for storage.
It is worth noting that the separation of CO, from N is more difficult than the separation of
CO; from H>S, as the difference in their vapour pressures is much smaller. This means that
more energy and resources may be required to effectively separate CO, from N in a carbon
capture and storage system. Overall, understanding the VLE of the CO,-N; binary system is

imperative in designing efficient and effective carbon capture and storage systems.

Molecular modeling through computer simulation offers a valuable means of predicting the
VLE behavior of fluid systems across a broad spectrum of conditions, while also granting
insights into their underlying microscopic structure. Additionally, simulation techniques have
the capability to simulate conditions that are characterized by the absence or unavailability of
experimental data. Several methodologies have been proposed to address these objectives,
including the NpT + test particle method, grand canonical ensemble Monte Carlo with
histogram reweighting, Gibbs-Duhem integration, and the GEMC approach. In this chapter, we
specifically investigate the accuracy of molecular simulations employing the DOS partitioning

method for determining the VLE of the CO,-N; binary system.

5.3 Results and Discussion

The pressure-composition diagram for the binary mixture CO, + N», which is taken from the
plot of the Gibbs free energy versus the composition for both phases, and is plotted in Figure
5.1 with the results of the experiment (Al-Sahhaf et al., 1983), the PR-EOS model (Fandin o et
al., 2015) and the Gibbs ensemble Monte Carlo technique (Li et al., 2012). The simulations at
both temperatures underestimate the mole fraction of N, in the liquid phase. A satisfactory

concurrence is observed between the generated data and literature data for the vapour phase at
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low temperatures. The DOS partitioning method simulations at high temperature slightly
overestimate the mole fraction of N, in the vapour phase. These values, however, are quite well

congruent with the literature data, even within the uncertainties of the simulations.
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Figure 5.1: Phase diagram of the CO,+ N> system at (a) 220.00 K and (b) 240.00 K. Squares
with error bars represent the DOS partitioning method results. Blue lines are the PR-EOS model
results. Pluses represent the experimental results. Crosses in (a) are the Gibbs ensemble Monte

Carlo technique results.

It has been observed at both temperatures, that the chemical potential of N, increases rapidly
with increasing pressure, whereas the chemical potential of CO; increases slowly (see Figure
5.2). Pressure leads to a decrease in the gradient of the chemical potential of N». According to
the graph, it can be observed that N> will respond more sensitively to pressure than CO; at the
condition of vapour-liquid equilibrium and that N2 becomes more soluble in the mixture with

increasing pressure.
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Figure 5.2: Chemical potentials of each species in the mixture CO, + N at the vapour-liquid

equilibrium condition versus pressure at (a) 220.00 K and (b) 240.00 K.

The DOS partitioning method is a computational technique used to predict the phase behavior
of substances under various conditions. The method relies on a force field that describes the
intermolecular interactions between molecules in the substance. The accuracy of the force field
decreases as the pressure increases, leading to larger deviations between the experimental and
predicted phase behavior. Furthermore, the DOS partitioning method assumes that the
substance is in thermodynamic equilibrium and that the simulation accurately represents the
conditions of the experimental system. At high pressures, however, the assumption of
equilibrium may not be valid, as the system may be kinetically trapped in a metastable state,

leading to deviations from the predicted behavior.

Overall, the limitations of the DOS partitioning method at high pressures are due to the
increased strength of intermolecular interactions, the limitations of the force field, and the
assumption of thermodynamic equilibrium. These factors can lead to larger differences between

the experimental and predicted phase behavior, particularly at high pressures.

5.4 Conclusion

This thesis focused on investigating the VLE behavior of the CO, + N binary system, which

plays a crucial role in gas separation and purification processes. An understanding of this
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system's VLE behavior is essential for the design and optimization of separation processes used
in various industrial applications, including natural gas treatment and flue gas purification. The
DOS partitioning method was employed as a computational tool to simulate the VLE behavior
of the CO, + N binary system. The primary objective was to evaluate the dependability and
precision of this method through a comparative analysis of the simulation results with
experimental data and established literature models. The simulations conducted in this study
showed reasonable agreement with the literature data, particularly for the vapour phase at low
temperatures. However, at high temperatures, the simulations slightly overestimated the mole
fraction of N> in the vapour phase. Nevertheless, these discrepancies were within the statistical

uncertainties inherent in the simulations and aligned reasonably well with the literature data.

The findings of this research contribute to the understanding of the VLE behavior of the CO, +
N> binary system and have implications for the design and optimization of gas separation and
purification processes. By improving knowledge of this system, we can enhance the efficiency
and effectiveness of applications such as natural gas treatment and flue gas purification. These
processes play a vital role in ensuring the quality and purity of gases used in various industries
while minimizing environmental impact. Future research could focus on refining the DOS
partitioning method to improve its accuracy, particularly at high pressure. Additionally,
exploring the VLE behavior of other binary or multicomponent systems relevant to gas
separation and purification would further expand our understanding and contribute to the

development of more efficient separation processes.

Overall, this research contributes to the advancement of gas separation and purification
technologies, promoting sustainable industrial practices and environmental stewardship. By
optimizing these processes, we can enhance resource utilization, reduce emissions, and foster

a greener and more sustainable future.
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Chapter 6

Conclusion

To accurately simulate all of the sub-processes of CCS, VLE data of CO, mixtures are essential.
A traditional method of obtaining such data has been to conduct experiments or to use empirical
equations of state. It is often time-consuming and expensive to investigate a large number of
different compositions and thermodynamic conditions during an experiment. However, only a
limited amount of experimental data is available for calibrating equations of state models. In
this thesis, the phase diagrams of binary mixtures CO; + SO, CO; + H2S and CO; +N» were
computed using the DOS partitioning MC technique based on standard force fields from the
literature. The vapour—liquid equilibrium data from the DOS partitioning method are compared
with available experimental data, equation of state modelling, and GEMC method. Overall, an
excellent agreement between experiments, EOS modelling, MC simulations and DOS
partitioning method is observed except for the binary mixture CO, + H,S. According to the
results generated in the binary mixture CO, + H.S, the simulations indicate a minor
overestimation of the solubility of H,S in both phases at both temperatures due to the small
width of the two-phase region. Despite this, the deviations remain within the range of statistical
uncertainties associated with simulations. In general, the chemical potential of SO, and H,S
decreases with increasing pressure, whereas the chemical potential of CO; increases. When the
chemical equilibrium between two phases is reached, SO, and H»S have a chemical potential
that is about as sensitive to pressure as CO». In binary mixture CO; +N», a present in CCS. The
rapid increase in N»'s chemical potential occurs with increasing pressure, whereas CO's
chemical potential rises slowly. Observations have shown that at the equilibrium condition of

vapour-liquid, the impact of pressure is more pronounced for N, compared to CO», and N is
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more soluble in CO, the higher the pressure. The DOS partitioning method can be used to

simulate the thermodynamic properties of of additional CO, mixtures that contain impurities.
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