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Abstract

ABSTRACT

In order to meet the IMO’s (International Maritime Organisation) target of 14% reduction
of CO, emissions from marine activities by 2020, the application of Carbon Capture and
Storage (CCS) on ships is considered as an effective way to mitigate the CO> emission
while other low carbon shipping emission technologies are being developed. A
comprehensive literature review of onshore CCS applications has indicated that current
CCS technologies could not be implemented on-board directly due to the various
limitations of ships, such as constraint space and system retrofit. In this thesis, a novel
method of chemical CO. absorption and solidification for marine applications is analysed
and presented. Technical feasibility and cost assessment of this method are carried out by
comparison with the conventional method (liquefaction) for a case study ship. The thesis
will also present results obtained from laboratory-scale experiments. Theoretical study and
lab-scale experiments have shown that the proposed CO> absorption and solidification
method is a promising, cost-effective and practicable method for CO2 emissions reduction

on ships.

Carbon capture and storage is an excellent solution for reducing the greenhouse gas
emissions from applications on shore. A novel method to absorb and solidify CO> from the
exhaust gases on the ship is proposed and verified. CO- gas flow rate, the geometry of the
absorption tanks and the concentration of the absorption solution are key factors that affect
the reaction efficiency. The experimental results illustrate the impacts of these factors on
CO: absorption efficiency. Meanwhile, the effects of these key factors on CO> absorption
rates will also be presented in the CFD simulations of this thesis. Pressure distributions,
the concentration of the solution and the velocity of both the gas and the solution during
the different processes will be derived from the numerical simulations. The results of the
simulations provide fundamental details for the design of a prototype demonstration system
on-board a ship. In addition to the key factors discussed above, the effect of atmospheric
temperature will be observed and analysed. With a comparison of experimental data and

CFD simulation results, it will be demonstrated that the CFD simulations of the effects of
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CO- gas flow rate, the geometry of the absorption container and the concentration of the
absorption solution on absorption rate have a good agreement with the experimental results.
Optimised values of these factors are obtained from the comparisons and analyses. The
numerical simulations will carried out to test the impact of phase temperature on absorption

rate also indicate the optimal temperature for carrying out the absorption process.

As the simulation results match with the experimental results, the simulation model
developed is considered to be applicable for a case study ship practical system simulation.
Geometry, fluid flow rate, temperature and some other parameters are adjusted to fit a
practical system. At this stage, the practical system is designed and the most appropriate
absorption process is selected. The designated system is modelled and simulated based on
the simulation processes from the lab-scale experiments. The orthogonal design method is
applied to optimise the system. Key parameters are varied within a reasonable range so that
a large number of trials are initially needed to find the optimal one. With the orthogonal
design method, the number of trials is reduced so that computing intensity is reduced and
finally the optimised absorption system is derived. The volume required for the
precipitation tanks, CaO and CaCOs storage tanks and the centrifuge separation are derived
and the installation and positioning of these tanks, as well as the positioning of the whole

system, will be presented.

It is concluded that CCS for marine activities could enable ships to comply with various
regional and international CO> emissions regulation whilst also maintaining the efficiency
of waterborne transportation. The whole design process for the case study ship is presented

here and could be applied as a guideline process for new design, analysis and installation.
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Introduction

CHAPTER 1. INTRODUCTION

1.1. Background and Problem Description

The developments of the global economy have been considerable from the beginning of
the Industrial Revolution in Great Britain. It drove not only the country itself but also the
entire world to move forwards significantly. From then on, many significant inventions
and improvements have emerged which have definitely all had positive effects which have
lead the world further towards industrialisation and mechanisation. Since the enormous
development in industrial production processes and the global economy, we have become
more and more concerned about our living conditions on the planet. This is simply because
the side effects (global warming, acid rain etc.) which come along with these developments
are significant and are also undeniable, even though the world has greatly changed and
advanced. Some changes, like deforesting for industrial utilities, the enormous usage of
fossil fuels for power generation, and the emerging and ever growing number of different
kinds of vehicles have indeed had a terrible influence on our planet. Due to years of
accumulation and disregard for these side effects, the living environment on this planet is

being damaged and the consequences are becoming serious.

Nowadays, constructing a more sustainable and “green” world alongside continued
economic development has become a global goal. Fortunately, far-sighted researchers have
already been considering the possible ways to alleviate the consequences of these side
effects. One significant consequence of these side effects, which has already affected our
living, is global climate change, also known as global warming. Climate change is one of
the most important subjects of this century. Ice caps melting, sea levels rising and the risk
of species extinction are extremely harmful results of global warming. The cause of climate
change is the huge amounts of greenhouse gases (GHG), including water vapour, carbon
dioxide, methane, nitrous oxide, and ozone, which are generated by human activities and

emitted into the atmosphere (Houghton, 2004). The greenhouse effects caused by these
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GHG’s can help prevent heat from radiating into outer space so that the earth is kept warm

enough for creatures to survive the cold dark night without sunlight (Greenhouse effect,
National Geographic). However, with the growing global economy, large amounts of fossil
fuels are being consumed due to energy requirements. As a cumulative result of continuing
to burn fossil fuels, the emissions of GHG’s (mainly carbon dioxide) are greatly increased.
Due to the increase of CO; in the atmosphere, the greenhouse effect has been amplified
and more radiated heat is reserved than before the Industrial Revolution, leading to an

increase in temperature and eventually resulting in global warming.

The IMO is aiming to reduce the emission of CO, from marine activities by 14% by the
year 2020. According to a report from the IMO, international shipping was estimated to
have contributed about 2.2% to the global emissions of COz in 2012 (Third IMO GHG
study, 2014). Shipping is still however the most efficient transportation method in terms of
carbon emissions per tonne of goods transported. The IMO introduced regulations to
increase the energy efficiency of ships so that lower emissions could be achieved for the
same transporting load. However, further emissions control is always required to slow
down the pace of global warming. Carbon capture and storage (CCS) is a technique which
captures the carbon emitted from the use of fossil fuels and transports it to a storage site.
There are several active projects applying onshore CCS for power plants and industrial
processes (Global CCS Institute 2012). The inspiration for this project is from these
onshore applications as they can achieve a high reduction in carbon emissions.
Unfortunately, these methods cannot be installed on-board ships directly because of the
limitations of ships, such as power demand, constrained volume, and so on. With all these
considerations, the objective of this project is to find a reasonable and practical solution

for ship carbon emissions control.
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1.2. Research Objectives

Considerations and subsequent actions on the mitigation of the global warming effect
should be made as soon as possible, in order to prevent the living conditions on our planet
from becoming even worse than they already have due to climate change. Otherwise,
without control and management, there might be no place to stand on the earth due to the
rising of sea levels and we human beings might eventually face the possibility of extinction.
Now, more attention and energy should be paid to mitigating the side effects of rapid
development, especially climate change. In order to sustain the environment and indeed
the world, more and more research and development should be made and the mitigation of
the global warming effect will be a great contributor and one of the most significant

solutions.

Nowadays, a considerable number of methods for climate change mitigation are under
research and development. Energy saving through improving energy efficiency and
emissions reduction, especially of GHG’s, are the mainstream of climate change mitigation
methods. As a matter of fact, even saving every single piece of paper are helpful and
meaningful to the abatement of the impact on the climate as deforestation will be slow
down, which also has an impact on CO absorption. However, it is even more difficult to
bring temperature levels back to the pre-industrial level so any possible helpful methods
should be considered, regardless of whether they are already under research or have already
been applied.

According to Figure 1-1, CO2 makes the most of contribution to climate change among all
GHGs. This is simply because fossil fuel consumption is considerable. According to a
report from the Intergovernmental Panel on Climate Change (IPCC, 2007), the CO: in the
atmosphere has increased by 100 parts per million (ppm) compared with pre-industrial
levels. It may also have terrible effects on food production and economic development as
a result of global warming. Therefore, a feasible method for mitigating the emission of CO>

is urgent. Carbon capture and storage (CCS) is one of the reasonable and feasible methods
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under consideration, which has lately and widely been applied in onshore power plants and
industrial processes and a particular literature review will be shown in this thesis. CCS
could capture the carbon content from the use of the fossil fuels and transport the captured
carbon for storage. Usually, separation methods are applied for the capture processes.
Pipeline transportation is a preferred method for carbon transportation and enhanced oil
recovery (EOR) is applied for CO; storage. EOR was developed and applied for oil

recovery and now also helps on carbon storage.

As climate change should be considered and treated in great detail and scope, impacts from
marine activities should be considered as well, which will be greatly beneficial for the
mitigation of climate change. However, there are many factors that should be considered
when focusing on the control of maritime GHG emissions. This thesis will present a CCS
review as well as the possibilities and obstacles of CCS as applied on ships. One of the
objective is to achieve GHG emissions reduction on ships using a feasible and practical
method and with few impacts on overall transportation performance. This thesis aims to
make a contribution towards capture technology research and development for marine
vessels. This research also aims to evaluate the feasibility of maritime CCS through

laboratory experiment and numerical simulations.

1%-_GHG Emissions CO, Emission by Countries CO, Emission by Sources

B Carbon Dioxide

(fossil fuel use) B China
B Energy supply

B industry

® Carbon Dioxide
{other sourses)

BUSA

WEU
B Methane & india M Forestry

- n i
i i = Others Agriculture
Nitrous Oxide

¥ Others

A B C
Figure 1-1 GHG emissions by gas type, countries and sources.
Data source: Carbon Dioxide Information Analysis Centre (Boden et al., 2010)
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1.3. Outline of the Thesis

Chapter 2 presents a review of literature in the field of climate change mitigation.
The current situation regarding COz and future predictions are illustrated. Literature
reviews on carbon capture and storage are given in this chapter. This chapter also
indicates the current situation in maritime CCS applications. Finally, literature
reviews on CFD modelling and simulation are carried out.

Chapter 3 proposes a novel carbon emissions reduction method for ships and
describes the capture and storage processes. Some safety issues of handling
chemicals are also illustrated.

Chapter 4 gives a list of experimental apparatus and also the setup of the
experimental rigs used. Chemical materials and experimental processes are
introduced in this chapter. Experimental data will be presented in this part as well
as the error and accuracy analysis.

CFD simulations of the absorption process are achieved and shown in Chapter 5.
The methodology using the simulation software, and the modelling and simulation
processes are introduced. The comparisons of experimental and simulation results
are also presented in this chapter.

In Chapter 6, with the experimental results from the previous chapter, a case study
is carried out on a ship to prove the economic feasibility of the proposed method.
A suitable case study ship is selected and a comparison of economic effectiveness
between the proposed chemical method and a known liquefaction method is also
presented for this selected ship. Chapter 6 also illustrates an extensive simulation
of the model presented in the previous chapter for a practical system. A case study
ship is presented including vessel modelling, system design, tank design and
positioning on a selected ship.

Conclusions of this study and recommendations for further research are given in
Chapter 7.
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In order to indicate the relationships between chapters, a flow chart is presented in the

following Figure 1-2.

r N § R ( )
> Chapter 2: e _ Chapter 3:
Scope Research gaps Proposal— Selection of CCS
. v . - A
Principle
\ 4
~ N ( Y
Chapter 1: Chapter 6: € Model Chapter 4:
Objective CFD simulation & Validation— Experiment
. . S ’ ’ . ' S
Model base Data
\ 4
4 ™) 7 N
< i Chapter 7: Chapter 5:
Case study 2 Case study 1
\ j \, 7 \ A

1 1

Figure 1-2 Interconnections between chapters.
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1.4. Innovation and Contribution

Carbon capture and storage technology has been an effective option for CO2 emissions
reduction mainly for power plants and industrial processes. This thesis indicates that CCS
is able to help maritime activities reduce their carbon emissions, specifically from ship
engine exhausts. The feasibilities of CCS for ships are verified from two different angles:

experimental scale tests and practical installations.

Together with a case study on economic feasibility assessment, the proposed method is
verified to be suitable for carbon emission absorption on ships. The following are the most

significant developments described and presented in the experimental part:

e A feasible method for solidifying carbon dioxide captured from marine engine
exhaust gas for easy, safe and economical storage on-board ship is proposed.

e A series of laboratory experiments is carried out to examine the feasibility of the
chemical absorption process which provides a possible guideline and procedure for
future research using the process.

e The effects of various parameters, such as gas input flow rate, solution height,
solution volume and diameter of the measuring cylinder on the absorption rate are
examined.

e Operational costs of the proposed method are assessed and compared with the more
common CO; liquefaction method.

For practical installation of the system, a CFD simulation model is built, assessed and
optimized based on the results from the experiments. After analysing the lab-scale CFD
model, a new full scale model is designed and optimized. The following points present the
main contribution from the practical design part:

e CFD simulation and laboratory scale experiment of the CO. absorption process are

presented, compared and analysed. This phase gives a method for applying CFD
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software to the assessment of chemical absorption processes. The validity of the
simulation model is proved as comparisons between the experimental and
simulation results indicate a good agreement.

The effect of many significant parameters, such as NaOH solution concentration,
gas input flow rate, solution column height, solution volume and diameter of the
reaction tanks on the absorption rate and reaction rate are examined. Optimised
parameters are derived and discussed based on the analysis of the results.

A guideline procedure for design and installation of the system on ships is presented.
The design processes include system selection, modelling and optimisation. The

installation includes the system positioning, fitting and process demonstration.
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CHAPTER 2. LITERATURE REVIEW

2.1. Current CO:z: Situations

Over centuries of consuming fossil fuels, the concentration of CO; in the atmosphere has
increased by 100 ppm according to a report from the IPCC (IPCC, 2007). The increase of
CO: in the atmosphere, as is the nature of GHG’s, leads directly to global warming and
poses a risk to every single creature on our planet. This situation is urgent and a solution is
required to sustain the environment in a good condition. This section will elaborate on the
current situation regarding CO> emissions from different perspectives, and the prediction

of future conditions will also be presented.

2.1.1. Emissions of Carbon Dioxide

First of all, from the angle of emissions gas types, the first pie chart in Figure 1-1 indicates
the amount of different gases emitted by percentage. The pie chart, which is from the
Carbon Dioxide Information Analysis Centre, illustrates that the emission of CO. is much
more than any other gases as it comprises 77% of the total GHG emissions. Among all CO-
emissions, 74% of CO2 emissions are attributed to fossil fuel combustion and only 22% is
due to deforestation and biomass decay. Hence, more consideration on CO2 emissions from
fossil fuel utilisation is necessary in order to achieve the required mitigation of climate

change.

The second pie chart in Figure 1-1 indicates that the increase of CO. content in the
atmosphere is not a result from a single country or community. Global emissions are no
longer a regional problem but an international one because the global economy is growing
rapidly and countries are increasingly relying on each other. According to the chart, it is
obvious that China has the highest CO> emissions in the world and the USA and the EU
follow. Certainly, these countries and unions should be aware of the serious effects of GHG

emissions and should be responsible for taking actions as soon as possible. In fact, all the
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countries should develop and carry out a suitable and reasonable policy for GHG control

based on their specific situations.

Since policies for GHG reduction are necessary, we should think about what exactly we
can do towards emissions reduction. It appears to be the most practical question but
answering it requires a feasible solution. Nowadays, the emission of CO is generally from
energy supply, industry, forestry, agriculture, transportation, residential and commercial
buildings, and waste. The percentages of these emission sources are shown in the last pie
chart in Figure 1-1. The chart reveals that there are many emission sources and clearly they
are all equally serious as the percentages they account for are quite similar. Improvements
solely on one source may not be of great help but efforts focusing on all these sources will
make a significant difference. Hence, it is reasonable to make any possible efforts towards

emissions reduction from all sources.

2.1.2. Prediction

Currently, climate change is an ongoing issue because the quantity of carbon dioxide being
emitted is still growing. Figure 2-1 presents a chart with a trend line of world carbon
emissions from fossil fuels from the year 2000 to 2013, which is according to data from
the Carbon Dioxide Information Analysis Centre (Boden et al., 2016). The trends illustrate
a rapid increase in emissions and further trends can be predicted easily. According to the
curve, although there is a slight decline in 2009, the emissions will keep increasing if no
further policies and actions are adopted. It is obvious from this data that the rate of increase
in carbon emissions is rapid. It is a fact that global warming has already influenced the
environment and the climate all over the world. According to NASA, snowpack is
decreasing in North America and grasslands are replacing forests in Latin America.
Frequent flooding occurs in Europe and unfortunately, Africa still faces the problem of
water shortage. Also, in Asia, portable fresh water is now less easily available (NASA,

2016). The mitigation of the greenhouse effect is now so necessary that the approach for
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GHG reduction should be implemented as soon as possible. Fortunately, there is still time

to make some changes for the future in order to slow or even reverse these negative impacts.

As indicated previously, the huge amount of CO2 emissions should be attributed to all
nations or groups and all the emission sources should be seriously considered as well.
Having CO, emissions reduced in every field or industry is the key to climate change
mitigation. For the shipping industry, it is the responsibility of the whole sector to make
contributions to the preservation of our environment. Fortunately, EEDI and EEOI are in
forced by the IMO towards an eventual goal of climate change mitigation.

Global CO, Emissions from Fossil-Fuel Burning
10000

9500
9000
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{metric million tons)
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1999 2001 2003 2005 2007 2009 2011 2013
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Figure 2-1 Trends in CO2 emissions from 2000 to 2013

2.1.3. IMO Solutions

In this section, the GHG emissions control methods suggested by the IMO will be
introduced. The aim of the IMO’s regulations is to reduce the carbon emissions of ships by
increasing the energy efficiency of marine activities. The amount of carbon dioxide emitted
from fossil fuels used is fixed and can be calculated by applying conversion factors for
different fuel types. For example, the quantity of carbon dioxide emitted from high sulphur
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fuel oils (HSFO) is 3.075 times the quantity of fuel used. The conversion factors of several
fuels are listed in Table 2-1 (MEPC, 2010). These factors are derived as the chemical
formula of fossil fuel are known: for CH4 as an example, for 1 ton of CHg there will be
0.75 ton of carbon so the carbon dioxide is 2.75 ton of CO2 Therefore, if the energy
efficiency is increased, the actual work done in a fixed time will increase for the same

amount of carbon emitted.

Table 2-1 Conversion factors of several common fossil fuels (MEPC, 2010)

Fuel type Conversion factor (t CO> / t Fuel)
1 | Marine Diesel And Marine Gas Oils (MDO/MGO) 3.082
2 Low Sulphur Fuel Qils (LSFO) 3.075
3 High Sulphur Fuel Oils (HSFO) 3.021
4 Liquefied Natural Gas (LNG) 2.750
5 Liquid Petroleum Gas (LPG): Propane 3.000
6 Liquid Petroleum Gas (LPG): Butane 3.030

In order to try to improve the energy efficiency of international shipping, new regulations
entered into force on 1% January 2013. The IMO adopted a series of amendments and added
them into the International Convention for the Prevention of Pollution from Ships
(MARPOL) in July 2011. A new chapter was added into MARPOL Annex VI to make
mandatory regulations for different kinds of ships, such as the Energy Efficient Design
Index (EEDI) for new ships, the Energy Efficiency Operation Index (EEOQI) for existing
ships and the Ship Energy Efficiency Management Plan (SEEMP) for all ships. These
regulations are targeting at all ships with a capacity of 400 gross tonnes and above. For
these energy efficiency improvement methods, their calculations are based on the ratio
between COz emissions and transport work. For example, the carbon emissions for a new
vessel (applying EEDI) are indirectly obtained by multiplying power output with fuel
consumption of all engines, taking into consideration the fuel carbon factors. The transport
work is derived from multiplying capacity with a reference speed for the selected vessel.
The ratio between carbon emissions and transport work presents the EEDI of the vessel.
Then the comparison between designed EEDI with the target value in the IMO regulations

indicates whether further carbon emission reduction techniques are required. However,
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these regulations are based on increasing the energy efficiency and there is another type of
technologies which store carbon captured for industrial utilisation. Further review on CCS

technologies will be carried out in the next section.

Haibin Wang, University of Strathclyde, 25 January 2017 Page | 13



Literature Review

2.2. Onshore CCS Methods Reviews

Carbon Capture and Storage (CCS) is the terminology used to describe a series of
techniques applied on emissions sources, like power plants and industrial processes, for
separating off the CO> from fossil fuels or exhaust gases, transportation of the CO> with
pipelines or ships, and storage underground or in the oceans. CCS is applied to mitigate
climate change and to finally achieve a sustainable way of living. Now, carbon capture
technologies are interesting to researchers all over the world because there are still many
improvements and development that can be and should be made on emissions reduction,
energy consumption and cost efficiency. As of the end of 2012, there have been 14 active
CCS industrial projects onshore (Global CCS Institute 2012). Application of CCS is one
of many ways to achieve emissions reduction from the burning of fossil fuels (Global
Trends in Carbon and Sulphur Emissions, 2011). The Boundary Dam Integrated Carbon
Capture and Sequestration Demonstration Project is an active CCS project launched in
2014 in Canada (Boundary Dam Integrated Carbon Capture and Storage Demonstration
Project, 2014). The target is a power station. An amine-based post-combustion capture
method is applied for the capture of CO». A pipeline is used as the transportation method
and EOR is used for carbon storage. The Gorgon Carbon Dioxide Injection Project is an
Australian project currently on progress, which will go into operation in 2016. The target
is in natural gas processing and this CCS project will apply a pre-combustion capture
method (natural gas processing), use pipeline transportation and EOR storage (Gorgon
Carbon Dioxide Injection Project, 2015). The FutureGen 2.0 Project is still in the definition
stage and is a CCS project which will apply an oxy-fuel combustion capture method on a
power station in the USA. The compression method will be applied for separation. Pipeline
and dedicated geological storage will be utilised for CO, transportation and storage
(FutureGen 2.0 Project, 2013). All of the capture methods mentioned above will be
discussed in the next section. During the review, most of the focus is on the capture and
storage parts, as the objective of this thesis is to make a contribution towards capture

technology research and development for marine vessels.
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2.2.1. Capture Methods

Capturing carbon from fossil fuels ensures that the GHG’s (especially COz) will not be
emitted into the atmosphere. Without the emission of GHG’s, the ongoing process of
climate change (global warming) will be alleviated and eventually halted. There are
currently three main methods that are widely used and applied on power plants: pre-
combustion capture, oxy-fuel capture, and post-combustion capture. These methods are
based on different principles so their applications may vary. The following sections will
introduce these capture methods in detail so that the selection of capture methods for
marine applications can be based on a knowledge of the characteristics of these different

methods.

2.2.1.1. Pre-Combustion Capture

The first capture method introduced will be the pre-combustion capture method. The main
principle of this method is to remove CO; from the fossil fuel prior to burning it. There are
some chemical reactions that take place before the combustion in the engine to transfer the
fossil fuel into a hydrogen fuel. As shown in the first schematic in Figure 2-2 the fossil fuel
for the power plant is reformed with steam, and a mixture gas of CO> and H. (hydrogen)
is produced. There are two reactions involved in the reforming processes: the steam-
reforming reaction generates synthesis gas (a mixture of CO and Hy, also known as syngas)
and the water-gas shift reaction transfers CO to CO.. Both of the reactions generate H;
which can be used as a fuel by hydrogen gas turbines. The final products are CO, and Ho.
The CO- can be captured through suitable methods and the Ha is separated as a fuel for the
power plant which generate no CO; at all. The most popular methods used for CO> capture

are the chemical absorption method with an absorbent and the condensation method.

This pre-combustion method is applicable to Integrated Gasification Combined Cycle
(IGCC) or Natural Gas Combined Cycle (NGCC) power stations. It is a high-efficiency

technique with low risk and it can capture 90-95% of the CO> from fuel oil. However, as
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the installation of the system needs to be coupled with a chemical plant for reforming and
capture, it requires a large amount of initial investment on designing, building and
integrating the system. This method can be used for ships because using hydrogen fuel is
mature for internal combustion engine. However, using H> as fuel can eliminate carbon
emission directly and easily so it makes the carbon reduction complex when applying pre-
combustion method. Hence, this method will not be considered for traditional engine and
will not be considered further in this research. The gas turbine with hydrogen fuel also
poses high nitrogen emissions, especially NO2, which is also harmful to the environment.

2.2.1.2.  Oxy-Fuel Capture

The oxy-fuel capture method combusts the fossil fuel within pure oxygen rather than within
air. The oxygen will first be separated from the air using separation devices. After the
combustion, the emission gases will have a high concentration of CO> (around 90%) due
to a relatively complete combustion and few impurities in the oxygen. Hence, it is easy to
achieve CO> separation under these conditions. As shown in the second flow chart in Figure
2-2, after the combustion processes, only condensation or compression is required for the
separation between CO- and water.

Regardless of the energy consumed, a potential 100% of CO; can be captured with this
method. The emission of other gases, like NOx and SOXx, are also directly and greatly
reduced due to the occurrence of complete combustion. The system of oxy-fuel capture can
be retrofitted to existing power plants as it doesn’t affect the power plant system greatly.
One thing that matters to existing plants is that with high oxygen concentration, the
combustion temperature is higher than it would be if only air was used. A higher material
quality for the combustion chambers may be required and a high power penalty is another
big drawback of this method. Currently, there are only a few power plants installed with

this method because it is still under research and development.
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2.2.1.3. Post-Combustion Capture

In this method, the CO> is captured from the exhaust gases after combustion of the fossil
fuels has taken place. Usually, power stations with this method for carbon capture are
retrofitted with an exhaust gas treatment system as illustrated in the third chart in Figure
2-2. One typical method of capture is to use chemical sorbents to absorb the CO> and then
apply heating or increase the pressure to have the CO> released from the absorbent and
transported for further storage. Nowadays, amine and quicklime are commonly used as
sorbents due to their high capability of absorption and characteristics of releasing the gas
when heat and pressure are applied. There are some other methods for CO; separation that
are currently under research and development, such as the application of active carbon or

utilisation of a membrane.

As the system is based on processes of exhaust gas treatment, the retrofitting is the easiest
amongst the three capture methods discussed. This method requires the least changes on
the target plants. It is also the most mature approach as it has been used for at least half a
century. Despite these merits, it also requires some improvements in reducing the inherent
running costs, such as the recycling and replacement of absorbents. There are many
experiences gathered to date on large scale power plants but it is still not applicable for

ships so that further research and development are required.
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Figure 2-2 Schematics of general carbon capture methods

Table 2-2 from the report of the IPCC indicates the methods and technologies which are
currently available and under development for all three aforementioned capture methods.

Basically, these capture technologies can be applied to different capture methods.

For transportation, the CO> captured will usually be transported in either gaseous or liquid
form. Currently, liquefied CO; transportation is more popular. This is because COz in its

dense liquid phase has a high density and a low viscosity. CO- is usually compressed with
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multistage compressions into a dense liquid state. Under these conditions, low storage
volumes and low transportation pressures are required so that it is very convenient and

efficient for transportation using both pipelines and ships.

Table 2-2 Carbon Capture Methods and Technologies

Separation task Pre-combustion Oxy-fuel Post-combustion
b Capture Capture Capture

Capture

Techniques CO2/H> 02/N2 CO2/N2

Solvents Phy3|c_al solvents N.A. Chemical solvents
Chemical solvents

Membranes Polymeric Polymeric Polymeric
Zeolites Zeolites Zeolites

Solid Sorbents Activated carbon gﬁggﬁmd Activated carbon
Alumina

Cryogenic Liquefaction Distillation Liquefaction

To find out a suitable technology, some researchers investigated different methods and
techniques are reviewed. Research carried out by Yu et al. indicated the efficiencies of
carbon capture by absorption and adsorption and absorption is preferred (Yu et al., 2012).
Ethan and his colleagues investigated two different absorption methods, using ammonia
and organic solvents (Ethan et al., 2016). Joshuah and his team tested the absorption
efficiency of using NaOH capture carbon dioxide from air (Joshuah et al., 2008) and Lin
and Chen apply cross-flow packed bed to test the carbon absorption rate of NaOH solution
(Lin and Chen, 2007). Comparing their results and considering the constraints on ships,
using NaOH solution is preferred. As this method has not been used for ships yet, it is
significant to test and investigate it for maritime application. The next section will review

literatures for maritime CCS in order to find out the importance of this research.
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2.3. Maritime CCS

According to working paper from European Commission, the European Union (EU) is
aiming to reduce GHG emissions by at least 20% compared with 1990 levels by the year
2020 (European Commission, 2012). The US is also trying to cut off its GHG emissions
with a tough target (WRI, 2002). A 20% reduction of carbon emissions from ships is also
set up as a global target by the United Nations, to be achieved by 2020 (Shipping, World
Trade and the Reduction of CO2 Emissions, 2014). Apparently, GHG emissions reduction
IS becoming a mainstream topic in environment protection. From the previous chapter, the
significance of actions and policies for CO: reduction is clear and there are also many
different methods available to help achieve it. The 450 Scenario, prepared and adopted by
European Union climate change expert group ‘EG Science’ in 2008, says that global
temperatures have to be stabilised within 2 degrees compared with pre-industrial levels
(Information Reference Document, 2008). Otherwise, changes like heat waves, droughts,
and extreme precipitation events will greatly impact future climate. According to the IPCC
Assessment Report 4 (IPCC, 2007), carbon emissions need to start declining before 2015
and should be further reduced to less than 50% of today’s emissions by 2050. All these

requirements indicate how urgent it is to have carbon emissions reduction.

A report from the IMO, ‘Second IMO GHG Study 2007’, indicates that shipping was
estimated to have emitted 1046 million tonnes of CO> in 2007 which is about 3.3% of the
total global emissions (Second IMO GHG study, 2007). It is a relatively small quantity of
GHG emission from the marine engineering field but it is still the responsibility of marine
engineers to make a contribution to global reduction effort. The IMO has already set up
regulations and proposed measures for marine emissions reduction in order to help
construct a more sustainable environment. According to the ‘Third IMO GHG Study 2014”
about 938 million tonnes of CO> emissions were estimated to have originated from
shipping in 2014. 796 million tonnes were contributed by international shipping in 2012
(Third IMO GHG study, 2014). This means that a reduction has already been achieved

through recent work on carbon emissions reduction.
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2.3.1. Maritime Regulations

New measures from the IMO relating to energy efficiency entered into force on 1% January
2013which could help ship operators save $34 to 60 billion in fuel costs in 2020. The
regulations should bring significant emissions reductions: by 2020 about 150 million
tonnes of annual CO; reductions are estimated and by 2030 the amount is projected to
increase to 330 million tonnes of CO> annually. From the angle of a reduction ratio, the
average reduction will be approximately 14% in 2020 and approximately 23% in 2030
comparing to current figures, as this also takes into account the expected increases in global

shipping fleets.

The measures proposed are mainly applications of methods for increasing energy
efficiency through improved designs and effective operations. The resulting reduction in
GHG emissions can be found by comparing the second and third IMO GHG studies. The
Energy Efficiency Design Index (EEDI) for new builds and the Energy Efficiency
Operation Index (EEOI) and Ship Energy Efficiency Plan (SEEMP) for all ships are
predominant methods which can be performed at both ship design and operation stages. It
IS reasonable to expect a reduction in GHG emissions by reducing fuel consumption. The
cost of fuel is reduced and the emissions of carbon dioxide decline as well. Most of the
emissions reduction applications are already utilised on ships at the requirements of ship

yards and customers, such as hull coatings and engine optimisation.

2.3.2.  Previous Research on Maritime CCS

Although the IMO carbon emissions reduction target mentioned above could be achieved
through energy efficiency improvement methods (using the EEDI, EEOI and SEEMP),
CCS is still a reasonable and feasible way to mitigate climate change. The objective of the
application of CCS methods is to provide a feasible and suitable way for controlling
emissions as well as an optional way to enhance the decrement. Currently, CCS is relatively

more mature on power plants and industrial processes than maritime applications. It is a
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fact that there are only a few CCS applications found on board ships today. There is one
project ongoing in Europe which is a collaboration between Process Systems Enterprise
(PSE) and the classification society DNV-GL, which is working on an on-ship carbon
capture system in order to reduce the marine GHG emissions and meet the regulations.
Approaches considered are amine absorption, pressure-swing absorption, heat-integrated
distillation and membrane processes. A DNV-GL report has indicated that, by applying
CCS on ships, CO2 emissions from ship operation can be reduced by 65% (DNV-GL and
PSE report, 2013). According to their project, application of CCS is a suitable and
reasonable choice so more research and development will help greatly in the development

of maritime CCS.

2.3.3.  Challenges of Application on Ships

Generally, there are many capture techniques available for all the three capture methods
but with different conditions and efficiencies. These methods for industrial uses and power
plants aim to capture CO. from emissions and then transport and store it in suitable and
profitable locations, such active or depleted oil fields for enhanced oil recovery (EOR).
Sometimes, CO: is stored in the CO lakes in the ocean. Some projects try to trap CO: in
the layer of saline aquifers underground. As mentioned in the previous section, there are
basically two ways to transport CO2: in gaseous phase and in dense liquid phase.
Conversion of CO- into the dense phase is not only popular for onshore transportation but
also preferred for ship applications (IPCC, 2005). In gaseous form, the volume occupied
by COz is considerable. These onshore capture methods will apply a compression process
for convenient and efficient transportation and storage. However, if applying these methods
on-board the ship mechanically, serious problems arise such as power penalties, space
requirements for storage and safety issue from carrying liquid cargo.

Liquefaction or compression of CO> requires considerable energy which will lead to high
energy demand. This is because a large amount of power is required for compression while

changing from gas to dense liquid phase. The space requirements arise from the installation
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of new equipment and storage tanks. As the space on-board is limited, these spaces for
CCS should ideally be small so that there is no need to detract from cargo carrying spaces.
Otherwise, the storage of CO. on the ship will have a severe impact on the ship’s
transportation performance. Another problem of CO, compression is that the state of CO;
is very complicated (Barthelemy et al., 2010) and any little change in temperature or
pressure may lead to density and volume changes and even may result in phase changes.
While the liquid COz is turning into gas, high pressure occurs and may lead to a risk of
leakage or even explosion. Since the storage conditions for liquefied CO> are so strict, the
requirements for the storage tank materials are also high. As the ship is running, the CO-
will be captured and stored as liquid in tanks which might lead to a sloshing effect in these
partially filled storage tanks. The stability of the ship might then be affected. These adverse
effects will definitely have a serious influence on the performance of the vessel.

In order to try and eliminate these problems, this thesis aims to find an efficient method to
have carbon easily and safely stored on the ship. Other than typical CO, compression
methods, another candidate is the combination reaction between CO> and a metallic oxide.
This can be considered because the requirements of the reaction are simple and the final
products are convenient for storage. Hence, this thesis will present this method in detail
and will try to highlight the feasibility of capturing CO- by alkaline solution and keeping
it in solid form. The following chapter will present a detailed introduction and description

of the processes involved.

2.4. CFD Modelling and Simulation

The feasibility of the proposed carbon capture and storage method is tested by lab-scale
experiments which are carried out in a chemical laboratory. Many data are derived from
these experiments and could be applied for CFD modelling. CFD software is applied for
setting up and optimising the model. The optimised model can be used for the design of

the practical system to be installed on the ship.
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In order to design a reasonable and feasible CFD model, a series of literatures are reviewed.
Horvath and his research group have successfully modelled and simulated a cuboid bubble
column using the VVolume of Fluid (VOF) model. The VOF model is suitable for capture
free surface between phases to present immiscible phase interaction and the computation
cost of this model is low. Their simulation results are close to the experimental data
(Horvath et al., 2009). Another investigation tests both mixture and Eulerian approaches
on a bubble column reactor under unsteady state conditions and low gas flow rates. The
results from the simulation show a good consistency with experimental data (Mohammad,
I. and Mohammad, A.K., 2011). It also indicates that similar outputs can be derived from
both the mixture and the Eulerian model, but the Eulerian model demonstrates a better
convergence and stability. Asendrych and his colleagues applied a two-fluid Eulerian
model for an amine-based carbon capture system. A 2D axisymmetric CFD model was
designed and analysed. The results illustrate that the ratio of solution to gas has a significant
impact on the reaction efficiency. They also achieved a good agreement between numerical

results and experimental data (Asendrychet al., 2013).

Therefore, considering the absorption reaction between the gas (CO.) and the fluid (NaOH
solution), the Eulerian model is an option for the multiphase reaction simulation. In this
thesis, the simulation of the experiments will be presented and the subsequent optimisation
of the simulation model will give fundamental details for the full scale practical system
simulation. After the simulation model for the practical system is designed and optimised,
the whole system on-board the ship can be designed so that the practical installation of a

carbon solidification system can be achieved.
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CHAPTER 3. CAPTURE AND SOLIDIFICATION
PROCESSES OF CO2 ON SHIPS

3.1. Objective

International shipping is estimated to have emitted 796 million tonnes of CO; in 2012
which is about 2.2% of total global emissions (Third IMO GHG study, 2014,). Although
the emission amount of GHG from shipping transportation is not so significant, it is still
considered to be responsible and essential to address this in order to help alleviate the
effects of climate change. If left without any regulations and actions, the emissions from
shipping might be tripled by 2050. It is therefore necessary to take precautions on CO>
emissions from marine activities. Since precautions are necessary for ships currently, this

section makes a proposal for a method of capturing CO2 on marine vessels.

On-board ships, as a matter of fact, there are several severe limitations to be considered,
such as limited power output, very valuable volumes and weights, and safety issues due to
installation. Retrofit conditions for existing ships also require further consideration. A
carbon capture method will be illustrated with discussions on its merits and drawbacks.
This chapter will also present the comparison of this proposed method and another

candidate, comparing their viability and their effects on shipping performance.

3.2. Methods Consideration

To date, the IMO has concentrated on energy efficiency improvements of vessels. The
EEDI, EEOI and SEEMP are typically highlighted and focused on in recent research work.
Certainly, energy efficiency can be improved at the design and operation stages and it can
lead to the reduction of fuel consumption and therefore decrease CO emissions indirectly.
In this thesis, CCS on-board ships will be studied as this has previously been shown to be
a promising way to reduce CO> emissions from the exhaust gases directly (Lin and Chen,

2007). There are many carbon capture methods that can be applied to power plants and
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industrial processes. However, there are a few applications of CCS on ships at present.
Currently, there is an on progress project from DNV GL and PSE, aiming to apply onshore
CCS fora VLCC which has relative abundance of deck space (DNV GL, 2013). Previously,
three types of CCS methods were mentioned: pre-combustion capture, oxy-fuel
combustion capture and post-combustion capture. According to Table 2-2, the purpose of
pre-combustion capture is to separate CO. from hydrogen gas (can also be applied to
natural gas), oxy-fuel combustion capture aims to separate O, from N». Post-combustion
capture is where COz is separated from N.. The following paragraphs will discuss the
shortcomings and merits of these capture methods in order to have a general view about

their viability for installation on ships.

3.2.1.  Oxy-Fuel Combustion Capture

The oxy-fuel combustion capture method comprises of burning fuel in high purity oxygen
instead of air. The system could be retrofitted to the engine as only air separation equipment
is required before the air inlet to a normal marine engine. The available air separation
systems are based on industrial oxygen production technologies, such as air separation
comprising of cryogenic distillation, absorption using multi-bed pressure swing units and
polymeric membranes. A flue gas circle is necessary to mix the flue gas with the input
oxygen in order to reach high combustion temperatures. Therefore, as the conditions of the
emissions are changed from the initial ones, it is expected that the NOx emissions will
grow which should be carefully considered. Another issue is due to the too violate
combustion which may damage the engine. Considering the cost of this method, it is
primarily due to the power requirements of the air separation and feeding system. It means
that consideration and improvement on this angle will optimise the capital and running

Ccosts.

Certainly, combustion with pure oxygen has a range of good effects but this method is not
ready at present for commercial use and is currently only used in the metal smelting

industry. Hence further research and development would be necessary and many
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constraints should be considered when applying oxy-fuel combustion to a CCS system.
Also, if installed on a ship, the new equipment can only be installed within restrict space

which may cause problems for the ship owners.

3.2.2.  Post-Combustion Capture

As a relatively mature method, the post-combustion capture method is more widely used
in power plants and industrial processes than the other two approaches presented above.
Another reason for widespread utilisation is that in large scale processes, direct firing of
fossil fuels in air is the most economic approach. As a retrofitted capture system, it can be
coupled with an existing system. The difference is that the post-combustion capture system
is installed after the combustion chamber. It could be coupled with the exhaust gas emission
system directly and use various separation systems to then capture the CO.. The main costs
are due to initial investment and power costs associated with the capture system.
Absorption processes based on chemical solutions are currently a preferred option for post-
combustion CO- capture. The power costs for these processes are due to feeding gas into
the absorbent for absorption and to heating for absorbent regeneration. An obvious
drawback is that a large scale absorption system will be required due to tonnes of exhaust
gases generated. Another disadvantage is that the concentration and purity of CO> in the
exhaust gas is low because there are many other gases present as well, which need to be
separated from the CO>. Some gases may affect and degrade the absorption solution, such
as SO, and SOs. These gases are acid gas pollutants that can react with alkaline solutions.
Usually, low sulphur fuel is the preferred solution and also a scrubber or SCR can be
installed for further exhaust gas desulphurisation. As these methods could not eliminate all
other acid gas, the degradation of the absorbent is still unavoidable. From the point of view
of capturing the CO,, all these three methods could use the same techniques but the capture
rates will vary. Since the carbon capture system will be installed on ships, the constraints
of installation should also be carefully considered. The advantages of post-combustion
methods are easy retrofit, low costs, fewer changes on-board and relative independence

from other systems.
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3.3. Chemical Processes Description

The proposed method aims to use chemical substances which can react with and absorb
carbon dioxide at atmospheric temperature. The processes produce a solid compound
which is easy to store on ships. The chemical processes for carbon solidification will be
referred to as CPCS in the following sections. The processes are basically three procedures:
absorption, precipitation (causticisation) and filtration. The two chemical reactions are
presented below (Pflug et al., 1957; Mahmoudkhani and Keith, 2009):

CO; + 2NaOH — Na.CO3 + H20 1)
Na2COs + CaO + H,0 — CaCOs| + NaOH 2
Ca0 + H20 — Ca(OH)2 (3)

In the first reaction, the carbon dioxide is absorbed by sodium hydroxide (NaOH, caustic
soda). This is a natural characteristic of sodium hydroxide as it is a strong alkali. One
product from the absorption reaction is sodium carbonate (Na2COgz, washing soda) which
is a relatively stable compound. Then the product solution is transported to react with
calcium oxide (CaO, quicklime) and water through which a precipitate, calcium carbonate
(CaCOs, limestone), is produced, as shown in reaction 2. This reaction is the causticisation
process and has been previously used in the industrial production of caustic soda (Littman
and Gaspari, 1956). After the filtering, washing and drying processes, the limestone

powders will be stored in tanks and unloaded at the final destination.

The advantage of using NaOH than Ca(OH): directly is that the solubility of Ca(OH): in
water is much lower that NaOH at atmosphere temperature. It will slow down the
absorption process because only dissolved Ca(OH). can absorb CO>. Due to constantly
generating and feeding of the exhaust gases into the absorption system, the absorption
reaction should be rapid enough to make sure the releasing of exhaust gases from engine.

Therefore, NaOH is selected for carbon absorption.
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As masses are related to molecular masses and molar numbers, the relationships between

the different substances are shown in the following equation:

mz/m2 = (n1 Mz) / (n2 M>) 4)

Where:

m1 = total mass of substance 1 (ton);

mg2 = total mass of substance 2 (ton);

n1 = molar number of substance 1 (mole);
n2 = molar number of substance 2 (mole);
M1 = molar mass of substance 1 (kg/mole);

M2 = molar mass of substance 2 (kg/mole).

This relationship will be used to derive the masses of the different chemical substances

involved in the reactions.

The absorption reaction is an exothermic reaction from which the heat released can be
recovered so that the reaction is not too drastic, and also the energy efficiency of the system
can be increased. One internal reaction, integrated into reaction 2, is the generation of
calcium hydroxide (Ca(OH)z, hydrate lime) (Souto et al., 2008). This is also an exothermic
reaction where the reaction heat released can also be recovered and reused. The heat release
rates from the three reactions are 109.4, 5.3 and 65 kJ per mole of CO; respectively
(Mahmoudkhani and Keith, 2009). While dissolving NaOH into water, heat is also released,
around 35.82 kJ per mole NaOH (Japan Soda Industry Association, 2006). Based on these
reactions and processes, the CO> from the exhaust gas can then be captured and stored in a

solid form on-board the ship.
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The reason why NaOH is used for absorption is due to the absorption rate of CO. As the
continuously generation of exhaust gas, the reaction should be prompt. According to Lin
and Chen’s research, the CO. removal rate grows with an increase in NaOH concentration
(Lin and Chen, 2007). Compared with Ca(OH)., the solubility of NaOH in water is much
higher. As the maximum concentration of Ca(OH). is limited by its solubility, the
absorption rate is constrained indirectly. Another reason for the selection of NaOH is that
the sediment generated (CaCOz3) may cover the undissolved Ca(OH)2 and prevent it from
dissolving into water. Although this undissolved effect can be reduced by centrifugal
stirring, it is still difficult to eliminate and require greater investment in terms of the power
supply and the stirring system. Therefore, considering these reasons, it is preferable to

apply NaOH solution for the absorption process.

3.4. System Design and Components

The design of the system and selection of the components is based on the processes
involved in the capture and storage, for example the process during reaction 1 is feeding
CO: into a sodium hydroxide solution for absorption therefore a gas feeding system and
reaction tank are required. Due to the presence of a strong alkali, anti-corrosion materials
should be applied to the system for safety reasons. After the absorption process, the
precipitation reaction starts to generate sediment CaCOs. Precipitation tanks with stirring
devices are required here in order to accelerate the mixing and reaction. Then the filtration
of the sediment and solution will be carried out in a centrifuge. The separated sediment
will be stored in storage tanks and the solution will be recycled back into the absorption
process. With considerations for all these steps of the capture processes, the following
system is presented in Figure 3-1. This figure is shown to make it easier to understand the
processes presented in the following sections.
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3.4.1. Capture Processes

The exhaust gases first go through a water scrubber in order to remove the SOx emissions
as well as to cool down the exhaust gases. The scrubber system is a relatively more mature
system than the capture system for ship applications so it will not be introduced and
analysed in detail here. The reduction target of the carbon capture system is based on the
regulations from the IMO, which is a 20% reduction of CO2 emissions by 2020. Therefore,
a target of 20% reduction on CO> emission is selected for this project. A certain amount of
exhaust gases will be extracted, fed through a by-pass system and then fed into the
absorption system. Apart from regulation, another reason of 20% carbon reduction is
considering the impact on cargo transportation performance. The by-pass system is
equipped with a gas separation facility in order to remove the impurities in the gas, such as
NOX, soot and water vapour. This is important because the purity of the CO. will affect its
reaction rate with the alkaline solution. The CO2 rich gas is then fed into the absorption

reaction tank and the absorption process starts.

The following step is to transfer the product from reaction 1 to the precipitation tank for
the double replacement reaction. A transferring pump with flow control units is installed
between the two tanks. As long as calcium oxide is fed into the precipitation tank, reaction
2 will begin. The product from reaction 2 is a mixture of calcium carbonate and sodium
hydroxide solution. The mixture is pumped into a centrifuge to separate the sediment from
the solution. After filtering, washing and drying, the sediment will be finally stored in
storage tanks. The NaOH produced in reaction 2 is recycled and pumped back into the
absorption reaction tank. Then the new cycle repeats the same processes so that the system

can work continuously.
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3.4.2. Components

The components in the system should be carefully considered as there are many corrosive
materials involved, such as acid gas (CO.) and alkali solutions (NaOH). Figure 3-2 presents
a list of materials selected and their functions and principles for all the devices used in the

processes. The system concept is already presented above in Figure 3-1.

3.1. Safety Issues

Considerations on safe operation of the new system are necessary because there are many
chemical substances involved in the different processes. CO: is an acid gas and NaOH and
Ca(OH)2 are two alkaline solutions involved in the reactions. The safe handling of these
materials is essential because they can cause harm to both the ship and the crew. This
section illustrates the possible risks due to these materials and the safety requirements for
avoiding these hazards.

3.1.1. Risks of CO;

When the concentration of CO> in the air rises above 15%, it is lethal to human beings as
it can cause asphyxia (The International VVolcanic Health Hazard Network-Carbon Dioxide,
2016). It is therefore important to prevent CO: in the pipes and tanks from leaking. As CO-
is denser than air, the leaked gas will accumulate and finally reach a hazardous and fatal
concentration. Hence, the seals of pipe connections and tanks should be well treated. Also,

ventilation in nearby compartments is required to reduce the possibility of accumulations.

As an acid gas, CO- can be corrosive when in contact with water. It can clog and damage
the pipes and tanks in the system. Therefore, water removal devices are necessary to help

reduce the maintenance costs for pipes and tanks.

Haibin Wang, University of Strathclyde, 25 January 2017 Page | 32



Capture and Solidification processes of CO2 on ships
3.1.2. Risks of Alkaline Solutions

Both sodium hydroxide and calcium hydroxide are strong alkaline solutions and they are
highly corrosive substances. They are able to corrode the decks and tanks on the ship. It is
vital to keep the solutions from leaking. The materials used for the tanks and pipes should
be anti-corrosive to keep them from cauterising and being damaged by alkaline solutions.
These alkaline solutions are extremely harmful to human eyes and skin as well. When
handling these solutions, goggles, gloves and coats should be worn for safety reasons.
Suitable and immediate treatments should be locally available and on standby at all times.
When accidently touched, cleaning and washing the skin with a lot of water and applying
boric acid to neutralise the alkalinity is recommended. If the alkaline solutions come into
contact with eyes, they should be washed with water immediately and medical attention

should be sought as soon as possible.
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Figure 3-1 Design of carbon capture and storage system
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Components of CCS system

Devices Code Material Function Principles

Exhaust gas flow divided . . . A new structure of funnels will divide the gas into two parts: one will
Exhaust gas . G Same as funnels Distract 20% of flue gas into the CCS devices ) . .

device be emitted to atmesphere and the other will be pump into system.
treatment
Pump for flue gas P1 Anti-Corrosion Materials Provide pressure for transporting gas Pump principle
Valve for two filter or Electrical valve with thermal L A electrical valve that controled by computer with a switch frequency
Vm Control the direction of gas: to M1 or to M2

CO2 separation

adsoption devices

resistance

based on adsorption rate.

. . . M1 . . Filter or adsorb CO2 and release it after flue gas L
Filter or adsoption devices Heat resistance material . Membrane could selective filter CO2.
M2 emitted
. ) Vnl Normal CO2 transport Monitor M1 and M2 and releaseto and isolate CO2 Valves with sensors that monitoring the working of M1 and M2. when
Valves for absorption devices o . o ) X o
Vn2 pipeline from absorption devices in time Mi releasing CO2, Vni will open.
) . N1 ) ) . . . ) . .
. Absorption devices Anti-Corrosion Materials Applying of alkaline solution to absorb CO2 Containers for reaction 1.
CO2 absoption N2
VsO
Valves for Salt metathesis . ) ) Control the feeding of Na2CO3 solution into next  Valves with sensors that monitoring the working of N1and N2. When
K Vsl Anti-Corrosion Materials . K X L K
reaction Vs2 reaction stage Ni has done absoption, Vsi will open and feed Na2CO3 to Device T1.
Pumps for water, solution and|P2,P3, i . . . L L
lid P4 Anti-Corrosion Materials Pump Na2CO3 solution, water and Lime into T1 Pump principle
soli
Salt metathesis reaction Anti-Corrosion Materials; e L . . . . . .
Cco2 . Tl R ) Carbon solidification and transportation tank Feeding CaO in the Na2CO3 solution and reacting as reaction 2.
e container Heat resistance material
solidification L . . . .
. ) . The tray plate is installed in T1. While enough limestone is generated
Anti-Corrosion Materials; X X K o
Tray plate L ) ) Lift the stone generated in T1 or after a regular time, the tray will lift the stones and transport
Heat resistance material .
them to next device.
Pump for NaOH recycling P6 Anti-Corrosion Materials Pump the NaOH yield in reaction 2 back to T1 Pump principle
vrl
Material and Valves for alkali recyling Vrz Anti-Corrosion Materials Recycled the alkaline solution. Pumping the solution back to device N1 or N2.
r
heat recovery
Vr3 Heat generated during reaction 2 will be
Valves for heat recovery Heat resistance material 8 5 Feeding water and absorbing heat outside the device.
Vrd recovered
Pump for Limestone transfer | P5 Anti-Corrosion Materials Transfer limestone to T2 Pump principle
Valves for limestone Vtl . ) ) Transport stones in time from device T1 Monitering T1 and opening for transport while tray is lifted.
. . Anti-Corrosion Materials oo o .
Limestone treatment (inlet and outlet) | Vt2 Recycle waste liquid After treatment, the waste liquid will be drained back to T1.
treatment and . X . Clean limestone for storage and recycle the . . L
Limestone treatment tank T2 Heat resistance material . . Washing, drying and filtering.
storage solution back to device T1
A tank with load and unload equipment for storaging and unloadin
Limestone storage tank T3 No requirements Storage and unload limestone auip eing &

limestone.

Figure 3-2 Materials selections, function and principles of devices.
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CHAPTER 4. EXPERIMENTAL SETUP, MATERIALS
AND PROCEDURES

4.1. Introduction

The principles behind the chemical absorption and solidification processes are presented
in the last chapter. In this chapter, experiments of these processes will be illustrated,
including rig construction, introduction of the apparatus, processes and operation
descriptions, and error and accuracy analysis. The aim of carrying out the experiments is
to test and verify the feasibility of the proposed processes. During the experiments, many
factors that could impact on the process efficiencies will be observed. This information
will be useful for designing a practical system for installation on a ship in the later stages

of this work.

This chapter first introduces how the experimental rigs are constructed and also presents
the apparatus involved. Then the processes and operation of the experiments will be
outlined. All the applications of the apparatus will be described in the following sections.
Then the possible errors and the overall accuracy of the experiment will be discussed.
Finally, this chapter will present the results obtained from these experiments, including gas

absorption rate and NaOH solution recycling rate.

4.2. Experimental Rigs and Apparatus

4.2.1. Experimental Rigs

The construction of these experimental rigs is for testing the processes of carbon absorption
and solidification. A COz tank is applied for constant feeding of CO- gas for the absorption
process. The gas will be released into the NaOH solution so a container for the solution is
also required. A measuring cylinder is selected as a suitable container so phenomena from

the reactions can be observed directly through the glass sides. To feed the gas in, one flow
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pressure regulator and one flow meter are used in order to control the flow pressure and
flow rate. A rubber pipe is connected to the flow meter. A diffuser is attached to the outlet
of the delivery pipe so that the gas can be evenly distributed into the alkaline solution. A
lab stand with a clamp is used to keep the rubber pipe in position. Two scales are located
under the CO2 bottle and the measuring cylinder to display their weights. The experimental

rigs for the absorption process are presented in Figure 4-1 along with a schematic chart.

Regulator Flowmeter

w

Measuring ‘NaOI-i

| = e coz2 Cylinder | |- Solution
"?‘“, _ Tank . Loo2
. - > N O Bubbles
SEalen2 J ‘ e o
Scale. 1 ST
‘ - . - Diffuserf@ ;
' = &y [ Scael | [ Scale2 |

A B

Figure 4-1 Experiment rigs (A) and schematic chart (B) of absorption processes

Before the filtration experiment is carried out, the mixture of CaCOs sediment with the
solution should be prepared first. This mixture is the product of the reaction between the
Na>COs solution (from the absorption reaction) and CaO. To obtain this mixture, a sample
of the Na2COs solution is taken with a test tube and a specific amount of CaO is added
based on calculation. It usually takes 20 minutes at most to complete the reaction however
shaking the test tube can help increase the reaction rate and hence reduce the reaction time.

The filtration experiment is designed to remove the CaCOs sediment from the mixture. A
simple filtration experiment rig is constructed using a funnel and an Erlenmeyer flask. A

layer of filter paper is attached to the funnel which will prevent the sediment from moving
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down into the funnel. Due to the small pore size of the selected filter paper, the filtration
process is extremely slow. To increase the speed of the filtration process, a pump is utilised
to extract the air from the Erlenmeyer flask. This creates a pressure difference between top
and bottom of the funnel so that the solution can move downwards to counteract the air
movement. During the filtration process, fresh water is also fed into the funnel to make
sure that all of the solution is dissolved and moved down into the flask. The experimental

rig for the filtration process is shown in Figure 4-2 along with a schematic chart.

Precipitate

Flow control switch Fla:

¥ Solition;

Operation platform

Flow control valve

A B

Figure 4-2 Experimental rig (A) and schematic chart (B) of filtration processes

4.2.2. Apparatus

The objective of this section is to introduce the key apparatus involved in the experiments
and to explain their function and operation during the experiments.

e CO> tank (bottle)

The CO2 bottle is a container filled with high purity pressured CO- gas. It is supplied by
the company BOC and the bottle is a vapour withdraw cylinder borrowed from the same

company. The gas from the bottle is used for the absorption reaction process. In a practical

Haibin Wang, University of Strathclyde, 25 January 2017 Page | 38



Experimental setup, Materials and Procedures

process, the gas will be provided by the engine exhaust gas which will have been purified

by the gas separator as was discussed in the previous chapter.

e Regulator

A regulator is applied to control the gas inlet pressure. The regulator is compatible with the
CO2 bottle and it is also made by BOC. There are two meters on the regulator as presented
in Figure 4-3. The left one is the outlet pressure meter and the right one is the inlet pressure
meter. The pressure from the bottle cannot be controlled but it is within the measurement
range of the inlet pressure meter. The gas pressure from the bottle can be displayed by the
meter on the right. The outlet pressure of the regulator can be controlled and measured with

the other meter. Because the system on a ship is under atmospheric conditions, the outlet

pressure is selected and controlled to be 1 bar.

Figure 4-3 Flow meter and regulator used in the experiment

e Flow meter

After the regulator, a flow meter is attached to control the gas flow rate, which is one of
the significant factors that can affect the experiment. The maximum flow rate which can
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be measured by the meter is 15 L/min and the minimum rate is 1L/min. There is also a
valve controller on the flow meter, thus the exact flow rate required can be obtained by

adjusting the controller.

e Diffuser

The use of diffuser is to distribute the CO2 gas evenly into the absorption reaction tank. It
is coupled to the pipe with a connector. It is made from ceramic which can resist the

corrosion of strong alkalis. The applied gas diffuser is shown in Figure 4-4.

Figure 4-4 Gas diffuser applied in the experiment.

e Measuring cylinders and beakers

Two different sizes of measuring cylinders, and a beaker, are selected to act as the
absorption reaction tanks. Two measuring cylinders with maximum volumes of 1 L and a
2 L are selected and another beaker with maximum volume of 2 L is also used in the
experiment. The diameters of the three containers are different so that the impact of the
shape of the containers on the absorption rates can be analysed. Furthermore, 3 more plastic
beakers are used during the solution preparation. Attention should be paid when preparing
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the solutions. A large amount of heat will be generated during preparation. To avoid water
from boiling, water should not be added into the solid NaOH. This is extremely dangerous
as the water vapour will now contain NaOH which is highly corrosive. The operation
should be that add the solid NaOH into the water and the heat generated during the
dissolving process will be absorbed by the water, which can also increase the dissolving
process. Then more water is added to the beaker so that the required concentration of the

solution can be reached.

e Scales

There are three scales used in the experiments. Two of them are presented in the
experimental rigs in Figure 4-1 and another one is used for measuring the weight of the
chemicals. All measurements are accurate to two digits as the data collected from the scales

will be used in later calculations.

e Test tube

A test tube is often used for collecting samples. In this case, after the absorption, a sample
of Na>COs solution is taken using a test tube and then CaO will be added into it to generate

sediment CaCQOsz. It also makes it easy to generate sediment by shaking the test tube.

o Filter paper

Whatman grade 589/3 qualitative filtration paper is used for the separation of the NaOH
solution and sediment CaCOs in the experiment. This type of filter paper is suitable for
high retention of fine particles and has an excellent resistance to strong alkali solutions.
The filter paper is selected also due to the size of the funnel used. The particle size of
CaCOs ranges from 1 to 3 um and the pore size of the filter paper is less than 2 um which
is the smallest one available for laboratory use. The small pore size leads to a slow filtration

process, but also results in a very small amount of CaCOs slipping through the filter.
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e Funnel and Erlenmeyer flask

Glass funnels and Erlenmeyer flasks are used in the filtration process. They are coupled to
each other. Solutions from the precipitation reaction are poured into the funnel lined with
filter paper and the clear solution left in the Erlenmeyer flask is the regenerated NaOH
solution. The glass apparatus are selected to make it easy to observe the filtration process
and the clear solution. If the solution is cloudy, it indicates that the sediment has leaked

into the flask so filter paper with a smaller pore size should be applied.

e Pump

Due to a very small pore size in the selected filter paper, the filtration process is slow.
Hence, an air pump is utilised to accelerate the process. The pump is connected to an
operation platform with a gas control switchboard, gas control valve, flow meter and
droplet eliminator. The gas control switch should be turned on or off in order to start or
stop pumping. The gas control valve can control the gas flow rate through the filtration
system. The total flow rate through the pump can be observed from the flow meter. A
droplet eliminator is applied to make sure no liquid is drained into the pump. Otherwise,

there is a risk of damaging the pump.

e Inductively Coupled Plasma (ICP)

An ICP system is applied to detect the concentration of metal elements (Na and Ca) in the
solution. If the concentration of these elements is derived, the concentration of the related
compounds (NaOH, Na,CQOgz, Ca(OH)2) can be obtained. It is a powerful tool which can be
accurate to 0.0001mg/L. Data from the ICP will be applied in later calculations as well.

As the experiment rig is completed with all these apparatus, the experiments can be

conducted and will be described in the following section.
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4.3. Experiment Processes and Operations

In this section, the processes and operations of the experiments will be illustrated. The
processes include preparation, the absorption reaction process, the precipitation process,
the filtration process and the product testing process. This section will introduce all the
operations in these processes, including preparation, reaction, measurement, filtration and
so on. The product testing process is the application of an indicator and of the ICP to
examine the composition and also the concentrations of ions of the final products. It will

be carried out once the other reaction processes are completed.

The NaOH solution is prepared in the preparation process. For example, if preparing 1 litre
of NaOH solution with a molar concentration of 4 mole/L, the quantity of NaOH solute in
the solution is first calculated, to give 1 L*4 mole/L = 4 mole. Then the mass of the NaOH
solute can be derived from the molar mass of NaOH which is 40 g/mole. The mass of
NaOH solute is found to be 4 mole * 40 g/mole = 160 g. After weighing out the exact
amount of NaOH using the scales, the solute will be added into water in a beaker. When
all of the solute is dissolved into the water, the solution is poured into a measuring cylinder.
The beaker is then washed with fresh water and also poured into the measuring cylinder.
Then fresh water is added into the measuring cylinder until it reaches the required volume,
in this case 1 litre. The prepared solution will be used for absorbing the CO; in the

absorption reaction process.

In the absorption reaction process, the gas will be provided by the CO> tank, controlled by
the regulator and the flow meter and then fed into the measuring cylinder, which now
contains the NaOH solution. Two scales are utilised for observing the instantaneous
weights of the measuring cylinder and the CO> bottle. Their weights are recorded regularly
(usually every 5 minutes) and also at the end of the absorption process. The difference
between two different measurements in the measuring cylinder is the amount of CO;

absorbed. The amount of CO: released from the CO> hottle can also be derived from the
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weight changes displayed on this scale. As the total gas fed in and absorbed is calculated,

the absorption rate of this process can be obtained.

Three samples are collected in test tubes from the product solution of the absorption
process and used for the precipitation process. The average results are derived for these
sample tests. A PH indicator, Phenolphthalein, is used to indicate the complete of reaction.
It is added to each sample and the colour change of the solution can be observed. If the
colour turns pink, it means there is still some NaOH left in the solution. Otherwise, the
NaOH solute has been used up for absorption.

The required amount of CaO for a full reaction is derived based on the relationship in the
precipitation reaction in Equation (2). Since all of the NaOH may not be used up during
the absorption process, the CaO provided can be sufficient or even excessive. This means
that all of the absorbed CO. will be precipitated as sediment CaCOz. The precipitation
efficiency can be improved by increasing the contact between the CaO and the solution.
Shaking the test tube is applied. For a practical system on a ship, this can be achieved by
installing a stirring device. The mixture of CaCO3s sediment and NaOH solution will be
treated and separated in the following filtration process.

The filtration starts with the mixture of CaCOs sediment and NaOH solution which is
poured into the funnel lined with filter paper. To increase the speed of the filtration process,
a pump is used as discussed previously in Figure 4-2 (A). Without the pump working, the
filtration can also proceed however the flow rate of the solution going through the funnel
is slow. With the pump working, a pressure difference is generated between the inside and
the outside of the flask. Fresh water will be added in order to dissolve any residual NaOH
left on the filter paper. The clear solution in the flask will be tested using the ICP so that
its ingredients can be identified. The sediment will be dried in a lab oven and then weighed
using scales. Thus the NaOH regeneration rate and CaCO3 production rate can be derived.

The flowchart of designed experiments is presented in Appendix 1.
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4.4. Experimental Results and Analysis

Table 4-1 presents the experimental results which have been obtained for the gas absorption
rate, the NaOH regeneration rate and the CaCO:s filtration efficiency. The surrounding
conditions in the laboratory are atmosphere conditions. The CO. absorption rate is a ratio
between the gas absorbed and the gas fed into the cylinder. The regeneration rate of NaOH
is defined as the ratio of NaOH regenerated to that initially supplied. The CaCOs filtration
efficiency is determined by the ratio of CaCOs actually separated to that which could
theoretically be formed by the reaction.

Table 4-1 Experimental results

Experiments Rates Results
CO2 Absorption Rate 67.85%
NaOH Regeneration Rate 85.37%
CaCO:s Filtration Efficiency 82.17%

According to these results, the gas absorption rate is found to be nearly 68%. This is only
the reaction rate with laboratory equipment. For an industrial application, a much higher
mixing rate of gas and solution can be obtained by using a packing or a tray column design.
These design structures could increase the contact area between phases so that the
absorption rate will be higher than that in laboratory. However, another factor to be
considered in the industrial processes is the purity (concentration) of the CO> gas. Due to
the impurities in the gases, purification treatment will be required to guarantee the gas
purity. The CaCO:z filtration efficiency is also expected to be much higher in a practical
application because industrial filtration methods, such as centrifugal separation or pressure
disc filters, can be applied to improve the efficiency. This table also indicates that the
NaOH regeneration rate and CaCOs filtration efficiency are close to each other because
they are based on the same reaction process (the precipitation reaction: Equation (2)). The

difference is due to the losses from the processes, such as left in test tube and flask.
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Five parameters were examined to find out their impacts on CO_ absorption rates during

the experiment: NaOH initial concentration, gas flow rate, change in absorption with
change in cylinder diameter and fixed volume of solution, change in absorption with
change in cylinder diameter and unchanged solution column height, and change in
absorption with change in solution column height and the same diameter of the cylinder.

The following sections will present the analysis and results derived from these experiments.

4.4.1. Impact of Initial NaOH Concentration on Absorption Rate

In this section a study of how initial NaOH concentrations impact on the absorption rate is
presented through a series of experiments. Five different concentrations are selected for
testing: 5%, 10%, 15%, 20% and 25%. The procedures for solution preparation are

following:

1. Calculate the molar concentrations (mole/L) of solutions for different mass
concentrations

2. Then calculate and weigh for the quantity (mass) of NaOH need to prepare solution
with certain molar concentration

3. Add some water and then the measured NaOH into water. Stir for rapid dissolution

4. Add water to 1L after the temperature of solution goes down to room temperature

For each selected concentration, three runs of the experiment are carried out and the
average results are used in the analysis. The results are presented in Table 4-2 and Figure
4-5.

Table 4-2 Change of absorption rates with initial NaOH concentrations

Mass fractions 5% 10% 15% 20% 25%
Average absorption rates 22% 36% 47% 41% 30%
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Figure 4-5 CO. absorption rate vs. initial NaOH concentration

It is apparent that the gas absorption rate has an optimal value when the concentration of
the solution is 15%. There are two factors dominating the reaction rate between the gas and
solution: the NaOH solution concentration and the contact area between the two phases.
When the concentration is lower than 15%, the gas absorption rate grows with the increased
concentration of the solution. However, the rate drops when the concentration is greater
than 15%. It is because the density of the solution grows with the concentration of the
solution increases. It results larger pressure and lead to small bubble sizes in the solution.
Smaller bubbles will have a smaller contact area between gas and solution. At about 15%
NaOH concentration, the gas bubble size is decreased to a critical value. Therefore when
the initial NaOH concentration is 15%, the absorption process has an optimal absorption

rate.

4.4.2. Impact of Gas Flow Rate on Absorption Rate

To find out the effect of the gas flow rate on the CO, absorption rate, three runs of the
experiment with different gas flow rates are conducted. The selected gas flow rates are 1,
2 and 3 L/min. The selection of gas flow rate is restricted by the experimental equipment

because a gas flow rate which is too high will lead to an unstable pipe connection and even
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disconnection. To guarantee accuracy of readings on the flow meter, only integer scales

(gas flow rates) are selected for comparison. For the three selected runs, the quantity of the

solution is controlled. The 1 L measuring cylinder is selected which has a diameter of 6

cm. The solution column height is fixed at 30 cm so that the quantity of solution is also

fixed. The concentration of NaOH solution is also constant. As the optimal absorption rate

is our target, the optimal concentration of NaOH solution of 15% is selected. The results

are presented in Table 4-3 and Figure 4-6.

Table 4-3 Change of absorption rate with gas input flow rate

Solution Sollutlonh iohe  Cylinder CO2 Flow Rate C(b)2 .
volume (ml) column height diameter (cm)  (L/min) Absorption
(cm) Rate
1 78%
~900 30 6 2 76%
3 75%
CO2 Absorption Rate-Gas Flow Rate
78.0%
77.67% &_
77.5%
Q
8 77.0% \
c \
-%_ 76.5%
2 76.27%
0 76.0% N
2 ™~
~ 75.5% ~
S
75.0% 74.96%
74.5%
0.5 1 1.5 2 25 35
Gas Input Flow Rate (L/min)

Figure 4-6 CO; absorption rate vs. gas flow rate

According to the experimental results, the CO> absorption rate increases as the input gas

flow rate decreases. This is reasonable because a lower gas flow rate allows more time for

contact between the gas and the solution. As the gas flow rate increases, the amount of CO-
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missed by the absorption process will be increased. However, the rate difference is only
2.7% when the gas flow rate is increased from 1 L/min to 3 L/min. Hence, it is obvious
that the flow rate has a less significant effect on the absorption rate under the conditions
used in the experiment. However, a prediction can be made that when the gas flow rate is
too high, the mixing will be impacted. Gas may not be able to come into contact with the

solution, which will decrease the absorption rate.

4.4.3. Impact of Cylinder Diameters on Absorption Rate with Fixed Volume of
Solution

According to Table 4-4 and Figure 4-7, the absorption rate is lower when the container has
a larger diameter. It is easy to see that a container with a large diameter leads to a lower
column height. This is because column height is reduced as the cylinder diameter is
increased when the volumes of the solution are fixed. From the observation, a lower
solution column height means a shorter time between the CO gases going in and releasing
from the solution. When the diameter is increased from 6 to 8 cm, 3% more of the gas is
released and wasted. The absorption rate grows from 65.44% to 72.08% when the diameter
is increased from 8 to 10 cm. From the curve above, the decline of the curve is obviously
faster along the X axis. Hence, the absorption rate will be increasingly reduced when
enlarging the diameter. On the contrary, narrowing the diameter will greatly increase the
absorption of gas, when changing the diameter of the cylinder with fixed volume of
solution. It is a feasible and effective way of enhancing CO. absorption rate by simply

increasing the contact rate between the gas and the solution.

Table 4-4 Changes in absorption rate with container diameter (solution quantity fixed)

. Solution . CO
38:3;?(“) column height g0 (cm) fféfn'fWRate Absorption
(cm) Rate
30 6 75%
~900 18 8 3 79%
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Figure 4-7 Effect of container diameter on gas absorption rate with unchanged solution
quantity

4.4.4. Impact of Cylinder Diameters on Absorption Rate with Fixed Solution
Column Height

According to the conclusion above, a better mixing and longer contact time between gas
and solution will result in a higher absorption rate of the CO> gas. The results in Table 4-5
and Figure 4-8 show the effect of changing cylinder diameter (cross-sectional area) on

absorption rate with fixed solution column height.

Table 4-5 Changes of absorption rate with container diameter (fixed solution height)

. Solution . cO,
‘S/S:S:TI‘%n(ml) column height dCi);“n?edtg (cm) E:Lcl)ri]::r:;)w A Absorption
(cm) Rate
296.88 6 5%
527.79 10.5 8 3 64%
824.67 10 65%

Haibin Wang, University of Strathclyde, 25 January 2017 Page | 50



Experimental setup, Materials and Procedures
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Figure 4-8 Effect of container diameter on gas absorption rate with fixed solution height

Results show that when the cylinder diameter grows from 6 to 10 cm with the same column
height of 10.5 cm, the highest absorption rate takes place when the diameter is 10 cm.
When the diameter is increased from 6 to 8cm, the absorption rate is increased by 9.7%.
With a further increase in the diameter from 8 cm to 10cm, the rate is further increased by
only 1.91%. The results indicate that the increase of container diameters will lead to
increment in absorption rate. However the increment rate is getting slower which is because
the size of diffuser is not changed with the diameter increasing. It is reasonable because
when the cross-section is too large the gas bubbles could not reach the edges of the cylinder.
Hence, this means that test rig optimisation can be achieved by the combined optimisation

of solution column cross-sectional area, diffuser size and column height.

4.45. Impact of Column Height on Absorption Rate with a Fixed Diameter

According to Table 4-6 and Figure 4-9 above, the absorption rate is increased when the
height of the solution column is increased. This is because as the solution height increases,
the distance the gas has to travel is increased, resulting in an increase in the contact time
between the gas and solution hence more gas will be absorbed. When the height is increased

from 10.5 to 18cm, the absorption rate is raised by 16.09%. The rate grows only a further
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5.02% when the solution column height is changed from 18 to 30cm. This is because the
path for the gas is so short that the contact time with the solution is not enough with a small
solution column height. When the solution height increases, the improvement in absorption
rate increases significantly at the beginning and then it becomes minor. This indicates that
there is an optimal match between the column height and the gas supply rate. The

experiment results all these cases are shown in Appendix 2.

Table 4-6 Changes in absorption rate with solution column heights (fixed container
diameter)

. Solution . CO2
38.'32%”(m|) column height ¢ 0T (cm) ?L(/)rall:r:;) WHAE Apsorption
(cm) Rate
848.23 10.5 54%
508.94 18 6 3 70%
296.88 30 75%
CO2 Absorption Rate-Solution Column Height (Same
20% Container Diameter)
8 75% 74.96%
g ’/f
e 70% 69:94%
L2
-
2 65%
2
2 60%
o
S o
2% &53.85%
50%
10 15 20 25 30 35
Surface Height of Solution (cm)

Figure 4-9 Effect of solution column height on gas absorption rate with same cylinder
diameter

4.5. Experimental Errors and Accuracy
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Two scales are applied to measure the weights of the CO> tank and the reaction tank. The
weight of the full CO; tank is around 18 kg and the initial weight of the reaction tank (with
designed quantity of solution) is about 1 kg. The minimum increment of the scale for the
CO2 bottle is 0.01 kg and that of the scale for the reaction tank is 1 107 kg. The accuracy
of the scales is presented in Table 4-7. The accuracy of the scale for CO2 bottle measuring

is +5x10° kg and that of the scale for the reaction tank measurement is +1 10°# kg.

Another scale is applied to measure the weights of the chemical materials. The weights of
these materials are around 0.1 kg. The minimum increment of the scale for the chemical

raw material measurement is 1x10* kg. The accuracy of this scale is +2x107 kg.

Table 4-7 Details of scales used in experimental measurements

Item Type Range (kg) Accuracy (kg)
Scale for CO; bottle measurement EHI-B 0-50 +51073
Scale for reaction tank measurement OHAUS GT-8000 0-8 +110*
Scale for chemical raw material measurement |  AND HR-200 0-0.21 +2 107

During the absorption process, a regulator is applied to control the pressure of the gas inlet
and a flow meter is used to control the volume flow rate. The minimum increment for the
regulator is 0.01bar and the gas inlet pressure is set to 1.00 bar so that the reading is also
acceptable. The flow meter has a minimum increment of 1 L/min so three different flow
rates are eventually selected: 1, 2 and 3 L/min. The selected flow rates are no larger than 3
L/min because the fitting between the diffuser and the pipe could be damaged. The reading
is limited by the flow metre so a reasonable selection of flow rates is applied. Only integer
values are selected since there are only integer graduations. If non-integer values are

selected, the reading accuracy is unacceptable.

In order to reduce the impact of errors during the measurements, three runs were carried
out for each set of experiment. Then the average results were derived for different
experiment sets and therefore these average values would be used for calculation and

compared with simulation results. For example, when evaluating the impacts of solution
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concentrations on the absorption rate, three sets of experiments were carried out for
different concentrations: 5%, 10%, 15%, 20% and 25%. For experiments with 15% NaOH,
the absorption rates are 47.6%, 46.7% and 46.0% and the average result is 46.7%. Hence,
this value will be used for following calculations in precipitation reaction and also for

validation of simulation models.

4.6. Conclusions

The laboratory experiments examined the impacts of five key factors in the proposed
carbon capture and storage system. The results show that the CO> absorption rate varies
with various parameters, such as NaOH solution volume, height, cross-sectional area and
CO- gas flow rate. The results provide an insight into the carbon absorption effectiveness

and offer a useful reference for on-board system design.

Based on the principles of the carbon capture solidification processes introduced, three
steps to the experiment were designed: chemical absorption, precipitation, and physical
filtration. The experimental rigs and apparatus involved were presented and explained in
this chapter. The results from the experiments indicate the impacts of several significant
factors on absorption rate. The optimal NaOH initial concentration is 15% and gas flow
rate has only a very slight impact on absorption rate under experimental conditions.
However, the geometry of the reaction tanks has a significant influence on absorption.
When the volume of solution is fixed, reducing the tank diameter can improve the
absorption rate. If keeping the column height constant, increased absorption rate can be
achieved by increasing the diameter. With the same diameter, a higher solution column
height results in a better absorption rate. In the last section, the accuracy of the experiments
was analysed. Through this it can be concluded that the proposed chemical processes for
carbon dioxide solidification are effective as they can effectively absorb 67% of CO2 gas
and store it in the form of a solid compound. Moreover, the experimental data can be

applied in further research such as a case study on a ship and in system CFD simulations.
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CHAPTER 5. SIMULATION OF THE ABSORPTION
PROCESS

5.1. Introduction

This chapter presents numerical simulations of the lab-scale absorption process. No full
scale simulations will be carried out at this stage. The numerical simulations will provide
fundamental details and understanding for the design of a proto-type demonstration system
on-board a ship. Parameter variations in the simulations such as pressure drop, solution
concentration change and gas phase velocity will be considered and presented.
Comparisons between the experimental data and simulation results are presented and the
optimised conditions for the factors mentioned are also analysed in this chapter.

5.2. Methodology for Simulation

The chemical process comprises of two main components: species transportation and
multiphase flow. To simulate a chemical process with CFD tools, both components should
be considered. Species transportation is considered in the numerical simulation by
transferring masses, energy and momentum of the reactants into the products. Multiphase
flow is simulated using bubble column effects due to the mixing of liquid and gas in the
reactants. The involved gases are CO and air while the NaOH and Na,COs solutions are

in liquid form.

The commercial CFD software package ANSYS Fluent solves conservation equations for
chemical species by predicting the local mass fraction of each species through the solution
of a convection-diffusion equation. The convection-diffusion equation for the specified
species (ANSYS Fluent theory guide 14.5, 2012) is shown as follows:

d > -
E(PYi) +V-(pvY) =-V-Ji+R; +5; (5)
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Where:

Y; = the local mass fraction of each species;

Ri = the net rate of production of species i by the chemical reaction;
Si = the rate of creation from the dispersed phase and sources;

Ji = the mass diffusion flux;

v = the overall velocity vector (m/s);

t = time;

p = the density of the species.

For an Eulerian multiphase model, the concept of phasic volume fractions is introduced

and the volume of one phase can be defined as:

V=[ adv (6)
Where:
a = the volume fraction of the phase.

The continuity equation of phase q (for fluid-fluid mass exchange) is:

%(aqpq) + Y+ (agpq¥q) = Tp=1(Mpq — 1itgp) (7)

Where:
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v, = the velocity of phase q;
e = the mass transferred from phase pto g ;
g, = the mass transferred from phase g to phase p.

The energy conservation equation in the Eulerian model is:
0 _ o _ : . .
a(aq,oqhq)+V-('c1qpquqhq )=a, E“+ 7,:VU, —V-G, +S, + Z;(qu +mh, -moho)  (8)
p=.

Where:

hy is the specific enthalpy of the o phase;

qq is the heat flux,

Sq is a source term that includes sources of enthalpy, such as from the chemical reaction;
Q,q is the intensity of the heat exchange between the p" and g™ phases, and

h,q is the interphase enthalpy (for example, the enthalpy of the vapour at the temperature
of the droplets, in the case of evaporation). The heat exchange between phases must comply

with the local balance conditions Q,; =— Q.

The conservation of momentum for a fluid phase is:

) _ o = _ N o L A
t(2qrqTq )+ V- (aqeqVg¥q | =-aqVp+V T +agpqd + pZ:l(qu (Vp ~Yg)+ Mpq¥pg ~MgpVap)

+(FCI + Flift,q + FWl,q + va,q + Ftd,q)

9)

Haibin Wang, University of Strathclyde, 25 January 2017 Page | 57



Simulation of the absorption process

Where:

p = the density;

p = the pressure for all phases;

g = the gravitational acceleration;

K = the momentum exchange coefficient between fluid phases;

lfq = external body force;

Flift,q = lift force;

le,q = wall friction force;

Fym,q = virtual mass force;

Iftd g = turbulent dispersion force (for turbulent flow only).

7 is the stress-strain tensor of g™ phase:
= _ _ 2 o=
7q = agiq (Vvq +VvqT )+aq [ﬂq —Eyqjv-vql
Where:

lq = shear of phase q

Jq = bulk viscosities of phase q

(10)

Haibin Wang, University of Strathclyde, 25 January 2017

Page | 58



Simulation of the absorption process

I = unit tensor.

V,, = the interphase velocity, defined as follows: If M, >0 (that is, phase p mass is being
transferred to phase q), V,, = V,; If M, <0 (that is, phase q mass is being transferred to

phase p), V,, = V,. If m >0, then V, =V ;If m <0,V =V.
The reaction rate, r, between phases can be derived by the following equation:
r = k(D)[A]™[B]" (11)
Where:
k(T) = the reaction rate constant that depends on temperature,

[A] = the concentrations of substances A in moles per volume of solution (assuming the
reaction is taking place throughout the volume of the solution) and the exponents, m and n,

are partial orders of the reaction which depend on the reaction mechanism.
The reaction rate constant, k, is estimated by using the Arrhenius expression:
k = ATPe=E/RT (12)
Where:
A = the pre-exponential factor;
T = the temperature of the reactants (K);

S = the temperature exponent;
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E = the activation energy for the reaction;

and R = the universal gas constant.

The surface tension is required in the modelling of the bubbling effect:

Ap = 20 /R (13)

Where:

Ap = the pressure difference between two sides of the surface (Pa);

o = the surface tension coefficient;

and R = the radius of the bubbles.

Wall adhesion is also considered for the bubbling effect and the surface normal at the live

cell next to the wall is:

A = A, cosb,, + t,sinb,, (14)

Where:

i, = the unit vectors normal to the wall

t,, = the unit vectors tangential to the wall;

8,, = the tangent angle of the gas bubbles or liquid droplets to the wall as indicated in

Figure 5-1.
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Figure 5-1 Demonstration of the contact angle between gas-solution surface and wall.
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5.3. CFD Simulations
5.3.1.  Assumptions, Modelling and Simulations using CFD

Before the modelling and simulation, it is essential to apply a range of assumptions during
these procedures in order to simplify the problem and model the geometry. These

assumptions are highlighted below:

e The conditions of the surrounding environment are set as follows: temperature of 298
K, pressure of 101325 Pa and gravity of 9.81 m/s?.

e As the simulation focuses on the reaction in the measuring cylinder, the whole rig is

simplified to a 2-dimensional model which is shown in Figure 5-2.

e For the bubble column simulation, the diffuser is simplified as ten separated inlets at
the bottom to avoid the need for an unstructured grid. For simulating the combination
of the chemical reaction with the bubble column, further simplification of the inlet is

applied to reduce computational intensity.

e The gas fed in is an ideal gas. Fluids and gases are both incompressible.

e The gas bubbles have a minimum diameter of 1x10~ metres.

e An artificial extension of the measuring cylinder is applied to avoid the impacts of

backflow on the absorption reaction.

e All the solutions are modelled as hydrated compounds to consider them as individuals.

The model is a 2D column which comprises of solid walls with ten inlets on the bottom
and one outlet at the top. The geometry of the model uses actual scale parameters from the

experiments. The column height is 0.6 metres and the width of the column is 0.06 metres.
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The height of the solution in the column is 0.3 metres. The structured grid is applied with
a minimum length of 5 10 m and there are 108,000 mesh units in this model. Structured
meshing is selected as the shape of the reaction tank is also rectangular (Jiyuan et al., 2013).
The flow rate in the experiment is 3 L/min so the gas input flow rate in the simulation is
1.90 1073 kg/s.

The simulation of the absorption reaction is based on the use of the Fluent software and it
includes both the chemical reaction and the bubble column simulations. Since the
simulation involves a chemical reaction and a two-phase flow at the same time, the Eulerian
model is selected. This is simply because the Eulerian model is compatible with multiphase
reaction simulations and can also simulate the process very closely compared to the
practical hydrodynamic phenomena (Asendrych et al., 2013). One simulation case of the
absorption reaction will be presented, and it takes 405 s to finish the reaction. However,
when numerically simulating the reaction, the total number of time steps will be 81000
with a time step size of 5 10-3s. With the support of the High Performance Computer facility
from ARCHIE-WeST, the real-time cost of each time step is about 2 s when using 4 cores.
Hence, for each case, the CPU-hours required are about 45 CPU-hours.

The mesh is selected through a mesh analysis comparing the accuracy and time consumed
for different mesh sizes: 0.005m, 0.01lm and 0.02m. With same simulation model,
geometry model with different mesh sizes were simulated and the results were compared
with experiment in Figure 5-3. This figure indicates that with finer mesh, the computing
time cost is much higher and so is the accuracy. However, the calculation time cost with
mesh size 0.005m is 8 times longer than 0.01m and the accuracy is only increased by about
10%. Therefore, considering both the acceptable accuracy and computing time, the mesh
size is selected to be 0.01m.
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Figure 5-2 Modelling and meshing of the experimental rigs (A: graph of the whole model
and mesh; B: the distribution of inlets at the bottom of model; C: the size of meshing)
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Figure 5-3 Mesh size analysis: simulation accuracies and time under different mesh sizes.
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5.3.2.  Parameters and Settings

After selection of the phase interaction model and reaction model in the last section, the
selection of other models will be presented in this section. There are also many significant
parameters in these models therefore this section will demonstrate how to derive and set
these parameters. This section will also illustrate how the results are monitored and

analysed.

5.3.2.1. Model Selections

In the model setting panel of Fluent, there are several models which can be added and
considered in a CFD model. The absorption process is a two-phase interaction and reaction
so the multiphase, energy, viscous and species models should be included in the simulation.
It is discussed in the literature reviews presented in Chapter 2 that the Eulerian model is
the preferred option for our case. The energy model in Fluent is enabled to capture the

energy exchange.

Hjertager and his colleagues note that most of the industrial chemical processes contain
turbulent flows (Hjertager et al., 2002). Mohammad |. and Mohammad A. K. used the
standard k-¢ model for turbulence modelling and the results of the gas hold-up in the
simulation showed good consistency with experimental data. Laminar simulations were
also tested during their work and were found not to be capable of presenting the behaviour
of the interaction adequately (Mohammad and Mohammad, 2011). Therefore, for all CFD

work presented in this thesis, a standard k-& model is selected as the turbulence model.

For the species model, the species transport model is enabled in order to enable phase

interaction as the reaction processing.
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5.3.2.2. Material and Phases Settings

The settings of materials refer to the materials database in Fluent and are also based on
their actual properties in the experiments. In the materials database, air and CO> have
already been created and can be imported into the model. Some properties of the materials
in the database require slight adjustment because these data may have been achieved at
different conditions. For example, the properties of CO. from the database are derived at
298.15K which is different from the laboratory temperature used in this work. Therefore,
the temperature-related properties, such as density, are set based on standard values

(Properties of carbon dioxide, Union engineering).

As there are no NaOH and Na>COs solution in the material database, these materials should
be created and their properties input accordingly. The properties of NaOH are derived by
applying software, the Lauterbach Verfahrenstechnlk GmbH evaluation version. One

example of the results from the software is presented in

Figure 5-4. The enthalpies of the NaOH solution at different temperatures and

concentrations have been researched by Haward and Warren (1942).

Other modifications to the properties are for the molecular masses. The standard molecular
masses of NaOH and Na>,COs solute are 40 and 106 g/mole but they will be in the solutions
during the simulations. Therefore, the molecular mass of the NaOH and NaCOs solutions
should be calculated to include the water content in the solutions. The integrated molecular
mass is derived based on the total mass of the solution for every mole of NaOH. For
example, 1 mole of NaOH has a mass of 40 g. When the concentration is 5%, 1 mole of
NaOH solution (NaOH and water) will have a mass of 800 g. For the Na2CO3 solutions,
the integrated masses are based on the molecular mass of Na,COs and also the quantity of
water in the solutions. Since the reaction is consuming NaOH and turning it into Na,COs
and water, the amount of water in the Na2COs solutions can be calculated. For 1 mole of

NaOH consumed, 0.5 moles of Na2COz and 0.5 moles of water can be generated according
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to Equation 1. The mass of 1 mole of 5% NaOH solution is 800 g so water is 760 g.
Therefore there is 1 mole of NaOH and 42.22 mole of water in 1 mole of 5% NaOH solution.
After the reaction, there are 0.5 moles of Na.COs solution which contains 0.5 moles of
Na>COs solute and 42.72 moles of water (include 0.5 moles of water from the reaction).
Hence, 1 mole of the Na2COz solution comprises 1 mole of Na,COsz and 85.44 moles of
water so the integrated molecular mass of the Na>COs solution is 1644 g/mole. The
integrated molecular masses of the Na2COs solutions under different concentrations can be
derived using the same procedures. Therefore, the properties of the NaOH and Na>COs

solutions can be derived and are listed in Table 5-1 and Table 5-2.

Properties of sodium hydroxide NaOH
State 1 State 2

8% = : 9 = 2 °

Cqy = 5 Weight% cx = 10 Weight%

cy = 52.5 g/l Cz = 110.4 g/l

Cqy = 1.313 maoal/l cy = 2.16 maolll
Saturation pressure Psq = 3020 Pa Psz = 2850 Pa
Properties:
Density py = 1048 kg/m3 pz = 1102 kg/m3
Specific heat capacity cpy = 3984 Ji(kg-K cpz = 3785 Ji(kg-K
Thermal conductivity hy = 6265 Wi(m-K hp = 6375 Wi m-K
Dynamic viscosity Ny = 1.191 mPa- Nz = 1.587 mPa-
Kinematic viscosity vy = 0.000001 m2/s vy = 0.000001 m2/s
Prandtl number Pry = 7.573 - Pro = 9.425 -
Coeff.o.thermal expansion By = .0003816 1/K Bz = .0003629 /K
Thermal diffusivity a; =  1S0MET m2/s az = 1.528E-7 m2/s
M = 39.997 g/mol
Validity range: 20 <=8 <100 0 wt-% < ¢ < 50 wt-%

Figure 5-4 Properties of 5% and 10% NaOH solution at 298 K (see Appendix 3 for other
concentrations)

As a two-phase flow model is being used, there are both liquid and gas phases considered
in the materials settings. The NaOH and Na>COg solutions are included in the liquid phase
and the CO- and air are included in the gas phase. The properties of the mixture materials
are derived using different mixing laws. The volume weighted mixing law is applied to

calculate the density of the mixture material which calculate the new density based on
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volume ratio, and its thermal conductivity and viscosity are obtained using the mass

weighted mixing law.

Table 5-1 Properties of the NaOH solutions under different concentrations

Property
Mass fraction 5% 10% 15% 20% 25%
Density (g/mL) 1.048 1.102 1.156 1.211 1.265
Heat value (J/kgK) 3984 3785 3707 3629 3582
Thermal conductivity 0.6265 0.6375 0.644 0.6505 0.6535
D Viscosity (kg/m-s) 1.1910° 15910° 25010°% 3.9410° 6.3810°
Molecular mass 40 40 40 40 40
Integrated mass 800 400 266.67 200 160
Standard state enthalpy (J/kg) | 1.3910° 1.2810° 1.2210° 1.2110° 1.2810°

Table 5-2 Properties of the Na,COgz solutions after reactions

Property
Mass fraction 6.45% 12.56% 18.36% 22.60% 23.87% 29.12%
Density (g/mL) 1.064 1.128 1.198 1.25 1.268 1.33

Heat value (J/kgK) | 3924.55 3807.40 3690.25 3600.75 3573.10 3455.95
D Viscosity (kg/m-s) | 0.00128 0.00192 0.00294 0.00475 0.00575 0.00675
Integrated mass 1644 844 577.33  469.08 444 364

In the setting of the phases, the solutions mixture is selected to be the primary phase and
the gases are the secondary phase. The reaction model in the phase interaction is enabled
to consider the chemical reaction between the phases. The Arrhenius reaction rate function
is applied to simulate the chemical reaction. There are three significant input parameters
required for simulation: the reaction order, the pre-exponential factor and the activation

energy. The value of these parameters are derived based on the experimental data.

a. Reaction Orders

Reaction orders determine the relationship between the reaction rate and the rate constant.

In the reaction rate equation, the reaction orders are the exponents of the reactant
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concentrations. To determine the reaction orders, an integrated rate equation is applied.

The equation transfers solution concentrations for different orders of the reaction. The

transferred values are then checked and if they are in a straight line or rather show a linear

trend, it means the reaction is in this order. One example is given in the following paragraph.

For zero order, the equation is:

Where:

Oo = the transferred value from the zero order equation;

and C = the concentration of the solution.

For first order, the equation is:

01 = In(C)

Where:

O1 = the transferred value from the first order equation.

For second order, the equation is:

0, =1/C

Where

O1 = the transferred value from the second order equation.

(15)

(16)

(17)
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Table 5-3 Results transferred from order equations

Time Concentration Zero order 1st order 2nd order
(min) (mole/L) (C) [In(C)] (1/C)

0 4.4 44 15 0.2
25 3.7 3.7 1.3 0.3
45 3.4 3.4 1.2 0.3
6.5 3.0 3.0 1.1 0.3
8.5 2.6 2.6 1.0 0.4
12 0.03 0.03 -3.6 38.2

Different orders of NaOH concenrtation
to reaction time

10.00 /
8.00
/ =4#—2nd order (1/C)
6.00
/ == 1st order [In(C)]

4.00 —y

500 '/ Zero order (C)

) - -

0.00 ——
2 4 6 8 \10\ 12 14

-2.00 \.

-4.00

Reaction time (min)

Orders of concentration of NaOH

Figure 5-5 Plots of results transferred from order equations

For one example experiment, the experimental data provided the reaction time and the
concentrations at the corresponding time. Table 5-3 presents the results of different order
values derived from the order equations presented above. The plots of these results are
presented in Figure 5-5. From the figure, it is apparent that the results from first and second
order are not linear but that from zero order are relatively linear so the reaction is

determined to be a zero order reaction based on the experimental data.
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b. Pre-Exponential Factor and Activation Energy

The pre-exponential factor indicates the frequency of the molecular and ion collisions and
their orientation, which is slightly influenced by temperature. In a small temperature range,
(the temperature of the laboratory is around 297 K), the impact is often negligible. The
activation energy is the minimum energy required to start a reaction. It is constant for a
reaction with similar reactant concentrations. Therefore, according to the Arrhenius
equation, the rate constant and temperature data are required to find the pre-exponential
factor and activation energy.

To derive the activation energy, two sets of experimental data are selected first and their

reaction rate can be derived with this equation:
r=AC/ (18)
Where
r = the reaction rate;
AC = the difference of concentrations between the initial and final solution;
and t = the reaction time.

As a zero order reaction, the rate constant is equal to the reaction rate so the k value in the
Arrhenius equation is derived. One Arrhenius equation is then divided by the other one,

and the following equation for the activation energy can be obtained:

ky Ae(_R_Tl) (A1)
k—z ==
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':> LnE = (i —_ i) ﬁ
Ky T, TR
_phl ki
= E, =R —y In P (19)

Therefore the activation energy is a function of temperatures and rate constant which are
all available from the experimental data. As long as the activation energy is found, the pre-
exponential factor can be calculated based on the Arrhenius equation. After the pre-
exponential factor and the activation energy for all cases are derived, the average values

are calculated and applied in the reaction model of the simulation. This calculation is shown

in Appendix 2.

5.3.3.  Solution Methods, Monitors and Run Calculation

The phase coupled SIMPLE method is used for the Eulerian multiphase model in the
simulation. It has been applied in many different types of multiphase flow simulations
according to the user guide for Fluent. The Geo-Reconstruct spatial discretisation method
for volume fraction is selected. Despite the computational intensity of the method, the Geo-
Reconstruct method is the best for capturing the interface between gas and fluid phases so

that the bubbling effect can be taken into account.

Since the entire reaction process is important, a fixed time stepping method is applied. The
time step size is modified and selected to be 0.005 s considering the simulation
convergence and computational intensity. The number of time steps is 80000 due to both
the reaction time in the experiment and the selected time step size. In order to reduce the
time cost of simulation, the data files are saved every 1000 time steps (0.5 s). Since the
concentration of the product Na,COs is an indicator for the reaction, a volume monitor of
Na>COs concentration is utilised. When the concentration reaches 100%, it means the

reaction is completed.
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5.4. Results, Comparisons and Discussions

This section will demonstrate the numerical simulations that were carried out for the
reaction process and critical parameters will be highlighted and analysed and will then be
used for further investigation and research on designing a proto-type demonstration system
on-board a ship. The second part of this section will present the comparisons between, and

the discussions on, the experimental data and numerical simulation results.

Figure 5-6 presents the CO2 bubble flow in the fluid domain, indicating the volume fraction
contours of the solution att =0 sand t = 3 s. It is limited to a 3 second simulation of the
bubbling effect because the project is mainly focusing on the reaction part, with high
computing intensity being another reason to limit the time. The bubbling effect observed
is reasonable as there is a range of different diameters for the bubbles. Since the chemical
reaction is not taken into account, the height of the solution is increased only because the
gas and liquid phases are immiscible. Both the gas phase and liquid phase occupy volumes

in the reaction tank.

1.00e+00
. 9.50e-01
9.00e-01

8.50e-01
§.00e-01
7.50e-01
7.00e-01
6.50e-01
6.00e-01
5.50e-01
5.00e-01
4 50e-01
4 00e-01
3.50e-01
3.00e-01
2.50e-01
2.00e-01

1.50e-01
1.00e-01
5.00e-02
0.00e+00

(100%)

(Time=0.0000e+00) (Time=3.0000e+00) (s>

Figure 5-6 Bubble flow phenomenon under contours of solutions volume fraction (Left:
contours graph at t = 0 s; Right: contours graph att =3s.)
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Since the simulation is of the combined chemical reaction with the bubbling effect, further
simplification of the inlet is applied to reduce computational intensity and make the
simulation less time consuming. Ten separated inlet boundaries are merged into one
integrated gas inlet. With the integrated inlet, the minimum size of the mesh is increased

resulting in a reduction of the number of cells in the reaction tank model mesh.

Mass fraction of Na,CO;in solution over time
70% |

50% |

—a— Smulation
30% |
20% |

—a— Experment

Mass fraction of Na,CO,

10% |

0 50 100 150 200 250 300 350 400
Flow time (s)

1.00e+00
. 9.50e-01
9.00e-01
8.50e-01
8.00s-01
7 50e-01
7.00e-01
6.50e-01
6.00e-01
550e-01
5.00e-01

E 4.50e-01

4.00e-01

(100%)

Contours of Volume fraction (solutions) (Time=4.0000e+02) (s) Jul 05, 2014
ANSYS Fluent 14.5 (2d, dp, pbns. eulerian, spe. ske, transient)

B

Figure 5-7 A: Comparison of NaCOs mass fractions over time between experiment and

simulation results; B: Volume fraction of solutions at t = 400 s.
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The mass fraction of Na,COz in the solution phase is monitored during the simulation. In
the experiments, the final mass fraction of Na,COs was 76.8%, so the simulation will be
terminated when the mass fraction reaches the same value. According to the Arrhenius
expression shown in Equation 18, the reaction rate constant (k) is determined from three
factors, i.e. the pre-exponent factor, the activation energy and the temperature, and thus,
the reaction in the CFD simulation is dominated by these factors as well. The simulation
can be optimised by controlling these factors. Figure 5-7A presents the mass fraction of
Na.COs changing over time for both the simulation and the experiments. It indicates that
the maximum difference between the simulation and the experiments is 5.6%. Since these
two curves are well matched, the fundamental factors in this simulation are verified and
will be applied in further simulations. Figure 5-7B presents the volume fraction of solutions
att =400 s. It illustrates the distribution of gas and solution and the gas moving path while

the reaction is processing.

5.4.1. Pressure Distribution

Figure 5-8 shows the pressure contour diagrams of the simulation which are derived from
the ANSYS Fluent software. The contour diagrams present how the pressure is distributed
and changed during the absorption process. A minor pressure fluctuation is found during
the feeding and absorption stages. The pressure of CO, gas at the inlet is the highest. In
order to estimate the gas pressure at the inlet, a surface monitor is applied at the inlet to
monitor the real time pressure. Figure 5-9 gives a visual display of the variation of pressure
at the gas inlet of the system. The pressure rises at the gas inlet over time. The maximum
pressure at the gas inlet is about 102,570 Pa during the absorption process. The rise in
pressure over time is due to the progress of the absorption reaction as explained by the

following equation:

P =pgh (20)
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where, p is the density of the solution; g is the gravitational acceleration and h is the

solution height.

Referring to Equation 26, the pressure ratio at two different times can be expressed as

follows:

P1/P2 = (p1h1) / (p2h2) (21-1)

Density can be expressed as the ratio of mass and volume. VVolume is proportional to the
solution height when the cross sectional area is constant. The equation can be further
expressed as:

P1/P2 = [(ma/vy) he] / [(m2/vz2) hz] = [(ma/hg) he] / [(m2/h2) ho] = mi/mz  (21-2)

Where:

m = the mass of the solution;

v = the volume of the solution;

and h = the height of solution in the column (the subscripts 1 and 2 present for different

times during the process).

Therefore, the pressure at the gas inlet is proportional to the mass of the solution in the
column. Because the mass of the solution is increasing as the absorption progresses, the

pressure at the inlet is increased accordingly.
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Figure 5-8 Pressure contours over flow time (at 100, 200, 300 and 400s).
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Figure 5-9 CFD results: static pressure variations at the gas inlet over flow time

5.4.2. Temperature variation

The temperature of solution during the absorption reaction is monitored in CFD
simulations as well. As the absorption reaction is an exothermic reaction, the heat released
is 109.4 kJ/mole CO> absorbed (Mahmoudkhani and Keith, 2009). For 1 mole of CO>
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absorption, the required quantity of 15% Na>COs solution is 706.67 g. The specific heat
value is 3690 J/kg-K so the theoretical temperature risen due to heat released is derived
(51.56 K). However, due to heat losses and incomplete absorption reaction, the actual
temperature difference between before and after reaction is lower than the calculated value.

The temperature variation is derived with the CFD simulation and presented in Figure 5-10
and Figure 5-11. It indicates that with the progressing of the reaction, the temperature of
solution is increased. The increasing rate of temperature is faster from the beginning of the
reaction processes to 25 s and then it slows down and fluctuates until the end of the
simulation. It is because at the beginning the temperature of solution is low (298K) and the
temperature difference between solution and atmosphere is insignificant. Hence, the heat
exchange between solution and atmosphere is slow. However as the temperature of solution
increased with the reaction processing, the difference between temperature of solution and

atmosphere is increased, resulting high heat exchange between them.
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Figure 5-10 Temperature contours over flow time (at 100, 200, 300 and 400 s)
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Figure 5-11 CFD results: static temperature variations over flow time

In order to recycle the heat from absorption reaction, a heat exchanger can be applied in
practical system. The heat released will be reused for heating purpose. Furthermore, with
heat exchanger as a temperature control, it maintains the absorption process temperature in
a safe level. The benefits of steady and controlled temperature are extending the life of

reaction tanks and recovering heat to increase energy efficiency.

5.4.3. Concentration of Solution

As the absorption progresses, the solution of NaOH reacts with the CO and generates
Na2COs. The CO> absorbed at different times can be indicated by the mass of the solution.
The increments of the increase in the mass of the solution represent the quantity of CO>
being absorbed. Since all the CO: trapped in the solution will be in the form of the ion
COs?%, the mass fraction of the Na,COs solution can also indicate the amount of CO2 gas
absorbed. The mass concentration of Na,CO3 changing over time is presented in Figure
5-12. In this figure, the colour code represents the mass fraction of Na,COs in the solution.

The change in the colour of the solution from blue to red means that the mass fraction of
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Na>COs increases from 0 to 100%. These changing illustrates the increase of the Na,COs

mass fraction during the process of CO> absorption.
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Figure 5-12 Concentration contours of Na.COs in solution over flow time (at 0, 100, 200,
300 and 400 s).

5.4.4. Velocity of Gas and Solution

Once the CO:z is released from the diffuser into the solution, the gas will travel upward to
the free surface of the solution. The path and the velocity of the gas at different flow times
are presented in Figure 5-13. This illustrates that the gas velocity in the central area is the
highest. This is because the viscous forces between the two phases drag the gas and slow
the upward speed. According to Figure 5-14, the reaction force also drives the solution to
circulate in the fluid region. The velocity of the solution in the centre is the highest because

part of the solution in the centre is mixed and is moving with the gas.
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Figure 5-13 Gas velocity contours over flow time (at 50, 225 and 400 s).
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Figure 5-14 Solution velocity contours over flow time (at 50, 225 and 400 s).
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5.5. Comparisons of Results from Numerical Simulations and Experiments

5.5.1. Impact of Initial NaOH Concentration on Gas Absorption Rate

The effect of the initial concentration of the NaOH solution on the gas absorption rate is
examined for the experiments. Gas from the CO; bottle is fed into NaOH solutions of
several different concentrations. The results of the experiment are shown in Figure 5-15,
and are compared with the simulation results. The comparison of the results indicates that
the simulations and experiments have a good agreement, including a similar trend in gas
absorption rate change for different initial concentrations of NaOH solution. The
absorption rate of gas varies with the NaOH concentration. It reaches a maximum value

when the initial NaOH concentration is 15%.

Comparison of absorption rate under different
NaOH concentrations from experiment and

S0 simulations

45% —=— Experiment rate
% 40%% - —=—Simulafion results
-E_ 35%

30%%
5 25%

200

0% 3% 10% 15% 20% 5% 30%

MNaOH concentrations

Figure 5-15 Comparison of experimental and simulated gas absorption rate with different
concentrations of NaOH solution

With the same reaction tank geometry, there are two factors dominating the reaction rate
between the gas and the solution, i.e. the NaOH solution concentration and the contact area
between the two phases. At a low concentration of NaOH, the gas absorption rate is

increased as the concentration of the solution is increased. While the concentration of the
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solution increases, the density of the solution is also increased. As indicated by Equation 26,

a high density of solution will lead to a high pressure on the gas bubbles. According to
Equation 19, the bubble size will be decreased while the solution pressure grows. At about
15% NaOH concentration, the gas bubble size is decreased to a critical value at which a
further increase in the concentration of solution will lead to a decrease in the gas absorption

rate.
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Figure 5-16 Na.COs concentrations over time for different concentration of NaOH

solutions.

Figure 5-16 presents the CFD simulation results for the changes in mass fraction of Na,COs
over the flow time for different solution concentrations. When the initial concentration of
the NaOH solution is 5%, it only takes about 450 s to achieve a 100% reaction (full reaction
of NaOH solute). With the increase of NaOH concentration, more NaOH solute is available
in the solution so the time taken to reach full reaction becomes longer. Although the time
spent for full reaction is lowest when the concentration of NaOH solution is 5%, the actual
gas absorbed here is also the lowest compared with the other cases. To select the optimised

initial concentration of NaOH solution, the NaOH solute reacted per second is considered.
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This presents the reaction rate with various concentrations of NaOH solution. It can be

derived using the following equations:

A=Ch (22)

Where:

A = the mass of NaOH solute reacted per second in unit volume;

C = the mass of NaOH solute in unit volume of solution;

and t is the total time for a full reaction.

C =1pc (23)

Where:

p = the density of the NaOH solution

and ¢ = the mass fraction of NaOH in the solution (Quantity 1 presents a unit volume of
NaOH solution. Unit volume is used to simplify the calculation as the volumes of all these

Ccases are constant).

The quantities of NaOH solute reacted per second for all concentrations of NaOH solutions
are derived and shown in Table 5-4. From the table, when the concentration of NaOH
solution is 15%, the NaOH solute reacted per second is the highest. Together with the gas
absorption rates shown in Figure 5-15, and considering both gas absorption rate and solute

reaction rate, an initial NaOH concentration of 15% is found to be an optimal value.
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Table 5-4 Solute reaction rate via initial NaOH concentrations

Mass fraction 5% 10% 15% 20% 25%

Mass of NaOH s_olute in ugnt volume of 0.05 011 0.17 0.24 0.3
solution (g/cm®)

Total time for fully reaction (s) 450 590 685 1235 1960

Mass of NaOH solute reacted per

second in unit volume (10 g/cm®-s) 116 187 253 1% 16l

5.5.2. Effect of Gas Flow Rate on Absorption Rate

Three different gas flow rates (6.32 10, 9.49 10 1.90 107 kg/s) are selected in the
experiment to estimate the effect of the gas flow rate on the CO, absorption rate.
Accordingly, three sets of simulations are conducted with the same flow rates to verify the
applicability of the CFD simulations. To predict the trend at a higher gas flow rate, two
more sets of gas flow rates (2.09 103, 2.85 107 kg/s) are applied and tested in the CFD

simulations. The results from the simulations and experiments are presented in

Figure 5-17. Compared with the experimental results, the simulation results match well
when flow rates are 9.49 10 and 1.90 103 kg/s. The simulation results with a flow rate of
2.09 1073 kg/s are also well matched with the values predicted by the experiments. However,
for the flow rates of 6.32 10 and 2.85 107 kg/s, the differences between the experimental
and simulation results cannot be neglected. It indicates that either the CFD model is

compatible with certain range of velocity or the experiment exhibits inaccuracy.
From the simulation results shown in

Figure 5-17, the percentage of gas absorbed is as high as 85% when the gas flow rate is
6.32 10 kg/s. This is because the gas is fed into the solution slowly and can be absorbed
more thoroughly. It means there is more time for the contact between the gas and the

solution than in the other cases. With the flow rate of 2.85 10 kg/s, the gas input rate is
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the largest of all the cases tested. It results in the lowest absorption rate. This is because
the contact time between the gas and the solution is too short at a high gas flow rate, leading
to a low absorption rate. However, in the experiments, there are friction losses along from
the flow metre to the diffuser impacting on the actual gas flow rate. Due to the friction, the
actual gas input flow rate into the reaction tank is smaller than the reading on the flow
meter would suggest. The theoretical analyses are still using the value of 6.32 10 kg/s
from the reading on the flow meter, thus, the value of the gas flow rate used in the analyses
is larger than the actual one. Therefore this results in the calculated gas absorption rate for
the experiments being smaller than the actual rate. According to the effect of flow rate on
absorption rate, it is obvious that the difference between experiment and simulation results
when the flow rate is 1.90 10~ kg/s. Therefore, this flow rate would be used for CFD model

simulation to eliminate the reading error of flow rate.

Comparison of absorption rate under different

000 gas flow rate from experiment and simulations
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80% —=— Simulation
T0%% —=— Experiment
0. e e NN TR L LR LR H "
50% e e ) Linear (Experiment)

632E-04 OA40E-04 190E-03 209E-03 2835E-03
Gas input mass flow rate (kg's)

Figure 5-17 Comparison of experimental and simulated gas absorption rate under different
gas flow rate

Figure 5-18 presents the CFD simulation results for the change of Na,CO3s mass fraction
in the solution over time at different CO, gas feeding rates. It illustrates the time taken for
the absorption process to reach a full reaction under different gas flow rates. The quantity
of reacted NaOH solute per second under the set gas flow rates is considered in order to
estimate the optimised gas flow rate for the maximum reaction rate. As the volume and
concentration of NaOH solution are constant, the amount of NaOH solute per unit volume
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(Equation 28) is constant. Table 5-5 indicates a comparison of the solute reaction rates at
different flow rates. It is found that the reaction rate is increased as the gas flow rate
increases. Combining

Figure 5-17 and Figure 5-18 it can be seen that a slow gas flow rate improves the absorption
rate but it takes a longer time to reach a full reaction. Experimental and simulation results
have shown good agreement when the CO, gas flow rate is in the region of 9.49 10 to
2.09 107 kg/s. However, a flow rate at the higher end of the region is preferred as it offers

a higher reaction rate.

Na,CO, concentration over time under different
gas flow rates
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Figure 5-18 Na>COs concentration over time for different gas input flow rates

Table 5-5 Solute reaction rate under different gas input mass flow rates

Mass flow rate (107 kg/s) 095 190  2.09
Mass of NaOH solute in unit volume of solution (g/cm®) 0.17 0.17 0.17
Total time for fully reaction (s) 760 650 395

Mass of NaOH solute reacted per second in unit volume

(10 glcm®:s) 23 27 4.4
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5.5.3.  Impact of Reaction Tank Geometry on Gas Absorption Rate

The geometry parameters of the reaction tank are factors that could impact the gas
absorption rate significantly. This section discusses the results from the simulations and
experiments on how the geometry parameters affect the absorption reaction process. Three
conditions are considered: change of solution column height for the same tank diameter,
change of tank diameter with constant solution column height and change of tank diameter

with the same solution volume.

5.5.3.1. Impact of Solution Column Height

To find out how the solution column height affects the absorption, a group of experiments
was conducted with a controlled diameter and variable column height. Figure 5-19 shows
a comparison of experimental and simulation results and it indicates a good agreement
between them. The maximum difference between the experimental and simulation results
is 5.27%. The figure illustrates that with the same reaction tank diameter, an increase in
the solution column height will bring a better gas absorption rate. The reason for this
phenomenon is simply because the path of the gas in the solution is longer with the higher

solution column, resulting in a longer contact time and good absorption.

Figure 5-20 presents the simulation results for the mentioned three cases. It indicates that
a low column height will have a fast reaction speed. At 30 cm column height, it takes
almost 1100 s to complete the reaction whereas it only takes 570 s for the case with a
10.5 cm column height. This can be explained by stating that with the same tank diameter,
the quantity of solution with a 30 cm column height is almost three times that with a
10.5 cm column height. According to the mass balance and reaction formula in Equations 1
and 4, an increase in solution quantity directly leads to an increase in CO> required for a

complete reaction and therefore it increases the total time of the reaction.
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The quantity of NaOH solute reacted per second is considered here to find out the reaction

rate under different solution column heights. Since the solution concentration is constant,
the mass of NaOH solute per unit volume of solution in Equation 28 is constant. Then,
considering the reaction time in Figure 5-20, the mass of NaOH solute reacted per second
in a unit volume can be derived and presented in Table 5-6. However, the solution quantity
(volume) is not constant at different solution column heights so a correction coefficient, in
the form of a ratio of solution column heights, is introduced. The mass of NaOH solute
reacted per second (A’) in Table 5-6 represents the corrected NaOH solute reaction rate. It
indicates that the reaction rate is higher with a higher column height when the tank diameter
is constant. Therefore, Figure 5-19 and Table 5-6 indicate that a high solution column
height brings better gas absorption and a faster solute reaction. During system design, a
longer contact period between gas and solution should be preferred.

CO, absorption rate vs solution column height
(same container diameter)
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Figure 5-19 CO; absorption rate for different solution column heights with constant tank
diameter
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Figure 5-20 Mass fraction of Na,COgz over time for different solution column heights with
controlled tank diameter

Table 5-6 Solute reaction rate under different solution column heights with fixed tank
diameter

Column height (cm) 10 18 30
Mass of NaOH solute in unit volume of solution (g/cm®) | 0.17  0.17  0.17
Total time for fully reaction (s) 650 780 1150

Mass of NaOH solute reacted per second in unit volume
4 3 2.7 2.2 15

(10 g/lcm®-s)
Mass of NaOH solute reacted per second (10 g/s) 2.7 4.8 8.0

5.5.3.2. Impact of Tank Diameter with the Same Solution Column Height

This group of experiments has a condition of using the same solution column height but
varying tank diameter. Figure 5-21 illustrates a comparison of simulation and experimental
results. Again, a good agreement has been found between the experimental and simulation
results. The difference between the simulations and experiments is minor and no greater
than 1.5%. In the figure, the gas absorption rate is to be increased when increasing the
reaction tank diameter due to an increased contact area between the gas and solution. The

gas fed into the reaction tank will not only move upwards but will also be diffused
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horizontally. The profile of gas distribution is the same under all experimental conditions

and the simulations due to the usage of the same diffuser. When the height of the solution
column is constant, the larger the diameter is, the wider the solution area is. Therefore, a
large diameter of reaction tank leads to a good absorption rate of gas when the solution

column height is constant.

CO, absorption rate vs reaction tank
000 diameters (same solution column height)

80% T

62.35%

) =7 e e ——
6005 33.02% =

0333
3 950

40% 38774

—+—Experiment data

C0y absorption rate
*

—— Simulation results

3 6 7 8 9 10 11
Diameter of reaction tank (cm)

Figure 5-21 CO> absorption rates for different reaction tank diameters with controlled
solution column height

According to Figure 5-22, the fastest reaction occurs with the tank of the smallest diameter
due to a lower quantity of solution being contained in a small diameter tank. The difference
in reaction time among the three cases varies from about 30s to 100s. Compared with the
effect of the other geometric parameters, the impact of diameter on reaction rate is lower
when the solution column height is fixed. The mass of solute reacted is analysed in order
to find out how the reaction rate varies with the diameter of the reaction tank. Similar to
Section 5.5.3.1, the concentration of the NaOH solution is constant but the solution quantity
is not constant. The mass of NaOH solute per unit volume is constant but the corrected
mass of NaOH solute reacted per second, A’, is used for analysis. Table 5-7 indicates that

with the same column height, a larger tank diameter will provide a faster reaction rate.

Haibin Wang, University of Strathclyde, 25 January 2017 Page | 91



Simulation of the absorption process
Therefore, together with Figure 5-21, a large tank diameter results in both good gas

absorption rate and fast reaction rate.

Mass fraction of Na,CO,in solution over time
for different tank diameters with controlled
solution column height
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Figure 5-22 Mass fraction of Na2COsz over time for different tank diameters with controlled
solution column height

Table 5-7 Solute reaction rate under different tank diameters with fixed solution column
height

Tank diameter (cm) 6 8 10
Mass of NaOH solute in unit volume of solution (g/cm®) | 0.17 0.17 0.17
Total time for fully reaction (s) 650 780 1150

Mass of NaOH solute reacted per second in unit volume 57 29 1
4 3 . . 5
(10" g/lcm®-s)

Mass of NaOH solute reacted per second (10 g/s) 2.7 3.6 4.5

5.5.3.3. Impact of Tank Diameter with the Same Volume

Three sets of experiments were conducted for different tank diameters with a controlled
solution volume. Figure 5-23 presents a comparison between the experimental and

simulation results. The difference in values between the simulation and experimental
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results is a maximum of around 2.88%. The figure indicates that the gas absorption rate
decreases as the tank diameter increases. There are two factors that dominate this
phenomenon: gas diffusion profile and gas path. Referring to Section 5.5.3.2, the diffusion
of gas will lead to a better gas absorption rate. However, with the same solution volume, a
small tank diameter results in a high column height. Based on Section 5.5.3.1, a higher
solution column leads to a longer gas path and longer contact time between the gas and the
solution. In this set of experiments and simulations, the effect of column height is dominant,
so a smaller diameter of reaction tank leads to a better gas rate.

CO, absorption rate vs reaction tank diameters
(same solution quantity)
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Figure 5-23 CO> absorption rates for different reaction tank diameters with controlled
solution volume.

Figure 5-24 illustrates the time cost obtained by the simulation for a complete reaction with
different tank diameters. It indicates that small diameters lead to a faster reaction. The
largest difference between the reaction times at different simulation conditions is about
100 s. Since the concentration and quantity of solution is constant, the mass of NaOH solute
per unit volume is also constant so that the reaction rate is inversely proportional to the
reaction time. Therefore, when the solution quantity is fixed, a smaller diameter of reaction

tank leads to both a better gas absorption rate and a faster reaction rate.
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Figure 5-24 Mass fraction of Na2COgz over time for different tank diameters with controlled
solution volume

5.5.4. Impact of Operational Temperature

Having evaluated the effect of gas input flow rate and geometry of the tank on the CO»
absorption rate in Sections 5.5.2 and 5.5.3, the effect of environmental conditions during
the experiments on the absorption rate is examined. According to Equation 18, the
environmental temperature is one of the key factors affecting the reaction rate. In this
section, the simulation results of the absorption process under different environmental
temperatures will be presented. As the atmosphere condition will be changed from the
assumptions listed in Section 5.3.1, a new assumption is made that the gas initial

temperature is 298 K.

Figure 5-25 presents the simulation results under different initial solution temperature
conditions (which has the same temperature with boundaries). The range of temperatures
varies from 278 to 318 K. Referring to Figure 5-25, the chemical reaction rate of the process
increases as the temperature rises. According to Equation 18, the chemical reaction rate is

affected by initial solution temperature. Due to heat exchange taking place between the
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atmosphere and the mixture of gas and solution, a high initial solution temperature leads to

a high temperature of the mixture of gas and solution, resulting in a high reaction rate.

Temperature impacts on reaction rate
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Figure 5-25 Simulated absorption rates under different boundary temperatures

Figure 5-26 shows the time elapsed to reach full reaction at various environmental
temperatures. It is apparent that the fastest reaction happens when the environmental
temperature is 318K and the slowest one happens at 278 K. The fastest reaction rate is
35 times that of the slowest one. Hence, the environmental temperature has a significant
effect on the reaction speed and absorption rate. The results show that for the selected range
of environmental temperatures, when the temperature is below 298 K, the time spent for a
full reaction is significantly higher. Therefore the environmental temperature on-board ship

for the system’s operation should be maintained above 298 K.
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Figure 5-26 Na.COs concentrations over time for different operation temperatures
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5.6. Conclusions and Further Studies

This chapter has demonstrated the feasibility of using CFD software to model, design and
analyse the proposed carbon solidification method for CO emission reduction in lab scale.
It illustrates that the laboratory-scale simulation results have an acceptable agreement with
the data from the experiments. It also indicates that the developed simulation model can be
utilised as a fundamental tool for design and scale-up of a real system on a ship. A series
of investigations has been carried out on factors which have significant effect on the carbon
absorption process. Conclusions have been reached that a 15% mass fraction of NaOH
solution offers an optimal gas absorption rate, and a low CO> gas flow rate could lead to a
high absorption rate in a specific region of flow rates from 9.49 10 to 2.09 107 kg/s.
Results from both experiments and simulations also prove that the contact between gas and
solution will impact absorption rate and the absorption reaction also benefits greatly from
a high temperature of solution. A good contact between gas and solution can be achieved
by optimising the three geometry factors, i.e. tank diameter, solution volume and solution
height. The CO> gas flow rate is also an important parameter affecting the contact between

gas and solution.

In the next stage of this study, a proto-type of the absorption system will be designed by
utilising the models developed in this chapter, since the model has been shown to be
accurate enough for simulation of the lab-scale experiments. A case study will be carried
out for a ship on modelling, designing and analysing a full scale practical ship model and

presented in the next chapter.
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CHAPTER 6. CASE SHIP STUDY

6.1. Comparison of the Chemical and Liquefaction Methods

6.1.1. Introduction

Nowadays, there are two technologies used for the storage and transportation of the
different forms of CO> captured in onshore applications, i.e. compressed CO- and liquefied
CO:s. For pipeline transportation, compressed CO: is the preferred option (Ciferno et al.,
2010; Witkowski and Majkut, 2012). If captured CO; is transported by ship, both
compressed COz and liquefied CO> technologies can be used, where the latter is achieved
by a combination of increased pressure and reduced temperature (IPCC, 2005). Currently,
only the liquefied CO2 method has been used for ship transportation (Aspelund et al., 2006)
due to the density of the liquid form CO2 being 580 times that of the gas form CO..
Although there are many other technologies which can be applied for post-combustion
capture (polymeric membranes, zeolites and activated carbon), eventually the
transportation of gas will be in compressed or liquefied state. Therefore, in this section of
the case study on a ship, the proposed chemical method will be analysed and compared

with a liquefaction method regarding their economic feasibility.

There are some technical challenges in storing and transporting CO2 in liquid form on ships.
As a requirement of low temperature and high pressure, liquefied CO2 has a low critical
point (304K) and the point indicates the highest temperature for carbon dioxide
liquefaction. If the temperature exceed this point, it is impossible to liquefy the gas with
pressure increasing. Therefore, storage of CO: liquid places special requirements on the
materials used for the storage tanks in order to cope with the conditions of high pressure
and low temperature. It is also essential to make sure that there is no water or moisture
contained within the liquefied CO2 in order to prevent corrosion of the tank materials.
Compared with the method of CPCS, the volume occupied by the liquefied CO2 is 3%
more than that of CaCOs (EIGA, 2010). In addition, ship stability should be well
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considered as sloshing may occur with carrying liquefied CO2 (Wischnewski; ITTC, 2011).
In summary, in comparison with COz liquid, storing solid CO: in the form of CaCOz on

ships has the following advantages:

e (CaCO:s is a steady and corrosion free substances and no particular requirements on
storage tank;

e Less volume is required;

e The storage has less impact on ship stability;

e (CaCOs can be reused or placed in land disposal.

Other than the above ship operational and CO> storage advantages, a case study on a
selected ship indicates the profit returned by selling the by-products from the chemical
process. The following section presents a feasibility study of applying CPCS on the case

study ship and a comparison with the liquefaction method.
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6.1.2.  Case Study Ship Selection

International shipping relies on different means of transportation and the majority of
emissions from shipping are contributed by three main types of ships: container ships, bulk
carriers and oil tankers. A case study ship should be selected from these ship types so that
the study on emissions control and economics can then be generally applied to these vessel
types. For tanker, there is inert gas system existing and the demand of carbon emission is

lower so that the following case study will focusing on container ships and bulk carriers.

The specifications of the selected case study ship are listed in Table 6-1, along with the
details of the voyage of the vessel. The ship is a bulk carrier transporting coal from China
to the USA. The range, the service speed and the duration of one return voyage is estimated
and presented in the table. The table also illustrates the vessel dimensions and engine
specifications. Since the power output of the auxiliary alternators is only about 8.4% of the
main engine power, fuel consumption and CO2 emissions from the auxiliary engines are

not considered for the case study.

Table 6-1 Specifications of the case study ship

Route details Vessel dimensions Engine specifications

MAN B&W:
6S70MC-C7

Number 1
Speed 91 rpm

Origin Qinhuangdao Type Bulk Carrier? Engine

Destination San Francisco LOA 292
Range 5,547 Nm LBP 283.5

m
m
SeVIC® 5> Knot | Breadth 45  m | MCR 18660  kw
m
m

Speed
Duration 16 Days Depth 24.8 SFOC 174 g/kWh
HHI/Himsen:

Draught 16.5 7H17/28

Gross 94,360 ton | Generators 3 (1 stand-by)
DWT 157,500 ton Speed 900 rpm

Generators

Water — og500  m3 | power 780  kw
ballast
Fuel HSFO SFOC 189  gkwh

a: Sources of data: Significant Ships of 2011: Hyundai Trust.
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6.1.3.  Cost Estimation for CPCS
6.1.3.1. Total CO. Generated During a Voyage

According to the project guide of the selected engine and fuel type used, the gas flow rate
of CO. emissions can be estimated as shown in Equation (5):

mcoz ES CHSFO PSFOC (24)

Where:

e, = Mass flow rate of COz in exhaust gas (kg/s);

SFOC = specific fuel oil consumption (g/kWh);

P = power output of main engine (kW);

Cusro = carbon conversion factor of HSFO.

With this flow rate of CO», the total CO> generated during a voyage (16 days) is 3,766.54

tonnes.
6.1.3.2. Exhaust Gas By-Pass into CPCS System

Based on the IMO target of 20% CO- emissions reduction by 2020, the CPCS system will
be designed to absorb and store 20% of the CO2 emitted by the engine of the case study
ship, i.e. 753.31 tonnes of CO- for this voyage. According to the experimental results, the
average CO- absorption rate is 67.9%. To achieve a 20% reduction in CO2 emissions, the

amount of exhaust gases by-passed to the CPCS system can be derived using Equation (6):

Rby-pass = Rtarget /R1 (25)
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Where:

Ruy-pass = percentage of exhaust gas by-passed into the CPCS system;

Riarget = targeted CO- reduction required by IMO regulations;

R1 = absorption rate of CO..

According to the above estimation, about 30% of the exhaust gas should be fed into the
CPCS system in order to achieve the target of 20% CO- reduction from the main engine
exhaust gas. The mass flow rate of CO; fed into the CPCS can be derived: 0.80 kg/s. The
quantity of CO> by-passed per voyage is 1,110 tonnes.

6.1.3.3. Initial Quantities of Chemical Substances Required

The quantities of all chemical substances involved in the reaction can be derived by
applying Equation (4) in conjunction with Equation (1), (2) and (3). Thus, the quantities of
caustic soda (NaOH) and quicklime (CaO) required per voyage are 86 tonnes and 959

tonnes, respectively. The limestone CaCOs finally produced per voyage is 1,712 tonnes.

6.1.3.4. Consumption of NaOH by CPCS System

In the CPCS system, the NaOH solution will be regenerated after the precipitation
(causticisation) reaction. For the case study ship, the NaOH is assumed to be replenished
on a daily basis. Since its regeneration rate is 85.37% according to the experimental results,

the daily consumption of NaOH can be calculated using the following equation:

Mrefilled = Msystem (1 — R2) (26)

Where:
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Mrefiled = daily consumption of NaOH (tonnes);

Msystem = the theoretical quantity of NaOH needed by system (tonnes);

R2 = regeneration rate of NaOH.

The total NaOH consumed during a voyage can be derived as follows:

Miotal= Mrefilled t (27)

Where:

Miotal = total NaOH required during a voyage (tonnes);

t = duration of a voyage (days);

6.1.3.5. Operational Costs of CPCS System

The operational costs of the CPCS consist of 3 components, i.e. the cost of the chemicals
consumed, the cost of fuel operating the CPCS and the cost of the cargo loss penalty due
to space taken by the chemical reactant and CPCS product.

6.1.3.5.1. Cost Estimation of Chemical Substances

There are 2 chemicals consumed during the chemical processes. CaO is consumed to
precipitate the CO3? ions into solution and turn them into CaCO3 which is stored on-board.
The consumption of NaOH is based on its regeneration rate. Since not all of the NaOH can
be recycled, the replenishment of NaOH solute is necessary to maintain the required
concentration of the NaOH solution. Table 6-2 presents the quantities of chemicals

consumed per case study voyage and their unit prices.
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Table 6-2 Quantities of substances consumption and costs

Chemicals Quantities (tonne) Unit price ($/tonne) Cost ($)
Caustic soda (NaOH) consumed 200 83.33a 16,695
Quicklime (CaO) consumed 959 11.11 10,652
Sum 27,347

a: Sources of data: Prices achieved from Alibaba.com.
6.1.3.5.2.  Energy Consumption and Fuel Costs

The energy consumed by the CPCS process includes the energy required for CO2
separation from the engine exhaust gases, energy for the transfer of CO2 gas and chemical
solutions through the CPCS system, and energy used for handling and storing the solid
chemicals and the end product of the CPCS process (CaCOz) on the ship. Since the energy
consumed in handling the solid materials is much lower compared with that for CO2 gas
separation and transportation, the energy consumed for solid materials handling is

neglected in estimating the system energy consumption.

The power required for gas separation is due to the application of a membrane device which
is about 500 kJ/kg CO> separated (Barbieri et al., 2011). Thus, the energy consumption by

the membrane system can be obtained as shown below:
Py = Py Mo, /t (28)
Where:
Pwm = power required by membrane device (kW);
Py, = energy required for CO, separation (kJ/kg CO>);

e, = mass of CO2 separated (kg);
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t = operation time of membrane device (s).

CO- gas blowers are used to feed the CO> gas from the separation unit through the CPCS
system. To estimate the power required for gas input, some assumptions are made on

fittings and pressure head loss in reaction tank:

1. The solution height in the reaction tank is 6.44 metres;

2. The diameter and the length of the duct from the outlet of the membrane device to
the reaction tank are 1 m and 10 m respectively;

3. There is one baffle and two 90° bends along the system

4. The pressure drops due to friction and fittings are estimated at about 0.99 Pa
(Massey and Ward-Smith, 2012).

Therefore, the power required for gas input can be obtained with this equation:
Pp = mcozAPB/Pcoz (29)
Where:
Pg = power required by gas blower (kW);
Theo,= Mass flow rate of CO2 (kg/s);
APg = pump pressure required to transfer fluid or gas (Pascal);
Pco,= density of CO2 (kg/m?).

Thus, the total power demand for CO> separation and the CPCS is 402 kW. The fuel oil
consumed due to the gas blower and membrane is 29 tonnes per voyage and the fuel cost
is estimated to be $18,073.
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6.1.3.5.3.  Cargo Penalty Due to CPCS System Application

Table 6-3 lists the densities and volumes of the chemicals involved in the CPCS. The total
volume taken by the chemicals is 1,112 m®. The density of coal is 929 kg/m? so the mass
of coal cargo in an equivalent volume is 1,034 tonnes (Anval Valves Ltd.). According to
the current coal shipping price of 15 $/ton (CCM, 2013), the total cost of the cargo freight
penalty due to the CPCS system application is$ 15,502.

Table 6-3 Volumes of coal lost due to storage of chemicals

Chemical substances Density (kg/m®) Volume (m®)
NaOH 2,130 94
CaO 3,355 286
CaCOs3 2,711 632
Sum 1,112

6.1.4.  Profits Made from Selling the Product of the CPCS System

There are two kinds of profit resulting from applying the CPCS system:

a. Profit made from selling the final product of CPCS

b. Saving from carbon credits.

The final product from CPCS is CaCOs (limestone) which is an industrial raw material
widely used in many different industries, such as the papermaking, construction and plastic
industries. The commercial price of limestone is 50 $/tonne. Carbon credit is 15 $/tonne
based on the report of ‘2012 Carbon Dioxide Price Forecast’ (Wilson et al., 2012). Thus,
the profits made from selling CaCOs and saving of CO. credits are $85,603.23 and
$11,299.63 respectively per case study voyage.
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6.1.5. Cost Comparison between CPCS and Liquefaction Method

Having conducted the above cost analysis, Table 6-4 presents the costs and profits of CPCS

in comparison with the conventional liquefied CO2 storage method.

It can be seen that if the CaCO3 were sold at the destination of a voyage, applying CPCS
could make $ 35,981 profit while also capturing 20% of the CO> emissions from the engine

exhaust gases.

The operation costs and profit made from the liquefaction method are listed in the table
above. There are no chemical substances involved in the liquefaction method so there is no
cost due to the purchase of chemical substances. However, energy costs due to the CO>
liquefaction processes are considerable as shown in the table. The freight reduction is a
result of the storage of liquefied CO>. The saving carbon credits and selling the captured
CO: for enhanced oil recovery (EOR) are included in the profits.

Table 6-4 Cost and profit comparison

Operation costs Profits
Costs per hemical Liauefacti Freiah Carb Total costs
voyage (§) ~ Capture  Chemicals iquefaction reight arbon - ~5, CO,
cost cost cost reduction  credits
CPCS 18,073 27,347 - 15,502  -11,300* -85,603 - -35,981
Liquefaction 18,073 - 21,021° 9,932 -11,300 - -18,833° 6,758

a: Negative sign means earning profits; b: Wischnewski; The physics hyper textbook, 1998;
c: Melzer, 2012.

6.1.6.  Operational profile

In this case ship study, an assumption of using MCR during operation is considered which
results a much higher quantities of CO; are captured comparing with practical situation. In
a practical situation, the operation of an engine is dynamic and changing along with the
voyage. Here is an example of operational profile for a bulk carrier in Figure 6-1 (Charlotte,
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2015): 41% loaded, 32% in ballast and 27% in port. This example indicates that the vessel

is operated only 73% of a year. Furthermore, the operation power is varied under each
conditions. Even under loaded condition, the engine power output will be lower than MCR

to reduce the vessel speed as well as the fuel consumption and emissions.

Considering operational profile of voyage, the realistic engine power (NCR: nominal
continuous rating) can be derived. Therefore the carbon emission at NCR can be obtained
with the same processes above. The consideration of operational profile will reduce the
carbon emission quantity for capture and solidification. However, although the comparison

results will be changed, it doesn’t have impact on the advantage of chemical absorption

method.
Vovage Type Distribution
Bulk Carrier Vessels
100
801 4 H 4 H 4 I OTime
® loaded
.5 60 -+ -
e 1] as | HETimein
-4 40 Rt i — ballast
20 4 BTimein
port
0

2009 2010 2011

Figure 6-1 VVoyage type distribution for bulk carriers
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6.1.7. Conclusions

The comparative study between the chemical processes and liquefaction for CCS on-board
ships has shown that one merit of the liquefaction method is relatively low operational
costs. However, the CPCS method yields a higher profit from selling the product of the
processes. The profit is sufficient to outweigh the running costs and freight penalties. The
study proves that CPCS for marine CO; capture and storage offers advantages in terms of
fewer requirements for the captured CO; storage and transportation. CPCS is a cost-
effective method and can yield profits from every voyage as its product (CaCO3) can be
traded. It can be concluded that the proposed chemical absorption process for carbon

dioxide solidification is a cost-effective method for ship CO2 emissions reduction.

The next stage of the work covers the development of a Computational Fluid Dynamics
(CFD) model based on the experimental data so that a full scale practical system for the

ship can be designed and analysed.
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6.2. Case study for practical installation on-board a ship

6.2.1. Introduction

Since the simulations of the lab-scale experiments were achieved in the previous chapter,
the developed and optimised CFD model can now be applied for practical system
simulations in full scale. It is essential to carry out an actual ship system simulation because
the theory in the laboratory should be verified regarding its feasibilities for a real ship. In
this chapter, a case study ship will be selected and a practical carbon absorption system
will be designed and simulated for the selected ship. The specifications of the selected ship
will be presented and utilised for modelling. The processes of the simulations cover the
modifications of the simulation model, the design of the physical model, the application of
the orthogonal design method, the introduction of the equipment and software, and the
analysis of the results. After obtaining simulation results for the absorption process, the
following processes can be designed: precipitation process, separation process and storage
process. The weights and volumes occupied by these processes will be estimated according
to the case study ship specifications and the requirements of the absorption system. After
all the details of the processes and systems are derived, the next steps will be tank geometry
design, tank positioning and creating a CAD drawing of the system positioning on-board.
This chapter presents the general processes for carbon solidification system design for a

case study ship which also provides a design guide for further applications on new ships.
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6.2.2.  Case Study Ship Selection

Nowadays the density of international shipping is advantageous for transportation. Many
different types of ships are available for cargo transportation. Container ships, bulk carriers
and tanker ships are vessels which are typically used for international transportation and
they also contribute the majority of the carbon emissions according to the Third IMO GHG
study from 2012. Figure 6-2 indicates the emissions of carbon dioxide from all types of
vessels for international shipping. Among them, container ships contribute the most CO>
emissions at around 205 million tonnes. Due to the large quantity of carbon emissions from
container ships, this case study will focus on this vessel type and a container ship is

therefore selected as the research target.
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Figure 6-2 CO- emissions from international shipping by ship type 2012
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6.2.3.  Simulation Processes

To design a practical system, the simulation of the full scale system was firstly designed
so that the feasibility analysis can also be carried out. The practical system can use the CFD
simulation models and results which have been developed, optimised and analysed against
the lab-scale experiments in the previous chapter. Since the results from the simulations
match well with the experimental data, it indicates that the model represents the reaction

processes accurately.

The design of the carbon solidification system should consider both engine specifications
and practical feasibility on-board ships so that a reasonable physical model can be achieved.
At this stage of simulation, the orthogonal design method is applied to reduce the otherwise
considerable simulation numbers. The computing equipment and software are the same as
previously used and detailed in Chapter 6. The results from the simulations will provide an
optimal design for the practical system. After analysing the significant factors, an analysis
optimal design will be compared with the optimal case which arises from the simulations.
According to the comparison results, the better design from these two will be utilised for
the case study ship.
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6.2.3.1. Simulation Model Modifications

The simulation model for the lab-scale experiments is applied for this new practical system
simulation. Since it has been shown that the results obtained agree well with the
experiments, the reaction model can also present the practical reaction between the gas and
solution phases so that it can be directly used for practical system simulation. Other internal
models, such as the multiphase model and species model, will remain unchanged because
the chemical materials used in the practical design are not changed. The only differences
are the scale of the physical simulation parameters, such as container sizes, structures,
additional gas and solution inlet and outlet and so on, which will now be simulated in full
scale rather than lab-scale. Therefore, no reaction-related models are changed. With only
the physical model changed, the previous simulation model can be applied for further

system design and simulation.

The physical model will be enlarged from a lab-scale system because the capacity of the
carbon absorption system should meet the requirement of the case study ship exhaust gas
flow. Hence, the dimensions of the system should be carefully considered. Moreover,
industrial processes usually apply a packed column or tray column system for the
absorption process to increase the contact between the two phases, for example in the oil
refinery industry. There are also many research works on CFD simulation of flow in
packing and tray columns. Gao et al. modelled and analysed flow in random packing
columns for seawater desulfurisation (Gao et al., 2011). Chen et al. from Tianjin University
modelled and investigated the flow behaviour of two phase flows in a structured packing
distillation column (Chen et al., 2009). The hydrodynamic characteristics of sieve trays in
distillation columns were studied by Teleken and his colleagues (Teleken et al., 2009). A
suitable physical design of the system should be selected and designed to satisfy the

requirements of absorption efficiency and ship performance.

Other changes in this physical model are the flow rates of the two phases. It is apparent

that the inlet flow rate of the gas and solution should be adjusted since the gas input is now
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from the engine exhaust. The solution inlet flow rate should be controlled to prevent

flooding and keep a high contact area between the two phases. The physical model design

will be presented in the next section.
6.2.3.2.  Physical Model Design

The physical model is designed based on a cylindrical container. Gas outlets and solution
inlets are added on the top while gas inlets and solution outlets are added at the bottom of
the container. In the laboratory, a measuring cylinder was used as the absorption reaction
container. The simulation of the lab-scale experiments is in 2-dimensions and the results
from the simulation matched well with those from the experiments. While simulating the
practical absorption system, a 2-dimensional model will be built, simulated and analysed.
Hence, this new model will present the practical cylindrical container for the case study
ship.

6.2.3.2.1.  Absorption System Selection

Currently, there are two popular absorption system structures used for chemical absorption:
packing columns and tray columns. Compared with tray columns, packing columns have
many advantages according to Perry’s handbook of chemical engineering (Perry’s

handbook of chemical engineering, 8" edition):

e Low initial cost;

e Corrosion resistant (plastics and ceramics materials are available);

e Low pressure drop (which can be an advantage when a fan or compressor is applied
for the tower);

e Easy and economic adaptability to small-diameter (less than 0.6 m or 2 ft.) columns;

e Excellent handling of foams.

According to Klemas and Bonilla’s research, comparisons between column types are listed

in Table 6-5. The research agrees with the statements above that packing columns can be

Haibin Wang, University of Strathclyde, 25 January 2017 Page | 114



Case Ship Study
anti-corrosion, and have a low pressure drop. Furthermore, a packing column is able to

work with a high capacity. At low liquid flow rates (less than 136 m®h), a packing column
also has a better performance than a tray column. However, the disadvantages of a packing
column are also presented in this table:

e Low performance at high pressure;
e Bad performance with high liquid flow rates (above 408 m3/h);
e Anti-fouling system requires improvements;

e High inspection and maintenance costs.

Table 6-5 Packing and tray column rating comparison

Application in distillation | Random packing Structured packing Traditional trays High-capacity trays
Pressure drop 2 1 3 3
Efficiency at high pressure 2 4 2 1
Efficiency at low pressure 2 1 2 3
Efficiency at low liquid rate? 2 1 3 4
Efficiency at high liquid rate® 3 4 2 1
Foaming systems 2 2 3 3
Non-metallic services 1 2 4 4
Fouling systems 4 2 1 1
Inspection and maintenance 3 4 1 1
Low cost 2 4 1 3

Application rating: 1, best; 2, good; 3, fair; 4, poor.

a. System flow rate is less than 136 m%h; b. Systems flow rate is over 408 m%h (Klemas and Bonilla, 2000.)
Since both packing columns and tray columns have advantages according to industrial
experience, further consideration regarding applying them on ships will be made.
Considering ship stability, a tray column is not preferred because there are large quantities
of liquid accumulating on each tray until the liquid height reaches the height of the weir.
The large quantities of liquid could slosh with the movement of the vessel which is
definitely a potential risk against safe transportation. For a packing column, the liquid will
be separated and obstructed by the packing material from accumulating, so that the sloshing
effect is small compared to a tray column. Therefore, considering both industrial
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experience and a practical situation on a ship, a packing column is a better option and will

be selected for the practical system.

6.2.3.2.2.  Absorption System Design

A typical packing column can increase the contact area between the liquid and the gas so
that a high absorption rate is guaranteed. For most packing column applications, a counter
flow design is preferred. It has a relatively high contact between gas and solution. Another
reason is that gravity can be utilised to separate the gas and liquid phases as liquid is driven
to move downwards by gravity. If using parallel flow, there is a requirement for more
power output to maintain either the liquid moving upwards with the gas, or the gas moving

downwards with the liquid.

Taking into account the counter flow design, the position of the inlets and outlets are set
and designed as introduced in the previous section. However, even though the gravity effect
is utilised, it is hard to ensure that both the liquid and the gas leave through their designated
outlets. To prevent liquid from leaving through the gas outlets, mist eliminators are applied.
The mist eliminators are nets fitted inside the reaction tank just before the gas outlets. When
liquid mist touches the net, the liquid mist will attach, accumulate and drop from the net.
This is also another reason why counter flow is preferred. To prevent gas from leaving
through the liquid outlets, a pump is fitted at the outlets which can control the liquid
outflow rate. A liquid seal on the liquid outlet will also ensure that gas only leaves from
the gas outlets.

In the simulation, the gas outlets are covered by a region of porous medium to represent
the mist eliminator. The porous medium provides resistance to the liquid phase, which
prevents liquid from moving upwards. A pressure outlet boundary condition is applied on
these outlets. For the liquid outlet, the mass flow inlet boundary condition is utilised to

simulate the pump which constantly pumps liquid out of the reaction tank.
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As the packing column will be applied in the absorption system, the designed system will

be filled with spherical packing to increase the contact area. The size of the packing
material will be further studied to find out its impact on the absorption process. A support
will be included in the design so that the spherical packing can be fixed in the middle of

the reaction tank.

Seven main factors are considered while designing the absorption system. For each factor,
three different values will be selected in order to determine their impact on the absorption
processes and to find an optimal case for the practical design:

e Tower height:

1.5, 1.75 and 2 metre are selected. These heights are selected considering the height of a

container on the vessel and that volume on-board is limited.

e Tower diameter:

Three different diameters are selected, 2, 2.25 and 2.5 metres, taking into consideration
that volume on-board is limited and that a small diameter is preferred when the liquid

quantity is the same.

e Solution sprayer number and position:

Three different sprayer numbers, and positions between sprayers are chosen: 9, 10 and 11,
0.1, 0.125 and 0.15 metres. These two factors are considered together. When designing the
sprayer layout, the distance between the left-most and right-most sprayers should be

smaller than the tower diameter and should also leave enough space for the gas outlets.
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e Packing material size:

Generally, for sphere packing material, the radius available on the market ranges from 0.01
to 0.08 metres (AceChemPack Tower Packing Co. Ltd). Therefore, three general sizes are
selected: 0.02, 0.03 and 0.04 metres.

e Solution flow rate:

These solution flow rates are designed to prevent flooding and keep a reasonable contact
area. 40, 60 and 80 kg/s liquid flow rates are selected.

e Gas flow rate:

The system is design such that 20% of the CO> the from engine exhaust gas is removed, as
discussed previously. The flow rate of CO- is about 1.6 kg/s so gas flow rates of 1.2, 1.6

and 2 kg/s are selected for analysis.

One example of the designed system is presented in Figure 6-3. It indicates the positions
of the gas and liquid outlets and inlets, mist eliminators, packing material and supports in
the reaction tank. The blue lines represent the tank walls and the grey sections are the flow
regions. The practical 3-D system can be derived by revolving this 2-D model, and the
liquid distributor and gas outlets are presented in Figure 6-4. After designing the system,
the next step will be testing this system with the developed CFD model. However, there
are too many possible combinations of these factors to be tested within a limited time. The
orthogonal design method will be introduced in the next section, and used to reduce the

numbers of combinations which need to be tested hence saving computing time.
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Figure 6-3 Example physical model of absorption system design.

Figure 6-4 Schematic of liquid distributors and gas outlets.
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6.2.3.3.  Orthogonal Design Method Introduction and Application

The orthogonal design method is an experimental process which can be applied to test and
compare the effectiveness of multiple different factors on a target system or process. It is
an efficient way to discover new phenomenon, materials or regular patterns during
scientific researchand with these findings, research results can be developed to discover
more meaningful results. Design of experiment (DOE) was established by Ronald Aylmer
Fisher in the 1920s (Ronald, 1935). DOE was futher developed and improved by Genichi
Taguchi’s research team during 1940~1950 and the Taguchi methods were established.
The orthogonal design method has been widely used in many different fields. Qiu et al.
applied this method on their slewing bearing models to test the performance of connecting
bolts while analysing siginificant factors (Qiu et al., 2011). The orthogonal design method
is also applied to improve optimisation algorithms and find an optimal solution in Gong
and his colleagues’ research (Gong et al., 2008). Kim and his colleagues utilised the
orthogonal design method to develop and test a dual phase steel. Three levels of three
controllable factors were considered: intercritical annealing, aging and galvanizing

temperatures during the heat treatment process (Kim et al., 2009).

The orthogonal design method will be appliedto find out how the selected factors will
impact on the absorption rate during the absorption process. The application of the
orthogonal design method utilises a normalized table to the design experimens. It is an
efficient, accurate and reliable way to discover optimal conclusions with a relatively small
amount of trials. The selected factors are considered because they are important ones and
are also controllable. A seven factors by three level orthogonal design method table (Lis
37) is designed as shown in Table 6-6 (Hong et al., 2012). According to the previous section,
the factors and their levels are set up and presented in Table 6-7. Using a normalised
orthogonal design method table, it is found that 18 different cases need to be tested which
are presented in

Table 6-8.
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Table 6-6 Seven factors with three level orthogonal design method table (L1s 3")

A B C D E F G

1 1 1 1 1 1 1 1

2 1 2 2 2 2 2 2

3 1 3 3 3 3 3 3

4 2 1 1 2 2 3 3

5 2 2 2 3 3 1 1

6 2 3 3 1 1 2 2

7 3 1 2 1 3 2 3

8 3 2 3 2 1 3 1

9 3 3 1 3 2 1 2

10 1 1 3 3 2 2 1

11 1 2 1 1 3 3 2

12 1 3 2 2 1 1 3

13 2 1 2 3 1 3 2

14 2 2 3 1 2 1 3

15 2 3 1 2 3 2 1

16 3 1 3 2 3 1 2

17 3 2 1 3 1 2 3

18 3 3 2 1 2 3 1

Table 6-7 Orthogonal design factors and levels
Levels

Factor code Factors 1 > 3
A Tower height (m) 1.5 1.75 2
B Diameter (m) 2 2.25 2.5
C Sprayer number 9 10 11
D Sprayer position (m) 0.1 0.125 0.15
E Packed material size R (m) 0.02 0.03 0.04
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F Solution flow rate (kg/s) 40 60 80
G Gas flow rate (kg/s) 1.2 1.6 2

Table 6-8 18 cases derived using orthogonal design method table (L1s 37)

Case No. A B C D E F G
1 1.5 2 9 0.1 0.02 40 1.2
2 1.5 2.25 10 0.125 0.03 60 1.6
3 1.5 2.5 11 0.15 0.04 80 2
4 1.75 2 9 0.125 0.03 80 2
5 1.75 2.25 10 0.15 0.04 40 1.2
6 1.75 2.5 11 0.1 0.02 60 1.6
7 2 2 10 0.1 0.04 60 2
8 2 2.25 11 0.125 0.02 80 1.2
9 2 2.5 9 0.15 0.03 40 1.6
10 1.5 2 11 0.15 0.03 60 1.2
11 1.5 2.25 9 0.1 0.04 80 1.6
12 1.5 2.5 10 0.125 0.02 40 2
13 1.75 2 10 0.15 0.02 80 1.6
14 1.75 2.25 11 0.1 0.03 40 2
15 1.75 2.5 9 0.125 0.04 60 1.2
16 2 2 11 0.125 0.04 40 1.6
17 2 2.25 9 0.15 0.02 60 2
18 2 2.5 10 0.1 0.03 80 1.2

6.2.3.4. Software and Equipment

The simulation of the practical system is conducted according to the simulations of the lab-
scale experiments. Since an example model was set up in the previous section, all the other
models can be set up in the same way. Based on the simulation of the lab-scale experiments,
the Fluent software is applied and 10 second simulations of 18 difference cases are carried

out due to the limited computing resources. Since 18 different cases of the simulation are
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required for system optimisation, the high performance computers from ARCHIE-WeST

are applied. CAD software, Rhinoceros, will be used for modelling the case study ship and
also the practical system installations. The absorption rate calculated for these cases will

be presented and analysed in the following section.
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6.2.3.5. Results and Analysis

The absorption rate in the practical system simulations is derived based on the same method
as the lab-scale experiments, which is to monitor the concentration of Na>COz. The
absorption rate at 10 seconds for every case is derived and presented in Table 6-9. It is
obvious that case 12 has the highest absorption rate so this case is found to be the optimal

case.

Table 6-9 Results of absorption rates under different cases.

Test number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Absorption rate[12.97% 16.95% 13.42% 15.77% 16.22% 15.18% 20.65% 9.35% 19.63% 16.30% 13.61% 23.05% 18.27% 20.15% 11.45% 21.52% 18.26% 9.78%

6.2.3.5.1.  Significance of Factors (R value):

After obtaining the absorption rates for all cases, analyses are carried out to find the impacts
of the different factors on the absorption rates. For each level of every factor, a sum of the
absorption rate value (K) is introduced which is presented as K1, K2 and K3. Also, average

values of K and the ranges of average values (R) are derived and presented in

Table 6-10. The R value is applied to present the significance of these factors with regard
to the absorption rate. As shown in the table, changing factor G, which is the gas flow rate,
has the most significant impact on the resultant absorption rate. Therefore, the relative
significance of these factors on the absorption rate can be derived as follows: Gas flow
rate > Solution flow rate > Sprayer number > Width > Sprayer position > Tower height >
Packed material size (or G>F>C>B>D>A>E). For the different factors, their impacts on

the absorption rate are presented in Figure 6-5.

6.2.3.5.2.  Comparisons between Analysis and Optimal Case

After obtaining the significance of the different factors, the optimal levels for different

factors are also obtained from the results in the last section. Therefore another optimal case
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based on the analysis only can be derived and presented in Table 6-11. This analysis

optimal case is compared with the simulation optimal case, case 12, derived in the last

section.

From Table 6-11, the levels of some factors are the same in both cases. Considering the
significance of these factors, the gas and solution flow rate and sprayer numbers are three
of the most effective factors for impact on absorption rate. In this table, these three factors
are the same. Since these three factors would have the most impact on the absorption rate,
it is reasonable to ignore the effect of the other factors, which have been found to be
different in the two optimal cases. Therefore, these two optimal cases derived from the
simulation and analysis show good agreement. The design of the practical system for the
case study ship will use the parameters of optimal case. After the absorption system is
designed, the remaining parts of the system can be designed. The next section will list some
of the detailed information about the design of the whole system for a selected case study

ship.

Table 6-10 Results of analysis from orthogonal design

Target Factor code A B C D E F G
K1 96.30% 105.48% 91.68% 92.35% 97.08% 113.55% 76.07%
Ka 97.04% 94.54% 104.92% 98.09% 98.59% 98.79%  105.16%
Ks 99.20% 92.51% 95.93% 102.09% 96.86% 80.19% 111.30%
Absorption K1/6 16.05% 17.58% 15.28% 15.39% 16.18% 18.92%  12.68%
rate K2/6 16.17% 15.76% 17.49% 16.35% 16.43% 16.47% 17.53%
Ks/6 16.53% 1542% 15.99% 17.01% 16.14% 13.37% 18.55%
Range (R) 048% 2.16%  2.21%  162% 0.29% 556%  5.87%
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Figure 6-5 Impacts of factor levels on absorption rates

Table 6-11 Comparisons of simulated and analysis optimal cases

Packed
material size R

(m)

Solution flow Gas flow
rate(kg/s) rate (kg/s)

G>F>C>B Tower Diamet  Sprayer Sprayer
>D>A>E height(m)  er (m) number  position(m)

From 2 2 10 0.15 0.03 40 2
analysis
Optimal 15 25 10 0.125 0.02 40 2

case

6.2.4. Case Ship Study

After designing and analysing a practical system for the case study ship, this section will
design the remaining parts and processes of the system, and the specifications of the case
study ship will be introduced as well. Figure 6-6 presents a schematic of the processes
within the whole system. The exhaust gases from the funnels are bypassed through a
separation system to remove other gases and to purify the CO>. Then the high concentration
CO2 gas will be fed into the absorption reaction tank where the alkaline solution will be
injected and reacted with the gases. The product solution will be transported to one
precipitation tank until it is full. When this precipitation tank is full, the solution will be

transported to another precipitation tank. The first tank will have CaO added to generate
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CaCOs sediment and the products will be transported into a centrifuge separation system

to remove the sediment from the solution. Finally, the pure alkaline solution from the

centrifuge separation system will be recirculated back into the absorption reaction tank.

The sediment will be stored in CaCOs storage tanks.

The positions of all parts and processes of the system will be considered and a drawing

based on the use of the Rhinoceros 3-D modelling software will be presented for the case

study ship in a CAD model. The calculations in this section are based on the results of the

absorption tank from the simulations. The specifications of a standard 20 foot container are

listed in Table 6-12 and equivalent container spaces required by the different tanks will be

derived in the next section.

Exhaust gas

Sodium

Absorption solution
storage tank

Absorption solution (NaOH)
fecding

byvpass

Blower

# Absorption reaction tank

Calcium Oxide storage
tank

Calcium Oxide feeding
A

Saturated

7.
SOTI O™

transportation

Precipitation reaction tank

Calcium Carbonate

L. L : L
Iywroane

recyeling

Suspension
fransportation

entrifugation separatio

Precipitation

storage tank

Figure 6-6 Schematic of on-board installation

trarnsportation
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Table 6-12 Specifications of a standard 20 foot container

Inside Gross Tare Net

Length (m) | Width (m) Height(m) Capacity Weight Weight  Weight
(m?3) (tonne) (tonne)  (tonne)

5.87 2.33 2.35 32.85 24 2.44 21.56

6.2.4.1. Tank VVolumes

The calculations will follow the absorption processes and calculate the volumes of the
following: absorption tanks, precipitation tanks, NaOH supply tanks, CaO storage tanks,
centrifuge separation systems and CaCOg storage tanks. All the volumes are based on the
reaction equations with some additional margins for practical applications.

6.2.4.1.1.  Absorption Tank

After analysing the simulation results, an analytical optimal model and an optimal case
were obtained in Table 6-11. Both cases have similar solution and gas flow rates, and
sprayer numbers. The factors which differ are the tank height, diameter, sprayer position
and packing material size. Among these factors, the tank height and diameter have a direct
impact on the tank volume. For the analysis optimal case, both the height and diameter are
2 metres, which means the volume can be derived using a basic cylinder volume equation

which gives a result of approximately 6.28 m?:

V - zd?h (28)

Where:

V = the volume of the cylinder;

d = diameter;
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and h = height.

For the optimal case derived from the simulation, the tank height is 1.5 metre and the
diameter of the tank is 2.5 metres. Based on the volume equation above, the volume of this
tank is about 7.36 m?. It is apparent that the smaller tank would be preferred under the same
working capacity since volume on a ship is very valuable. Moreover, the volume of the
absorption tank is smaller than that of a standard container so one container position is

assigned for the absorption tank installation.

6.2.4.1.2.  Precipitation Tanks

The next process after absorption is precipitation and the solution resulting from the
absorption process and the CaO will be fed into the precipitation tank. To maintain the
output from the absorption reaction, two precipitation tanks are designed to work separately
and hourly. In the first hour, precipitation tank A will be filled with product solution from
the absorption process and CaO will be added in simultaneously. The stirring device will
start working to accelerate the precipitation reaction process. In the second hour, the filling
and precipitation of the solution into tank A will be paused and instead, the transportation
of products into the centrifuge separation system will start, for separation of the sediments
and solution. At the same time (during the second hour), the product solution from the
absorption process will be filled into precipitation tank B (in the same way as it was into
tank A in the first hour) so that a continuous absorption and precipitation reaction can be
maintained. Therefore the volume of the precipitation tank should be enough to be able to
store the feed of the solution from the absorption reaction for one hour. As the solution
flow rate in the absorption process is 40 kg/s and also considering the molecular formula,
molar mass and density, the quantity of product solution in each tank is about 151.02 tonnes
per hour and the volume should be therefore be 126.06 m*. An assumption is made here
that a full precipitation reaction and final product transportation can be completed in one
hour. The assumption is based on the experiments carried out in the laboratory where the

precipitation process usually takes 3 hours for a full reaction. With more advanced
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industrial mixing systems like the stirring devices, the reaction could be faster so an

approximate reaction time is assumed. Further work can be targeted on finding out more
accurately the timings of the full process and the required volumes of the precipitation

tanks, and these could then be changed accordingly if required.

The maximum allowable gross weight of a standard 20 foot container is 24 tonnes and the
tare weight of a container is 2.4 tonnes. The inside capacity of a standard 20 foot container
is 32.85 m3. Hence, considering weight, each precipitation tank requires the equivalent of
8 containers spaces. When considering volume, each precipitation tank also requires
8 containers spaces. Further consideration on the dimensions of the precipitation tanks will

be discussed in Section 7.4.3.
6.2.4.1.3.  NaOH Storage Tank

The supplement of NaOH for the absorption solution is based on the results from the
experiments, taking into account that the efficiency of the NaOH regeneration rate is 85.37%
so that the loss of NaOH in the solution can be calculated. This comes to around
1213.47 tonnes required for supplementing the NaOH lost, which occupies 569.48 m® on
board. Considering the weight limitation of the containers, the NaOH supply tank requires
57 container spaces and while the volume of the container requires only 18 containers
spaces. In Section 7.4.3, the dimensions of the NaOH storage tank will be further

considered.
6.2.4.1.4.  CaO Storage Tanks

According to the last section, the CaO should be prepared before the precipitation reaction,
as it is a reactant in the process. The quantity of CaO required can be derived from the
target carbon emissions reduction. Since this case study aims to reduce 20% of the total
carbon emissions over the case study voyage, the quantity of CaO can be calculated based
on the relationship between CaO and CO: in the final product, CaCOs. Hence,

2881.16 tonnes of CaO are required for an entire voyage in Table 7-8 which is about
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858.77 m? per voyage and 53.67 m® per day. Again considering the weight limitation of

typical containers, the CaO storage tank requires 134 containers spaces and considering the
volume of a container, only 27 containers spaces are required to accommodate the volume
of the CaO tank. In Section 7.4.3, the dimensions of the CaO storage tank will be further

considered.
6.2.4.1.5.  Centrifuge Separation

For a centrifuge separation system, two factors are considered during selection: the type
and capacity of the separator. For separation type, liquid and solid separation is required
because the feed from the precipitation process is a mixture of liquid and solid. Since the
mixture feed also has a constant flow rate, the selected separation system should be able to
deal with this amount of mixture. Since the flow rate in the precipitation tank is 252.12 m%/h,
the capacity of the separation system should be at least this value. Finally two centrifuge
separation systems with the same capacity are selected, each with a separation capacity of
160 m3. The selected systems are Flottweg decanter centrifuge C7E from Flottweg
Separation Technology and their dimensions are derived as shown: length 4.8 m x width
1.72 m x height 1.4 m. Hence, the volume occupied by the two separation systems is
23.12 m*in total.

6.2.4.1.6. CaCOgs Storage Tanks

The last process of the system is the storage of the final product, CaCOs. Like the quantity
of CaO, the quantity of CaCOz can be obtained from the target for carbon emissions
reduction. Hence, referring to the reaction formula and the chemical molecular masses, the
quantity of CaCOs is found to be 5145 tonnes per voyage (shown in Table 7-8) or
322 tonnes per day. Considering the density of CaCOs, the volume taken by the final
product is 1898 m? per voyage and 119 m? per day. Again considering the weight limitation
of a container, the CaCOs storage tank requires the equivalent of 239 containers spaces and

while considering the volume of the container, only 58 containers spaces are required to
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accommodate the volume of the CaCO3 storage tank. The dimensions of the CaCO3z storage

tank will be further considered in Section 7.4.3.

6.2.4.2. Case Study Ship Specification and Modelling

Before designing the dimensions of the different tanks, the modelling of the selected
container ship is first conducted. The selected ship is a 6300 TEU (twenty-foot equivalent
unit) class container carrier, called Sealand Michigan, from Hyundai. The details of this

vessel and the engine specifications are listed in Table 6-13 and Table 6-14 respectively.

The CAD model of this containership is established and presented in Figure 6-7 and Figure
6-8. The red and light blue parts represent the ship’s hull below and above the water line.
The pink part is the superstructure and the dark blue part is the funnel. The grey sections
in Figure 6-8 are the containers carried on the ship. In the next section, all the required
tanks will be designed and positioned within this CAD model.

Table 6-13 Container ship details

LOA 303.96 m
LBP 292.00 m
Breadth 40 m
Depth 24.2 m
Draught 12 m
\/oyage duration 16 days
Shipping capacity 6300 TEU
Table 6-14 Main engine specifications
Engine type B&M 10K98MC-C
MCR 57059 kW
SFOC 171 g/kWh
Fuel carbon factor 3.021
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Figure 6-7 CAD model of the selected containership: empty load case
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Figure 6-8 CAD model of the selected containership: full load case
6.2.4.3.

System Design, Positioning and Drawing

6.2.4.3.1.  Absorption Tanks:

The dimensions of the absorption tanks are fixed based on the simulation and analysis

results. The volume taken by the absorption tanks is only about 0.2 container volumes. To
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make sure that there is enough space for associated pipelines, blowers and pumps,
1 container volume is assigned to the absorption tanks. The position of these tanks should
be near the main engine and the funnel so that the exhaust gas could be by-passed from
them and the power required for transportation is low.

6.2.4.3.2.  Precipitation Tanks:

The precipitation tanks are aiming to deal with the product from the absorption process
hourly so that the volume taken by each precipitation tank is larger than that from the
absorption process within one hour. To ensure the volume is sufficient for the precipitation
process, a 20% margin is added and the final volume of one tank is therefore 302.54 m®,
Hence, 10 times the volume of a container is assigned to each precipitation tank. The total
container volume required by the precipitation tanks is 20 container volumes. The location
of these tanks should be next to the absorption tank because the precipitation process deals

directly with the product from the absorption process.

6.2.4.3.3.  Centrifuge Separation:

Centrifuge separation systems have a fixed dimension and the data is provided by the
manufacturer. About 0.7 times a container volume is required for two sets of systems.
Hence, 1 container volume will be designated for each, considering the fittings needed
between systems, precipitation tank and CaCOz storage tanks. Since the centrifuge
separation systems are fitted to these tanks, it is cost-effective to locate them near each
other.

6.2.4.3.4.  NaOH, CaO and CaCO3 Storage Tanks:

If the NaOH, CaO and CaCOs are designed to be stored in containers, the limitations of the
containers should be considered. Since the net weight of a container is limited, the numbers
of containers required for NaOH, CaO and CaCOs storage tanks can be derived. This is
found to be about equivalent to 57 containers for NaOH, 134 for CaO and 239 for CaCOs.
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This is about 7.02% of the total cargo in this container ship. To reduce the container spaces
occupied by these storage tanks, a modified tank is designed. The weight limit of containers
IS set at 24 tonnes because the working load of the cranes used for container loading and
unloading is limited. Therefore, considering the working load of the cranes, a new

container can be designed with an acceptable weight and volume penalty.

The weight limit of a full load standard container is 24 tonnes. The maximum weight of a
newly designed container with full load should be 24 tonnes. The tare weight of a standard
20 foot container is 2.44 tonnes so the cargo in the container can weigh up to 21.56 tonne.
21.56 tonne of NaOH has a volume of 10.12m3. The same weight of CaO has a volume of
6.43 m® and that of CaCOj3 take 7.95 m®. They are all less than one third of a container
inside volume. To keep the original arrangement of containers on the ship, several new
containers should share one slot of a standard container. Hence the new container will be
designed to have 1/3 the volume of a standard container. This is selected while also
considering the thickness of the container walls. In this way, not only is the volume on the
ship saved with no change to the container arrangement but also the weight of the new

container still meets the requirements of the crane working loads.

Since the total weight of CaO and CaCOs is related to operation time, the total weight
reaches a maximum at the voyage destination. Therefore, although the total weight of
NaOH, CaO and CaCOs is 9239.56 tonnes, the instantaneous weight is increasing from
4096.63 tonnes to 6358.40 tonnes. This is because the consumed NaOH and CaO are finally
contained as CaCOs. The locations of these storage tanks are above the absorption reaction
tank. The locations of the containers filled with CaO and CaCOs are in the No. 7 hold of
the container ship. With this arrangement of storage tanks, their weights are balanced with
the help of the ballast water management system so that the risk of overload on one side of
the ship is eliminated. Considering the dimensions of all tanks and assigned containers, a
CAD drawing is derived. In Figure 6-9, 385 containers designated for CaO and CaCO3 are
assigned to No. 7 hold.
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The layout of No. 7 hold is designed for the installation of the carbon solidification system

and is shown in Figure 6-9. There are three areas in this container hold: container area,
transportation area and system operation area. In this figure, the blue area is the container
area and the grey area is for transportation. The system operation area is the green and
yellow areas. With this arrangement, the storage tank can be transferred to the yellow area
for collecting the product. In the green area, the absorption tank, precipitation tanks and
centrifuge systems are located. A CAD drawing of the bottom section of No. 7 hold is

displayed in Figure 6-10.

Hold No. 7

Figure 6-9 Mid-section view for arrangement of absorption, solidification processes and
storage tanks on the container ship (Blue: storage tanks; Yellow: storage tank working
place; Green: absorption, solidification and separation processes working place; Grey:

transportation routes.).

Haibin Wang, University of Strathclyde, 25 January 2017 Page | 136



Case Ship Study

Figure 6-10 CAD drawing of carbon absorption and solidification system in working places
of No. 7 hold (Green: absorption system; Pink: precipitation tank; Blue: Centrifugation
separation systems; Light blue: fitting pipes; Yellow: dimensions of elements.).
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6.2.5. Conclusions

This chapter introduces and presents a case study of a carbon solidification system design
and application on a selected ship, based on previous work using CFD simulations and lab-
scale experiments. The simulation processes apply a full scale CFD model based on
previous simulation processes in lab-scale. A physical model of the absorption reaction
tank is designed according to the limitations on-board the ship and also analysed using the
orthogonal design method. After simulation and analysis, a simulation optimal case and an
analysis optimal case are obtained. The analysis optimal case is eventually selected. This
model occupies a lower volume of cargo space than the simulation optimal model while
the levels of the most significant factors impacting on absorption rate are kept the same.
Based on the output from the physical absorption tank model, the tanks and systems in the
remaining processes can be derived. Then the case study ship is selected and modelled with
CAD software and the positions of all the tanks and systems are designed and presented on
a CAD drawing. This chapter also presents a good guide for the process of practical design,
analysis and installation of a carbon solidification system on any vessel. However, further
work is still required. For example, the time required for the precipitation process may need
further consideration. Future work can also focus on designing the fittings between all of
the tanks and the systems before the absorption reaction processes, such as the gas blower
and CO. separator.
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CHAPTER 7. SUMMARY, CONCLUSIONS AND FUTURE
WORK

This chapter will summarize the contents and conclude on the results presented in this
thesis. Recommendations will be made based on the research so that applications of the
proposed method for new vessels can follow the design, analysis and installation processes
presented.

7.1. Summary

7.1.1. Regulations Reviews

As a driving force behind this project, the emissions control regulations are also the main
reason why ship owners are considering reducing carbon emissions from exhaust gases. In
this thesis, current regulations were reviewed and discussed. Currently, IMO regulations
have come into force which require ships to reach the EEDI standard by applying different
technologies to increase energy efficiency. A 20% reduction of carbon emissions from
ships is also set by the United Nations as a global target to be achieved by 2020. According
to the Third GHG study from the IMO these regulations have already managed to reduce
the emissions from ships. The CO2 emissions from international shipping were 796 tonnes
in 2012 and 870 tonnes in 2007. It is a great encouragement for further application of the
emissions reduction regulations and also an excellent way to help mitigate global warming

for a better future.

7.1.2. CCS Method Reviews

Three commonly applied CCS methods were introduced in this thesis: namely the pre-
combustion method, the oxy-fuel combustion method and the post-combustion method.
The principles of these methods were explained and available technologies were also listed

in the literature review chapter. As the application of CCS on marine activities is of interest
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in this work, especially on-board ships, all these three methods were considered based on
the requirements, situations and conditions on ships. For the pre-combustion method, the
most serious constraint was the required change in engine type, which is not currently
acceptable for most ship owners. The limitation of applying the oxy-fuel combustion
method is the combustion in the engine. Due to a high concentration of oxygen, the
combustion is quite violent and the engine may become overloaded and damaged. For the
post-combustion method, the changes are minor as they only require a separate system to
be attached to the exhaust gas system with no major effects on the initial ship design.
Therefore, after a review of CCS methods for onshore applications, the post-combustion
method was seen as the most suitable one and a proposal for applying chemical absorption

and solidification was introduced in the following chapters.

7.1.3.  Proposed CCS Method

The proposed chemical absorption and solidification process aims to store the carbon
element within a solid and stable compound in standard tanks or containers. If the carbon
is contained in liquid or gas form, not only are highly specialised tank materials but also
considerable tank volumes required. It is extremely expensive due to the high value of

space on-board ships.

The principles of this absorption and solidification process are applying sodium hydroxide
to absorb CO- from the exhaust gases and then treating the CO-rich solution with calcium
oxide so that sediment calcium carbonate can be generated. In the processes, the nature of
sodium hydroxide as an alkali is utilized. As a stable compound, calcium carbonate

decomposes only at high temperature and that’s why it can be used as a building material.

7.1.4. Laboratory Experiments

Experiments were carried out in a biochemistry laboratory which also provided most of the
commonly used chemical experiment apparatus using within the tests, such as different

types of glass containers, support stands and measuring equipment. A range of experiments
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was carried out to examine the impacts of different factors on the absorption rate which
could be achieved. There were several significant factors which were examined, such as
the geometry of the absorption tank, gas input flow rates and solution concentrations. The
data achieved from the experiments was applied for both an economic feasibility

assessment and also for CFD model validation.

7.1.5. Economy Feasibility

The feasibility assessment from an economic point of view was carried out to find the cost
of the solidification system application. Operational costs, benefits earned and cargo
penalty were all considered. A cost comparison between the standard liquefaction method
and the proposed solidification method were presented as well which indicated that the
proposed solidification method could generate a profit at the end of the voyage by selling
the final product, CaCQOg, to other industries.

7.1.6. CFD Simulations

The objective of applying CFD simulations was to design a practical system for installation
on-board ships. The model was designed and optimised in lab-scale using the ANSYS
Fluent software and the simulation results were compared with the experimental data. After
optimisation, a CFD model which was consistent with the experiments was developed.
This CFD model also illustrated some factors which couldn’t be measured in the
experiments, such as the pressure and movement of the gas and solution. As a validated
and verified model was derived, the design and simulation of a practical system in full scale

became possible.

7.1.7.  Practical System Design and Installation

To design a practical system, a case study ship was first selected and all subsequent design
work was based on the parameters of this ship and its main engine. There are two

commonly used absorption systems in the chemical absorption industry, packed columns
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and tray columns. As the system will be applied on a ship, the packed column was found
to be better due to low sloshing effects. Based on the exhaust gas flow rate, the modelling
of the absorption system was derived. After optimisation with the orthogonal design
method, an optimal design was finally applied on a case study ship. The remaining tanks
were then designed and the locations and operation of all tanks was considered. A CAD

drawing indicating the design and installation was also presented.

7.2. Conclusions

Since climate change has become a popular topic, researchers have been looking for ways
to mitigate it. Many projects aim to achieve a reduction in carbon emissions from many
different sources. One good example is the carbon reduction from power plants which is
one of the most significant emission sources. It is interesting to research the methods
applied for carbon emissions reduction. Usually, a carbon capture and storage process is
attached to these plants, which can separate the carbon from the initial fuel or exhaust gases
and store it underground or under the ocean. There is also an inspiring way to deal with
captured COg, as it can be utilised for oil production in oil fields in an approach called

enhanced oil recovery.

Due to the pressure on the environment as a result of global warming, the IMO has also
published regulations for ships with regard to their carbon emissions. The IMO aims to
reduce the emission of CO> from marine activities by 14% by the year 2020. Currently,
there are many methods targeting increasing the energy efficiency of ships, such as engine
combustion chamber optimisation, hull coating and route optimisation. These methods
have successfully reduced the carbon emissions of shipping from 1046 tonnes to 938 tonnes.
The work presented in this thesis gained inspiration from CCS systems and tried to apply
CCS on ships so that the reduction of carbon emissions could be enhanced.

After reviews on currently available CCS methods, there were three general methods found:

the pre-combustion method, the oxy-fuel combustion method and the post-combustion
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method. Unfortunately, there are few on-board CCS projects current under research.
Therefore, reviews on the three different methods were carried out to find a suitable one
for ship applications. The conclusion was that the post-combustion method required fewer
changes at the ship design stage, such as engine type change and engine material
enhancement. Considering the critical nature of the sloshing liquids on ships, a
solidification method of CCS was proposed and examined through laboratory experiments.
The experiments indicated the feasibility of the proposed processes and also provided data
for economic feasibility assessment and CFD model validation. The economic feasibility
assessment showed that the proposed method could generate profit after selling the final
product, which is not possible in the liquefaction method. The CFD model was validated
and applied for practical system design. A case study was carried out on a ship, looking at
how to design and install the proposed system. This could also be a good guide for other

ships when considering the design and installation of this system on-board.

The main findings of the research are following:

a. This research investigate the research gaps of using CCS as maritime carbon
emission reduction methods.

b. Experimental testing and analysing a chemical absorption method for ship carbon
emission reduction were conducted in this research works.

c. Compared with experimental data, a CFD model of lab-scale absorption system is
developed and validated.

d. Financial analysis of chemical absorption method and its comparison with
liquefaction method was carried out based on data provided from experiment
section.

e. This research eventually design, optimisation and installation of the system a case

ship practically.
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7.3. Future Work

As this thesis proposed, designed, optimised and analysed a full CCS method for ship
applications, there are still further aspects which should be considered in future work. One
is the safety issue which mainly relates to the handling of chemical materials on-board the
ship. A detailed handbook about these corrosive materials would be necessary. Also, it
would be essential to train crews about how to operate this system. A risk analysis would

also be very helpful in order to indicate the possible hazards and emergency solutions.

Another shortcoming is that the target in this thesis for the full practical system was just
one case study ship (a container ship). In addition, the economic analysis was only carried
out for one vessel (a bulk carrier) over one voyage. When applying the systems on another
ship of a different type, size and specification, there might be some difference from the
guideline case study. To ensure the feasibility of this method on all other scenarios, further

effort should be made in carrying out case studies for these scenarios.
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Appendix 1. Flow chart for experiment processes

APPENDIX 1. FLOW CHART FOR EXPERIMENT PROCESSES

| Flow Chart for Experiment Processes |
a. Ca(OH)2 I b. NaOH only |
CaO/Ca(OH)2 Sufficient
excessive Ca0O/Ca(0OH)2
Preparation Ca2+ exist
NaOH solution Precipitated
No Ca2+ | No Precipitated Na2CO3 | No CO3"2- . Na2Co3
NaOH solution add to s1 No Precipitated
feed in NaOH solution] take samples add to s2 CaClI2 Precipitated CO3"2- exist
CO2 get Na2CO3 solution | add [CaO/Ca(OH)2] filtration
add take samples Wet sediment drying Drycsaeg(l)n;em | 02137(22?53;2
CaClI2 take samples
add add
Ph/ph turn pink NaOH water Bad filtration Ca2+ exist
No change add add Precipitated
No NaOH HCI, Colorless Only CaCO3 | No change Ph/ph Pink OH- exist add to s2 Na2CO3 ‘
Calculate add tosl No precipitated
Mass of NaOH, real Good filtration CaCl2 No Ca2+
CO2 absorption No Precipitated Precipitated
[ Nocoz- CO3"2- |
Color definition 3.NaOH + Na2CO3| CI:CS)/ug ggﬂ;z
Green Main processes
Blue Test1 Measuring NaOH and find out CaO needed for next step I
Red Test2 Find out what are in the solution | 1.NaoH | | Bad filtration |
Dark blue Conclusions 1 |a, b, c
Purple Test3 Find out what are in the sediment I
Dark red Conclusions 2 |1,2,3 | 2. NaOH + Ca(OH)2| l Excessive CaOICa(OH)Zl

APP 1: Operations in laboratory experiment, including, absorption, filtration, and products testing
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Appendix 2. Experimental results

APPENDIX 2. EXPERIMENTAL RESULTS

Experiments Results Data
Processes Items [CODE] 10/06/2013 | 11/06/2013 | 12/06/2013 | 26/06/2013 | 27/06/2013 | 27/06/2013 | 28/06/2013 | 02/07/2013 | 03/07/2013 | 04/07/2013 | 04/07/2013 | 04/07/2013 | 05/07/2013 | 16/07/2013 | 17/07/2013 Units
Containers 1LMC 1LMC 1LMC 1LMC 1LMC 1LMC 1LMC 1B 2L MC 2LMC 1LMC 2LMC 1LMC 1LMC 1L MC
Container+Diffuser+Pipe Al 690.6 695.1 695 475 472.9 474.1 473.3 286.6 927 927.4 472.5 927.7 4732 472.5 430 g
A+NaOH Solution A2 1644.7 1729.8 1536 1470.5 1471 1506.5 1500 1193 1967.7 21282 831.9 1562.1 1090.7 1405.6 1397.5 g
NaOH Solution without Cylinder B1 954.1 1034.7 841 995.5 998.1 1032.4 1026.7 906.4 1040.7 1200.8 359.4 634.4 617.5 933.1 967.5 £
NaOH Concentration rl 14% 14% 14% 14% 14% 14% 14% 14% 14% 14% 14% 14% 14% 14% 14% 99%
NaOH Solute in Solution B2 | 131.9536711 | 143.5108206 | 116.3204029 | 137.6896089 | 138.0492202 | 142.7933222 | 142.0049437 | 125.3660086 | 143.9413119 | 166.0850652 | 49.70933747 | 87.74514104 | 85.40766802 | 129.0589393 | 133.8168726 g
€O, Need B3 | 72.57451908 | 78.93095133 | 63.97622161 | 75.72928491 | 75.92707109 | 78.53632721 | 78.10271905 | 68.95130471 | 79.16772155 | 91.34678586 | 27.34013561 | 48.25982757 | 46.97421741 | 70.98241663 | 73.59927991 g
co, Cylinder Weight Target B4' | 1717.274519 | 1808.730951 | 1509.976222 | 1546.229285 | 1558.927071 | 1585.036327 | 1578.102719 | 1261.951305 | 2046.867722 | 2219.546786 | 859.2401356 | 1610.350828 | 1137.674217 | 1476.582417 | 1471.09928 g
Absorption A1+Na2C03 solution when stop feeding B4 1715 1805.1 1577.34 1590.5 1593.2 1581.9 15713 1252.8 2041 2205.5 852.9 1603 1135.1 1468.9 1464.3 g
0, Feed in BS 70.3 753 41.34 75.72928491 49.7 75.4 713 59.8 733 773 21 40.9 44.4 63.3 66.8 g
Room Temp. T 20 24 23 255 2 23 22 21 21 23 25 25 24 24 26 “C
Outlet Pr of Regul P 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Bar
€O, Density o 1815 1.789 1.7955 177925 1.802 1.7955 1.802 1.8085 1.8085 1.7955 1.7825 1.7825 1.789 1.789 1776 kg/m3
€O, Used B6 | 1018215 | 101.95511 70.0245 89 90 101.9276855 | 93.88076297 | 112.1204541 | 98.17245499 | 96.957 30 64.37538032 | 63.48127782 83 86 g
2 69% 78% 59% 85% 55% 74% 76% 53% 75% 80% 53.8% 64% 70% 76% 78%
Na,CO, Solution without Cylinder B7 1024.4 1110 882.34 11155 11203 1107.8 1098 966.2 112 1278.1 482,765 763.8 661.9 996.4 10343 g
Mass of Cooling Pool c1 78.89 82 77.96 77.85 77.88 77.88 80.9 78.5 78.5 78.5 75.92 78.2 77.5 78.6 75.02 g
C1+Na,CO, Solution 2 1099 1190.1 957.3 1071.7 1116.1 1184.4 1177 1043.4 1181 1207.7 452.6 7515 736.4 1072.6 1063 g
Na,CO, without Pool 3 1020.11 1108.1 879.34 993.85 1038.22 1106.52 1096.1 964.9 1102.5 1129.2 376.68 673.3 658.9 994 987.98 g
Na,CO, Rate 3 100% 100% 100% 89% 93% 100% 100% 91% 91% 88% 78% 88% 100% 100% 96%
Filtration Maximum Na,CO; from NaOH C4_| 174.8386141 | 190.1518373 | 154.1245339 | 182.4387318 | 182.9152167 | 189.2011510 | 188.1565504 | 166.1099614 | 190.7222383 | 194.7945151 | 65.86487214 | 116.2623119 | 113.1651601 | 171.0030946 | 196.1651618 £
i Real Na,CO, Get (Na,CO, Solute in Pool) C5_| 174.106422 | 189.8263522 | 153.6005028 | 162.5430154 | 169.5137341 | 188.9825407 | 187.8309608 | 151.8661187 | 173.491145 | 194.2097532 | 51.39142241 | 102.4867957 | 112.6522496 | 170.5912044 | 187.3801185 g
Take a Sample of Na,CO, DI’ 43.84 41.9 35.9 39.13 31.22 25.83 31.312 37 29.2 3172 40.4 49.8 42 373 30.65 g
Test Tube D1 13.99 13.9 14.1 13.76 13.76 13.62 13.735 13.7 13.63 13.73 13.76 13.73 13.78 1372 1375 g
Na,CO; Solute in Sample D2 | 5.947994634 | 4.796622923 | 3.807959334 | 4.149234089 | 2.85075398 | 2.085345789 | 3.012047074 | 3.667199261 | 2.450119843 | 3.094078515 | 3.634563802 | 5.49041842 | 4.824778394 | 4.046821528 | 3.205251121 g
Ca(OH), Need D3 | 4.152373612 | 3.348585814 | 2.658386705 | 2.896635119 | 1.990149005 | 1455807438 | 2.102749844 | 2.560120239 | 1.710461023 | 2.160017077 | 2.537336994 | 3.832933614 | 3.36824152 | 2.825139557 | 2.237628141 g
Filtered Solution E1 498.4 467.1 299.2 296.9 480.5 281.6 310.9 3113 3111 297.7 300.4 401.9 295.3 312.9 319 g
Flask E2 353.2 310.1 241.6 241.6 240.4 241 240.3 240.7 240.3 240.4 240.46 352.3 240.8 240 240.5 g
Expected NaOH in Sample E6 | 4.489052554 | 3.620092772 | 2.873931573 | 3.131497426 | 2.151512438 | 1.573845878 | 2.273243075 | 2.767697555 | 1.849147052 | 2.335153596 | 2.74306702 | 4.143712015 | 3.641342184 | 3.054204927 | 2.41905745 g
NaOH Fraction in Sample rd4 3% 2% 5% 6% b 4% 3% 4% % 4% 5% 8% 7% 4% 3% g
Take a Sample of Filtered Solution E3 34.54 34.7 35.7 24.65 29.2 24 24.1 24.1 24.36 23.84 23.71 23.73 24.77 24.24 30.05 g
Test Tube E4 13.99 143 139 13.76 13.78 13.62 13.8 13.8 137 13.82 1371 13.73 13.76 13.76 13.77 g
Volume ES 20 20 20 10 15 10 10 10 10 10 8 8.75 11 105 16.25 mL
ICP Na Fraction E7_| 16876.66667 9946 27993.93939 34720 8484 19190 14050 21050 14050 20670 29460 50150 34570 21100 14520 mg/L
Real NaOH in Sample E8 | 0.587014493 | 0.345047826 | 0.97370224 | 0.603826087 | 0.221321739 | 0.33373913 | 0.244347826 | 0.366086957 | 0.244347826 | 0.359478261 | 0.409878261 | 0.763152174 | 0.66133913 | 0.385304348 | 0.410347826 g
Filtration *j 92% 74% 90% 98% 64% 83% 74% 91% 83% 88% 90% 91% 90% 88% 82%
Dried Sediment With Funnels, Papers and Trays | F1 80 112.4 82.7 23.82 84.2 42.69 24.93 23.81 44.89 45.52 46.9 46.6 47.6 24.42 45.206 g
No of Funnels 2 3 2 1 2 1 1 1 1 1 1 1 1 1 1
No. of Papers 2 2 2 1 2 1 1 1 1 1 1 1 1 1 1
No. of Trays 1 1 2 1 2 1 1 1 1 1 1 1 1 1 1
Mass of Funnel 32.75 32.75 32.75 32.75 32.75 32.75 33.25 32.75 34.6 34.77 34.78 32.81 34.46 33.25 34.78 £
Mass of Paper 107 0.65 0.65 116 116 116 118 116 115 135 114 114 1.165 1.164 115 g
Mass of Trays 6.39 6.4 6.39 6.39 6.39 6.45 6.7 6.4 6.35 678 6.45 6.44 6.44 6.43 6.42 g
Dried Sediment F2 5.97 5.38 3.12 . 3.6 233 3.8 3.5 2.79 2.62 . 6.21 5.535 3.576 2.856 g
CaCO, Expected F3 | 5611315692 | 4.525115965 | 3.502414466 | 3.914371782 | 2.689390547 | 1.967307348 | 2.841553843 | 3.459621944 | 2311433814 | 2.918941995 | 3.428833776 | 5.179640019 | 4.55167773 | 3.817756159 | 3.023821812 g
Take a Sample of Sediment F4 14 13.96 13.92 0.06 13.82 13.857 13.81 13.77 13.79 13.9949 13.76 13.93 13.905 13.755 13.963 g
Volume F5 20 31 21 20 15 20 16 10 10 26 17 17 21 20 20.2 mL
di ICP Na Fraction F6 185.7 150.8 383.9 19.8 88.5 70.8 65.3 98.9 34.1 52 101 189 136 37.5 28.2 mg/L
Contents ICP Ca2+ Fraction F7 330.7 775.1 550.5 773.2 854.4 710.4 574.8 945.1 1174 420.6 500.3 837 969.8 917.35 1066 mg/L
Real NaOH in Sample F8 | 0.192805043 | 0.364498899 | 0.014020696 | 0.040403478 | 0.083113043 | 0.05362503 | 0.069047652 | _ 0.1204 | 0.027576522 | 0.041765542 | 0.270539478 | _0.49572 | 0.18960072 | 0.038869565 | 0.025038736 g
Test Real Ca(OH), in Sample F9_| 0.365241615 | 1.992030661 | 0.021386925 | 1.678359467 | 0.8535456 | 0.572369944 | 1.29307008 | 1.2239045 | 1.0099335 | 0.359354937 | 1.425539811 | 2.335283807 | 1.438211728 | 1.01147011 | 1.006839075 g
CaCO, in Sediment F10 | 5411953342 | 3.022570441 | 3.084592379 | 1.801237055 | 2.663341357 | 1.704005026 | 2.437882268 | 2.1556955 | 1.752489978 | 2.218879521 | 2.833920711 | 3.378996193 | 3.907187552 | 2.525660325 | 1.824122189 g
——_rﬁ 96% 67% 86% 26% 99% 87% 86% 62% 76% 76% 83% 65% 86% 66% 60%
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Appendix 3. Solution properties under different concentrations

APPENDIX 3. SOLUTION PROPERTIES UNDER

DIFFERENT CONCENTRATIONS

Properties of sodium hydroxide NaOH
State 1 State 2

& = : 8 = 25 °

cy, = 15 Weight% Cp = 20 Weight%

Cq = 173.9 g/l €z = 242.8 g/l

cy = 4,347 molll Cp = 6.07 mol/l
Saturation pressure Ps1 = 2620 Pa Ps2 = 2300 Pa
Properties:
Density py = 1156 kg/m3 pz = 1211 kg/m3
Specific heat capacity cpy = 3707 Jiikg-K cpz = 3629 Jilkg-K
Thermal conductivity hy = 644 Wiim-K ho = 6505 Wi(m-K
Dynamic viscosity n = 2.5 mPa- 2 = 3.938 mPa-
Kinematic viscosity vy = 0.000002 m2/s vy =  0.000003 m2/s
Prandt! number Pry = 14.39 - Pro = 21.97 -
Coeff.o.thermal expansion By = 0004637 1/K Bz = .0004955 17K
Thermal diffusivity a; = 1.503E7 m2/s a; = 14BED7T m2/s
M = 39.997 g/mol
Validity range: 20 =3 <100 0 wt-% < ¢ < 50 wt-%

1 MalOH 1 Temperatwe1 25°C

APP 3: 15% and 20% NaOH solutions properties
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Appendix 3. Solution properties under different concentrations

Properties of sodium hydroxide NaOH
State 1 State 2

& =HEHTT 9 = 2 °

cq = 25 Weight% cp; = 30 Weight%

Cq = 3T g/l Cy = 396.3 g/l

cq = 7.926 mol/l Cp = 9.908 molll
Saturation pressure Ps1 = 1900 Pa pPsz = 1450 Pa
Properties:
Density py = 1265 kg/m3 pp = 1318 kg/m3
Specific heat capacity cpy = 3582 JilkgK cps = 3536 Ji(kg K
Thermal conductivity by = L6535 Wi(m-K Ly = L6555 Wi(m-K
Dynamic viscosity n = 6.377 mPa- N = 10.33 mPa-
Kinematic viscosity vy = 0.000005 m2/s vy = 0.000008 m2/s
Prandt! number Prqy = 34.96 - Pro = 55.71 -
Coeff.o.thermal expansion By = .0004744 1K Bz = .0004553 1K
Thermal diffusivity a; = 1.442E7 m2fs a; = 1400E7 m2/s
M = 39.997 g/maol
Validity range: 20 <8 <100 0 wt-% < ¢ < 50 wt-%

1 MalH 1 Temperature 1 25°C

APP 4: 25% and 30% NaOH solutions properties

Properties of sodium hydroxide NaOH
State 1 State 2

8 = ‘ 9 = 25 °

cq = 18.76 Weight% Cp = 18.62 Weight%

€y = 2257 g/l cp; = 226.5 g/l

cq = 5.643 mol/l Cp = 5.663 molfl
Saturation pressure Ps1 = 2376 Pa Psz = 2372 Pa
Properties:
Density py = 1197 kg/m3 pp = 1198 kg/m3
Specific heat capacity cpy = 3648 Jilkg K cps = 3647 Ji(kg-K
Thermal conductivity by = 6489 Wi(m-K by = 649 Wiim-K
Dynamic viscosity n = 3.519 mPa- N = 3.538 mPa-
Kinematic viscosity vy = 0.000003 m2/s vy = 0.000003 m2/s
Prandt! number Pr, = 19.78 - Pro, = 19.88 -
Coeff.o.thermal expansion By = .0004878 1K Bz = .0004882 1/K
Thermal diffusivity a; = 1.486E-7 m2/s a; = 1.485E7 m2/s
M = 39.997 g/mol
Validity range: 20 <=3 <100 0 wt-% = c =< 50 wt-%

1 MaOH 1 Temperature 1 25°C

APP 5: 18.82% NaOH solutions properties
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