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Abstract 

It is widely acknowledged that man-made CO2 emissions to the atmosphere must be significantly 

reduced to mitigate the damaging effects of global climate change. The energy sector contributes to a 

large portion of the carbon emissions and a wide range of technologies need to be implemented to 

make the progression towards the low carbon dioxide emission. CO2 capture and storage (CCS) is 

seen as a technology that can reduce the carbon emissions in the coal fired power stations. This will 

help reduce the rate of climate change by removing greenhouse gases that would otherwise be emitted 

to the atmosphere.  

Carbon capture and storage involves the capture of carbon dioxide gas from within the CO2 

generation process, compressing it into a supercritical fluid and finally sequestrating it. Implementing 

CCS technology for electricity production has an impact on the net power output of the power plant 

and it also has a high capital and operating cost. Among the different capture technologies, solvent 

absorption is considered to be the benchmark amongst the post-combustion carbon capture 

technologies. However, there are other technologies that have potential to be energy and cost 

competitive such as: adsorption, membranes and low-temperature separation.  

The aim of the PhD is to improve the integration of the capture processes with the power plant 

stations to reduce the energy penalty associated with the addition of CCS by combining current 

carbon capture technologies to form hybrid post-combustion carbon capture processes and evaluate 

their performances. A hybrid post-combustion carbon capture process consists of two steps: an initial 

recovery step would increase the concentration of CO2 in the flue gas whilst trying to limit the amount 

of CO2 lost in the waste gas. The second step would then be a purification step, where the CO2 gas is 

purified and pressurised to the sequestration requirement. The research will develop a methodology to 

assess carbon capture technologies using exergy analysis, in combination with pinch analysis and 

optimisation methods, such as multi-objective optimisation (MOO). 

The hybrid carbon capture technologies is modelled using Aspen HYSYS®. These models provide 

the information to perform the analysis and optimisation of the power plants to determine the energy 

and cost targets. The two hybrid processes that were developed are VSA/low-temperature separation 

hybrid carbon capture processes and membrane/low-temperature separation hybrid carbon capture 

processes. The processes were then evaluated using MOO and the energetic and economic 

performance were compared to the MEA solvent absorption carbon capture processes. 

Hybrid carbon capture processes using technologies such as VSA, membranes and low-temperature 

carbon separation have shown potential to be energetically and economically competitive with the 

established MEA solvent absorption. The VSA/low-temperature hybrid process requires a specific 

shaft work of 1.46 GJe/t (CO2 captured) when 90.0 % of the CO2 is being recovered. The 
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membrane/low-temperature hybrid carbon capture process required a specific shaft work of 1.38 GJe/t 

(CO2 captured) at 90% CO2 recovery rate when mixed refrigerant is used to achieve the low 

temperatures. On an economic perspective, the VSA/low-temperature separation hybrid process had a 

higher cost of avoidance of $78/t (CO2 avoided) compared to the $67//t (CO2 avoided) of the 

membrane/low-temperature separation hybrid process. 

Finally, beyond analysing the overall performance of the hybrid processes, the thesis allowed each 

hybrid process to be analysed in depth through heat integration and MOO; the energy trade-off 

between the CO2 recovery stage and CO2 purification stage was studied. The difference in using 

mixed ethane/propane refrigerant versus propane only refrigeration was also investigated. 
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Nomenclature and Abbreviations 

CO2  – Carbon Dioxide 

CCS  – Carbon Capture and Storage 

CAPEX – Total Capital Cost 

CAvoidance – Cost of CO2 avoided (A$ per tonne of CO2 avoided) 

FGD  – Flue Gas Desulphurisation 

HEN  – Heat Exchanger Network 

HI  – Heat Integration 

IEA  – International Environmental Agency 

IPCC  – Intergovernmental Panel on Climate Change 

MEA  – Mono Ethyl Amine 

mEnergy  – Mass of CO2 emitted from the energy used for capture 

MOO  – Multi-Objective Optimisation 

NPV  – Net Present Value an annual basis (A$) 

N2  – Nitrogen 

OPEX  – Total Operating Cost 

PEC  – Process Equipment Cost 

LCOE  – Levelised Cost of Electricity (A$/MWh) 

LNG  – Liquefied Natural Gas 

αCO2/N2  – Selectivity of CO2 versus N2 

TEC  – Total Equipment Cost 

USC  – Ultra Supercritical 

VSA – Vacuum Swing Adsorption 
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1 Introduction 

Since the start of the industrial era in the mid-18th century, the concentration of CO2 in the atmosphere 

has increased from 280 ppm to 391 ppm in 2011, as reported in the IPCC fifth assessment report 

(AR5) by Stocker et al. (2013). The report determined that from the 1960s to 2005, the average 

increase in CO2 emissions is 1.4ppm per year. This alarming increase in CO2 level is one of the 

primary causes of global warming, which contributes to a series of negative effects. To mitigate these 

negative effects, in 1992, the United Nations Framework Convention on Climate Change (UNFCCC) 

was formed to discuss methods for the stabilisation of greenhouse gas concentrations in the 

atmosphere at a level where anthropogenic emissions would not affect the climate system. 

The IPCC AR5 reported that due to the heavy reliance of the energy sector on coal fired power 

stations, the energy sector is a large contributor of the anthropogenic carbon emissions. Furthermore, 

30% of the total anthropogenic carbon emissions in the atmosphere have come from these coal fired 

power stations. Critically, it was also reported that the reliance on coal will increase over the next 

decades. In response, the IPCC and IEA (2012) conducted several studies to establish a strategy to 

mitigate the CO2 emissions from the energy sector by 2050. From these studies, it was concluded that 

no single technology will provide all emission reductions to achieve stabilisation by 2050, but a 

portfolio of technologies will be required. The range of technologies are shown in Figure 1.1, which 

includes renewable energy such as solar, wind and biomass energy; and more importantly, carbon 

capture and storage (CCS). CCS is seen as the technology to reduce CO2 emissions in the short term 

and provide more time to the energy sector to transition into an array of sustainable energy sources.  

 

Figure 1.1 Array of technologies that contribute to the reduction of CO2 emissions by more than 

half through to the year 2050 (IEA 2012).  
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1.1 Carbon Capture and Storage 

CCS involves the capture of carbon dioxide gas from within a CO2 generation process, its 

compression into a supercritical fluid, transport of the CO2 to a storage site and finally its 

sequestration at this site. The capture and separation processes were initially studied in order to 

produce town gas almost 60 years ago by Evans and Siddique (1975). However, when the global 

warming effect of CO2 was understood, Horn and Steinberg (1982) started to discuss the prospect of 

using such carbon capture technology to mitigate the carbon dioxide emissions. Nowadays, CO2 

removal is already being used in industries such as ‘enhanced oil recovery’ and the production of 

hydrogen from fossil fuel  

The fossil fuel combustion process shown in Figure 1.2 (a) produces the greatest quantity of CO2 

emissions. The capture of CO2 from a combustion process can be divided into three main categories: 

post-combustion capture, pre-combustion capture and oxy-fuel combustion. These are defined in more 

detail below and are represented in Figure 1.2 (b-d). 
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Figure 1.2 (a) Schematic diagram of fossil fuel combustion process for power generation (b) 

Schematic diagram of post-combustion capture (c) Schematic diagram of pre-combustion 

capture (d) Oxy-fuel combustion capture 

i. Post-combustion Capture 

Post-combustion capture (Figure 1.2 (b)) is the process where CO2 is captured from the flue gas from 

the combustion of fossil fuel and biomass in air. The pure CO2 stream is then further processed to be 

ready for storage. The CO2-depleted flue gas can then be discharged into the atmosphere since it then 

contains less greenhouse gases. 
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ii. Pre-combustion Capture 

Pre-combustion capture (Figure 1.2 (c)) is the process where the fuel is reacted with oxygen/ air or 

steam to form a ‘synthetic gas (syngas)’ composed of carbon monoxide and hydrogen.  This gas is 

then passed through a catalytic reactor to convert the carbon monoxide into carbon dioxide, which can 

be separated from the syngas and the resulting hydrogen-rich gas can then be used to generate power.  

iii. Oxy-fuel combustion Capture 

Oxy-fuel combustion (Figure 1.2 (d)) uses high purity oxygen (~95%) for the combustion of the fuel 

instead of air. This results in a flue gas that consists mainly of CO2 and H2O and therefore facilitates 

the CO2 separation due to the relatively high condensation temperature of H2O compared to CO2. In 

this process, the air separation unit is the most energy intensive unit since it requires cryogenic 

conditions to separate oxygen from air. It should be noted that when combustion occurs in high 

oxygen content, the temperature exceeds material limits and therefore some of the pure CO2 is 

recycled into the combustion chamber to lower the combustion temperature. 

Among these three categories, oxy-fuel combustion capture does not require an advanced CO2 

separation unit due to the reasons mentioned. However, both post-combustion and pre-combustion 

require advanced separation technologies to remove the CO2 from the flue gas and syngas respectively. 

The CO2 capture technologies are discussed in the following sections. 

This research will focus on hybrid post-combustion capture technologies (Figure 1.3). In order to 

determine which technology or combination of technologies is most suited for the process, the carbon 

capture process needs to be integrated with the power station and then analysed. The process will be 

simulated using flowsheet modelling tools, with pinch analysis for heat integration and optimised 

using multi-objective optimisation software. Finally, the cost per tonne of carbon dioxide and the 

power requirement of the carbon capture process will determine the viability of the process. 
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Figure 1.3 Overview of the different elements of a post-combustion CO2 capture and storage 

process for a power station (CO2CRC) 

1.2 Carbon Capture Processes 

Among the different capture technologies, the recent review of the carbon capture technologies by 

Huisingh et al. (2015) stated that solvent absorption has been considered to be the benchmark among 

the post-combustion carbon capture technologies and is the only commercially established process. 

Sreenivasulu et al. (2015) also identified that chemical absorption is the most widely used technology 

due to the high capture performance at low concentration of CO2. Furthermore, absorption processes 

can be easily integrated to any power plant as an end of the pipe technology. However, work from 

Aaron and Tsouris (2005) and Sreenivasulu et al. (2015) have shown that there are other technologies 

that have the potential to be energy and cost competitive such as: adsorption, membranes and low-

temperature separation (also referred to as “cryogenics” in the literature). Each of those technologies 

have their respective advantages and disadvantages that are discussed in the next sub-sections.  

1.2.1 Solvent Absorption 

The review of conventional and emerging carbon capture process technologies from Rufford et al. 

(2012) states that the solvent absorption is currently the most prominent capture process due to the 

fact that solvent absorption is the most advanced technology since it has been extensively used for 

CO2 removal in the natural gas processing industry. Solvent absorption based carbon capture 

processes includes amines, alcohols, liquid ammonia and alkalies. Amines are the most used solvents 

for large industrial applications, but the other solvents are being researched, as summarised by 
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Sreenivasulu et al. (2015). Solvent absorption has been widely employed due to higher capture 

efficiencies even at low concentrations of CO2 and varying selectivities can be achieved depending on 

the solvent. 

A schematic diagram of the absorption process is shown in Figure 1.4 and can be divided in to two 

main steps: the absorption step, where lean solvent is contacted with the flue gas stream to capture the 

CO2 in the absorption column, and the desorption step that occurs in the stripping column, where the 

solvent is either heated or the pressure is reduced to desorb the CO2 from the solvent, yielding a high 

purity stream of CO2 and regenerating the solvent which is recycled back to the absorption column. 

Solvents involving chemical reactions are usually regenerated by heating in a reboiler, which utilises a 

significant proportion of the steam generated by the power station.  

Absorption

Column

Solvent

Stripper
Pump

Cooler

Lean/ Rich

Heat Exchanger

Flash Valve Reboiler

Feed

CO2 Rich Stream (g)

To Compression

N2 Rich 

Stream (g)

 

Figure 1.4 Schematic diagram of the solvent absorption process 

Chemical absorption is generally used in post-combustion capture but there are still some challenges 

such as scaling-up issues, solvent degradation and the high reboiler duty. Wang et al. (2015) provided 

a critical review of research in solvent absorption such as the studies from Le Moullec and Kanniche 

(2011) on MEA (mono ethanolamine) and Smith, K et al. (2009) on potassium-carbonate based 

solvents. Furthermore, work from Harkin, Hoadley and Hooper (2010) showed the advantages of 

performing heat integration on the capture plant and the power plant, which reduced the additional 

heat requirement for the solvent regeneration process.  

1.2.2 Membranes 

A membrane process, as the name suggests, consists of a membrane which is a specially developed 

material that allows the selective permeation of a gas through it (permeate stream). The selectivity of 

each membrane depends on the nature of the material and the way it has been developed and also the 

pressure difference driving force that allows the gas to flow through the membrane. Therefore, high 

pressure streams are preferred when using membrane separation processes. Bernardo, Drioli and 

Golemme (2009) discuss the different uses of membranes including: air separation, gas dehydration 

and CO2 removal from synthesis gas for hydrogen production. There are a wide range of types of 
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membranes that are specifically developed for different separation processes required such as 

perfluorodioxole polymer membrane for air separation and polysulfone hollow fiber for the H2/N2 

separation in hydrogen production. For the post-combustion carbon capture process, again there are 

numerous types of membranes that are being researched including: polymeric membranes and 

polyimide membranes.  

However, according to Favre (2011), membranes in large scale CO2 capture such as CCS has not yet 

been implemented as it is a relatively new technology which has not been tested on a sufficiently large 

scale, nor does it produce the high purity CO2 stream that is easily achieved by solvent absorption. 

Various membrane technologies are being developed to match and exceed the performance of solvent 

absorption, Luis, Van Gerven and Van der Bruggen (2012) reviewed some of the developments in 

membrane-based CO2 capture and demonstrated the potential for membrane technology. The main 

limitation that they found was the trade-off between membrane stability and cost. It was found that the 

costs related to membrane manufacture were difficult to estimate, which made it more challenging to 

compare the cost of membrane processes to other carbon capture processes.  Manufacturing 

efficiencies are expected to bring done membrane costs, but the rate of this occurring depends on rate 

of installation which makes the estimate imprecise. Furthermore, more research needs to be done on 

the effect of the impurities and industrial scale gas flow rate on the polymeric membrane. As a result, 

extensive research is being one on improving the materials, such as carbon hollow fibers and hybrids 

containing carbon nanotubes to improve the reliability and durability for industrial applications. 

Figure 1.5 shows a simple membrane process schematic diagram, where the flue gas needs to be 

compressed prior to being supplied to the membrane unit to provide the necessary driving force 

required for the gas separation. However, the pressure difference can also be generated by applying a 

vacuum pressure to the retentate side of the membrane. Merkel et al. (2010) showed that by using 

approximately 89% of the total work in the vacuum pump, this configuration can reduce the total 

work requirement of the membrane unit by approximately 55%.  

Compressor
Membrane

Flue Gas N2 Rich Stream (g)

CO2 Rich Stream (g)
To Compression

Unit  

Figure 1.5 Schematic diagram of the membrane process 
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1.2.3 Adsorption 

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

chemical forces. The schematic adsorption separation process is shown in Figure 1.6 and typically 

consists of three steps: 

i) The adsorption step, where a film of the adsorbate (CO2) is formed on the surface of the 

adsorbent (molecular sieves or activated carbon) 

ii) A purging step, where the other gases are purged from the vessel 

iii) A desorption step, where the CO2 is desorbed from the adsorbent by pressure swing 

operation (PSA) or temperature swing operation (TSA). As stated by Webley (2014), 

TSA requires longer operating time to heat the adsorbents for regeneration leading to 

larger sorbent inventory. Therefore, PSA has proved to be a more attractive operation 

than TSA for the shorter operating time. 

Blower

Compressor

Flue Gas

CO2 Rich 

Stream (g)

N2 Rich Stream (g)

To Compression

Unit
 

Figure 1.6 Schematic diagram of the adsorption process 

Adsorption processes have very similar performance to membranes since they have also been used for 

air separation, gas dehydration and CO2 removal from synthesis gas for hydrogen production 

developed by Sircar (1979). In recent years, there have been extensive research in the materials used 

for adsorption processes, which resulted in novel materials such as nanostructured carbon, metal 

organic frameworks (MOFs) and inorganic (oxide) materials. Combined with more conventional 

materials such as zeolite, alumina and silica gel, there is a wide selection of materials to choose from 

for adsorption process. However, most of those materials are still in the early research phase and only 

a few have shown the potential to reach the pilot testing phase. Limitations of materials include 

availability of materials and operation constraints. Webley (2014) reviewed the different CO2 

selective adsorbent, such as Activated Carbon from Yin et al. (2013) and Zeolite 13X from Xiao, P et 

al. (2008). Both adsorbents have shown some promising results in carbon dioxide separation due to 

the small equipment required and the good CO2 selectivity. 
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Zhang, J. and Webley (2008) stated that pressure/ vacuum swing adsorption technology has been 

frequently studied for the carbon capture process due to its relative simplicity and low energy 

requirements compared to the standard MEA solvents absorption carbon capture. However, one 

disadvantage of adsorption is that the gaseous feed needs to be treated before going through the 

adsorber and like the membrane process, the adsorption process does not readily yield a high purity 

CO2 stream such as occurs with the solvent absorption regeneration process. According to Webley 

(2014), adsorption process require extreme conditions such as low vacuum pressures (e.g. 5-10 kPa) 

in order to simultaneously yield both high CO2 purity and high CO2 recovery, which can only be 

obtained using expensive bespoke high volume vacuum machinery.  At those low vacuum pressures, 

the maximum CO2 purity is ~90% and recovery is ~70-90%, which does not meet the minimum 

requirement for CCS.. Further limitations of the process may include the ability of some adsorbent 

materials (particularly Zeolites) to operate with wet gas and impurities such as NOx and SOx. 

1.2.4 Low-Temperature Separation 

Low-temperature separation of CO2 from post-combustion flue gas is achieved by cooling followed 

by vapour-liquid phase separation. This technology is also commonly known as “cryogenic separation” 

in the literature. “Low-temperature separation” is used in this work as Berstad, Anantharaman and 

Nekså (2013) pointed out that cryogenics is defined as temperatures below -153ºC in the International 

Institute of Refrigeration (2007) dictionary. Since this study does not go to such cold temperatures, 

the term “cryogenics” was avoided. 

A representation of low-temperature separation is shown in Figure 1.7, where the flue gas is 

compressed to an intermediate pressure. There are two motives for the pre-compression stage; firstly, 

the CO2 pressure needs to be above the triple point pressure to avoid crystallisation of CO2 and 

secondly, the pre-compression facilitates the liquefaction of CO2 in the chiller. The liquid CO2 is 

separated from the N2 rich flue gas and the liquid CO2 can be pumped to the appropriate pressure for 

transportation and sequestration.  

Multi-Stage

Pre-Compression

Chiller

Phase 

Separator

Pump

Flue Gas

N2 Rich Stream (g)

 Supercritical CO2
To Storage

 

Figure 1.7 Schematic diagram of the low-temperature capture process 
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The main advantage of low-temperature separation is that it yields liquid CO2 that is more readily 

pumped to a supercritical state relative to gaseous CO2 that would require a separate compression 

train. Berstad, Anantharaman and Nekså (2013) reported that low-temperature separation shows 

promising results for feed gas with a high CO2 composition, such as oxy-fuel combustion. The low-

temperature separation and pressurisation process is represented in Figure 1.8, where a typical flue 

gas (red dot) at 20ºC is compressed to 2 MPa and cooled to approximately -40ºC. At this temperature 

and pressure, the CO2 is in a liquid phase and can be pumped to 20 MPa to obtain supercritical CO2. 

Figure 1.8 also compares the low-temperature separation and pressurisation to the conventional CO2 

multi-stage compression (orange arrow). 

 

 

Figure 1.8 Carbon dioxide phase envelope and comparison of conventional carbon dioxide 

multi-stage compression system (orange) vs low-temperature carbon dioxide liquefaction and 

pressurisation. 

Sreenivasulu et al. (2015) states that there are two main the low-temperature carbon capture process 

limitations: the compulsory removal of the moisture in the gas to avoid plugging of the system and 

more importantly, the high capital and operating costs. 
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1.3 Carbon Capture and Storage Energy Penalty 

According to the Global CCS Institute (2014), as of the end of 2014, there were 22 large-scale CCS 

projects in operation and construction around the world, which represents twice the number of large-

scale CCS projects since the beginning of the decade. Leung, Caramanna and Maroto-Valer (2014) 

states that the major challenge for post-combustion is the energy penalty and associated costs for the 

capture unit to operate. The energy penalty, ΔE (%) is defined as the ratio of power output lost for 

implementing CCS over the power output of the power plant without CCS.  Eq. 1.1 is the equation 

used to determine the energy penalty: 

!" = #$%&'()*#'()
#$%&'() +          Eq. 1.1 

Where,  Pwo cap is the net power output from the power plant without CCS 

  Pcap is the net power output from the power plant with CCS. 

Finally, the specific energy penalty, !,-  (kJ/ t(CO2 captured)) is defined as the energy required per 

unit of CO2 captured by the CCS unit. 

!"- = &#$%&'()*#'().- /01
          Eq. 1.2 

Where,  2- 345is the mass flow rate of the CO2 captured from the CCS unit. 

Both the energy penalty and the specific energy penalty are used throughout this study as they are 

strong indicators of the reduction in the energy output of the power plant, which is particularly 

relevant when retrofitting CCS in power stations. The energy penalty of carbon capture processes is 

highly dependent on the size of the power plant and the flowrate and composition of the flue gas 

stream. On the other hand, the specific energy penalty is a function of the amount of CO2 being 

captured, which allows different carbon capture processes to be compared on a consistent basis. Table 

1.1 shows the specific energy penalty of the three main carbon capture technology, including 

compression of the high purity CO2, when recovering approximately 90% of the CO2 from the flue 

gas. The relationship between CCS energy penalty as % and power plant size is displayed in Eq 1.1, 

where the denominator represents the power plant size and the numerator represents the power 

requirement for capture. Assuming that the power plant condition remains the same, mathematically, 

the energy penalty and size of power plant would have a proportional correlation. However, in 

practice, smaller power plants tend to be older and therefore have lower efficiency. As a result, due to 

the lower power plant efficiency of smaller power plants, there would be a higher impact on the 

energy penalty of implementing CCS on smaller power plants. 
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Table 1.1 Summary of specific energy penalty for carbon capture processes 

Carbon Capture Technology Power plant Units Value 

MEA (Xu et al. 2013) 600 MW GJth/t(CO2 Captured) 4.00 

VSA (Liu et al. 2012) N/A GJe/t(CO2 Captured) 2.37 

Multi-Stage Membrane (Zhang, X, 

He & Gundersen 2013) 

800 MW GJe/t(CO2 Captured) 2.00 

Low-temperature Separation (Song, 

Kitamura & Li 2012) 

600 MW GJe/t(CO2 Captured) 3.40 

 

It should be noted that the unit of MEA specific energy is a thermal energy penalty whereas VSA, 

membrane and Low-temperature separation are electrical energy penalties. That is due to the fact that 

most of the energy required in MEA capture solvent is the heat required to regenerate the solvent 

whereas VSA and membrane processes require electrical energy for the vacuum pumps and 

compressors. 

1.4 Motivation and Research Objectives 

Researchers worldwide are calling for both short-term and long-term solutions to the reduction of the 

CO2 emissions. The heavy global reliance on coal for electricity production, particularly in Australia, 

indicate that CCS as a mitigation option is important to provide time for the other low CO2-emission 

electricity production to be implemented. The Global CCS Institute (2014) reported that while CCS 

projects are already been deployed on a large scale such as the Gorgon Project in Australia and White 

Rose Project in the UK, more CCS projects need to be initiated to meet the 2050 carbon emission 

target. One of the main challenge to increase the rate at which CCS projects are implemented is the 

energy penalty and cost associated with CCS. Solvent-based carbon capture process with a 

conventional CO2 compression train is the most established process and work from Abu-Zahra, 

Niederer, et al. (2007) show that an energy requirement of up to 4 GJth/t (CO2 captured) is required. 

The report from Irlam (2015) states that the avoided cost of CO2 (in 2014US$) for implementing CCS 

in a coal power plant ranges from US$ 48 to US$ 109. 

The main objective of this research is to combine current carbon capture technologies to form hybrid 

post-combustion carbon capture processes and evaluate their performances. In order to do so, process 

integration techniques are used to integrate the carbon capture processes and multi-objective 

optimisation is used as the method to determine the optimum operating conditions of each processes. 

In order to achieve the main objective, the research can be segregated into multiple research 

objectives as follows: 
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1. Evaluate the different combinations of hybrid carbon capture process configurations and 

determine the configuration that shows the potential to outperform the individual carbon 

capture processes. 

2. Determine the optimum structure for each carbon capture process individually prior to being 

combined to form a hybrid carbon capture process. 

3. Determine a methodology and framework which can be used to evaluate hybrid carbon 

capture processes. 

4. Use multi-objective optimisation to obtain a range of optimum operating condition (Pareto 

Front). 

5. Use the Pareto Front to select different optimum scenarios and further analyse them using 

energy analysis, exergy analysis and techno-economic analysis to understand the limitations 

of the hybrid carbon capture processes. 

6. Perform a sensitivity analysis to identify the improvement in the individual carbon capture 

technologies to make hybrid carbon capture processes more viable. 

 

1.5 Thesis Outline 

The thesis contains 7 chapters, including this introductory chapter. 

Chapter 2 provides a brief overview of the hybrid carbon capture processes technologies that have 

been studied in the literature and identifies hybrid process configurations with the potential to 

outperform the individual carbon capture processes. This provides the basis of the hybrid process 

configurations that are studied further in the thesis. 

Chapter 3 reviews and establishes the methodology and framework used to integrate and optimise 

each individual capture processes as well as the hybrid carbon capture processes. It also provides the 

framework used to simulate the processes on Aspen HYSYS® to allow replication of the work 

provided. Finally, Chapter 3 includes the post-simulation analyses used to determine the performance 

of each hybrid carbon capture configuration. 

Chapter 4 and Chapter 5 displays the results obtained for the VSA/low-temperature separation hybrid 

carbon capture process and membrane/low-temperature separation hybrid carbon capture processes 

respectively. The chapters also discusses and analyses the results to understand the hybrid carbon 

capture processes in more detail. This includes energy analysis, exergy analysis and comparison to the 

base MEA solvents carbon capture process performance.  

Chapter 6 combines the main results from the previous 2 chapters to compare the performance of the 

hybrid processes against each other. It also performs a techno-economic analysis on the optimum 
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cases for each hybrid carbon capture process. The effect of the potential improvements in the 

membrane capture technologies on the hybrid carbon capture process was also studied. 

Chapter 7 concludes the thesis with a summary of the research findings and recommendations on the 

hybrid carbon capture process for CCS purposes. There are also recommendations on future work 

where hybrid processes could be used in different research areas. 

The appendix provides examples of the methodologies used as well as results of the optimisation used 

for individual carbon capture processes. The appendix also contains a copy of all the publications 

published throughout the PhD candidature. 

 

Li Yuen Fong 
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2 Review of Hybrid Carbon Capture Processes for Coal-Fired Power 

Stations 

In this study, hybrid systems involve the combination of two carbon capture technologies that have 

been integrated to attempt to compliment the advantages and disadvantages of each process in order to 

reduce the energy penalty and consequently, the cost of carbon capture. As shown in Figure 2.1,  the 

stages in a hybrid carbon capture process are: 

i. The CO2 recovery stage which rejects nitrogen to the atmosphere with as low a CO2 

concentration as possible. 

ii. The CO2 purification stage that would purify the CO2 stream to the CO2 purity required for 

storage.  

CO2 Recovery 

Stage

CO2 Purification 

Stage

N2 Rich Stream N2 Rich Stream

Flue Gas

CO2 Concentrated Stream (P>50%) CO2 Rich Stream (P>95%) To Compression

Unit

 

Figure 2.1 Schematic diagram of a hybrid capture process consisting of two capture processes: 

recovery stage and purification stage. 

The different configurations of the two-step hybrid process are shown in Figure 2.1. The potential of 

each hybrid process has been assessed based on the requirements of high CO2 recovery rate 

(horizontal rows) for the initial CO2 recovery stage and high CO2 purity (columns) for the secondary 

stage. The ‘O’ in the table reflects combinations that do not show potential and ‘P’ represent 

options with potential. The justification for those assessments is given in sections 2.1 to 2.4. 
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Figure 2.2 Matrix of two-process hybrid systems with assessment of potential for making a 

hybrid process which gives high CO2 recovery and purity. Literature references are given in 

superscript numbers. 
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2.1 Solvent Absorption 

Solvent absorption (Figure 1.4) has been the leading carbon capture technology as a standalone 

carbon capture process, due in part to the ability to obtain high recovery rates and simultaneously high 

purity required for carbon sequestration. The main drawback of solvent absorption is the high reboiler 

duty required to regenerate the solvent in the stripper column when recovering a large amount of CO2. 

Hence, when considering the solvent absorption process in a hybrid process, the main aim would be to 

reduce the reboiler duty. There is active research into new molecules that have a lower specific 

reboiler duty (i.e. MJ/tonne CO2), but this is not the subject of this study. 

Since the amount of solvent is dependent on the CO2 concentration, one way to reduce the amount of 

solvent required for absorption is to increase the concentration of CO2 in the flue gas as this would 

improve the absorption kinetics (Rochedo & Szklo 2013). Hence, solvent absorption would be more 

appropriate as a purification stage, where the feed gas to the solvent absorption process would have 

been CO2 enriched from the recovery stage. 

Scholes, Anderson, et al. (2013)3 considered a hybrid system consisting of membrane as a CO2 

recovery stage, followed by a solvent absorption process for both post-combustion and pre-

combustion carbon capture. This study showed that the hybrid systems had a higher energy demand 

for both processes, but would also reduce the solvent absorber height and diameter, which would lead 

to a reduction in capital cost for this piece of equipment. 

It should be noted that some studies have been made by using a hybrid process of solvent absorption 

and membrane that uses a chemical solvent to increase the performance of the membrane (Zhou et al. 

2010)1. However, this may be considered as an enhanced membrane process rather than a true 

integration of two different capture technologies. 

2.2 Low-Temperature Carbon Separation 

The main energy requirements for low-temperature capture processes (Figure 1.7) comes from the 

shaft work of the compression of the feed gas prior to the chilling and the compression train required 

for the refrigeration system. Hence, low-temperature separation would have a high electric power 

requirement as a recovery stage, as it would have to compress the high flow rate of N2 in the feed gas 

compression stage. Furthermore, at low CO2 concentration and thus low CO2 partial pressure, a lower 

temperature would be required to recover the CO2 resulting in a higher refrigeration duty. 

Therefore, a low-temperature capture process performs better as a CO2 purification stage, when 

dealing with a smaller feed gas flow rate and higher concentration of CO2 (Berstad, Anantharaman & 

Nekså 2013). More importantly, since the low-temperature vapour-liquid separation produces liquid 

CO2, it is best for the low-temperature separation process to be used as a purification stage to allow 

the liquefied CO2 to be pumped to a supercritical state.  
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2.3 Adsorption 

Adsorption process (Figure 1.6) has shown potential as a stand-alone carbon capture process but has 

had some challenges meeting the high purity of CO2 required (>95%) for carbon storage and high CO2 

recovery at the same time (Zhang, Jun, Webley & Xiao 2008). In order to obtain high purity in a 

Vacuum Swing Adsorption (VSA) process, deep vacuum levels are required to desorb the CO2 

molecules from the adsorbents. This property makes adsorption inefficient as a purification stage but 

more appropriate for the CO2 recovery stage, where the VSA process can recover the CO2 from the 

flue gas to an intermediate CO2 concentration that can then go through a CO2 purification stage. 

2.4 Membranes 

Finally, membrane separation processes (Figure 1.5) provide more flexibility in a hybrid system, 

partly due to the balance between permeability and selectivity that usually dictates the performance of 

a membrane (Favre 2011), as is shown in Figure 2.3. In order to use membranes as a CO2 recovery 

step, a high permeability of CO2 should be prioritised as it will allow more CO2 through the 

membrane. On the other hand, when using membranes as a CO2 purification step, a high selectivity of 

CO2/N2 should be selected to obtain a high purity CO2 outlet stream. 

 

 

Figure 2.3 CO2/N2 selectivity and CO2 permeance trade-off plot comparing the performance of 

different membranes reported in the literature. The shaded area represents the region of 

optimum membrane properties for the separation of CO2 from flue gas as a single-

technology.(Merkel et al. 2010) 

Belaissaoui et al. (2012)4 and Scholes, Ho, et al. (2013)4 studied the potential application of using 

membranes as the CO2 recovery stage with low-temperature separation as the purification stage. 

Belaissaoui et al. (2012a) reported that this hybrid system showed great potential, especially in the 
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low-temperature separation and pressurisation of the CO2, where the power requirement was less than 

a traditional six-stage intercooled compressor by approximately 10%. Scholes et al. (2013b) reported 

that the hybrid process were cost competitive with state of the art MEA solvent technology for CO2 

capture from a brown coal power station.  

The results obtained by Belaissaoui et al. (2012a) and Scholes et al. (2013b) show that hybrid 

processes can be competitive with the CCS benchmark process and require further studies to optimise 

and evaluate other hybrid configurations. 

2.5 Concluding Remarks 

Low-temperature carbon separation is the ideal CO2 purification stage since the CO2 product is in the 

liquid state. This allows the CO2 to be pumped to a critical state compared to the conventional method, 

which requires gaseous CO2 to be compressed in compression train with intercooling. 

For the CO2 recovery stage, adsorption and membrane separation are the two carbon capture 

processes that show the most potential since both technologies find it challenging to meet the high 

CO2 recovery and CO2 purity required for CCS. Hence, combining it with low-temperature separation 

would require the adsorption and membrane separation to focus on the CO2 recovery while allowing 

the low-temperature separation to do the final purification required for CCS. 

Therefore in this study, two hybrid carbon capture processes will be studied: VSA/ low-temperature 

hybrid carbon capture system and membrane/ low-temperature hybrid carbon capture system. 

 

Li Yuen Fong 
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3 Process Integration and Optimisation Methodology and 

Framework 

Process integration and optimisation is an important step in the implementation of CCS processes 

either while retrofitting the process into an existing power plant or when developing a new power 

plant with CCS. In either case, Process Integration can lead to improved performance and lower costs. 

Process integration can be done in two main steps: structural optimisation and parameter optimisation 

(Smith, R 2005a). Structural optimisation synthesises alternative structures of the process such as 

selecting the specific capture process. By using the properties of each capture process to determine 

which process would be best as the recovery and/or purification stage, as represented in the matrix in 

Figure 2.2. Parameter optimisation changes the operating conditions of the process to improve the 

performance of the process. Structural optimisation is an important first step as it provides the 

“skeleton” of the hybrid process, which determine the performance limitation of the process. On the 

other hand, parameter optimisation is the fine tuning that allows the limitation of the process to be 

achieved.  

Heat integration, also known as pinch analysis, provides a systematic method to maximise the process 

efficiency through the analysis of heat sources and heat sinks available in the process. Pinch analysis 

determines the minimum energy target required for the process to run in the ideal situation (Linhoff & 

Senior 1983). In this study, heat integration was used as part of the structural optimisation to develop 

a heat exchanger network (HEN), where heat could be exchanged from process stream to process 

stream. 

Therefore, parameter optimisation can be done by systematically varying process operating conditions 

and monitoring their effects on the performance of the overall process as performed by Belaissaoui, 

Willson and Favre (2012). Scholes et al., (2013a) also performed a parameter optimisation on a hybrid 

membrane/solvent absorption carbon capture process by systematically varying parameters such as 

membrane driving force and the membrane selectivity to study their effects on the CAPEX. Xiao, P et 

al. (2008) used both structural and parameter optimisation to integrate a VSA carbon capture process 

with Zeolite 13X as the adsorbent. Structural optimisation was performed by studying a 9-step cycle 

versus a 12-step cycle and parameter optimisation was performed by varying several key variables 

whilst monitoring the VSA power performance. 
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3.1 Chapter Roadmap 

Following in this Chapter is a description of the process framework used for the process simulations 

and the Multi-Objective Optimisation (MOO) methodology utilised to determine the optimum 

parameters for each case study. The subsequent sub-chapter discusses the flowsheet optimisation, 

detailing the structural optimisation of each individual carbon capture process to be integrated in a 

hybrid carbon capture process. The final sub-chapters describe the post-flowsheet optimisation of the 

carbon capture processes including energy analysis, exergy analysis and techno-economic analysis. A 

representation of this chapter is shown in Figure 3.2. 

3.2 Process Simulation Framework 

Throughout the simulations, there was a governing simulation framework, which was required to 

ensure that all processes were being assessed on a common basis; the power plant used in this study 

was a standard 300 MW sub-bituminous black coal-fired power plant, as represented in Figure 3.1 

The black coal is fed to the furnace where the coal is burnt to heat up the water and the steam is sent 

to the steam turbine to generate electricity. The flue gas from the furnace is generally exhausted 

through the stack, as shown  in Figure 3.1. The base CO2 emission of the power plant is considered to 

be 1.01 t (CO2)/MWh.  

 

Figure 3.1 Schematic diagram of a coal-fired power station (Spath, Mann & Kerr 1999). 
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Figure 3.2 Roadmap of Chapter 3, which represents the methodology used to optimise carbon 

capture processes. 
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The hybrid carbon capture plant in the power station will be integrated downstream of the flue gas, 

which may also include flue gas treatment. The flue gas treatment typically contains desulphurisation, 

denitrification and electrostatic precipitation for dust removal. The flue gas exiting the stack, will 

generally have temperatures above 100°C and varying levels of impurities depending on the coal 

feedstock and the environmental regulations of the region. In US and Europe, a flue gas 

desulphurisation (FGD) unit is installed on most coal power plants to meet their respective EPA 

regulations (Aaron & Tsouris 2005). In Australia, the coal feedstock has relatively low levels of 

sulphur and therefore regulations do not necessitate an FGD unit. As a result, a high sulphur content is 

present in the flue gas (100 ppm-700 ppm), which is higher than US and Europe.  

The additional flue gas pre-treatment required prior to the hybrid carbon capture process is dependent 

on the pre-existing pre-treatment available and the level of contaminants in the flue gas. Therefore, in 

order to standardise the study, all impurities such as the SOx and NOx are removed in the pre-

treatment and the flue gas is cooled and pressurised. The water was also removed from the flue gas 

through a dehydration unit. An example of the additional pre-treatment required for CCS is shown in 

Figure 3.3. 

DeNOx

System

Electrostatic

Precipitator

Flue Gas 

Desulphurisation

Flue Gas to 

CCS

Waste Waste Waste

Dehydration

Unit

 

Figure 3.3 Schematic diagram of a coal-fired power station with additional pre-treatment 

required for CCS. 
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Following the pre-treatment the flue gas exiting the stack is mainly composed of carbon dioxide, 

nitrogen and oxygen. The properties of the flue gas are shown in Table 3.1. However, in the 

simulation cases, the flue gas was assumed to be a binary mixture of CO2 and N2 since the VSA and 

membrane simulation model were based on binary mixtures of CO2 and N2.   

Table 3.1 Post-combustion flue gas properties based on a 300 MW sub-bituminous coal-fired 

power station after pre-treatment 

Feed Conditions Units Value 

Vapour Fraction - 1.00 

Temperature (°C) 50 

Pressure (kPa) 103 

Molar Flow (kmol/h) 57,800 

Mass Flow (kg/h) 1,670,000 

Composition (mol frac)  

CO2 - 0.1284 

N2 - 0.8135 

O2 - 0.0581 

 

The general modelling process parameters that were used throughout the process simulations are 

shown in Table 3.2.  The compressor and vacuum pump polytropic efficiency were set at 80% (Ho, 

Allinson & Wiley 2008; Romeo et al. 2009) and the pump adiabatic efficiency was set at 75% 

(Alabdulkarem, Hwang & Radermacher 2012), respectively. The cooling water temperature was 

estimated from the highest monthly mean wet-bulb temperature from the Australian Government 

Bureau of Meteorology for the 1981-2010 year period. The reference power plant is situated in Perth 

and BOM (2015) reported that the highest monthly mean wet bulb temperature over this period was 

20.0°C in the month of February. Using the GPSA (2004) handbook, the cooling water design supply 

temperature was estimated to be a conservative 25°C. The calculations are shown in Appendix A.4.  

The minimum temperature difference in the cooling water heat exchangers were set to 5°C. This 

controls the process exit temperature. The minimum temperature difference in the plate fin stream-to-

stream heat exchangers in the low temperature HEN were set to 5°C and 2°C at the lowest 

temperatures. A minimum ΔT of 2°C used in the plate-fin heat exchangers at the lowest temperature 

was to allow the closest possible approach to the CO2 freeze-out temperature. As discussed in chapter 

1, a minimum CO2 outlet purity of 95% is required for sequestration (Abbas, Mezher & Abu-Zahra 

2013) and was used as a constraint in all the simulations. 
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Table 3.2 Summary of modelling process parameters governing all process simulations 

Process Parameters Units Value 

Compressor Polytropic Efficiency % 80 

Vacuum Pump Polytropic Efficiency % 80 

Pump Adiabatic Efficiency % 75 

Cooling Water Temperature °C 25 

ΔT in cooling water heat exchangers °C 5 

Minimum ΔT in below ambient stream-to-stream heat 

exchangers 

°C 2-5 

Minimum CO2 Purity in CO2 capture stream % 95 

All the simulations presented in this study were performed using the Aspen HYSYS® software 

package, version 8.4. The Peng-Robinson (PR) fluid package (Peng & Robinson 1976) was used 

throughout for determining the thermodynamic properties of each stream. PR package was selected 

because it is ideal for the combustion and flue gas streams composition (Leng, Abbas & Khalilpour 

2010). PR package is also the most enhanced model in Aspen HYSYS and has the largest 

applicability range in terms of temperature and pressure (AspenTech 2006). 

3.3 Individual Capture Systems Optimisation 

This subchapter discusses the structural optimisation performed for the individual carbon capture 

process throughout the study. This will include the adsorption, membrane and low-temperature carbon 

capture processes considered. Two parameters were generally used in the optimisation of the carbon 

capture processes: CO2 overall recovery rates and CO2 purity. The CO2 overall recovery rate was 

defined as the percentage ratio of the molar flow rate of CO2 being recovered by the carbon capture 

process to the molar flow rate of CO2 entering the carbon capture process. The CO2 purity was 

defined as the percentage ratio of the molar flow rate of CO2 exiting the carbon capture process to the 

total molar flow rate of the stream exiting carbon capture process. 

3.3.1 Adsorption 

A Vacuum Swing Adsorption (VSA) process with Zeolite 13X as the adsorbent was used as the CO2 

recovery stage. Zeolite 13X was chosen because of its high capacity for CO2 adsorption, its high CO2 

selectivity and the small footprint of the equipment required (Xiao, P et al. 2008).  

The VSA equation used in the MOO simulation was derived from simulation data obtained from a 

simulation of Zeolite 13X on Aspen Adsorption® simulation with the rigorous dynamic multi-bed 

approach (Xiao, G & Webley 2013). The VSA simulation was a 3-bed configuration as shown in 

Figure 3.4. The VSA vessel was divided into two layers: a 0.2m Sorbead layer to remove the water 

from the flue gas and a 1m Zeolite 13X layer for the CO2 capture. When using the Aspen simulation 

software, the mass and energy balances followed the standard Aspen Adsorption® equation. 

Furthermore, the following assumptions were made: 
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· The gas was treated as an ideal gas. 

· Mass and heat transfer are modelled by linear lumped parameter equations 

· The simulation was isothermal. 

· No other reactions other than adsorption occurs in the vessels. 

· Axial dispersion is negligible. 

Finally, the cycle organiser was also set up in the Aspen Adsorption® simulation software and 

followed the sequence shown in Table 3.3. More details on the data used to simulate the VSA process 

is shown in Appendix A.1. 

 

Figure 3.4 Aspen Adsorption® simulation flowsheet & Adsorption bed configuration (Xiao, G & 

Webley 2013) 

Table 3.3 Cycle organiser for three VSA columns: A, B and C. (RP – Re-pressurising; AD – 

Adsorption; PE↑ - Increase Pressure; PE↓ - Decrease pressurising; IDLE – Idle; EV – Stop Re-

pressurisation) 

  I II III IV V VI VII VIII IX 

A RP AD PE ↑ PE ↑ EV EV PE ↓ IDLE PE ↓ 

B PE ↓ IDLE PE ↓ RP AD PE ↑ PE ↑ EV EV 

C PE ↑ EV EV PE ↓ IDLE PE ↓ RP AD PE ↑ 

3.3.1.1 Graphical Residual Modelling 

There were 27 different case scenarios obtained from the Aspen Adsorption® simulation, with 

varying inlet and outlet operating conditions. In order to determine the optimum operating conditions 

of the VSA carbon capture system, a 3-D graphical residual modelling using data points from 10 

optimum case scenarios were used to interpolate the performance of the VSA carbon capture system 

to yield equation Eq. 3.1. The detailed study is further discussed in the Appendix, Section A.1. 
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Where f is the total specific power required for the VSA 

 x is the CO2 recovery rate of the VSA capture process and 

 y is the product CO2 concentration. 

 

 

Figure 3.5 Case 3 (10 data points) using MATLAB® software with polynomial order x2 & y2 

plot of 3-D Surface curve fitting of total specific work required (GJe/t(CO2)) vs product CO2 

concentration (%) vs CO2 recovery rate (%). 

The 3-D graphical representation of the equation is shown in Figure 3.5 and the residual error plot is 

shown in Figure 3.6 (b). Total specific work increases with the product CO2 concentration because of 

the duty required by the vacuum pumps, but there is also a parabolic relationship with the CO2 

recovery rate, as there is also a constant component of the work associated with the feed compression, 

which increases on a specific work basis. The residual error plot shows low errors of Figure 3.6 less 

than 1% over the range of parameters defined in Table 3.4.  

Equation 3.1 provided the operating performance for the VSA carbon capture process within the range 

given in Table 3.4, which is used in the CO2 recovery stage of the hybrid carbon capture process.  

Table 3.4 Range of VSA performance from interpolated values. 

 Units Minimum Maximum 

VSA CO2 Recovery Rate (%) 65 98 

VSA CO2 Outlet Purity (%) 35 90 
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Figure 3.6 Case 3 (10 data points) using MATLAB® software with polynomial order x2 & y2(a) 

Contour plot of total specific work required (GJe/t(CO2)) as a function of product CO2 

concentration (%) and CO2 recovery rate (%). (b) Residual error plot of the total specific work 

required (GJe/t(CO2)). 

While Equation 3.1 provided a good fit to the Aspen Adsorption® simulation results, it can be seen 

from the contour plot in Figure 3.6 that in the high performance zone (CO2 recovery rate > 0.9 and 

CO2 concentration > 0.7), where there were no data points. In order to maintain a conservative 

performance of the VSA process, a constraint was implemented in the VSA equation when 

performing the equation in order to maintain the equation within the simulation data. The constraint 

can be seen in Figure 3.7. The constraint equation is as follows: 

:/01 H 7@C> FDF8/01 E A> ?1G;       Eq. 3.2 

Where, I345 is the VSA product CO2 concentration and 

 J345 is the VSA CO2 recovery rate. 
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Figure 3.7 VSA Contour plot including the constraint line. 

3.3.2 Membrane 

The membrane process was an Aspen HYSYS® module based on mass transfer equations, 

specifically developed for applications in carbon capture simulations (Scholes, Anderson, et al. 2013). 

There were several assumptions that were made when developing the membrane model: 

· Ideal mixing on each stage. 

· The gas was treated as an ideal gas; the partial pressure is determined using the molar 

concentration. 

· All components are treated independently; the transfer through the membrane is based only 

on partial pressure difference and permeability. Therefore, any interaction with other 

components has been neglected. 

· Effects of temperature changes have been neglected. 

Using those assumptions, the mathematical model used for the membrane follows the basic ideal 

gases through a membrane equation (Eq. 3.3). 

K = #
L M!)          Eq. 3.3 

Where Q is the gas permeation rate or flux through the membrane 

 P is the permeability of the gas through the membrane 
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 A is the surface area of the membrane 

t is the thickness of the membrane 

Δp is the pressure difference across the membrane 

A cross-flow pattern was selected in the simulations as it provides a better performance compared to 

the other flow patterns(Scholes, Ho, et al. 2013). The detailed mathematical equations used in the 

membrane module are found in the Appendix, A.2. 

The membrane process input parameters used in the simulation are shown in Table 3.5. 100 stages 

were used to ensure perfect mixing for each flow model. While increasing the number of stages would 

increase the accuracy, it would also increase the computational time. The input method was “cut”; A 

membrane cut is defined as the ratio of the molar flowrate of the permeate stream to the feed stream. 

As discussed in Chapter 2.4, high performance polymer membrane (Merkel et al. 2010; Low et al. 

2013) was used with a permeability of CO2 (PCO2) of 2000 barrer and selectivity of CO2 versus N2 

(αCO2/N2) of 50.  

Table 3.5 Membrane Process Input Parameters 

Parameter Units Value 

No. of Stages - 100 

Method - Cross-flow 

Input Method - Cut 

No. of Stages - 100 

Thickness μm 2.0 

CO2 Permeability barrer 2000 

CO2 Permeance gpu 1000 

Selectivity, α CO2/N2  50 

The membrane process was initially analysed individually in order to determine which membrane 

configuration would be best suited as a recovery stage. Four membrane structures were considered: 

I. Single-stage membrane 

II. Two-stage membrane with the second membrane on the permeate side 

III. Two-stage membrane with the second membrane on the retentate side 

IV. Two-stage membrane with an additional membranes on both the permeate side and 

retentate side of the first membrane. 

The membrane process was analysed individually as using the hybrid membrane/low-temperature 

separation hybrid process in Aspen HYSYS® in combination with the MOO requires significant 
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computation power and time. For example, running a single generation MOO with a population of 50, 

using membrane structure IV as the CO2 recovery stage in combination with the low-temperature 

separation unit as the CO2 purification stage, would take approximately 1 day per population 

calculation. Compared to a VSA/Low-temperature hybrid carbon capture MOO, which would require 

approximately 1 hour per population calculation. Moreover, it typically requires at least 5-10 

generations of MOO to determine whether the hybrid process simulation is performing acceptably and 

a further 30 generations to obtain converged results. 
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Vacuum Pump
 

Figure 3.8 Single membrane schematic process flow diagram (Structure I). 
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Figure 3.9 Two-stage membrane with the second membrane on the permeate side (Structure II). 
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Figure 3.10 Two-stage membrane with the second membrane on the retentate side (Structure 

III). 
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Figure 3.11 Two-stage membrane with an additional membranes on both the permeate side and 

retentate side of the first membrane (Structure IV). 

Among those four structures, single-stage membrane (structure I) and two-stage membrane with an 

additional two membranes on the permeate side and retentate side of the first membrane respectively 

(structure IV), were determined to show the most potential as a CO2 recovery stage in a hybrid carbon 

capture process. Structure I had the lowest specific work required when lower CO2 outlet purity was 

required and Structure IV had better specific work requirement at higher CO2 outlet purity. Since 

further purification is performed in the 2nd stage of the hybrid carbon capture process, structure I was 
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chosen as the CO2 recovery stage in the membrane/low-temperature hybrid carbon capture process. 

The detailed results are shown in the Appendix in Section A.2. 

The membrane module on Aspen HYSYS® provides a full range of operating performance in terms 

of the CO2 recovery rate and the CO2 outlet purity as shown in Table 3.6. This provides a significant 

advantage over the VSA carbon capture process as it provides a greater carbon separation and 

recovery flexibility over the membrane process and the CO2 purification stage (low-temperature 

separation). 

Table 3.6 Range of membrane performance from Aspen HYSYS® membrane module. 

 Units Minimum Maximum 

Membrane CO2 Recovery Rate (%) 0 100 

Membrane CO2 Outlet Purity (%) 0 100 

 

3.3.3 Low-Temperature Separation 

The mixed refrigerants refrigeration systems are primarily used in the LNG process industry (Hatcher, 

Khalilpour & Abbas 2012). In a mixed refrigerant process, the process stream is cooled in stages, 

where the refrigerant is separated from its liquid and gaseous phases after each stage. The liquid 

refrigerant is then cooled and flashed across a valve using the Joule-Thompson effect, causing a 

temperature drop. (Shukri 2004; Hatcher, Khalilpour & Abbas 2012)  

Figure 3.12 shows a hot and cold composite curve, where the hot curve is being cooled down by both 

mixed refrigerant and pure refrigerant. As it can be seen, the mixed refrigerant has been adjusted so 

that it can have a better match to the hot composite curve compared to the staggered cooling of the 

pure refrigerant. This is due to the flexibility the mixed refrigerant can provide by varying the 

refrigerant composition and the flow rate whereas the pure refrigerant can only vary the number of 

stages in the refrigeration cycle to match the hot curve. 

The other advantage of the mixed refrigeration is that it has fewer stages and therefore has fewer 

equipment items than the standard cascade refrigeration, thus reducing the equipment capital cost. 

However, the process is thermodynamically complex and therefore difficult to optimise (Hatcher, 

Khalilpour & Abbas 2012). 
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 Figure 3.12 Typical hot and cold composite curve for mixed refrigerant versus pure refrigerant 

(Hatcher, Khalilpour & Abbas 2012) 

Three refrigeration systems were initially studied: 

i. Propane refrigeration system 

ii. Propene refrigeration system 

iii. Mixed ethane/propane refrigeration system 

The detailed results of the study can be found in the Appendix in Section A.3. It was found that the 

mixed ethane/propane refrigeration system was the preferred option when lower temperatures were 

required (approximately -55°C) whereas the propane refrigeration system was preferred at higher 

temperatures (above -35°C). 

An important task in the low-temperature separation is to ensure that the CO2 is not allowed to form 

solids at the low-temperature. The temperature at which CO2 forms solids known as the CO2 freeze 

out temperature, which is a property of the CO2-rich process stream, is determined using Aspen 

HYSYS®. Therefore, a constraint was embedded in the MOO to reject any process simulation 

whereby the CO2-rich process stream temperature is lower than its CO2 freeze out temperature. 

The final structural optimisation was to study the impact of adding a membrane at the nitrogen-rich 

exit stream of the low temperature separation (Figure 3.13 vs. Figure 3.14). This work was published 

and presented at the 2013 CHEMECA conference (Li Yuen Fong, Anderson & Hoadley 2013), which 

is attached in the Appendix Section C.1. 
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Figure 3.13 Schematic Diagram of VSA & Cryogenic Process without membranes (Case 1) 

The low-temperature separation unit shown in Figure 3.13 and Figure 3.14 is shown in further detail 

in Figure 3.15. The HEN is further discussed in Section 3.6.2. 

VSA

Multi-Stage Compression

Low-temperature

Separation

Flue Gas

Waste

CO2 Storage

Recycle Stream

Waste

DV: Outlet Pressure

DV: Minimum Temperature

DV: 

Membrane Cut

Pump
 

Figure 3.14 Schematic Diagram of VSA & Cryogenic Process with Membranes (Case 2) 
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Figure 3.15 Low-Temperature Unit Schematic Diagram (HEN – Heat Exchanger Network) 

Finally, the following two subchapters show the final two hybrid structures that were decided to be 

the optimum structures from the structural optimisation (Figure 3.16 and Figure 3.17). The two hybrid 

structures (VSA/Low-Temperature Separation and Membrane/Low-Temperature Separation) were 

further optimised using multi-objective optimisation. 

3.4 Hybrid Capture System Parameter Optimisation 

3.4.1 VSA/ Low-Temperature Hybrid System 

This subchapter will discuss the framework used in order to model the structures on Aspen HYSYS® 

and the conditions used for the multi-objective optimisation. 

In order to determine the optimum operating conditions for each operation in the capture unit, MOO 

was used to optimise two objective variables:  

1. maximising the overall CO2 recovery rate of the capture process  

NOPQRSTUQ&V = &WXJ Y WZ[Q&\[Z]&^N_&RX`SabQcWZ[Q&\[Z]&^N_&Td&\[aQ&eXfg 

2. minimising the total shaft work required for the capture process 

NOPQRSTUQ&h = &WTdijZbkl
m

lno
 

Where n is the total number of equipment requiring work input in the capture process. 
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Figure 3.16 Schematic diagram of hybrid carbon capture process using VSA as CO2 recovery 

stage and low-temperature separation as CO2 purification stage.  

There were 7 decision variables that were used to optimise the objective variables, which are further 

discussed in the next section and a table of the decision variables is found in Table 3.7. The decision 

variables were chosen according to the each capture processes used. The VSA capture process was 

governed by Eq. 3.1, which determined the two decision variables: VSA CO2 recovery rate and VSA 

CO2 outlet purity. Following the VSA capture process was the multi-stage compression, which 

required the output pressure (multi-stage compression pressure) as a decision variable. The low-

temperature capture process included a refrigeration cycle using a mixed ethane/propane refrigerant. 

Three decision variables were selected to optimise the performance of the refrigeration cycle: the 

composition of the refrigerant (refrigerant ethane molar fraction), the refrigerant molar flowrate and 

the lowest temperature required from the refrigeration cycle (Low-Temp Process Stream Outlet 

Temp.). Finally the membrane used to purify the recycle stream had only one decision variable: the 

membrane cut. 

Table 3.7 Table of decision variable range for MOO of operating conditions for the VSA hybrid 

process 

Decision Variable  Minimum Maximum 

VSA CO2 Recovery Rate % 70.0 98.5 

VSA CO2 Outlet Purity % 50.0 90.0 

Multi-Stage Compression Pressure (kPa) 930 4 000 

Refrigerant Ethane Molar Fraction  0.19 0.5 

Refrigerant Molar Flow (mol/s) 1.0 1.65 

Low-Temp Process Stream Outlet Temp. (°C) -60.5 -40.0 

Membrane Cut  0.01 0.76 

 

The results for the MOO are shown in Chapter 4. 

 



 

3-19 

 

3.4.2 Membrane/ Low-Temperature Hybrid System 

Similarly to the VSA/Low-Temperature hybrid system, MOO was used to investigate the trade-offs 

between the two objective functions:  

1. maximising the overall CO2 recovery rate of the capture process  

NOPQRSTUQ&V = &WXJ Y WZ[Q&\[Z]&^N_&RX`SabQcWZ[Q&\[Z]&^N_&Td&\[aQ&eXfg 

3. minimising the total shaft work required for the capture process 

NOPQRSTUQ&h = &WTdijZbkl
m

lno
 

Where n is the total number of equipment requiring work input in the capture process. 

The schematic diagram of a hybrid membrane/low-temperature carbon capture process is shown in 

Figure 3.17. Due to the more flexible operating condition of the membrane process as a CO2 recovery 

stage (Membrane A) compared to a VSA process, an additional refrigeration system was studied for 

this hybrid system; a propane refrigerant system was also considered in the low-temperature capture 

process. Therefore, two cases were optimised using MOO for this hybrid capture process: 

Case I  – Mixed ethane/propane refrigerant system (minimum temperature of -60°C). 

Case II  – Propane refrigerant system (minimum temperature of -40°C) 

A propane refrigerant system has warmer minimum temperature of -40°C compared to the mixed 

ethane/propane refrigerant system that was used in the VSA/low-temperature hybrid capture process, 

which has minimum temperature controlled by the CO2 freeze out temperature of around -60°C. The 

warmer temperature from the propane refrigerant system results in a lower degree of CO2 separation 

achievable from the low-temperature process. Therefore, in order to meet the CO2 purity and recovery 

required for CCS, Membrane A or the multi-stage compression (Compressor C) would need to have a 

higher performance to compensate for the propane refrigerant system. However, this increase in work 

from Membrane A or Compressor C, would be a trade-off with the lower work requirement from the 

propane refrigerant system compared to a mixed refrigerant system. 
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Figure 3.17 Schematic diagram of hybrid carbon capture process using Membrane as CO2 

recovery stage and low-temperature separation as CO2 purification stage.  

 

 

Figure 3.18 Carbon dioxide phase envelope and comparison low-temperature carbon capture 

system using two refrigeration cycles: mixed ethane/propane refrigerant refrigeration cycle (red 

dotted line) and propane refrigerant refrigeration cycle (blue full line). 

There were 8 and 7 decision variables that were used to optimise the objective variables for Case I 

and Case II, respectively, as shown in Table 3.8.  
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The decision variables were chosen according to each capture processes used. The membrane acting 

as the CO2 recovery stage, Membrane A, was optimised by varying three decision variables: the 

membrane cut, the feed pressure and permeate pressure. Following the membrane CO2 recovery stage 

was the multi-stage compression, which required the output pressure (multi-stage compression 

pressure) as a decision variable. The low-temperature capture process is where the two cases had 

different decision variables; Case I had three decision variables that were required to optimise the 

mixed ethane/propane refrigeration cycle: the composition of the refrigerant (refrigerant ethane molar 

fraction), the refrigerant molar flowrate and the lowest temperature required from the refrigeration 

cycle (Low-Temp Process Stream Outlet Temp.). Case II had only two decision variables that were 

required to optimise the propane refrigeration cycle: the heat exchanger network intermediate 

temperature and the lowest temperature required from the refrigeration cycle (Low-Temp Process 

Stream Outlet Temp.).The difference in decision variables are due to the different heat exchanger 

network used in each case, which is further discussed in section 3.6.2. Finally the membrane used to 

purify the recycle stream, membrane B, had only one decision variable: the membrane cut. 

Table 3.8 Table of decision variable range for MOO of operating conditions for the membrane 

hybrid process 

  

Case I - Mixed 

Refrigerant 

Case II - Propane 

Refrigerant 

 Decision Variable Units Min Max Min Max 

Membrane A Cut - 0.1 0.8 0.1 0.9 

Membrane A Feed Pressure (kPa) 115 200 115 200 

Membrane A Permeate Pressure (kPa) 20 100 10 100 

Multi-Stage Compression Pressure (kPa) 1250 3000 2000 4500 

Refrigerant Molar Flow (mol/s) 1.2 3 N/A N/A 

Refrigerant Ethane Molar Fraction - 0.2 0.8 N/A N/A 

Heat Exchanger Network 

Intermediate Temperature (°C) N/A N/A -15 5 

Low-Temp. Process Stream Outlet 

Temperature (°C) -60 -40 -35 -25 

Membrane B Cut - 0.05 0.8 0.25 0.9 
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3.5 Multi-Objective Optimisation Methodology 

Multi-objective optimisation was used to investigate the trade-offs associated with the two objective 

functions.  

Although a process can be optimised for one objective at a time (single objective optimisation, SOO), 

there are usually multiple objectives that need to be considered simultaneously. When more than one 

conflicting objective is involved, the final result will be a set of optimal solution known as Pareto-

optimal solutions (Rangaiah 2009). 

There are two main MOO methods: generating methods and preference-based methods. As the name 

would suggest, the main difference between those two categories is that in the latter, the user gets to 

input their preference while generating the Pareto-optimal solutions whereas generating methods 

produces Pareto-optimal solutions without any inputs from the user. In this research, a non-dominated 

sorting genetic algorithm will be used for the generation of the Pareto optimal solutions.  A flowchart 

of the genetic algorithm is shown in Figure 3.19, where a Random Seed is used to initiate the first set 

of data.  Each set of data is called a “Population”. The initial population is evaluated and checked 

against the convergence criterion. If the criterion is met, the program will end, otherwise, a new 

improved population is determined using a combination of crossover probability and mutation 

probability. The new population is then evaluated and checked for convergence. 

Initialise

Population

Evaluate

Objectives

Convergence 

Criterion 

Satisfied?

End

Determine 

New Improved 

Population

Crossover

Mutation

 

Figure 3.19 Genetic Algorithm Flowchart 
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This is a well-developed method which produces solutions with a Pareto curve that is well dispersed 

(Bhutani, Naveen, Ray & Rangaiah 2006). This method has previously been used for the analysis of 

absorption-based carbon capture systems by Harkin, Hoadley and Hooper (2012). Depending on the 

results obtained, further optimisation of a specific range of solution using preference-based methods 

might be applied. 

Harkin, Hoadley and Hooper (2012) demonstrated the application of MOO in optimising the solvent 

absorption process and they also displayed the methodology of MOO using simulation followed by 

heat integration analysis as depicted in Figure 3.20. 

 

1. Select objectives, variables, 

population number (n) and number 

of generations (m)

2. Use Genetic Algorithm to 

determine CCS operating conditions 

for each member of the population

3. Run simulation

4. Extract heat curves 

& other data

5. Use Heat integration to 

determine extraction steam 

rates

6. Calculate objectives

7. Compare Objectives

8. Results

Loop for n

Individuals Loop for m

generations

 

Figure 3.20 Optimisation methodology using combination of MOO and heat integration (Harkin, 

Hoadley & Hooper 2012) 
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The methodology has 8 steps: 

1) Selecting the input arguments for the optimisation process such as the objectives (e.g. 

operating cost, capital cost, amount of carbon dioxide captured) and variables (e.g. fraction of 

carbon dioxide that needs to be captured with respect to the feed stream) 

2) Perform the MOO. In this step, the optimisation of the process a genetic algorithm using MS 

Visual Basic® is performed. This will provide optimised values for the process simulation 

input for the carbon capture system (CCS). 

3) Process simulation. In this step, the carbon capture process along with the flue gas of the 

power plant is simulated on Aspen HYSYS® and/or Aspen Plus ® using the input data 

provided in the previous step. 

4) Extraction of data. After the simulation of the processes, the necessary data are extracted 

using MS Visual Basic®.  

5) Perform heat integration. Using the data extracted, heat integration can be performed to find 

the optimum heating and cooling required. 

6) Calculate objectives. In this step, the pre-determined objectives can be calculated using all the 

data obtained from the heat integration and the process simulation. Following this step, step 3 

will be repeated if more optimisation is required in the process simulation. 

7) Compare objectives. The objectives obtained are then compared using the Pareto-optimal 

solutions. The procedure is then repeated from step 2 until all the variables have been studied. 

8) Finally the results are obtained. 

This methodology integrates the MOO and heat integration techniques.  When optimising a solvent 

absorption carbon capture, integrating the heat integration in the MOO is essential since the solvent 

regeneration heater is a major energy consumer. However, in this research, adsorption and membrane 

carbon capture are being investigated, therefore the heat integration analysis was performed when 

designing the process flowsheet prior to the MOO. Further analysis was performed on the MOO 

results obtained, called “Post-flowsheet optimisation” and is further discussed in section 3.5.  

In order to integrate the MOO genetic algorithm to the Aspen HYSYS process simulation, a Visual 

Basic® Interface (Bhutani, N et al. 2007) was used as shown in Figure 3.21. There were a number of 

inputs to be selected in the interface: 

Objective Variables – Process variables that need to be optimised (minimised or maximised) 

Decision Variables – Process variables that are going to be varied over a set range to determine their 

effect on the carbon capture process, specifically the objective variables. 
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Constraints – Process variables that need to be monitored in the process simulation that need to be 

within a specific range to validate the simulation and results. For example, the CO2 purity in the outlet 

stream needs to be over 95% to be ready for sequestration, therefore the CO2 outlet purity would be a 

constraint 

Crossover probability – The method for two parents to be combined to form a child when generating a 

new population 

Mutation probability – The probability that each bit will undergo a change in value in the offspring 

population 

The crossover probability was selected to be in the range of 0.5-0.9 and the mutation probability was 

selected to be approximately equal to 1/n, where n is the number of decision variables (Deb et al. 

2000; Bhutani, Naveen, Ray & Rangaiah 2006). 

 

Figure 3.21 MOO Framework with Visual Basic® Interface (Bhutani, N et al. 2007) 

3.6 Post-Simulation Analysis 

3.6.1 Energy Requirement and Energy Penalty 

As discussed in Chapter 1.3, reducing the energy penalty for retro-fitting CCS into coal-fired power 

plants has been one of the main challenges that CCS faces. Therefore, this study focused on reducing 

the energy required to implement the hybrid carbon capture technologies. 
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The energy required for implementing CCS is highly dependent on the technology employed. For 

solvent absorption, the main energy requirement comes from thermal regeneration of the solvent 

(Smith, K et al. 2009). On the other hand, VSA and membrane capture technologies are highly 

dependent on the change in pressure, which is provided by rotating equipment such as compressors 

and vacuum pumps. Hence, in this study, the energy requirement will be measured in terms of shaft 

work required (electrical energy) compared to conventional thermal energy required that is used in 

solvent absorption studies.  

pq%L(r = pM Eps Ep/ Ept Ep#u.)      Eq. 3.4 

p- q%L(r =&pq%L(r ÷.- vw'%xwvwy       Eq. 3.5 

Where, WTotal is the total shaft work required (MW) 

 WA,B,C,D is the work required for compressors A,B,C and D respectively (MW) 

 WPump is the work required for the CO2 pump (MW) 

 j- z{|}~ is the total specific work required (GJe/t(CO2 recovered)) 

and 2- ���{����� is the mass flow rate of CO2 being recovered. 

3.6.2 Heat Integration 

When integrating the CCS process, pinch analysis provides a systematic method to maximise the 

process efficiency in terms of heat source and heat sinks available in the process. Heat integration has 

been used in academia as well as industry since Linhoff and Senior (1983) identified pinch analysis as 

a systematic way to improve the thermodynamic efficiency of a process. Since then, heat integration 

has been heavily studied, which can be found in the Handbook of Process Integration (PI) (Klemeš 

2013). In this study, heat integration was used in combination with MOO to improve the heat 

exchange between the process stream and the refrigeration system. 

An important aspect of the pinch analysis is that it allows the calculation of the minimum energy 

target for utilities without the need to design the actual heat exchanger network (Linhoff & Senior 

1983). This energy target is then a good indicator to identify whether the simulated process is using 

the maximum available heat sources (hot streams) and heat sinks (cold streams). Smith, R (2005b) 

provides a step-by-step overview of the pinch analysis technique.  

Processes that require heat sources or sinks, such as solvent absorption and low-temperature 

separation benefit most from the pinch analysis technique. Harkin, Hoadley and Hooper (2012) 

performed a heat and process integration analysis of a brown coal-fired power station with a solvent 

absorption carbon capture process, with a focus on pinch analysis. Their study showed that heat 

integration was a highly valuable technique as the specific energy penalty was reduced by 0.40 GJe/t 
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(CO2 captured) with effective heat integration. Capture processes that require mainly electrical power, 

such as membrane processes would not provide significant improvement through pinch analysis. 
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Figure 3.22 (a) Hybrid Carbon Capture Schematic Diagram (b) Low-Temperature Unit 

Schematic Diagram (HEN – Heat Exchanger Network) 

This study focused on the heat integration of the refrigeration system with the cold process stream and 

develops a heat exchanger network as shown in Figure 3.22. 

An example of the heat composite curves for propane refrigerant and mixed refrigerant, when heat 

integrated in a membrane and low-temperature hybrid carbon capture process is shown in Figure 3.23 

and Figure 3.24 respectively. Furthermore, as discussed in Section 3.3.3, the two refrigeration cycles 

have different heat curves, where the mixed refrigerant has a flexible curve that can match the process 
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curve. Therefore, the heat exchanger networks for each refrigeration system were different and shown 

in Figure 3.25 and Figure 3.26. 

 

Figure 3.23 Heat composite curve example of heat exchanger network in a low-temperature 

carbon capture system using a mixed ethane/propane refrigerant refrigeration system. 

 

Figure 3.24 Heat composite curve example of heat exchanger network in a low-temperature 

carbon capture system using a propane refrigerant refrigeration system. 
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Figure 3.25 Heat Exchanger Network (HEN) mixed refrigerant system. 
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Figure 3.26 Heat Exchanger Network (HEN) propane refrigerant system. 
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3.6.3 Exergy Analysis 

This section explains the concept of exergy analysis and how it can be useful in identifying 

improvements which reduce the capture penalty. 

Energy analysis is used to determine the performance of a process and used to reduce energy costs. It 

uses the first law of thermodynamics to calculate the quantity of energy going into and out of a system. 

However, it does not take into account the quality of energy also known as ‘loss and gain of 

thermodynamic efficiency’. In order to take into account both the quantity and the quality of the 

energy level, both the first and second laws of thermodynamics need to be used simultaneously. This 

leads to exergy accounting, which allows the calculation of thermodynamic losses of a system 

coupled with the energy flow in the system. 

By taking into account the energy rate balance (First law of thermodynamics) and the entropy changes 

whilst applying the Second law of thermodynamics, it is possible to derive the exergy rate balance. 

This would allow the substitution of energy (Q+) from the energy balance (Eq 3.6) and to be replaced 

by exergy (E+) to form Eq. 3.7 (Borel & Favrat 2010): 

� �"���-� E � ���K�
��-

� E K(�- E � �����-� = C       Eq. 3.6 

� �"���-� E � �"���-� E � �"���-� = �- � C        Eq. 3.7 

Where,  � �����
��-l   is the heat received from the reservoir at a temperature Ti 

  �}�-   is the heat received from the atmosphere at a temperature Ta 

  � ��m��-m   is the transformation power received at the level of the network n 

  is the work power received by the system 

  is the heat exergy received from the reservoir at a temperature Ti 

 is the global exergy rate loss (always positive according to the 2nd 

Law of thermodynamics 

�-    is the exergy loss rate 

The global exergy rate loss, , is the exergy rate loss from the streams entering and leaving the 

process. This exergy can be divided into physical exergy, chemical exergy and mixing exergy. 
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The physical exergy of a material stream, �- ��� , is the maximum amount of shaft work that can be 

generated when the stream is changed from the actual conditions (T, P) to thermomechanical 

equilibrium at reference temperature (To, Po). The physical exergy can be determined using the 

following equation (Tzanetis, Martavaltzi & Lemonidou 2012): 

� ")��-� =&!� E qC!�         Eq. 3.8 

Where,  ∆H is the difference in enthalpy from the reference stream and the process stream 

 ∆S is the difference in entropy from the reference stream and the process stream 

 To is the reference temperature 

Every material stream has some chemical potential according to the chemical composition of the pure 

substances; this chemical potential is known as the chemical exergy. The equation of the standard 

molar exergy, �-l�, of a compound i can be determined using the following equation: 

��% = !�6% E� x   � %         Eq. 3.9 

Where,  !¡¢{ is the molar free enthalpy for the formation of the compound in the standard 

state from its constituent elements 

�l� is the standard chemical exergy values of the constituent elements, j, in their stable 

state at the reference temperature To and pressure Po (Sato 2004; Tzanetis, Martavaltzi 

& Lemonidou 2012): 

After calculating the standard chemical exergy values, the chemical exergy,�- £��  of the stream can be 

determined by summing the standard chemical exergy value of all the components in the stream. 

¤- ¥¦� = � ��%��nA           Eq. 3.10 

Where n is the number of components in the stream. 

Finally, the mixing exergy is due to the isothermal and isobaric mixing of the pure components at the 

actual temperature (T) and pressure (P). The exergy change of mixing can be calculated by using the 

following equation: 

!"-.�8 = qC!�-.�8         Eq. 3.11 

Where the entropy change of mixing, 

 !�-.�8 =&!�- @ &�8�!�- �        Eq. 3.12 

The total global exergy rate loss can then be calculated by adding the three terms. 
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Feng, Zhu and Zheng (1996), stated that conventional exergy analysis can only provide information 

about the potential or possibilities of improving performance of processes, but cannot state whether or 

not the possible improvement is practicable and economic. 

3.6.4 Techno-Economic Analysis 

This sub-chapter presents the different economic parameter such as correlations, interest rates and 

equations used throughout this thesis to evaluate the costing of the different components. Detailed 

calculation examples are found in Appendix section B.4. 

In order to evaluate comprehensively the economic performance of the hybrid carbon capture process, 

a techno-economic analysis was performed on each hybrid carbon capture process. The aim of the 

analysis was to determine the cost of retrofitting CCS to the reference coal-fired power plant. 

The economic assumptions used throughout follow the CO2CRC techno-economic model developed 

by UNSW (Allinson et al. 2006). This model uses the capital costs to estimate the operating costs and 

total costs of CO2 capture and storage. The breakdown of the capital cost components including the 

equipment and set up costs is summarised in Table 3.9 and the breakdown of the operating cost 

components are shown in Table 3.10. 

Table 3.9 Breakdown of capital cost components for carbon capture. 

  Capital cost elements Nominal value  

E
q
u
ip

m
en

t 

co
st

s  

A Process Equipment Cost (PEC) Sum of all process equipment 

B General facilities 30 % PEC 

 Total Equipment Cost (TEC) A+B 

S
et

 u
p

 c
o
st

s 

 

C Instrumentation 15 % TEC 

D Piping 20 % TEC 

E Electrical  7 % TEC 

F Total Installed Cost (TIC) A + B+ C+ D +E 

G Start-up costs 8 % TIC 

H Engineering 5 % TIC 

I Owners costs 7 % (F + G + H)  

J Engineering, procurement, construction and 

owner’s cost (EPCO) 

F + G + H + I 

K Project Contingency 10 % EPCO 

  TOTAL CAPITAL COST (CAPEX)  = J + K  
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Table 3.10 Breakdown of operating cost components for hybrid carbon capture. 

  Operating cost elements Nominal value  

F
ix

ed
 c

o
st

s M Insurance 2% TCC 

N Fixed Operating and Maintenance Costs 

(FOM) 

4% TCC + Ins 

O Labour Costs  

V
ar

ia
b

le
 

co
st

s  

 

P Cooling Costs 

 

 

R Membrane Replacement Costs 20% Membrane Capital Cost 

  TOTAL OPERATING COST (OPEX)  = Variable Costs + Fixed costs  

 

In combination with the CAPEX and OPEX components, Table 3.11 shows the general cost 

parameters that were used to evaluate the economic lifetime performance of the hybrid carbon capture 

process. Those parameters followed the standard scoping level process engineering 

assumptions(Peters, Timmerhaus & West 2002). 

Table 3.11 Economic Parameters for techno-economic analysis 

Cost Parameters 

Discount Rate 7 % 

Years of the project 25 years 

Base Year 2011   

Base year CPI 591   

Cost of electricity 40 $/MWh 

Load Factor 85 % 

Capacity Factor 7446 hrs 

Make-up water cost 0.25 $/m3 

Individual Labour Cost 82000 $/yr 

CO2 storage cost 6.03 $/t 

Cost of Black Coal 1.4 $/GJth (LHV) 

Coal LHV 23.84 MJ/kg 

Cost Zeolite 13X 6 $/kg 

Cost Membrane 50 $/m2 
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The techno-economic analysis also took into consideration the costs of energy required for the carbon 

capture process. The energy required was supplied from the power plant, which represented a loss of 

revenue as the energy would have otherwise been dispatched to the grid.  

There were 2 main parameters that were calculated in techno-economic analysis to determine the 

performance of the hybrid carbon capture process: 

i. Cost of CO2 avoidance 

When implementing CCS, energy is required to operate the process resulting in CO2 emissions due to 

CCS. Therefore, the amount of CO2 avoided takes into account the amount of CO2 not captured from 

the power plant as well as the CO2 emitted due to the energy required from the CCS process. The 

equation used to determine the CO2 avoided is shown in  Eq. 3.13. 

/01&Mx%�ywy =&.sw6%vw @.M6Lwv @."�wv§:      Eq. 3.13 

Where,  mBefore is the mass of CO2 emitted to atmosphere before capture 

  mAfter is the mass of  CO2 emitted to atmosphere after capture 

mEnergy is the mass of CO2 emitted from the energy used for capture. 

The CO2 avoided is a better indication of the performance of a carbon capture process over the total 

CO2 captured as it provides a net reduction in CO2 emissions. Furthermore, this allows the cost of 

CO2 avoided to be calculated, which represents the carbon price that would make the capture project 

break even.  

The cost of CO2 avoided ( Eq. 3.14) was calculated using the standard CO2CRC methodology  

developed by Allinson et al. (2006) based on the Net Present Value (NPV). 

/Mx%�y(�'w =& ¨#©q%L(r&/%ªLª¨#©/01(x%�ywy
         Eq. 3.14 

Where,   CAvoidance (A$ per tonne of CO2 avoided) is the cost of CO2 avoided  

NPVTotal Costs (A$) is the Net Present Value of the total costs of the carbon capture on 

an annual basis ( Eq. 3.15) 

NPVCO2 avoided (tonne) is the Net Present Value of the CO2 avoided on an annual basis 

( Eq. 3.16). 

¨#©q%L(r&/%ªLª = � /M#"«��0#"«�
7A�y;�

��nA         Eq. 3.15 

¨#©/01(x%�ywy = � 7/01&(x%�ywy;�
7A�y;�

��nA         Eq. 3.16 
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Where,   d (% per annum) is the real discount rate  

  n (years) is the total project life. 

ii. Levelised Cost of Electricity (LCOE) 

LCOE represents the final cost of electricity at which the power plant operator provides electricity to 

the grid. This excludes the costs of electricity transmission and distribution. Using the NPV, the 

LCOE (A$/MWh) was calculated using the following equation: 

�^N,3}¬|�� =
®¯°±{²��&±~}m|�3}¬|��

®¯°³�|&±{²��  

Where,  LCOECapture (A$/MWh) is the Levelised Cost of Electricity after implementing the 

CCS facility 

 NPVPowerplant + Capture (A$) is the Net Present Value of the total costs for the power plant 

and CCS facility 

NPVNet Power (MWh) is the Net Present Value of the net power output of the power 

plant. 

Finally, in this study, it was estimated that the LCOE for the power plant without capture is 

A$40/MWh. 
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4 VSA/Low-Temperature Hybrid Carbon Capture Process Results 

and Discussion 

This chapter presents the main results obtained for the VSA/low-temperature carbon capture process 

in section 4.1 and discusses those results in more detail in section 4.2.  

4.1 VSA/ Low-Temperature Hybrid System Results 

The Pareto Optimal Front is the solution obtained from the last generation of the Genetic Algorithm 

of the non-dominated solution set. The results shown are for a MOO using 75 individuals with a 

minimum of 50 generations.  

The two objective variables (OV) when performing the optimization of the hybrid carbon capture 

process were: 

i. Maximise overall recovery rate of CO2 from the hybrid carbon capture process (%) 

ii. Minimise the total shaft work required for the hybrid carbon capture process (MWe) 

4.1.1 Pareto Optimal Front 

Figure 4.1 shows the Pareto Optimal Front of the final generation and the fifth last generation for the 

two objective variables. The graph shows that not much improvement can be made through the MOO 

by increasing the number of generations. The table of objective variables and corresponding decision 

variables for the final generation can be found in the Appendix section B.1. 

 

Figure 4.1 Pareto Optimal Front of overall recovery rate as a function of total shaft work 

required (MWe) 
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From the results obtained for the final generation, a second order exponential regression of the data 

points was performed to obtain a continuous curve representing the total work required as a function 

of the overall CO2 recovery rate. The continuous curve is shown in Figure 4.2. 

 

Figure 4.2 Overall recovery rate of hybrid system as a function of total work required (MWe) 

for VSA/low-temperature hybrid process fitted to a second order exponential regression. 

The equation and the resepective R-squared value for the fitted curve are as follows: 

p = Mws7A*´´; E /wt7A*´´;        Eq. 4.1 

· VSA/low-temperature separation hybrid process (R2 = 0.986): 

A = 82.6; B = -10.2; C = 73.7; D = -0.0713 

Where, W is the total work required (MWe) and 

 RR is the overall recovery rate of the hybrid carbon capture process. 

4.1.2 Decision Variables Pareto Charts 

MOO is a very useful tool to also understand how each of the decision variables affects the objective 

functions. The Pareto charts of the decision variables for the different carbon capture stages are shown 

in Figure 4.3, Figure 4.4 and Figure 4.5 as a function of objective 1: Maximum overall CO2 recovery 

rate of the hybrid carbon capture system. The overall CO2 recovery rate was chosen as the reference 

objective variable since CCS systems generally require high capture rate. 
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Figure 4.3, Figure 4.4 and Figure 4.5 display the Pareto charts of the decision variables affecting the 

VSA process, low-temperature capture process and membrane process, respectively. 

 

Figure 4.3 Pareto chart of the two decision variables for the VSA capture process versus the 

overall hybrid process CO2 recovery rate. (a) CO2 recovery rate of the VSA process (%); (b) 

CO2 outlet purity of the VSA process (%) 
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Figure 4.4 Pareto chart of the four decision variables for the low-temperature capture process 

versus the overall hybrid process CO2 recovery rate. 
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Figure 4.5 Pareto chart of the membrane cut versus the overall hybrid process CO2 recovery 

rate. 

4.2 VSA/ Low-Temperature Hybrid System Discussion 

From the objective variables Pareto Optimal Front (Figure 4.1), it is observed that with increasing 

recovery rate, there is an increase in the total shaft work required for CO2 capture. As the slope along 

the optimum front decreases with increasing recovery, this in turn means that the energy intensity for 

each additional percentage point of CO2 capture is increasing.  In the next sections the reason for this 

will be identified, by analysing the decision variables.  

4.2.1 Decision Variables 

Figure 4.3 shows the two decision variables that were varied to change the power requirement of the 

VSA process, namely the CO2 recovery rate and purity. As was expected, the CO2 recovery rate from 

the VSA has a direct correlation with the overall CO2 recovery rate from the hybrid system, where 

increasing the CO2 recovery rate of the VSA system increases the overall CO2 recovery rate of the 

hybrid carbon capture system. It can also be observed from Figure 4.3 (a) that the VSA CO2 recovery 

rate has a linear relationship with the overall CO2 rate of the hybrid system. This means that the 

secondary stage of the hybrid carbon capture process is recovering all the CO2 going through this 

stage. 

Figure 4.3 (b) shows the VSA CO2 outlet purity which has the mirror effect of the VSA CO2 recovery 

rate, where the higher overall recovery rate of the hybrid system selects the lower VSA CO2 outlet 
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i. The CO2 in the VSA waste stream is sent straight to the stack, which means that the CO2 

is not being recovered. Hence, in order to obtain a high overall recovery rate, a high VSA 

CO2 recovery rate is necessary. 

ii. With the first component in consideration, the VSA carbon capture process cannot 

achieve both high purity and high recovery, which is represented by the constraint 

discussed in Chapter 3 and displayed in Figure 4.7. Hence, when high overall CO2 

recovery rate is required, a lower CO2 outlet purity is selected to obtain the higher CO2 

VSA recovery rate. However, when a low overall recovery rate is required, a high VSA 

CO2 outlet purity is favoured. Suggesting that the hybrid carbon capture prefers 

increasing the work load on the VSA capture process to increase the purity, in order to 

decrease the work required on the CO2 purification stage (low-temperature carbon capture 

process). The trade-off between VSA CO2 outlet purity and low-temperature carbon 

capture process is seen in Figure 4.6, where the pre-compression work (Figure 4.6 (a)) 

and the refrigeration work (Figure 4.6 (b)) increases with decreasing VSA CO2 outlet 

purity. 

 

Figure 4.6 Pareto chart representing the correlation between the VSA CO2 outlet purity vs the 

refrigeration work required. 
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The correlation between VSA CO2 recovery rate and VSA CO2 outlet purity was further investigated 

by fitting the VSA performance chosen in the MOO as the optimum conditions in the VSA model 

contour as shown in Figure 4.7. It can be seen that the VSA performance used in the MOO are all 

really close to the constraint line, which indicates that the MOO selects to increase the performance of 

the VSA to the maximum.  

This further shows that the hybrid carbon capture process favours increasing the VSA performance at 

the cost of higher work requirement in order to reduce the work load in the secondary CO2 

purification stage. Figure 4.8 represents this relationship, as the total specific work required for the 

low-temperature carbon capture system is almost twice the specific work required when the VSA CO2 

outlet purity is 0.55 (Low-temperature specific work ≈ 1.1 GJe/t (CO2 recovered)), compared to when 

the VSA CO2 outlet purity is 0.8 (Low-temperature specific work ≈ 0.55 GJe/t (CO2 recovered). 

Figure 4.7 shows the specific work required for the VSA process has a maximum of 0.9 GJe/t (CO2 

recovered), which explains why the hybrid system would select high VSA performance to reduce the 

work on the low-temperature system. 

 

Figure 4.7 VSA model contour representing the VSA performance data selected for the MOO 

optimum operating conditions. 
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Figure 4.8 Pareto chart of VSA CO2 outlet purity vs low-temperature carbon capture system 

total specific work required. 
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Figure 4.9. 
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Figure 4.9 Pareto Chart representing the work required for the refrigeration cycle versus the 

overall CO2 recovery rate of the VSA/LT hybrid system. 
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This higher pressure difference allows more CO2 to be permeated through the membrane. 
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shaft work required per mass flowrate of CO2 being recovered by the process. As discussed in Table 

1.1 in Chapter 1, the MEA solvent absorption baseline system with a multi-stage compression system 

requires approximately 4 GJth/(t CO2 recovered) (Belaissaoui et al. 2012). Using a standard 33% 

thermal efficiency in a coal power plant, the MEA solvent absorption specific energy requirement 

converts to 1.3 GJe/(t CO2 recovered), which was also added to the graph.  

 

Figure 4.10 Recovery rate as a function of specific shaft work (GJe/t(CO2 recovered)) 

This optimum operating condition of minimum specific work of 1.29 GJe/ (t CO2 captured) and 

overall recovery rate of 75.4 % obtained shown in Figure 4.10 can be used to analyse further the 

performance of the hybrid process. The operating condition of each decision variable to obtain the 
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low-temperature separation was generated and shown in Figure 4.11 and the work requirement of 

each component was analysed and displayed in Figure 4.12. 

 

 

 

1 1.5 2 2.5 3 3.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

O
v
e
ra

ll 
H

y
b
ri
d
 R

e
c
o
v
e
ry

 R
a
te

Total Specific Work Required (GJ
e
/t(CO

2
))

 

 

Solvent Absorption Baseline



 

4-11 

 

Table 4.1 Table of decision variable range for MOO and optimum operating conditions of the 

VSA/low-temperature hybrid capture cases 

Decision Variable  Minimum Maximum Optimum 

VSA CO2 Recovery Rate % 0.700 0.985 0.789 

VSA CO2 Outlet Purity % 0.500 0.900 0.769 

Multi-Stage Compression Pressure (kPa) 930 4 000 1 723 

Refrigerant Ethane Molar Fraction  0.19 0.50 0.28 

Refrigerant Molar Flow (mol/s) 1.00 1.65 1.17 

Low-Temp Process Stream Outlet Temp. (°C) -60.5 -40.0 -53.8 

Membrane Cut  0.01 0.76 0.35 

4.2.3 Pinch Analysis 

The stream composite curve in Figure 4.11 shows that the pinch point occurs at the lowest 

temperature since the refrigeration system was included in this composite curve, which indicates that 

no extra cooling duty is required (Table of heat composite curve data can be found in the Appendix 

section B.3). The colder section of the cold composite curve represents the mixed refrigeration section. 

It can be observed that the shape of the mixed refrigerant section matches the hot composite curve 

closely to allow the pinch point at approximately -35°C, where the CO2 just starts to condense. Also 

in Figure 4.11, the total process to process heat exchanged is about 45 MWth or 0.70 GJth/t (CO2 

recovered). 

 

Figure 4.11 Stream composite curve and the grand composite curve shows that the pinch 

temperature occurs at the cold end of the heat exchangers. 

(Grand Composite Curve) 
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The power requirement of the hybrid carbon capture process was analysed at the optimum operating 

conditions. There are four consumers of power throughout the process: The VSA process, pre-

compression prior to the low-temperature separation, the refrigeration compression train required in 

the refrigeration system and the pump that pressurises the pure liquid CO2 to supercritical state. The 

pump requirement is negligible throughout the process (< 0.1 %). The low-temperature separation unit, 

which comprises of both the pre-compression and refrigeration cycle compression, requires a total of 

43% of the total shaft work requirement, which corresponds to 65 MWe. The VSA process, which 

consists of the blower to compress the flue gas prior to entering the VSA and the vacuum pump 

required to go to vacuum pressure for the desorption stage, requires 56% of the total shaft work. 

 

Figure 4.12 Pie chart of total shaft work required for the hybrid capture process. The low-

temperature separation process comprises of the pre-compression and refrigeration power 

requirement. The VSA total power requirement consists of both the blower prior to entering the 

VSA and the vacuum pump required to go to vacuum pressures. 

The two main power consumers are the pre-compression train and the VSA power requirement. The 

pre-compression train cannot be further optimised other than the decision variables that have been 

allocated. The second main power consumer is the VSA process and in order to improve the power 

requirement, further improvement to the VSA process would be required such as better adsorbents or 

different VSA configurations. 
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4.2.4 Exergy Analysis 

This sub-section displays and discusses the results obtained for the exergy analysis of the VSA/low-

temperature separation hybrid carbon capture process. MOO was used to perform the exergy analysis 

and the two objective variables (OV) when performing the optimization were: 

i. Maximise overall recovery rate of hybrid carbon capture process (%) 

ii. Minimise the exergy loss rate for the hybrid carbon capture process (kW) 

The Pareto Optimal Front is the solution obtained from the last generation of the Genetic Algorithm 

of the non-dominated solution set. The results shown are for a MOO using 100 individuals with a 

minimum of 50 generations1.  

The Pareto Optimal Front of the objective variables are shown in Figure 4.13 and the decision 

variables Pareto charts are shown in Figure 4.14. 

 

Figure 4.13 Graph of objective variables exergy loss rate (kJ/s) versus recovery rate 

                                                      
1 The results presented in this chapter were presented at the Process Integration, Modelling and Optimisation for 
Energy Saving and Pollution Reduction Conference in Prague and published in the Chemical Engineering 
Transactions (Li Yuen Fong et al. 2014) 
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Figure 4.14 Pareto chart of the six decision variables versus the CO2 recovery rate (a) Ethane 

molar fraction (b) Refrigerant molar flow (mol/s) ; (c)Multi-stage compression pressure (kPa); 

(d) Process stream minimum temperature (°C); (e) VSA CO2 Recovery Rate (f) VSA CO2 outlet 

purity (%) 

The Pareto charts of the first six decision variables are shown in Figure 4.13 plotted against the 

objective 1: Maximum CO2 Recovery. It can be seen from Figure 4.14 that most decision variables 

seem to have a scattered effect over the recovery rate except for two main decision variables; multi-

stage compression pressure and the VSA CO2 recovery rate. The higher compression pressure 

increases the partial pressure of CO2 and therefore facilitates the separation of CO2 from nitrogen. As 

discussed in the previous sub-sections, the pressure of the stream lowers the CO2 freeze out 

temperature, which effectively allows the stream to be cooled to the lowest temperature possible 

before forming solid CO2. Finally, the VSA CO2 recovery rate dictates the overall recovery rate since 

the CO2 lost in the waste stream from the VSA cannot be recovered. 
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From the objective variable Pareto Optimal Front (Figure 4.13) could be observed that with increasing 

recovery rate, there was an increase in exergy loss rate. A new graph, using the Pareto-Optimal 

solutions, of specific exergy loss rate versus recovery rate was also generated (Figure 4.15), where 

specific exergy loss rate is the exergy loss rate per mass of CO2 being recovered by the process. 

 

Figure 4.15 Graph of specific exergy required (GJ/t (CO2)) versus recovery rate 

The increase in exergy loss rate with increasing recovery rate from Figure 4.13 can be explained by 

the increase in exergy required in the compressors in the multi-stage compression of the process 

stream. Figure 4.15 shows that the rate of change of exergy loss is lower than the rate of change of 

CO2 being captured and thus the specific exergy loss rate decreases with increasing CO2 being 

captured up until a capture rate of 95 %. Figure 4.15 shows that the specific exergy loss rate has a 

minimum point at a recovery rate of approximately 95 % and total specific exergy loss rate of around 

1.16 GJ/t (CO2 recovered). 

In addition to the decision variables and objective variables, other key process performance variable 

were also recorded while performing the MOO. Two of those variables can be seen in Figure 4.16 (a) 

and Figure 4.16 (b), which were the ‘total shaft work required’ and the ‘total specific shaft work 

required’. This enabled a relationship between the exergy loss rate and total shaft work required to be 

examined as in Figure 4.17. 
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Figure 4.16 (a): Graph of total shaft work required (kW) versus recovery rate. (b): Graph of 

specific shaft work required (GJ/t (CO2)) versus recovery rate. 

 Figure 4.16 (a) and Figure 4.16 (b) yielded results that were similar to Figure 4.13 and Figure 4.15, 

which means that the total shaft work required and exergy loss rate have a linear relationship. This 

was further proven in Figure 4.17, where the total specific exergy loss rate and total specific shaft 

work required showed a linear graph. This relationship can be explained by the fact that 

approximately 99% of the exergy input is from the shaft work in the compressors. 

 

Figure 4.17 Graph of total specific shaft work required (GJe/t (CO2)) versus specific exergy loss 

rate (GJ/t (CO2)) 
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energy analysis. This is mainly due to the fact that exergy analysis is best used when thermal and 

chemical energy is involved, such as a solvent absorption process. Therefore, exergy analysis was not 

used in the future hybrid processes studied in this project. 
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5 Membrane/Low-Temperature Hybrid Carbon Capture Process 

Results and Discussion 

This chapter follows a similar structure to Chapter 4 and presents the main results obtained for the 

Membrane/low-temperature carbon capture process in section 5.1 and discusses those results in more 

detail in section 5.2.  

5.1 Membrane/ Low-Temperature Hybrid System Results 

The results shown for each membrane/low-temperature hybrid carbon capture case are for a MOO 

using 50 individuals with a minimum of 100 generations.  

Similar to the VSA/low-temperature hybrid carbon capture system, the two objective variables (OV) 

when performing the optimization of the membrane/low-temperature hybrid carbon capture process 

were: 

i. Maximise overall recovery rate of hybrid carbon capture process (%) 

ii. Minimise the total shaft work required for the hybrid carbon capture process (MWe) 

As discussed in Chapter 3, due to the higher flexibility of the membrane performance compared to the 

VSA process, two refrigeration cycles using two different refrigerants were investigated: mixed 

ethane/propane refrigerant (Case I) and propane only refrigerant (Case II).  

5.1.1 Pareto Optimal Front 

The Pareto Optimal Front for Case I and Case II are shown in Figure 5.1 and Figure 5.2, respectively. 

In order to show convergence of the MOO, each figure show the Pareto Optimal Front for the final 

generation, GenFinal and the fifth last generation, (GenFinal – 5). The table of objective variables and 

corresponding decision variables can be found in the Appendix section B.2. 
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Figure 5.1 Pareto Optimal Front of overall CO2 recovery rate as a function of total shaft work 

required (MWe) for Case I (Mixed Refrigerant) 

 

Figure 5.2 Pareto Optimal Front of overall CO2 recovery rate as a function of total shaft work 

required (MWe) for Case II (Propane Refrigerant) 
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The two cases are compared by combining the Pareto Optimal Front for the final generation on one 

graph (Figure 5.3). Figure shows a fitted 3rd order polynomial for each case to have a clearer 

representation of the performance of the hybrid processes. 

 

Figure 5.3 Overall recovery rate of hybrid system as a function of total work required (MWe) 

for two hybrid processes 

 

Figure 5.4 Best fit curves of Overall recovery rate of hybrid system as a function of total work 

required (MWe) for two hybrid processes 



 

5-4 

 

The equation and R-squared values for each fitted curves are as follows: 

p = Mws7A*´´; E /wt7A*´´;        Eq. 5.1 

Where, W is the total work required (MWe) and 

 RR is the overall recovery rate of the hybrid carbon capture process. 

The coefficients used for each set of data and the respective R-squared values are as follows: 

· Membrane/low-temperature separation hybrid process – Case I (R2 = 0.998): 

A = 41.0; B = -71.1; C = 124; D = -2.15 

· Membrane/low-temperature separation hybrid process – Case II (R2 = 0.997): 

A = 57.9; B = -98.3; C = 133; D = -2.32 

5.1.2 Decision Variables Pareto charts 

Similar to Chapter 4, the decision variables are studied to understand their effect on the objective 

functions. The Pareto charts of the decision variables were separated into three sections, one for each 

carbon capture stages and are shown in Figure 5.5, Figure 5.6 and Figure 5.7. The overall CO2 

recovery rate was chosen as the reference objective variable for the same reason as chapter 4 and to 

maintain consistency throughout project. 

Figure 5.5, Figure 5.6 and Figure 5.7 display the Pareto charts of the decision variables affecting the 

membrane process, low-temperature capture process and recycling membrane process, respectively. It 

should be noted that in Figure 5.6 (c), the Pareto chart for the refrigerant flowrate includes values for 

both Case I and Case II. However, as specified in Chapter 3, Case II does not use the refrigerant 

flowrate as a decision variable. The refrigerant values for Case II are simply obtained post-simulation 

to better understand the correlation between the two cases. 
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Figure 5.5 Pareto chart of the three decision variables governing Membrane A versus the CO2 

recovery rate (a) Membrane A Cut (b) Membrane A Feed Pressure; (c) Membrane A Permeate 

Pressure (kPa). 
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Figure 5.6 Pareto chart of the four decision variables for the low-temperature capture process 

versus the overall hybrid process CO2 recovery rate. 
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Figure 5.7 Pareto chart of the membrane B cut versus the overall hybrid process CO2 recovery 

rate. 

5.2 Membrane/ Low-Temperature Hybrid System Discussion 

From the objective variables Pareto Optimal Front (Figure 5.3), it is observed that the relationship of 

the two objective variables for the membrane/low-temperature hybrid carbon capture cases are similar 

to the VSA/low-temperature hybrid carbon capture process in chapter 4, where the recovery rate 

increases with the increase in total shaft work required for CO2 capture.  

5.2.1 Decision Variables 

Figure 5.5 shows that both cases have an almost identical correlation for the decision variables for the 

initial membrane process (Membrane A). This shows that in both cases, Membrane A has identical 

performance for the membrane CO2 recovery rate and membrane CO2 outlet purity, which is 

represented in Figure 5.8 and Figure 5.9, respectively, as a function of the overall CO2 recovery rate 

of the hybrid system. 
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Figure 5.8 Pareto chart representing Membrane A CO2 recovery rate as a function of the 

overall CO2 recovery rate of the hybrid carbon capture system. 

 

Figure 5.9 Pareto chart representing Membrane A CO2 outlet purity as a function of the overall 

CO2 recovery rate of the hybrid carbon capture system. 

As it can be seen in Figure 5.8 and Figure 5.9, the membrane CO2 recovery rate has a linear 
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relationship with the overall recovery rate. This is a similar correlation to the VSA/low-temperature 

hybrid process and has a similar explanation as discussed in sub-chapter 4.2.1; the overall CO2 

recovery rate is governed by the recovery rate of Membrane A since the retentate stream is sent 

straight to the stack. At high Membrane A CO2 recovery rate, Membrane A cannot achieve a high 

CO2 outlet purity. This is represented in Figure 5.10, where the Membrane A CO2 outlet purity is 

shown as a function of Membrane A specific work. 

 

Figure 5.10 Pareto chart representing Membrane A CO2 outlet purity as a function of the 

membrane A specific work required. 

Furthermore, the identical performance of Membrane A in both cases indicates that the 

membrane/low-temperature hybrid system prefers increasing the work load of the initial CO2 recovery 

stage, Membrane A, instead of the CO2 purification stage (low-temperature carbon capture system). 

This is shown in Figure 5.11, where the membrane specific work and the low-temperature specific 

work is shown as function of overall CO2 recovered; The low-temperature specific work includes the 

pre-compression work required and the refrigeration compression work required. It can be observed 

that both Case I and Case II have the same specific work requirements. 
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Figure 5.11 Pareto chart representing specific work required for membrane unit (blue) and the 

low-temperature carbon capture unit (red) for (a) Case I; (b) Case II. 

Figure 5.6 (c) shows the refrigerant flowrate increases with overall recovery rate required in order to 

compensate for the decrease in CO2 outlet purity of Membrane A. The main difference in all the 

figures in Figure 5.6 is the temperature of the process stream exiting the refrigeration heat exchanger 

(Figure 5.6 (a)). As expected, the mixed ethane/propane refrigeration system selected the low-

temperatures of approximately -55ºC and the propane only refrigeration system selected higher 

temperatures of approximately -35ºC. The lower temperatures achieved by the mixed refrigerant 

(Case I) allowed lower feed pressures to be selected, whereas Case II always required pressures of 

3000 kPa or higher.  

Figure 5.7 shows that Membrane B, the membrane following the low-temperature process, requires a 

higher membrane cut in Case II than Case I. This is because Case II, achieves a higher temperature 
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resulting in the waste stream of the low-temperature CO2 process has more CO2 to be recovered from 

Membrane B. Hence, a higher cut would be required for Membrane B. 

5.2.2 Objective Variables Pareto charts and Optimum Specific Work Required 

In order to compare the performance of the membrane/low-temperature hybrid carbon capture process 

on the same basis as the VSA/low-temperature hybrid capture process, the Pareto chart of the total 

specific shaft work as a function of recovery rate was produced in Figure 5.12. The total specific shaft 

work required is the total shaft work required per mass flowrate of CO2 being recovered by the 

process. 

 

Figure 5.12 Overall recovery rate of hybrid system as a function of total specific work required 

(GJe/t(CO2)) for two hybrid processes 

As it can be seen in Figure 5.12, the total specific work required plateaus at overall recovery rate 

lower than 60% and increases as the overall recovery rate increases to 100%. It can also be observed 

that the membrane/low-temperature hybrid process for both cases are very competitive with the 

solvent absorption baseline. Hence, in order to perform further analysis on the hybrid processes, a set 

of operating conditions need to be selected as the optimum point for each case. An overall CO2 

recovery rate of approximately 90% is selected as the optimum points for each case to allow 

comparison with the solvent absorption baseline. 
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The summary of the operating conditions for the optimum minimum specific work and corresponding 

recovery rate for each hybrid carbon capture case is shown in Table 5.1. These optimum conditions 

were used to further analyse the performance of the hybrid process in the next sub-chapters.  

Table 5.1 Table of decision variable range for MOO and optimum operating conditions of the 

two membrane/low-temperature hybrid capture cases 

  Case I - Mixed Refrigerant Case II - Propane Refrigerant 

 Decision Variable Units Min Max Optimum Min Max Optimum 

Membrane A Cut - 0.05 0.90 0.22 0.05 0.90 0.22 

Membrane A Feed 

Pressure (kPa) 110 200 110 110 200 114 

Membrane A Permeate 

Pressure (kPa) 10 100 10.0 10 100 10.1 

Multi-Stage Compression 

Pressure (kPa) 1250 4500 2898 2000 4500 3040 

Refrigerant Molar Flow (mol/s) 1.2 3 1.50 N/A N/A N/A 

Refrigerant Ethane Molar 

Fraction - 0.5 0.8 0.64 N/A N/A N/A 

Heat Exchanger Network 

Intermediate Temperature (°C) N/A N/A N/A -25 5 -23.0 

Low-Temp. Process 

Stream Outlet 

Temperature (°C) 

-60 -40 -53.9 -35 -25 -34.4 

Membrane B Cut - 0.05 0.8 0.45 0.05 0.9 0.55 

Optimum Overall CO2 

Recovery Rate - - - 0.892 - - 0.898 

Optimum total specific 

shaft work 

(kJ/t(CO2 

captured) - - 1.38 - - 1.43 
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The difference in optimum performance between the two cases can be further analysed through the 

Pareto Charts of the three main components that require work which are shown in Figure 5.13. Figure 

5.13 (a) shows that the work requirements for Membrane A in both cases are similar. This mirrors the 

results obtained in Figure 5.5 (b) and Figure 5.5 (c), where the feed pressure and permeate pressure of 

Membrane A for both cases are comparable.  

Figure 5.13 (b) represents the total work required in the compression train of the refrigeration cycles 

for each case. As expected, the propane refrigerant refrigeration cycle (Case II), requires less work 

than the mixed refrigerant refrigeration cycle (Case I). As explained in sub-chapter 3.4.2 and Figure 

3.14, this is due to the higher temperatures obtained by the propane refrigerant, which require lower 

pressure ratios in comparison to the mixed refrigerant, where higher pressure ratios are required to 

achieve the colder temperatures.  

Figure 5.13 (c) shows the total work required for the pre-compression of the feed stream entering the 

low-temperature separation. It can be observed that Case I requires less work than Case II. This 

further confirms Figure 3.14, whereby the mixed refrigerant hybrid system has lower temperatures in 

the low-temperature unit. The lower temperature allows the CO2 to be liquefied at lower pressure, 

therefore requiring less work in the pre-compression train.  

The similar values obtained for the overall work required for both cases mean that the trade-off in 

work requirement for the refrigeration unit and pre-compression unit is almost equal. Furthermore, it 

shows the flexibility of the hybrid carbon capture system when using a low-temperature process as 

using different refrigeration system show almost exact final results. 
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Figure 5.13 Pareto chart of the three main components requiring work versus the CO2 recovery 

rate (a) Total Work Required for Membrane A unit (Compressor A + B); (b) Refrigeration 

Cycle Compressors (Compressor D); (c) Low-Temperature Pre-Compression (Compressor C) 
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5.2.3 Pinch Analysis 

The heat integration of the hybrid carbon capture process was further studied. The heat composite 

curves of the heat integrated low-temperature separation for each optimum case were generated and 

shown in Figure 5.14 and Figure 5.15. The table of heat composite curve data are shown in the 

Appendix section B.4. 

The difference in the two refrigeration units can be further observed in the stream composite curve in 

Figure 5.14 and Figure 5.15. More specifically, in the cold composite curve at the low temperatures, 

which represent the refrigerant streams being heated up from the hot composite curve. The main 

difference reflects Figure 3.8, where the mixed ethane/propane refrigerant system shows its flexibility 

in heat exchanging through the curved composite curve, whereas the propane refrigeration system is 

matched as a straight line. Furthermore, the pinch points at approximately -30°C and 20°C for Case I 

and Case II, respectively, show that the heat integration was effective. 

 

Figure 5.14 Stream composite curve and the grand composite curve for Membrane/Low-

Temperature hybrid carbon capture for Case I – Mixed Refrigerant. 
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Figure 5.15 Stream composite curve and the grand composite curve for Membrane/Low-

Temperature hybrid carbon capture for Case II – Propane Refrigerant. 

5.2.4 Sensitivity Analysis 

A sensitivity analysis was performed on the membrane/low-temperature hybrid carbon capture 

process to forecast the performance of the hybrid process when new and better membranes are 

developed. Using Figure 5.16, 2 different membranes with better performance than the PolarisTM 

membrane (blue dot) were selected: 

i. Red Dot: CO2 Permeance = 2000 GPU and CO2/N2 Selectivity = 50 

ii. Green Dot: CO2 Permeance = 1000 GPU and CO2/N2 Selectivity = 100. 

Those membrane parameters were inserted in the Aspen HYSYS® simulation using the Case II 

membrane/low-temperature hybrid process. Since both Case I and Case II performed almost equally 

competitive with the PolarisTM membrane, Case II with propane only refrigerant was selected for two 

main reasons:  

1. Propane only refrigerant would provide easier process operation due to higher operating 

temperatures. 

2. The simulation of the propane only refrigerant was almost three times faster when running the 

MOO. 

The Pareto Front for the three membranes are shown in Figure 5.17 and the total specific work Pareto 

chart are shown in Figure 5.18. 
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off plot comparing the performance of -permeance trade 2selectivity and CO 2/N2CO 16.5Figure 

 TMdifferent membranes reported in the literature. The blue dot represents the Polaris

membrane and the green and red dot represent the membrane chosen in the sensitivity analysis. 

 

Figure 5.17 Pareto Front representing the results obtained for the three membranes in the 

sensitivity analysis. 
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Figure 5.18 Pareto Front representing the results obtained for the three membranes in the 

sensitivity analysis. 

From Figure 5.18, it can be observed that all three membranes have the same trend. However, only 

doubling the selectivity of the membrane improves on the performance of the PolarisTM membrane. 

On the other hand, doubling the permeance of the membrane does not significantly improve the 

performance of the membrane. This is because improving the selectivity of the membrane improves 

the CO2 outlet purity at no extra work required. This is shown in Figure 5.19, where a higher CO2 

outlet purity is obtained at lower work requirement for the membrane with higher CO2 selectivity. 

Finally, it is important to note that this membrane has a better performance than the solvent absorption 

baseline. 

 

Figure 5.19 Pareto chart representing Membrane A CO2 outlet purity as a function of the total 

work required to operate Membrane A unit.i Yuen Fong 
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6 Techno-Economic Analysis of VSA/Low-Temperature and 

Membrane/Low-Temperature Hybrid Carbon Capture Processes 

This chapter aims to compare the techno-economic performance of each hybrid carbon capture 

processes analysed in Chapter 4 and Chapter 5. It starts by comparing the optimum operating 

conditions of each hybrid system, followed by the techno-economic analysis results of the individual 

hybrid processes. Finally, the techno-economic performance is discussed for both processes. 

6.1 Comparison of VSA/Low-Temperature and Membrane/Low-

Temperature Hybrid Carbon Capture Processes 

Figure 6.1 was obtained by combining the results obtained in the previous two chapters.  It shows the 

final Pareto Front of both the VSA/low-temperature hybrid carbon capture process and the 

membrane/low-temperature hybrid carbon capture process. 

 

Figure 6.1 Pareto Front of total work required as a function of overall CO2 recovery rate for 

three hybrid carbon capture processes: VSA/low-temperature hybrid system, membrane/low-

temperature hybrid system using mixed refrigerant (Case I) and membrane/low-temp hybrid 

system using propane refrigerant (Case II). 

Using the Pareto Fronts, a second order exponential regression of the data points was performed to 

obtain continuous curves representing the total work required as a function of the overall CO2 

recovery rate for each hybrid carbon capture process. These continuous curves are shown in Figure 

6.2. The general equation used for the second order exponential regressions was: 
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p = Mws7A*´´; E /wt7A*´´;        Eq. 6.1 

Where, W is the total work required (MWe) and 

 RR is the overall recovery rate of the hybrid carbon capture process. 

The coefficients used for each set of data and the respective R-squared values are as follows: 

· VSA/low-temperature separation hybrid process (R2 = 0.986): 

A = 82.6; B = -10.2; C = 73.7; D = -0.0713 

· Membrane/low-temperature separation hybrid process – Case I (R2 = 0.998): 

A = 41.0; B = -71.1; C = 124; D = -2.15 

· Membrane/low-temperature separation hybrid process – Case II (R2 = 0.997): 

A = 57.9; B = -98.3; C = 133; D = -2.32 

 

Figure 6.2 Pareto Front of total work required as a function of overall CO2 recovery rate using 

2nd order exponential equations (a*expby + c*expdy) to fit lines of three hybrid carbon capture 

processes. 

As observed in Figure 6.2, all three hybrid processes increase in total work requirement as the overall 

recovery rate increases. Finally, in order to compare the performance of the carbon capture processes 

on the same basis, the total specific work requirement as a function of overall recovery rate was 
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produced in Figure 6.3. The total specific work requirement was derived from the total work 

requirement equation (Eq. 6.1) using the following steps: 

· Total specific work required (Wspec) is the total work required (W) per mass flowrate of CO2 

captured (2- 3453}¬|���). 

p�)w' = p
.- /01/()Luvwy

          Eq. 6.2 

· The overall recovery rate of the hybrid process is the ratio of the CO2 mass flowrate entering 

the carbon capture process from the flue gas (2- 345¢~�) vs the mass flowrate of CO2 captured 

(2- 3453}¬|���). 

´´ = .- /01/()Luvwy
.- /016ruw

          Eq. 6.3 

· Making the mass flowrate of CO2 captured (2- 3453}¬|���) and substituting the parameter 

into Eq. 6.2 yields Eq. 6.4. 

p�)w' = p
.- /016ruw

× A
´´         Eq. 6.4 

· Finally, substituting Eq. 6.1 in Eq. 6.4 produces the total specific work required as a function 

of the overall recovery rate of the hybrid process: 

p�)w' = Mws7Aµ´´;�/wt7Aµ´´;
.- /016ruw

× A
´´       Eq. 6.5 
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Figure 6.3 Pareto Front of total specific work required as a function of overall CO2 recovery 

rate using best fit lines of three hybrid carbon capture processes. 

Figure 6.3 shows that at 90% recovery rate, which is the recovery rate for the solvent absorption 

baseline, Case I of the membrane/low-temperature hybrid carbon capture process performs slightly 

better than the other two hybrid process.  Furthermore, while at overall recovery rates of higher than 

80%, all three hybrid processes have similar performance, at lower recovery rates, both 

membrane/low-temperature hybrid carbon capture cases have much lower total specific work 

requirement. This is due to the higher flexibility obtained from the membrane process, allowing the 

hybrid process to perform better over a higher range. 

6.2 Techno-Economic Analysis Results 

In order to determine the techno-economic performance of each hybrid system, a set of optimum 

operating conditions were selected and the techno-economic analysis was performed at those 

conditions. The optimum conditions were determined using the total shaft specific work required for 

each system, which was further discussed in Chapter 4 and Chapter 5 for the different hybrid carbon 

capture systems.  

A detailed techno-economic result for the membrane/low-temperature separation hybrid carbon 

capture with an overall CO2 recovery rate of 90% is shown in the Appendix in section B.4. 
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6.2.1 VSA/ Low-Temperature Hybrid System 

The operating conditions and performance for each case are represented in Table 6.1.  

Table 6.1 Operating conditions and performance for the four VSA/Low-Temperature hybrid 

carbon capture systems used for the techno-economic analysis. 

Overall Process Performance 

Overall Recovery Rate of Hybrid System % 79.4% 85.1% 90.0% 94.7% 

Total Shaft Work Required  MWe 83 91 105 124 

Specific Shaft Work Required  GJe/t(CO2) 1.40 1.35 1.46 1.65 

Decision Variables 

Ethane Fraction (-) 0.45 0.30 0.37 0.46 

Refrigerant Molar Flow mol/s 1.20 1.25 1.39 1.34 

Min Process Temp C -53.5 -56.4 -48.7 -51.8 

Membrane Cut (-) 0.16 0.28 0.39 0.31 

Pre-LT Pressure kPa 2026 3079 2770 3871 

VSA Purity % 79.8 67.3 64.9 64.5 

VSA Recovery Rate % 75.4 85.9 91.1 91.8 

 

The techno-economic parameters and methodology discussed in sub-chapter 3.4.4 was applied to each 

set of optimum conditions to obtain the capital costs for the equipment shown in Table 6.2. This table 

shows that the compressors are the most expensive equipment, which mirrors the energy requirement 

of the hybrid carbon capture system. 
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Table 6.2 Techno-economic summary of four VSA/Low-Temperature hybrid carbon capture 

systems. 

Overall Recovery Rate of Hybrid System 79.4% 85.1% 90.0% 94.7% 

Low-Temperature Feed Compressors Capital Cost 

(A$ million) 44 46 53 60 

Vacuum Pump Capital Cost (A$ million) 28 33 38 49 

Refrigeration Compressors Capital Cost (A$ million) 12 12 14 15 

Blower Capital Cost (A$ million) 1 4 3 2 

VSA Vessel Capital Cost (A$ million) 2 2 2 2 

Other Capital Cost (A$ million) 3 4 4 5 

Total Equipment Capital Cost (A$ million) 91 101 114 133 

The total equipment cost was used to determine total capital cost and the operating cost from the 

factors displayed in Table 3.9 and Table 3.10. The loss in revenue was calculated from the energy 

penalty and the storage cost was a factor of the amount of CO2 captured from hybrid carbon capture 

system. Finally, the levelised cost of electricity (LCOE) and the cost of CO2 avoidance was 

determined by evaluating all the economic parameters over the 25 years of the project. Figure 6.4 is a 

graphical representation of the costs breakdown in present value (PV) as well as the LCOE and cost of 

CO2 avoidance. 

 

Figure 6.4 Costs breakdown in present value (PV), LCOE and cost of CO2 avoidance for four 

VSA/Low-Temperature hybrid carbon capture systems. 
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6.2.2 Membrane/ Low-Temperature Hybrid System 

Three points on the Pareto Optimal front from the MOO results were chosen as possible operating 

points for each of the two cases for Membrane/low-temperature hybrid carbon capture processes 

obtained in Chapter 5. The operating performance and the corresponding decision variables for Case I 

are shown in Table 6.3.  

Table 6.3 Operating conditions and performance for the three Case I membrane/low-

temperature hybrid carbon capture systems used for the techno-economic analysis. 

Overall Process Performance 

Overall Recovery Rate of Hybrid 

System 
% 

Case I - 

85.6% 

Case I - 

89.2% 

Case I - 

95.1% 

Total Shaft Work Required MWe 91 98 113 

Specific Shaft Work Required GJe/t(CO2) 1.34 1.38 1.50 

Decision Variables 

Membrane A Cut - 0.200 0.218 0.244 

Membrane A Feed Pressure (kPa) 111 110 139 

Membrane A Permeate Pressure (kPa) 10.0 10.0 10.1 

Multi-Stage Compression Pressure (kPa) 2769 2898 2828 

Refrigerant Molar Flow (mol/s) 1.530 1.501 1.522 

Refrigerant Ethane Molar Fraction - 0.636 0.636 0.268 

Low-Temp. Process Stream Outlet 

Temperature 
(°C) 

-54.0 -53.9 -54.0 

Membrane B Cut - 0.452 0.454 0.436 

 

Table 6.4  represents the summary of techno-economic analysis for Case I, where the total capital cost 

as well as the four main contributors of capital cost is shown. Similar to the VSA/low-temperature 

hybrid carbon capture process, Figure 6.5 is the graphical representation of the costs breakdown in 

present value (PV) as well as the LCOE and cost of CO2 avoidance for Case I. 
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Table 6.4 Techno-economic summary of Membrane/Low-Temperature hybrid carbon capture 

systems for Case I. 

Overall Recovery Rate of Hybrid 

System 

Case I - 

85.6% 

Case I - 

89.2% 

Case I - 

95.1% 

Compressors Capital Cost (A$ million) 46 51 56 

Vacuum Pump Capital Cost 

(A$ million) 24 26 29 

Ref Comp Capital Cost (A$ million) 18 13 15 

Blower Capital Cost (A$ million) 4.0 3.7 16.8 

Other Capital Cost (A$ million) 6.5 11.5 8.6 

Total Capital Cost (A$ million) 99 106 126 

 

 

Figure 6.5 Costs breakdown in present value (PV), LCOE and cost of CO2 avoidance for three 

operating conditions for Case I (Mixed Refrigerant) Membrane/Low-Temperature hybrid 

carbon capture systems. 

A techno-economic analysis was also performed for the membrane/low-temperature hybrid carbon 

capture system using propane (Case II). The operating conditions used in the analysis and the 

corresponding decision variables are shown in Table 6.5. 
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Table 6.5 Operating conditions and performance for the three Case II membrane/low-

temperature hybrid carbon capture systems used for the techno-economic analysis. 

Overall Process Performance 

Overall Recovery Rate of Hybrid 

System 
% 

Case II - 

84.9% 

Case II - 

89.8% 

Case II - 

95.3% 

Total Shaft Work Required MWe 90 102 121 

Specific Shaft Work Required GJe/t(CO2) 1.34 1.43 1.58 

Decision Variables 

Membrane A Cut - 0.201 0.221 0.203 

Membrane A Feed Pressure (kPa) 112 114 114 

Membrane A Permeate Pressure (kPa) 10.4 10.1 11.8 

Multi-Stage Compression Pressure (kPa) 3274 3040 4053 

Heat Exchanger Network Intermediate 

Temperature 
(°C) 

-5.054 -5.054 4.844 

Low-Temp. Process Stream Outlet 

Temperature 
(°C) 

-34.7 -34.4 -29.0 

Membrane B Cut - 0.526 0.552 0.498 

 

Table 6.6 represents the summary of the equipment capital cost breakdown and Figure 6.6 is the 

graphical representations of the summary and Case II. 
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Table 6.6 Techno-economic summary of Membrane/Low-Temperature hybrid carbon capture 

systems for Case II. 

Overall Recovery Rate of Hybrid 

System 

Case II - 

84.9% 

Case II - 

89.8% 

Case II - 

95.3% 

Compressors Capital Cost (A$ million) 52 59 75 

Vacuum Pump Capital Cost (A$ million) 24 27 32 

Ref Comp Capital Cost (A$ million) 11 12 13 

Blower Capital Cost (A$ million) 3.8 4.8 3.3 

Other Capital Cost (A$ million) 4.7 5.0 5.5 

Total Capital Cost (A$ million) 97 108 129 

 

 

Figure 6.6 Costs breakdown in present value (PV), LCOE and cost of CO2 avoidance for three 

operating conditions for Case II (Propane Refrigerant) Membrane/Low-Temperature hybrid 

carbon capture systems. 

6.3 Techno-Economic Analysis Discussion 

From the results obtained for the techno-economic analysis, it can be seen that the LCOE and cost of 

avoidance follows the same trend of the total specific work requirement. The techno-economic results 
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for each of the hybrid carbon capture processes at 90% overall CO2 recovery rate is shown in Figure 

6.7.  

 

Figure 6.7 Comparison of techno-economic performance for three hybrid carbon capture 

processes at 90% overall CO2 recovery rate. 

At 90% overall recovery rate, the Case I membrane/low-temperature hybrid carbon capture system 

has the lowest LCOE of 96 A$/MWh, followed by Case II membrane/low-temperature hybrid carbon 

capture system (101 A$/MWh) and finally the VSA/low-temperature hybrid carbon capture system 

has the highest LCOE at 106 A$/MWh. However, even at 96 A$/MWh, this is an increase in cost of 

electricity of 56 A$/MWh, or more than double the current electricity price. 

However, with an LCOE of 96 A$/MWh, the corresponding cost of CO2 avoidance is 67 A$/t (CO2 

avoided), which is competitive with the MEA solvent absorption retrofitted cost of CO2 avoidance in 

the literature. Xu et al. (2013) studied an MEA solvent absorption retrofitted to a supercritical power 

generation power plant and determined a cost of avoidance of 57 $/t (CO2 avoided). Converting the 

U$ (2013) to the base case of A$(2011), the cost of avoidance from Xu et al. (2013) is approximately 

74 A$/t (CO2 avoided). 

The economic performance of the hybrid processes follow the work requirement performance due to 

the heavy reliance of the hybrid process on the compressors. It can be seen from the results that for 

the three hybrid processes, around 85-95% of the capital costs are distributed in the compressors costs 

(vacuum pumps, refrigeration compressor train, pre-compression train and blowers). Hence, reducing 

the work requirement is paramount when aiming to reduce the cost of CCS for the hybrid carbon 
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capture processes. This is further shown in Figure 6.8, where a techno-economic analysis was 

performed on the improved membrane (Case IIS) used in the sensitivity analysis in section 5.2.4.  

As discussed in section 5.2.4, the higher performing membrane (CO2 Permeance = 1000 GPU and 

CO2/N2 Selectivity = 100) reduced the total work requirement and total specific work requirement of 

Case II membrane/low-temperature hybrid process. As it can be seen in Figure 6.8, this resulted in a 

reduction in LCOE (90 A$/MWh) with an overall recovery rate of 91.1%. On the other hand, 

improving the CO2 Permeance to 2000 GPU increased the LCOE to 106 A$/MWh for an overall 

recovery rate of 91.2%. The increase in LCOE over the base case can be explained by the increase in 

overall CO2 recovery rate from 89.2% to 91.2%. 

 

Figure 6.8 LCOE for three operating conditions for Case II (Propane Refrigerant) 

Membrane/Low-Temperature hybrid carbon capture systems using three different membranes.  
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7 Research Findings and Recommendations 

According to the IPCC  report (Metz 2005), the energy sector contributes to a large portion of the 

carbon emissions and a wide range of technologies need to be implemented to make the progression 

towards the low carbon dioxide emission; Carbon capture and storage is one of the technologies that 

needs to be employed (Stocker et al. 2013). CCS projects are being implemented globally on a large 

scale but more projects need to be initiated to meet the 2050 carbon emission target (Global CCS 

Institute 2014). One of the major challenge in increasing the rate of projects being initiated is the 

energetic and economic cost of implementing CCS in power stations. This research developed two 

hybrid carbon capture processes with the aim to reduce the energetic and economic cost of the current 

CCS processes.   

The two hybrid processes that were developed are VSA/low-temperature separation hybrid carbon 

capture processes and membrane/low-temperature separation hybrid carbon capture processes. The 

processes were then evaluated using MOO and the energetic and economic performance were 

compared to the MEA solvent absorption carbon capture processes. Finally, the effect of potential 

improvement in membrane technology on the overall performance of the membrane/low-temperature 

hybrid carbon capture processes were also studied. 

7.1 Research Findings 

Both the VSA/low-temperature separation hybrid carbon capture process and membrane/low-

temperature separation hybrid carbon capture processes show that they can achieve a high CO2 

recovery rate and high CO2 purity required for carbon sequestration, while also performing well in 

terms of the energy consumption.  

The MOO technique was used to obtain a range of overall CO2 recovery rates and the matching 

minimum total shaft work required to operate the hybrid capture processes along with the 

corresponding operating decision variables. As expected, it was found that the minimum work 

requirement increased when the overall CO2 recovery rate was increased, which results in a range of 

optimum operating conditions for the hybrid carbon capture processes. 

In order to compare the hybrid carbon capture processes on the same baseline as other capture 

processes, the total shaft work required was converted to the total specific shaft work required and 

compared to an overall CO2 recovery rate of 90%. The total specific shaft work required by the hybrid 

capture process (GJe/t (CO2 captured)) was obtained by dividing the total shaft work required (MWe) 

by the corresponding amount of CO2 being recovered for capture (kg/s).  

This resulted in an optimum specific shaft work of 1.46 GJe/t (CO2 captured) when 90.0 % of the CO2 

is being recovered by the VSA/low-temperature hybrid process. Both Case I (mixed refrigerant) and 
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Case II (propane refrigerant) for the membrane/low-temperature hybrid processes considered have an 

optimum minimum specific work required of 1.38 GJe/t (CO2 recovered)  and 1.43 GJe/t (CO2 

recovered)  with an overall CO2 recovery rate of 89.2% and 89.8% respectively. 

It is to be noted that a comparable established MEA solvent absorption separation system with a 

multi-stage compression system requires 4 GJth/t (CO2 recovered), which converts to approximately 

1.3 GJe/t (CO2 recovered). Therefore, both hybrid processes provide a highly competitive option to the 

commercial MEA solvent absorption separation system on an energy requirement basis. Furthermore, 

as shown in Table 7.1 the hybrid carbon capture processes always perform better than the individual 

carbon capture processes in terms of the specific work required. 

Table 7.1 Summary of specific work required results for hybrid processes compared with 

individual carbon capture processes at 90% CO2 recovery rate. 

Individual Carbon Capture Processes 

Carbon Capture Technology Units Value 

MEA (Xu et al. 2013) GJe/t(CO2 Captured) 1.32 

VSA (Liu et al. 2012) GJe/t(CO2 Captured) 2.37 

Multi-Stage Membrane (Zhang, X, He & Gundersen 2013) GJe/t(CO2 Captured) 2.00 

Hybrid Carbon Capture Processes 

VSA/Low-Temp GJe/t(CO2 Captured) 1.46 

Memb/Low-Temp (Case I) GJe/t(CO2 Captured) 1.38 

Memb/Low-Temp (Case II) GJe/t(CO2 Captured) 1.43 

 

An overall exergy analysis of the VSA/low-temperature separation hybrid carbon capture system was 

also performed while optimising the process using MOO. This allowed different key decision 

variables to be varied to understand the effect that they have on the overall recovery rate and exergy 

loss rate. It was determined that the multi-stage compression and the VSA recovery rate had the 

biggest impact on the overall recovery rate. A minimum specific exergy loss of 1.6 GJe per tonne of 

CO2 was found at a recovery rate of 95 % which is produced with a multi-stage compressor outlet 

pressure of 1700 kPa to 2500 kPa and with a VSA recovery rate of between 95% and 96%.   

It was observed that the total specific shaft work had a linear relationship with the specific exergy loss 

rate. This is due to the fact that the compressors account for the majority of the exergy going into the 

system as well as the total shaft work. It is recommended that an exergy analysis should be performed 

on a solvent absorption capture process, where the exergetic requirement would come from both 

compressors and thermal energy, and the results could then be compared to this hybrid process. 

A techno-economic analysis was also performed on the hybrid carbon capture processes operating at 

85%, 90% and 95% overall CO2 recovery rate operating an optimum conditions obtained from the 
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MOO. Table 7.2 represents the summary of results obtained for 90% overall recovery rate; Case I 

membrane/low-temperature hybrid carbon capture system had the lowest LCOE of 96 A$/MWh, 

followed by Case II membrane/low-temperature hybrid carbon capture system (101 A$/MWh) and 

finally the VSA/low-temperature hybrid carbon capture system had the highest LCOE at 106 

A$/MWh. This results in doubling the price of electricity to implement CCS. However, it was found 

that the cost of CO2 avoidance is still lower than the cost of CO2 avoidance when implementing MEA 

solvent absorption. Finally, similar to energetic performance, the economic performance of the 

membrane/low-temperature hybrid process was significantly improved by improving the CO2/N2 

Selectivity from 50 to 100 resulting in an LCOE of 90 A$/MWh and cost of CO2 avoidance of 64 A$/t 

(CO2 avoided). 

Table 7.2 Summary of techno-economic results for hybrid processes compared with singular 

carbon capture processes at 90% CO2 recovery rate. 

 Cost of Avoidance 
($/t(CO2 Avoided)) 

MEA (Xu et al. 2013) 74 

VSA/Low-Temp 78 

Memb/Low-Temp (Case I) 67 

Memb/Low-Temp (Case II) 72 

 

7.2 Concluding Remarks 

Hybrid carbon capture processes using technologies such as VSA, membranes and low-temperature 

carbon separation have shown potential to be energetically and economically competitive with the 

established MEA solvent absorption. The main advantages of the VSA processes, membrane 

processes and low-temperature separation are that they require smaller equipment and simpler process 

operating conditions compared to solvent absorption.  The choice of which of the two systems should 

be employed would probably be based on other factors, such as relative ease of operation or capital 

cost. 

VSA and membranes are still relatively new technologies compared to solvent absorption. Therefore, 

the improvement in those technologies will be beneficial to the overall performance of the hybrid 

technologies as was demonstrated in the results obtained in this study.  

Finally, the process integration methodology used to assess and optimise the hybrid carbon capture 

process demonstrated that hybrid carbon capture processes can operate over a wide range of 

parameters. With the increase in decision variables, this systematic approach combined with MOO 

allowed all the decision variables to be analysed individually and understand their effect on the 

overall process. Hence, this methodology is not restricted to the carbon capture and storage field as it 
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could also be used to assess and optimise other hybrid processes in other fields such as cryogenic 

distillation. 

Li Yuen Fong 
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A. Carbon Capture Processes Framework 

Table A.0. Flue gas composition following pre-treatment 

Feed Conditions Units Value 

Vapour Fraction - 1.00 

Temperature (°C) 38 

Pressure (kPa) 100 

Molar Flow (kmol/h) 10,922 

Mass Flow (kg/h) 405,818 

Composition (mol frac)  

CO2 - 0.5716 

N2 - 0.4284 

 

A.1 Vacuum Swing Adsorption (VSA) Process Simulation 

The VSA equation used in the MOO simulation was derived from a set of simulation data obtained by 

using a simulation of Zeolite 13X on Aspen Adsorption® simulation (Xiao & Webley 2013). The 

VSA simulated was a 3-bed configuration is shown in Figure A.1 using the cycle organiser shown in 

Table A.1. The VSA vessel was divided into two layers: a 0.2m Sorbead layer to remove the water 

from the flue gas and 1m Zeolite 13X layer for the CO2 capture. 

 

Figure A.1 Aspen Adsorption® simulation flowsheet & Adsorption bed configuration 

Table A.1 Cycle organiser for three VSA columns: A, B and C. (RP – Re-pressurising; AD – 

Adsorption; PE↑ - Increase Pressure; PE↓ - Decrease pressurising; IDLE – Idle; EV – Stop Re-

pressurisation) 

  I II III IV V VI VII VIII IX 
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A RP AD PE ↑ PE ↑ EV EV PE ↓ IDLE PE ↓ 

B PE ↓ IDLE PE ↓ RP AD PE ↑ PE ↑ EV EV 

C PE ↑ EV EV PE ↓ IDLE PE ↓ RP AD PE ↑ 

 

The model involves three input process conditions being varied (waste stream CO2 concentration, 

feed pressure and vacuum pressure) to determine the performance of the VSA according to three 

output variables: product stream CO2 concentration, VSA CO2 recovery rate and the vacuum specific 

power required. There were 27 different data points obtained; a sample of the data is shown in Table 

A.2.  

Table A.2. VSA Aspen Adsim® simulation sample data points. 

VSA 

Feed 

Pressure 

(kPa) 

Vacuum 

Pressure 

(kPa) 

Waste 

CO2 

conc. 

(wet) 

Product 

CO2 

conc. 

(dry) 

CO2 

Recovery 

Rate (%) 

Vacuum 

Specific 

power 

(MJ/kg 

CO2) 

Productivity  

(mole 

CO2/hr/kg 

ads) 

Productivity  

(kg 

CO2/hr/kg 

ads) 

110 

5 0.68% 54.53% 98.64% 0.787 2.84 0.125 

10 0.76% 33.92% 96.12% 0.789 3.05 0.134 

20 0.98% 24.52% 96.25% 0.856 3.37 0.148 

The total specific power required for the VSA process was determined in two steps: 

1)  Calculate the blower specific power required to increase the pressure of the flue gas to the 

required VSA inlet pressure. 

2) Add the blower specific power to the vacuum specific power to obtain the total specific power. 

An equation representing the total specific power required as function of the product stream CO2 

concentration and CO2 recovery rate was obtained. This was achieved by selecting 6-10 data points 

that gave the best total specific power, while having a high product stream CO2 concentration or CO2 

recovery rate and fitting a 3D surface curve to the points. This method discards the values that have 

sub-par operating conditions to generate an equation for the best operating conditions of the VSA. In 

order to fit the 3D surface curve, the Curve Fitting application on MATLAB® software was used. 

This application allows the user to choose the polynomial order for each parameter (x and y), 

determines the r-square value and also provides the coefficients to the equation.  

Three cases with three set of data points were used to determine the VSA performance equation: 

Case 1:   

Number of data points: 6 
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Polynomial order: f(x2, y1) 

Initially, six data points, as shown in Table A.3 were used to determine the performance of the VSA 

over a small range of CO2 recovery rate (x) and product CO2 concentration (y). Those initial points 

were chosen since it had high recovery rate and low specific power requirement.  

 

 

 

Table A.3 Case 1 six data points used to determine the performance of VSA. 

Product CO2 Conc. (%) CO2 Recovered (%) Vacuum + Blower Specific 

Power (GJ/t CO2) 

49.21 98.27 0.874 

62.96 91.48 0.719 

64.50 90.21 0.708 

65.93 88.75 0.695 

61.34 96.22 0.826 

51.06 92.56 0.699 

 

Two polynomial orders were possible with six data points: f(x2, y1) and f(x1, y2). The polynomial 

order with the highest r-square value was chosen; in this case it was f(x2, y1). The plots of the curve 

fitting results are shown in Figure A.2 and Figure A.3 and the equation obtained is: 

!(", #) = $. $% & '. %*+" - '. '/*0# - '. ''%%1"2 & '. '''/$$"#    Eq. A.1 

Where f is the total specific power required for the VSA 

 x is the CO2 recovery rate and 

 y is the product CO2 concentration. 

As it can be seen from Figure A.2 and Figure A.3(b), the total specific shaft work increases with 

increasing product CO2 concentration and increasing CO2 recovery rate. The residual errors are also 

negligible, which corresponds to the high r-square value of 0.999. Therefore, this shows that equation 

A.1 can be used to accurately simulate the specific power requirement of the VSA within that product 

CO2 concentration and CO2 recovery rate range. 
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Figure A.2. Plot of 3-D Surface curve fitting of total specific work required (GJ/t(CO2)) vs 

product CO2 concentration (%) vs CO2 recovery rate (%) for Case 1 (6 data points) using 

MATLAB® software with polynomial order x2 & y1. 

 

Figure A.3. (a) Contour plot of total specific work required (GJ/t(CO2)) as a function of product 

CO2 concentration (%) and CO2 recovery rate (%) for Case 1 (6 data points) using MATLAB® 

software with polynomial order x2 & y1. (b) Residual error plot of the total specific work 

required (GJ/t(CO2)) with polynomial order x2 & y1 and the Aspen Adsim® data for Case 1 (6 

data points) using MATLAB® software. 

Case 2:  

Number of data points: 8 

Polynomial order: f(x2, y2) and f(x3, y1) 

88 89 90 91 92 93 94 95 96 97 98 99

50

55

60

65

0.6

0.7

0.8

0.9

1

 

Product CO2 Concentration (%)

CO2 Recovery Rate (%)

 

T
o
ta

l 
S

p
e
c
if
ic

 P
o
w

e
r 

(G
J
/t

(C
O

2
))

TotalSpecificPower vs. CO2 Recovery Rate, Product CO2 Concentration

0.65

0.7

0.75

0.8

0.85

0.9

90 92 94 96 98

50

60

-1

-0.5

0

0.5

1

1.5

x 10
-3

 

 

6 Data Points - residuals

CO2 Recovery Rate (%)

P
ro

d
u

ct
 C

O
2

 (
%

) 
C

o
n

ce
n

tr
at

io
n

 

 

90 92 94 96 98

50

55

60

65

Total Specific Work vs. CO2 RR, Product CO2 Conc.

0.65

0.7

0.75

0.8

0.85

0.9



 A-5  
 

In order to increase the range of the equation, two more points were added to the 6 points from case 1, 

as shown in Table A.4. Since the number of points was increased for case 2, a higher polynomial 

order of f(x3, y1) or f(x2, y2) could be used. However, as it can be seen from Figure A.4 and Figure A.5, 

both polynomials provided an unexpected surface plot as the total specific work would decrease with 

increasing product CO2 concentration. This relationship would not be accurate for a VSA process as 

increasing the product CO2 concentration would require an increase in power requirement. This 

inaccuracy can be due to two main reasons: there are not enough data points over the increased range 

of x and y to predict the correct function or one or two experimental data points that was added were 

outliers. Hence, more data points were added in case 3 to improve the function. 

Table A.4 Case 2 eight data points used to determine the performance of VSA. 

Product CO2 Conc. (%) CO2 Recovered (%) Vacuum + Blower Specific 

Power (GJ/t CO2) 

49.21 98.27 0.874 

62.96 91.48 0.719 

64.50 90.21 0.708 

65.93 88.75 0.695 

61.34 96.22 0.826 

51.06 92.56 0.699 

73.60 81.59 0.666 

79.55 64.26 0.623 

 

 

Figure A.4. Case 2 (8 data points) using MATLAB® software with polynomial order x3 & y1 (a) 

Plot of 3-D Surface curve fitting of total specific work required (GJ/t(CO2)) vs product CO2 

concentration (%) vs CO2 recovery rate (%). (b) Contour plot of total specific work required 

(GJ/t(CO2)) as a function of product CO2 concentration (%) and CO2 recovery rate (%). 
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Figure A.5. Case 2 (8 data points) using MATLAB® software with polynomial order x2 & y2 (a) 

Plot of 3-D Surface curve fitting of total specific work required (GJ/t(CO2)) vs product CO2 

concentration (%) vs CO2 recovery rate (%). (b) Contour plot of total specific work required 

(GJ/t(CO2)) as a function of product CO2 concentration (%) and CO2 recovery rate (%). 

Case 3:  

Number of data points: 10 

Polynomial order: f(x2, y2) and f(x3, y1) 

In order to increase the range of the equation, two more points were added to the 6 points from case 1, 

as shown in Table A.5. 

Table A.5 Case 3 ten data points used to determine the performance of VSA. 

Product CO2 Conc. (%) CO2 Recovered (%) Vacuum + Blower Specific 

Power (GJ/t CO2) 

49.21 98.27 0.874 
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64.50 90.21 0.708 

65.93 88.75 0.695 

61.34 96.22 0.826 

51.06 92.56 0.699 
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88.87 67.22 0.957 
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Similar to case 2, higher number of points allowed a high polynomial order of f(x3, y1) or f(x2, y2) to 

be used. It should be noted that while a higher polynomial order of f(x3, y2) could be used, higher 

polynomial order increase the complexity of the equation, which increases the computational time 

when doing the simulation in Aspen HYSYS®. Furthermore, f(x3, y2) polynomial order produced a 

steep curve and had very small coefficients (approximately 10-6), which indicates that this polynomial 

order is not adequate for the VSA equation.  

Figure A.6 and Figure A.7 shows the results for the f(x2, y2) polynomial fit and the equation obtained 

is: 

!(", #) = 1. 2+ & '. %1/" & '. ''00/# - '. ''%'3"2 - '. ''''0*2"# - '. ''''2+0#2  Eq. 

A.2 

Where f is the total specific power required for the VSA 

 x is the CO2 recovery rate and 

 y is the product CO2 concentration. 

Figure A.8 and Figure A.9Figure A.7 shows the results for the f(x3, y1) polynomial fit and the 

equation obtained is: 

!(", #) = $. 0'* & '. %%$" & '. ''$''# - '. '''2/%"2 & '. '''%1*"# - /. $1 × %'4$"/ &
3. 3' × %'4*"2#          Eq. A.3 

Where f is the total specific power required for the VSA 

 x is the CO2 recovery rate and 

 y is the product CO2 concentration. 

Both polynomial orders provide a good representation of a VSA process, with total specific work 

increasing with increasing product CO2 concentration, while the CO2 recovery rate has an optimum 

minimum. However, f(x3, y1) has very low co-efficient, which confirms that the higher order x3 is not 

necessary. Therefore, f(x2, y2) is the preferred equation for any further VSA process simulations. 
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Figure A.6 Case 3 (10 data points) using MATLAB® software with polynomial order x2 & y2 

plot of 3-D Surface curve fitting of total specific work required (GJ/t(CO2)) vs product CO2 

concentration (%) vs CO2 recovery rate (%). 

 

Figure A.7 Case 3 (10 data points) using MATLAB® software with polynomial order x2 & y2(a) 

Contour plot of total specific work required (GJ/t(CO2)) as a function of product CO2 

concentration (%) and CO2 recovery rate (%). (b) Residual error plot of the total specific work 

required (GJ/t(CO2)). 
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Figure A.8 Case 3 (10 data points) using MATLAB® software with polynomial order x3 & y1 

plot of 3-D Surface curve fitting of total specific work required (GJ/t(CO2)) vs product CO2 

concentration (%) vs CO2 recovery rate (%). 

 

Figure A.9 Case 3 (10 data points) using MATLAB® software with polynomial order x3 & y1 (a) 

Contour plot of total specific work required (GJ/t(CO2)) as a function of product CO2 

concentration (%) and CO2 recovery rate (%). (b) Residual error plot of the total specific work 

required (GJ/t(CO2)). 
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A.2 Membrane Process Simulation 

Membrane processes throughout this thesis was simulated on Aspen HYSYS® using a membrane 

module provided by Cuthbertson, Scholes and Kentish (2010). This membrane module was created 

using Microsoft Visual Basic® to simulate the performance of a membrane in Aspen HYSYS® as 

well as provide an interface for the user to insert the different design parameters and choose one of the 

four flow regimes for the membrane process: fully mixed, cross-flow, co-current flow and counter-

current flow. The process flow chart and the equations used to simulate each flow regimes is shown in 

Figure A.11. 

Cuthbertson, Scholes and Kentish (2010) compared their model to the literature (Coker, Freeman & 

Fleming 1998). The results are shown in Figure A.10 and show that the mode values matches the 

literature values. 

 

Figure A.10 Graph representing the comparison of Aspen HYSYS® Membrane model vs 

literature (Cuthbertson, Scholes & Kentish 2010). 

Using the membrane model on Aspen HYSYS®, the membrane structural optimisation was 

performed using MOO using different feed conditions to optimise two objective variables: 

i. Maximise CO2 outlet purity coming out from the membrane system 

ii. Minimise the total specific shaft work required from the membrane system. 
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Figure A.11 Process Flow Chart for Membrane Module in Aspen HYSYS® 
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CO2 outlet purity and CO2 recovery rate are the two main parameters that govern the performance of 

the membrane unit. Therefore, those two parameters needed to be incorporated in the objective 

variables. The CO2 outlet purity was selected as the first objective variable and the CO2 recovered was 

incorporated in the second objective variable: total specific shaft work, which is the ratio of the total 

shaft work required by the same to the mass flow rate of the CO2 recovered. Hence, this allowed the 

membrane unit to be optimised through the two main parameters and the amount of work required. 

Four membrane structures were considered for the membrane process are as follows: 

i. Single-stage membrane 

ii. Two-stage membrane with the second membrane on the permeate side 

iii. Two-stage membrane with the second membrane on the retentate side 

iv. Two-stage membrane with an additional two membranes on the permeate side and retentate 

side of the first membrane respectively with one recycle stream on the permeate side 

 

 

Figure A.12 Pareto Front of membrane structure MOO. 
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As it can be seen in the Pareto Optimal Front obtained for the membrane structural optimisation in 

Figure A.12, at CO2 purity below 75%, the one stage membrane has the best performance and at 

higher CO2 outlet purity, the two-stage membrane with an additional two membranes on the permeate 

side and retentate side of the first membrane respectively with one recycle stream on the permeate 

side has the best Pareto Front. 

Therefore, if only the optimum operating conditions from both of those processes were selected, the 

optimum Pareto Front would be as shown in Figure A.13 

 

Figure A.13  Optimum Pareto Front of membrane structure MOO. 
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A.3 Low-Temperature Separation Process Simulations 

The final hybrid carbon capture processes in the thesis used mixed ethane/propane refrigerant and 

propane only refrigerant for the liquefaction and compression of CO2. The comparison of the 

performance of liquefaction and compression versus the conventional multi-stage compression was 

also studied. 

Multi-stage compression has been the most common method to compress CO2 for sequestration. 

Therefore, they have been extensively studied in the literature, where different models were 

developed to simulate the process using different software (Pfaff, Oexmann & Kather 2010; 

Sanpasertparnich et al. 2010; Amrollahi, Ertesvåg & Bolland 2011). In particular, Amrollahi, Ertesvåg 

and Bolland (2011) used UNISIM software (2008) to model a CO2 compression cycle and determined 

the exergetic efficiency of the multi-stage compressors.  

In this research case, the configuration of the multi-stage compression can be seen in Figure A.14. 

The stream is assumed to be the exhaust stream of a post-combustion process which has been purified 

using a separation process. The stream has a CO2 molar fraction of 0.80 and enters the compression 

unit at 1 bar, 38°C. The stream is then compressed to 110 bar in four compressor stages (isentropic 

efficiency of 80%) with inter-cooling using cooling water. The cooling water is at 25°C and the heat 

exchangers have a ∆T of 5°C. 

1.0 Bar 3.2 Bar
10.5 Bar

34.0 Bar 110 Bar

Transport

Feed

 

Figure A.14 Schematic diagram of conventional CO2 multi-stage compression. 

CO2 liquefaction process is less common due to the simplicity of the multi-stage compression process. 

However, the liquefaction process provides more degrees of freedom such as varying the pressure at 

which the CO2 is liquefied and the minimum temperature of the refrigeration system. (Aspelund, 

Mølnvik & De Koeijer 2006) and Moore and Nored (2008) studied CO2 liquefaction for ship transport 

where they varied the liquefaction pressures and cooling system.  

In this research, the inlet stream was compressed to 24 bars before being cooled down to around to -

40°C, depending on the refrigeration system used.  Some additional cooling was achieved by 

expanding the non-liquefied gas stream. The CO2 liquid is then pumped to above its critical pressure 
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to 110 bar and then reheated through heat integration with other process streams as can be seen in 

Figure A.15. 

1.0 Bar 3.2 Bar 10.5 Bar 24.0 Bar

Feed A

Qref

Vent

CO2 Transport

A
T = -22°C

T = -40°C

T = -43°C

 

Figure A.15 CO2 Liquefaction process schematic diagram for propane refrigeration system 

In this process, there are two main parameters that determine the purity of CO2 in the transport stream: 

the compression pressure and the lowest temperature reached through the refrigeration system. Since 

the pressure was set to 24 bars, the refrigeration temperature determines the amount CO2 that is 

transported for sequestration.  

Therefore, the refrigeration system is a major source of work input due to the low temperatures 

required to liquefy the CO2. There were three types of refrigeration system in this case: propane 

refrigeration system, propene refrigeration system and a binary mixed refrigerant propane and ethane 

refrigeration system. The refrigeration heat exchangers were assumed to have ∆T of 2°C to optimise 

the CO2 of the recovery of the process. (The Aspen HYSYS® simulations process flow diagram (PFD) 

can be found in the Appendix) 

· Propane Refrigeration System 

Propane refrigerant is commonly used in the natural gas industry to meet the chilling duty required to 

separate out LPG and as an intermediate refrigerant in LNG processes. A standard propane cascade 

refrigeration cycle cools the process stream to -40°C followed by residue gas expanders to reduce 

temperature to -43°C, which is yields a recovery of 84.8% of CO2 in the feed stream.  
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There are various configuration of propane refrigeration system available and the three variations of 

the refrigeration cycles considered in this case were: three-stage refrigeration cycle, four-stage 

refrigeration cycle and four-stage refrigeration cycle with sub-cooling.  

· Propene Refrigeration System 

In order to increase the percentage recovery of the CO2, propene refrigerant was chosen due to its 

similar attributes to propane. Propene allows the process stream to be chilled to -45°C followed by 

expanders which reduce the temperature to -48°C and this allowed the recovery to be increased to 

87.1%. However, in order to achieve this lower liquefaction temperature, propene needs to be 

compressed to higher pressures before it is condensed, which increases the compression duty in the 

refrigeration cycle. Similar configurations to propane refrigeration system were used in this case. 

· Mixed Refrigeration System 

The mixed refrigerants refrigeration systems are also used in the LNG process industry (Hatcher, 

Khalilpour & Abbas 2012). In a mixed refrigerant process, the process stream is cooled in stages, 

where the refrigerant is separated from its liquid and gaseous phases after each stage. The liquid 

refrigerant is then cooled and flashed across a valve using the Joule-Thompson effect, causing a 

temperature drop. (Shukri 2004; Hatcher, Khalilpour & Abbas 2012)  

In this case study, it was found that 50 mole % of propane and 50 mole % of ethane provided the 

optimum performance. The lowest temperature reached in the process stream was -45°C (without the 

need for chilling using the expanders) with a recovery of 84.9%. 

The first set of results is the comparison of the propane refrigeration system against the propene 

refrigeration system. For the propane refrigeration system, both a 3 stage refrigeration system and a 4 

stage refrigeration system were studied and similarly for the propene refrigeration system. The 

minimum work required and the exergy loss rate was calculated and can be seen in Figure A.16. The 

two refrigeration systems are observed to have very similar results and the two propene refrigeration 

systems vary significantly in terms of minimum work required. The 3 stage propene refrigeration 

system has the highest minimum work required, but the 4 stage propene refrigeration system has the 

lowest minimum work required. Since, the propene refrigeration systems have the lowest exergy lost 

rate, it was then decided that the 4 stage refrigeration system would be used in the future optimisation 

of pure refrigeration systems. Therefore, the four stage propene system was further optimised by 

including sub-cooling in the refrigeration system by making better use of cold stream available in the 

process. 
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Figure A.16 Comparison of propane refrigeration system v/s propene refrigeration system 

This optimised propene refrigeration system with sub-cooling was then compared to the mixed 

refrigerant case, for liquefaction of CO2 and the standard four-stage compression of CO2 and the 

results can be seen in Figure A.17. 

It can be seen that multi-stage compression has the minimum work required as well as the minimum 

exergy loss rate. However, the minimum work required for the four-stage propene with sub-cooling is 

only 6.3% more than the minimum work required for the compressor. In terms of exergy loss rate, 

mixed refrigerant was 9% higher than the compressor exergy loss rate. Therefore, further studies were 

be made to reduce the energy consumption of the mixed refrigeration process in the hybrid carbon 

capture processes by applying MOO. 
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Figure A.17 Comparison of four cryogenic liquefaction of CO2 v/s compressor of CO2. 
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A.4 Cooling Water Calculations 

 

Figure A.18 GPSA handbook (GPSA 2004) temperature data to determine the cooling water 

temperature. 
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B. Simulation Results 

B.1 VSA/Low-Temperature Separation Hybrid Carbon Capture MOO 

Results 

Table B.1 Final MOO results that were used to plot the Pareto charts in Chapter 4 (VSA/low-

temperature separation hybrid carbon capture) of the thesis. 

Decision Variables Objective Variables 

Refrigerant 
Ethane 
Molar 
Fraction 

Refrigerant 
Molar Flow 

Low-
Temp 
Process 
Stream 
Outlet 
Temp. 

Multi-Stage 
Compression 
Pressure 

Membrane 
Cut 

VSA 
CO2 
Outlet 
Purity 

VSA CO2 
Recovery 
Rate 

Total 
Work 
(kWe) 

Recovery 
Rate 

0.41 1.07 -56.66 0.05 1318 0.73 0.75 72180 0.52 

0.41 1.07 -56.82 0.05 1318 0.73 0.75 72222 0.53 

0.39 1.06 -56.22 0.05 1366 0.74 0.75 72254 0.54 

0.41 1.14 -55.68 0.03 1402 0.76 0.75 73004 0.56 

0.37 1.12 -55.40 0.09 1405 0.78 0.76 73026 0.60 

0.37 1.11 -56.92 0.14 1456 0.79 0.74 73520 0.64 

0.39 1.14 -56.42 0.20 1378 0.81 0.75 73794 0.67 

0.39 1.14 -56.42 0.22 1570 0.81 0.75 74659 0.69 

0.39 1.15 -56.40 0.22 1570 0.81 0.75 74797 0.69 

0.37 1.11 -56.72 0.19 2224 0.78 0.74 76572 0.71 

0.28 1.18 -53.78 0.35 1723 0.77 0.79 77050 0.75 

0.28 1.18 -53.78 0.35 1723 0.77 0.79 77069 0.75 

0.22 1.18 -48.12 0.37 3769 0.79 0.77 81158 0.77 

0.25 1.17 -53.68 0.27 3355 0.76 0.79 81205 0.78 

0.30 1.14 -53.78 0.35 3259 0.77 0.79 81310 0.79 

0.30 1.14 -53.78 0.34 3259 0.77 0.79 81434 0.79 

0.30 1.14 -53.78 0.35 3259 0.77 0.79 81611 0.79 

0.30 1.26 -53.78 0.28 3739 0.77 0.80 83346 0.79 

0.28 1.26 -55.24 0.29 2788 0.72 0.82 84149 0.81 

0.29 1.15 -52.84 0.36 3751 0.73 0.82 86361 0.82 

0.28 1.20 -40.24 0.46 3457 0.71 0.83 89620 0.83 

0.27 1.24 -51.76 0.46 3457 0.71 0.83 89924 0.83 

0.30 1.25 -56.40 0.28 3079 0.67 0.86 90767 0.85 

0.30 1.25 -56.40 0.28 3079 0.67 0.86 90873 0.85 

0.26 1.29 -52.88 0.37 3262 0.69 0.87 93259 0.86 

0.25 1.29 -53.96 0.35 3619 0.69 0.87 93661 0.86 

0.26 1.29 -52.88 0.37 3514 0.69 0.87 94013 0.86 

0.26 1.29 -54.16 0.37 3466 0.69 0.87 94224 0.86 

0.26 1.29 -52.88 0.37 3466 0.69 0.87 94260 0.87 

0.25 1.21 -53.80 0.35 3619 0.67 0.87 94664 0.87 

0.35 1.33 -53.70 0.37 3274 0.67 0.87 96755 0.87 

0.32 1.22 -52.42 0.35 3811 0.66 0.88 97212 0.88 
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0.29 1.46 -55.14 0.35 3085 0.67 0.88 97948 0.88 

0.29 1.39 -55.14 0.35 3085 0.67 0.89 99551 0.89 

0.29 1.46 -55.14 0.35 3085 0.67 0.89 100038 0.89 

0.29 1.29 -49.38 0.35 3472 0.66 0.90 101674 0.90 

0.35 1.39 -48.72 0.39 2674 0.65 0.91 104249 0.90 

0.37 1.39 -48.74 0.39 2770 0.65 0.91 104756 0.90 

0.20 1.39 -44.90 0.48 2722 0.65 0.91 106232 0.91 

0.23 1.46 -47.50 0.48 2752 0.65 0.91 106676 0.91 

0.35 1.39 -48.74 0.48 2674 0.65 0.91 106951 0.91 

0.35 1.39 -48.74 0.48 2674 0.65 0.91 107441 0.91 

0.29 1.40 -53.84 0.46 2971 0.65 0.91 107557 0.91 

0.26 1.49 -44.62 0.41 3424 0.64 0.92 111178 0.92 

0.26 1.49 -47.46 0.39 3805 0.64 0.93 113020 0.93 

0.35 1.56 -58.44 0.25 3775 0.61 0.93 114760 0.93 

0.23 1.26 -42.04 0.39 3904 0.62 0.94 115387 0.93 

0.33 1.47 -55.76 0.36 3127 0.61 0.95 117100 0.94 

0.33 1.47 -55.76 0.36 3133 0.61 0.95 117398 0.94 

0.34 1.57 -52.28 0.35 3898 0.59 0.95 123820 0.95 

0.39 1.40 -58.40 0.25 3766 0.61 0.97 125467 0.96 

0.25 1.49 -53.72 0.34 3979 0.58 0.97 129005 0.96 

0.25 1.49 -53.72 0.34 3979 0.58 0.97 129028 0.96 

0.39 1.49 -55.56 0.35 3892 0.58 0.97 130595 0.97 

0.27 1.42 -50.74 0.34 3628 0.56 0.98 131511 0.97 

0.27 1.42 -50.74 0.34 3628 0.56 0.98 131557 0.97 

0.38 1.58 -55.86 0.34 3628 0.56 0.97 133603 0.97 

0.41 1.58 -54.68 0.41 2746 0.58 0.98 134162 0.98 

0.38 1.58 -55.86 0.34 3628 0.57 0.98 136790 0.98 

0.41 1.64 -52.90 0.46 2527 0.57 0.98 137076 0.98 

0.49 1.65 -54.20 0.46 2527 0.58 0.98 137407 0.98 

0.49 1.65 -52.90 0.46 2527 0.57 0.98 138502 0.98 

0.49 1.65 -52.90 0.44 3295 0.57 0.98 141486 0.98 

0.33 1.53 -54.36 0.61 2719 0.55 0.99 150002 0.98 

0.33 1.53 -54.34 0.61 2719 0.55 0.99 150093 0.98 

0.33 1.57 -54.18 0.61 2725 0.55 0.99 150914 0.98 

0.33 1.57 -54.20 0.65 2530 0.55 0.99 153123 0.98 

0.33 1.57 -54.20 0.65 2530 0.55 0.99 153710 0.98 
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B.2 Membrane/Low-Temperature Separation Hybrid Carbon Capture MOO 

Results 

This appendix sub-section will display the tables of data used to determine the graphs shown 

throughout the thesis. 

B.2.1 Case I (Mixed Refrigerant) Results 

Table B.2 Final MOO results that were used to plot the Pareto charts in Chapter 5 

(membrane/low-temperature separation hybrid carbon capture – Case I) of the thesis. 

Decision Variables Objective Variables 

Refrigerant 
Ethane 
Molar 
Fraction 

Refrigerant 
Molar 
Flow 

Low-
Temp 
Process 
Stream 
Outlet 
Temp. 

Membrane 
B Cut 

Multi-Stage 
Compression 
Pressure 

Memb 
A Feed 
Pressure 

Memb A 
Permeate 
Pressure 

Memb 
A Cut 

Total 
Work 
(MWe) 

Recovery 
Rate 

0.46 1.92 -52.64 0.45 3987 116.51 10.09 0.37 169 1.00 

0.65 1.89 -54.63 0.44 3317 110.18 10.09 0.37 164 1.00 

0.63 1.64 -54.01 0.45 3629 113.34 10.09 0.37 163 1.00 

0.31 1.64 -52.76 0.45 3583 113.34 10.09 0.35 153 1.00 

0.29 1.51 -52.99 0.45 3242 110.53 10.18 0.35 147 0.99 

0.30 1.52 -54.63 0.45 3704 115.81 10.35 0.33 144 0.99 

0.26 2.27 -54.05 0.44 3108 116.16 10.44 0.32 141 0.99 

0.28 2.27 -53.97 0.43 3280 110.53 10.09 0.29 132 0.98 

0.29 1.44 -54.49 0.45 3465 113.96 10.53 0.29 127 0.98 

0.45 1.57 -51.51 0.45 3398 110.88 10.70 0.28 124 0.97 

0.32 1.70 -52.60 0.45 2804 127.51 10.53 0.26 118 0.96 

0.27 1.52 -54.01 0.44 2828 138.77 10.09 0.24 113 0.95 

0.30 1.58 -54.02 0.43 2804 110.18 10.44 0.26 109 0.94 

0.27 1.59 -54.01 0.44 2871 112.99 10.26 0.25 106 0.94 

0.63 1.63 -54.01 0.45 2941 110.18 10.00 0.23 104 0.91 

0.64 1.50 -53.93 0.45 2898 110.26 10.00 0.22 98 0.89 

0.25 1.50 -51.68 0.44 2575 113.34 10.00 0.21 92 0.88 

0.64 1.53 -54.01 0.45 2769 110.88 10.00 0.20 91 0.86 

0.32 1.27 -52.64 0.44 3882 116.60 10.26 0.19 86 0.83 

0.46 1.40 -53.85 0.44 2495 111.14 10.18 0.19 82 0.82 

0.43 1.46 -51.67 0.35 2554 111.14 10.00 0.18 78 0.79 

0.29 1.58 -54.16 0.40 1866 113.26 10.26 0.18 76 0.78 

0.26 1.56 -52.76 0.43 2554 112.99 10.00 0.16 72 0.74 

0.24 1.63 -50.18 0.35 2597 112.90 10.00 0.16 70 0.72 

0.26 1.63 -52.68 0.43 2253 113.08 10.00 0.15 67 0.70 

0.26 1.63 -52.68 0.43 2253 113.08 10.18 0.15 67 0.70 

0.31 1.02 -53.97 0.43 3231 110.18 10.09 0.14 62 0.68 

0.52 1.13 -54.10 0.47 1882 110.88 10.00 0.14 59 0.66 

0.31 1.02 -53.97 0.43 1930 116.60 10.26 0.13 55 0.63 

0.30 1.02 -51.64 0.44 1930 111.23 10.09 0.13 54 0.63 

0.32 1.03 -53.82 0.43 2358 111.23 10.35 0.12 51 0.59 
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0.27 1.02 -53.81 0.44 1919 110.00 10.09 0.12 49 0.58 

0.31 0.84 -52.59 0.38 2828 111.32 10.53 0.11 48 0.56 

0.31 0.78 -52.60 0.24 2828 110.62 10.62 0.11 45 0.52 

0.34 0.76 -51.28 0.15 2895 110.79 10.09 0.11 45 0.50 

0.33 0.80 -53.77 0.33 1573 111.14 10.44 0.11 43 0.49 

0.47 0.92 -54.37 0.45 1879 110.70 10.00 0.09 40 0.46 

0.31 0.72 -54.80 0.20 3231 111.23 10.26 0.09 39 0.45 

0.29 0.70 -51.58 0.34 2210 111.23 11.41 0.09 36 0.42 

0.26 0.71 -54.17 0.25 2839 111.32 10.09 0.08 34 0.40 

0.31 0.84 -52.60 0.31 2828 110.53 10.26 0.07 34 0.38 

0.32 0.72 -54.48 0.31 2199 112.64 10.26 0.07 32 0.37 

0.24 0.51 -50.18 0.35 3414 112.90 10.00 0.07 30 0.35 

0.31 0.53 -54.18 0.42 2812 111.32 10.53 0.06 28 0.33 

0.24 0.58 -50.11 0.15 2726 111.14 10.26 0.07 28 0.31 

0.29 0.59 -54.16 0.37 1559 111.06 10.53 0.06 26 0.30 

0.31 0.53 -54.18 0.15 2726 111.32 10.26 0.06 26 0.29 

0.31 0.59 -53.23 0.38 2118 111.32 10.26 0.05 24 0.26 

0.29 0.59 -54.16 0.37 1559 111.06 10.53 0.05 22 0.25 

0.27 0.53 -53.86 0.28 2210 111.32 21.44 0.05 21 0.17 

B.2.2 Case II (Mixed Refrigerant) Results 

Table B.3 Final MOO results that were used to plot the Pareto charts in Chapter 5 

(membrane/low-temperature separation hybrid carbon capture – Case II) of the thesis. 

Decision Variables Objective Variables 

Refrigerant 
Ethane Molar 
Fraction 

Low-Temp 
Process 
Stream Outlet 
Temp. 

Membrane 
B Cut 

Multi-Stage 
Compression 
Pressure 

Memb 
A Feed 
Pressure 

Memb A 
Permeate 
Pressure 

Memb A 
Cut 

Total 
Work 
(MW) 

Recovery 
Rate 

-7.01 -34.44 0.57 3343 111.58 10.26 0.41 199 1.00 

-5.44 -34.51 0.57 3978 111.23 10.09 0.39 192 1.00 

-10.14 -34.43 0.57 3274 110.62 10.26 0.39 184 1.00 

-6.81 -33.82 0.57 3939 110.70 10.26 0.36 177 1.00 

-11.31 -33.25 0.57 3352 136.92 10.26 0.34 171 1.00 

-5.08 -33.80 0.53 3665 133.05 10.26 0.33 162 1.00 

-9.99 -33.82 0.57 3308 112.11 10.26 0.33 157 0.99 

-5.44 -34.19 0.57 3123 112.99 10.18 0.32 152 0.99 

-3.49 -33.41 0.52 3900 110.18 10.26 0.31 145 0.99 

-3.54 -33.41 0.52 3900 111.58 10.00 0.30 141 0.98 

-3.88 -34.51 0.53 3274 110.18 10.00 0.31 138 0.98 

-10.14 -33.25 0.57 3352 110.18 10.26 0.29 135 0.97 

-3.49 -34.68 0.53 3274 114.40 10.09 0.28 128 0.97 

-8.21 -34.50 0.53 3665 133.23 10.09 0.26 126 0.96 

-3.93 -34.81 0.53 3900 110.79 10.00 0.26 119 0.95 

-5.49 -34.51 0.57 3269 110.53 10.18 0.25 119 0.94 

-10.14 -34.81 0.53 3900 110.00 10.00 0.24 113 0.93 

-8.77 -34.44 0.57 2825 111.76 10.26 0.24 108 0.91 

-3.29 -33.80 0.57 3093 111.76 10.09 0.23 106 0.91 
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-5.05 -34.43 0.55 3040 114.31 10.09 0.22 102 0.90 

-3.88 -34.52 0.57 3264 134.46 10.26 0.20 101 0.88 

-3.88 -34.81 0.53 3274 111.94 10.09 0.21 95 0.87 

-5.05 -34.75 0.53 3274 111.94 10.44 0.20 91 0.85 

-5.47 -34.50 0.44 3665 110.70 10.09 0.20 87 0.83 

-12.68 -34.98 0.45 3582 111.94 10.09 0.19 82 0.80 

-5.05 -34.81 0.53 2917 112.46 10.09 0.17 78 0.78 

-3.29 -34.42 0.57 3328 111.94 10.09 0.16 75 0.75 

-3.88 -34.53 0.53 3269 114.40 10.26 0.16 73 0.74 

-11.51 -34.55 0.57 2942 111.58 10.79 0.16 71 0.72 

-6.81 -34.81 0.48 3548 110.70 10.09 0.15 66 0.70 

-6.81 -34.81 0.44 3577 110.88 10.00 0.15 65 0.69 

-8.43 -34.50 0.45 3274 110.18 10.09 0.15 63 0.68 

-3.69 -34.81 0.57 3587 110.00 10.09 0.14 62 0.66 

-3.29 -34.82 0.49 3587 110.35 10.09 0.13 59 0.65 

-11.31 -33.88 0.57 3035 114.57 10.09 0.13 59 0.63 

-12.87 -34.52 0.53 3348 110.18 10.00 0.12 54 0.61 

-2.76 -34.51 0.49 3269 111.58 10.00 0.12 51 0.58 

-3.98 -34.49 0.53 3274 110.53 10.00 0.11 49 0.55 

-3.29 -34.65 0.45 3910 111.58 10.26 0.10 45 0.51 

-3.49 -34.49 0.44 3548 111.58 10.18 0.09 41 0.48 

-6.62 -34.81 0.45 2957 110.18 10.00 0.09 39 0.46 

-3.49 -34.61 0.53 3587 111.58 10.26 0.08 37 0.42 

-3.51 -34.52 0.45 3665 110.88 10.09 0.08 35 0.41 

-10.53 -34.60 0.53 3607 112.29 10.26 0.08 35 0.40 

-9.77 -34.58 0.37 3582 112.29 10.26 0.08 33 0.38 

-3.49 -33.81 0.53 3230 110.35 10.00 0.07 30 0.36 

-3.49 -34.90 0.49 3582 110.18 11.50 0.06 27 0.31 

-3.49 -34.90 0.49 3582 110.18 11.50 0.06 27 0.31 

-3.49 -34.90 0.49 3582 110.18 11.50 0.06 27 0.31 

-5.44 -34.74 0.40 3020 110.53 10.00 0.05 22 0.25 

 

B.3 Pinch Analysis Results 

B.3.1 VSA/Low-Temperature Separation Hybrid Carbon Capture Process Heat Curve 

Results 

Table B.4 Heat curve data used to determine the heat composite curves and grand composite 

curves in Chapter 4 of the thesis. 

Cold Side   Hot Side 

      Temp Heat Flow   Temp Heat Flow 

 

*Continuation from LNG 1 

  -49.0 2.19E+07 Start 

LNG 

1 

-45.0 2.19E+07 

 

-22.7 9.58E+07   -19.3 9.58E+07 

-48.1 2.66E+07 -43.7 2.66E+07 

 

-22.4 9.61E+07 

 

-19.0 9.61E+07 

-47.4 3.00E+07 

 

-42.8 3.00E+07 

 

-21.7 9.66E+07 

 

-18.2 9.66E+07 

-47.4 3.04E+07 

 

-42.7 3.04E+07 

 

-19.9 9.80E+07 

 

-16.3 9.80E+07 
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-46.8 3.41E+07 

 

-41.8 3.41E+07 

 

-19.2 9.86E+07 

 

-15.5 9.86E+07 

-46.3 3.75E+07 

 

-41.0 3.75E+07 

 

-18.5 9.91E+07 

 

-14.8 9.91E+07 

-46.3 3.76E+07 

 

-41.0 3.76E+07 

 

-16.1 1.01E+08 

 

-12.1 1.01E+08 

-46.3 3.79E+07 

 

-40.9 3.79E+07 

 

-14.5 1.02E+08 

 

-10.3 1.02E+08 

-46.0 4.11E+07 

 

-40.3 4.11E+07 

 

-13.1 1.04E+08 

 

-8.8 1.04E+08 

-45.6 4.45E+07 

 

-39.7 4.45E+07 

 

-12.5 1.04E+08 

 

-8.1 1.04E+08 

-45.5 4.57E+07 

 

-39.4 4.57E+07 

 

-12.1 1.04E+08 

 

-7.7 1.04E+08 

-45.3 4.79E+07 

 

-39.1 4.79E+07 

 

-10.6 1.06E+08 

 

-6.0 1.06E+08 

-45.1 5.12E+07 

 

-38.5 5.12E+07 

 

-10.1 1.06E+08 

 

-5.5 1.06E+08 

-45.0 5.33E+07 

 

-38.2 5.33E+07 

 

-7.2 1.08E+08 

 

-2.2 1.08E+08 

-44.9 5.45E+07 

 

-38.0 5.45E+07 

 

-6.7 1.09E+08 

 

-1.7 1.09E+08 

-44.8 5.78E+07 

 

-37.6 5.78E+07 

 

-5.1 1.10E+08 

 

0.1 1.10E+08 

-44.7 6.06E+07 

 

-37.2 6.06E+07 

 

-4.3 1.11E+08 

 

1.0 1.11E+08 

-44.7 6.08E+07 

 

-37.2 6.08E+07 

 

-3.0 1.12E+08 

 

2.5 1.12E+08 

-44.7 6.10E+07 

 

-37.1 6.10E+07 

 

-2.6 1.12E+08 

 

3.0 1.12E+08 

-44.7 6.42E+07 

 

-36.7 6.42E+07 

 

-1.5 1.13E+08 

 

4.1 1.13E+08 

-44.6 6.74E+07 

 

-36.4 6.74E+07 

 

-1.1 1.14E+08 

 

4.6 1.14E+08 

-44.6 6.82E+07 

 

-36.3 6.82E+07 

 

0.6 1.15E+08 

 

6.6 1.15E+08 

-44.6 7.06E+07 

 

-36.0 7.06E+07 

 

1.2 1.16E+08 

 

7.2 1.16E+08 

-44.7 7.38E+07 

 

-35.7 7.38E+07 

 

2.3 1.17E+08 

 

8.5 1.17E+08 

-44.7 7.56E+07 

 

-35.5 7.56E+07 

 

3.8 1.18E+08 

 

10.3 1.18E+08 

-44.7 7.70E+07 

 

-35.4 7.70E+07 

 

4.1 1.18E+08 

 

10.6 1.18E+08 

-44.8 7.89E+07 

 

-35.2 7.89E+07 

 

6.4 1.20E+08 

 

13.3 1.20E+08 

-44.6 7.90E+07 

 

-35.2 7.90E+07 

 

6.7 1.21E+08 

 

13.6 1.21E+08 

-44.5 7.91E+07 

 

-35.2 7.91E+07 

 

7.5 1.21E+08 

 

14.5 1.21E+08 

-43.1 8.01E+07 

 

-35.1 8.01E+07 

 

8.9 1.23E+08 

 

16.2 1.23E+08 

-41.7 8.11E+07 

 

-35.0 8.11E+07 

 

9.7 1.23E+08 

 

17.1 1.23E+08 

-39.9 8.25E+07 

 

-34.8 8.25E+07 

 

10.7 1.24E+08 

 

18.4 1.24E+08 

-38.7 8.34E+07 

 

-34.8 8.34E+07 

 

11.3 1.25E+08 

 

19.0 1.25E+08 

-36.8 8.49E+07 

 

-34.6 8.49E+07 

 

13.7 1.27E+08 

 

21.9 1.27E+08 

-35.7 8.57E+07 

 

-33.4 8.57E+07 

 

13.9 1.27E+08 

 

22.0 1.27E+08 

-35.5 8.58E+07 

 

-33.3 8.58E+07 

 

15.8 1.29E+08 

 

24.3 1.29E+08 

-34.5 8.66E+07 

 

-32.2 8.66E+07 

 

16.0 1.30E+08 

 

24.6 1.30E+08 

-32.2 8.83E+07 

 

-29.7 8.83E+07 

 

16.8 1.30E+08 

 

25.6 1.30E+08 

-31.3 8.91E+07 

 

-28.7 8.91E+07 

 

17.1 1.31E+08 

 

25.9 1.31E+08 

-31.1 8.92E+07 

 

-28.6 8.92E+07 

 

18.3 1.32E+08 

 

27.3 1.32E+08 

-28.8 9.09E+07 

 

-26.1 9.09E+07 

 

19.7 1.33E+08 

 

28.9 1.33E+08 

-28.7 9.11E+07 

 

-25.9 9.11E+07 

 

20.5 1.34E+08 

 

29.9 1.34E+08 

-27.2 9.22E+07 

 

-24.3 9.22E+07 

 

22.3 1.36E+08 

 

32.1 1.36E+08 

-26.9 9.25E+07 

 

-23.9 9.25E+07 

 

22.6 1.36E+08 

 

32.5 1.36E+08 

-25.6 9.35E+07   -22.5 9.35E+07 

 

24.6 1.38E+08 End 

LNG 1 

34.9 1.38E+08 

      

24.6 1.38E+08 35.0 1.38E+08 
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Cold Side   Hot Side 

 

Cold Side   Hot Side 

Temp Heat Flow   Temp 

Heat 

Flow 

 

Temp Heat Flow   Temp 

Heat 

Flow 

-53.8 5.99E+06 

Start 

LNG 2 -50.9 5.99E+06 

 

-55.9 0.00E+00 

Start 

LNG 3 -53.8 0.00E+00 

-53.3 7.36E+06 

 

-50.3 7.36E+06 

 

-55.5 5.68E+05 

 

-53.5 5.68E+05 

-53.3 7.45E+06 

 

-50.2 7.45E+06 

 

-55.5 5.99E+05 

 

-53.5 5.99E+05 

-53.3 7.58E+06 

 

-50.2 7.58E+06 

 

-55.5 6.34E+05 

 

-53.5 6.34E+05 

-53.2 7.83E+06 

 

-50.1 7.83E+06 

 

-55.3 1.14E+06 

 

-53.2 1.14E+06 

-52.9 8.75E+06 

 

-49.7 8.75E+06 

 

-55.2 1.20E+06 

 

-53.2 1.20E+06 

-52.8 8.92E+06 

 

-49.6 8.92E+06 

 

-55.2 1.25E+06 

 

-53.1 1.25E+06 

-52.7 9.19E+06 

 

-49.5 9.19E+06 

 

-54.9 1.72E+06 

 

-52.9 1.72E+06 

-52.6 9.49E+06 

 

-49.4 9.49E+06 

 

-54.9 1.79E+06 

 

-52.9 1.79E+06 

-52.4 1.02E+07 

 

-49.1 1.02E+07 

 

-54.9 1.85E+06 

 

-52.8 1.85E+06 

-52.3 1.04E+07 

 

-49.0 1.04E+07 

 

-54.8 2.31E+06 

 

-52.6 2.31E+06 

-52.2 1.08E+07 

 

-48.9 1.08E+07 

 

-54.8 2.39E+06 

 

-52.6 2.39E+06 

-52.1 1.11E+07 

 

-48.7 1.11E+07 

 

-54.7 2.45E+06 

 

-52.5 2.45E+06 

-51.9 1.17E+07 

 

-48.5 1.17E+07 

 

-54.6 2.90E+06 

 

-52.3 2.90E+06 

-51.9 1.19E+07 

 

-48.4 1.19E+07 

 

-54.6 2.99E+06 

 

-52.3 2.99E+06 

-51.7 1.24E+07 

 

-48.2 1.24E+07 

 

-54.6 3.05E+06 

 

-52.3 3.05E+06 

-51.6 1.27E+07 

 

-48.1 1.27E+07 

 

-54.5 3.50E+06 

 

-52.0 3.50E+06 

-51.5 1.32E+07 

 

-47.9 1.32E+07 

 

-54.4 3.59E+06 

 

-52.0 3.59E+06 

-51.4 1.35E+07 

 

-47.8 1.35E+07 

 

-54.4 3.64E+06 

 

-52.0 3.64E+06 

-51.2 1.40E+07 

 

-47.6 1.40E+07 

 

-54.3 4.11E+06 

 

-51.8 4.11E+06 

-51.1 1.43E+07 

 

-47.5 1.43E+07 

 

-54.3 4.19E+06 

 

-51.7 4.19E+06 

-51.0 1.48E+07 

 

-47.3 1.48E+07 

 

-54.3 4.23E+06 

 

-51.7 4.23E+06 

-50.9 1.50E+07 

 

-47.3 1.50E+07 

 

-54.1 4.73E+06 

 

-51.5 4.73E+06 

-50.7 1.56E+07 

 

-47.0 1.56E+07 

 

-54.1 4.79E+06 

 

-51.4 4.79E+06 

-50.7 1.58E+07 

 

-47.0 1.58E+07 

 

-54.1 4.81E+06 

 

-51.4 4.81E+06 

-50.5 1.65E+07 

 

-46.8 1.65E+07 

 

-54.0 5.36E+06 

 

-51.2 5.36E+06 

-50.4 1.67E+07 

 

-46.7 1.67E+07 

 

-53.9 5.39E+06 

 

-51.2 5.39E+06 

-50.2 1.73E+07 

 

-46.5 1.73E+07 

 

-53.9 5.40E+06 

 

-51.2 5.40E+06 

-50.2 1.73E+07 

 

-46.5 1.73E+07 

 

-53.8 5.99E+06 

End 

LNG 3 -50.9 5.99E+06 

-50.0 1.82E+07 

 

-46.2 1.82E+07 

      -49.9 1.83E+07 

 

-46.1 1.83E+07 

      -49.8 1.88E+07 

 

-46.0 1.88E+07 

      -49.8 1.88E+07 

 

-46.0 1.88E+07 

      -49.5 2.00E+07 

 

-45.6 2.00E+07 

      -49.4 2.01E+07 

 

-45.6 2.01E+07 

      -49.4 2.03E+07 

 

-45.5 2.03E+07 

      -49.4 2.04E+07 

 

-45.5 2.04E+07 

      

-49.0 2.19E+07 

End 

LNG 2 -45.0 2.19E+07 
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B.3.2 Membrane/Low-Temperature Separation Hybrid Carbon Capture Process Heat 

Curve Results – Case I 

Table B.5 Heat curve data used to determine the heat composite curves and grand composite 

curves in Chapter 5 (Case I) of the thesis. 

Cold Side   Hot Side 

      Temp Heat Flow   Temp Heat Flow 

 

*Continuation from LNG 1 

 -49.6 4.16E+07 Start 

LNG 

1 

-41.9 4.16E+07 

 

-14.8 1.25E+08   -11.9 1.25E+08 

-48.7 4.65E+07 -40.8 4.65E+07 

 

-14.1 1.25E+08 

 

-11.2 1.25E+08 

-48.1 4.97E+07 

 

-40.1 4.97E+07 

 

-13.1 1.27E+08 

 

-10.1 1.27E+08 

-47.9 5.09E+07 

 

-39.9 5.09E+07 

 

-11.6 1.28E+08 

 

-8.5 1.28E+08 

-47.0 5.51E+07 

 

-39.0 5.51E+07 

 

-11.3 1.29E+08 

 

-8.3 1.29E+08 

-46.6 5.76E+07 

 

-38.5 5.76E+07 

 

-11.2 1.29E+08 

 

-8.1 1.29E+08 

-46.2 5.94E+07 

 

-38.2 5.94E+07 

 

-8.4 1.32E+08 

 

-5.2 1.32E+08 

-45.9 6.12E+07 

 

-37.8 6.12E+07 

 

-7.7 1.33E+08 

 

-4.4 1.33E+08 

-45.5 6.35E+07 

 

-37.4 6.35E+07 

 

-7.0 1.34E+08 

 

-3.7 1.34E+08 

-45.0 6.59E+07 

 

-36.9 6.59E+07 

 

-5.4 1.36E+08 

 

-1.9 1.36E+08 

-44.7 6.76E+07 

 

-36.6 6.76E+07 

 

-3.2 1.38E+08 

 

0.3 1.38E+08 

-44.5 6.85E+07 

 

-36.5 6.85E+07 

 

-2.9 1.39E+08 

 

0.7 1.39E+08 

-44.0 7.17E+07 

 

-35.9 7.17E+07 

 

-2.4 1.39E+08 

 

1.2 1.39E+08 

-43.5 7.45E+07 

 

-35.5 7.45E+07 

 

-1.3 1.41E+08 

 

2.4 1.41E+08 

-43.3 7.57E+07 

 

-35.2 7.57E+07 

 

0.5 1.43E+08 

 

4.4 1.43E+08 

-42.6 7.97E+07 

 

-34.6 7.97E+07 

 

1.1 1.43E+08 

 

5.0 1.43E+08 

-42.2 8.23E+07 

 

-34.2 8.23E+07 

 

3.3 1.46E+08 

 

7.4 1.46E+08 

-42.0 8.34E+07 

 

-34.0 8.34E+07 

 

4.7 1.48E+08 

 

8.9 1.48E+08 

-42.0 8.37E+07 

 

-34.0 8.37E+07 

 

4.9 1.48E+08 

 

9.2 1.48E+08 

-41.9 8.44E+07 

 

-33.9 8.44E+07 

 

5.1 1.49E+08 

 

9.3 1.49E+08 

-41.4 8.77E+07 

 

-33.4 8.77E+07 

 

6.0 1.50E+08 

 

10.3 1.50E+08 

-41.0 9.01E+07 

 

-33.0 9.01E+07 

 

8.6 1.53E+08 

 

13.2 1.53E+08 

-40.8 9.16E+07 

 

-32.8 9.16E+07 

 

8.7 1.53E+08 

 

13.2 1.53E+08 

-40.3 9.55E+07 

 

-32.3 9.55E+07 

 

9.5 1.54E+08 

 

14.1 1.54E+08 

-40.2 9.62E+07 

 

-32.2 9.62E+07 

 

11.2 1.56E+08 

 

16.0 1.56E+08 

-39.5 9.70E+07 

 

-32.1 9.70E+07 

 

11.5 1.57E+08 

 

16.3 1.57E+08 

-37.1 9.96E+07 

 

-31.7 9.96E+07 

 

12.2 1.58E+08 

 

17.0 1.58E+08 

-35.7 1.01E+08 

 

-31.5 1.01E+08 

 

12.8 1.58E+08 

 

17.7 1.58E+08 

-34.5 1.02E+08 

 

-31.4 1.02E+08 

 

13.4 1.59E+08 

 

18.4 1.59E+08 

-34.5 1.02E+08 

 

-31.3 1.02E+08 

 

13.7 1.60E+08 

 

18.7 1.60E+08 

-33.5 1.04E+08 

 

-31.2 1.04E+08 

 

15.5 1.62E+08 

 

20.7 1.62E+08 

-33.4 1.04E+08 

 

-31.1 1.04E+08 

 

16.0 1.63E+08 

 

21.3 1.63E+08 

-32.4 1.05E+08 

 

-30.0 1.05E+08 

 

17.7 1.65E+08 

 

23.2 1.65E+08 

-29.7 1.08E+08 

 

-27.3 1.08E+08 

 

18.3 1.66E+08 

 

23.9 1.66E+08 

-28.7 1.09E+08 

 

-26.3 1.09E+08 

 

18.7 1.66E+08 

 

24.3 1.66E+08 

-27.0 1.11E+08 

 

-24.5 1.11E+08 

 

20.5 1.69E+08 

 

26.3 1.69E+08 

-26.8 1.11E+08 

 

-24.3 1.11E+08 

 

20.9 1.70E+08 

 

26.7 1.70E+08 

-25.1 1.13E+08 

 

-22.6 1.13E+08 

 

21.6 1.71E+08 

 

27.6 1.71E+08 

-24.9 1.13E+08 

 

-22.4 1.13E+08 

 

22.5 1.72E+08 

 

28.6 1.72E+08 
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-21.6 1.17E+08 

 

-19.0 1.17E+08 

 

24.0 1.74E+08 

 

30.2 1.74E+08 

-20.6 1.18E+08 

 

-17.9 1.18E+08 

 

24.4 1.75E+08 

 

30.7 1.75E+08 

-20.3 1.18E+08 

 

-17.6 1.18E+08 

 

24.5 1.75E+08 

 

30.8 1.75E+08 

-19.0 1.20E+08 

 

-16.3 1.20E+08 

 

26.4 1.78E+08 

 

32.9 1.78E+08 

-18.2 1.21E+08 

 

-15.4 1.21E+08 

 

26.9 1.79E+08 

 

33.5 1.79E+08 

-15.7 1.23E+08   -12.9 1.23E+08 

 

28.3 1.81E+08 

 

35 1.81E+08 

      

29.0 1.82E+08 End 

LNG 

1 

37.2 1.82E+08 

      

29.0 1.82E+08 37.2 1.82E+08 

 

Cold Side   Hot Side 

 

Cold Side   Hot Side 

Temp Heat Flow   Temp Heat Flow 

 

Temp Heat Flow   Temp Heat Flow 

-53.9 1.97E+07 
Start 

LNG 2 

-47.6 1.97E+07 

 

-56.7 0.00E+00 Start 

LNG 

3 

-53.9 0.00E+00 

-53.6 2.17E+07 -47.0 2.17E+07 

 

-56.5 1.83E+06 -53.3 1.83E+06 

-53.6 2.19E+07 

 

-47.0 2.19E+07 

 

-56.5 1.97E+06 

 

-53.2 1.97E+06 

-53.5 2.21E+07 

 

-46.9 2.21E+07 

 

-56.4 2.13E+06 

 

-53.2 2.13E+06 

-53.5 2.23E+07 

 

-46.9 2.23E+07 

 

-56.3 3.68E+06 

 

-52.6 3.68E+06 

-53.2 2.38E+07 

 

-46.5 2.38E+07 

 

-56.2 3.85E+06 

 

-52.6 3.85E+06 

-53.2 2.40E+07 

 

-46.4 2.40E+07 

 

-56.2 4.15E+06 

 

-52.5 4.15E+06 

-53.1 2.43E+07 

 

-46.3 2.43E+07 

 

-56.0 5.57E+06 

 

-52.0 5.57E+06 

-53.1 2.47E+07 

 

-46.2 2.47E+07 

 

-56.0 5.74E+06 

 

-52.0 5.74E+06 

-52.9 2.58E+07 

 

-45.9 2.58E+07 

 

-56.0 6.15E+06 

 

-51.8 6.15E+06 

-52.8 2.61E+07 

 

-45.8 2.61E+07 

 

-55.8 7.48E+06 

 

-51.4 7.48E+06 

-52.7 2.65E+07 

 

-45.7 2.65E+07 

 

-55.8 7.65E+06 

 

-51.3 7.65E+06 

-52.6 2.70E+07 

 

-45.6 2.70E+07 

 

-55.7 8.12E+06 

 

-51.2 8.12E+06 

-52.5 2.80E+07 

 

-45.3 2.80E+07 

 

-55.5 9.43E+06 

 

-50.7 9.43E+06 

-52.4 2.82E+07 

 

-45.2 2.82E+07 

 

-55.5 9.57E+06 

 

-50.7 9.57E+06 

-52.3 2.87E+07 

 

-45.1 2.87E+07 

 

-55.4 1.01E+07 

 

-50.5 1.01E+07 

-52.2 2.93E+07 

 

-45.0 2.93E+07 

 

-55.2 1.14E+07 

 

-50.1 1.14E+07 

-52.0 3.01E+07 

 

-44.7 3.01E+07 

 

-55.2 1.15E+07 

 

-50.1 1.15E+07 

-52.0 3.03E+07 

 

-44.7 3.03E+07 

 

-55.2 1.20E+07 

 

-49.9 1.20E+07 

-51.9 3.09E+07 

 

-44.5 3.09E+07 

 

-54.9 1.34E+07 

 

-49.5 1.34E+07 

-51.8 3.15E+07 

 

-44.4 3.15E+07 

 

-54.9 1.35E+07 

 

-49.5 1.35E+07 

-51.6 3.23E+07 

 

-44.2 3.23E+07 

 

-54.9 1.39E+07 

 

-49.3 1.39E+07 

-51.6 3.25E+07 

 

-44.1 3.25E+07 

 

-54.6 1.55E+07 

 

-48.9 1.55E+07 

-51.4 3.31E+07 

 

-44.0 3.31E+07 

 

-54.6 1.55E+07 

 

-48.9 1.55E+07 

-51.3 3.36E+07 

 

-43.9 3.36E+07 

 

-54.6 1.59E+07 

 

-48.7 1.59E+07 

-51.1 3.46E+07 

 

-43.6 3.46E+07 

 

-54.3 1.75E+07 

 

-48.2 1.75E+07 

-51.1 3.47E+07 

 

-43.6 3.47E+07 

 

-54.3 1.76E+07 

 

-48.2 1.76E+07 

-51.0 3.52E+07 

 

-43.5 3.52E+07 

 

-54.3 1.78E+07 End 

LNG 

3 

-48.2 1.78E+07 

-50.9 3.56E+07 

 

-43.4 3.56E+07 

 

-53.9 1.97E+07 -47.6 1.97E+07 

-50.6 3.69E+07 

 

-43.1 3.69E+07 

      -50.6 3.69E+07 

 

-43.0 3.69E+07 

      -50.5 3.73E+07 

 

-42.9 3.73E+07 
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-50.5 3.77E+07 

 

-42.9 3.77E+07 

      -50.1 3.92E+07 

 

-42.5 3.92E+07 

      -50.1 3.92E+07 

 

-42.5 3.92E+07 

      -50.1 3.94E+07 

 

-42.4 3.94E+07 

      -50.0 3.96E+07 

 

-42.4 3.96E+07 

      

-49.6 4.16E+07 

End 

LNG 2 -41.9 4.16E+07 
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B.3.3 Membrane/Low-Temperature Separation Hybrid Carbon Capture Process Heat 

Curve Results – Case I 

Table B.6 Heat curve data used to determine the heat composite curves and grand composite 

curves in Chapter 5 (Case II) of the thesis. 

Cold Side   Hot Side 

      Temp Heat Flow   Temp Heat Flow 

 

*Continuation from LNG 1 

 -29.2 8.46E+07 Start 

LNG 

1 

-41.9 4.16E+07 

 

6.2 1.20E+08   -11.9 1.25E+08 

-26.3 8.74E+07 -40.8 4.65E+07 

 

6.4 1.20E+08 

 

-11.2 1.25E+08 

-26.0 8.77E+07 

 

-40.1 4.97E+07 

 

6.8 1.21E+08 

 

-10.1 1.27E+08 

-25.2 8.84E+07 

 

-39.9 5.09E+07 

 

7.1 1.21E+08 

 

-8.5 1.28E+08 

-23.4 9.02E+07 

 

-39.0 5.51E+07 

 

9.4 1.24E+08 

 

-8.3 1.29E+08 

-22.7 9.08E+07 

 

-38.5 5.76E+07 

 

9.9 1.24E+08 

 

-8.1 1.29E+08 

-21.3 9.22E+07 

 

-38.2 5.94E+07 

 

10.2 1.24E+08 

 

-5.2 1.32E+08 

-21.1 9.24E+07 

 

-37.8 6.12E+07 

 

12.3 1.27E+08 

 

-4.4 1.33E+08 

-20.4 9.31E+07 

 

-37.4 6.35E+07 

 

12.4 1.27E+08 

 

-3.7 1.34E+08 

-19.5 9.40E+07 

 

-36.9 6.59E+07 

 

13.0 1.28E+08 

 

-1.9 1.36E+08 

-17.5 9.59E+07 

 

-36.6 6.76E+07 

 

13.0 1.28E+08 

 

0.3 1.38E+08 

-17.4 9.60E+07 

 

-36.5 6.85E+07 

 

13.2 1.28E+08 

 

0.7 1.39E+08 

-16.2 9.72E+07 

 

-35.9 7.17E+07 

 

15.4 1.30E+08 

 

1.2 1.39E+08 

-14.5 9.89E+07 

 

-35.5 7.45E+07 

 

16.0 1.31E+08 

 

2.4 1.41E+08 

-13.6 9.97E+07 

 

-35.2 7.57E+07 

 

16.1 1.31E+08 

 

4.4 1.43E+08 

-13.6 9.98E+07 

 

-34.6 7.97E+07 

 

17.8 1.33E+08 

 

5.0 1.43E+08 

-13.0 1.00E+08 

 

-34.2 8.23E+07 

 

18.3 1.34E+08 

 

7.4 1.46E+08 

-11.5 1.02E+08 

 

-34.0 8.34E+07 

 

18.7 1.34E+08 

 

8.9 1.48E+08 

-9.9 1.03E+08 

 

-34.0 8.37E+07 

 

19.2 1.35E+08 

 

9.2 1.48E+08 

-9.7 1.04E+08 

 

-33.9 8.44E+07 

 

21.2 1.37E+08 

 

9.3 1.49E+08 

-8.5 1.05E+08 

 

-33.4 8.77E+07 

 

21.3 1.37E+08 

 

10.3 1.50E+08 

-6.6 1.07E+08 

 

-33.0 9.01E+07 

 

22.4 1.39E+08 

 

13.2 1.53E+08 

-6.5 1.07E+08 

 

-32.8 9.16E+07 

 

22.9 1.39E+08 

 

13.2 1.53E+08 

-6.3 1.07E+08 

 

-32.3 9.55E+07 

 

23.7 1.40E+08 

 

14.1 1.54E+08 

-5.5 1.08E+08 

 

-32.2 9.62E+07 

 

24.0 1.41E+08 

 

16.0 1.56E+08 

-3.3 1.10E+08 

 

-32.1 9.70E+07 

 

25.5 1.43E+08 

 

16.3 1.57E+08 

-2.8 1.11E+08 

 

-31.7 9.96E+07 

 

26.0 1.43E+08 

 

17.0 1.58E+08 

-2.4 1.11E+08 

 

-31.5 1.01E+08 

 

26.7 1.44E+08 

 

17.7 1.58E+08 

-0.1 1.13E+08 

 

-31.4 1.02E+08 

 

27.5 1.45E+08 

 

18.4 1.59E+08 

0.1 1.14E+08 

 

-31.3 1.02E+08 

 

28.2 1.46E+08 

 

18.7 1.60E+08 

0.6 1.14E+08 

 

-31.2 1.04E+08 

 

28.7 1.47E+08 

 

20.7 1.62E+08 

0.6 1.14E+08 

 

-31.1 1.04E+08 

 

29.3 1.48E+08 

 

21.3 1.63E+08 

3.1 1.17E+08 

 

-30.0 1.05E+08 

 

30.2 1.49E+08 

 

23.2 1.65E+08 

3.7 1.17E+08 

 

-27.3 1.08E+08 

 

31.8 1.52E+08 End 

LNG 

1 

23.9 1.66E+08 

3.9 1.18E+08 

 

-26.3 1.09E+08 

 

18.7 1.66E+08 24.3 1.66E+08 

6.2 1.20E+08   -24.5 1.11E+08 
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Cold Side   Hot Side 

 

Cold Side   Hot Side 

Temp 

Heat 

Flow   Temp 

Heat 

Flow 

 

Temp 

Heat 

Flow   Temp 

Heat 

Flow 

-36.4 8.23E+07 Start 

LNG 2 

-23.0 8.23E+07 

 

-36.4 0.00E+00 
 HX 

3 

-34.4 0.00E+00 

-34.4 8.23E+07 -23.0 8.23E+07 

 

-36.4 4.11E+07 -27.7 4.11E+07 

-34.2 8.24E+07 

 

-22.8 8.24E+07 

 

    -23.4 8.20E+07 

-34.2 8.24E+07 

 

-22.8 8.24E+07 

      -33.9 8.25E+07 

 

-22.7 8.25E+07 

      -33.9 8.25E+07 

 

-22.7 8.25E+07 

      -33.6 8.26E+07 

 

-22.5 8.26E+07 

      -33.6 8.26E+07 

 

-22.5 8.26E+07 

      -33.4 8.27E+07 

 

-22.4 8.27E+07 

      -33.4 8.27E+07 

 

-22.4 8.27E+07 

      -33.1 8.28E+07 

 

-22.2 8.28E+07 

      -33.1 8.28E+07 

 

-22.2 8.28E+07 

      -32.9 8.30E+07 

 

-22.1 8.30E+07 

      -32.9 8.30E+07 

 

-22.1 8.30E+07 

      -32.6 8.31E+07 

 

-21.9 8.31E+07 

      -32.6 8.31E+07 

 

-21.9 8.31E+07 

      -32.3 8.32E+07 

 

-21.7 8.32E+07 

      -32.3 8.32E+07 

 

-21.7 8.32E+07 

      -32.1 8.33E+07 

 

-21.6 8.33E+07 

      -32.1 8.33E+07 

 

-21.6 8.33E+07 

      -31.8 8.34E+07 

 

-21.4 8.34E+07 

      -31.8 8.34E+07 

 

-21.4 8.34E+07 

      -31.5 8.36E+07 

 

-21.3 8.36E+07 

      -31.5 8.36E+07 

 

-21.3 8.36E+07 

      -31.3 8.37E+07 

 

-21.1 8.37E+07 

      -31.3 8.37E+07 

 

-21.1 8.37E+07 

      -31.0 8.38E+07 

 

-21.0 8.38E+07 

      -31.0 8.38E+07 

 

-21.0 8.38E+07 

      -30.8 8.39E+07 

 

-20.8 8.39E+07 

      -30.8 8.39E+07 

 

-20.8 8.39E+07 

      -30.5 8.40E+07 

 

-20.6 8.40E+07 

      -30.5 8.40E+07 

 

-20.6 8.40E+07 

      -30.2 8.41E+07 

 

-20.5 8.41E+07 

      -30.2 8.41E+07 

 

-20.5 8.41E+07 

      -30.0 8.43E+07 

 

-20.3 8.43E+07 

      -30.0 8.43E+07 

 

-20.3 8.43E+07 

      -29.7 8.44E+07 

 

-20.2 8.44E+07 

      -29.7 8.44E+07 

 

-20.2 8.44E+07 

      -29.4 8.45E+07 

 

-20.0 8.45E+07 

      -29.4 8.45E+07 

 

-20.0 8.45E+07 

      

-29.2 8.46E+07 

End 

LNG 2 -19.9 8.46E+07 
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B.4 Techno-Economic Analysis Detailed Example 

This sub-section will show the equations and detailed steps used to obtain the results for the techno-

economic analysis for the membrane/low-temperature hybrid carbon capture using propane refrigerant 

(Case II) at 90% overall CO2 recovery rate. 

B.4.1 Capital Equipment Costs 

The first step in the techno-economic analysis was to obtain the capital cost of each equipment since 

the other costs are a function of the total equipment capital costs. 

· Heat Exchangers 

The heat exchanger cost equation from Sinnott (2009) was used to determine the capital cost and was 

as follows: 

56789: = 20''' - 0$ × ;%.2        Eq. B.1 

Where,  A is the area of the heat exchanger. 

The area of the heat exchanger is determined by using the set of heat transfer coefficient shown in 

Table B.7 and Eq. B.2. 

Table B.7 Table of heat transfer coefficients used to determine the heat exchanger area (Sinnott 

2009). 

Flue gas transfer coefficient 5000 W/m2.K 

Refrigerant transfer coefficient 750 W/m2.K 

Cooling Water transfer coefficient 3430 W/m2.K 

Overall U Flue gas/Water 2034 W/m2.K 

Overall U Flue gas/Refrigerant 652 W/m2.K 

Overall U Refrigerant/Water 615 W/m2.K 

 

; = < >

?.@A
          Eq. B.2 

Where A is the area of the heat exchanger (m2) 

 Q is the duty of the heat exchanger (W) 

 k is the heat transfer coefficient (W/m2.K) 

 ΔT is the temperature difference of the heat exchanger (K) 

The total heat exchanger equipment cost was calculated by applying Eq. B.1 to all the heat exchangers 

throughout the process and the breakdown of the cost of each heat exchanger is shown in Table B.8. 
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Table B.8 Summary of heat exchangers capital cost for Case II membrane/low-temperature 

hybrid carbon capture at 90% overall CO2 recovery rate. 

Heat Exchanger Cost (U$ 2009) 

Compression Inter-Cooler 1 $36,019 

Compression Inter-Cooler 2 $35,241 

Compression Inter-Cooler 3 $34,903 

Refrigeration Cycle Cooler 4 $265,741 

Stream-to-Stream Heat Exchanger 1 $221,015 

Stream-to-Stream Heat Exchanger 2 $27,310 

Stream-to-Stream Heat Exchanger 3 $933,009 

 

· Compressors 

The compressors cost were estimated from a correlation (Eq. B.3) developed by (Ho 2007) and used 

by Harkin (2012). 

5678B6CDEF776E = 1'' G D        Eq. B.3 

Where p is the power requirement of the compressor (kW) 

The total compressor capital cost was calculated by applying Eq. B.3 to all the compressors 

throughout the process as shown in Table B.9. 

Table B.9 Summary of compressors capital cost for Case II membrane/low-temperature hybrid 

carbon capture at 90% overall CO2 recovery rate. 

Compressor Cost (million A$ 2007) 

Pre-Low-Temp Compressor 1 $15.79 

Pre-Low-Temp Compressor 2 $15.72 

Pre-Low-Temp Compressor 3 $15.27 

Refrigeration Compressor 1 $2.14 

Refrigeration Compressor 2 $3.75 

Vacuum Pump $21.66 

VSA Blower $3.77 

 

· Pump 

Due to the high capacity factor required for the CO2 pump (approximately 700 m3.kPa/s), the CO2 

pump for the liquefied CO2 was cost estimated using a scale up from a similar pump installed in a 

Benfield plant by Furukawa and Bartoo (1997) as shown in Eq. B.4. 

5678DHCD = 2+32+' × >
>EF!

        Eq. B.4 

Where  Q is the volumetric flowrate (m3/s) and 
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 Qref is the reference volumetric flowrate of 0.372 m3/s. 

Using this equation, the CO2 pump for our example was estimated to cost U$61 000 (U$ 1997). 

· Separation Vessels 

Separation vessels were required for the knock-out drums in the pre-low-temperature compression 

train, where water was removed following each inter-stage cooling. The vessels were estimated from 

Peters, Timmerhaus and West (2002) and shown in Eq. B.5. 

5678I6 = */ × J'. '3%K'.103 - '. 1/L ×M'.$$      Eq. 

B.5 

Where, P is the pressure (bar) and 

 W is the weight of the vessel (kg) 

In our example, the knock-out drum is at 332.56 kPa and has a weight of 68480 kg and therefore costs 

U$362 000 (U$ 2003). 

· VSA Vessels 

The VSA vessels were used for the VSA/low-temperature hybrid carbon capture processes. Due to the 

high vacuum and flowrate required for the vessels, the vessels were estimated using the same method 

as absorbers columns by Peters, Timmerhaus and West (2002) and shown in Eq. B.6.  

5678NF77FO = / × J&2200 - 23+$PN - %20%Q - %2'+PN2 - 3%/PNQ- 2'. 3/Q2 & 02PN2Q -
2. 0PNQ2 & '. +Q/L        Eq. B.6 

· Total Capital Costs (CAPEX) 

Using the equations shown above, the total equipment costs can be determined by summing all the 

values and converting all the currency to the same basis, which is A$ 2011. In the example being 

studied in the appendix, the total equipment cost was estimated to be A$ 109 million. 

The CAPEX was then determined by using the parameters shown in Chapter 3 (Table 3.9). The 

corresponding evaluated costs for the case example are shown in Table B.10. 

Table B.10 Breakdown of capital cost components for carbon capture with values for Case II 

membrane/low-temperature hybrid carbon capture at 90% overall CO2 recovery rate. 

 Capital cost elements Nominal value  A$ million 

A Process Equipment Cost (PEC) Sum of all process equipment 109 

B General facilities 30 % PEC 32.7 

 Total Equipment Cost (TEC) A+B 142 
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C Instrumentation 15 % TEC 21. 

 
D Piping 20 % TEC 28.4 

E Electrical  7 % TEC 9.93 

F Total Installed Cost (TIC) A + B+ C+ D +E 201 

G Start-up costs 8 % TIC 16.1 

H Engineering 5 % TIC 10.1 

I Owners costs 7 % (F + G + H)  15.9 

J Engineering, procurement, 

construction and owner’s cost 

(EPCO) 

F + G + H + I 
243 

K Project Contingency 10 % EPCO 24.4 

 TOTAL CAPITAL COST (CAPEX)  = J + K  268 

 

B.4.2 Operating Costs 

After calculating the CAPEX, the various operating cost parameters were determined using the 

parameters discussed in Chapter 3 (Table 3.10).   

Table B.11 Breakdown of operating cost components for hybrid carbon capture with values for 

Case II membrane/low-temperature hybrid carbon capture at 90% overall CO2 recovery rate. 

  Operating cost elements Nominal value  A$ million 

F
ix

ed
 c

o
st

s 

M Insurance 2% TCC 5.36 

N Fixed Operating and 

Maintenance Costs (FOM) 
4% TCC + Ins 16.07 

O Labour Costs  1.97 

V
ar

ia
b

le
 

co
st

s  

P Cooling Costs 

 

 1.18 

 R 
Membrane Replacement Costs 

20% Membrane Capital 

Cost 

0.05 

 

 
 

TOTAL OPERATING COST 

(OPEX) 

 = Variable Costs + Fixed 
costs  

19.21 

 

 

B.4.3 Other Costs 

Finally, the cost storing the CO2 and cost of lost power is determined using the parameters shown in 

Table 3.11 and equations Eq. B.7 and Eq. B.8. 

5678786ERSF = CT 5U25RD8HEFV × ?786ERSF       Eq. 

B.7 

5678O678<D6WFE = XBRD8HEF × 5678FOFB8EYBY8# ×Z      Eq. 

B.8 

Where, kstorage is the cost factor of storage per tonne of CO2 ($6.03/t (CO2)) 
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 Ecapture is the electricity used to capture the CO2 (MW) 

 Costelectricity is the cost price electricity ($40/MWh) and 

 Φ is the capacity factor of the power plant (7446 hours) 

For our example, the corresponding cost of storage is A$ 11.5 million and the cost of lost power is 

A$ 31.3 million. 

B.4.4 Cash Flow 

The project is assumed to operate for 25 years with 2 years for commissioning prior to operation and 

1 year for decommissioning following operation, totalling 28 years. The CAPEX is distributed in the 

first two years in a 40:60 ratio. The OPEX, storage cost and loss of revenue (cost of lost power) starts 

from the first year of operation (Year 3). The summary table for the real value and the present value 

(using a discount factor of 7%) is shown in Table B.12and Table B.13 respectively.  

Table B.12 Summary of techno-economic parameters from real value for Case II 

membrane/low-temperature hybrid carbon capture at 90% overall CO2 recovery rate. 

Item Units Value 

Real CAPEX $m 268 

Real OPEX  $m 480 

Real Abandonment $m 67 

Real Lost Revenue $m 781 

Real Storage Costs $m 288 

Real Electricity Production MWh 3.31E+07 

Real CO2 Captured t CO2 4.78E+07 

Real CO2 Avoided t CO2 2.81E+07 

 

 Table B.13 Summary of techno-economic parameters from present value (discount 

factor 7%) for Case II membrane/low-temperature hybrid carbon capture at 90% overall CO2 

recovery rate. 

Item Units Value 

PV CAPEX $m 240 

PV OPEX  $m 141 

PV Abandonment $m 10 

PV Lost Revenue $m 318 

PV Storage Costs $m 117 

PV Electricity Production MWh 1.35E+07 
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PV CO2 Captured t CO2 1.95E+07 

PV CO2 Avoided t CO2 1.14E+07 

From the values of Table B.13, the cost of capture and storage can be determined as shown in  

 Table B.14 Summary of techno-economic parameters in terms of $/t(CO2 captured) and 

$/MWh for Case II membrane/low-temperature hybrid carbon capture at 90% overall CO2 

recovery rate. 

Item Units Value 

$/t CO2 avoided (Capture) $/tCO2 62.12 

$/t CO2 captured (Capture) $/tCO2 36.48 

$/t CO2 avoided (Storage) $/tCO2 10.27 

$/t CO2 captured (Storage) $/tCO2 6.03 

$/MWh Storage $/MWh 8.69 

$/MWh Capture $/MWh 52.60 

$/MWh Lost Revenue $/MWh 23.58 

The differential cost of electricity (DCOE) can be determined from the ratio of PV total costs vs PV 

electricity Production and the corresponding cost of CO2 avoidance is DCOE divided by the amount 

of CO2 avoided by the hybrid carbon capture process. Finally, the LCOE is the sum of the DCOE and 

the current cost price of electricity. The values for the example is shown in  

Table B.15 DCOE, cost of CO2 avoidance and LCOE for Case II membrane/low-temperature 

hybrid carbon capture at 90% overall CO2 recovery rate. 

Item Units Value 

DCOE $/MWh 61.29 

Cost of CO2 avoidance $/tCO2 72.39 

LCOE $/MWh 101.26 
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