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Abstract  

Carbon dioxide (CO2) emission from burning fossil fuels in power plants is a major 

contributor toward climate change. Carbon capture and storage (CCS) is a potential solution 

to reduce the emission while renewable energy sources are being developed. Among CCS 

technologies, post-combustion carbon capture (PCC) is a promising method for reducing CO2 

from existing power plants. However, PCC has drawbacks, including high construction costs, 

high energy demand for solvent regeneration, and potential environmental impacts.  

A stepwise multi-linear regression based on the least squares method was used to identify 

significant variables in PCC to reduce solvent regeneration energy and to enhance efficiency. 

Seven independent variables were selected, including lean solvent temperature, solvent 

concentration, lean CO2 loading, and flue gas conditions. The analysis revealed that solvent 

concentration, inlet CO2 concentration, and lean CO2 loading affect solvent regeneration 

energy. The regression equations were validated and found reliable, with prediction errors of 

0.78% for CO2 rich loading and 2.47% for solvent regeneration energy. 

A study-state rate-based model of PCC system using monoethanolamine (MEA) as a solvent 

was developed and validated in Aspen HYSYS using pilot plant data. The model predictions 

using HYSYS agreed with PCC pilot plant experimental data where the deviation between the 

model and experimental results did  not exceed ±8%. A new simulation of PCC process using 

combined solvent MDEA/PZ under different total concentration (40 wt% and 50 wt%) and 

different individual concentration for MDEA and PZ was simulated. The aim of the simulated 

PCC process using combined solvents was to investigate the synergistic effect of the selected 

solvents compared to MEA at 30 wt%. The simulation shows that 43 wt% MDEA and 7 wt% 

PZ is the optimum composition that requires the minimum energy for solvent regeneration of 

2.53 MJ/kgCO2 for 88.5% process efficiency compared to 4.003 MJ/kgco2 for 30 wt% MEA 

without the need for any process modifications.  

A cradle-to-gate life cycle assessment is used to investigate and evaluate the environmental 

impact of PCC once retrofitted to power plant using SimaPro. Three methods of life cycle 

assessment were used in this study including ReCiPe 2016 Midpoint (H), ReCiPe 2016 

Endpoint (H), and IPCC 2013 GWP 500. The findings from LCA study show that power plant 

equipped with PCC demonstrated a tremendous reduction of global warming potential 

compared to power plant without PCC. However, the study found that power plants with or 

without PCC cause resource depletion due to the utilization of fossil fuel. Furthermore, several 
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environmental issues impact specifically water resources reach the maximum once MEA is 

utilized for PCC compared with MDEA/PZ that required of water management system to 

manage the water utilization and damping during PCC process. Hence, the study shows the 

synergistic effect of MDEA and PZ to capture carbon dioxide using PCC process shows the 

ability to resolve the drawback of PCC process from technical and environmental view and 

could be selected as one of the mitigation solutions to reduce CO2 emissions. However, the 

study limited to the economic assessment for the system and the variation in the power plant 

process as well as the transportation and storage stages of carbon capture and utilization or 

storage process. 
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Introduction 

1.1 Overview   
This chapter sets the content of the thesis. Section 1.2 presents the 

background of the study that is divided into three subsections: energy 

demand and CO2 emissions that affect climate change, power plant 

challenges, and the CO2 capture options. The aim and objectives of this 

thesis are presented in Section 1.3 while the problem statement is presented 

in Section 1.4. In Section 1.5 research questions are listed. The link of this 

study to the Sustainable Development Goals (SDG) is presented in Section 

1.6. The significance of the study is outlined in Section 1.7. In Section 1.8 

the limitations of the study are presented. The structure of the thesis is 

presented in Section 1.9 and the definition of the terms belonging to the 

study and being used in the following text is outlined in Section 1.10. 
 

1.2 Background 

1.2.1 Energy demand, CO2 emissions and climate change  

The economic growth, urbanization, transportation beside the population 

growth is expected to grow about 1.7 billion by 2050 are the derivers of 

the global energy demand (IEA, 2023). The global energy demand grew by 

0.7% in 2023 compared to 0.5% in 2019 (IEA, 2019, 2023). Furthermore, 

the British Petroleum (BP) report shows that the global energy demand 

increased by 6% in 2021 compared to 2020 (BP, 2022) specifically after 

the locked down period during COVID-19 pandemic. Power plants are the 

main energy providers that generate electricity using fossil fuels (natural 

gas or coal) (Chao et al., 2021). The demand on coal and natural gas for 

power plant exceeds the other sectors that reached 54% for coal and 39% 

of natural gas. (IEA, 2023).  
 

Growing the utilization of fossil fuel for energy generation since the mid 

of 20th century has increased the emissions of Greenhouse Gases (GHG) 

(Oh et al., 2016). Among the GHGs, CO2 is the most contributor to the 

climate change and global warming (IPCC, 2005). The combustion of 

fossil fuels increased the emissions of CO2 from energy production, 

industrial processes, flaring and methane by 5.9% in 2021 compared to 

2019 (BP, 2022). It is also considered the largest stationary source of CO2 

emissions (IEA, 2017), although the utilization of renewable energy 

increases but yet unable to replace power plant processes using fossil fuels 

(Sultan et al., 2021). The energy outlook of International Energy Agency 
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(IEA) stated that as far as fossil fuel is the solely energy provider, the 

energy demand and CO2 emissions will keep rising (IEA, 2018). 

The GHGs emission has contributed to increase atmospheric CO2 reaching 

413.2 ppm in 2020 compared to 361.7 ppm during the period of 1991-2000, 

this increase is responsible for about 81% of the increase of radiative 

forcing (IPCC, 2023). It resulted in global warming (Rehman et al., 2023), 

that causes to rise atmospheric temperature and the ultimate change in 

climate (Akinola et al., 2019). The Intergovernmental Panel on Climate 

Change (IPCC) issued a special report (SR15), addressing the critical 

consequences of global warming if it increases by 2oC compared to the 

preindustrial level. The IPCC report shows that the risk from precipitation, 

drought, rise of sea level and the damage to many ecosystems will be 

higher at 2oC compared to 1.5oC. Therefore, IPCC recommended solutions 

to reduce CO2 emissions by improving electrification, increasing the 

contribution of alternative energy sources such as hydrogen and bio-fuels 

and investing more in Carbon Capture Utilization and Storage (CCUS) 

(IPCC, 2018). According to IEA report, 1GtCO2 per year must be captured 

from power, iron, cement, and chemical plants by 2030 to enable 

achievement of net zero emissions (IEA, 2020). Research and development 

related to Carbon Capture and Storage (CCS) technology and CCUS have 

increased over the past decade as one of the promising methods to reduce 

CO2 emissions, specifically from power plants (Oh et al., 2018; Tiwari et 

al., 2023). Among various CO2 emissions reduction methods, CCS is 

expected to contribute by approximately 19% reduction in the total CO2 

emissions by 2050 (IEA, 2011). 

1.2.2 Power plant function and challenge  

The thermal power plant generates electricity through combustion of fossil 

fuels, either coal or natural gas, to produce steam that drives the turbine 

using Rankine cycle since 1882 (Veselov et al., 2019). Power plants 

generating electricity using natural gas are divided into two types: “Open 

Cycle Gas turbine” (OCGT) and “Combined Cycle Gas Turbine” (CCGT). 

The working principles of OCGT are based on Brayton cycle whereas the 

power is generated using gas turbine through a shaft, the efficiency of the 

power production is within 35-42% based on lower heating value. The 

CCGT produces extra power using a heat recovery steam generator to 

recover heat from exhaust gases thereby improving thermal efficiency up 

to 60%. Over the last few decades, the CCGT technology is utilized more 

compared with OCGT due to higher power production and better efficiency 
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(Rao & Francuz, 2013). The power plant generating electricity using coal 

is the coal-fired power plants that are classified as pulverized coal plant, 

fluidized bed combustion, and integrated gasification combined cycle 

(Romero-García et al., 2022). However, coal-fired power plants contain 

complex system to burn coal effectively and to cool the heat generated 

during the process (Mac Dowell & Shah, 2014). 

The operation of power plants face several challenges including fuel 

pricing, environmental concerns, fossil fuel depletion, regulations and 

transition to renewable energy (IEA, 2015). These challenges compel  the 

energy providers to introduce technological innovations and introduce 

methods to control the negative effects of the power plant operation on the 

environment (Fu et al., 2021; Veselov et al., 2019). Therefore, exploring 

new technologies to increase the thermal efficiency that raises the steam 

temperature and reduces gas emission is the main concern through out the 

globe (Xu et al., 2018).  

The emissions of CO2 from power plants, using coal and natural gas, 

reached their highest ever level of 46% of the global increase in emissions 

where coal ranked the first by 40% among the others fossil fuels (IEA, 

2021c). 

1.2.3 CO2 capture options  

Primarily, Carbon Capture (CC) stage is the most expensive stage of CCS 

process, 50-90% of the overall cost of the process is taken by captured 

stage (Pera-Titus, 2014). There are several variables need to be considered 

prior to building a CC system for instance, the amount and type of solvent 

or sorbent utilized, the pre-treatment requirements of impurities, 

environmental impact of the chemicals, the concentration of CO2 in the 

flue gas, and the selected carbon capture techniques (Gür, 2022). Three 

techniques are currently available for CC from stationary system, the pre-

combustion CC, oxy-combustion capture, and post-combustion capture. 

The advantages and disadvantages of the three technologies are 

summarized in Figure 1, among these the post-combustion capture is 

extensively used and attracted the researcher’s attention (Bui et al., 2018; 

Kearns et al., 2021; Pan et al., 2016). Furthermore, post-combustion 

capture is the selected technique for this study.  
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Figure 1 Advantages and disadvantages of the carbon capture technologies  

including (1) Pre-combustion capture, CO2 is captured from fuel before burning using 

air, (2) Oxy-fuel combustion capture, CO2 is captured from flue gases after burning 

fossil fuel using pure oxygen, and (3) Post-combustion capture, CO2 is captured from 

flue gases after burning with air.  

 

1.2.3.1 Pre-combustion carbon capture (PCC) 

In this method, the CO2 is captured before burning the fuel in the 

combustion chamber (Eide & Bailey, 2005). The fossil fuel such as coal is 

reacted with steam and oxygen at elevated temperature and pressure that 

results in synthesis gas, contains CO and H2 (Cormos, 2012; Jansen et al., 

2015). Afterwards the CO is converted to CO2 using steam therefrom CO2 

is captured outside the stream using solvent such as Selexol, the pure 

hydrogen gas is burned to generate electricity (Rubin et al., 2012) as shown 

in Figure 2. The produced CO2 can be captured from natural gas by a 

reforming process which is similar to the Pre-Combustion (PC) using coal 

that is used for hydrogen production (Rubin et al., 2012). Although the PC 

process can be operated in power plant for generating electricity using 

natural gas at lower energy than post-combustion capture, but the process 

is commercially less viable than post-combustion capture (Rubin et al., 

2015). The pre-combustion CC is also used for hydrogen production 

including CO2 capture unit known as blue hydrogen production (Rubin et 

al., 2012). The technique has gained more attraction in research and 

development, owing to the reason that it works toward climate change 

mitigation. The process could use coal or natural gas as a source of fuel 

where gasifier is used for burning the fossil fuel, followed by sending the 
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burning products for a shift reactor to ensure burning and formation of 

hydrogen (Rubin et al., 2012). 

 

 
Figure 2 Schematic representation of pre-combustion CC process in power 

plants using coal as a source of fuel. 

 

The driving force for the PC process is the solubility of CO2 in the solvent 

being used for the purpose, that increases at high pressure and low 

temperature (Smith et al., 2022). The CC using PC process by solvent 

absorption techniques does not require chemical reaction due to the high 

CO2 partial pressure. The solvents used are amines, amino acid salts, 

carbonate compounds, aqueous ammonia, immiscible liquids, ionic 

liquids, hydrophobic polymers and some other solvents that are able to 

reduce overall cost of the capture process, improve the absorption rate, 

reduce the solvent degradation, minimize the equipment size, and reduce 

the solvent regeneration energy (Mumford et al., 2015). The selected 

solvent supposedly has a high potential on the cost of the CCS process 

where the solvent properties have a direct effect on the economic cost of 

the process (Siefert et al., 2016).  

 

1.2.3.2 Oxy-fuel combustion CC 

Oxy-fuel combustion is an alternative proposed technique against the post-

combustion capture process. The process is specifically used for coal-fired 

power plants where pure oxygen (95-99%) is used for burning instead of 

air at high temperature in the combustion chamber (Metz et al., 2005). The 

burning processes produce CO2 that is separated without further processing 
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due to the high CO2 concentration being formed (Tan et al., 2006). The CO2 

from the oxy-fuel combustion has 90% purity, is passed to be compressed 

and stored (Shaw & Mukherjee, 2022). The description of the oxy-fuel 

combustion CC is shown in Figure 3. It includes three stages, O2 is 

separated from the air using air separation unit, pure O2 is used to burn the 

fossil fuel and energy is generated, and finally the CO2 formed during the 

burning processes is compressed and transported for storage. 

 

 
Figure 3 Description of oxy-fuel combustion CC process (Maniarasu et al., 

2021). 

The air separator unit is required for separating oxygen from air to be used 

for burning, is considered to be expensive (Rubin et al., 2012; F. Wu et al., 

2018). The minimum energy required to separate oxygen from air is 176 

MJ/𝑡𝑂2
 using air separation unit that is considered as a main process 

challenge (Fu & Gundersen, 2012). However, a new technique for 

separating of O2 is introduced using membrane or oxygen capturing solids, 

that targets the reduction of energy demand (Zhang, 2015). Challenges 

such as high temperature and the risk of air leaks into the system (Yadav & 

Mondal, 2022) are still to be address, hence, oxy-fuel process is not 

expected to be of economic attraction unless more legislation for carbon 

price is issued (Wall et al., 2011).   

 

1.2.3.3 Post-combustion carbon capture (PCC) 

The post-Combustion Capture (PCC) has gained most of the attention and 

has been demonstrated in industries at different level, for example, TMC 

Mongstad in Norway that captures 300,000 tones/year of CO2  and BD3 

SaskPower in Canada captures 1 million tones/year, are  the biggest PCC 

projects so far (Liang et al., 2015). In PCC process, the CO2 is removed 

from the flue gas once fossil fuel is burnt (Hong, 2022) followed by storage 

of the captured CO2, Figure 4. The PCC is applicable to capture CO2 from 
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this sector to support the achievement of net zero emission (Gür, 2022). 

Once the flue gas is burnt to release energy in the form of heat, byproducts 

such as CO2, water vapor, SO2 and Nitrogen Oxides (NOx) are formed 

which require to be removed prior to CO2 capture (Merkel et al., 2010). 

Currently, the PCC is grouped in to three categories; biological, physical 

and chemical methods (Maniarasu et al., 2021).  

 

 
Figure 4 Process block diagram of PCC. The flue gas contains CO2 leaves the 

combustion chamber passed through the capture system. The clean flue gases and CO2 

are separated. The pure CO2 is either stored in the reservoir or sent to specific industries 

for utilization 

 

The absorption column in the PCC process captures CO2 from flue gas 

using solvent such as Monoethanolamine (MEA), then the gas/solvent 

mixture (MEA + captured CO2) is sent to the stripper for solvent 

regeneration. Thus, solvent regeneration requires energy that is provided 

by the steam resulted for electricity generation (Rubin et al., 2012; Wang 

et al., 2011). The energy demand for solvent regeneration is one of the 

process constrains (House et al., 2009). However, if the heat of the flue 

gases from combustion chamber is recovered to be used in the stripper 

section, it will improve the power plant efficiency (Hanak et al., 2014). 

The PCC process challenges are, the low CO2 concentration in the flue gas, 

the low CO2 partial pressure that reduces the capture efficiency and 

increases the energy demand (Wang & Song, 2020; Younas et al., 2016). 

Furthermore, the removal of the flue gas pollutants such as SO2 and NOx 

increase the energy demand and reduce the power plant efficiency (De 

Visser et al., 2008).  
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The estimated cost of CC by the three technologies is shown in Table 1, 

capture by oxy-fuel combustion technique has the highest operating cost 

due to the high purity of oxygen needed for the process and other process 

specifications. Although the pre-combustion requires the lowest cost to 

capture, the invisibility of pre-combustion to retrofit into an existing power 

plant increases the potential of post-combustion capture to be the optimum 

technique for CC from power plant.    
 

Table 1 Cost estimated for the CC technologies and viability to be retrofitted to 

a power plant 

Technology  Capturing 

efficiency 

(%) 

Capture 

Cost  

(USD/t) 

Visibility to be retrofitted into 

power plant  

Reference 

Pre-

combustion 

carbon capture 

90 34 – 63 • Difficult fitting without process 

modification if the power plant 

is working  

• Visible only for new power 

plant  

(Kheirinik et 

al., 2021; 

Rubin et al., 

2015)  

Oxy-fuel 

combustion 

carbon capture  

90 52 - 257 More studies to find the possibility 

of retrofitting  

(Dinca et al., 

2018; 

Kheirinik et 

al., 2021; 

Rubin et al., 

2015) 

Post-

combustion 

carbon capture  

90 46 – 74 • It can be easily fitted into power 

plant if the required place is 

available 

• Visible for both new and 

working/old power plant  

(Jiang et al., 

2021; 

Kheirinik et 

al., 2021; 

Vega et al., 

2019) 
 

1.2.3.4 Post-combustion carbon capture options 

The PCC capture of CO2 is the most effective method for reducing CO2 

emission from power plants (Sun et al., 2020). The PCC process captures 

CO2 emitted from burning of fossil fuel and it is considered as the best 

option to be retrofitted to the existing power plants (Paraschiv & Paraschiv, 

2020). The flue gas leaves the stuck near the atmospheric pressure and at 

temperature ranging between 50-150oC, while the CO2 concentration in the 

flue gas is in the range 10-15% by volume (Chen et al., 2013). The three 

most efficient PCC techniques for separating CO2 from the flue gas are 
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using adsorption, chemical absorption,  and  membrane techniques (Zhang 

et al., 2018) as shown in Figure 5.  

 
Figure 5 Various options of PCC processes.  

 

1.2.3.4.1 Adsorption as a separation technique 

The adsorption method is used to separate CO2 from flue gas by passing it 

through a solid surface in a packed column filled with solid at moderate 

temperature in the range of 26–65oC (Leung et al., 2014; Mukherjee et al., 

2019). The adsorption method is classified either as temperature swing, 

pressure swing, or vacuum swing adsorption that separates CO2 from flue 

gas using solid/sorbent located inside a vessel either as fixed bed or 

fluidized bed (Chao et al., 2021). Comparison between the three techniques 

according to their ability to deal with the impurities in the flue gas, the 

required energy demand, and other conditions to improve the process 

technical and economic challenges are described in Table 2.  

The adsorption by temperature swing method works at low 

temperature following van der Waals force’s principles, once the sorbent 

reaches the saturation condition, regeneration of the sorbent is required at 

high temperature to enable CO2 separation from the sorbent, followed by 

resending the generated sorbent for further CO2 capture. The advantages of 

the adsorption process is the low process temperature, low operating cost, 

and easy integration to any existing power plant (Kuramochi et al., 2012). 

On the other hand, the adsorption by pressure swing works by adsorbing 
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CO2 at high pressure and releasing it at low pressure during the 

regeneration stage (Ishibashi et al., 1996). The vacuum swing adsorption 

is the most applicable option at industrial level, the adsorption is carried 

out under normal pressure and the regeneration is carried out under vacuum 

where one column is used for adsorption and desorption (Kikkinides et al., 

1993). To achieve the capture efficiency, dried and treated flue gas should 

be maintained for both pressure swing and vacuum swing adsorption that 

increases the cost of capture process (Zhang et al., 2008).  

 

Table 2 Description of the classification of adsorption separation 

techniques 

No. Adsorption 

Separation 

Technique 

Impurities in Flue 

Gas  

Energy Demand Requirement    

1 Temperature 

Swing 

Adsorption 

(TSA)  

• Removal of 

impurities from 

flue gas is not 

strict 

• Impurities could 

be removed by 

the adsorbent and 

later separated 

from adsorbent at 

higher 

temperature   

• High energy 

demand 

around 140oC 

is the 

regeneration 

temperature  

Development 

of sorbent that 

has low 

regeneration 

temperature 

and high 

capacity for 

CO2 capture   

2 Pressure Swing 

Adsorption 

(PSA) 

• Impurities must 

be removed from 

flue gas before 

adsorption  

• Low 

temperature 

for adsorption 

step 

• High energy 

demand for 

pressurization  

Hot flue gas is 

required to 

reduce the 

process energy 

demand  

3 Vacuum Swing 

Adsorption 

(VSA)  

• Impurities must 

be removed from 

flue gas before 

adsorption  

• Low 

temperature 

for adsorption 

step 

• High energy 

demand to 

achieve 

vacuum  stage  

- 

Data summarized from literature reports (Jiang et al., 2020; Su & Lu, 2012; Wang et 

al., 2013) 
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The PCC by temperature swing adsorption takes place between 40–60oC 

while the regeneration of the sorbent at two temperatures, 120oC for 

separating CO2 from sorbent and 160oC for removing any other impurities 

(Tlili et al., 2009). Furthermore, the process constraints are the large 

amount of air needed for heating the sorbent for regeneration stage, the low 

heat capacity of air, and the high amount of electricity required if the bed 

is heated electrically. The operating temperature, the energy consumption, 

and the amount of CO2 captured, are important parameters to be considered 

during the design of adsorption process (Chao et al., 2021). For example, 

the higher the amount of CO2 to be captured, the higher energy for 

regeneration is required (Clausse et al., 2011).   

 

1.2.3.4.2 Absorption separation technique 

Absorption separation involves physical and chemical techniques, 

however, the PCC process using chemical absorption is considered the 

most feasible and easily installed to power plant (Feron, 2010; Ferrara et 

al., 2017; Figueroa et al., 2008). Although, the technique of chemical 

absorption is similar to the adsorption separation, the principles are 

different where liquid is used as a separation media for chemical absorption 

compared to solid is used for adsorption separation (Spigarelli & Kawatra, 

2013). Furthermore, the solubility of the CO2 in the solvent follows 

Henry’s law that states “the solubility of the gas is directly proportional to 

the partial pressure of the gas” (Maniarasu et al., 2021). 

The chemical absorption involves a counter current flow of the flue gas 

containing CO2 and the lean solvent in the absorber column at a 

temperature range of 40–60oC while the regeneration of the rich solvent 

that lift the absorber column carrying the captured CO2 takes place between 

120 – 160oC within the stripper column (IPCC, 2005; Olajire, 2010; Pires 

et al., 2011), Figure 6 shows the process description of the PCC using 

chemical absorption. 

The amine-based solvents for absorption processes are extensively in use 

due to their characteristic features like, low capital cost and high CC 

efficiency (Yang et al., 2008). Although the solvent regeneration energy, 

solvent loss and degradation are hurdles and highly challenge the process 

implementation, hence, research and development are in a continuous 

progress to resolve these challenges (Balraj et al., 2022). Several 

absorption techniques are commercially introduced (Kishimoto et al., 

2009; Stéphenne, 2014) aiming to reduce the energy demand and enhance 

the loading capacity using optimization technology. The advantages and 
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disadvantages of PCC commercial absorption capture techniques are 

tabulated in Table 3. Thus, Process Intensification (PI) approach is 

implemented in the PCC absorption option, the approach directs to make 

the process more efficient, reduce the energy consumption, reduce the cost, 

improve safety and environmental performance (Haase et al., 2022).  

 

 
Figure 6 Post-combustion CC diagram using chemical absorption. (Alalaiwat & 

Khan, 2023)  

 
 

Table 3 Advantages and disadvantages of highly commercial chemical 

absorption techniques 

No. Chemical 

Absorption 

Technique a 

Advantages  Disadvantages     

1 The KMALC 

process b 

• Use low amount of 

MEA 15-20% 

• Low regeneration 

energy 

• Use two absorption 

columns in parallel, high 

cost   

2 The fluor EFG + 

process c 

• Designed to reduce the 

regeneration energy 

and capital cost.  

• Can be used under low 

pressure  

• High concentration of 

MEA is required.  

• Required of adding 

inhibitor to reduce MEA 

corrosive nature  

3 KM-CDR 

technology d 

• Low CO2 capture costs 

for oil industries  

• Energy efficiency is 

improved  

• The utilized solvent is 

corrosive.  

• Low CO2 loading 

capacity  
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4 Aqueous 

ammonia (NH3) 

process  

• NH3 is solvent that is 

cheap and has high CO2 

absorption capacity.  

• Less corrosive and low 

possibility to 

degradation  

• Possibility of formation 

the hazardous carbamate 

• High NH3 volatility  

• Low operating 

temperature that affects 

CO2 capture efficiency  

5 Chilled ammonia 

process  

• Absorb CO2 at low 

temperature that helps 

to reduce the losses of 

NH3 

• Low energy for solvent 

regeneration  

• Needs multiple absorber 

vessels.  

• Low absorption rate  

6 Dual alkali 

absorption  

• Sodium Chloride 

(NaCl) is added to 

enhance capture 

efficiency  

• Pre-treatment of the flue 

gas is required to remove 

impurities  

7 Strong alkali 

absorption  

• Alkali metal-based 

oxides are used as 

solvent. 

• High regeneration 

temperature that 

reduces the possibility 

for solvent degradation  

• Low absorption rate of 

CO2 

• Extensive equipment 

size is required  

Data summarized from literature reports (Barchas & Davis, 1992; Chao et al., 2021; 

Scherffius et al., 2013) 
aThe commercial absorption separation techniques, designed to capture CO2 from flue 

gas either to be stored or to be utilized.   
bTechnology developed by Kerr-McGee Chemical Corporation, CO2 recover 

technology to be used for food production  
cThe PCC was designed by Fluor using the Econamine FG Plus technology to capture 

90% of CO2 from power plant. 
d The technology developed by collaboration between Mitsubishi Heavy Industries and 

Kansai Electric Power to capture CO2 in oil industries.   

 

1.2.3.4.3 Membrane separation technique  

Membrane separation of CO2 capture is relatively new technology using 

semi-permeable membrane to separate two phases, based on the effect of 

diffusion, adsorption, molecular sieve action, or ionic transport (Mondal et 

al., 2012; Yuan et al., 2016), shown in Figure 7. In fact, the selection of 

membrane is an important step to maintain the required capture efficiency, 

hence, the life-time, operational and material cost, capture performance are 

important factors of membrane specification that needs to be studied before 

final selection of the membrane (Spigarelli & Kawatra, 2013). The 
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specifications of the most applicable membrane for capture are listed in 

Table 4. The driving force for membrane separation is the pressure and the 

CO2 concentration, thus the membrane separation is preferable to be used 

for pre-combustion process, due to the high concentration and high partial 

pressure of CO2, rather than PCC being operative at low concentration and 

low partial pressure of CO2 (Wang & Song, 2020; Zhao et al., 2010).  

Below, Figure 7, indicates a selected membrane that separates CO2 

from flue gases, the membrane is either porous or semi-porous that allows 

CO2 to be separated from flue gases under high pressure and a specific 

concentration in the mixture.    

 
Figure 7 Carbon capture processes using membrane separation technique.  

 
   

Table 4 Challenges to the most applicable membrane for CO2 capture.  

No. Type of Membrane   Materials Utilized  Challenges of 

Membrane   

1 Polymer membranes 
• Cellulose acetate 

• Polysulfone 

• Polyethersulfone 

• Polyimide  

• Low solubility of 

CO2 in the 

membrane material  

• Needs 

modification of the 

membrane packing 

structure  

2 Inorganic membranes  • Porous inorganic  

• Non-porous 

inorganic   

• Low CO2 

permeability 

• Expensive   

3 Mixed matrix 

membrane 

• Composite 

structure of 

polymers and 

inorganic fillers 

• Needs to ensure a 

good adhesion 

between the 

membrane layers 

• Expensive  
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Data summarized from literature reports (Al‐Mamoori et al., 2017; Chen et al., 2020; 

Norahim et al., 2018; Olajire, 2010; Yuan et al., 2016) 

 

Although CO2 capture by membrane is simple with no involvement of 

chemicals or regeneration step, the technology is still under development 

due to certain challenges such as, the high initial pressure, increase mass 

transfer resistance once membrane is wet, and the high requirement of CO2 

concentration in the flue gas (Wang et al., 2017; Zhao et al., 2016). In 

addition, a multi-stage of membrane is required to achieve high separation 

of CO2 that is attributed to the low practical transmembrane pressure ratio 

and membrane selectivity (Zhao et al., 2010).  

The estimated operating costs for CC using the three PCC technologies are 

shown in Table 5. Among the three, absorption separation technique has the 

lowest operating cost with acceptable efficiency and has the potential to be 

the ideal option compared to the others. In addition, research and 

development is underway on the absorption technique and is expected to 

enhance the utilization of this technology once the process drawback is 

overcome.  
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Table 5  Comparison of cost estimated for the PCC technologies and the 

potentials for cost reduction 

PCC 

Technology 

Capture 

efficiency 

(%) 

Capture 

Cost 

(USD/t 

CO2) 

Potential to reduce 

the cost 

Ref. 

Adsorption 

separation 

technique 

88 – 95 89.66 • Needs to Select a 

source of 

electricity with 

low cost  

(Cheng et al., 

2021) 

Absorption 

separation 

technique  

85 – 90 44 - 64 • Needs to reduce 

the sizes of 

absorber and 

stripper  

• Needs to select 

solvent has low 

cost and high 

efficiency 

(Amrollahi 

et al., 2011; 

Li et al., 

2016; Yun et 

al., 2020) 

Membrane 

separation 

technique  

70 – 90 80.46 • Needs to enhance 

the research and 

development of 

the technology to 

be visible for 

application to 

power plant   

(Zanco et al., 

2021) 

 

 

1.3 Problem Statement 
As mentioned earlier, power plants are the key to meet the growing global 

energy demand, and the process supporting the power generation, using 

fossil fuels, is subjected to various operational challenges and 

environmental issues (IEA, 2020). The PCC process appears to be a 

significant portion of power plant that enables reduction of the plant 

environmental issues and the promising solution to reduce the emissions of 

CO2 (Rochelle, 2016). Despite various implementations of PCC, the 

energy consumption and the environmental impact of the processes are still 

considered as process constraints (da Cruz et al., 2021; Zhao et al., 2021). 

A high energy demand for PCC process results from the large steam 

required for solvent regeneration specifically for reboiler unit (IEA, 2011). 

For example, the standard PCC process with 30 wt% MEA consumes 

energy in the range of 3.2 to 5 GJ/tCO2 (Canepa et al., 2012; Mimura et al., 

1995). Several studies suggest that solvent characteristics, concentration, 
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and CO2 lean loading have directly affected the reboiler duty and the 

regeneration energy (Gervasi et al., 2014; Otto, 2011). Some researchers 

suggested process configurations to reduce the energy demand such as 

stripper split feed, lean vapor compressor, and changes in other operating 

parameters (Gervasi et al., 2014). However, the process configurations to 

reduce energy demand, increases the process capital cost, for instance 

,reducing the capture cost by 10% from 58.1$/t-CO2 due to process 

configurations, increases the capital cost from $312.4 to $325.2 

(Khalilpour & Zafaranloo, 2020).  

The piperazine (PZ) was considered as an alternative solvent because of its 

superior properties to MEA, by the ability to capture CO2 at higher capacity 

with lower energy for regeneration and lower volatility rate (Freeman et 

al., 2010). However, the identified high degradation rate of PZ during the 

PCC process and the precipitation of aqueous PZ solution at low 

temperature less than 20oC that caused an impact on environment and 

human health, is a matter of concern (Rabensteiner et al., 2015). The 

weaknesses of PZ have encouraged investigation of other solvent options 

to enhance the PCC efficiency and reduce energy demand. This opened the 

room for further investigating to the effectiveness of solvent blends (Dash 

et al., 2014; Nwaoha et al., 2017). For example, an amine has a high 

absorption capacity such as methyldiethanolamine (MDEA) blends with a 

solvent having high rate of reaction such as PZ enhances the capture 

efficiency (Chakravarty et al., 1985). The low regeneration energy and 

high-capacity loading of MDEA encouraged the investigation for activator, 

where PZ appears to be the optimum to accelerate the rate of reaction of 

MDEA with CO2 (Alalaiwat & Khan, 2023). However, the benefits of 

blended amines solvents depend on the individual concentration of each 

solvent (Sakwattanapong et al., 2005). Consequently, the development of 

an optimization model to investigate the synergistic effect of MDEA/PZ to 

reduce regeneration energy and enhance capture efficiency by identifying 

the optimum amount of the individual solvents is highly recommended.  

The PCC process shows reliability to reduce the emissions of CO2 from the 

stationary source, however, there is a worry about process effect on 

ecosystem and human health that needs to be further studied to evaluate its 

environmental impact (Branco et al., 2013). The degradation of utilized 

chemicals during PCC process is the most serious issue because of the 

ability of these chemicals to cause corrosion of the equipment or influent 

from process with chemical waste or wastewater (Matin & Flanagan, 
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2022), that needs further attention to include treatment units (Pehnt & 

Henkel, 2009). 

Indeed, to enhance the utilization of specific process it needs to be 

investigated from technical and environmental point of view. Several 

environmental assessment were introduced such as environmental impact 

assessment, and life cycle assessment.  Life Cycle Assessment (LCA) is 

evaluate the environmental impact of process throughout the life cycle 

from first stage to disposal, furthermore, its considered the most 

implementing methodology to evaluate the environmental performance of 

PCC once retrofitted to power plant due to the methodology ability to 

examine the impact in each stage and provide the carbon footprint  (Boot-

Handford et al., 2014; Giordano et al., 2018; Koornneef et al., 2008; Pehnt 

& Henkel, 2009). Hence, it’s highly recommended to find out the 

environmental impact of PCC process using the best technical performance 

option that helps decision-maker to widely select the strategy for utilizing 

carbon capture. 

 

1.4 Objectives of this study 
This PhD research viewed the importance of the PCC and severity of CO2 

emission that aims to: 

• Develop HYSYS model for PCC process to capture the emitted CO2 

from Power Plants.  

• Develop LCA scenario of the PCC model to assess the environmental 

impact of the process using SimaPro application/software.  

• Compare the LCA with different alternative solvents used for the 

developed PCC.  

With these aims this study would strive to achieve objectives such as:  

• To identify the optimum solvent and its concentration to be used for 

capturing CO2  

• To develop and validate a simulation model for PCC process.  

• To model a LCA for the model PCC process with regard to the two 

selected solvents.  

• To compare the LCA of PCC of the two selected solvents relative to the 

power plant without PCC. 
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1.5 Research questions 
This work strives to answer the following questions: 

• Which process variables have a strong influence on the energy demand 

for solvent regeneration  

• Is the PCC process the optimum CC technique to be retrofitted to power 

plant? 

• What are the effects of solvents synergism to the PCC energy demand 

and process efficiency? 

• What is the environmental life cycle impact of PCC process using solo 

solvent and blended solvents?  

 

1.6 Sustainable development goals related to this 

study 
In 2015 Paris agreement is set in which the United Nations (UN) developed 

17 goals to support countries to maintain sustainability that are designed 

based on three dimensions including, environment, economy, and society 

known as SDG (SDG, 2018). All nations are requested to set their plan to 

achieve their SDG target taking in to consideration the UN theme of “no 

one will be left behind” (Scheyvens et al., 2016; SDG, 2018). To achieve 

the SDG targets, indicators are set and link to each SDG, furthermore, to 

monitor and follow up the progress of countries toward SDG, UN set a 

follow-up and review mechanism that will help countries to assess their 

progress toward the target of each goal (Stevens & Kanie, 2016).  

Climate action the SDG number 13, that considers the SDGs needs further 

actions and more progress to reduce the impact of climate change across 

different sectors. Climate change has altered the patterns of weather, raised 

atmospheric temperature, raised ice melting which are considered as a 

threating for life of human beings and other organisms (Church & White, 

2006; IPCC, 2013). Without action, the atmospheric temperature is 

expected to reach 3oC by the end of this century (Doni et al., 2020). 

According to UN, the climate change impacts are not limited to a specific 

area or a country, collaboration must be established to implement solutions 

specifically by shifting to low carbon economy (IPCC, 2022). The SDG 13 

contains 5 targets need to be considered by countries across the globe as 

listed in Table 6 (SDG, 2022).  
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Table 6 Sustainable Development Goal 13–5 main targets 

Target No. Description  

13.1 Strengthen resilience and adaptive capacity to climate – related hazards 

and natural disasters in all countries  

13.2 Integrated climate change measures into national policies, strategies 

and planning 

13.3 Improve education, raising awareness and human and institutional 

capacity on climate change mitigation, adaptation, impact reduction 

and early warning 

13.4 Implement the commitment undertaken by developed – country parties 

to the United Nations Framework Convention on Climate Change to a 

goal of mobilizing jointly $100 billion annually by 2020 from all 

sources to address the needs of developing countries in the context of 

meaningful mitigation actions and transparency on implementation 

and fully operationalize the Green Climate Fund through its 

capitalization as soon as possible  

13.5 Promote mechanisms for raising capacity for effective climate change 

– related planning and management in least developed countries and 

small island developing states, including focusing on women, youth 

and local marginalized communities  

 

Climate change has a critical impact on several important sectors. For 

example, a reduction in the crop harvest by 70% by 2030 is expected as an 

adverse effect (Challinor et al., 2014), and it severely affects the agriculture 

and the food system compared with other sectors (Porter et al., 2014). 

Hence, the integration effect between the SDGs can help reducing the 

climate change consequences, for example, increasing the contribution of 

renewable energy could help to reduce the utilization of fossil fuels that are 

considered the highest emitter of greenhouse gases. On the other hand, 

improvement in health will increase due to the reduction in emissions and 

more job opportunities will be created due to the investment in the 

renewable energy (Doni et al., 2020). The UN to reach carbon free future 

(UNEP, 2020b) has emphasis on the importance of a circular carbon 

economy framework that takes into account the way to deal with excess of 

CO2 emissions through the following stages: 

• Reduce: which could be achieved by improving the contribution 

of renewable energies and alternative energy sources and 

enhancing energy efficiency. 

• Reuse: which could be achieved by using CCU. 

• Recycle: which could be achieved by recycling carbon to be used 

for energy purposes such as bioenergy and hydrogen. 
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• Removal: which could be achieved by using Carbon Capture and 

Storage (CCS) or Direct Air Capture (DAC).  

Accordingly, this study is highly linked to the SDG and specifically 

contributes to resolving the issues related to goal 13 as illustrated in Table 

7. 

 
Table 7 SDG goals, targets, and indicators associated with this research 

SDG SGD Goals SDG Target Indicator 

13 Climate 

Action 

Take urgent action 

to combat climate 

change and its 

impact 

13.2 Integrate climate 

change measures into 

national policies, 

strategies, and planning 

13.2.1 Number of countries with 

nationally determined contributions, 

long-term strategies, national adaptation 

plans and adaptation communications, as 

reported to the secretariat of the United 

Nations Framework Convention on 

Climate Change 

 

13.2.2 Total greenhouse gas emissions 

per year 

 

 

 

1.7 Significant of the study   
This study focuses on PCC process that is retrofitted to power plant, 

furthermore, based on the literature review presented in chapter 2, the 

significant contribution of this thesis are as follows: 

• It contributes to reducing the emissions of CO2 from the power plant, 

classified as the highly emitter source, where CO2 as a major 

contributor of global warming and climate change. Furthermore, the 

study supports the transition to cleaner energy resources that will 

foster the movement to reach net zero emissions.  

• A muti-regression formula to be used to estimate the optimum energy 

demand and the amount of absorbed CO2 per utilized solvent was 

developed. The formula can be used to predict the CO2 rich loading 

and regeneration energy for PCC process with standard configuration 

using solo solvent. However, the developed formula can be used to 

estimate the reduction of the regeneration energy once new 

configurations are utilized.  

• Extensive studies related to PCC have been conducted to investigate 

the energy demand and process efficiency using MEA, very few 
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studies have addressed the effects of blended solvent (multi-solvents), 

and almost no study investigated the optimum concentration of multi-

solvents by modeling and simulation based on pilot plant data. The 

MDEA and PZ are considered the best solvents with synergistic effect 

to capture CO2 with low regeneration energy compared to pure MEA. 

The finding of the PCC modeling and simulation using MDEA/PZ 

could be used as a basis for utilization of PCC in power plant and 

industries. Furthermore, exploring the PCC model based on 

MDEA/PZ blended system could be used to estimate the economic 

part of the process and to be used for further process’s environmental 

assessment.  

• A tremendous investigations have applied to the LCA to study the 

environmental impact of specific scenarios. The PCC retrofitted to 

power plant using MEA was the only identified in the literature, 

moreover, most studies deal with data from literature and limited to 

real or pilot plant process. The LCA of PCC using MDEA/PZ based 

on pilot plant data is the first to be investigated and it shows a 

reduction of environmental impact compared to PCC with MEA. The 

findings of the LCA show the possible areas of environmental impact 

that need further consideration by issuing policy or framework during 

the utilization of PCC. It is important to note that the PCC with 

MDEA/PZ stands as a favorable option, while the research and 

technological advancements will continue to shape the CC process.   

1.8 Limitation of the study   
The focus of this piece of work is the modeling, simulation, and analysis 

of the optimum solvent for PCC process from technical and environmental 

view, hence the study is limited to the following: 

• To CO2 capture using MEA and blended solvent containing 

MDEA/PZ. 

• Modeling of power plant facilities, flue gas desulphurization, the 

captured CO2 transportation and storage are not covered in this 

study. 

• The multi-regression looks at the PCC significant variables for solo 

solvent while the blended solvents are not covered in the multi-

regression analysis. 

• The PCC model development, model validation, and technical 

analysis for solvent concentration for a constant flow rate using both 
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MEA and MDEA/PZ through HYSYS. The process configuration is 

not covered. 

• The environmental assessment using the LCA methodology for the 

optimum PCC model developed is excluded the construction, 

infrastructure, transportation, and CO2 storage from this study.  

• All studies performed in this thesis are based on study-state models. 

• The economic assessment of PCC process is not covered in this 

study. 

 

1.9Structure of the thesis 
The structure of four chapters in this thesis is as: Chapter 2 focuses on the 

review of the existing work related to the solvent-based PCC using MEA 

and synergistic solvent system for standard PCC configuration and 

developed PCC configuration. Summary of the review is included at the 

end of the chapter. 

Research methodology using Multi-regression analysis for standard PCC 

process retrofitted to power plants using SPSS, HYSYS model, and LCA 

methodology are  presented in Chapter 3. It includes the key process 

variables of the PCC process.  

In Chapter 4, the results from the multi-regression analysis, HYSYS 

model, and LCA are presented followed by the conclusion and 

recommendations for future work.   

 

1.10 Definition of terms  
The scientific terms used in this study are defined as follows: 

• Power plant: is a facility designed for generating electric power 

specifically by converting specific fuel, renewable or non-

renewable, to electricity. The facility require huge amounts of water 

that change from liquid to steam to be used for running a turbine. 

(IEA, 2011) 

• Flue gas: is the gas stream resulting from fossil fuels combustion in 

a power plant, that contains various pollutants such as CO2 (IPCC, 

2018).  

• Greenhouse gases: the atmospheric gases responsible for rising of 

atmospheric temperature and climate change because of their ability 

to absorb infrared radiation and retain heat contents. The major 

greenhouse gases are carbon dioxide, methane, and nitrous oxide. 

They are highly emitted from human activities (UNEP, 2021). 
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• Global warming potential: an index that presents the combined 

effect due to the presence of greenhouse gases in the atmosphere and 

their effectiveness to absorb the outgoing infrared radiation (UNEP, 

2021). 

• Carbon dioxide equivalent: is a measure used to present the total 

global potential of greenhouse gases in terms of the amount of 

carbon dioxide. It provides a standardized way of comparing the 

effect of different greenhouse gases (UNEP, 2021). 

• Carbon capture and storage: refers to the technology that is 

designed to mitigate the emissions of CO2 from industries and 

energy sources that involves three stages namely, capture CO2 from 

the source, followed by transportation to the storage area, and ends 

up with storing the captured gas either in the depleted oil or gas 

reservoirs or deep in ocean (IPCC, 2005). 

• Net zero emissions: is a state where the total amount of GHGs 

emitted into the atmosphere is balanced or equal to zero either by 

removal or offset of these gases that helps to reduce the impact of 

climate change and global warming (IEA, 2022). 

• Post-combustion capture: it’s a technology that refers to the 

capture of emitted CO2 from power plants using specific solvent. 

The solvent can work by either physical or chemical separation 

technique where the energy demand, cost, and solvent degradation 

are the main process challenges (IEA, 2007). 

• Solvent: is a chemical compound that can be mixed up with water 

to form a homogenous solution. Under certain conditions of 

temperature and pressure, that solvent can be combined with another 

compound such as CO2 to form a mixture that is stable under certain 

conditions and can be separated at certain temperature (IEA, 2007). 

• Absorption: is the first stage in PCC process where the selected 

solvent takes up CO2 from flue gases forming a solution. This stage 

is crucial for the process efficiency (IEA, 2007).  

• Stripping: this is the second stage in a PCC process where the 

solution of solvent and CO2 is separated. The separated solvent is 

recycled to the absorption stage while CO2 is compressed and sent 

to storage. This stage requires the highest energy of the process 

(IEA, 2007). 

• Capture efficiency: it is the amount of CO2 captured in PCC process 

compared to the total emitted CO2 from a power plant. The higher 
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capture efficiency indicates that the PCC process is running in the 

optimum level (IPCC, 2005). 

• Energy penalty: the energy that is required for functioning the PCC 

unit being provided either by the power plant or external source. The 

amount of energy penalty is highly dependent on the power plant 

efficiency and considered one of the PCC challenges (IEA, 2015). 

• Life cycle assessment: an assessment that follows ISO 14040 steps 

and considers the environmental impact of the entire process and its 

output that provides a holistic view of the implementation of 

sustainability. The stages of life cycle assessment are goal and scope, 

life cycle inventory, life cycle impact assessment, and interpretation 

(ISO, 2006). 
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Literature Review 
 

2.1 Overview   
This chapter aims at reviewing the progress of research activities of 

experimental, modelling, simulation, and LCA of CC by solvent-based 

PCC using both standard and advanced processes. A review of the current 

pilot plant and the configuration options are provided in section 2.2. The 

principles of the PCC modelling, equations, process variables, and the 

performance of PZ, MEA, and synergetic of MDEA/PZ is discussed in 

section 2.3. The LCA and environmental impact of PCC studies are 

reviewed in section 2.4. The summary of the literature review is presented 

in section 2.5. 
 

2.2 Solvent-based PCC process technology worldwide 

2.2.1 Review of existing PCC pilot plants   

Research and development pertaining to CC expanded rapidly which 

enabled several pilot plants for PCC around the world to be established. 

The brief description of the best research of different pilot plants is 

investigated in reasonable detail (Wang et al., 2011). The work of some 

authors (Rubin et al., 2012) described the PCC pilot projects worldwide, 

they are either operating or in design and construction stage. Indeed, the 

purpose of starting with pilot plant is to ensure that all the issues related to 

the process are resolved before the full-scale commercial plant design and 

operation, that issues are identified in the research of Gelowitz and co-

workers (Gelowitz et al., 2013). In later stage, technical and economic 

analysis of solvent-based PCC retrofitted to a real power plant is 

investigated (Lungkadee et al., 2021) wherein the optimum process 

conditions and the required cost is identified. Recently, a comprehensive 

review is carried out (Nessi et al., 2021) containing around 37 solvent-

based PCC pilot plant locations worldwide and the performance of 

different solvents, process configuration, process variables that directly 

affect the process performance have been analyzed. Several PCC pilot 

plants and the related key information are shown in Table 8 for easy 

comparison and reference.   
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Table 8 Summary of the identified  based-solvent pilot plants  

Pilot plant Location Flue gas 

flow rate 

Solvent CO2 

capacity 

(t/day) 

PCC design 

(Standard/ 

Advanced/Developed) 

Ref. 

Separation Research 

Programa  

(SRP) 

University of 

Texas at 

Austin (USA) 

600–1500 

m3/h 

30 wt% 

MEA, 40 

wt% PZ and 

K2CO3 

promoted 

with PZ 

3 Standard and Flue gas 

prepared by the research 

group  

(Chen et al., 

2013; Dugas, 

2006) 

National Carbon 

Capture Centre 

(NCCC) 

Alabama 

(USA) 

1656-2376 

kg/h 

30 wt% PZ 10  Standard and the flue 

gas is provided from 

power plant that diluted 

to reach the required 

CO2 concentration 

(Rochelle et 

al., 2022) 

CSIRO Taronga Queensland 

(Australia) 

500-900 

kg/h 

30 wt% 

MEA, 40 

wt% PZ 

2.7  Standard and the flue 

gas is provided from 

power plant  

(Akula et al., 

2021; Cousins 

et al., 2011b; 

Cousins et al., 

2011a; Li et al., 

2016) 

International Test 

Center (ITC) 

University of 

Regina 

(Canada) 

200 Nm3/h 30 wt% 

MEA, 

MEA/MDEA 

1  Standard and Flue gas 

prepared by the research 

group  

(Edali et al., 

2009) 

Laboratory of 

Engineering 

Thermodynamic 

University of 

Kaiserslauter

n (Germany) 

30-110 kg/h 30 wt% 

MEA, new 

solvents  

- Standard and Flue gas 

prepared by the research 

group  

(Mangalapally 

& Hasse, 2011; 

Notz et al., 

2012) 

CO2 Separation 

Plant 

Durnroht 

(Austria) 

50-120 

m3/h 

30 wt% 

MEA, 37.6 

wt% PZ, 

promoted 

AMP/PZ  

0.6  Standard and the flue 

gas is provided from 

power plant  

(Rabensteiner 

et al., 2015) 

The Esbjerg CESAR 

EU project 

Esbjerg 

power station 

(Denmark) 

5000 

Nm3/h 

30 wt% 

MEA,  

24  Standard and the flue 

gas is provided from 

power plant  

(Faber et al., 

2011; Gaspar 

et al., 2017) 

Center for Applied 

Energy Research  

University of 

Kentucky 

(USA) 

- 30 wt% 

MEA,  

advanced 

solvent (A 

and B) 

- Developed with two 

stripper columns and the 

flue gas is provided 

from power plant   

(Frimpong et 

al., 2019) 

a The experimental data from the pilot plant was used for model validation in this thesis.  
 

The experimental data of the reviewed pilot plants is used as a source for 

model validation. The developed model based on the pilot plants has been 

used for investigating and testing various PCC process improvements such 

as evaluation of the performance of solvent to capture CO2 (Bishnoi & 

Rochelle, 2000; Freeman et al., 2010; Hwang et al., 2019; Liu et al., 2022), 

modifications of process configuration and energy demand (Jiang et al., 

2021; Mofidipour & Babaelahi, 2020; Oh et al., 2020; Oh et al., 2018; 

Walters et al., 2016), finally the environmental impact of the process (Dai 

et al., 2012; Liang et al., 2015; Supap et al., 2011). Indeed, the successful 
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achievement of the pilot plant test and the demonstration results will enable 

the high commercial implementation of solvent-based PCC process.  
 

2.2.2 Commercial operation of solvent-based PCC process     

The PCC has gained greater attention and has been demonstrated at 

different level to capture CO2, for example, Petra Nova (PN) project in 

USA that captures 1.6 Mt/year CO2 using Mitsubishi Heavy Industries 

(MHI) KM CDR process, and Boundary Dam (BD) at SaskPower in 

Canada that captures 1 Mt/year, are  the biggest PCC projects where the 

CO2 captured from the two projects is used to enhance oil recovery (Liang 

et al., 2015; Montañés et al., 2017). The advantages and disadvantages of 

the commercial techniques are shown in Table 9. 

 
Table 9 Advantages and disadvantages of highly commercial chemical 

absorption techniques. 

No. Chemical 

Absorption 

Technique a 

Advantages  Disadvantages     

1 The KMALC 

process b 

• Use low amount of 

MEA 15-20% 

• Low regeneration 

energy 

• Use two absorption 

columns in parallel, high 

cost   

2 The fluor EFG + 

process c 

• Designed to reduce the 

regeneration energy 

and capital cost.  

• Can be used under low 

pressure  

• High concentration of 

MEA is required.  

• Required of adding 

inhibitor to reduce MEA 

corrosive nature  

3 KM-CDR 

technology d 

• Low CO2 capture costs 

for oil industries  

• Energy efficiency is 

improved  

• The utilized solvent is 

corrosive.  

• Low CO2 loading 

capacity  

4 Aqueous 

ammonia (NH3) 

process  

• NH3 is solvent that is 

cheap and has high 

CO2 absorption 

capacity.  

• Less corrosive and low 

possibility to 

degradation  

• Possibility of formation 

the hazardous carbamate 

• High NH3 volatility  

• Low operating 

temperature that affects 

CO2 capture efficiency  

5 Chilled ammonia 

process  

• Absorb CO2 at low 

temperature that helps 

to reduce the losses of 

NH3 

• Needs multiple absorber 

vessels.  

• Low absorption rate  
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• Low energy for solvent 

regeneration  

6 Dual alkali 

absorption  

• Sodium Chloride 

(NaCl) is added to 

enhance capture 

efficiency  

• Pre-treatment of the flue 

gas is required to remove 

impurities  

7 Strong alkali 

absorption  

• Alkali metal-based 

oxides are used as 

solvent. 

• High regeneration 

temperature that 

reduces the possibility 

for solvent degradation  

• Low absorption rate of 

CO2 

• Extensive equipment 

size is required  

Data summarized from literature reports (Barchas & Davis, 1992; Chao et al., 2021; 

Scherffius et al., 2013) 
aThe commercial absorption separation techniques, designed to capture CO2 from flue 

gas either to be stored or to be utilized.   
bTechnology developed by Kerr-McGee Chemical Corporation, CO2 recover 

technology to be used for food production  
cThe PCC was designed by Fluor using the Econamine FG Plus technology to capture 

90% of CO2 from power plant. 
d The technology developed by collaboration between Mitsubishi Heavy Industries and 

Kansai Electric Power to capture CO2 in oil industries.   

 

2.3 Solvent-based PCC for CO2 capture  

2.3.1 Principles of modelling PCC process  

The PCC using chemical absorption technique involves two operations 

which take place simultaneously, they are chemical reaction and gas-liquid 

mass transfer, taking place in both absorber and stripper columns. The 

equilibrium and non-equilibrium approaches are considered in the PCC 

process; hence, rate-based model is considered for the process modeling 

rather than equilibrium stage model (Oko et al., 2015). Furthermore, the 

rate-based model describes the heat and mass transfer between the liquid 

and gas within the PCC process rather than assuming equilibrium between 

the liquid and gas phases (Lawal et al., 2009). In addition, the reversible 

reaction of the solvent with CO2 is taken place rapidly and assuming 

reaction under equilibrium will fail the PCC process (Lawal et al., 2012). 

The rate-based approach is used to model the rate of the chemical reactions 

and the rate of mass and heat transfer of multi-component within the 

columns (Oko et al., 2015). The mass transfer model uses two-film theory 

following Maxwell-Stefan formulation that uses to find the mass fluxes of 
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the liquid and gas phases components as shown in Figure 8 (Lawal et al., 

2009). 

 

 
Figure 8 Liquid and vapor/gas films and interface (Lawal et al., 2009). 

 

The chemical reaction of CO2 with solvent specifically amine is described 

via three mechanisms those are Zwitterion mechanism, single-step 

mechanism, and carbamic acid reaction mechanism. These mechanisms are 

studied in detail (Bishnoi & Rochelle, 2000; Derks et al., 2006; Littel et al., 

1992). The rate of reaction of PZ and MEA is fast compared to MDEA, this 

can approximately assume the reaction reaches equilibrium for PZ and 

MEA while reaction kinetics of MDEA needs further exploration (Zhang 

et al., 2009). For the reaction equilibrium assumption, the reaction kinetic 

and the rate of reaction are identified using the enhancement factor based 

on pseudo-first order reaction (Derks et al., 2006). 

A rigorous model of PCC process using rate-based model can be 

established using commercial simulator such as Aspen Plus (Kvamsdal et 

al., 2009; Lungkadee et al., 2021; Zhang et al., 2009), Aspen Hysys (Jiang 

et al., 2021; Mostafavi et al., 2021; Øi, 2007), gCCS (X. Wu et al., 2018; 

Wu et al., 2021), gPROMS (Lawal et al., 2012; Li et al., 2018), and Matlab 

(Gaspar et al., 2017) to simulate a better fitting model using the mass and 

heat transfer, and the chemical reactions. Thus, Aspen Plus and Aspen 

Hysys were the most utilized commercial simulators according to the 

published reports.  
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2.3.2 Simulation studies of PCC process using MEA as 

solvent 

According to Liang et al. (Liang et al., 2015) selection of the optimum 

solvent considers three aspects namely, CO2 solubility in the solvent, the 

reaction kinetics of the solvent with CO2, and the physical and chemical 

properties of the selected solvent. Alkanolamine compounds are a highly 

preferable option, that is derived from NH3 by replacing one or more of its 

hydrogen atoms during reaction with ethanol. Hence, alkanolamines are 

classified as primary, secondary, or tertiary amines according to the number 

of substituents (Chao et al., 2021). Monoethanolamine is one of the most 

utilized solvents among the other options, Reaction 1 shows the chemical 

reaction that takes place where the low temperature drives the reaction to 

absorb CO2 by MEA and forms MEA carbamic acid and the high 

temperature drives the reaction to separate CO2 from MEA (Herzog & 

Golomb, 2004). 

        Reaction 1 

Typically MEA is the most used solvent in the PCC process to capture CO2, 

and the 30 wt% of MEA is considered the optimum amount and the 

benchmark solvent for any study (Wu et al., 2020). The studies involved 

MEA are mainly related to modelling and simulation for open loop system 

in which absorber and stripper are considered as a single component (Dinca 

& Badea, 2013; Gaspar et al., 2016; Kvamsdal et al., 2009), the whole 

system studies either to reduce the energy demand or increase process 

efficiency (Akula et al., 2021; Frimpong et al., 2019; Le Moullec et al., 

2014; Li et al., 2018b), and development of the power plant that PCC 

process is retrofitted to (Bravo et al., 2021; Davison, 2007; Fu et al., 2021).  
 

Addition of inhibitor to the MEA solution and increase its concentration up 

to 35 wt% shows that the degradation and corrosive nature of the solvent 

are reduced (Parker & Folger, 2010; Spigarelli & Kawatra, 2013). The 

effect of the process variables such as MEA concentration, CO2 loading, 

and pressure on stripper column were investigated with reasonable 

justification (Abu-Zahra et al., 2007b; Abu-Zahra et al., 2007a). The 

investigation found that at CO2 loading from 0.25 to 0.33 mol of CO2 per 

mol of MEA requires less regeneration energy at high solvent 

concentrations to achieve 90% CO2 capture efficiency. For example, the 

regeneration energy of the process dropped from 3.3 to 3.01 GJ/t CO2 once 

the MEA concentration increased from 30 to 40 wt%. 
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The performance of MEA in PCC process under part-load operation is 

investigated under different process variables (Akula et al., 2021). The 

model of the study was based on validated pilot plant experiments and the 

study shows that the part-load operation increases the energy demand and 

energy penalty. The polynomial Nonlinear Auto-Regressive with 

Exogenous (NARX) model was developed (Akinola et al., 2019) using 

Orthogonal Least Squares (FROLS) algorithm to predict the dynamic 

response of amine-based PCC process that enables to identify the system 

outputs depending on the system inputs.  
 

 

2.3.3 Simulation of PCC process using PZ as solvent  

The downside of MEA related to the high capital cost, degrades at 

temperature higher than 120ºC, the solvent itself is highly corrosive, 

requires high regeneration energy, and the possibility to have an 

environmental issues in the presence of some gases such as O2 and SO2, all 

these challenges invite investigation for an alternative solvent (Davison, 

2007).  

Piperazine is a secondary amine by nature, has high ability to absorb CO2, 

has comparative high stability, needs lower energy in the stripping column 

and is more resistant to thermal degradation up to 150ºC. Hence, PZ 

appears to be another alternative for MEA and consequently gained high 

attention in the scientific community (Freeman et al., 2010; Rochelle et al., 

2011).  

In the beginning, PZ was used as a promoter because of its ability to form 

carbamate rapidly with CO2 (Freeman et al., 2010), then the ability of 

aqueous PZ to capture CO2 without being promoted with appropriate 

amount was tested by several researchers and the results were found 

satisfactory (Otitoju et al., 2021; Pérez-Calvo & Mazzotti, 2022; 

Rabensteiner et al., 2015).  

Technical and economic assessment of the PCC process at different flue 

gas composition in the flowrates was studied using Aspen Plus (Pérez-

Calvo & Mazzotti, 2022). The study reveals that an increase in the reboiler 

duty raised the regeneration energy from 2.4 to 2.9 MJ/kgCO2 once the 

concentration of CO2 in flue gas dropped from 33 to 4% by volume. 

However, using 35 – 40% of PZ by weight as a solvent reduced the 

regeneration energy even if the CO2 concentration in the flue gas dropped 

to 4% by volume. Besides the PZ concentration, the CO2 loading, the split 

ratio in  the absorber, the temperature difference in the lean/rich heat 

exchanger, and stripper pressure have been identified as process constrains 
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on the technical and economic performance of the PCC process using PZ 

(Chen et al., 2017; Dubois & Thomas, 2018; Gao et al., 2019; Gaspar et 

al., 2016; Rochelle et al., 2019).    

 

The PZ was selected as an alternative solvent that needs less energy for the 

regenerating stage in the stripper compared to the MEA. Rabensteiner and 

coworkers (Rabensteiner et al., 2015) found that 37.6 wt% of PZ reduced 

the regenerating energy by 14% with reference to 30 wt% of MEA once 

the optimum liquid/gas ratio and absorber height is achieved. The optimum 

amount of PZ (30 – 40 wt%) is more economically viable option to capture 

CO2 compared to 30 wt% MEA being explored by Otitoju et al. (Otitoju et 

al., 2021). 

The pilot plant developed by the University of Texas at Austin for capturing 

CO2, used PZ to evaluate the performance of advanced PCC process using 

advanced flash stripper configuration. The test showed that 30 wt% PZ is 

more efficient than 30 wt% MEA and the energy requirement was reduced 

by 25% compared to two stage flash configuration where the heat duty 

reached by 2.1 -2.9 GJ/tCO2 (Chen et al., 2017). The oxidation of PZ was 

tested at CSIRO pilot plant at the Tarong Power Station in Queensland 

beside the one at the University of Texas. The test showed that the solvent 

maintained stability for 425 h of process at 125oC and for 421 h of process 

at 155oC, while the thermal degradation was not observed even after 1700 

h of the operation (Chen et al., 2017; Freeman et al., 2009).               

The investigation into PZ aerosol in the absorber revealed that the presence 

of sulfur trioxide (SO3) in the flue gas is responsible for aerosol formation 

(Akinpelumi et al., 2019). It was concluded that when aerosol formation is 

detected, increasing the lean solvent temperature is necessary as a 

mitigation measure to promote the growth of aerosol, allowing it to reach 

a size that enables its collection at the top of the absorber column. 
 

 

2.3.4 Simulations of PCC process using MDEA/PZ as solvent 

compared to other solvents  

The amine-based solvents are most applicable and is an attractive option to 

capture CO2 from power plant using PCC absorption technique (Shaw, 

2009). For the past decades, scientists were testing the synergetic efficiency 

of blending amine solvents to MEA or synthesized amines (Rey et al., 

2013). The latter option was commercially not preferable due to the 
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required high cost and uncertainty for large scale applications (Liang et al., 

2016). 

Although the single solvent such as MEA, MDEA, and PZ is the most 

utilized options that effectively remove CO2 (Apaiyakul et al., 2022; 

Budzianowski, 2015), single solvent encourages to shift to high efficiency 

synergies raised from solvent blends in future (Liang et al., 2016). The first 

synergy involved the blend of MEA and MDEA. The MEA has high 

regeneration energy, while MDEA has a low reaction rate, hence, 

combining them enhanced the performance behavior of each solvent 

independently (Budzianowski, 2015). The MDEA is considered another 

alternative solvent to MEA because of the low energy consumption in PCC 

(Ma et al., 2021). However, MDEA shows poor ability to capture CO2 due 

to the slow kinetic reaction, in which it required to be promoted by other 

compounds such as PZ (Bishnoi & Rochelle, 2000). The optimum amount 

of PZ to promote MDEA to maintain high efficiency and lower energy 

demand, is investigated to find the ideal composition of the two compounds 

(Hosseini-Ardali et al., 2020; Mostafavi et al., 2021; Zhao et al., 2017). 

The regeneration energy for the highly efficient solvents are listed in Table 

10 and lowest regeneration energy of the highly utilized solvent is shown 

in Figure 9. 
 

Table 10 The regeneration energy of different solvents using PCC chemical 

absorption. 

No. Solvent   Regeneration 

Energy 

(MJ/KgCO2)  

Reference    

1 EEMPAa 2.3 (Jiang et al., 2021) 

2 K2Solb 2.8 (Hwang et al., 2019) 

3 MEA 4.3 (Hwang et al., 2019) 

4 PZ/K2CO3
c 3.3 (Oexmann & Kather, 2009) 

5 MDEA/PZd 2.74 (Zhao et al., 2017) 

6 MDEA/PZ 2.76 (Hosseini-Ardali et al., 2020) 

7 MEA 3.57 (Hosseini-Ardali et al., 2020) 

8 PZ 2.80 (Otitoju et al., 2021) 

9 MEA 5.34 (Otitoju et al., 2021) 
a2-Ethoxyethyl-3-morpholinopropan-1-amaine, a water-lean solvent.  
bAqueous alkanolamine, one of the water-lean solvents.  
cThe solvent is formed from potassium carbonate that is used to promote PZ to enhance the 

capture efficiency.  
dThe solvent system is MDEA, promoted by PZ to enhance the capture efficiency.  
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Figure 9 Regeneration Energy for the highly utilized solvents 

 

The study conducted by Hosseini-Ardali and co-workers using Aspen 

Hysys simulation found that the optimal concentration of MDEA/PZ to 

enhance capture efficiency and reduce regeneration energy in a standard 

PCC process lies between 30 – 40 wt% (Hosseini-Ardali et al., 2020). The 

PCC system was developed based on results obtained from a pilot plant, 

which were validated and scaled up to be optimum for 550 MW coal fired 

power plant. The study shows that the regeneration energy for 94% capture 

efficiency using MDEA/PZ is less than the regeneration energy of 90% 

capture efficiency using MEA. However, using process configurations 

such as rich solvent recycle, solvent split flow, and lean/rich vapor 

compression further reduced the energy demand (Dubois & Thomas, 

2018). The summary of PCC simulation using MDEA/PZ is listed in Table 

11 that shows 20 wt% PZ is the highest concentration of MDEA/PZ that 

needs the lower regeneration duty and lower circulation rates. However, 

the study of MDEA/PZ performance to capture CO2 using PCC advanced 

flash stripper is not yet documented in literature.  
 

Table 11 Summary of PCC simulation using MDEA/PZ solvent system. 

No. Concentration 

(wt%) 

Lean 

loading  

(mol CO2 / 

mol solvent) 

Rich loading  

(mol CO2 / 

mol solvent) 

Regeneration 

Energy 

(MJ/kgCO2) 

Process 

Modification 

Reference  

1 
MDEA – 30 

PZ – 20 
0.1 0.5631 2.24 

Intercooling 

Rich-split 

Inter-heating 

 

(Zhao et al., 

2017) 

2 
MDEA – 30 

PZ – 20 
0.19 0.45 2.3 Intercooling  

(Tobiesen et 

al., 2007) 

3 
MDEA – 10 

PZ – 30 
0.24 0.75 2.39 

Rich vapor 

compression 

(Dubois & 

Thomas, 

2018) 
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4 
MDEA – 40 

PZ – 10 
0.14 0.37 2.42 Intercooling  

(Tobiesen et 

al., 2007) 

5 
MDEA – 35 

PZ – 15 
0.16 0.38 2.48 Intercooling  

(Tobiesen et 

al., 2007) 

6 
MDEA – 10 

PZ – 30 
0.26 0.72 2.49 

Solvent split 

flow 

(Dubois & 

Thomas, 

2018) 

7 
MDEA – 10 

PZ – 30 
0.17 0.79 2.66 

Rich solvent 

recycle 

(Dubois & 

Thomas, 

2018) 

8 
MDEA – 30 

PZ – 20 
0.1 0.5631 2.74 N/A 

(Zhao et al., 

2017) 

9 
MDEA – 10 

PZ – 30 
0.171 0.783 2.75 N/A 

(Dubois & 

Thomas, 

2018) 

10 

MDEA – 

18.5-18.27 

PZ – 21.5-

21.23 

0.179-

0.151 

0.721-

0.718 
2.688-2.764 N/A 

(Hosseini-

Ardali et al., 

2020) 

11 
MDEA – 35 

PZ – 15 
0.11 0.31 2.92 N/A 

(Tobiesen et 

al., 2007) 

12 
MDEA – 10 

PZ – 30 
0.27 0.74 2.95 

Lean vapor 

compression 

(Dubois & 

Thomas, 

2018) 

13 
MDEA – 45 

PZ – 5 
0.04 0.5631 3.40 N/A 

(Zhao et al., 

2017) 

14 

MDEA – 28-

20 

PZ – 2-10 

0.053-

0.077 
0.56-0.78 3.0-4.1 N/A 

(Khan et al., 

2017) 

 

 

A comprehensive review has been conducted to improve PCC technology 

to reduce efficiency penalty, energy demand and total cost. The term 

"Efficiency Penalty" refers to the loss in power generation caused by 

installing a CCS system in a power plant. It is calculated by subtracting the 

plant's thermodynamic performance after installing CCS from its 

performance before installation (Goto et al., 2013). A different process 

modification was introduced to enhance capturing efficiency and results in 

reducing the energy demand for regeneration stage (Sachde & Rochelle, 

2014). The effect of process modifications to reduce energy demand is 

represented in Figure 10 showing examples from the literature about the 

effect of process modifications on the energy demand for the three selected 

solvents. Although the system used MDEA promoted by PZ required the 

highest energy for regeneration before modification, the energy demand 

reached 2.24 MJ/kgCO2 after process modification that is considered the 

lowest energy amount compared with other solvents. Indeed, adding 

absorber intercooling is one of the major modifications in the process that 
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facilitates controlling the absorber temperature, which enhances the 

process efficiency and reduces energy demand. 
 

 

 
Figure 10 Regeneration energy for the highly utilized solvents before and after 

process modification. 

The synergistic effect of MDEA/PZ is preferable due to the resistance to 

thermal and oxidative degradation in both absorber and stripper columns, 

higher stability once compared with MEA, increased absorption capacity, 

and lower reboiler duty (Closmann et al., 2009; Zhao et al., 2017). 

 

 

2.4 Environmental assessment studies of solvent-

based PCC for CO2 capture  

2.4.1 Solvent-based PCC process notorious emissions to the 

environment  

The emission from the degradation of amines (solvent) is one of the 

challenging tasks pertaining to absorption PCC process, the triggers of the 

issues such as the amount and type of solvent, the flue gas composition and 

others are fully investigated (Supap et al., 2011). Although the solvent 

degradation causes reduction in the amount of the solvent, the degradation 

products are documented as highly toxic to human and environment with a 

possibility of death in specific cases (Rey et al., 2013). Nitrosamines and 

nitramines are the most dangerous degradation products due to their 

toxicity such as carcinogenicity and mutagenicity (Magee, 1971). The 

laboratory tests carried out by Dai et al. to assess the potential of selected 

solvents (MEA, MDEA, and PZ) to generate nitrosamines when mixed 

with a combination of Nitric Oxide (NO) and Nitrogen Dioxide (NO2) 

revealed that PZ produced the highest amount of nitrosamines, followed 

by MDEA and MEA (Dai et al., 2012). According to Liang et al. 
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degradation of amine and the formation of emissions need further 

investigations (Liang et al., 2015). Furthermore, to enhance capture 

efficiency using minimum energy demand should not be studied solely 

without emphasis on the solvent degradation impact. Heat Stable Salts 

(HSS) is a side-product of PCC processes which as formed by the reaction 

of amine and its degradation products, once the HSS forms the solvent 

could not be generated in the stripper (Supap et al., 2011). The HSS include 

acetate, formate, thiosulfate, sulfate, thiocyanate, oxalate, butyrate, and 

propionates (Dai et al., 2012). The formation of HSS is to be avoided by 

preventing or reducing the solvent degradation as minimum as possible 

(Liang et al., 2015), solvent degradation in PCC are described in Figure 11. 

Solvent degradation hazardous are mainly carcinogenicity, mutagenicity, 

and severe toxicity. It has been shown in the Figure 11 that toxic compounds 

are formed in the i) Absorber column wherein it affects  the efficiency of 

CO2 capture and increases the solvent demand,  ii) Stripper column: the 

formed compounds react with solvent to form HSS, which in turn disturbs 

and reduces the processes efficiency, iii) Washed water:  at the top of the 

absorber column water is located to wash the clean flue gas, the 

degradation compounds are carried by water to the sewage system and iv) 

finally the degradation compounds scape to the atmosphere either through 

leakage or with the flue gas. 
 

 

Figure 11 Power plant showing regions of solvent degradation and impact of hazardous 

compounds on life 
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2.4.2 Life cycle assessment studies related to solvent-based 

PCC process  

The high reliance on fossil fuel for electricity generation inherently leads 

to emissions of CO2 to the atmosphere. However, increasing the integration 

of renewable energy to generate electricity that has no CO2 emissions will 

need time. Meanwhile, solvent-based PCC process appears to be one of the 

mitigation solutions to reduce the CO2 emissions (von der Assen et al., 

2013). Although the process consumed high energy for solvent 

regeneration and CO2 compression that is provided mainly from burning 

of fossil fuel, still the PCC process shows high efficiency to capture CO2 

from the flue gas (Boot-Handford et al., 2014). However, in addition to 

providing energy for PCC, the supply of water, as well as the waste and 

emissions generated by the process, must be further studied to ensure of its 

environmental sustainability. This reflects the importance of conducting an 

environmental assessment of the PCC process to ensure it is favorable and 

sustainable from an environmental perspective (Peters et al., 2011). 

Life Cycle Assessment (LCA) serves as an assessment method and 

analytical tool for evaluating the environmental impacts associated with 

the flow of materials into and out of the environment for specific processes 

like Carbon Capture Utilization (CCU). It encompasses everything from 

raw material extraction, through product production and processing, to 

recycling or final waste disposal (from cradle to grave) (Curran, 2012). The 

concept was originated by Chapman et al., who estimated the energy 

budget in the UK and predicted its future implications (Chapman et al., 

1974).  

The LCA system includes input and output known as economic and 

elementary flow (von der Assen et al., 2014). The economic flow refers to 

the inputs and outputs associated with the process, while the elementary 

flow represents the exchanges that occur between the process and the 

environment throughout its life cycle. This flow encompasses various 

environmental impacts, such as toxic emissions and resource depletion 

(Curran, 2012).  

While the need for LCA is crucial before implementing industrial 

processes, the complexity and lack of reliable data for conducting LCA 

have limited the published assessments of PCC process units (Griffiths et 

al., 2013; Jaramillo et al., 2009; Khoo et al., 2011; Müller et al., 2020). 

According to the International Organisation for Standardisation (ISO) the 

ISO 14040 series of standard, the LCA can be perform in four steps 1) 

define the goal and scope of the system, 2) data collection through life 
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cycle inventory, 3) assess the life cycle impact, and 4) interpret the obtained 

results (Curran, 2006). The tutorial review provides a structures approach 

to enhance the use of LCA by presenting a checklist of action items that 

covers all the steps involved in LCA process (von der Assen et al., 2014). 

Starting with defining the purpose of LCA and the system boundaries, 

followed by data collection and environmental impact computation, to end 

up with the interpretation and sensitivity analysis of the results, are covered 

by the entire process. 

Commercial software is available to be used for conducting LCA such as 

GaBi (Pauer et al., 2020; Petrescu et al., 2017; Spatari et al., 2001), 

SimaPro (Clarens et al., 2016; Dong et al., 2022; Gładysz & Ziębik, 2015), 

and Integrated Environmental Control Model (IECM) (Matin & Flanagan, 

2022; Pehnt & Henkel, 2009; Schakel et al., 2014). The usage of software 

ensures the user is following the right LCA methodology since the 

guidance is provided by the software at the same time. 

The literature survey shows that the LCA studies are related to measuring 

the emissions from power plant with or without PCC such as, Global 

Warming Potential (GWP), Energy Use (EU), Water Use (WU), and 

Energy Return on Investment (EROI) (Forster et al., 2007; Hertwich et al., 

2008; Koornneef et al., 2008; Spath et al., 1999), following ReCiPe 

midpoint impact assessment as shown in Table 12 or following CML 2001 

method that developed by the center of environmental science at the 

University of Leiden (Lacy et al., 2015). Other studies are related to the 

fuel and power plant system (Odeh & Cockerill, 2008; Pehnt & Henkel, 

2009; Singh et al., 2011), and the LCA methodologies have been applied 

(Finnveden & Moberg, 2005; Suh & Huppes, 2005; Viebahn et al., 2007). 

Indeed, the LCA studies are not solely to identify the environmental impact 

factors of different process stages, but they also help policy makers to make 

proper decisions to achieve clean energy utilization and production (Gaete-

Morales et al., 2019). 
 

Table 12 ReCiPe midpoint impact assessment (Kotagodahetti et al., 2021). 

Climate Change  Damage to Eco-system 

• Climate change 

• Ozon depletion  

• Acidification  

• Eutrophication 

(freshwater, 

marine)  

• Ecotoxicity (terrestrial, 

freshwater , marine) 

  

Resource depletion  Human health  

• Water depletion  • Human toxicity  • Ionizing radiation 
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• Metal depletion  

• Fossil depletion 

• Photochemical 

oxidant formation  

• Particulate matter 

• Land occupation 

(agriculture, urban)   

 

The summary of the LCA studies related to power plant and CC is listed in 

Table 13 , which shows that the standard PCC process includes the four 

units (absorber, stripper, heat exchanger, and boiler). However, the LCA of 

the PCC was considered as one unit without further investigations of the 

impact of each specific equipment such as the absorber and stripper 

independently. Furthermore, the GWP was identified as the common result 

obtained across all studies, while the other results such as WU, EU and 

acidification varied. Most of the data used for LCA was obtained from 

secondary sources rather than from simulation and modeling (Dones et al., 

2007). 
 

Table 13 Summary of the LCA studies of the power plant equipped with CC.  

No. Data source LCA purpose LCA Boundary  PCC 

system 

Results a Ref. 

1 Scientific 

literature  

Test if Biofuel 

is the best 

power plant 

fuel for 100 

year 

From Fuel 

production up to 

CO2 compression 

– considered PCC 

as one unit 

Standard 

using MEA 
• GWP  

• EU 

• WU 

• EROI 

(Bennett et 

al., 2021) 

2 Scientific 

literature  

Global 

warming 

reduction 

from power 

plant with and 

without PCC 

From coal 

production  up to 

carbon capture – 

consider PCC as 

one unit   

Standard 

using MEA 
• GWP 

• EU 

 

(Branco et 

al., 2013) 

3 Ecoinvent 

database V2.2 

Compare the 

environmental 

impact of 

power plant 

without and 

with two 

carbon 

capture 

options   

From cradle to 

gate (fuel 

extraction up to 

CO2 

compression)  

Standard 

using MEA 
• GWP 

• ODP 

• HTP  

• PHOF  

• PMF  

• TAP 

• WU 

• FD  

(Clarens et 

al., 2016) 

4 EBSILON 

13.02 

software 

Compare the 

environmental 

impact of 

power plant 

without and 

with carbon 

capture using 

From coal 

production  up to 

carbon captured 

storage or 

utilization  

Standard 

using MEA 
• GWP 

• ODP 

• TAP 

• EP 

• HTP 

• MDP 

(Dong et 

al., 2022) 
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either 

electricity or 

solar energy 

for solvent 

regeneration 

for 30-years  

5 • Public 

data  

• Ecoinvent 

database 

Compare the 

environmental 

impact of  

Taean power 

plant without 

and with PCC 

From power plant 

up to carbon 

capture  

Standard 

using MEA 
• GWP 

• ODP 

• TAP 

• EP 

• HTP 

• MDP 

• WU 

(Jung et al., 

2022) 

6 • Ecoinvent 

database 

Compare the 

environmental 

impact of  

three different 

power plants 

in the 

Netherlands 

without and 

with PCC 

From coal 

extraction  up to 

carbon capture 

and storage  

Standard 

using MEA 
• GWP 

• ADP 

• ODP 

• HTP 

• TEP 

• AP 

• EP 

• MAE 

(Koornneef 

et al., 2008) 

7 • Ecoinvent 

database 

Identify the 

GWP of 

power plant 

with and 

without PCC  

From natural gas 

production up to 

EOR of the 

capture CO2 

Standard 

using MEA 
• GWP (Lacy et al., 

2015) 

8 • Ecoinvent 

database 

Compare the 

environmental 

impact of 

power plant 

without and 

with two 

carbon 

capture 

options   

From power plant 

up to carbon 

capture  

Standard 

using MEA 

with 

different 

concentrati

on  

• GWP 

• WU 

• ODP 

• AP 

• EP 

(Matin & 

Flanagan, 

2022) 

9 • Ecoinvent 

database 

Compare the 

environmental 

impact of 

power plant 

without and 

with carbon 

capture in 

China 

From coal 

extraction  up to 

carbon capture 

and storage  

Standard 

using MEA 
• GWP 

• AP 

• HTP 

• EP 

• ODP 

• RDP 

(Asante-

Okyere et 

al., 2016) 

10 • Literature 

• Aspen 

Plus 

Compare the 

environmental 

impact of 

power plant 

without and 

From coal 

extraction  up to 

carbon capture 

and storage  

Standard 

using 

MDEA 

• GWP 

• AP 

• EP 

• ODP 

• HTP 

(Petrescu et 

al., 2017) 
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with three 

carbon 

capture 

options   

• MAE 

• TEP 

11 • Aspen 

Plus 

 

Compare the 

environmental 

impact of  

four different 

fuel for power 

plant with 

PCC 

Power plant up to 

carbon capture 

Standard 

using MEA 
• GWP 

• AP 

• EP 

• ODP 

• HTP 

• MAE 

• TEP 

(Romero-

García et 

al., 2022) 

12 • Literature 

 

Compression 

of 

environmental 

emission of 

using different 

fuels in both 

power plant 

and cement 

industry with 

and without 

PCC  

From fuel mining 

up to carbon 

capture and 

storage  

Standard 

using MEA 
• GWP (Volkart et 

al., 2013) 

a The nomenclatures of the results are as following:  

GWP = Global Warming Potential  

EU = Energy Utilized  

WU = Water Utilized  

EROI = Energy Return on Investment 

EP = Eutrophication Potential 

ODP = Ozone Depletion Potential  

HTP = Human Toxicity Potential 

PHOF = Photochemical Oxidant Formation 

PMF = Particulate Matter Formation 

TAP = Terrestrial Acidification Potential 

FD = Fossil Depletion 

MDP = Metal Depletion Potential 

ADP = Abiotic Depletion Potential 

MAE = Marine Aquatic Ecotoxicity 

 

A comparison study of LCA for the coal fired power plant with and without 

PCC process shows that 72% reduction on the GWP for 100-year time 

horizon is expected once PCC is retrofitted to the power plant although, 

the energy and water demand are increased. Though, the study 

recommended that the LCA boundary, the fuel used, and the implemented 

technology to provide power for the PCC process affect the LCA results 

(Branco et al., 2013). Another study related to comparison of the 

environmental impact of CC using solvent-based PCC and CaO looping 
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methods shows that climate change category was 0.33 kgCO2/kWh for 

solvent-based PCC compared to 0.26 kgCO2/kWh using CaO looping and 

0.97 kgCO2/kWh for power plant without capture. The study concluded 

that CaO looping could be a future alternative for PCC (Clarens et al., 

2016). 

The LCA studies of PCC to identify the impact of using bioenergy fuel for 

power plant compared with fossil fuels is reported (Bennett et al., 2021). 

Around eight CC technologies were tested, and the study found that IGCC 

power plant is the best option because of no environmental impact, less 

costly, and low water demands. A full LCA of the power plant includes the 

waste formation and the reaction of solvent with CO2 of PCC process was 

studied (Koornneef et al., 2008). The study compared three scenarios of 

power plant, the first represented the operating one, second the newly 

proposed one, and the third scenario represented the newly proposed, 

equipped with PCC using MEA as solvent. The study found that the GWP 

is reduced by 71% and Marine Aquatic Ecotoxicity (MAE) is dropped by 

27% due to the equipped PCC. However, the other environmental 

indicators show an increase due to equipped PCC compared to the original 

power plant case. Indeed, the increase of the environmental indicators 

reached the maximum for Human Toxicity Potential (HTP) by 181% and 

Eutrophication Potential (EP) by 80% compared to the original power plant 

case.  

The previous studies of the LCA of the environmental impact of CC have 

considered the capture system as one unit without evaluating the 

contribution of individual components or equipment within the system. 

Additionally, they haven’t proposed specific strategies for CC in general or 

for the PCC process, aimed at reducing environmental emissions 

(Kotagodahetti et al., 2021). At the same time, the data pertaining to CC 

are obtained from literature rather than being imported from modeling or 

simulation system which causes an increase in uncertainty of the applied 

data for CC part.  

The LCA study carried out by He and coworkers (He et al., 2019) assessed 

the impact of using CC process in power plants, with the system modeled 

using Aspen Plus. The simulation results were then applied to the LCA 

study. However, the study also tested a new proposed CC method, chemical 

looping combustion where the mining stage was identified as the largest 

contributor to the environmental impact.   

The LCA study by Petrescu (Petrescu et al., 2017) evaluated four different 

scenarios: a power plant without CC, a plant with PCC using MDEA 



Chapter 2 

49 

 

without a promoter which creates uncertainty regarding the energy needed 

for solvent regeneration. The study also examined a power plan with PCC 

using aqueous ammonia, and a plant using calcium looping. Each scenario 

was analyzed to compare the environmental impact and efficiency of 

different CC processes. The data of the PCC part of the study was obtained 

from Aspen Plus simulation while the LCA was conducted using GaBi 

software. The study concluded that the GWP is highest once power plant 

operated without PCC (0.97037 kgCO2/kWh) and that value dropped to 

0.49593 kgCO2/kWh once power plant is equipped with PCC using 

MDEA. On the other side, the minimum of GWP (0.4022 kgCO2/kWh) is 

obtained for power plant equipped with PCC using calcium looping that is 

similar to a reported study of Clarens and coworkers (Clarens et al., 2016).  

The literature review identified that PCC is an optimum option for 

capturing CO2 from power plant. However, it found that only three solvent 

according to their physical and chemical properties, experimental studies, 

and pilot plant utilization are the best option to capture CO2. Furthermore, 

the process has a drawback due to the high energy demand for solvent 

regeneration. Several studies have investigated the process configuration, 

and in some cases studied the effect of using blended solvent but it was 

only for open cycle process. The environmental assessment studies using 

LCA were limited to PCC using MEA and most of the studies were taken 

data from secondary sources.  

 

 

2.5 Summary   
The literature review of the PCC process using solvent that is carried out 

in this chapter found that: 

• The PCC process is a potential for reducing the emissions of CO2 from 

power plant. The drawbacks of this process include the high energy 

demand for solvent regeneration and process operation, and the 

environmental impact of the chemicals used during the process. In 

addition, the limitation and somehow absence of policies either 

incentives or adverse on the country level are considered as part of the 

PCC process challenges. 

• Several pilot plants are identified in the literature, and open access 

experimental data of these pilot plants are used for model simulation 

and validation. The model simulated using pilot plant data following 

rate-based model shows reliability and accuracy to be used for 

investigating a solution to the PCC challenges such as process 
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configuration, process optimization, new solvent, and environmental 

impact assessment rather than using equilibrium-based modelling 

approach.  

• At the beginning of the study and investigation, MEA was used as the 

optimum solvent for the capture of CO2 in both pilot plants and 

modelling. At a later stage and due to the MEA constraints identified in 

the literature, other solvents are investigated such as PZ that shows a 

high ability to capture CO2 compared with MEA. In the coming years, 

synergetic efficiency will be the promising solution to enhance the 

utilization of solvent-based PCC, specifically MDEA/PZ. In addition, 

the advanced PCC process is more energy and cost effective compared 

with the standard PCC process, although, the use of MDEA/PZ was not 

investigated properly in that system. 

• Several studies have shown that the environmental impact resulting 

from solvent degradation and chemical reactions within the PCC 

process can be hazardous. The release of harmful emissions from the 

PCC system is most commonly associated with leaks from the absorber 

and stripper, emissions in the flue gas exiting the absorber column, or 

contaminants in the system's effluent water. Indeed, the formation of 

hazardous emissions is directly affected by the process variables and 

the system configuration.  

• The environmental assessment of the PCC process using the LCA 

procedure shows the ability to identify the impact. However, the 

reviewed LCA studies on PCC primarily focus on the use of MEA 

solvent alone, treating PCC as a single unit within the CCS process 

without analyzing the environmental impact of each individual PCC 

unit or equipment. Additionally, most studies concentrate on the 

standard PCC process, despite evidence that advanced processes 

demonstrate superior technical and economic performance compared to 

the standard approach.    
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Methodologies and Procedures 
 

 

3.1 Overview   
This chapter describes the methodologies used in this thesis that presented 

in Figure 12 that contain both qualitative and quantitative methods. it 

highlights the stages involved in the study according to the set aims and 

objectives. The study involves 4 stages starting with identifying the 

optimum CC processes, followed by multi-regression analysis to 

investigate the highly significant variables, after that HYSYS was used for 

PCC modeling and simulation to investigate the solvent concentration with 

least regeneration energy requirements, and finally SimaPro used for LCA 

for the power plant with and without PCC using either MEA or MDEA/PZ 

to evaluate the environmental impact of each option.   

  

 

 
Figure 12  Overview of the methodology used in this thesis  
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3.2 PCC pilot plant process description 
The Commonwealth Scientific and Industrial Research Organisation 

(CSIRO) constructed a PCC pilot plant in Australia in three different 

locations to capture CO2 from coal-fired power plants using chemical 

absorption process. The PCC in Queensland is flexible for testing different 

PCC process configurations (Cousins et al., 2011a). The Tarong power 

plant, is designed according to the standard PCC process (Sultan et al., 

2021b; Wang et al., 2015) as shown in Figure 13, the process consists of a 

pretreatment column which needs to remove gaseous pollutants from flue 

gas and adjust the flue gas temperature. The cooled flue gas is sent to the 

absorber to capture CO2 using 30 wt% of MEA. The lean flue gas from the 

top of the absorber is washed by water to recover any traces of solvent in a 

separate column. While the rich solvent is sent to the stripper for solvent 

regeneration and CO2 separation. The lean solvent (regenerated solvent) is 

sent back to the absorber in order to reenter into the process (Cousins et al., 

2011b; Cousins et al., 2011a). The properties of the PCC pilot technical 

data are shown in Table 14 that is designed using a rate-based model, while 

chemical reactions taking place within the PCC process are shown in Table 

15.  

 

 
Figure 13 Diagrammatic representation of  PCC using chemical absorption (Liang 

et al., 2015) 
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Table 14 Technical specifications of the Tarong pilot plant (Cousins et al., 

2011a; Li et al., 2016) 

Properties  Value  

Flue gas  

    CO2 14% Volume 

    H2O 8% Volume 

    N2 72% Volume 

    O2 6% Volume 

    Pressure 1 atm 

    Temperature  130oC 

Absorber  

    Solvent (MEA)  30%, Weight 

    Packing section 4 

    Packing 

structure 

Sulzer Mellapak 

M250X 

Stripper  

    Packing section 2 

    Packing 

structure 

Sulzer Mellapak 

M350X 

 

Table 15 Common chemical reactions taking place in PCC process.  

S. No Type Reaction 

1 Equilibrium 
 

2 Equilibrium 
 

3 Equilibrium 
 

4 Equilibrium 
 

5 Kinetic 
 

6 Kinetic 
 

7 Kinetic  
 

8 Kinetic  
 

 

 

3.3 PCC pilot plant process variables 
Evaluation of the significant effects of the process variables is important 

for identifying the optimum process conditions to achieve the required 

efficiency. Thus, the expected highly effective process variables to the 

regeneration energy in the stripper column and the rich CO2 loading that 

passes from absorber are listed in Table 16. The selected independent 

variables are lean solvent temperature, lean MEA concentration, lean CO2 
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loading, inlet flue gas temperature, inlet gas pressure, inlet CO2 volume%, 

and CO2 desorption rate. While the dependent variables are rich CO2 

loading and regeneration energy. Selected variable and their units are 

summarized in Table 16. 
 

Table 16 Muti-regression dependent and independent variables with respective 

units. 

Variable  Unit  

Independent   

    lean solvent temperature 
oC 

    lean MEA concentration wt% 

    lean CO2 loading mol/mol 

    inlet flow gas temperature oC 

    inlet gas pressure kPa 

    inlet CO2 volume%  v% 

    CO2 desorption rate Kg/h  

Dependent   

    rich CO2 loading mol/mol 

    regeneration energy MJ/KgCO2 

 

3.4 Multi-regression model description  
A plethora of research has investigated the absorption-PCC process model 

and the ability of the selected solvent to reduce the regeneration energy 

(Bui et al., 2014; Chikukwa et al., 2012; Llano-Restrepo & Araujo-Lopez, 

2015). The selected process’s variables for this study are considered in the 

literature as key variables to find the optimum condition of PCC process 

(Llano-Restrepo & Araujo-Lopez, 2015). Multi-regression analysis is used 

to develop a linear mode to investigate the significance of the relationship 

between the selected process variables using IBM Statistical package for 

Social Science 25 (SPSS 25). Stepwise regression is applied where 

variables that have no, or weak significant are excluded. Moreover, the 

obtained multi-regression equation is validated against the multi-

regression assumption before it is used for testing and predicting process 

variables under different conditions. The model being applied is shown in      

Equation 1  and   Equation 2  and Table 17, whereas the sample variables are 

listed in Appendix 1. Approximately 22 runs of the performed PCC pilot 

test are tested. 

 
𝑦1 = 𝛽0 + 𝛽1𝑥1   + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽4𝑥4 + 𝛽5𝑥5 + 𝛽6𝑥6 +𝛽7𝑥7           Equation 1  

𝑦2= 𝛽8 + 𝛽9𝑥1   + 𝛽10𝑥2 + 𝛽11𝑥3 + 𝛽12𝑥4 + 𝛽13𝑥5 + 𝛽14𝑥6 +𝛽15𝑥7  Equation 2  
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Table 17 Nomenclature of Sample variables. 

Variable  Nomenclature 

Independent   

lean solvent temperature 𝑥1    

lean MEA concentration 𝑥2 

lean CO2 loading 𝑥3 

inlet flow gas temperature 𝑥4 

inlet gas pressure 𝑥5 

inlet CO2 volume%  𝑥6 

CO2 desorption rate 𝑥7 

Dependent   

rich CO2 loading 𝑦1 

regeneration energy 𝑦2 

Coefficient   

regression coefficients    𝛽0,  𝛽1,  𝛽2,  𝛽3,  𝛽4,  𝛽5, 𝛽6,  𝛽7,  𝛽8,  𝛽9,  𝛽10,  𝛽11,  𝛽12, 

 𝛽13,  𝛽14,  𝛽15 

 

 

3.5 Model development for PCC process 
The model of PCC process was developed in Aspen HYSYS V12.1 using 

acid gas property package that follows rate-based model approach. The 

model includes column hydrodynamics and detailed component mass 

transfer calculations between liquid and vapor phase. Furthermore, the 

model includes calculation of properties of amines being utilized, CO2 lean 

and rich, and the makeup unit (water and solvent makeup). Rate-based 

model has been used in an extensive research and it exhibits reliable and 

accurate performance for process simulation (Zhang et al., 2009). The 

liquid phase of the model was calculated using the Electrolyte Non-

Random Two-Liquid (ENRTL) thermodynamic model and vapor phase 

properties was calculated using Peng-Robison’s equation, Equation 3, 

Equation 4, Equation 5. The model developed through Aspen HYSYS is 

shown in Figure 14.  

In this work, the data is taken from the pilot plant constructed by the 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) 

in Australia (Cousins et al., 2011a). The reasons of using the CSIRO pilot 

plant is the PCC process designed according to the standard model that 

captured CO2 from flue gas emitted from Tarong power plant (Cousins et 

al., 2011b) and the comprehensive experimental data that simplified the 

validation of PCC process model (Li et al., 2016). The technical 

specifications of PCC pilot plant are listed in Table 18. 
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𝑃 =  
𝑅𝑇

𝑉−𝑏
−  

𝑎(𝑇)

𝑉(𝑉+𝑏)+𝑏(𝑉−𝑏)
                                                          Equation 3  

 

𝑎 = 0.4278 
𝑅2  𝑇𝑐

2.5

𝑃𝑐
                                                                          Equation 4  

 
𝑏 = 0.0867 

𝑅 𝑇𝑐

𝑃𝑐
                                                                              Equation 5  

 

 
Figure 14 The developed HYSYS model of PCC process for this study  
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Table 18 Technical specifications of the Tarong Pilot Plant 

Properties  Value  

Flue gas  

    CO2 14% Volume 

    H2O 8% Volume 

    N2 72% Volume 

    O2 6% Volume 

    Pressure 1 atm 

    Temperature  130oC 

Absorber  

    Solvent (MEA) 30%, Weight 

    Packing section 4 

    Packing structure Sulzer Mellapak 

M250X 

Stripper  

    Packing section 2 

    Packing structure Sulzer Mellapak 

M350X 

 

The assumptions used in the model includes: 

• Steady-state model. 

• No accumulation in the bulk gas as well as the liquid and gas films. 

• The feed to the system was only the flue gas as listed in Table 18 and 

the MEA solvent. 

• The mass and energy balance for both liquid and gas phase are 

formed in one-dimensional. 

• The flow of flue gas and solvent follows counter-current mode.  

 

The developed PCC process consists of the absorber, pumps, heat 

exchangers, stripper, and compressor as depicted in  Figure 14. Flue gas 

emitted from burning fossil fuel is sent to the absorption unit for CO2 

capture in the range 80-90% in the flue gas by the selected solvent which 

leaves the column as rich solution. The absorber column is designed to 

enhance the mass transfer between the flue gas and the selected solvent 

using structured packing. The temperature of  CO2 rich solvent is adjusted 

using rich/lean heat exchanger prior to being sent to the stripper column. 

There in the column, the solvent is separated from the captured CO2 and 

sent back to the absorber column as lean solution, while the captured CO2 

is compressed and stored in the geological storage area. The efficiency of 

the PCC process depends on the performance of chemical reactions take 

place in the absorber and the stripper columns as listed for MEA in Table 



Chapter 3 

59 

 

15. Absorption of CO2 is taken place through acid/base reaction where the 

solvent reacts with CO2 according to the reactions presented in Table 15.  

 

3.6 Model simulation using MDEA/PZ for PCC 

process 
The PCC model using MDEA/PZ blended solvents was developed in 

Aspen HYSYS V12.1 following the same model for MEA as described in 

Section 4.2. where the assumptions used in the model includes: 

• Steady-state model. 

• No accumulation in the bulk gas as well as the liquid and gas films. 

• The feed to the system were only the flue gas as listed in Table 18, 

PZ, and MDEA solvents. 

• The mass and energy balance for both liquid phase and gas phase is 

one-dimensional. 

• The flow of flue gas and solvent follows counter-current mode.  

 

The sensitivity analysis carried on for the findings from the simulation 

model using MDEA/PZ under standard conditions of the PCC process. The 

purpose of the sensitivity analysis for the simulated model is to assess the 

variation of the key input variables within the selected specific range those 

are: 

• Solvent concentration: 40 – 50 wt% 

• Solvent flow rate: 60 – 172 Kgmole/h 

• CO2 lean loading: 0.13 – 0.28 moleCO2/moleamin 

• CO2 rich loading: 0.23 – 0.41 moleCO2/moleamin  

The key input variables are examined toward the performance of energy 

demand for solvent regeneration, solvent degradation rate, viscosity, and 

process efficiency. Hence, the proposed statistical model for the study is as 

shown in Equation 6 that studies the correlation between the solvent 

concentration, solvent flow rate, CO2 lean loading, and CO2 rich loading 

against the energy demand for solvent regeneration. 

 
y = f(solvent concentration, solvent flow rate, CO2 lean loading, CO2 rich loading) 
           Equation 6  

where, y is the energy demand for solvent regeneration.  
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The second proposed statistical model is as shown in Equation 7 that 

studies the synergistic effects of solvents toward solvent viscosity that left 

the absorber and the stripper. 

  
solvent viscosity = f(solvent concentration, solvent flowrate, regeneration energy) 
           Equation 7  

 

The dependent variables for the proposed statistical model are energy 

demand and solvent’s viscosity, while the independent variables are the 

solvent’s concentration, its flow rate, CO2 lean loading, and CO2 rich 

loading. The statistical assumption maintaining the required process 

efficiency for CC from flue gas.  

 

The efficiency of the PCC process depends on the performance of the 

chemical reactions taken place in the absorber and the stripper columns as 

listed in Table 19 for MDEA/PZ. Absorption of CO2 is taken place through 

acid base reaction where each solvent (MDEA and PZ) reacts with CO2 

according to the reactions presented in Table 19. Chemical reactions 1-3 

represent the dissociation of water, formation of carbonate, and formation 

of bicarbonate, respectively. At the same time, PZ acts as activator for 

MDEA related reaction (reactions 4 and 5). Bicarbonate is formed as a 

result of MDEA reaction with CO2 that enhances the absorption and 

regeneration performance, while carbamates is formed as a result of PZ 

reaction with CO2 that enhances the CO2 absorption rate.   

The closed loop model of the PCC system is considered the best 

option that provides accurate and reliable results for investigating technical 

and economic process aspects. However,  the reported studies of closed 

loop system were either related solely to PZ (Otitoju et al., 2021) or MEA 

(Akula et al., 2021). However, the closed loop system modeling and 

simulation using MDEA/PZ has not been reported in literature (Closmann 

et al., 2009; Khan et al., 2017).  

 
Table 19 Chemical reactions in PCC process (Hosseini-Ardali et al., 2020). 

No Category Reaction 

1 

Water 

related 

 
2 

 
3 

 
4 
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5 MDEA 

Related 
 

6 

PZ related 

 
7 

 
8 

 
9 

 
10 

 
11 

 
    

The validated HYSYS model of the closed PCC process (Figure 14) is used 

to investigate the synergistic effect of MDEA/PZ on the regeneration 

energy, the power needed to drive the pump and the cooler, the viscosity of 

the blended solvents, the individual concentration of the solvents, and the 

lean solvent flow rate. The other process variables such as the pressure and 

temperature of absorber and stripper, the flue gas flow rate, and the CO2 

vol% in the flue gas were kept constant for the purpose of the study. 

 

3.7 PCC system formulation using blended solvent 
As discussed earlier, an Aspen HYSYS model is simulated based on PCC 

pilot plant constructed by Commonwealth Scientific and Industrial 

Research Organisation in Australia (Cousins et al., 2011a) to capture CO2 

from 350 MW coal-fired Tarong power plant. The developed PCC model 

aimed to investigate the optimum concentration of MDEA/PZ to capture 

CO2 that required the minimum energy for solvent regeneration compared 

to the benchmark MEA at 88.5% CC rate. The total energy demand, water 

flow rate, solvent flow rate, and other process variables were estimated by 

Aspen HYSYS V12.1 using acid gas property package that follows rate-

based model approach. The energy and flow rate related findings from 

HYSYS model are illustrated in Table 20, representing the best MDEA/PZ 

technical option compared to the benchmark MEA. For further details 

related to the coal-fired Tarong power plant refer to the reported works 

(Cousins et al., 2011b; Cousins et al., 2011a; Li et al., 2016). 
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Table 20 Finding from HYSYS simulation for PCC model. 

Solvent Concentration 

(wt%) 

Solvent 

flow rate 

(kg/hr) 

Total 

power 

demand 

(KW) 

Total 

water 

flowrate 

(kg/hr) 

Regeneration 

energy 

(MJ/KgCO2) 

Makeup 

solvent 

(kg/hr) 

Makeup 

water 

(kg/hr) 

MEA 27.84 475.55 152.622 1136.61 4.003 0.055 20.92 

MDEA/PZ 43/7 1131.24/ 

184.16 

107.985 1215.16 2.53 0 0 

 

3.8  Description of LCA methodology  

The methodology of LCA is used to investigate the environmental impact 

for a product and process throughout the life cycle of three scenarios 

including coal-fired power plant without PCC, coal-fired power plant with 

PCC using MEA, and coal-fired power with PCC using MDEA/PZ. The 

LCA involves four stages including goal and scope, life cycle inventories, 

life cycle impact assessment, and results interpretation (Clarens et al., 

2016; ISO, 2006; Miller et al., 2011). 

The SimaPro 9.3.0.2 professional software is utilized following methods 

of ReCiPe 2016 Midpoint (H) (Goedkoop et al., 2009), ReCiPe 2016 

Endpoint (H) (Huijbregts et al., 2017), and IPCC 2013 500a (IPCC, 2013) 

to conduct the LCA of the mentioned three scenarios. An optimal amount 

of 1 MWh electricity generated is selected as a reference for the resources 

consumed and pollutants discharged. 

 

3.8.1 Goals and Scope  

The goal of the LCA of this study is to evaluate the environmental impact 

of utilizing PCC unit with MEA for one scenario and blended solvent 

containing MDEA/PZ for another scenario compared to resources 

consumption and pollutants emissions from coal-fired power plant without 

PCC that is producing 350 MWh of electricity. This resulted in providing 

a framework as a guidance for decision-makers to enable enhance energy 

efficiency and follow a clean and sustainable energy production strategy. 

The LCA system boundary is illustrated in Table 20, Figure 15 and Figure 16 

for the system without PCC and with PCC, respectively. Furthermore, the 

LCA study boundary “cradle-to-gate” approach (Müller et al., 2020) is 

used for this study, that illustrated in Figure 17. The other stages of LCA 

include construction and transportation, were excluded from the study 

because of the similarity of the power plant and to enable evaluation of the 

PCC process and identification of the environmental effect of synergistic 

solvents specifically compared to the solo solvent. The intention of the 
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study was to find out the possibility of the blended solvent (MDEA/PZ) to 

be replaced by MEA for capturing CO2 from a power plant. 

 

 
Figure 15  Flowchart of this work LCA boundary without PCC. 

 

 
Figure 16  Flowchart of LCA boundary with PCC, applied in this study.  
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Figure 17 System processing and analysis steps.   

 

3.8.2  Inventory and information   
The purpose of (LCI) part is to collect the data related to the process input 

and output of raw materials, energy demand and emissions within the 

system boundary for a functional unit of 1 MWh of electricity generated in 

the power plant with a life time of 30 years (Rasheed et al., 2021). The data 

for the LCA is taken from the simulated HYSYS model where the data 

related to coal process are taken from Ecoinvent v3.5 database of SimaPro 

v.9.3 that is considered as a reliable data source (Wernet et al., 2016). The 

life cycle assumptions for the three scenarios are presented in Table 21. 

 
Table 21 LCA assumption and calculations for the three scenarios. 

Process Unit Value Reference  

Coal-fired power plant 

 

Total fuel amount 

Total water demand 

Electricity for coal mining 

operation and preparation  

 

CO2 emissions 

H2O in the flue gas 

O2 in the flue gas 

N2 in the flue gas  

 

 

t/h 

m3/t 

MJ/t 

 

 

Kg/h 

Kg/h 

Kg/h 

Kg/h 

 

 

135,450 

0.4186 

0.79 

 

 

84.8075 

11.1796 

52.2038 

340.4091 

 

 

Calculated 

Calculated   

(Petrescu et al., 

2017) 

 

(Li et al., 2016) 

(Li et al., 2016) 

(Li et al., 2016) 

(Li et al., 2016) 

PCC System 

MEA consumption 

MDEA consumption  

PZ consumption  

 

Kg/tCO2 

Kg/tCO2 

Kg/tCO2 

 

5.6 

13.34 

2.17 

 

Output of HYSYS 

model  

 



Chapter 3 

65 

 

3.8.3 Life cycle impact assessment of the overall process   
The LCIA was carried out using software SimaPro v.9.3 following the 

methodology of ReCiPe 2016 Midpoint (H) (Goedkoop et al., 2009), 

ReCiPe 2016 Endpoint (H) (Huijbregts et al., 2017), and IPCC 2013 500a 

(IPCC, 2013). Indeed, LCIA is the significant step of LCA where the 

environmental emissions and resources are translated to categories or 

scores under two mainstream ways either at midpoint or endpoint level 

(Goedkoop et al., 2009; Hauschild & Huijbregts, 2015). In this study, the 

obtained data was used to evaluate the system impact against 3 endpoint 

environmental indicators including natural resources, human health, and 

ecosystem. They are linked to 7 midpoint impact categories, which show 

high discrepancy among the selected scenarios, including global warming 

potential (GWP), water consumption potential (WCP), ozone formation 

terrestrial ecosystem potential (OFTEP), Freshwater Ecotoxicity potential 

(FWEP), marine ecotoxicity potential (MEP), ozone formation human 

health potential (OFHHP), and terrestrial ecotoxicity potential (TEP) 

(Curran, 2012).  

 

3.8.3.1 ReCiPe 2016 methodology    
The ReCiPe 2016 is a methodology for assessing the environmental impact 

of the midpoint and endpoint that measures the problem and damage, 

respectively. It follows the Hierachist (H) perspective that is based on the 

most common policy principles (Huijbregts et al., 2017). At the midpoint 

level the following categories are addressed: 

1. Climate change: it measures the GWP due to carbon feedstock and 

substances that contribute to global warming over specific time 

horizon. The unit is year/kg CO2 equivalent (IPCC, 2013).  

2. Water use: it measures the water consumption potential of 

freshwater in m3. The category gives indication about the 

sustainability level of the applied practice (Döll & Siebert, 2002).  

3. Photochemical ozone formation, terrestrial ecosystems: it measures 

the ozone formation terrestrial ecosystem potential in the unit of 

year/kg NOx. The factor indicates the rate of ozone formation due to 

the emissions of particles such as NO and NO2 that form ozone in 

the atmosphere (Van Zelm et al., 2016).  

4. Freshwater eutrophication: it measures the Freshwater Ecotoxicity 

potential due to the effluent from the source that contains 



Chapter 3 

66 

 

environmental persistence hazardous chemicals to the freshwater 

resources (Helmes et al., 2012).    

5. Marine eutrophication: it measures the marine ecotoxicity potential 

by measuring the effluent from the source that contains 

environmental persistence hazardous chemicals to the marine 

ecosystem (van Zelm et al., 2009).  

6. Photochemical ozone formation, human health: it measures the 

ozone formation human health potential. The factor indicates the rate 

of ozone formation in the atmospheric layer due to the emissions of 

particles such as NO and NO2 and the impact level on human health 

(Van Zelm et al., 2016).  

7. Human toxicity and ecotoxicity: it measures the terrestrial 

ecotoxicity potential due to the emissions of highly hazardous 

chemicals that accumulate in the human food chain and cause 

toxicity. The unit is kg/year 1,4-dichlorobenzeen (1,4-DCB) (van 

Zelm et al., 2009).  

 

The characteristics of endpoint that assess the damage are listed as below: 

1. Human health: it measures the impact of the emissions on human 

health and the disabilities across a numbers of years (De Schryver et 

al., 2011). 

2.  Ecosystem: it measures the losses of species and degradation of the 

ecosystem as a result of emissions from the source across a numbers 

of years (Huijbregts et al., 2017).  

3. Resources scarcity: it measures the possibility of natural resources 

depletion such as fossil fuels, and future resources production due to 

the source regular practice across a numbers of years (de Schryver 

et al., 2008).   
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Chapter 4 

Results, Discussion, and Recommendations  
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Results, Discussion, and Recommendations  
 

4.1 Variables highly significant on CO2 rich loading 
The multi-regression output using the stepwise method shows that only 

three independent variables out of the selected seven are highly correlated 

and significant to the rich CO2 loading, as shown in Table 22. The first 

model shows a correlation between the CO2 desorption rate and the rich 

CO2 loading. The correlation increases to reach the maximum of 0.837 

when the standard error reached the minimum as shown in Model 3 that 

identified the highly correlated variables. The highly significant variables 

are the CO2 desorption rate, lean CO2 loading, and lean solvent 

temperature. Indeed, the rich CO2 loading is the output from the absorption 

process that should indicate the efficiency of captured CO2. According to 

the multi-regression result, the optimum capture is achieved once the 

optimum values of the three highly correlated independent variables are 

obtained.  

 
Table 22 Model Summary of the rich CO2 loading using multi-regression model. 

Model R R Square Adjusted R 

square 

Std. error of the 

estimation 

1 0.627a 0.393 0.363 0.01118 

2 0.751b 0.564 0.518 0.00972 

3 0.837c 0.700 0.650 0.00828 
aPredictors: (Constant), CO2 desorption rate (𝑥7) 
bPredictors: (Constant), CO2 desorption rate (𝑥7), Lean CO2 loading (𝑥3) 
cPredictors: (Constant), CO2 desorption rate (𝑥7), Lean CO2 loading (𝑥3), Lean 

temperature (𝑥1) 

 

Equation 8 to be used for prediction. The equation shows that the three 

independent variables are directly proportional to the CO2 rich loading 

which reflect the same findings, shown in Table 22. Thus, to increase the 

capture efficiency, the change to the lean solvent temperature should not 

be higher than 0.002 between the two runs of the PCC pilot test and could 

be attributed to the increase of the absorber column temperature due to 

reaction in the absorption column. The higher temperature within the 

absorber column enhances the reversible reaction that leads towards 

separation of CO2 from MEA. On the other side, a higher lean CO2 loading 

helps to increase the capturing efficiency due to the increase in partial 

pressure of CO2 within the absorber column. Although a higher lean CO2 

loading is the result of low desorption process, increases the CO2 partial 
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pressure thus enhances the capture efficiency. Hence, to achieve the 

maximum rich CO2 loading, the maximum desorption rate must be 

obtained under a minimum value of lean solvent temperature and a 

minimum amount of lean CO2 loading. According to Equation 8, 

statistically, lean CO2 loading (𝑥3) is a strong significant variable to the 

rich CO2 loading compared to other variables.  

 
𝒚𝟏= 0.304 + 0.002*𝒙𝟏 + 0.202*𝒙𝟑 + 0.001*𝒙𝟕      Equation 8  

 

 

4.2 Variables highly significant for regeneration 

energy 
Stepwise method is used to find out the highly correlated independent 

variable toward regeneration energy. The multi-regression output shows 

that three independent variables are highly correlated with the regenerating 

energy, Table 23. The system identified around three models, where the first 

one shows the correlation between lean MEA concentration and 

regenerating energy. The second model shows correlation with inlet CO2 

amount and MEA concentration. The correlation between the variables 

increases to reach the maximum of 0.943 (strong positive correlation) with 

a minimum standard error for Model 3 (Table 23). The highly correlated 

variables are lean MEA concentration, inlet CO2 amount, and lean CO2 

loading. In fact, regeneration energy is required to separate CO2 from 

MEA, where MEA is recirculated from stripper to the absorber to capture 

the next CO2 feed. The amount of energy regeneration needs to be reduced 

to avoid reduction of the efficiency of the power plant, where power plant 

is provided with the energy required for regeneration stage. Accordingly, 

the optimum minimum energy is required once the best amount of the three 

highly correlated independent variables is obtained.  

 
Table 23 Summary of the regeneration energy using multi-regression model. 

Model R R Square Adjusted R 

square 

Std. error of the 

estimation 

1 0.638a 0.407 0.377 0.14570 

2 0.877b 0.768 0.744 0.09339 

3 0.943c 0.890 0.871 0.06622 
aPredictors: (Constant), Lean MEA concentration (𝑥2) 
bPredictors: (Constant), Lean MEA concentration (𝑥2), Inlet CO2 Volume (𝑥6) 
cPredictors: (Constant), Lean MEA concentration (𝑥2), Inlet CO2 Volume (𝑥6), Lean 

CO2 loading (𝑥3) 
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The relationship between dependent and independent variables is obtained 

from the multi-regression equation as shown in equation 9. The equation 

shows that there is a direct proportional relationship between the 

regeneration energy and the two independent variables, lean CO2 loading 

and inlet CO2 amount, while there is indirect proportional relationship 

between the regeneration energy and the lean MEA concentration. Hence, 

to achieve the minimum regeneration energy, the amount of solvent in the 

feed should be the optimum, which could be attributed to the required 

regeneration energy once high amount of solvent is added due to the 

chemical reactions taken place within the process. The reaction needs to be 

more in the forward direction towards CO2 capture rather than desorption 

and that is achieved once enough solvent is available to capture the 

maximum amount of CO2. Although increasing the amount of CO2 in the 

flue gases requires higher energy for solvent regenerating, the inlet amount 

of CO2 needs to be high to avoid drops in the pressure within the absorber 

column and reduces the efficiency of the PCC process. Therefore, low CO2 

amount, low lean CO2 value, and high MEA concentration must be used to 

achieve high capture efficiency using the minimum regeneration energy. 

With reference to Equation 9, the amount of solvent and its related 

chemical reactions are statistically strong significant variables to the 

regeneration energy compared to other variables. Hence, investigation of a 

new solvent or testing the synergistic effect could contribute to further 

reduction of  the energy required for solvent regeneration. 

 
𝒚𝟐= 4.144 - 0.06*𝒙𝟐 + 0.103*𝒙𝟔 + 2.248*𝒙𝟑    Equation 9  

 

 

4.3 Multi-regression equation validation 

4.3.1 Validation against rich CO2 loading  

The multi-regression equation for rich CO2 loading (Equation 8) is validated 

against the three multi-regression assumptions those are (i) the linearity 

validation of the correlation between the independent and dependent 

variables, (ii) the variation in the residuals is same between current and 

predicted value of the dependent variable which followed normal 

probability distribution, and (iii) the independent variables are not 

correlated. 

The residual plot shows a relationship between the current dependent 

variables and the predicted dependent using the regression equation. The 
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best regression line should pass through the center of the data using scatter 

plot as shown in Figure 18a. It shows that a good amount of data is available 

above the line and a good number is available below the line which reflects 

the positive and negative  distribution of values. In addition, Figure 18b is 

associated with residuals and shows the random distribution of positive and 

negative values, which must be centered by the horizontal zero line. The 

findings in Figure 18 clearly reveal that the linearity assumption is accurate.    

 

 
Figure 18 Multi-regression prediction and current testing (CO2 rich loading) 

including (a) P-P plot regression standardized residual that shows the 

difference between the current probability and predicted probability and (b) 

residual graph that shows the difference between the current and predicted 

value of CO2 rich loading.   

The linear relationship between dependent and independent variables must 

be tested to validate the second assumption that examines the ability of 

Equation 8 to be used for prediction purposes. A graph is drawn for the 

three independent against the dependent variables as shown in Figure 23; 

the lean temperature correlation with rich CO2 (Figure 19a), lean CO2 
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loading (Figure 19b), and the CO2 desorption rate (Figure 23c). It is evident 

that each independent variable has a positive strong correlation with 

dependent variable, hence, the findings validate the second assumption of 

the multi-regression equation and reflect the accuracy and reliability of the 

obtained equation.  

 

 

 
Figure 19 Correlation of dependent variable and individual independent variables 

(CO2 rich loading) including (a) correlation of lean temperature with rich 
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CO2 loading, (b) correlation of lean CO2 loading with rich CO2 loading and 

(c) correlation of CO2 desorption rate with rich CO2 loading  

 

Typical multicollinearity is used to test the correlation between the 

independent variables to ensure that the predicted dependent variable is 

accurate and has no effect on the reliability of the hypothesis test. The 

Variance Inflation Factor (VIF) calculated by using Equation 10 is used to 

test the correlation between the independent variables, where Rj2 values 

are obtained through SPSS for each independent variable. 

 

𝑽𝑰𝑭 = 𝟏

𝟏−𝑹𝒋
𝟐                        Equation 10 

 

The estimated values of VIF are 1.212, 1.035, and 1.213 for the lean 

solvent temperature, the lean CO2 loading, and the desorption rate, 

respectively. The accepted value of VIF for no correlation between the 

independent variables must be less than 10. Since the estimated VIF values 

for the three independent values are less than 10 it clearly shows that the 

obtained regression equation is reliable and can be used for predicting 

target scenarios.  

 

4.3.2 Validation of equations against solvent regeneration 

energy 

Following the same procedure the multi-regression equation is validated 

against the CO2 rich loading. The relationship between current 

regeneration energy and the predicted one (residual graph) is shown in 

Figure 20a. the regression line crosses the data where some points are above 

and below the line which indicates the positive and negative distribution of 

the data, reflecting the best regression line. At the same time, Figure 20b 

shows that the trendline is the zero horizontal line where part of the data is 

distributed over and below the line. Therefore, the findings in Figure 20 are 

consistent with the linearity assumption.   
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Figure 20 Multi-regression prediction and current testing (Regeneration energy) 

including (a) P-P plot regression standardized residual that shows the 

difference between the current probability and predicted probability and 

(b) residual graph that shows the difference between the current and 

predicted value of regeneration energy. 

The correlation obtained in Equation 9 needs to be validated to ensure that 

a linear relationship occurs between dependent variables and each 

independent variable. Hence, Figure 21a shows the linearity between lean 

MEA concentration and the regeneration energy, Figure 21b shows the 

linearity between lean CO2 loading and regeneration energy, Figure 21c 

shows the linearity between inlet CO2 amount and the regeneration energy. 

Thus, the scatters represented in Figure 21 supports the second assumption 

of the multi-regression equation validation.  
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Figure 21 Correlation between dependent and independent variables (Regeneration 

energy) including (a) correlation of the lean MEA concentration with 

regeneration energy, (b) correlation of the lean CO2 loading with 

regeneration energy and (c) correlation of the inlet CO2 volume with 

regeneration energy.  
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The VIF values for the independent variables are estimated using equation 

10, it can be found that VIF values are 1.496, 1.772, and 1.315 for the lean 

MEA concentration, inlet CO2 amount, and the lean CO2 loading, 

respectively. The estimated value of VIF is less than 10, therefore, it 

supports the reliability of the obtained regression equation for predicting 

scenarios.  

 

4.4 Reliability of multi-regression equations  
The validation results of the multi-regression equations for CO2 rich 

loading and regeneration energy are up to the mark and it is assumed that 

the equations are appropriate to be used for prediction purposes. These 

equations enable saving efforts and cost. Testing of the multi-regression 

equations against trustworthy sources is needed to identify the limitation 

of the equations, if any, and to investigate the accuracy of predicting values. 

The references selected for equations’ testing purpose are listed in Table 24. 

It depicts the values of CO2 rich loading and regeneration energy from each 

reference according to the values of the independent variables identified in 

their works. In addition, the PCC process (standard or modified) is 

identified.  
 

 

Table 24 Comparison of dependent and independent variables obtained from 

different sources.   

Sr. 

No. 

independent variablesa CO2 rich 

loadingb 

Regen 

Energyc 

PCC 

modeld 

𝒚𝟏
e 𝒚𝟐

e Ref. 

𝒙𝟏 𝒙𝟐 𝒙𝟑 𝒙𝟔 𝒙𝟕 

1 30 30 0.31 12 90 0.5 2.727 Modified   0.517 4.277 Frimpong 

et al. 2019 

2 40 30 0.36 16 90 0.49 3.351 Modified  0.547 4.801 Frimpong 

et al. 2019 

3 32.8 30 0.23 8.8 90 0.6 3.8 Standard 0.506 3.767 Mostafavi 

et al. 2021 

4 40 30 0.219 11 90 0.441 2.649 Modified  0.518 3.969 Oh et al. 

2020 

5 40 30 0.219 11 90 0.441 3.873 Standard  0.518 3.969 Oh et al. 

2020 

6 40 30 0.2 14.88 90 0.51 3.57 Modified  0.514 4.326 Oh et al. 

2018 

7 40 30 0.24 13.17 90 0.48 5.76 Standard  0.522 4.240 Bravo et al. 

2021 
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aThe independent variables are defined in Table 24 those selected as expected to be 

highly effects on the PCC process, where 𝑥4 and 𝑥5; inlet flow gas temperature and the 

pressure of the input gas are excluded from the analysis because they show no 

correlation with the dependent variables according to the multi-regression analysis.   
bThe CO2 rich loading values are as given in the listed reference.   
cThe regeneration energy is the amount of energy in MJ/KgCO2 required for separating 

captured CO2 from MEA to be used again for CO2 captured and the values are 

regenerated from the listed references.  
dThe PCC model is either the standard one that consists of absorber, stripper, heat 

exchanger, and reboiler, while the modified one is developed by the researcher to reduce 

regeneration energy such as by adding another stripper (Frimpong et al., 2019) or by 

adding cold solvent split and stripper overhead compression (Oh et al., 2020). The 

standard model is the one used for multi-regression analysis. 
e The values of 𝑦1 and 𝑦2 are estimated from multi-regression equations used in this 

work where 𝑦1is the predicted value of CO2 rich loading and 𝑦2is the predicted value 

of regeneration energy  

 

The predicted values of the CO2 rich loading using the required variables 

are plotted against the actual value of CO2 rich loading, Figure 25, where 

most of the actual values of CO2 rich loading are closed to the predicted 

values (Bravo et al., 2021; Frimpong et al., 2019; Oh et al., 2018). 

However, the difference between the values approaches the maximum for 

Mostafavi et al. and Oh et al. (Mostafavi et al., 2021; Oh et al., 2020) which 

is attributed to increase in the lean CO2 loading and the high temperature 

of the lean solvent. Indeed, the increase in lean solvent temperature is 

controlled by intercooling, that is introduced to the middle of the absorber 

column, where addition of that item is not detected by the regression 

equation. The comparison (Figure 22) gives an indication about the validity 

and reliability of the multi-regression equation to predict the CO2 rich 

loading for standard PCC conditions. 
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Figure 22 Comparison between literature reports and regression equation 

(developed in this study) for CO2 rich loading values.  

 

The predicted values of the regeneration energy are marginally different 

from the actual regeneration energy for some references, as shown in Figure 

23. The works of Mostafavi et al. and Oh et al. (Mostafavi et al., 2021; Oh 

et al., 2020; Oh et al., 2018) show that the actual regeneration energy and 

predicted regeneration energy values are approximately same, where the 

PCC model of these works follow the standard one. Contrary to this, 

approximately 36% reduction in the actual regeneration energy compared 

to the predicted value is obtained when equation is applied to the Frimpong 

et al. work. Indeed, that is attributed to the modification done where a 

developed PCC model is utilized using two strippers. The use of two 

strippers reduced the load on the reboiler to provide the required energy for 

regenerating the solvent (Frimpong et al., 2019). However, the 

regeneration energy of the work reported by Frimpong et al. increases from 

2.727 to 3.351 MJ/KgCO2 due to increased lean CO2 loading and inlet CO2 

amount to the absorber. It  reflects the same for the predicted value where 

the regeneration energy is increased from 4.28 to 4.80 MJ/KgCO2. 

The developed model of Oh et al. (Oh et al., 2020) shows a reduction by 

33% of the regeneration energy compared to the predicted value of 

regeneration energy. The PCC process is configured by lean vapor 

compression, cold solvent split, and stripper overhead compression. These 

modifications reduce the pressure of the stripper to provide the required 

energy for solvent regeneration. 
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The work of Bravo et al. shows increases by 36% in the actual regeneration 

energy compared to the predicted value, according to the authors the 

amount of regeneration energy should be close to 4.2 MJ/KgCO2, that is 

similar to the predicted value, while the value increases due to heating and 

evaporation of the added water (Bravo et al., 2021). 

 

 
Figure 23  Comparison between reported works and regression equation for the 

amount of regeneration energy. 

 

Testing of the developed multi-regression equation shows the reliability 

and accuracy of the equations to be used for predicting the CO2 rich loading 

and regeneration energy once the standard PCC model is used. In addition, 

the developed multi-regression equation can be used as benchmark to 

compare the effect of process modification to the CO2 rich loading and 

regeneration energy. In addition, the multi-regression equation are obtained 

once one solvent is used following the standard model that is preferable in 

the industry due to economic factors (Brandl et al., 2021). However, with 

reference to the obtained results, solvent has a strong effect on regeneration 

energy. It encourages further investigations of the synergistic effect to 

reduce regeneration energy value and to enhance capture efficiency 

following standard PCC model, achieving this target will certainly enhance 

the utilization of PCC process. 
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4.5 HYSYS Model validation for PCC process 
The performance of the rate-based model described in Chapter 3 is 

validated using six experiments reported by Li et al., (Li et al., 2016). The 

detailed of the selected cases are illustrated in Table 25.  

The model predictions of CO2 rich loading, regeneration energy, and CO2 

absorption rate of the PCC process were compared to the experimental data 

for the six considered cases. The absorption rate is determined using the 

expression in Equation 11.  

CO2 absorption rate =  m1 – m2             Equation 11  

Where m1 is the flow rate of CO2 in the flue gas and m2 is the flow rate of 

CO2 in the outlet gas. The CO2 rich loading is calculated using Equation 

12. 

CO2 rich loading = 
[𝐶𝑂2]+[𝐻𝐶𝑂3

−]+[𝐶𝑂3
2−]+[𝑀𝐸𝐴𝐶𝑂𝑂−]

[𝑀𝐸𝐴]+[𝑀𝐸𝐴+]+[𝑀𝐸𝐴𝐶𝑂𝑂−]
          Equation 12  

The results of the rate-based model predictions against the experimental 

data are shown in Table 26 for CO2 rich loading, regeneration energy, and 

CO2 absorption rate. In each case, the model predictions obtained from 

HYSYS agree with the experimental data. The percentage errors between 

the experimental data and the model predictions are calculated using 

Equation 14.  

% error = 
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑎𝑡𝑎−𝑚𝑜𝑑𝑒𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 𝑑𝑎𝑡𝑎

𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑎𝑡𝑎
 𝑋 100              Equation 13 

The deviations between experimental and simulated results are illustrated 

in Table 27 that show similarities between the experimental and predicted 

data.  

 
  



Chapter 4 

81 

 

Table 25 Summary of the operation conditions for the MEA-based PCC pilot 

plant (Li et al., 2016) 

Operating conditions  Value 

CO2 in the flue gas (vol%) 11.9-13.5 

Flue gas temperature (oC) 48.1-65.5 

MEA concentration (wt%) 24-30.3 

Lean amine flow (L/min) 27-33 

CO2 captured rate (kg/h) 70.6-76.8 

Absorber pressure (Kpa) 105.6-107.5 

Stripper pressure (Kpa) 177.5-195 

Reboiler temperature (oC) 116.4-117.6 

Condenser temperature (oC) 25.4-32 

Regeneration energy (MJ/kgco2) 4.35-4.5 

Lean Loading (molCO2 / molMEA)  0.279-0.333 

 
Table 26 Pilot plant experiments used for model validation versus model 

predictions. 

Category Case No.  

1 2 3 4 5 6 

CO2 rich loading Experiment 

(molCO2/molMEA) 
0.473 0.486 0.494 0.480 0.469 0.471 

CO2 rich loading Model 

(molCO2/molMEA) 
0.488 0.502 0.492 0.496 0.500 0.487 

Regeneration energy Experiment  

(MJ/KgCO2) 
4.48 4.51 4.49 4.45 4.35 4.5 

Regeneration energy model 

(MJ/KgCO2) 
4.399 4.15 4.31 4.32 4.003 4.5 

CO2 absorption rate experiment 

Kg/h 
74.9 78.8 76 71 70.6 73.6 

CO2 absorption rate model Kg/h 76.01 75.74 77 70.46 74.95 76.80 

 
Table 27 Deviations between experimental and simulation results for the 6 

experimental cases 

No. Category % Error in each case a 

1 2 3 4 5 6 

1 CO2 rich loading -3.19 -3.33 0.36 -3.33 -6.5 -3.48 

2 Regeneration 

energy 

1.81 7.98 4.01 2.92 7.98 0.00 

3 CO2 absorption 

rate 

-1.48 3.88 -1.32 0.76 -6.16 -4.35 

a The % error is illustrated the variation of the simulation result from the pilot plant test 

experiments   
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The model predictions against the experimental data for CO2 rich loading, 

regeneration energy, and CO2 absorption rate are plotted in Figure 24, Figure 

25, and Figure 26 The plots show the model predications follow the 

experimental trend that indicates a good agreement. In addition, the range 

of deviation between the model predictions and experimental results did 

not exceed ±8% which is reasonable. Hence, it can be concluded that the 

HYSYS model satisfactorily validated the pilot plant experimental results 

at the same time, the obtained results validate the reliability of the rate-

based model to be used for this purpose.   

 

 
Figure 24  Experimental results versus simulation results for CO2 rich loading for six 

experimental cases  

 

 
Figure 25  Experimental results versus simulation results for regeneration energy 

for six experimental cases 
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Figure 26  Experimental results versus simulation results for CO2 absorption rate 

for the 6 experimental cases 

 

4.6 Analysis of HYSYS Simulation for PCC process 

4.6.1  Effect of solvent concentration  

The described PCC model in chapter 3 simulated using MDEA/PZ at 

different total-mass concentrations (40 and 50 wt%, respectively). The 40 

and 50 wt% of PZ alone or blended MDEA/PZ are considered the optimum 

as standard solvent concentration for PCC process in various pilot plant. 

For example, the separation research program at the University of Texas at 

Austin (USA) (Chen et al., 2013; Dugas, 2006), CSIRO Tarong where 40 

wt% of PZ was used to capture CO2 (Cousins et al., 2015; Rochelle et al., 

2019), and CO2 separation plant in Durnroht (Austria) (Rabensteiner et al., 

2015). Furthermore, the 40 and 50 wt% total concentration of MDEA/PZ 

is considered the optimum in various process simulation (Mudhasakul et 

al., 2013; Samanta & Bandyopadhyay, 2011; Zhao et al., 2017). For each 

process run, the flow rate of CO2 in the lean solvent was fixed to be 2.1838 

kgmol/h, while the individual concentrations of MDEA/PZ were varied to 

investigate the synergistic effect on solvent flow rate, CO2 lean loading, 

CO2 rich loading, viscosity, solvent and water makeup, power consumed, 

and regeneration energy.  

The solvent flowrate is one of the key variables that affect the absorption 

efficiency specifically in the absorption column. The data illustrated in 

Table 28 are the required to achieve 88.5% capture efficiency for different 

MDEA/PZ concentrations that are considered as part of the economic 
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range of the design PCC unit (Rao & Rubin, 2006). According to Table 28, 

the solvent flowrate decreases as the concentration of PZ increases for the 

two cases (40 and 50 wt%) and that is because of the high efficiency of PZ 

to absorb CO2 compared to MDEA (Closmann et al., 2009). The solvent 

flow rate using 50 wt% total concentration of MDEA/PZ is lower than 40 

wt% and that maximizes the capture efficiency and reduces the 

consumption of thermal energy.  

The CO2 lean and rich loading listed in Table 28 are within the optimum 

range as identified in the literature (Notz et al., 2012; Otitoju et al., 2021) 

which is 0.2 for CO2 lean loading and 0.4-0.5 for CO2 rich loading. The 

viscosity listed in Table 28 was calculated using indexed mixing rules 

(Horvath, 1985) for the solvent inlet to the absorber and rich solvent left 

the absorber for the blended solvents Equation 15.  

 

𝜂𝑚𝑖𝑥
1/3

=  ∑ 𝑥𝑖𝜂𝑖
1/3

    ,   𝑤ℎ𝑒𝑟𝑒 𝜂 𝑖𝑠 𝑡ℎ𝑒 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦𝑖                          Equation 14 

 
The aim from investigating the variation in solvent viscosity is to ensure 

no operational problems are associated with the high viscosity, particularly 

that as the PZ concentration increases, the viscosity of the solution 

increases (Table 28).  

According to the finding of Yuan et al, (Yuan et al., 2017) the viscosity of 

the solvent increases rapidly as the concentration of the solvent increases 

and it requires reducing the column height to avoid reduction in the 

diffusivity of solution followed by reduction in the capture efficiency. 

However, Table 28 shows that the viscosity of the rich solvent (outlet of 

absorber column) dropped because of elevated temperature in the absorbed 

column, causing a drop in the viscosity by 40% for the 50 wt% 

(MDEA/PZ) solvent blend. Hence, the obtained  results support the 

selection of 50 wt% total (MDEA/PZ) concentration due to high process 

efficiency compared with 40 wt% total (MDEA/PZ) and that is similar to 

the finding of (Zhao et al., 2017).  
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Table 28 Comparison of process efficiency variables for different MDEA/PZ 

concentration. 

MDEA/PZ 

MDEA/PZ 

individual 

wt% 

Solvent flow 

rate 

(kgmol/h) 

CO2 lean loading 

(moleCO2/moleamin) 

CO2 rich loading 

(moleCO2/moleamin) 

Lean solvent 

viscosity  

(cP) 

Rich 

solvent 

viscosity  

(cP) 

40 wt% 

38 - 2 171.8 0.1326 0.2362 5.746 4.688 

35 - 5 109 0.2022 0.3601 6.876 4.846 

30 - 10 84.5 0.2459 0.4382 7.512 5.310 

28 - 12 80.75 0.2569 0.4572 7.218 5.094 

25 - 15 75.08 0.2689 0.4788 7.109 4.778 

20 - 20 68.5 0.2865 0.5099 6.888 4.080 

50 wt% 

43 - 7 81.27 0.1877 0.3343 14.45 8.665 

40 - 10 73.56 0.2034 0.3621 15.000 8.890 

35 - 15 65.8 0.2207 0.3927 14.56 8.019 

30 - 20 60.18 0.2345 0.4173 14.39 7.05 

 

4.6.2  Energy performance evaluation of HYSYS Simulation 

Process   

The regeneration energy for MDEA/PZ being identified for each case is 

illustrated in Figure 27. The regeneration energy increases as the amount of 

PZ increases and that energy could reach a higher level as the individual 

concentration of PZ exceeds 20 wt% for the two cases 40 wt% and 50 wt% 

of total concentration, the same finding is reported by Khan et al. (Khan et 

al., 2017) but for 30 wt% total concentration. This is due to the formation 

of carbamate in a higher amount as shown in Table 19 in which carbamate 

needs higher energy to release CO2 compared with bicarbonate (Khan et 

al., 2017). The lowest identified energy demand is 2.69 MJ/kgco2 and that 

reached at (35 wt% MDEA / 5 wt% PZ) for 40 wt% and 2.53 MJ/kgco2 at 

(43 wt% MDEA / 7 wt% PZ) for 50 wt% as shown in Figure 27. However, 

the solvent flowrate at 35 wt% MDEA / 5 wt% PZ is higher by 32.5% than 

43 wt% MDEA / 7 wt% PZ, hence, the optimum individual concentration 

is 43/7 wt% (MDEA/PZ) for 50 wt% total concentration.  
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Figure 27  Regeneration energy for different MDEA/PZ concentration (38/2, 35/5, 

30/10, 28/12, 25/15, and 20/20 for 40 wt%), (43/7, 40/10, 35/15, and 30/20 for 50 wt%) 

 

The energy performance of different concentration of MDEA/PZ using 

PCC standard layout evaluated based on the electrical energy to operate the 

pump, cooler, compressor and the heat duty needed for reboiler is shown 

in Table 29. According to the tabulated results, Table 29, reboiler requires the 

highest energy compared to the other process energy consumers for the two 

cases 40 and 50 wt%. Nonetheless, the reboiler power reached the 

minimum (56.24 KW for 40 wt% and 52.49 KW for 50 wt%) for the two 

cases identified in Figure 27 which demanded the lowest regeneration 

energy.  

The identified results is considered as an evidence of the synergistic effect 

of the blended solvent toward reducing the regeneration energy and 

enhancing process efficiency where optimum concentration needs to be 

selected. In addition, the power needed for pumping the rich solvent to the 

stripper column is similar for the studied cases in this work (Table 29) and 

that indicates that the high viscosity of the lean solvent is reduced during 

the absorption process as a result of increasing the temperature within the 

column. The high power needed for cooler can be reduced by modifying 

the design of the lean/rich heat exchanger to enhance the heat transfer 

between CO2 rich and lean loading. Indeed, reducing the required power is 

one of the factors that enhances the utility of PCC. It is because that the 

needed power for PCC process is provided by electricity generated in the 

power plant (Abu-Zahra et al., 2007a).  
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Table 29 Energy consumption of the simulated model. 

MDEA/P

Z total 

wt% 

MDEA/PZ 

individual 

wt% 

Pump 

(KW) 

Reboiler 

(KW) 

Compressor 

(KW) 

Cooler 

(KW) 

Total Energy  

(KW) 

40 

38 - 2 0.1211 80.35 15.29 67.28 163.0411 

35 - 5 0.07679 56.24 15.02 43.82 115.157 

30 - 10 0.05989  76.850 14.740 64.280 155.930 

28 - 12 0.05701  84.08 15.18 71.25 170.567 

25 - 15 0.05307  88.02 16.53 73.42 178.023 

20 - 20 0.04814  92.29 19.09 72.77 184.198 

50 

43 - 7 0.06523  52.49 13.97 41.46 107.985 

40 - 10 0.05922  74.29 13.79 62.91 151.049 

35 - 15 0.05311  90.33 15.95 76.04 182.373 

30 - 20 0.04842  94.5 19.48 75 189.028 

 

 

4.7 Technical performance of synergistic effect on 

PCC process with reference to MEA 
The standard PCC process using 30 wt% MEA is considered the 

benchmark in which other PCC processes are compared (Canepa et al., 

2012; Frimpong et al., 2019; Zhang & Chen, 2013). In this study, the 

developed standard PCC using MDEA/PZ 40 and 50 wt% are compared to 

the standard PCC using 30 wt% MEA reported by Li et al. (Li et al., 2016) 

for the same process specification and the other operation variables. The 

findings illustrated in Table 30 reveal that using MDEA/PZ requires less 

regeneration energy against the benchmark 30 wt% MEA. Although the 

solvent flow rate using MDEA/PZ is higher than MEA, the regeneration 

energy reached the minimum of 2.53 MJ/kgco2 by 36.8% reduction 

compared to MEA. In addition, the makeup water and solvent that need to 

be added to the recycle lean solvent stream are high compared to no 

makeup requirement for the MDEA/PZ two cases. The addition of the 

makeup due to solvent losses could indicate either the degradation or 

evaporation of solvent as part of the clean flue gas where both need further 

investigation regarding environmental assessment. The CO2 lean loading 

and rich loading for the three scenarios give expectation to the ability of 

blended solvent to achieve the required process efficiency compared to the 

efficiency of MEA. The required total power for standard PCC as shown 

in Table 30 is the highest for MEA and the lowest for MDEA/PZ 50 wt% 

and it shows the synergistic effect of the solvent to enhance the process 

efficiency.  
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Table 30 PCC process specification using MDEA/PZ vs MEA. 

Solvent  Solvent 

wt% 

Solvent 

flowrate 

(kgmol/h) 

CO2 lean 

loading 

(moleCO2/mole

amin) 

CO2 rich 

loading 

(moleCO2/mole

amin) 

Regeneration 

Energy 

(MJ/kgco2) 

Makeup 

(kg/h) 

Total 

Power 

(KW) 

MEA 30 73.06 0.2805 0.4995 4.003 20.9211 

(water) 

0.055 

(solvent) 

152.62 

MDEA/PZ  

40 wt% 
35 / 5 109 0.2022 0.3601 2.69 - 115 

MDEA/PZ  

50 wt% 
43 / 7 81.27 0.1877 0.3343 2.53 - 107 

 

4.8  Environmental impact assessment of the overall 

process 
The environmental impact assessment results for the overall process 

estimated in the LCA study are illustrated in Table 31 and Figure 28. The 

midpoint methodology (in LCA) is an analytical approach that involves 

assessing the environmental impact of a product or process at an 

intermediate stage (Huijbregts et al., 2017). They focus on a set of specific 

midpoint impact categories resulted from using fossil fuels, the chemical 

utilized during the process, and the ultimate emission to air, water, and 

land. The impact category potential of the three scenarios of this study 

using the midpoint methodology is presented in Table 31, showing 

reduction in GWP once PCC is retrofitted to power plant and the findings 

are similar to reported results (Clarens et al., 2016; Wang et al., 2019; Yin 

et al., 2017).  

The results obtained from different categories can be grouped based on 

their sources of influence. The first group includes those directly 

influenced by stack emissions generated during the process. The second 

group consists of waste effluents, often discharged with wastewater, while 

the third group is related to emissions caused by the use of chemicals such 

as solvents and inhibitors. 

The influence of the first category, emissions from the process, measured 

by GWP, OFTEP, and OFHHP illustrated in Table 31 that shows a 

tremendous reduction in GWP once PCC is utilized and retrofitted to power 

plant where the GWP is reduced by 75% once blended solvent (MDEA/PZ) 

is used. The GWP qualifies the increase of integrated infrared radiative of 

the greenhouse gases (IPCC, 2013). However, the other indicators, OFTEP 

and OFHHP show a slight increase once PCC is retrofitted to power plant 
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compared to the power plant without PCC. The reduction of OFTEP and 

OFHHP once power plant is driven without PCC is compared to the one 

with PCC. It found that the effect of chemicals such as solvents during PCC 

process required more attention to ensure no degradation or loss of solvent 

as part of the emissions. 

The water-related indicators of midpoint methodology include WCP, 

FWEP and MEP for the three scenarios are illustrated in Table 31. The 

consumption of water increases by 95% once power plant retrofitted with 

PCC compared to the power plant without PCC. The raise of water demand 

once PCC process is utilized could be attributed to cooling and heating 

systems that needed for solvent regenerating. Furthermore, water is needed 

to prepare aqueous solution of solvent preparation under specific 

concentration that controls using clean water (Lacy et al., 2015; Matin & 

Flanagan, 2022). The fresh water ecotoxicity potential measures the impact 

into freshwater resources due to release of waste such as wastewater from 

the system (van Zelm et al., 2009). The results of this study (Table 31) show 

that FWEP increases once PCC is utilized and reaches the highest once 

MEA is used for CO2 capture. The MEP is similar to FWEP that measures 

the impact on marine ecosystems during the process life cycle (Helmes et 

al., 2012). Furthermore, the usage of solvent and other chemicals could 

increase the risk of MEP specifically once PCC is utilized as shown in Table 

31. 

Indeed, the findings of this study highlighted the need for sustainable water 

management system and awareness of water conservation through 

exploring water reuse system that work to reduce the damage of WCP, 

FWEP, and MEP once PCC unit is utilized. 

The third group of midpoint methodology indicators measures the 

influence due to the utilization of chemicals such as solvent and inhibitors 

by measuring the damage on TEP. The release of harmful substances from 

the system boundary is measured by TEP, that mainly focuses on the impact 

of land and related ecosystem (van Zelm et al., 2009). The results 

illustrated in Table 31 of this study show that around 89% increases in TEP 

once PCC is utilized due to the consumption of solvent and the degradation 

or side reaction of them. The study of TEP and the effect of PCC raise the 

need to study further the area of the PCC process for improvement by 

reducing its environmental impact on land ecosystem through identifying 

the optimum solvent. However, the result of the study shows that the TEP 

is reduced by 14% once MDEA/PZ is used for PCC unit compared to the 

unit using MEA. Hence, further study of the PCC system with MDEA/PZ 

helps to further reduce the impact of TEP.  
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Table 31 Environmental impact assessment results for the power plant with and 

without CC (PCC) using midpoint methodology. 

Impact category Unit Acronym Power plant 

without PCC 

Power plant 

with PCC – 

using MEA 

Power plant with 

PCC – using 

MDEA/PZ 

GWP KgCO2eq/yr GWP 0.906 0.39 0.23 

WCP  m3 WCP 2.40E-03 9.65E-03 5.14E-02 

OFTEP kg NOx eq OFTEP 4.90E-04 3.22E-03 2.81E-03 

FEP  kg 1,4-DCB FWEP 1.60E-02 3.46E-02 2.82E-02 

MEP kg 1,4-DCB MEP 2.30E-02 3.93E-02 3.91E-02 

OFHHP Kg NOx eq OFHHP 1.90E-04 3.04E-03 2.79E-03 

TEP  kg 1,4-DCB TEP 0.36 3.37 2.91 

 

The results of the environmental impact assessment through the endpoint 

methodology identified the comprehensive evaluation of the overall 

process following the three scenarios illustrated in Figure 28. The endpoint 

indicators include human health, ecosystem quality, and resources 

depletion are identified for this study’s selected scenarios. The result shows 

that power plant drive without PCC unit has the highest impact on the 

human health compared to the power plant with PCC (Figure 28). It is 

attributed to the emission of harmful substances that has impact on human 

health, which reduced once PCC process retrofitted to the power plant. 

However, Figure 28 shows that ecosystem quality reached the minimum for 

power plant drive without PCC compared to power plant drive with PCC. 

Indeed, ecosystem quality provides insight into the environmental impact 

of product or process to the biodiversity, habitat disruption, and overall 

ecosystem health (Roy et al., 2014; Van Zelm et al., 2016). Using solvent 

with a possibility of degradation or leakage under certain conditions 

increases the crucial impact on the ecosystem quality. Hence, 

implementation strategy to minimize the consumption of solvent and 

control the utilization is required to minimize the adverse effects. Resource 

depletion, the third indicator of the endpoint methodology measures the 

impact on the main resources including minerals, fossil fuels, water, and 

land (Vieira et al., 2016). The resource depletion part in Figure 28 shows no 

variation between power plant drive without PCC or with PCC that reached 

the maximum for the three selected scenarios of this study. The findings 

support the opportunity to identify other sustainable resources such as 

renewable energy and hydrogen while considering fossil fuel as a 

temporary option. 
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Figure 28  Environmental impact results using endpoint methodology to the 

overall process.  

 

 

4.9  Blended MDEA/PZ as a potential solvent option       
The aim of this section is to investigate the environmental impact of PCC 

retrofitting to power plants compared to the power plant without PCC. The 

two solvents were selected for the PCC unit with the intention to identify 

the environmental impact of MDEA/PZ compared to MEA. The 

environmental impact assessments results following the midpoint and 

endpoint methodologies of LCA show that for some indicators power plant 

without PCC have a better environmental profile compared to power plant 

with PCC, while for other indicators the environmental profile shows 

improvement once PCC retrofitted to power plant (Table 31, Figure 28). 

However, the environmental profile of the overall process once blended 

solvent MDEA/PZ is utilized was better than MEA as shown in Figure 29. 

The finding is attributed to the lower energy demand required for solvent 

regeneration and the limited degradation identified compared to MEA 

system. The WCP is the only indicator that is higher for MDEA/PZ 

compared to MEA by approximately 81%. The literature shows that water 

demand of MEA is higher than MDEA/PZ (Zhang et al., 2017). The high-

water demand of this study could be attributed to the high flow rate of 

blended solvent using HYSYS (for further details referring to Chapter 3).  
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Figure 29  Damage percentage of the impact category using midpoint 

methodology to the overall process.  

 

The normalization results of this study scenarios following the endpoint 

methodology, based on normalization factor for Australia system, are 

illustrated in Figure 30. It identified which of the environmental aspects 

have the most significant contributions to the overall impact compared to 

a reference value. The result illustrated in Figure 30 shows that potential 

impact of human health issues need further consideration than the 

ecosystem quality and resources depletion. Furthermore, the normalization 

of resources depletion is consistent with the endpoint methodology 

findings irrespective of using PCC or otherwise. The resources depletion 

and ecosystem quality will be highly effected in either case. The endpoint 

methodology results show improvement for PCC with MDEA/PZ 

compared to the power plant with or without PCC using MEA.   

 

 
Figure 30  Normalization of environmental impact assessment results.  

 

The GWP over 500-year time horizon (GWP500) is shown in Figure 31 

that measured the carbon footprint follows the IPCC methodology and is 

expressed in terms of CO2eq where all the GHGs are compared based on 
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their warming potential (Asante-Okyere et al., 2016; Müller et al., 2020). 

Biogenic carbon refers to the carbon that naturally cycles through various 

climates, including the atmosphere and ecosystems, and contributes to the 

carbon footprint of a property (IPCC, 2013). The Figure 31 shows the 

reduction of biogenic CO2 once PCC is retrofitted to the power plant where 

reduction reached the minimum by 10% once MDEA/PZ is utilized. 

Hence, the PCC system with MDEA/PZ shows a better performance in 

terms of carbon footprint compared to PCC system with MEA. 

 
Figure 31  Impact assessment result using IPCC methodology to the overall 

process.  

 

The findings from related studies in the literature are illustrated in Table 32. 

The findings are categorized based on the scope and boundary of each 

system, the sources of data, and the findings of each study. Indeed, the 

reviewed works of LCA for power plant utilized PCC using MEA was 

identified, however, the LCA of PCC with MDEA/PZ is not identified. 

Furthermore, the findings of the related study came up with similar 

conclusion to this study that using PCC reduces the GWP and that insists 

on considering PCC as a key solution to reduce CO2 emissions. The 

reduction of GWP in this study is similar to literature studies that is 

illustrated in Table 32. Although the reviewed articles show an increase in 

the other environmental indicators once PCC is utilized, that increase is 

lower once MDEA/PZ is used for PCC process. Therefore, the reduction 

in GWP occurs despite the implementation of CC techniques, and 

environmental damages become apparent once these techniques are put 

into practice. However, the damage to environment was not same for all 

the CC techniques. This study demonstrates that selecting the optimal 

solvent has a significant impact on either reducing or increasing 

environmental damage. Based on the findings, MDEA/PZ is considered the 

optimal option.  
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Table 32 Comparison between this study and related studies in literature. 

No. Scope and 

system 

boundary 

Data quality 

and sources 

Findings Reference 

1 Cradle to gate 

LCA for power 

plant with and 

without PCC 

using MEA by 

following 

midpoint 

methodology  

Data provided 

from Taean coal-

fired power 

plant, literature, 

and Ecoinvent 

database.  

• Using PCC 

retrofitted to 

power plant is an 

effective solution 

to capture CO2 

• GWP reduced by 

78%, while the 

other 

environmental 

indicators are 

increased once 

PCC utilized  

(Jung et al., 

2022) 

2 Cradle to grave 

for three 

different coal 

power plants 

system with 

and without 

PCC using 

MEA 

Data of the 

power plant are 

assumed to be 

for a pulverized 

coal fired 

operates in the 

Netherlands, 

while the rest 

taken from 

Ecoinvent 

database.  

• Greenhouse gas 

emission reduced 

by 71 to 78% 

• Increases the 

categories of 

human toxicity, 

ozone layer 

depletion and 

fresh water 

ecotoxicity once 

PCC is utilized  

(Koornneef et 

al., 2008) 

3 Cradle to grave 

of power plant 

includes CCSU 

along with 

alternative 

energy as an 

option using 

PCC with 

MEA 

The study taken 

as a reference 

case in Canada, 

the data obtained 

from Ecoinvent 

database and 

published 

literature 

following 

ReCiPe 

midpoint 

method.  

• Global warming 

potential was the 

lowest indicators 

once CCSU 

system 

implemented  

• Human health 

risk indictors 

drop slightly once 

CCSU utilized, 

however, 

resource 

depletion 

indicator was 

high even with 

CCSU utilization   

(Kotagodahetti 

et al., 2021) 

4 Cradle to crave 

life cycle 

The study was 

for a model of 

• Power plants 

Retrofitted with 

(Odeh & 

Cockerill, 2008) 
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assessment of 

power plant 

drives by 

different fuel 

without and 

with PCC using 

MEA  

power plant in 

UK while the 

data are obtained 

from literature 

and Ecoinvent 

database. 

PCC enable 

reduction of CO2 

emissions. 

• GWP reduced by 

75 - 84%, while 

the other 

environmental 

indicators are 

increased once 

PCC utilized  

5 Cradle to gate 

life cycle 

assessment of 

power plant 

without PCC 

compared to 

power plant 

with PCC using 

MEA as one 

option and 

MDEA/PZ as 

another option  

The data for the 

LCA is taken 

from the 

simulated 

HYSYS model 

where the data 

related to coal 

process are taken 

from Ecoinvent 

v3.5 database. 

• PCC retrofitted to 

power plant 

promises solution 

to capture CO2 

• GWP reduced by 

75%, while the 

other 

environmental 

indicators are 

increased once 

PCC utilized  

This work  

 

4.10  Conclusion   
This thesis studies the environmental impact of PCC process retrofitted to 

a 350 MW coal-fired power plant. The study involves investigating the 

highly significant variables towards reducing the solvent regeneration 

energy demand, simulation and modelling of PCC plant to investigate the 

synergistic effect of blended solvent of MDEA/PZ. While the 

environmental impact of the process specification under the lowest energy 

demand was investigated in the last part. 

Stepwise multi-regression analysis was conducted on a pilot plant solvent-

based PCC process to develop a linear model, assessing the impact of seven 

key variables on energy demand for solvent regeneration and CO2-rich 

loading. Only three variables out of seven namely solvent concentration, 

inlet CO2 concentration, and lean CO2 loading have strong significant 

effect on the regeneration energy. Three show a strong significant effect 

toward the capture efficiency including the CO2 desorption rate, lean CO2 

loading, and lean temperature. 

The models were validated against multi-regression assumptions The 

calculated VIF  as part of linearity assumption for the regeneration energy 

were 1.496m 1.772, and 1.315, while the calculated VIF for the CO2 rich 
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loading were 1.212, 1.035, and 1.213. The VIF values less than 10 are 

accepted and validate the multi regression assumption. The validation test 

proves the ability of the obtained models to be used for predicting various 

scenarios.  
The linearity model for solvent regeneration energy and CO2 rich loading 

was found able to be used for predicting solvent regeneration energy and 

CO2 rich loading values for specific scenarios. The linearity model's 

predictive ability was tested using literature values for solvent regeneration 

energy and CO2-rich loading. 

The linearity model showed a 0.78% error for predicted CO2-rich loading 

and a 2.47% error for solvent regeneration energy compared to literature 

values. These results confirm the model's suitability for predicting optimal 

values, reducing effort and cost in process design.  

A steady-state rate-based model for the MEA solvent-based PCC process 

was developed using HYSYS and validated against pilot-scale data from 

CO2 capture at the 350 MW Tarong coal-fired power station in Queensland, 

Australia. The model predictions matched experimental data within ±8%. 

Key variables for validation included CO2-rich loading, solvent 

regeneration energy, and CO2 absorption rate. HYSYS was proved to be 

suitable for PCC modeling, with one experiment, consuming 4.003 

MJ/kgCO2 for solvent regeneration, selected as the reference for simulation.   

The simulation aimed to explore the synergistic effect of MDEA/PZ blend 

in reducing solvent regeneration energy in the PCC process. Results 

showed that the combined concentration of 43 wt% MDEA /7 wt% PZ (50 

wt% total) required the lowest regeneration energy of 2.53 MJ/kgCO2, that 

is less by 32.5% compared to the 40 wt% mixture case. This energy savings 

was achieved without altering process configurations. Minimizing PZ 

concentration, as noted in literature, reduces solvent degradation and the 

need for solvent makeup, mitigating potential environmental impacts.  

Viscosity drops by 40% at 50 wt% combined solvent concentration, and 

this attributed to the synergistic effect and an increase in temperature 

within the system. Following the midpoint methodology of the LCA to 

investigate the emissions to air, water and land, shows the GWP is reduced 

by 75% once PCC is utilized. This is attributed to the reduction of CO2 

emissions due to the capture process. However, the other indicators such 

as OFTEP and OFHHP show a slight increase once PCC is retrofitted to 

power plant, being attributed to the effect of usage of solvents. More 

attention is required to ensure no degradation during the process or loss of 

solvent and scape with the flue gas that is free of CO2. 
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Water consumption increases by 95% when a power plant is retrofitted with 

PCC, due to its need in cooling, heating, and solvent preparation. 

Implementing sustainable water management and exploring water reuse 

systems is crucial to mitigate the impact on WCP, FWEP, and MEP when 

using PCC  

The technical assessment of PCC under standard configuration shows 

MDEA/PZ exhibits high efficiency and less energy demand for solvent 

regeneration compared to MEA. The LCA study showed that MDEA/PZ 

has a better performance and environmental profile than MEA, with regard 

to lower energy demand, solvent consumption, and negligible solvent 

degradation with 43 wt% MDEA and 7 wt% PZ.  

The synergistic effect of MDEA and PZ has proven to be an effective 

option for enhancing CC efficiency. 
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4.11 Recommendation for future research 

The following are recommended for the performance and environmental 

evaluation of the solvent-based PCC process.  

• It is recommended to assess the economic feasibility of solvent-based 

PCC process using MDEA/PZ under different process conditions. The 

capital and operational costs need to be evaluated and find out the 

possible revenue and financial incentives to reduce the cost and 

increase the profit.  

• The technical assessment of the PCC process shows that the highest 

energy consumption occurs during solvent regeneration in the stripper 

column, which negatively affects power plant efficiency. Using the 

MDEA/PZ solvent combination reduces energy demand by 36.8% 

compared to MEA, with further potential improvements through 

optimized process configurations or renewable energy for 

regeneration. Solar energy is being explored as a green alternative. 

Additionally, optimizing the absorber and stripper designs could 

improve efficiency.  

• Investigating the scaling up of the PCC model to a larger plant is 

essential to assess the impact of these design changes on energy 

consumption and efficiency.  

• This thesis explores the synergistic effect of the solvents MDEA and 

PZ at various concentrations to determine the optimal levels that 

minimize energy demand for solvent regeneration while securing 

process efficiency. It recommends investigating the addition of a third 

solvent to the MDEA/PZ blend, aiming to achieve the same efficiency 

with lower energy consumption and environmental impact.  

• This study assumes a linear model for the PCC processes using 

MDEA/PZ and MEA under steady-state conditions. However, 

variations in electricity demand due to changes in power generation 

inputs and outputs can lead to discrepancies and interactions among 

process variables, posing challenges to dynamic process behavior. 

Therefore, further investigation into the effects of process variation on 

energy demand, efficiency, absorber and stripper design is 

recommended.  

• It is recommended to design an appropriate water management system 

for the PCC process. This design should investigate the quality of water 

used, the quantity and quality of water discharge, and physical and 
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chemical treatment methods for wastewater to maintain quality and 

prevent environmental damage.  



References  

100 

 

References 
 

Abu-Zahra, M. R. M., Niederer, J. P. M., Feron, P. H. M., & Versteeg, G. F. (2007b). CO2 capture 
from power plants: Part II. A parametric study of the economical performance based 
on mono-ethanolamine. International Journal of Greenhouse Gas Control, 1(2), 135-
142. https://doi.org/https://doi.org/10.1016/S1750-5836(07)00032-1  

Abu-Zahra, M. R. M., Schneiders, L. H. J., Niederer, J. P. M., Feron, P. H. M., & Versteeg, G. F. 
(2007a). CO2 capture from power plants: Part I. A parametric study of the technical 
performance based on monoethanolamine. International Journal of Greenhouse Gas 
Control, 1(1), 37-46. https://doi.org/https://doi.org/10.1016/S1750-5836(06)00007-
7  

Akinola, T. E., Oko, E., Gu, Y., Wei, H.-L., & Wang, M. (2019). Non-linear system identification 
of solvent-based post-combustion CO2 capture process. Fuel, 239, 1213-1223. 
https://doi.org/https://doi.org/10.1016/j.fuel.2018.11.097  

Akinpelumi, K., Saha, C., & Rochelle, G. T. (2019). Piperazine aerosol mitigation for post-
combustion carbon capture. International Journal of Greenhouse Gas Control, 91, 
102845.  

Akula, P., Eslick, J., Bhattacharyya, D., & Miller, D. C. (2021). Model Development, Validation, 
and Optimization of an MEA-Based Post-Combustion CO2 Capture Process under 
Part-Load and Variable Capture Operations. Industrial & Engineering Chemistry 
Research, 60(14), 5176-5193. 
https://doi.org/https://doi.org/10.1021/acs.iecr.0c05035  

Al-Mamoori, A., Krishnamurthy, A., Rownaghi, A. A., & Rezaei, F. (2017). Carbon capture and 
utilization update. Energy Technology, 5(6), 834-849. 
https://doi.org/https://doi.org/10.1002/ente.201600747  

Alalaiwat, D., & Khan, E. (2023). Current status and future scenarios of carbon capture from 
power plants emission: a review. Reviews in Environmental Science and 
Bio/Technology. https://doi.org/10.1007/s11157-023-09663-2  

Amrollahi, Z., Ertesvåg, I. S., & Bolland, O. (2011). Optimized process configurations of post-
combustion CO2 capture for natural-gas-fired power plant—Exergy analysis. 
International Journal of Greenhouse Gas Control, 5(6), 1393-1405. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2011.09.004  

Apaiyakul, R., Nimmanterdwong, P., Kanchanakungvalkul, T., Puapan, P., Gao, H., Liang, Z., 
Tontiwachwuthikul, P., & Sema, T. (2022). Precipitation behavior, density, viscosity, 
and CO2 absorption capacity of highly concentrated ternary AMP-PZ-MEA solvents. 
International Journal of Greenhouse Gas Control, 120, 103775. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2022.103775  

Asante-Okyere, S., Daqing, T., Enemuoh, E., & Kwofie, S. (2016). Life cycle assessment of 
supercritical coal power plant with carbon capture and sequestration in China. Asian 
J. Environ. Ecol., 1.  

Balraj, A., Sekaran, A. P. C., Ramamurthy, N., Babarao, R., Nagarajan, K. K., & Mayilvahanan, S. 
A. (2022). Systematic review on sono-assisted CO2 stripping, solvent recovery and 
energy demand aspects in solvent-based post-combustion carbon dioxide capture 
process. Chemical Engineering and Processing-Process Intensification, 170, 108723. 
https://doi.org/https://doi.org/10.1016/j.cep.2021.108723  

Barchas, R., & Davis, R. (1992). The Kerr-McGee/ABB Lummus Crest technology for the 
recovery of CO2 from stack gases. Energy Conversion and Management, 33(5-8), 
333-340. https://doi.org/https://doi.org/10.1016/0196-8904(92)90028-U  

https://doi.org/https:/doi.org/10.1016/S1750-5836(07)00032-1
https://doi.org/https:/doi.org/10.1016/S1750-5836(06)00007-7
https://doi.org/https:/doi.org/10.1016/S1750-5836(06)00007-7
https://doi.org/https:/doi.org/10.1016/j.fuel.2018.11.097
https://doi.org/https:/doi.org/10.1021/acs.iecr.0c05035
https://doi.org/https:/doi.org/10.1002/ente.201600747
https://doi.org/10.1007/s11157-023-09663-2
https://doi.org/https:/doi.org/10.1016/j.ijggc.2011.09.004
https://doi.org/https:/doi.org/10.1016/j.ijggc.2022.103775
https://doi.org/https:/doi.org/10.1016/j.cep.2021.108723
https://doi.org/https:/doi.org/10.1016/0196-8904(92)90028-U


References  

101 

 

Bennett, J. A., Abotalib, M., Zhao, F., & Clarens, A. F. (2021). Life cycle meta-analysis of 
carbon capture pathways in power plants: Implications for bioenergy with carbon 
capture and storage. International Journal of Greenhouse Gas Control, 111, 103468.  

Bishnoi, S., & Rochelle, G. T. (2000). Physical and chemical solubility of carbon dioxide in 
aqueous methyldiethanolamine. Fluid Phase Equilibria, 168(2), 241-258. 
https://doi.org/https://doi.org/10.1016/0196-8904(92)90028-U  

Boot-Handford, M. E., Abanades, J. C., Anthony, E. J., Blunt, M. J., Brandani, S., Mac Dowell, 
N., Fernández, J. R., Ferrari, M.-C., Gross, R., & Hallett, J. P. (2014). Carbon capture 
and storage update. Energy & Environmental Science, 7(1), 130-189. 
https://doi.org/https://doi.org/10.1039/C3EE42350F  

BP. (2022). Statistical Review of World Energy 2022.  
Branco, D. A. C., Moura, M. C. P., Szklo, A., & Schaeffer, R. (2013). Emissions reduction 

potential from CO2 capture: a life-cycle assessment of a Brazilian coal-fired power 
plant. Energy Policy, 61, 1221-1235.  

Brandl, P., Bui, M., Hallett, J. P., & Mac Dowell, N. (2021). Beyond 90% capture: Possible, but 
at what cost? International Journal of Greenhouse Gas Control, 105, 103239. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2020.103239  

Bravo, J., Drapanauskaite, D., Sarunac, N., Romero, C., Jesikiewicz, T., & Baltrusaitis, J. (2021). 
Optimization of energy requirements for CO2 post-combustion capture process 
through advanced thermal integration. Fuel, 283, 118940. 
https://doi.org/https://doi.org/10.1016/j.fuel.2020.118940  

Budzianowski, W. M. (2015). Single solvents, solvent blends, and advanced solvent systems in 
CO2 capture by absorption: a review. International Journal of Global Warming, 7(2), 
184-225. https://doi.org/https://doi.org/10.1504/IJGW.2015.067749  

Bui, M., Adjiman, C. S., Bardow, A., Anthony, E. J., Boston, A., Brown, S., Fennell, P. S., Fuss, S., 
Galindo, A., & Hackett, L. A. (2018). Carbon capture and storage (CCS): the way 
forward. Energy & Environmental Science, 11(5), 1062-1176. 
https://doi.org/https://doi.org/10.1039/C7EE02342A  

Bui, M., Gunawan, I., Verheyen, V., Feron, P., Meuleman, E., & Adeloju, S. (2014). Dynamic 
modelling and optimisation of flexible operation in post-combustion CO2 capture 
plants—A review. Computers & Chemical Engineering, 61, 245-265. 
https://doi.org/https://doi.org/10.1016/j.compchemeng.2013.11.015  

Canepa, R., Wang, M., Biliyok, C., & Satta, A. (2012). Thermodynamic analysis of combined 
cycle gas turbine power plant with post-combustion CO2 capture and exhaust gas 
recirculation. Proceedings of the Institution of Mechanical Engineers, Part E: Journal 
of Process Mechanical Engineering, 227(2), 89-105. 
https://doi.org/10.1177/0954408912469165  

Chakravarty, T., Phukan, U., & Weilund, R. (1985). Reaction of acid gases with mixtures of 
amines. Chem. Eng. Prog.;(United States), 81(4).  

Challinor, A. J., Watson, J., Lobell, D. B., Howden, S., Smith, D., & Chhetri, N. (2014). A meta-
analysis of crop yield under climate change and adaptation. Nature Climate Change, 
4(4), 287-291.  

Chao, C., Deng, Y., Dewil, R., Baeyens, J., & Fan, X. (2021). Post-combustion carbon capture. 
Renewable and Sustainable Energy Reviews, 138, 110490. 
https://doi.org/https://doi.org/10.1016/j.rser.2020.110490  

Chapman, P. F., Leach, G., & Slesser, M. (1974). 2. The energy cost of fuels. Energy Policy, 
2(3), 231-243. https://doi.org/https://doi.org/10.1016/0301-4215(74)90048-2  

Chen, E., Zhang, Y., Lin, Y., Nielsenb, P., & Rochelle, G. (2017). Review of recent pilot plant 
activities with concentrated piperazine. Energy Procedia, 114, 1110-1127.  

Chen, H., Mu, Y., Hardacre, C., & Fan, X. (2020). Integration of membrane separation with 
nonthermal plasma catalysis: a proof-of-concept for CO2 capture and utilization. 

https://doi.org/https:/doi.org/10.1016/0196-8904(92)90028-U
https://doi.org/https:/doi.org/10.1039/C3EE42350F
https://doi.org/https:/doi.org/10.1016/j.ijggc.2020.103239
https://doi.org/https:/doi.org/10.1016/j.fuel.2020.118940
https://doi.org/https:/doi.org/10.1504/IJGW.2015.067749
https://doi.org/https:/doi.org/10.1039/C7EE02342A
https://doi.org/https:/doi.org/10.1016/j.compchemeng.2013.11.015
https://doi.org/10.1177/0954408912469165
https://doi.org/https:/doi.org/10.1016/j.rser.2020.110490
https://doi.org/https:/doi.org/10.1016/0301-4215(74)90048-2


References  

102 

 

Industrial & Engineering Chemistry Research, 59(17), 8202-8211. 
https://doi.org/https://doi.org/10.1021/acs.iecr.0c01067  

Chen, Z., Deng, S., Wei, H., Wang, B., Huang, J., & Yu, G. (2013). Activated carbons and 
amine-modified materials for carbon dioxide capture—a review. Frontiers of 
Environmental Science & Engineering, 7(3), 326-340. 
https://doi.org/https://doi.org/10.1007/s11783-013-0510-7  

Cheng, C.-Y., Kuo, C.-C., Yang, M.-W., Zhuang, Z.-Y., Lin, P.-W., Chen, Y.-F., Yang, H.-S., & Chou, 
C.-T. (2021). CO2 Capture from Flue Gas of a Coal-Fired Power Plant Using Three-Bed 
PSA Process. Energies, 14(12), 3582. https://www.mdpi.com/1996-1073/14/12/3582  

Chikukwa, A., Enaasen, N., Kvamsdal, H. M., & Hillestad, M. (2012). Dynamic modeling of 
post-combustion CO2 capture using amines–a review. Energy Procedia, 23, 82-91. 
https://doi.org/https://doi.org/10.1016/j.egypro.2012.06.063  

Church, J. A., & White, N. J. (2006). A 20th century acceleration in global sea-level rise. 
Geophysical research letters, 33(1).  

Clarens, F., Espí, J. J., Giraldi, M. R., Rovira, M., & Vega, L. F. (2016). Life cycle assessment of 
CaO looping versus amine-based absorption for capturing CO2 in a subcritical coal 
power plant. International Journal of Greenhouse Gas Control, 46, 18-27.  

Clausse, M., Merel, J., & Meunier, F. (2011). Numerical parametric study on CO2 capture by 
indirect thermal swing adsorption. International Journal of Greenhouse Gas Control, 
5(5), 1206-1213. https://doi.org/https://doi.org/10.1016/j.ijggc.2011.05.036  

Closmann, F., Nguyen, T., & Rochelle, G. T. (2009). MDEA/Piperazine as a solvent for CO2 
capture. Energy Procedia, 1(1), 1351-1357. 
https://doi.org/https://doi.org/10.1016/j.egypro.2009.01.177  

Cormos, C.-C. (2012). Hydrogen and power co-generation based on coal and biomass/solid 
wastes co-gasification with carbon capture and storage. International Journal of 
Hydrogen Energy, 37(7), 5637-5648. 
https://doi.org/https://doi.org/10.1016/j.ijhydene.2011.12.132  

Cousins, A., Huang, S., Cottrell, A., Feron, P. H., Chen, E., & Rochelle, G. T. (2015). Pilot-scale 
parametric evaluation of concentrated piperazine for CO2 capture at an Australian 
coal-fired power station. Greenhouse Gases: Science and Technology, 5(1), 7-16. 
https://doi.org/https://doi.org/10.1002/ghg.1462  

Cousins, A., Wardhaugh, L., & Feron, P. (2011b). A survey of process flow sheet modifications 
for energy efficient CO2 capture from flue gases using chemical absorption. 
International Journal of Greenhouse Gas Control, 5(4), 605-619. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2011.01.002  

Cousins, A., Wardhaugh, L. T., & Feron, P. H. (2011a). Preliminary analysis of process flow 
sheet modifications for energy efficient CO2 capture from flue gases using chemical 
absorption. Chemical engineering research and design, 89(8), 1237-1251. 
https://doi.org/https://doi.org/10.1016/j.cherd.2011.02.008  

Curran, M. A. (2006). Life-cycle assessment: principles and practice. In: National Risk 
Management Research Laboratory, Office of Research and …. 

Curran, M. A. (2012). Life cycle assessment handbook: a guide for environmentally 
sustainable products. John Wiley & Sons.  

da Cruz, T. T., Balestieri, J. A. P., de Toledo Silva, J. M., Vilanova, M. R., Oliveira, O. J., & Avila, I. 
(2021). Life cycle assessment of carbon capture and storage/utilization: From current 
state to future research directions and opportunities. International Journal of 
Greenhouse Gas Control, 108, 103309.  

Dai, N., Shah, A. D., Hu, L., Plewa, M. J., McKague, B., & Mitch, W. A. (2012). Measurement of 
nitrosamine and nitramine formation from NO x reactions with amines during 
amine-based carbon dioxide capture for postcombustion carbon sequestration. 

https://doi.org/https:/doi.org/10.1021/acs.iecr.0c01067
https://doi.org/https:/doi.org/10.1007/s11783-013-0510-7
https://www.mdpi.com/1996-1073/14/12/3582
https://doi.org/https:/doi.org/10.1016/j.egypro.2012.06.063
https://doi.org/https:/doi.org/10.1016/j.ijggc.2011.05.036
https://doi.org/https:/doi.org/10.1016/j.egypro.2009.01.177
https://doi.org/https:/doi.org/10.1016/j.ijhydene.2011.12.132
https://doi.org/https:/doi.org/10.1002/ghg.1462
https://doi.org/https:/doi.org/10.1016/j.ijggc.2011.01.002
https://doi.org/https:/doi.org/10.1016/j.cherd.2011.02.008


References  

103 

 

Environmental science & technology, 46(17), 9793-9801. 
https://doi.org/https://doi.org/10.1021/es301867b  

Dash, S. K., Samanta, A. N., & Bandyopadhyay, S. S. (2014). Simulation and parametric study 
of post combustion CO2 capture process using (AMP+PZ) blended solvent. 
International Journal of Greenhouse Gas Control, 21, 130-139. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2013.12.003  

Davison, J. (2007). Performance and costs of power plants with capture and storage of CO2. 
Energy, 32(7), 1163-1176. 
https://doi.org/https://doi.org/10.1016/j.energy.2006.07.039  

de Schryver, A., Goedkoop, M., & Meijer, A. (2008). ReCiPe 2007: an improved method to 
calculate effects of mineral depletion on midpoint and endpoint level. SETAC Europe 
17th Annual Meeting,  

De Schryver, A. M., van Zelm, R., Humbert, S., Pfister, S., McKone, T. E., & Huijbregts, M. A. 
(2011). Value choices in life cycle impact assessment of stressors causing human 
health damage. Journal of Industrial Ecology, 15(5), 796-815. 
https://doi.org/https://doi.org/10.1111/j.1530-9290.2011.00371.x  

De Visser, E., Hendriks, C., Barrio, M., Mølnvik, M. J., de Koeijer, G., Liljemark, S., & Le Gallo, Y. 
(2008). Dynamis CO2 quality recommendations. International Journal of Greenhouse 
Gas Control, 2(4), 478-484. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2008.04.006  

Derks, P. W. J., Kleingeld, T., van Aken, C., Hogendoorn, J. A., & Versteeg, G. F. (2006). Kinetics 
of absorption of carbon dioxide in aqueous piperazine solutions. Chemical 
Engineering Science, 61(20), 6837-6854. 
https://doi.org/https://doi.org/10.1016/j.ces.2006.07.009  

Dinca, C., & Badea, A. (2013). The parameters optimization for a CFBC pilot plant 
experimental study of post-combustion CO2 capture by reactive absorption with 
MEA. International Journal of Greenhouse Gas Control, 12, 269-279. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2012.11.006  

Dinca, C., Slavu, N., Cormoş, C.-C., & Badea, A. (2018). CO2 capture from syngas generated by 
a biomass gasification power plant with chemical absorption process. Energy, 149, 
925-936. https://doi.org/https://doi.org/10.1016/j.energy.2018.02.109  

Döll, P., & Siebert, S. (2002). Global modeling of irrigation water requirements. Water 
resources research, 38(4), 8-1-8-10. 
https://doi.org/https://doi.org/10.1029/2001WR000355  

Dones, R., Bauer, C., Bolliger, R., Burger, B., Faist Emmenegger, M., Frischknecht, R., Heck, T., 
Jungbluth, N., Röder, A., & Tuchschmid, M. (2007). Life cycle inventories of energy 
systems: results for current systems in Switzerland and other UCTE countries. Final 
report ecoinvent data v2. 0, 5.  

Dong, Z., Ye, X., Jiang, J., & Li, C. (2022). Life cycle assessment of coal-fired solar-assisted 
carbon capture power generation system integrated with organic Rankine cycle. 
Journal of cleaner production, 356, 131888.  

Doni, F., Gasperini, A., & Soares, J. T. (2020). What is the SDG 13? In SDG13–Climate Action: 
Combating Climate Change and its Impacts. Emerald Publishing Limited.  

Dubois, L., & Thomas, D. (2018). Comparison of various configurations of the absorption-
regeneration process using different solvents for the post-combustion CO2 capture 
applied to cement plant flue gases. International Journal of Greenhouse Gas Control, 
69, 20-35. https://doi.org/https://doi.org/10.1016/j.ijggc.2017.12.004  

Dugas, R. E. (2006). Pilot plant study of carbon dioxide capture by aqueous 
monoethanolamine  

Edali, M., Aboudheir, A., & Idem, R. (2009). Kinetics of carbon dioxide absorption into mixed 
aqueous solutions of MDEA and MEA using a laminar jet apparatus and a numerically 

https://doi.org/https:/doi.org/10.1021/es301867b
https://doi.org/https:/doi.org/10.1016/j.ijggc.2013.12.003
https://doi.org/https:/doi.org/10.1016/j.energy.2006.07.039
https://doi.org/https:/doi.org/10.1111/j.1530-9290.2011.00371.x
https://doi.org/https:/doi.org/10.1016/j.ijggc.2008.04.006
https://doi.org/https:/doi.org/10.1016/j.ces.2006.07.009
https://doi.org/https:/doi.org/10.1016/j.ijggc.2012.11.006
https://doi.org/https:/doi.org/10.1016/j.energy.2018.02.109
https://doi.org/https:/doi.org/10.1029/2001WR000355
https://doi.org/https:/doi.org/10.1016/j.ijggc.2017.12.004


References  

104 

 

solved 2D absorption rate/kinetics model. International Journal of Greenhouse Gas 
Control, 3(5), 550-560. https://doi.org/https://doi.org/10.1016/j.ijggc.2009.04.006  

Eide, L., & Bailey, D. (2005). Precombustion decarbonisation processes. Oil & gas science and 
technology, 60(3), 475-484. https://doi.org/https://doi.org/10.2516/ogst:2005029  

Faber, R., Köpcke, M., Biede, O., Knudsen, J. N., & Andersen, J. (2011). Open-loop step 
responses for the MEA post-combustion capture process: Experimental results from 
the Esbjerg pilot plant. Energy Procedia, 4, 1427-1434. 
https://doi.org/https://doi.org/10.1016/j.egypro.2011.02.008  

Feron, P. H. (2010). Exploring the potential for improvement of the energy performance of 
coal fired power plants with post-combustion capture of carbon dioxide. 
International Journal of Greenhouse Gas Control, 4(2), 152-160. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2009.10.018  

Ferrara, G., Lanzini, A., Leone, P., Ho, M., & Wiley, D. (2017). Exergetic and exergoeconomic 
analysis of post-combustion CO2 capture using MEA-solvent chemical absorption. 
Energy, 130, 113-128. https://doi.org/https://doi.org/10.1016/j.energy.2017.04.096  

Figueroa, J. D., Fout, T., Plasynski, S., McIlvried, H., & Srivastava, R. D. (2008). Advances in 
CO2 capture technology—the US Department of Energy's Carbon Sequestration 
Program. International Journal of Greenhouse Gas Control, 2(1), 9-20. 
https://doi.org/https://doi.org/10.1016/S1750-5836(07)00094-1  

Finnveden, G., & Moberg, Å. (2005). Environmental systems analysis tools – an overview. 
Journal of cleaner production, 13(12), 1165-1173. 
https://doi.org/https://doi.org/10.1016/j.jclepro.2004.06.004  

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood, J., Lean, 
J., Lowe, D. C., & Myhre, G. (2007). Changes in atmospheric constituents and in 
radiative forcing. Climate Change 2007: The Physical Science Basis. Contribution of 
Working Group I to the 4th Assessment Report of the Intergovernmental Panel on 
Climate Change.  

Freeman, S. A., Dugas, R., Van Wagener, D., Nguyen, T., & Rochelle, G. T. (2009). Carbon 
dioxide capture with concentrated, aqueous piperazine. Energy Procedia, 1(1), 1489-
1496. https://doi.org/https://doi.org/10.1016/j.egypro.2009.01.195  

Freeman, S. A., Dugas, R., Van Wagener, D. H., Nguyen, T., & Rochelle, G. T. (2010). Carbon 
dioxide capture with concentrated, aqueous piperazine. International Journal of 
Greenhouse Gas Control, 4(2), 119-124. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2009.10.008  

Frimpong, R. A., Nikolic, H., Pelgen, J., Ghorbanian, M., Figueroa, J. D., & Liu, K. (2019). 
Evaluation of different solvent performance in a 0.7 MWe pilot scale CO2 capture 
unit. Chemical engineering research and design, 148, 11-20. 
https://doi.org/https://doi.org/10.1016/j.cherd.2019.05.053  

Fu, C., & Gundersen, T. (2012). Using exergy analysis to reduce power consumption in air 
separation units for oxy-combustion processes. Energy, 44(1), 60-68. 
https://doi.org/https://doi.org/10.1016/j.energy.2012.01.065  

Fu, W., Wang, L., & Yang, Y. (2021). Optimal design for double reheat coal-fired power plants 
with post-combustion CO2 capture: A novel thermal system integration with a 
carbon capture turbine. Energy, 221, 119838. 
https://doi.org/https://doi.org/10.1016/j.energy.2021.119838  

Gaete-Morales, C., Gallego-Schmid, A., Stamford, L., & Azapagic, A. (2019). Life cycle 
environmental impacts of electricity from fossil fuels in Chile over a ten-year period. 
Journal of cleaner production, 232, 1499-1512. 
https://doi.org/https://doi.org/10.1016/j.jclepro.2019.05.374  

https://doi.org/https:/doi.org/10.1016/j.ijggc.2009.04.006
https://doi.org/https:/doi.org/10.2516/ogst:2005029
https://doi.org/https:/doi.org/10.1016/j.egypro.2011.02.008
https://doi.org/https:/doi.org/10.1016/j.ijggc.2009.10.018
https://doi.org/https:/doi.org/10.1016/j.energy.2017.04.096
https://doi.org/https:/doi.org/10.1016/S1750-5836(07)00094-1
https://doi.org/https:/doi.org/10.1016/j.jclepro.2004.06.004
https://doi.org/https:/doi.org/10.1016/j.egypro.2009.01.195
https://doi.org/https:/doi.org/10.1016/j.ijggc.2009.10.008
https://doi.org/https:/doi.org/10.1016/j.cherd.2019.05.053
https://doi.org/https:/doi.org/10.1016/j.energy.2012.01.065
https://doi.org/https:/doi.org/10.1016/j.energy.2021.119838
https://doi.org/https:/doi.org/10.1016/j.jclepro.2019.05.374


References  

105 

 

Gao, T., Selinger, J. L., & Rochelle, G. T. (2019). Demonstration of 99% CO2 removal from coal 
flue gas by amine scrubbing. International Journal of Greenhouse Gas Control, 83, 
236-244. https://doi.org/https://doi.org/10.1016/j.ijggc.2019.02.013  

Gaspar, J., Ricardez-Sandoval, L., Jørgensen, J. B., & Fosbøl, P. L. (2016). Controllability and 
flexibility analysis of CO2 post-combustion capture using piperazine and MEA. 
International Journal of Greenhouse Gas Control, 51, 276-289. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2016.06.003  

Gaspar, J., Sandoval, L. R., Jørgensen, J. B., & Fosbøl, P. L. (2017). Design, Economics and 
Parameter Uncertainty in Dynamic Operation of Post-combustion CO2 Capture Using 
Piperazine (PZ) and MEA. Energy Procedia, 114, 1444-1452. 
https://doi.org/https://doi.org/10.1016/j.egypro.2017.03.1269  

Gelowitz, D., Supap, T., Abdulaziz, N., Sema, T., Idem, R., & Tontiwachwuthikul, P. (2013). Part 
8: Post-combustion CO2 capture: pilot plant operation issues. Carbon Management, 
4(2), 215-231. https://doi.org/10.4155/cmt.13.4  

Gervasi, J., Dubois, L., & Thomas, D. (2014). Simulation of the Post-combustion CO2 Capture 
with Aspen HysysTM Software: Study of Different Configurations of an Absorption-
regeneration Process for the Application to Cement Flue Gases. Energy Procedia, 63, 
1018-1028. https://doi.org/https://doi.org/10.1016/j.egypro.2014.11.109  

Giordano, L., Roizard, D., & Favre, E. (2018). Life cycle assessment of post-combustion CO2 
capture: A comparison between membrane separation and chemical absorption 
processes. International Journal of Greenhouse Gas Control, 68, 146-163. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2017.11.008  

Gładysz, P., & Ziębik, A. (2015). Life cycle assessment of an integrated oxy-fuel combustion 
power plant with CO2 capture, transport and storage‒Poland case study. Energy, 92, 
328-340.  

Goedkoop, M., Heijungs, R., Huijbregts, M., De Schryver, A., Struijs, J., & Van Zelm, R. (2009). 
ReCiPe 2008. A life cycle impact assessment method which comprises harmonised 
category indicators at the midpoint and the endpoint level, 1, 1-126.  

Goto, K., Yogo, K., & Higashii, T. (2013). A review of efficiency penalty in a coal-fired power 
plant with post-combustion CO2 capture. Applied Energy, 111, 710-720. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2013.05.020  

Griffiths, O. G., Owen, R. E., O'Byrne, J. P., Mattia, D., Jones, M. D., & McManus, M. C. (2013). 
Using life cycle assessment to measure the environmental performance of catalysts 
and directing research in the conversion of CO 2 into commodity chemicals: a look at 
the potential for fuels from ‘thin-air’. RSC Advances, 3(30), 12244-12254. 
https://doi.org/https://doi.org/10.1039/C3RA41900B  

Gür, T. M. (2022). Carbon dioxide emissions, capture, storage and utilization: Review of 
materials, processes and technologies. Progress in Energy and Combustion Science, 
89, 100965. https://doi.org/https://doi.org/10.1016/j.pecs.2021.100965  

Haase, S., Tolvanen, P., & Russo, V. (2022). Process intensification in chemical reaction 
engineering. Processes, 10(1), 99. 
https://doi.org/https://doi.org/10.3390/pr10010099  

Hanak, D. P., Biliyok, C., Yeung, H., & Białecki, R. (2014). Heat integration and exergy analysis 
for a supercritical high-ash coal-fired power plant integrated with a post-combustion 
carbon capture process. Fuel, 134, 126-139. 
https://doi.org/https://doi.org/10.1016/j.fuel.2014.05.036  

Hauschild, M. Z., & Huijbregts, M. A. J. (2015). Introducing Life Cycle Impact Assessment. In 
M. Z. Hauschild & M. A. J. Huijbregts (Eds.), Life Cycle Impact Assessment (pp. 1-16). 
Springer Netherlands. https://doi.org/10.1007/978-94-017-9744-3_1  

https://doi.org/https:/doi.org/10.1016/j.ijggc.2019.02.013
https://doi.org/https:/doi.org/10.1016/j.ijggc.2016.06.003
https://doi.org/https:/doi.org/10.1016/j.egypro.2017.03.1269
https://doi.org/10.4155/cmt.13.4
https://doi.org/https:/doi.org/10.1016/j.egypro.2014.11.109
https://doi.org/https:/doi.org/10.1016/j.ijggc.2017.11.008
https://doi.org/https:/doi.org/10.1016/j.apenergy.2013.05.020
https://doi.org/https:/doi.org/10.1039/C3RA41900B
https://doi.org/https:/doi.org/10.1016/j.pecs.2021.100965
https://doi.org/https:/doi.org/10.3390/pr10010099
https://doi.org/https:/doi.org/10.1016/j.fuel.2014.05.036
https://doi.org/10.1007/978-94-017-9744-3_1


References  

106 

 

He, Y., Zhu, L., Li, L., & Rao, D. (2019). Life-cycle assessment of SNG and power generation: 
The role of implement of chemical looping combustion for carbon capture. Energy, 
172, 777-786.  

Helmes, R. J. K., Huijbregts, M. A. J., Henderson, A. D., & Jolliet, O. (2012). Spatially explicit 
fate factors of phosphorous emissions to freshwater at the global scale. The 
International Journal of Life Cycle Assessment, 17(5), 646-654. 
https://doi.org/10.1007/s11367-012-0382-2  

Hertwich, E. G., Aaberg, M., Singh, B., & Strømman, A. H. (2008). Life-cycle Assessment of 
Carbon Dioxide Capture for Enhanced Oil Recovery. Chinese Journal of Chemical 
Engineering, 16(3), 343-353. https://doi.org/https://doi.org/10.1016/S1004-
9541(08)60085-3  

Herzog, H., & Golomb, D. (2004). Carbon capture and storage from fossil fuel use. 
Encyclopedia of energy, 1(6562), 277-287. 
https://doi.org/https://doi.org/10.1016/B0-12-176480-X/00422-8  

Hong, W. Y. (2022). A techno-economic review on carbon capture, utilisation and storage 
systems for achieving a net-zero CO2 emissions future. Carbon Capture Science & 
Technology, 100044. https://doi.org/https://doi.org/10.1016/j.ccst.2022.100044  

Horvath, A. (1985). Handbook of aqueous electrolyte solutions: Physical properties, 
estimation and correlation methods. . Ellis Horwood.  

Hosseini-Ardali, S. M., Hazrati-Kalbibaki, M., Fattahi, M., & Lezsovits, F. (2020). Multi-
objective optimization of post combustion CO2 capture using methyldiethanolamine 
(MDEA) and piperazine (PZ) bi-solvent. Energy, 211, 119035. 
https://doi.org/https://doi.org/10.1016/j.energy.2020.119035  

House, K. Z., Harvey, C. F., Aziz, M. J., & Schrag, D. P. (2009). The energy penalty of post-
combustion CO 2 capture & storage and its implications for retrofitting the US 
installed base. Energy & Environmental Science, 2(2), 193-205. 
https://doi.org/https://doi.org/10.1039/B811608C  

Huijbregts, M. A. J., Steinmann, Z. J. N., Elshout, P. M. F., Stam, G., Verones, F., Vieira, M., Zijp, 
M., Hollander, A., & van Zelm, R. (2017). ReCiPe2016: a harmonised life cycle impact 
assessment method at midpoint and endpoint level. The International Journal of Life 
Cycle Assessment, 22(2), 138-147. https://doi.org/10.1007/s11367-016-1246-y  

Hwang, J., Kim, J., Lee, H. W., Na, J., Ahn, B. S., Lee, S. D., Kim, H. S., Lee, H., & Lee, U. (2019). 
An experimental based optimization of a novel water lean amine solvent for post 
combustion CO2 capture process. Applied Energy, 248, 174-184. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.04.135  

IEA. (2007). Capturing CO2.  
IEA. (2011). World Energy Outlook.  
IEA. (2015). Energy Technology Perspectives 2015. 

https://doi.org/doi:https://doi.org/10.1787/energy_tech-2015-en  
IEA. (2017). CO2 emissions from fuel combustion highlights I. Publications.  
IEA. (2018). International Energy Agency: World energy outlook. http://www.iea.org/t&c/ 
IEA. (2019). Global Energy Review (International Energy Agency, Issue.  
IEA. (2020). International Energy Agency (IEA), Data and statistics. https://www.iea.org/data-

and-statisticscountry=WORLD&fuel=CO220emissions&indicator=CO2BySector.  
IEA. (2021c). Global Energy Review: CO2 Emissions in 2021.  
IEA. (2022). World Energy Outlook 2022.  
IEA. (2023). World Energy Outlook 2023.  
IPCC. (2005). IPCC special report on carbon dioxide capture and storage (0521685516). 

https://www.ipcc.ch/report/carbon-dioxide-capture-and-storage/ 
IPCC. (2013). Climate Change 2013: The physical science basis. contribution of working group 

I to the fifth assessment report of IPCC the intergovernmental panel on climate 

https://doi.org/10.1007/s11367-012-0382-2
https://doi.org/https:/doi.org/10.1016/S1004-9541(08)60085-3
https://doi.org/https:/doi.org/10.1016/S1004-9541(08)60085-3
https://doi.org/https:/doi.org/10.1016/B0-12-176480-X/00422-8
https://doi.org/https:/doi.org/10.1016/j.ccst.2022.100044
https://doi.org/https:/doi.org/10.1016/j.energy.2020.119035
https://doi.org/https:/doi.org/10.1039/B811608C
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/https:/doi.org/10.1016/j.apenergy.2019.04.135
https://doi.org/doi:https:/doi.org/10.1787/energy_tech-2015-en
http://www.iea.org/t&c/
https://www.iea.org/data-and-statisticscountry=WORLD&fuel=CO220emissions&indicator=CO2BySector
https://www.iea.org/data-and-statisticscountry=WORLD&fuel=CO220emissions&indicator=CO2BySector
https://www.ipcc.ch/report/carbon-dioxide-capture-and-storage/


References  

107 

 

change (110766182X). T. F. Stocker, D. Qin, G.-K. Plattner, M. M. Tignor, S. K. Allen, J. 
Boschung, A. Nauels, Y. Xia, V. Bex, & P. M. Midgley.  

IPCC. (2018). The Context of Strengthening the Global Response to the Threat Climate 
Change, Sustainable Development, and Efforts to Eradicate Poverty (Global Warming 
of 1.5C. An IPCC Special Report on the Ompact of Global Warming of 1.5C above Pre-
industrial Level and Related Global Greenhouse Gas Emission Pathways, Issue. 
https://www.ipcc.ch/sr15/ 

IPCC. (2022). Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of 
Working Group II to the Sixth Assessment Report of the Intergovermnetal Panel on 
Climate Change [H.-O. Pörtner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. 
Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. Löschke, V. Möller, A. Okem, B. 
Rama (eds.)].  

IPCC. (2023). The Global Climate 2011-2020: A decade of accelerating climate change  
Ishibashi, M., Ota, H., Akutsu, N., Umeda, S., Tajika, M., Izumi, J., Yasutake, A., Kabata, T., & 

Kageyama, Y. (1996). Technology for removing carbon dioxide from power plant flue 
gas by the physical adsorption method. Energy Conversion and Management, 37(6-
8), 929-933. https://doi.org/https://doi.org/10.1016/0196-8904(95)00279-0  

ISO, I. (2006). 14040. Environmental management—life cycle assessment—principles and 
framework, 235-248.  

Jansen, D., Gazzani, M., Manzolini, G., van Dijk, E., & Carbo, M. (2015). Pre-combustion CO2 
capture. International Journal of Greenhouse Gas Control, 40, 167-187. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2015.05.028  

Jaramillo, P., Griffin, W. M., & McCoy, S. T. (2009). Life Cycle Inventory of CO2 in an Enhanced 
Oil Recovery System. Environmental science & technology, 43(21), 8027-8032. 
https://doi.org/10.1021/es902006h  

Jiang, N., Shen, Y., Liu, B., Zhang, D., Tang, Z., Li, G., & Fu, B. (2020). CO2 capture from dry 
flue gas by means of VPSA, TSA and TVSA. Journal of CO2 Utilization, 35, 153-168. 
https://doi.org/https://doi.org/10.1016/j.jcou.2019.09.012  

Jiang, Y., Mathias, P. M., Freeman, C. J., Swisher, J. A., Zheng, R. F., Whyatt, G. A., & 
Heldebrant, D. J. (2021). Techno-economic comparison of various process 
configurations for post-combustion carbon capture using a single-component water-
lean solvent. International Journal of Greenhouse Gas Control, 106, 103279. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2021.103279  

Jung, H. S., Ryoo, S. G., & Kang, Y. T. (2022). Life cycle environmental impact assessment of 
Taean coal power plant with CO2 capture module. Journal of cleaner production, 
357, 131663.  

Kearns, D., Liu, H., & Consoli, C. (2021). Technology readiness and costs of CCS (Global CCS 
institute, Issue. https://www.globalccsinstitute.com/resources/publications-reports-
research/technology-readiness-and-costs-of-ccs/ 

Khalilpour, K. R., & Zafaranloo, A. (2020). Generic techno-economic optimization 
methodology for concurrent design and operation of solvent-based PCC processes. 
International Journal of Greenhouse Gas Control, 99, 103079. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2020.103079  

Khan, A. A., Halder, G. N., & Saha, A. K. (2017). Experimental investigation on efficient carbon 
dioxide capture using piperazine (PZ) activated aqueous methyldiethanolamine 
(MDEA) solution in a packed column. International Journal of Greenhouse Gas 
Control, 64, 163-173. https://doi.org/https://doi.org/10.1016/j.ijggc.2017.07.016  

Kheirinik, M., Ahmed, S., & Rahmanian, N. (2021). Comparative Techno-Economic Analysis of 
Carbon Capture Processes: Pre-Combustion, Post-Combustion, and Oxy-Fuel 
Combustion Operations. Sustainability, 13(24), 13567. https://www.mdpi.com/2071-
1050/13/24/13567  

https://www.ipcc.ch/sr15/
https://doi.org/https:/doi.org/10.1016/0196-8904(95)00279-0
https://doi.org/https:/doi.org/10.1016/j.ijggc.2015.05.028
https://doi.org/10.1021/es902006h
https://doi.org/https:/doi.org/10.1016/j.jcou.2019.09.012
https://doi.org/https:/doi.org/10.1016/j.ijggc.2021.103279
https://www.globalccsinstitute.com/resources/publications-reports-research/technology-readiness-and-costs-of-ccs/
https://www.globalccsinstitute.com/resources/publications-reports-research/technology-readiness-and-costs-of-ccs/
https://doi.org/https:/doi.org/10.1016/j.ijggc.2020.103079
https://doi.org/https:/doi.org/10.1016/j.ijggc.2017.07.016
https://www.mdpi.com/2071-1050/13/24/13567
https://www.mdpi.com/2071-1050/13/24/13567


References  

108 

 

Khoo, H. H., Sharratt, P. N., Bu, J., Yeo, T. Y., Borgna, A., Highfield, J. G., Björklöf, T. G., & 
Zevenhoven, R. (2011). Carbon Capture and Mineralization in Singapore: Preliminary 
Environmental Impacts and Costs via LCA. Industrial & Engineering Chemistry 
Research, 50(19), 11350-11357. https://doi.org/10.1021/ie200592h  

Kikkinides, E. S., Yang, R., & Cho, S. (1993). Concentration and recovery of carbon dioxide 
from flue gas by pressure swing adsorption. Industrial & Engineering Chemistry 
Research, 32(11), 2714-2720. https://doi.org/https://doi.org/10.1021/ie00023a038  

Kishimoto, S., Hirata, T., Iijima, M., Ohishi, T., Higaki, K., & Mitchell, R. (2009). Current status 
of MHI’s CO2 recovery technology and optimization of CO2 recovery plant with a PC 
fired power plant. Energy Procedia, 1(1), 1091-1098. 
https://doi.org/https://doi.org/10.1016/j.egypro.2009.01.144  

Koornneef, J., van Keulen, T., Faaij, A., & Turkenburg, W. (2008). Life cycle assessment of a 
pulverized coal power plant with post-combustion capture, transport and storage of 
CO2. International Journal of Greenhouse Gas Control, 2(4), 448-467.  

Kotagodahetti, R., Hewage, K., Karunathilake, H., & Sadiq, R. (2021). Evaluating carbon 
capturing strategies for emissions reduction in community energy systems: A life 
cycle thinking approach. Energy, 232, 121012.  

Kuramochi, T., Ramírez, A., Turkenburg, W., & Faaij, A. (2012). Comparative assessment of 
CO2 capture technologies for carbon-intensive industrial processes. Progress in 
Energy and Combustion Science, 38(1), 87-112. 
https://doi.org/https://doi.org/10.1016/j.pecs.2011.05.001  

Kvamsdal, H. M., Jakobsen, J. P., & Hoff, K. A. (2009). Dynamic modeling and simulation of a 
CO2 absorber column for post-combustion CO2 capture. Chemical Engineering and 
Processing: Process Intensification, 48(1), 135-144. 
https://doi.org/https://doi.org/10.1016/j.cep.2008.03.002  

Lacy, R., Molina, M., Vaca, M., Serralde, C., Hernandez, G., Rios, G., Guzman, E., Hernandez, 
R., & Perez, R. (2015). Life-cycle GHG assessment of carbon capture, use and 
geological storage (CCUS) for linked primary energy and electricity production. 
International Journal of Greenhouse Gas Control, 42, 165-174.  

Lawal, A., Wang, M., Stephenson, P., & Obi, O. (2012). Demonstrating full-scale post-
combustion CO2 capture for coal-fired power plants through dynamic modelling and 
simulation. Fuel, 101, 115-128. 
https://doi.org/https://doi.org/10.1016/j.fuel.2010.10.056  

Lawal, A., Wang, M., Stephenson, P., & Yeung, H. (2009). Dynamic modelling of CO2 
absorption for post combustion capture in coal-fired power plants. Fuel, 88(12), 
2455-2462. https://doi.org/https://doi.org/10.1016/j.fuel.2008.11.009  

Le Moullec, Y., Neveux, T., Al Azki, A., Chikukwa, A., & Hoff, K. A. (2014). Process 
modifications for solvent-based post-combustion CO2 capture. International Journal 
of Greenhouse Gas Control, 31, 96-112. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2014.09.024  

Leung, D. Y., Caramanna, G., & Maroto-Valer, M. M. (2014). An overview of current status of 
carbon dioxide capture and storage technologies. Renewable and Sustainable Energy 
Reviews, 39, 426-443. https://doi.org/https://doi.org/10.1016/j.rser.2014.07.093  

Li, F., Zhang, J., Shang, C., Huang, D., Oko, E., & Wang, M. (2018b). Modelling of a post-
combustion CO2 capture process using deep belief network. Applied Thermal 
Engineering, 130, 997-1003. 
https://doi.org/https://doi.org/10.1016/j.applthermaleng.2017.11.078  

Li, K., Cousins, A., Yu, H., Feron, P., Tade, M., Luo, W., & Chen, J. (2016). Systematic study of 
aqueous monoethanolamine-based CO2 capture process: model development and 
process improvement. Energy Science & Engineering, 4(1), 23-39. 
https://doi.org/https://doi.org/10.1002/ese3.101  

https://doi.org/10.1021/ie200592h
https://doi.org/https:/doi.org/10.1021/ie00023a038
https://doi.org/https:/doi.org/10.1016/j.egypro.2009.01.144
https://doi.org/https:/doi.org/10.1016/j.pecs.2011.05.001
https://doi.org/https:/doi.org/10.1016/j.cep.2008.03.002
https://doi.org/https:/doi.org/10.1016/j.fuel.2010.10.056
https://doi.org/https:/doi.org/10.1016/j.fuel.2008.11.009
https://doi.org/https:/doi.org/10.1016/j.ijggc.2014.09.024
https://doi.org/https:/doi.org/10.1016/j.rser.2014.07.093
https://doi.org/https:/doi.org/10.1016/j.applthermaleng.2017.11.078
https://doi.org/https:/doi.org/10.1002/ese3.101


References  

109 

 

Li, Z., Ding, Z., Wang, M., & Oko, E. (2018). Model-free adaptive control for MEA-based post-
combustion carbon capture processes. Fuel, 224, 637-643. 
https://doi.org/https://doi.org/10.1016/j.fuel.2018.03.096  

Liang, Z., Fu, K., Idem, R., & Tontiwachwuthikul, P. (2016). Review on current advances, future 
challenges and consideration issues for post-combustion CO2 capture using amine-
based absorbents. Chinese Journal of Chemical Engineering, 24(2), 278-288. 
https://doi.org/https://doi.org/10.1016/j.cjche.2015.06.013  

Liang, Z. H., Rongwong, W., Liu, H., Fu, K., Gao, H., Cao, F., Zhang, R., Sema, T., Henni, A., & 
Sumon, K. (2015). Recent progress and new developments in post-combustion 
carbon-capture technology with amine based solvents. International Journal of 
Greenhouse Gas Control, 40, 26-54. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2015.06.017  

Littel, R. J., Versteeg, G. F., & Van Swaaij, W. P. M. (1992). Kinetics of CO2 with primary and 
secondary amines in aqueous solutions—II. Influence of temperature on zwitterion 
formation and deprotonation rates. Chemical Engineering Science, 47(8), 2037-2045. 
https://doi.org/https://doi.org/10.1016/0009-2509(92)80320-C  

Liu, L., Fang, M., Xu, S., Wang, J., & Guo, D. (2022). Development and testing of a new post-
combustion CO2 capture solvent in pilot and demonstration plant. International 
Journal of Greenhouse Gas Control, 113, 103513.  

Llano-Restrepo, M., & Araujo-Lopez, E. (2015). Modeling and simulation of packed-bed 
absorbers for post-combustion capture of carbon dioxide by reactive absorption in 
aqueous monoethanolamine solutions. International Journal of Greenhouse Gas 
Control, 42, 258-287. https://doi.org/https://doi.org/10.1016/j.ijggc.2015.08.008  

Lungkadee, T., Onsree, T., Tangparitkul, S., Janwiruch, N., Nuntaphan, A., & Tippayawong, N. 
(2021). Technical and economic analysis of retrofitting a post-combustion carbon 
capture system in a Thai coal-fired power plant. Energy Reports, 7, 308-313. 
https://doi.org/https://doi.org/10.1016/j.egyr.2021.06.049  

Ma, Y., Liao, Y., Su, Y., Wang, B., Yang, Y., Ji, D., Li, H., Zhou, H., & Wang, D. (2021). 
Comparative investigation of different CO2 capture technologies for coal to ethylene 
glycol process. Processes, 9(2), 207. 
https://doi.org/https://doi.org/10.3390/pr9020207  

Mac Dowell, N., & Shah, N. (2014). Dynamic modelling and analysis of a coal-fired power 
plant integrated with a novel split-flow configuration post-combustion CO2 capture 
process. International Journal of Greenhouse Gas Control, 27, 103-119. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2014.05.007  

Magee, P. (1971). Toxicity of nitrosamines: Their possible human health hazards. Food and 
cosmetics toxicology, 9(2), 207-218. https://doi.org/https://doi.org/10.1016/0015-
6264(71)90306-3  

Mangalapally, H. P., & Hasse, H. (2011). Pilot plant study of post-combustion carbon dioxide 
capture by reactive absorption: Methodology, comparison of different structured 
packings, and comprehensive results for monoethanolamine. Chemical engineering 
research and design, 89(8), 1216-1228. 
https://doi.org/https://doi.org/10.1016/j.cherd.2011.01.013  

Maniarasu, R., Rathore, S. K., & Murugan, S. (2021). A review on materials and processes for 
carbon dioxide separation and capture. Energy & Environment, 
0958305X211050984. https://doi.org/https://doi.org/10.1177/0958305X211050984  

Matin, N. S., & Flanagan, W. P. (2022). Life cycle assessment of amine-based versus ammonia-
based post combustion CO2 capture in coal-fired power plants. International Journal 
of Greenhouse Gas Control, 113, 103535.  

https://doi.org/https:/doi.org/10.1016/j.fuel.2018.03.096
https://doi.org/https:/doi.org/10.1016/j.cjche.2015.06.013
https://doi.org/https:/doi.org/10.1016/j.ijggc.2015.06.017
https://doi.org/https:/doi.org/10.1016/0009-2509(92)80320-C
https://doi.org/https:/doi.org/10.1016/j.ijggc.2015.08.008
https://doi.org/https:/doi.org/10.1016/j.egyr.2021.06.049
https://doi.org/https:/doi.org/10.3390/pr9020207
https://doi.org/https:/doi.org/10.1016/j.ijggc.2014.05.007
https://doi.org/https:/doi.org/10.1016/0015-6264(71)90306-3
https://doi.org/https:/doi.org/10.1016/0015-6264(71)90306-3
https://doi.org/https:/doi.org/10.1016/j.cherd.2011.01.013
https://doi.org/https:/doi.org/10.1177/0958305X211050984


References  

110 

 

Merkel, T. C., Lin, H., Wei, X., & Baker, R. (2010). Power plant post-combustion carbon dioxide 
capture: An opportunity for membranes. Journal of membrane science, 359(1-2), 
126-139. https://doi.org/https://doi.org/10.1016/j.memsci.2009.10.041  

Metz, B., Davidson, O., De Coninck, H., Loos, M., & Meyer, L. (2005). IPCC special report on 
carbon dioxide capture and storage. Cambridge: Cambridge University Press.  

Miller, M. B., Chen, D.-L., Luebke, D. R., Johnson, J. K., & Enick, R. M. (2011). Critical 
assessment of CO2 solubility in volatile solvents at 298.15 K. Journal of Chemical & 
Engineering Data, 56(4), 1565-1572. 
https://doi.org/https://doi.org/10.1021/je101161d  

Mimura, T., Shimojo, S., Suda, T., Iijima, M., & Mitsuoka, S. (1995). Research and 
development on energy saving technology for flue gas carbon dioxide recovery and 
steam system in power plant. Energy Conversion and Management, 36(6), 397-400. 
https://doi.org/https://doi.org/10.1016/0196-8904(95)00029-D  

Mofidipour, E., & Babaelahi, M. (2020). New procedure in solar system dynamic simulation, 
thermodynamic analysis, and multi-objective optimization of a post-combustion 
carbon dioxide capture coal-fired power plant. Energy Conversion and Management, 
224, 113321. https://doi.org/https://doi.org/10.1016/j.enconman.2020.113321  

Mondal, M. K., Balsora, H. K., & Varshney, P. (2012). Progress and trends in CO2 
capture/separation technologies: A review. Energy, 46(1), 431-441. 
https://doi.org/https://doi.org/10.1016/j.energy.2012.08.006  

Montañés, R. M., Flø, N. E., & Nord, L. O. (2017). Dynamic process model validation and 
control of the amine plant at CO2 Technology Centre Mongstad. Energies, 10(10), 
1527. https://doi.org/https://doi.org/10.3390/en10101527  

Mostafavi, E., Ashrafi, O., & Navarri, P. (2021). Assessment of process modifications for 
amine-based post-combustion carbon capture processes. Cleaner Engineering and 
Technology, 4, 100249. https://doi.org/https://doi.org/10.1016/j.clet.2021.100249  

Mudhasakul, S., Ku, H.-m., & Douglas, P. L. (2013). A simulation model of a CO2 absorption 
process with methyldiethanolamine solvent and piperazine as an activator. 
International Journal of Greenhouse Gas Control, 15, 134-141. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2013.01.023  

Mukherjee, A., Okolie, J. A., Abdelrasoul, A., Niu, C., & Dalai, A. K. (2019). Review of post-
combustion carbon dioxide capture technologies using activated carbon. Journal of 
Environmental Sciences, 83, 46-63. 
https://doi.org/https://doi.org/10.1016/j.jes.2019.03.014  

Müller, L. J., Kätelhön, A., Bachmann, M., Zimmermann, A., Sternberg, A., & Bardow, A. 
(2020). A guideline for life cycle assessment of carbon capture and utilization. 
Frontiers in Energy Research, 8, 15. 
https://doi.org/https://doi.org/10.3389/fenrg.2020.00015  

Mumford, K. A., Wu, Y., Smith, K. H., & Stevens, G. W. (2015). Review of solvent based 
carbon-dioxide capture technologies. Frontiers of Chemical Science and Engineering, 
9(2), 125-141. https://doi.org/https://doi.org/10.1007/s11705-015-1514-6  

Nessi, E., Papadopoulos, A. I., & Seferlis, P. (2021). A review of research facilities, pilot and 
commercial plants for solvent-based post-combustion CO2 capture: Packed bed, 
phase-change and rotating processes. International Journal of Greenhouse Gas 
Control, 111, 103474. https://doi.org/https://doi.org/10.1016/j.ijggc.2021.103474  

Norahim, N., Yaisanga, P., Faungnawakij, K., Charinpanitkul, T., & Klaysom, C. (2018). Recent 
membrane developments for CO2 separation and capture. Chemical Engineering & 
Technology, 41(2), 211-223. https://doi.org/https://doi.org/10.1002/ceat.201700406  

Notz, R., Mangalapally, H. P., & Hasse, H. (2012). Post combustion CO2 capture by reactive 
absorption: Pilot plant description and results of systematic studies with MEA. 

https://doi.org/https:/doi.org/10.1016/j.memsci.2009.10.041
https://doi.org/https:/doi.org/10.1021/je101161d
https://doi.org/https:/doi.org/10.1016/0196-8904(95)00029-D
https://doi.org/https:/doi.org/10.1016/j.enconman.2020.113321
https://doi.org/https:/doi.org/10.1016/j.energy.2012.08.006
https://doi.org/https:/doi.org/10.3390/en10101527
https://doi.org/https:/doi.org/10.1016/j.clet.2021.100249
https://doi.org/https:/doi.org/10.1016/j.ijggc.2013.01.023
https://doi.org/https:/doi.org/10.1016/j.jes.2019.03.014
https://doi.org/https:/doi.org/10.3389/fenrg.2020.00015
https://doi.org/https:/doi.org/10.1007/s11705-015-1514-6
https://doi.org/https:/doi.org/10.1016/j.ijggc.2021.103474
https://doi.org/https:/doi.org/10.1002/ceat.201700406


References  

111 

 

International Journal of Greenhouse Gas Control, 6, 84-112. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2011.11.004  

Nwaoha, C., Idem, R., Supap, T., Saiwan, C., Tontiwachwuthikul, P., Rongwong, W., Al-Marri, 
M. J., & Benamor, A. (2017). Heat duty, heat of absorption, sensible heat and heat of 
vaporization of 2–Amino–2–Methyl–1–Propanol (AMP), Piperazine (PZ) and 
Monoethanolamine (MEA) tri–solvent blend for carbon dioxide (CO2) capture. 
Chemical Engineering Science, 170, 26-35. 
https://doi.org/https://doi.org/10.1016/j.ces.2017.03.025  

Odeh, N. A., & Cockerill, T. T. (2008). Life cycle GHG assessment of fossil fuel power plants 
with carbon capture and storage. Energy Policy, 36(1), 367-380.  

Oexmann, J., & Kather, A. (2009). Post-combustion CO2 capture in coal-fired power plants: 
Comparison of integrated chemical absorption processes with piperazine promoted 
potassium carbonate and MEA. Energy Procedia, 1(1), 799-806. 
https://doi.org/https://doi.org/10.1016/j.egypro.2009.01.106  

Oh, H.-T., Ju, Y., Chung, K., & Lee, C.-H. (2020). Techno-economic analysis of advanced 
stripper configurations for post-combustion CO2 capture amine processes. Energy, 
206, 118164. https://doi.org/https://doi.org/10.1016/j.energy.2020.118164  

Oh, S.-Y., Binns, M., Cho, H., & Kim, J.-K. (2016). Energy minimization of MEA-based CO2 
capture process. Applied Energy, 169, 353-362. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2016.02.046  

Oh, S.-Y., Yun, S., & Kim, J.-K. (2018). Process integration and design for maximizing energy 
efficiency of a coal-fired power plant integrated with amine-based CO2 capture 
process. Applied Energy, 216, 311-322. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2018.02.100  

Øi, L. E. (2007). Aspen HYSYS simulation of CO2 removal by amine absorption from a gas 
based power plant. The 48th Scandinavian Conference on Simulation and Modeling 
(SIMS 2007); 30-31 October; 2007; Göteborg (Särö),  

Oko, E., Wang, M., & Olaleye, A. K. (2015). Simplification of detailed rate-based model of 
post-combustion CO2 capture for full chain CCS integration studies. Fuel, 142, 87-93. 
https://doi.org/https://doi.org/10.1016/j.fuel.2014.10.083  

Olajire, A. A. (2010). CO2 capture and separation technologies for end-of-pipe applications–a 
review. Energy, 35(6), 2610-2628. 
https://doi.org/https://doi.org/10.1016/j.energy.2010.02.030  

Otitoju, O., Oko, E., & Wang, M. (2021). Technical and economic performance assessment of 
post-combustion carbon capture using piperazine for large scale natural gas 
combined cycle power plants through process simulation. Applied Energy, 292, 
116893. https://doi.org/https://doi.org/10.1016/j.apenergy.2021.116893  

Otto, A. (2011). Chemische Absorption von CO2 aus fossil befeuerten kraftwerken mittels 
Monoethanolamin. Universitaet zu Koeln.  

Pan, M., Aziz, F., Li, B., Perry, S., Zhang, N., Bulatov, I., & Smith, R. (2016). Application of 
optimal design methodologies in retrofitting natural gas combined cycle power 
plants with CO2 capture. Applied Energy, 161, 695-706. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2015.03.035  

Paraschiv, S., & Paraschiv, L. S. (2020). Trends of carbon dioxide (CO2) emissions from fossil 
fuels combustion (coal, gas and oil) in the EU member states from 1960 to 2018. 
Energy Reports, 6, 237-242. 
https://doi.org/https://doi.org/10.1016/j.egyr.2020.11.116  

Parker, L., & Folger, P. (2010). Capturing CO2 from coal-fired power plants: Challenges for a 
comprehensive strategy.  

Pauer, E., Wohner, B., & Tacker, M. (2020). The Influence of Database Selection on 
Environmental Impact Results. Life Cycle Assessment of Packaging Using GaBi, 

https://doi.org/https:/doi.org/10.1016/j.ijggc.2011.11.004
https://doi.org/https:/doi.org/10.1016/j.ces.2017.03.025
https://doi.org/https:/doi.org/10.1016/j.egypro.2009.01.106
https://doi.org/https:/doi.org/10.1016/j.energy.2020.118164
https://doi.org/https:/doi.org/10.1016/j.apenergy.2016.02.046
https://doi.org/https:/doi.org/10.1016/j.apenergy.2018.02.100
https://doi.org/https:/doi.org/10.1016/j.fuel.2014.10.083
https://doi.org/https:/doi.org/10.1016/j.energy.2010.02.030
https://doi.org/https:/doi.org/10.1016/j.apenergy.2021.116893
https://doi.org/https:/doi.org/10.1016/j.apenergy.2015.03.035
https://doi.org/https:/doi.org/10.1016/j.egyr.2020.11.116


References  

112 

 

Ecoinvent 3.6, and the Environmental Footprint Database. Sustainability, 12(23), 
9948. https://www.mdpi.com/2071-1050/12/23/9948  

Pehnt, M., & Henkel, J. (2009). Life cycle assessment of carbon dioxide capture and storage 
from lignite power plants. International Journal of Greenhouse Gas Control, 3(1), 49-
66. https://doi.org/https://doi.org/10.1016/j.ijggc.2008.07.001  

Pera-Titus, M. (2014). Porous inorganic membranes for CO2 capture: present and prospects. 
Chemical reviews, 114(2), 1413-1492. 
https://doi.org/https://doi.org/10.1021/cr400237k  

Pérez-Calvo, J.-F., & Mazzotti, M. (2022). Techno-economic assessment of post-combustion 
CO2 capture using aqueous piperazine at different flue gas compositions and 
flowrates via a general optimization methodology. International Journal of 
Greenhouse Gas Control, 114, 103587. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2022.103587  

Peters, M., Köhler, B., Kuckshinrichs, W., Leitner, W., Markewitz, P., & Müller, T. E. (2011). 
Chemical technologies for exploiting and recycling carbon dioxide into the value 
chain. ChemSusChem, 4(9), 1216-1240. 
https://doi.org/https://doi.org/10.1002/cssc.201000447  

Petrescu, L., Bonalumi, D., Valenti, G., Cormos, A.-M., & Cormos, C.-C. (2017). Life Cycle 
Assessment for supercritical pulverized coal power plants with post-combustion 
carbon capture and storage. Journal of cleaner production, 157, 10-21. 
https://doi.org/https://doi.org/10.1016/j.jclepro.2017.03.225  

Pires, J., Martins, F., Alvim-Ferraz, M., & Simões, M. (2011). Recent developments on carbon 
capture and storage: An overview. Chemical engineering research and design, 89(9), 
1446-1460. https://doi.org/https://doi.org/10.1016/j.cherd.2011.01.028  

Porter, J. R., Xie, L., Challinor, A. J., Cochrane, K., Howden, S. M., Iqbal, M. M., Lobell, D. B., & 
Travasso, M. I. (2014). Food security and food production systems.  

Rabensteiner, M., Kinger, G., Koller, M., Gronald, G., & Hochenauer, C. (2015). Investigation of 
carbon dioxide capture with aqueous piperazine on a post combustion pilot plant – 
Part II: Parameter study and emission measurement. International Journal of 
Greenhouse Gas Control, 37, 471-480. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2015.04.011  

Rao, A. B., & Rubin, E. S. (2006). Identifying Cost-Effective CO2 Control Levels for Amine-
Based CO2 Capture Systems. Industrial & Engineering Chemistry Research, 45(8), 
2421-2429. https://doi.org/10.1021/ie050603p  

Rao, A. D., & Francuz, D. J. (2013). An evaluation of advanced combined cycles. Applied 
Energy, 102, 1178-1186. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2012.06.035  

Rasheed, R., Javed, H., Rizwan, A., Sharif, F., Yasar, A., Tabinda, A. B., Ahmad, S. R., Wang, Y., 
& Su, Y. (2021). Life cycle assessment of a cleaner supercritical coal-fired power 
plant. Journal of cleaner production, 279, 123869.  

Rehman, A., Alam, M. M., Ozturk, I., Alvarado, R., Murshed, M., Işık, C., & Ma, H. (2023). 
Globalization and renewable energy use: how are they contributing to upsurge the 
CO2 emissions? A global perspective. Environmental Science and Pollution Research, 
30(4), 9699-9712. https://doi.org/10.1007/s11356-022-22775-6  

Rey, A., Gouedard, C., Ledirac, N., Cohen, M., Dugay, J., Vial, J., Pichon, V., Bertomeu, L., Picq, 
D., & Bontemps, D. (2013). Amine degradation in CO2 capture. 2. New degradation 
products of MEA. Pyrazine and alkylpyrazines: analysis, mechanism of formation and 
toxicity. International Journal of Greenhouse Gas Control, 19, 576-583. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2013.10.018  

https://www.mdpi.com/2071-1050/12/23/9948
https://doi.org/https:/doi.org/10.1016/j.ijggc.2008.07.001
https://doi.org/https:/doi.org/10.1021/cr400237k
https://doi.org/https:/doi.org/10.1016/j.ijggc.2022.103587
https://doi.org/https:/doi.org/10.1002/cssc.201000447
https://doi.org/https:/doi.org/10.1016/j.jclepro.2017.03.225
https://doi.org/https:/doi.org/10.1016/j.cherd.2011.01.028
https://doi.org/https:/doi.org/10.1016/j.ijggc.2015.04.011
https://doi.org/10.1021/ie050603p
https://doi.org/https:/doi.org/10.1016/j.apenergy.2012.06.035
https://doi.org/10.1007/s11356-022-22775-6
https://doi.org/https:/doi.org/10.1016/j.ijggc.2013.10.018


References  

113 

 

Rochelle, G., Chen, E., Freeman, S., Van Wagener, D., Xu, Q., & Voice, A. (2011). Aqueous 
piperazine as the new standard for CO2 capture technology. Chemical Engineering 
Journal, 171(3), 725-733. https://doi.org/https://doi.org/10.1016/j.cej.2011.02.011  

Rochelle, G. T. (2016). 3 - Conventional amine scrubbing for CO2 capture. In P. H. M. Feron 
(Ed.), Absorption-Based Post-combustion Capture of Carbon Dioxide (pp. 35-67). 
Woodhead Publishing. https://doi.org/https://doi.org/10.1016/B978-0-08-100514-
9.00003-2  

Rochelle, G. T., Akinpelumi, K., Gao, T., Liu, C.-T., Suresh Babu, A., & Wu, Y. (2022). Pilot plant 
results with the piperazine advanced stripper at NGCC conditions. International 
Journal of Greenhouse Gas Control, 113, 103551. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2021.103551  

Rochelle, G. T., Wu, Y., Chen, E., Akinpelumi, K., Fischer, K. B., Gao, T., Liu, C.-T., & Selinger, J. 
L. (2019). Pilot plant demonstration of piperazine with the advanced flash stripper. 
International Journal of Greenhouse Gas Control, 84, 72-81. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2019.03.014  

Romero-García, A. G., Mora-Morales, C., Chargoy-Amador, J. P., Ramírez-Corona, N., Sánchez-
Ramírez, E., & Segovia-Hernández, J. G. (2022). Implementing CO2 capture process in 
power plants: Optimization procedure and environmental impact. Chemical 
engineering research and design, 180, 232-242. 
https://doi.org/https://doi.org/10.1016/j.cherd.2022.02.023  

Roy, P.-O., Azevedo, L. B., Margni, M., van Zelm, R., Deschênes, L., & Huijbregts, M. A. J. 
(2014). Characterization factors for terrestrial acidification at the global scale: A 
systematic analysis of spatial variability and uncertainty. Science of the total 
environment, 500-501, 270-276. 
https://doi.org/https://doi.org/10.1016/j.scitotenv.2014.08.099  

Rubin, E. S., Davison, J. E., & Herzog, H. J. (2015). The cost of CO2 capture and storage. 
International Journal of Greenhouse Gas Control, 40, 378-400. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2015.05.018  

Rubin, E. S., Mantripragada, H., Marks, A., Versteeg, P., & Kitchin, J. (2012). The outlook for 
improved carbon capture technology. Progress in Energy and Combustion Science, 
38(5), 630-671. https://doi.org/https://doi.org/10.1016/j.pecs.2012.03.003  

Sachde, D., & Rochelle, G. T. (2014). Absorber intercooling configurations using aqueous 
piperazine for capture from sources with 4 to 27% CO2. Energy Procedia, 63, 1637-
1656. https://doi.org/https://doi.org/10.1016/j.egypro.2014.11.174  

Sakwattanapong, R., Aroonwilas, A., & Veawab, A. (2005). Behavior of Reboiler Heat Duty for 
CO2 Capture Plants Using Regenerable Single and Blended Alkanolamines. Industrial 
& Engineering Chemistry Research, 44(12), 4465-4473. 
https://doi.org/10.1021/ie050063w  

Samanta, A., & Bandyopadhyay, S. S. (2011). Absorption of carbon dioxide into piperazine 
activated aqueous N-methyldiethanolamine. Chemical Engineering Journal, 171(3), 
734-741. https://doi.org/https://doi.org/10.1016/j.cej.2011.02.008  

Schakel, W., Pfister, S., & Ramírez, A. (2014). Assessment of implementing carbon capture 
technologies in fossil fuel power plants on regional European water stress index 
levels. Energy Procedia, 63, 7198-7204.  

Scherffius, J. R., Reddy, S., Klumpyan, J. P., & Armpriester, A. (2013). Large-Scale CO2 Capture 
Demonstration Plant Using Fluor's Econamine FG PlusSM Technology at NRG's WA 
Parish Electric Generating Station. Energy Procedia, 37, 6553-6561. 
https://doi.org/https://doi.org/10.1016/j.egypro.2013.06.587  

Scheyvens, R., Banks, G., & Hughes, E. (2016). The private sector and the SDGs: The need to 
move beyond ‘business as usual’. Sustainable Development, 24(6), 371-382.  

SDG. (2022). https://sdg-tracker.org/climate-change.  

https://doi.org/https:/doi.org/10.1016/j.cej.2011.02.011
https://doi.org/https:/doi.org/10.1016/B978-0-08-100514-9.00003-2
https://doi.org/https:/doi.org/10.1016/B978-0-08-100514-9.00003-2
https://doi.org/https:/doi.org/10.1016/j.ijggc.2021.103551
https://doi.org/https:/doi.org/10.1016/j.ijggc.2019.03.014
https://doi.org/https:/doi.org/10.1016/j.cherd.2022.02.023
https://doi.org/https:/doi.org/10.1016/j.scitotenv.2014.08.099
https://doi.org/https:/doi.org/10.1016/j.ijggc.2015.05.018
https://doi.org/https:/doi.org/10.1016/j.pecs.2012.03.003
https://doi.org/https:/doi.org/10.1016/j.egypro.2014.11.174
https://doi.org/10.1021/ie050063w
https://doi.org/https:/doi.org/10.1016/j.cej.2011.02.008
https://doi.org/https:/doi.org/10.1016/j.egypro.2013.06.587
https://sdg-tracker.org/climate-change


References  

114 

 

SDG, U. (2018). Sustainable development goals. United Nations.  
Shaw, D. (2009). Cansolv CO2 capture: The value of integration. Energy Procedia, 1(1), 237-

246. https://doi.org/https://doi.org/10.1016/j.egypro.2009.01.034  
Shaw, R., & Mukherjee, S. (2022). The development of carbon capture and storage (CCS) in 

India: A critical review. Carbon Capture Science & Technology, 100036. 
https://doi.org/https://doi.org/10.1016/j.ccst.2022.100036  

Siefert, N., Agarwal, S., Shi, F., Shi, W., Roth, E., Hopkinson, D., Kusuma, V., Thompson, R., 
Luebke, D., & Nulwala, H. (2016). Hydrophobic physical solvents for pre-combustion 
CO2 capture: Experiments, computational simulations, and techno-economic 
analysis. International Journal of Greenhouse Gas Control, 49, 364-371. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2016.03.014  

Singh, B., Strømman, A. H., & Hertwich, E. (2011). Life cycle assessment of natural gas 
combined cycle power plant with post-combustion carbon capture, transport and 
storage. International Journal of Greenhouse Gas Control, 5(3), 457-466.  

Smith, K. H., Ashkanani, H. E., Morsi, B. I., & Siefert, N. S. (2022). Physical solvents and 
techno-economic analysis for pre-combustion CO2 capture: A review. International 
Journal of Greenhouse Gas Control, 118, 103694. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2022.103694  

Spatari, S., Betz, M., Florin, H., Baitz, M., & Faltenbacher, M. (2001). Using GaBi 3 to perform 
life cycle assessment and life cycle engineering. The International Journal of Life 
Cycle Assessment, 6(2), 81-84. https://doi.org/10.1007/BF02977842  

Spath, P. L., Mann, M. K., & Kerr, D. R. (1999). Life cycle assessment of coal-fired power 
production.  

Spigarelli, B. P., & Kawatra, S. K. (2013). Opportunities and challenges in carbon dioxide 
capture. Journal of CO2 Utilization, 1, 69-87. 
https://doi.org/https://doi.org/10.1016/j.jcou.2013.03.002  

Stéphenne, K. (2014). Start-up of world's first commercial post-combustion coal fired CCS 
project: contribution of Shell Cansolv to SaskPower Boundary Dam ICCS project. 
Energy Procedia, 63, 6106-6110. 
https://doi.org/https://doi.org/10.1016/j.egypro.2014.11.642  

Stevens, C., & Kanie, N. (2016). The transformative potential of the sustainable development 
goals (SDGs). In (Vol. 16, pp. 393-396): Springer. 

Su, F., & Lu, C. (2012). CO 2 capture from gas stream by zeolite 13X using a dual-column 
temperature/vacuum swing adsorption. Energy & Environmental Science, 5(10), 
9021-9027. https://doi.org/https://doi.org/10.1039/C2EE22647B  

Suh, S., & Huppes, G. (2005). Methods for Life Cycle Inventory of a product. Journal of 
cleaner production, 13(7), 687-697. 
https://doi.org/https://doi.org/10.1016/j.jclepro.2003.04.001  

Sultan, H., Muhammad, H. A., Bhatti, U. H., Min, G. H., Baek, I. H., Baik, Y.-J., & Nam, S. C. 
(2021). Reducing the efficiency penalty of carbon dioxide capture and compression 
process in a natural gas combined cycle power plant by process modification and 
liquefied natural gas cold energy integration. Energy Conversion and Management, 
244, 114495.  

Sultan, H., Quach, T.-Q., Muhammad, H. A., Bhatti, U. H., Lee, Y. D., Hong, M. G., Baek, I. H., & 
Chan, N. S. (2021b). Advanced post combustion CO2 capture process–A systematic 
approach to minimize thermal energy requirement. Applied Thermal Engineering, 
184, 116285. 
https://doi.org/https://doi.org/10.1016/j.applthermaleng.2020.116285  

Sun, W., Shao, Y., Zhao, L., & Wang, Q. (2020). Co-removal of CO2 and particulate matter 
from industrial flue gas by connecting an ammonia scrubber and a granular bed filter. 

https://doi.org/https:/doi.org/10.1016/j.egypro.2009.01.034
https://doi.org/https:/doi.org/10.1016/j.ccst.2022.100036
https://doi.org/https:/doi.org/10.1016/j.ijggc.2016.03.014
https://doi.org/https:/doi.org/10.1016/j.ijggc.2022.103694
https://doi.org/10.1007/BF02977842
https://doi.org/https:/doi.org/10.1016/j.jcou.2013.03.002
https://doi.org/https:/doi.org/10.1016/j.egypro.2014.11.642
https://doi.org/https:/doi.org/10.1039/C2EE22647B
https://doi.org/https:/doi.org/10.1016/j.jclepro.2003.04.001
https://doi.org/https:/doi.org/10.1016/j.applthermaleng.2020.116285


References  

115 

 

Journal of cleaner production, 257, 120511. 
https://doi.org/https://doi.org/10.1016/j.jclepro.2020.120511  

Supap, T., Saiwan, C., Idem, R., & Tontiwachwuthikul, P. P. (2011). Part 2: Solvent 
management: solvent stability and amine degradation in CO2 capture processes. 
Carbon Management, 2(5), 551-566. 
https://doi.org/https://doi.org/10.4155/cmt.11.55  

Tan, Y., Croiset, E., Douglas, M. A., & Thambimuthu, K. V. (2006). Combustion characteristics 
of coal in a mixture of oxygen and recycled flue gas. Fuel, 85(4), 507-512. 
https://doi.org/https://doi.org/10.1016/j.fuel.2005.08.010  

Tiwari, V., Garg, A., Kapshe, M., Deshpande, A., & Vishwanathan, S. (2023). Assessing 
possibilities for coal continuance in India under climate constraints. International 
Journal of Greenhouse Gas Control, 122, 103811. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2022.103811  

Tlili, N., Grévillot, G., & Vallières, C. (2009). Carbon dioxide capture and recovery by means of 
TSA and/or VSA. International Journal of Greenhouse Gas Control, 3(5), 519-527. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2009.04.005  

Tobiesen, F. A., Svendsen, H. F., & Mejdell, T. (2007). Modeling of Blast Furnace CO2 Capture 
Using Amine Absorbents. Industrial & Engineering Chemistry Research, 46(23), 7811-
7819. https://doi.org/10.1021/ie061556j  

UNEP. (2020b). Roadmap to a Carbon-Free Future  
UNEP. (2021). Emissions Gap Report 2021: The heats Is On  
van Zelm, R., Huijbregts, M. A. J., & van de Meent, D. (2009). USES-LCA 2.0—a global nested 

multi-media fate, exposure, and effects model. The International Journal of Life Cycle 
Assessment, 14(3), 282-284. https://doi.org/10.1007/s11367-009-0066-8  

Van Zelm, R., Preiss, P., van Goethem, T., Van Dingenen, R., & Huijbregts, M. (2016). 
Regionalized life cycle impact assessment of air pollution on the global scale: 
Damage to human health and vegetation. Atmospheric Environment, 134, 129-137. 
https://doi.org/https://doi.org/10.1016/j.atmosenv.2016.03.044  

Vega, F., Camino, S., Camino, J. A., Garrido, J., & Navarrete, B. (2019). Partial oxy-combustion 
technology for energy efficient CO2 capture process. Applied Energy, 253, 113519. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.113519  

Veselov, F. V., Khorshev, A. A., Erokhina, I. V., & Alikin, R. O. (2019). Economic Challenges for 
Coal-Fired Power Plants in Russia and Around the World. Power Technology and 
Engineering, 53(3), 324-330. https://doi.org/10.1007/s10749-019-01079-9  

Viebahn, P., Nitsch, J., Fischedick, M., Esken, A., Schüwer, D., Supersberger, N., Zuberbühler, 
U., & Edenhofer, O. (2007). Comparison of carbon capture and storage with 
renewable energy technologies regarding structural, economic, and ecological 
aspects in Germany. International Journal of Greenhouse Gas Control, 1(1), 121-133. 
https://doi.org/https://doi.org/10.1016/S1750-5836(07)00024-2  

Vieira, M. D. M., Ponsioen, T. C., Goedkoop, M. J., & Huijbregts, M. A. J. (2016). Surplus Cost 
Potential as a Life Cycle Impact Indicator for Metal Extraction. Resources, 5(1), 2. 
https://www.mdpi.com/2079-9276/5/1/2  

Volkart, K., Bauer, C., & Boulet, C. (2013). Life cycle assessment of carbon capture and 
storage in power generation and industry in Europe. International Journal of 
Greenhouse Gas Control, 16, 91-106.  

von der Assen, N., Jung, J., & Bardow, A. (2013). Life-cycle assessment of carbon dioxide 
capture and utilization: avoiding the pitfalls [10.1039/C3EE41151F]. Energy & 
Environmental Science, 6(9), 2721-2734. https://doi.org/10.1039/C3EE41151F  

von der Assen, N., Voll, P., Peters, M., & Bardow, A. (2014). Life cycle assessment of CO 2 
capture and utilization: a tutorial review. Chemical Society Reviews, 43(23), 7982-
7994.  

https://doi.org/https:/doi.org/10.1016/j.jclepro.2020.120511
https://doi.org/https:/doi.org/10.4155/cmt.11.55
https://doi.org/https:/doi.org/10.1016/j.fuel.2005.08.010
https://doi.org/https:/doi.org/10.1016/j.ijggc.2022.103811
https://doi.org/https:/doi.org/10.1016/j.ijggc.2009.04.005
https://doi.org/10.1021/ie061556j
https://doi.org/10.1007/s11367-009-0066-8
https://doi.org/https:/doi.org/10.1016/j.atmosenv.2016.03.044
https://doi.org/https:/doi.org/10.1016/j.apenergy.2019.113519
https://doi.org/10.1007/s10749-019-01079-9
https://doi.org/https:/doi.org/10.1016/S1750-5836(07)00024-2
https://www.mdpi.com/2079-9276/5/1/2
https://doi.org/10.1039/C3EE41151F


References  

116 

 

Wall, T., Stanger, R., & Santos, S. (2011). Demonstrations of coal-fired oxy-fuel technology for 
carbon capture and storage and issues with commercial deployment. International 
Journal of Greenhouse Gas Control, 5, S5-S15. 
https://doi.org/https://doi.org/10.1016/j.ijggc.2011.03.014  

Walters, M. S., Edgar, T. F., & Rochelle, G. T. (2016). Dynamic modeling and control of an 
intercooled absorber for post-combustion CO2 capture. Chemical Engineering and 
Processing - Process Intensification, 107, 1-10. 
https://doi.org/https://doi.org/10.1016/j.cep.2016.05.012  

Wang, L., Yang, Y., Shen, W., Kong, X., Li, P., Yu, J., & Rodrigues, A. E. (2013). CO2 capture from 
flue gas in an existing coal-fired power plant by two successive pilot-scale VPSA units. 
Industrial & Engineering Chemistry Research, 52(23), 7947-7955. 
https://doi.org/https://doi.org/10.1021/ie4009716  

Wang, M., Joel, A. S., Ramshaw, C., Eimer, D., & Musa, N. M. (2015). Process intensification 
for post-combustion CO2 capture with chemical absorption: A critical review. Applied 
Energy, 158, 275-291. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2015.08.083  

Wang, M., Lawal, A., Stephenson, P., Sidders, J., & Ramshaw, C. (2011). Post-combustion CO2 
capture with chemical absorption: A state-of-the-art review. Chemical engineering 
research and design, 89(9), 1609-1624. 
https://doi.org/https://doi.org/10.1016/j.cherd.2010.11.005  

Wang, M., Zhao, J., Wang, X., Liu, A., & Gleason, K. K. (2017). Recent progress on submicron 
gas-selective polymeric membranes. Journal of Materials Chemistry A, 5(19), 8860-
8886. https://doi.org/https://doi.org/10.1039/C7TA01862B  

Wang, N., Shen, R., Wen, Z., & De Clercq, D. (2019). Life cycle energy efficiency evaluation for 
coal development and utilization. Energy, 179, 1-11. 
https://doi.org/https://doi.org/10.1016/j.energy.2019.04.111  

Wang, X., & Song, C. (2020). Carbon capture from flue gas and the atmosphere: A 
perspective. Frontiers in Energy Research, 8, 560849. 
https://doi.org/https://doi.org/10.3389/fenrg.2020.560849  

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., & Weidema, B. (2016). The 
ecoinvent database version 3 (part I): overview and methodology. The International 
Journal of Life Cycle Assessment, 21(9), 1218-1230. https://doi.org/10.1007/s11367-
016-1087-8  

Wu, F., Argyle, M. D., Dellenback, P. A., & Fan, M. (2018). Progress in O2 separation for oxy-
fuel combustion–A promising way for cost-effective CO2 capture: A review. Progress 
in Energy and Combustion Science, 67, 188-205. 
https://doi.org/https://doi.org/10.1016/j.pecs.2018.01.004  

Wu, X., Shen, J., Li, Y., Wang, M., & Lawal, A. (2018). Flexible operation of post-combustion 
solvent-based carbon capture for coal-fired power plants using multi-model 
predictive control: A simulation study. Fuel, 220, 931-941. 
https://doi.org/https://doi.org/10.1016/j.fuel.2018.02.061  

Wu, X., Wang, M., Liao, P., Shen, J., & Li, Y. (2020). Solvent-based post-combustion CO2 
capture for power plants: A critical review and perspective on dynamic modelling, 
system identification, process control and flexible operation. Applied Energy, 257, 
113941. https://doi.org/https://doi.org/10.1016/j.apenergy.2019.113941  

Wu, X., Xi, H., Ren, Y., & Lee, K. Y. (2021). Power-carbon coordinated control of BFG-fired 
CCGT power plant integrated with solvent-based post-combustion CO2 capture. 
Energy, 226, 120435.  

Xu, J., Sun, E., Li, M., Liu, H., & Zhu, B. (2018). Key issues and solution strategies for 
supercritical carbon dioxide coal fired power plant. Energy, 157, 227-246. 
https://doi.org/https://doi.org/10.1016/j.energy.2018.05.162  

https://doi.org/https:/doi.org/10.1016/j.ijggc.2011.03.014
https://doi.org/https:/doi.org/10.1016/j.cep.2016.05.012
https://doi.org/https:/doi.org/10.1021/ie4009716
https://doi.org/https:/doi.org/10.1016/j.apenergy.2015.08.083
https://doi.org/https:/doi.org/10.1016/j.cherd.2010.11.005
https://doi.org/https:/doi.org/10.1039/C7TA01862B
https://doi.org/https:/doi.org/10.1016/j.energy.2019.04.111
https://doi.org/https:/doi.org/10.3389/fenrg.2020.560849
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/https:/doi.org/10.1016/j.pecs.2018.01.004
https://doi.org/https:/doi.org/10.1016/j.fuel.2018.02.061
https://doi.org/https:/doi.org/10.1016/j.apenergy.2019.113941
https://doi.org/https:/doi.org/10.1016/j.energy.2018.05.162


References  

117 

 

Yadav, S., & Mondal, S. (2022). A review on the progress and prospects of oxy-fuel carbon 
capture and sequestration (CCS) technology. Fuel, 308, 122057. 
https://doi.org/https://doi.org/10.1016/j.fuel.2021.122057  

Yang, H., Xu, Z., Fan, M., Gupta, R., Slimane, R. B., Bland, A. E., & Wright, I. (2008). Progress in 
carbon dioxide separation and capture: A review. Journal of Environmental Sciences, 
20(1), 14-27. https://doi.org/https://doi.org/10.1016/S1001-0742(08)60002-9  

Yin, L., Liao, Y., Zhou, L., Wang, Z., & Ma, X. (2017). Life cycle assessment of coal-fired power 
plants and sensitivity analysis of CO2 emissions from power generation side. IOP 
Conference Series: Materials Science and Engineering, 199(1), 012055. 
https://doi.org/10.1088/1757-899X/199/1/012055  

Younas, M., Sohail, M., Leong, L., Bashir, M., & Sumathi, S. (2016). Feasibility of CO2 
adsorption by solid adsorbents: a review on low-temperature systems. International 
journal of environmental science and technology, 13(7), 1839-1860. 
https://doi.org/https://doi.org/10.1007/s13762-016-1008-1  

Yuan, Y., Sherman, B., & Rochelle, G. T. (2017). Effects of Viscosity on CO2 Absorption in 
Aqueous Piperazine/2-methylpiperazine. Energy Procedia, 114, 2103-2120. 
https://doi.org/https://doi.org/10.1016/j.egypro.2017.03.1345  

Yuan, Z., Eden, M. R., & Gani, R. (2016). Toward the development and deployment of large-
scale carbon dioxide capture and conversion processes. Industrial & Engineering 
Chemistry Research, 55(12), 3383-3419. 
https://doi.org/https://doi.org/10.1021/acs.iecr.5b03277  

Yun, S., Oh, S.-Y., & Kim, J.-K. (2020). Techno-economic assessment of absorption-based CO2 
capture process based on novel solvent for coal-fired power plant. Applied Energy, 
268, 114933. https://doi.org/https://doi.org/10.1016/j.apenergy.2020.114933  

Zanco, S. E., Pérez-Calvo, J.-F., Gasós, A., Cordiano, B., Becattini, V., & Mazzotti, M. (2021). 
Postcombustion CO2 Capture: A Comparative Techno-Economic Assessment of Three 
Technologies Using a Solvent, an Adsorbent, and a Membrane. ACS Engineering Au, 
1(1), 50-72. https://doi.org/10.1021/acsengineeringau.1c00002  

Zhang, J., Webley, P. A., & Xiao, P. (2008). Effect of process parameters on power 
requirements of vacuum swing adsorption technology for CO2 capture from flue gas. 
Energy Conversion and Management, 49(2), 346-356. 
https://doi.org/https://doi.org/10.1016/j.enconman.2007.06.007  

Zhang, R., Zhang, X., Yang, Q., Yu, H., Liang, Z., & Luo, X. (2017). Analysis of the reduction of 
energy cost by using MEA-MDEA-PZ solvent for post-combustion carbon dioxide 
capture (PCC). Applied Energy, 205, 1002-1011. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2017.08.130  

Zhang, Y., & Chen, C.-C. (2013). Modeling CO2 Absorption and Desorption by Aqueous 
Monoethanolamine Solution with Aspen Rate-based Model. Energy Procedia, 37, 
1584-1596. https://doi.org/https://doi.org/10.1016/j.egypro.2013.06.034  

Zhang, Y., Chen, H., Chen, C.-C., Plaza, J. M., Dugas, R., & Rochelle, G. T. (2009). Rate-Based 
Process Modeling Study of CO2 Capture with Aqueous Monoethanolamine Solution. 
Industrial & Engineering Chemistry Research, 48(20), 9233-9246. 
https://doi.org/10.1021/ie900068k  

Zhang, Z. (2015). Techno-economic assessment of carbon capture and storage facilities 
coupled to coal-fired power plants. Energy & Environment, 26(6-7), 1069-1080. 
https://doi.org/https://doi.org/10.1260/0958-305X.26.6-7.1069  

Zhang, Z., Borhani, T. N., & El-Naas, M. H. (2018). Carbon capture Exergetic, energetic and 
environmental dimensions. In Exergetic, energetic and environmental dimensions 
(pp. 997-1016). Elsevier.  

Zhao, B., Liu, F., Cui, Z., Liu, C., Yue, H., Tang, S., Liu, Y., Lu, H., & Liang, B. (2017). Enhancing 
the energetic efficiency of MDEA/PZ-based CO2 capture technology for a 650 MW 

https://doi.org/https:/doi.org/10.1016/j.fuel.2021.122057
https://doi.org/https:/doi.org/10.1016/S1001-0742(08)60002-9
https://doi.org/10.1088/1757-899X/199/1/012055
https://doi.org/https:/doi.org/10.1007/s13762-016-1008-1
https://doi.org/https:/doi.org/10.1016/j.egypro.2017.03.1345
https://doi.org/https:/doi.org/10.1021/acs.iecr.5b03277
https://doi.org/https:/doi.org/10.1016/j.apenergy.2020.114933
https://doi.org/10.1021/acsengineeringau.1c00002
https://doi.org/https:/doi.org/10.1016/j.enconman.2007.06.007
https://doi.org/https:/doi.org/10.1016/j.apenergy.2017.08.130
https://doi.org/https:/doi.org/10.1016/j.egypro.2013.06.034
https://doi.org/10.1021/ie900068k
https://doi.org/https:/doi.org/10.1260/0958-305X.26.6-7.1069


References  

118 

 

power plant: Process improvement. Applied Energy, 185, 362-375. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2016.11.009  

Zhao, L., Riensche, E., Blum, L., & Stolten, D. (2010). Multi-stage gas separation membrane 
processes used in post-combustion capture: Energetic and economic analyses. 
Journal of membrane science, 359(1-2), 160-172. 
https://doi.org/https://doi.org/10.1016/j.memsci.2010.02.003  

Zhao, S., Feron, P. H., Deng, L., Favre, E., Chabanon, E., Yan, S., Hou, J., Chen, V., & Qi, H. 
(2016). Status and progress of membrane contactors in post-combustion carbon 
capture: A state-of-the-art review of new developments. Journal of membrane 
science, 511, 180-206. 
https://doi.org/https://doi.org/10.1016/j.memsci.2016.03.051  

Zhao, Y.-j., Duan, Y.-y., Liu, Q., Cui, Y., Mohamed, U., Zhang, Y.-k., Ren, Z.-l., Shao, Y.-f., Yi, Q., & 
Shi, L.-j. (2021). Life cycle energy-economy-environmental evaluation of coal-based 
CLC power plant vs. IGCC, USC and oxy-combustion power plants with/without CO2 
capture. Journal of Environmental Chemical Engineering, 9(5), 106121.  

 

 

https://doi.org/https:/doi.org/10.1016/j.apenergy.2016.11.009
https://doi.org/https:/doi.org/10.1016/j.memsci.2010.02.003
https://doi.org/https:/doi.org/10.1016/j.memsci.2016.03.051


Appendices  

119 

 

 

Appendices  
 

Appendix 1 Data of the dependent and independent variables for PCC pilot test. 

𝒙𝟏 𝒙𝟐 𝒙𝟑 𝒙𝟒 𝒙𝟓 𝒙𝟔 𝒙𝟕 𝒚𝟏 𝒚𝟐 

lean 

temperature 

lean MEA 

Concentration 

lean 

CO2 

loading 

inlet flue 

gas 

temperature 

inlet gas 

pressure 

inlet CO2 

volume% 

CO2 

desorption 

rate 

Rich 

CO2 

loading 

regeneration 

energy 

31.7 25.1 0.279 51.7 106.1 11.9 71.6 0.466 4.48 

31.4 24 0.294 50.5 105.6 11.8 71 0.48 4.45 

31.3 27.9 0.284 48.1 106.3 11.8 70.6 0.469 4.35 

35.5 25.5 0.28 51.3 106.6 12.1 73.6 0.471 4.5 

33.9 31.6 0.314 53.6 107.5 13.4 72.6 0.481 4.33 

34.8 29.6 0.333 54.2 107.3 13.5 76.8 0.486 4.51 

35.3 29.2 0.347 55.8 107.3 13.5 76.7 0.488 4.6 

33.5 30.3 0.316 65.5 107.3 12.8 76 0.494 4.49 

32.4 33.5 0.254 66.1 108.7 12.9 93.9 0.494 4.01 

37.5 34 0.278 63.9 108.3 13.2 94.2 0.489 4.04 

35.6 29.3 0.414 49.8 107.2 12.7 94.3 0.525 4.55 

38.7 32.3 0.285 48.3 106.7 12.2 73.3 0.486 4.01 

38.7 32.8 0.291 48.8 106.6 12.2 71.1 0.5 4.02 

39.4 29.2 0.285 58.3 108.9 11.1 84.3 0.488 4.21 

39.3 29.2 0.285 59.4 108.7 11.2 83.6 0.488 4.23 
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39.2 28.9 0.28 56.7 108.8 11.2 84 0.491 4.23 

39.7 26.2 0.314 61.8 108.3 11.1 82.4 0.499 4.46 

40.5 27.4 0.288 60.7 108.5 11 84.2 0.503 4.29 

39.6 28.1 0.295 60 109 11.6 84.6 0.511 4.23 

39.4 28.3 0.297 56.1 108.8 11.6 84.1 0.512 4.24 

39.6 28.5 0.283 58.2 108.9 11.6 84.7 0.492 4.19 

39.5 28.5 0.283 57.9 109 11.1 84.2 0.492 4.22 
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Appendix 2 Blended solvent (MDEA/PZ) properties for 40 wt% total.  

Case 
Solvent wt% 

(MDEA/PZ) 

Solvent 

flow rate 

(kgmole/hr) 

CO2 

lean 

loading 

Viscosity 

solvent 

(cP) 

Viscosity 

rich 

solvent 

(cP) 

Viscosity 

lean solvent 

(cP) 

CO2 rich 

Loading 

CO2 

Absorption 

rate Kg/h 

Makeup (kg/hr) 

Water Solvent 

1 38 - 2 171.8 0.1326 5.746 4.688 0.948 0.2362 74.793 0 0 

2 35 - 5 109 0.2022 6.876 4.846 1.128 0.3601 75.1668 0 0 

3 30 - 10 84.5 0.2459 7.512 5.310 1.102 0.4382 74.964 0.2864 0 

4 28 - 12 80.75 0.2569 7.218 5.094 1.055 0.4572 74.7864 0.2756 0 

5 25 - 15 75.08 0.2689 7.109 4.778 1.024 0.4788 74.9042 0.5513 0 

6 20 - 20 68.5 0.2865 6.888 4.080 1.045 0.5099 74.988 3.5112 0.086(PZ) 
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Appendix 3 Power required for blended solvent (MDEA/PZ) for 40 wt% total.  

Case 
Solvent wt% 

(MDEA/PZ) 

Power - Pump 

(kW) 

Power - 

Reboiler 

(kW) 

Power - 

Compressor (kW) 

Power 

- 

Cooler 

(kW) 

Total 

power 

(KW)  

Reboiler 

Temperature 

C 

Regeneration 

Energy 

(MJ/KgCO2) 
 

1 38 - 2 0.1211 80.35 15.29 67.28 163.0411 103.4 3.86  

2 35 - 5 7.679*10^-2 56.24 15.02 43.82 115.157 102.7 2.69  

3 30 - 10 5.989*10^-2 76.850 14.740 64.280 155.930 106.4 3.691  

4 28 - 12 5.701*10^-2 84.08 15.18 71.25 170.567 107.7 4.04  

5 25 - 15 5.307*10^-2 88.02 16.53 73.42 178.023 109.2 4.23  

6 20 - 20 4.814*10^-2 92.29 19.09 72.77 184.198 111.1 4.43  
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Appendix 4 Blended solvent (MDEA/PZ) properties for 50 wt% total. 

Case 

Solvent 

wt% 

(MDEA/PZ) 

Solvent 

flow rate 

(kgmole/hr) 

CO2 

lean 

loading 

Viscosity 

solvent 

(cP) 

Viscosity 

rich 

solvent 

Viscosity 

lean 

solvent 

CO2 

rich 

Loading 

CO2 

Absorption 

rate Kg/h 

Makeup (kg/hr) 

Water Solvent 

1 43 - 7 81.27 0.1877 14.45 8.665 1.605 0.3343 74.6711 0 0 

2 40 - 10 73.56 0.2034 15.000 8.890 1.365 0.3621 75.017 0 0.0119(MDEA) 

3 35 - 15 65.8 0.2207 14.56 8.019 1.109 0.3927 75.0581 0.4504 0 

4 30 - 20 60.18 0.2345 14.39 7.05 1.023 0.4173 74.7632 2.9959 0.0086(PZ) 
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Appendix 5 Power required for blended solvent (MDEA/PZ) for 50 wt% total. 

Case 

Solvent 

wt% 

(MDEA/PZ) 

Power - Pump 

(kW) 

Power - 

Reboiler 

(kW) 

Power - 

Compressor 

(kW) 

Power - Cooler 

(kW) 

Total power 

(KW)  

Reboiler 

Temperature 

C 

Regeneration 

Energy 

(MJ/KgCO2)  
1 43 - 7 6.523*10^-2 52.49 13.97 41.46 107.985 102.2 2.53  

2 40 - 10 5.922*10^-2 74.29 13.79 62.91 151.049 106 3.56  

3 35 - 15 5.311*10^-2 90.33 15.95 76.04 182.373 109.4 4.33  

4 30 - 20 4.842*10^-2 94.5 19.48 75 189.028 111 4.55  
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Appendix 6 Life cycle impact assessment result for midpoint (MDEA/PZ) for 50 wt% total. 

Impact Unit 

 Midpoint Midpoint (Normalization) 

Impact 

Power 

plant 

without 

PCC 

Power plant with 

PCC 

 

 (30 wt% MEA) 

Power plant with PCC  

(47 wt% MDEA/ 7 

wt% PZ) 

Power plant 

without 

PCC 

Power 

plant with 

PCC  

(30 wt% 

MEA) 

Power plant 

with PCC 

(47 wt% 

MDEA/ 7 

wt% PZ) 

Global Warming Potential yr/KgCO2eq GWP 0.906 0.39 0.35 1.13E-04 4.86E-05 4.36E-05 

Water Consumption 

Potential  

m3 WCP 2.40E-03 9.65E-03 5.14E-02 9.01E-06 3.62E-06 0.000193 

ozone formation 

terrestrial ecosystem 

potential 

bg NOx eq OFTEP 4.90E-04 3.22E-03 2.81E-03 2.76E-05 0.000181 0.000158 

Fresh Water Ecotoxicity 

potential  

kg 1,4-DCB FWEP 1.60E-02 3.46E-02 2.82E-02 6.35E-04 0.00137 0.00112 

marine ecotoxicity 

potential  

kg 1,4-DCB MEP 2.30E-02 3.93E-02 3.91E-02 5.29E-04 0.000905 0.000899 

ozone formation human 

health potential  

Kg NOx eq OFHHP 1.90E-04 3.04E-03 2.79E-03 9.26E-06 0.000148 0.000136 

terrestrial ecotoxicity 

potential  

kg 1,4-DCB TEP 0.36 3.37 2.91 2.37E-05 0.000222 1.92E-04 
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Appendix 7 Life cycle impact assessment result for endpoint (MDEA/PZ) for 50 wt% total. 
 

Endpoint (Normalization) Endpoint (weighting) 

Category 
Power plant 

without PCC 

Power plant with PCC 

(30 wt% MEA) 

Power plant with PCC 

(47 wt% MDEA/ 7 wt% 

PZ) 

Power plant 

without 

PCC 

Power plant with 

PCC (30 wt% MEA) 

Power plant with 

PCC (47 wt% 

MDEA/ 7 wt% PZ) 

Human health 0.00333 0.000658 0.000445 1.33 0.263 0.178 

Ecosystems 0.000163 2.12E-05 2.22E-05 0.0654 0.00847 0.00888 

Resources 3.14E-06 3.14E-06 3.14E-06 6.27E-04 6.27E-04 6.27E-04 
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Appendix 8 Life cycle impact assessment inventory for (MDEA/PZ) for 50 wt% total. 

Gas  Emissions amount - without PCC (kg/h) 
Emissions amount - with PCC (MEA) 

(kg/h) 

Emissions amount - with PCC (47 wt% 

MDEA/ 7 wt% PZ) (kg/h) 

CO2 84.8075 9.8089 9.7855 

H2O 11.1796 31.4896 10.0662 

O2 52.2038 52.2001 52.1988 

N2 340.4091 340.3961 340.3925 

 



 الملخص 

إن انبعاثات ثاني أكسيد الكربون الناتجة عن حرق الوقود الأحفوري في محطات الطاقة تشكل مساهماً رئيسياً  

للحد من هذه الانبعاثات في حين يتم تطوير    يعول عليهفي تغير المناخ. ويشكل احتجاز الكربون وتخزينه حلاً  

المتجددة الطاقة  بعد  الاخرى  مصادر  الكربون  احتجاز  يعد  وتخزينه،  الكربون  احتجاز  تقنيات  بين  ومن   .

القائمة. ومع ذلك، فإن   الطاقة  انبعاثات ثاني أكسيد الكربون من محطات  الاحتراق طريقة واعدة للحد من 

  احتجاز الكربون بعد الاحتراق له عيوب، بما في ذلك تكاليف البناء المرتفعة، والطلب المرتفع على الطاقة 

 ثيرات البيئية المحتملة. لإعادة توليد المذيبات، والتأ 

لتقليل طاقة    عملية احتجاز الكربون بعد الحرق لتحديد المتغيرات المهمة في    التحليل الاحصائيتم استخدام  

تجديد المذيبات وتعزيز الكفاءة. تم اختيار سبعة متغيرات مستقلة، بما في ذلك درجة حرارة المذيب الهزيل،  

ثاني أكسيد الكربون الهزيل، وظروف غازات الاحتراق. كشف التحليل أن تركيز المذيب،  ووتركيز المذيب،  

ثاني أكسيد الكربون الهزيل يؤثر على طاقة تجديد المذيبات. تم التحقق  ووتركيز ثاني أكسيد الكربون الداخل،  

٪ للتحميل الغني بثاني أكسيد  0.78ووجد أنها موثوقة، مع أخطاء تنبؤ بنسبة    الاحصائية من صحة معادلات  

 د المذيبات. ٪ لطاقة تجدي2.47الكربون و

كمذيب وتم    MEAباستخدام    احتجاز الكربون بعد الحرق تم تطوير نموذج قائم على معدل حالة الدراسة لنظام  

باستخدام بيانات المصنع التجريبي. اتفقت تنبؤات النموذج باستخدام    Aspen HYSYSالتحقق من صحته في  

HYSYS    حيث لم يتجاوز الانحراف بين    لعملية احتجاز الكربون بعد الحرق مع بيانات المصنع التجريبي

± التجريبية  والنتائج  تمت  8النموذج  لعملية  تصميم  ٪.  جديدة  المركب    الاحتجاز محاكاة  المذيب  باستخدام 

MDEA / PZ  ( وتركيز فردي مختلف لـ  50٪ بالوزن و  40تحت تركيز إجمالي مختلف )بالوزن ٪MDEA  

محاكاة  PZو   عملية  من  الهدف  كان  التآزري    الحجز .  التأثير  في  التحقيق  هو  المركبة  المذيبات  باستخدام 

% من  7و  MDEA% من وزن  43٪ بالوزن. تظهر المحاكاة أن  30عند    MEAللمذيبات المختارة مقارنة بـ  

 MJ/kgCO2 2.53هي التركيبة المثلى التي تتطلب الحد الأدنى من الطاقة لتجديد المذيب بمقدار   PZوزن 

دون الحاجة    MEA% من وزن  30لـ    MJ/kgco2  4.003% مقارنة بـ  88.5لتحقيق كفاءة عملية بنسبة  

 إلى أي تعديلات على العملية. 

بمجرد    لعملية حجز الكربونتم استخدام تقييم دورة الحياة من المهد إلى البوابة للتحقيق وتقييم التأثير البيئي  

باستخدام   الطاقة  محطة  في  تركيبه  تم  SimaProإعادة  هذه  .  في  الحياة  دورة  لتقييم  استخدام ثلاث طرق 



 IPCCو    ReCiPe 2016 (H)ونقطة نهاية    ReCiPe 2016 (H)الدراسة بما في ذلك نقطة منتصف  

2013 GWP 500  بحجز الكربون  . تظهر النتائج من دراسة تحليل دورة الحياة أن محطة الطاقة المجهزة

معدات  أظهرت انخفاضًا هائلاً في إمكانية الاحتباس الحراري العالمي مقارنة بمحطة الطاقة بدون    بعد الحرق

الكربون  بدون  حجز  أو  مع  الطاقة  محطات  أن  الدراسة  وجدت  ذلك،  ومع  الكربون.  حجز  تسبب    معدات 

البيئية على    الانبعاثات استنزاف الموارد بسبب استخدام الوقود الأحفوري. علاوة على ذلك، تؤثر العديد من  

إلى الحد الأقصى بمجرد اس التحديد وتصل  المياه على وجه  الكربون   MEAتخدام  موارد  بـ    لحجز  مقارنة 

MDEA / PZ    ومن  حجز الكربون نظام إدارة المياه لإدارة استخدام المياه أثناء عملية    هو تصميم المطلوب .

حجز الكربون  لالتقاط ثاني أكسيد الكربون باستخدام عملية    PZو    MDEAثم، تظهر الدراسة التأثير التآزري لـ  

بها القدرة على حل عيوب عملية  الموصى  يظهر  مما  عليها ،  المتعارف  الكبربون  الفنية    حجز  الناحية  من 

 والبيئية ويمكن اختيارها كواحد من حلول التخفيف للحد من انبعاثات ثاني أكسيد الكربون. 

على التقييم الاقتصادي للنظام والتباين في عملية محطة توليد الكهرباء وكذلك مراحل    لم تشتمل إلا أن الدراسة  

 النقل والتخزين الخاصة باحتجاز الكربون واستخدامه أو عملية تخزينه. 
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