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ABSTRACT 

The power sector needs to be decarbonised by 2050 to meet the global target 

for greenhouse gas emission reduction and prevent climate change. With fossil 

fuels expected to play a vital role in the future energy portfolio and high 

efficiency penalties related to mature CO2 capture technologies, this research 

aimed at evaluating the efficiency improvements and alternate operating modes 

of the coal-fired power plants (CFPP) retrofitted with post-combustion CO2 

capture. To meet this aim, process models of the CFPPs, chilled ammonia 

process (CAP) and calcium looping (CaL) were developed in Aspen Plus® and 

benchmarked against data available in the literature. Also, the process model of 

chemical solvent scrubbing using monoethanolamine (MEA) was adapted from 

previous studies. Base-load analysis of the 580 MWel CFPP retrofits revealed 

that if novel CAP retrofit configurations were employed, in which a new auxiliary 

steam turbine was coupled with the boiler feedwater pump for extracted steam 

pressure control, the net efficiency penalty was 8.7–8.8% points. This was close 

to the 9.5% points in the MEA retrofit scenario. Conversely, CaL retrofit resulted 

in a net efficiency penalty of 6.7–7.9% points, depending on the fuel used in  

the calciner. Importantly, when the optimised supercritical CO2 cycle was used 

instead of the steam cycle for heat recovery, this figure was reduced to 5.8% 

points. Considering part-load operation of the 660 MWel CFPP and uncertainty 

in the process model inputs, the most probable net efficiency penalties of  

the CaL and MEA retrofits were 9.5% and 11.5% points, respectively. 

Importantly, in the CaL retrofit scenarios, the net power output was found to be 

around 40% higher than that of the CFPP without CO2 capture and double than 

that for the MEA retrofit scenario. Such performance of the CaL retrofit scenario 

led to higher profit than that of the 660 MWel CFPP without CO2 capture, 

especially if its inherent energy storage capability was utilised. Hence, this study 

revealed that CaL has the potential to significantly reduce the efficiency and 

economic penalties associated with mature CO2 capture technologies.  

Keywords: Energy storage, probabilistic performance analysis, CO2 capture 

technologies, efficiency improvement, process modelling and simulation 
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1 INTRODUCTION 

1.1 Background 

A recent study by the Intergovernmental Panel on Climate Change (2013) has 

revealed that anthropogenic activities have contributed to climate change with  

a 95% probability. This is mainly attributed to the extensive utilisation of fossil 

fuels that led to an increase in the average CO2 concentration in  

the atmosphere from 280 ppmv in the pre-industrial period to more than  

400 ppmv in May 2013 (IEA, 2013a; Olivier et al., 2013) and to 401.6 ppmv in 

December 2015 (Dlugokencky and Tans, 2016). The recent data by the 

National Oceanic and Atmospheric Administration (Dlugokencky and Tans, 

2016; IEA, 2015a) suggest that the global mean CO2 concentration has been 

increasing at a rate of 2.1 ppmv per year over the past decade (Figure 1-1). If 

such trend continues and no mitigation measures are implemented, the global 

mean CO2 concentration could increase to 540–685 ppmv, depending on 

whether this trend would be of the first or second order.  

 

Figure 1-1: Variability of the global monthly mean CO2 concentration over the 

past decade (Dlugokencky and Tans, 2016)  
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Because CO2 is regarded as the most important species that contributes to the 

global warming effect, such a rise in its atmospheric concentration is blamed for 

fluctuations of the weather phenomena observed over the past five decades 

(GCCSI, 2012; IPCC, 2013; Maroto-Valer, 2010). Furthermore, it has been 

reported that anthropogenic greenhouse gas emissions have not only resulted 

in the increase of the mean Earth surface temperature by 0.74°C between 1906 

and 2005, but also in the rise in the frequency of other weather phenomena, 

such as droughts, heavy precipitation, winds and cyclone activity. This has been 

found to result in melting of ice caps and snow covers, rise in the sea level and 

permanent flooding (IPCC, 2007a; Maroto-Valer, 2010). Therefore, if the current 

trend continues, there is a high confidence that further increase of the global 

mean temperature over the current level, even by 1–2°C, could greatly increase 

the frequency of extreme weather events, such as heat waves, heavy 

precipitation over most land areas, and coastal flooding due to unusually high 

sea levels (IPCC, 2014a, 2014b). These events could lead to disruption of 

existing ecosystems, fatalities due to heat waves and water shortages for 

elongated periods of time, drastic reduction of crop yields posing large risks to 

global food security, and even species extinction (IPCC, 2007a; King et al., 

2015; Stangeland, 2007).  

It has been suggested by the Intergovernmental Panel on Climate Change 

(2007b) that to limit the mean global temperature increase to 2–2.4°C above the 

pre-industrial level, which corresponds to a greenhouse gas stabilisation level of  

450–550 ppmv,CO2eq, the global CO2 emissions have to be at least halved by 

2050 compared to the emission levels in 1990. To preserve a 50% chance of 

keeping the mean global temperature increase below 2°C, it has been 

estimated that a maximum of 2900–3200 Gt of CO2 can be emitted from 

anthropogenic sources, of which 1970 Gt of CO2 have already been emitted 

before 2014 (IPCC, 2014c). To mitigate adverse climate change, it was agreed 

at the Copenhagen Conference held in 2009 to limit the atmospheric 

greenhouse gas concentration to 450 ppmv,CO2eq (European Commission, 

2011a). To comply with this recommendation, the European Union has  

a commitment to reduce its greenhouse gas emissions by 30% by 2020 
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(European Commission, 2007), 40% by 2030 (European Commission, 2014; 

European Council, 2014) and even by 80–95% by 2050 (European 

Commission, 2011a). In the United Kingdom, the Climate Change Act (2008) 

has set up the legally binding target to reduce greenhouse gas emissions 

relative to 1990 levels by at least 80% by 2050. Yet, it has been recently 

suggested through the Paris Agreement reached at the 21st Conference of  

the Parties that to significantly reduce the risks and impacts of climate change, 

the mean temperature increase needs to be held well below 2°C and efforts to 

limit it to 1.5°C above pre-industrial levels need to be pursued (UN, 2015). 

Being highly dependent upon fossil fuels, the power sector alone was 

responsible for more than a third of the total greenhouse gas emissions in 2010 

(UNEP, 2012). Therefore, it is projected to become nearly completely 

decarbonised by 2050 to help meet the greenhouse gas emission reduction 

target (European Commission, 2011b). This implies that although contribution of 

all sectors of the European Union economy is required to reach the greenhouse 

gas emissions reduction target, a transition towards low-carbon power 

generation is crucial to mitigate adverse climate change. For this reason, a 2°C 

scenario (2DS) presented by the International Energy Agency (2010a, 2013b) 

assumes that decarbonisation of the power sector would solely account for 36% 

of the global greenhouse gas emission reduction in 2020. This scenario predicts 

also that although coal will be present in the energy portfolio, it needs to be 

utilised efficiently and in agreement with the environmental targets. At the same 

time, renewable energy technologies, gas-fired power plants and nuclear power 

plants should be widely implemented at the expense of coal-based power 

generation (IEA, 2010a, 2013c). Yet, recent reports published by  

the International Energy Agency (2013a, 2015b) have stated that the world is 

not on track to meet the 2DS objectives due to delay in implementation of low-

carbon technologies. For this reason, the International Energy Agency has 

argued that the temperature increase is more likely to fall between 3.6°C and 

5.3°C rather than below 2°C. Although meeting 2DS objectives is still 

achievable, it would be a challenging and demanding task requiring immediate 

action.  
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1.2 Motivation 

A main reason behind the high carbon-intensity of the power sector is a large 

share (>40%) of coal in the global electricity production portfolio (Figure 1-2) 

(IEA, 2010b, 2015b, 2015c). Coal-fired power plants alone were responsible for 

over 70% of total CO2 emissions from the power sector in 2010 (IEA, 2013b) 

and accounted for nearly 30% of the global primary energy consumption in 

2012 (IEA, 2015b). Moreover, the recent emergence of shale gas in North 

America has resulted in an increase of American coal exports. This, in turn, has 

been reflected by the changes in the European Union energy market where  

the share of coal in electricity generation has increased considerably at  

the expense of the share of gas (IEA, 2013b). If the current market trend 

continues, coal would remain in use to meet an ample proportion of the power 

generation capacity, as predicted by the Energy Information Administration 

(2015). Consequently, decarbonisation of the power sector could become even 

more challenging in the future, especially in light of projected expansion of the 

energy demand by up to 37% by 2040 (EIA, 2015).  

 

Figure 1-2: Energy sources share in global electricity supply in 2013 (IEA, 2015c) 

Another reason for the high carbon-intensity of the power sector is the low 

average net efficiency of the global coal-based power plant fleet (33%LHV) that 
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is the result of a large share (75%) of inefficient subcritical units (IEA, 2013b). 

For this reason, implementation of coal-fired power plants that operate at 

supercritical steam parameters has been identified as an essential measure to 

meet the Copenhagen Accord goals (IEA, 2010a). The supercritical unit is 

characterised by higher thermal efficiency, and thus its specific CO2 emissions 

can be lower by up to 15% compared to the subcritical unit of the same capacity 

(Beér, 2007). In the long term, however, implementation of the supercritical 

units would not suffice for a complete decarbonisation of the power sector as 

increase in the power generation efficiency and fuel switching are predicted to 

account only for 1% of the cumulative CO2 emission reduction by 2050 (IEA, 

2015d, 2015e). According to the International Energy Agency (2015d, 2015e), 

around 43% of the cumulative CO2 emissions from the power sector between 

2012 and 2050 could be mitigated through implementation of carbon capture 

and storage (CCS), and utilisation of renewable energy sources.  

CCS is expected to play a pivotal role in the reduction of greenhouse gas 

emissions from the power sector and is expected to result in a 13% cumulative 

reduction of CO2 emission between 2012 and 2050 (IEA, 2015d, 2015e). 

However, rapid development and demonstration of CCS technologies are 

required if they are to be deployed after 2020 to meet 2DS objectives (IEA, 

2010a). Unfortunately, although appropriate devices for CCS deployment exist 

in other industries (Rodríguez et al., 2010), current CCS projects in  

the power sector meet only 25% of the 2DS 2020 objective (IEA, 2013b) and 

the first-of-a-kind large-scale demonstration plant retrofitted to a coal-fired 

power plant was only commissioned in 2014 (Stéphenne, 2014). A main 

challenge that keeps CCS from large-scale deployment in the power sector is 

considerable capital and operating cost that would affect the cost of electricity. 

Despite being currently claimed as an economically infeasible solution for  

coal-fired power plants, the state of CCS deployment can be compared with flue 

gas desulphurisation technology that was initially criticised for imposing energy 

penalties on power plant output (Markusson, 2012).  
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Although three main CO2 capture approaches were identified as applicable in 

the power sector − post-combustion, pre-combustion and oxy-combustion 

carbon capture − the post-combustion approach is expected to make  

a significant contribution to CO2 emission reduction from fossil fuel power plants 

(Oexmann et al., 2012; Pfaff et al., 2010; Strube and Manfrida, 2011). However, 

the relatively high capital cost of the post-combustion CO2 capture plant, which 

stems from the size of equipment required to accommodate the flue gas 

volume, and high energy-intensity of the mature processes leading to 

considerable efficiency penalty, which can reach up to 12.5% points (Xu et al., 

2010; Yang et al., 2010), are associated with a significant increase in the cost of 

electricity (Table 1-1) (Bhown and Freeman, 2011; CSIRO, 2012). Although no 

cost-effective technology for fossil fuel power plants has yet been developed 

and demonstrated on a commercial scale, it is estimated that the capital 

investment to achieve the CO2 emission reduction target without CCS would be 

increased by 40% (IEA, 2013b). Regardless of the associated costs, large-scale 

deployment of these technologies has also been predicted to reduce wholesale 

electricity prices in the United Kingdom by up to 15% by 2030 compared to  

a no-CCS scenario (Orion Innovation, 2013). Therefore, not only would CCS 

help to protect the climate, it would be a benefit to the fossil-fuel power plant 

fleet in future. Despite the challenges that need to be solved, it is expected that 

63% of coal-fired power plants will be equipped with CCS installations by 2050 

(IEA, 2013b).  

Table 1-1: Impact of post-combustion CO2 capture plant on electricity generation 

cost (CSIRO, 2012) 

Plant type 
Cost of electricity generation* [€/MWelh] 

No capture Full-load capture 

Subcritical 41.2 92.8 

Supercritical 40.7 88.1 

Ultra-supercritical 40.6 86.7 

*USD/EUR conversion rate = 0.89 (10/02/2016) 

Although fossil fuels are bound to remain an important energy source, it is 

predicted that the share of renewable energy sources in the energy portfolio 
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could increase to above 50% by 2050 (IEA, 2012). The greatest challenge of 

the renewable energy sources is, however, their intermittence (Pardo et al., 

2014; Twidell and Weir, 2006) that would affect operation of the existing energy 

network (Jiang et al., 2012; Singh et al., 2011). Namely, the remaining power 

generation assets, mostly fossil-fuel power systems, would need to flexibly 

balance energy supply and demand, so that neither energy produced from  

the renewable energy sources is wasted nor energy shortages occur. Such 

periods of variable load operation or no operation would impose efficiency and 

economic penalties on the fossil-fuel power systems, especially for plants linked 

with CCS that are better suited for base-load operation (Arias et al., 2014). Due 

to their capacity of decoupling the energy supply and demand (IEA, 2014), 

energy storage technologies can increase the efficiency of energy utilisation 

and thus should be widely deployed along with low-emission technologies. 

However, energy storage could contribute towards CO2 emission reduction only 

for high level penetration of renewable energy sources (Tuohy and O’Malley, 

2011; Ummels et al., 2008). Otherwise, energy storage could increase CO2 

emissions, the extent of which depends on carbon prices and share of  

coal-based generation in the energy portfolio (IEA, 2012; Ummels et al., 2008) 

and, therefore, a synergy between renewable energy sources, low-carbon fossil 

fuel power generation and energy storage needs to be pursued.  

1.3 Aim and objectives  

The aim of this research is identification, quantification and analysis of  

the efficiency improvements and alternate operating modes of the coal-fired 

power plant retrofitted with post-combustion CO2 capture process. To meet this 

aim, the following objectives have been established for this research project: 

1. Conduct a general review on the efficiency improvement methods 

applicable to post-combustion CO2 capture plants. 

2. Conduct a detailed review of developments in the pilot-plant testing and 

modelling of the calcium looping process. 

3. Develop base- and part-load models of the coal-fired power plant and 

validate them against data available in the public domain.  
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4. Develop and validate models of calcium looping and chilled ammonia 

post-combustion CO2 capture plants. 

5. Investigate alternative CO2 capture technologies and integration 

configurations for reduction of the net efficiency penalty resulting from 

the CO2 capture plant retrofit to the coal-fired power plants. 

6. Evaluate performance of the developed configurations under off-design 

and alternative operating modes. 

7. Adapt a methodology for a probabilistic performance assessment to 

analyse the impact of the post-combustion CO2 capture plant retrofit to 

the coal-fired power plant.  

 

Figure 1-3: Coherence and interconnections of the project outputs (blue boxes 

refer to the base-load analysis and red boxes refer to the off-design and  

part-load analysis)  
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1.4 Novelty and linkage of project outputs 

To achieve the objectives established for this research project, a number of 

contributions to the scientific body of knowledge have been made. These have 

been reported in nine peer-reviewed journal publications the linkage of which is 

presented in Figure 1-3. 

Chemical solvent scrubbing using monoethanolamine (MEA) is regarded as  

the reference CO2 capture technology that will probably be used in  

the early-stage commercial-scale post-combustion CO2 capture plants (Blamey 

et al., 2010; Padurean et al., 2011; Pfaff et al., 2010). However, this technology 

is associated with solvent degradation and high energy requirement for solvent 

regeneration. Therefore, it has been found to impose a penalty on both the 

thermodynamic and economic performance of the retrofitted coal-fired power 

plant. For this reason, alternative chemical solvents have been investigated and 

NH3 has been found to be a good candidate to replace MEA in post-combustion 

CO2 capture plants. This is primarily due to lower energy requirement for 

solvent regeneration (Ciferno et al., 2005; Gal, 2006; Romeo et al., 2008b) and 

better resistance to solvent degradation due to the presence of SOx and NOx in 

the flue gas (Wang et al., 2011; Zhao et al., 2012). Although performance of the 

chilled ammonia process (CAP), which operates at low temperatures (<20°C) to 

limit NH3 slip in the absorber (Linnenberg et al., 2012), has already been 

investigated through thermodynamic modelling and process simulations (Darde 

et al., 2010; Jilvero et al., 2011; Linnenberg et al., 2012; Versteeg and Rubin, 

2011), most of the studies utilised the equilibrium-based approach. As  

the rate-based approach has been reported to be more accurate and reliable in 

modelling CO2 capture plants based on chemical solvent scrubbing 

(Afkhamipour and Mofarahi, 2013), such approach has been employed to 

represent the CAP plant (Publication 1). Due to no pilot plant operating data 

available for the CAP process, the rate-based model for the aqueous ammonia 

process (AAP) was first developed. The prediction of this model was found to 

be in agreement with the operating data from the Munmorah pilot plant  

(Yu et al., 2011). The process model has been then tuned to operate under 
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CAP conditions (Objective 4) and scaled up for 90% CO2 capture level from  

the commercial-scale 580 MWel supercritical coal-fired power plant, which has 

been developed based on, and validated with, data provided in the revised 

NETL report (Black, 2013) (Objective 3). In addition, process analysis has also 

been performed to identify the optimum operating point. The equivalent work 

requirement for the CAP plant operated under optimised conditions was found 

to be up to 15.7% lower than for the reference MEA plant. Next, high-fidelity 

models of the commercial-scale CAP plant and the 580 MWel supercritical  

coal-fired power plant developed in Publication 1 were integrated in a common 

simulation environment to evaluate the improvements in the net thermal 

efficiency of the retrofitted system through increasing the degree of heat and 

work integration (Publication 2, Objective 5). As opposed to the other studies 

evaluating CAP retrofits to coal-fired power plants, the rate-based approach 

was used to reliably estimate the energy requirement of the CAP plant and  

the Stodola ellipse law was employed to account for the pressure loss due to 

steam extraction from the steam cycle (Objective 6). Analysis of a basic 

integration scenario revealed that the efficiency penalty fell between  

10.4–10.9% points depending on the stripper pressure (10.0–17.5 bar). In 

evaluating novel measures to improve performance of the retrofitted system,  

the efficiency penalty was reduced to 8.7–8.8% points through coupling a new 

single- or two-stage auxiliary steam turbine, respectively, with the boiler 

feedwater pump for extracted steam pressure control and attaching  

a back-pressure turbine for maintaining desired discharge pressure of  

the intermediate-pressure steam turbine. Nevertheless, the process analysis 

has indicated that the net impact on the performance of the reference coal-fired 

power plant is close to the lowest value reported in literature for  

post-combustion chemical solvent scrubbing using amines (Goto et al., 2013; 

Xu et al., 2010; Yang et al., 2010). Therefore, further measures, including heat 

integration, alternative process configurations and CO2 capture technologies 

have been pursued. 

A promising alternative to chemical solvent scrubbing is an emerging CO2 

capture technology called calcium looping (CaL) that uses a calcium-based 
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solid sorbent at high temperature to remove CO2 from flue gas leaving  

the coal-fired power plant (Abanades et al., 2015). The state-of-the-art 

integration scenarios reported in the literature assume that the high-grade heat 

available in the CaL process is recovered to generate an additional amount of 

steam in the secondary steam cycle. Retrofit of the CaL plant to coal-fired 

power plants was found to not only reduce the net efficiency penalty to 3–8% 

points (Abanades et al., 2005; Martínez et al., 2011; Romeo et al., 2008a; 

Ströhle et al., 2009; Vorrias et al., 2013; Yang et al., 2010), but also to increase 

the net power output of the retrofitted system by 50–80% (Hanak et al., 2015a; 

Li et al., 2008; Romeo et al., 2009; Ströhle et al., 2009; Vorrias et al., 2013).  

In recent years, development of the CaL process for decarbonisation of fossil 

fuel power plants has advanced rapidly, especially after 2009, due to  

the introduction of new test facilities, novel correlations for process modelling, 

and novel process configurations for improved performance. Therefore,  

the developments emanating from the new test facilities worldwide, modelling 

approaches and integration scenarios have been reviewed to guide and drive 

the development of the CaL concept (Publication 3, Objective 2). Having 

reviewed the bench-scale and pilot-plant test facilities available worldwide,  

the characteristics and operating conditions of these facilities, as well as the key 

experimental findings have been extracted and summarised to provide 

information for development, and validation or verification of the CaL process 

models. Furthermore, the current literature was found to offer a vast range of 

models and semi-empirical correlations to represent the processes involved in 

CaL, which have been thoroughly reviewed and classified under five model 

complexity levels. In addition, the limitations of the particular model complexity 

level were assessed and the needs for modelling baselines for further process 

analyses were identified. Such information would assist researchers to select 

the appropriate model to represent CaL performance depending on  

the complexity and level of detail required. Finally, the focus was put on 

reviewing scenarios for CaL retrofitted to the fossil fuel power plants, including 

coal-fired power plants, natural gas combined cycle power plants and integrated 

gasification combined cycle power plants, as well as novel CaL process 
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configurations for improved process performance. This review aimed at 

evaluating the current state-of-the-art and providing a baseline for development 

of novel process configurations that would result in lower net efficiency 

penalties when retrofitted with fossil fuel power plants.  

Using the findings from, and pilot-plant data gathered through, the detailed 

literature review (Publication 3), the CaL process model has been developed 

and its performance has been verified against the operating data from  

the 1.7 MWth pilot facility at la Pereda power plant (Publication 4, Objective 4). 

As the model predictions were found to be in agreement with the pilot-plant data 

under different flue gas loads, it has been scaled up to process the flue gas 

from the 580 MWel supercritical coal-fired power plant, the model of which has 

been developed in Publication 1. Using the same coal-fired power plant as  

a reference, the performance of the CaL plant have been directly compared for 

the first time against more mature MEA and CAP plants, the high-fidelity 

process models of which have been developed previously (Hanak et al., 2014, 

2015b) and the integration strategy has been described in Publication 2.  

The results of the process analysis revealed that the efficiency penalty imposed 

in the CaL retrofit scenario was 6.7–7.9% points, depending on the kind of fuel 

used for oxy-combustion in the calciner. Such performance of CaL complies 

with the data reported in the literature and compares favourably to the MEA and 

CAP retrofit scenarios, which have resulted in net efficiency penalties of 9.5% 

and 9.0% points, respectively (Objective 5). Moreover, the retrofit of CaL to  

the considered coal-fired power plant was found to be less complex and, 

because CaL can be seen as a new boiler, to generate double net power output 

compared to the chemical solvent scrubbing scenarios. The process analysis 

also revealed that more than 70% of the total parasitic load in the CaL plant 

stems from the power requirement to run compressors in the CO2 compression 

and air separation units. This implied that further reductions in the net efficiency 

penalty of the CaL retrofit scenario can be reached through alternative process 

integration configurations that would be characterised with reduced heat 

requirement for sorbent regeneration and alternative CaL process 

configurations, such as high-pressure calcination, combined calcium and 
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chemical looping process, and development of indirectly-fired calciner designs. 

Finally, it has been identified that if biomass is used as a fuel in the calciner,  

the CaL retrofit scenario can become a negative emitter of CO2, contributing to 

decarbonisation of the power system to an even higher extent.   

Having analysed the CaL retrofit scenario thoroughly (Publication 4), it has been 

noted that the CaL plant operates within a temperature range similar to  

the other technologies, such as nuclear or concentrating solar power plants, for 

which alternative thermodynamic cycles, such as the Brayton cycle using He or 

supercritical CO2 (s-CO2), have been successfully adapted (Floyd et al., 2013; 

Herranz et al., 2009; Linares et al., 2015; Moisseytsev and Sienicki, 2009; 

Padilla et al., 2015; Turchi et al., 2013; Yu et al., 2015). In contrast to  

the state-of-the-art CaL integration scenarios, which assume that high-grade 

heat from the CaL plant is used to generate steam for the conventional steam 

cycle based on the Rankine cycle, it has been proposed to link the CaL plant 

with the s-CO2 cycle for high-grade heat recovery (Publication 7, Objective 5). 

The process analysis of the proposed concept revealed that the net efficiency 

penalty of such retrofit scenario would be 1%HHV point better compared to  

the CaL with the conventional reheated supercritical steam cycle operating with 

the same high-pressure turbine inlet conditions (242.2 bar/593°C/593°C) 

reported in Publication 4. A further reduction of the net efficiency penalty to 

5.8%HHV points was achieved through considering a pump instead of a first CO2 

compression stage and increasing the turbine inlet temperature to 620°C and 

pressure to 300 bar, proving viability of the proposed concept for coal-fired 

power plant decarbonisation. Further improvements in the performance of CaL 

with the s-CO2 retrofit scenario could be achieved through increasing the level 

of heat integration in the CaL plant, minimising the parasitic load associated 

with O2 production and CO2 compression, as well as increasing the efficiency of 

the secondary steam cycle through developing novel configurations that would 

allow increasing the turbine inlet temperature.   

Fossil fuel power plants with CO2 capture are expected play an essential role in 

the future energy portfolio because these systems will need to act as flexible 
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power generating capacity that will make up for the intermittency of renewable 

energy sources (IEA, 2012; Jiang et al., 2012; Singh et al., 2011). Therefore, it 

is essential to quantify the performance of CO2 capture retrofit scenarios under 

part-load operation and to benchmark them with the performance under  

base-load operation. Although commercial software, such as EBSILON 

Professional, GateCycle, and Cycle Tempo, allows analysing the part-load 

performance of fossil fuel power plants, it does not support such analysis for the 

CO2 retrofit scenarios. Therefore, it is a common practice to use separate 

software to model the CO2 capture plant and the fossil-fuel power plant, and 

then to feed the results back from one simulation environment to another via 

automatic interface or manual iterations (Cau et al., 2014a, 2014b; Karmakar 

and Kolar, 2013; Pfaff et al., 2010; Tola and Pettinau, 2014). Although  

the power cycles were successfully modelled in process simulators (Han et al., 

2014; Pei et al., 2013; Seltzer et al., 2006; Yan et al., 2013), which are 

commonly used to model CO2 capture processes, model predictions have 

usually been limited to base-load cases, making them unsuitable for analysis of 

multiple off-design or part-load cases. Moreover, in modelling the off-design 

performance of chemical scrubbing CO2 capture plants, it is a common practice 

to assume a fixed regeneration temperature and the specific heat requirement 

for solvent regeneration (Jordal et al., 2012; Stępczyńska-Drygas et al., 2013). 

Therefore, a framework for building power cycle models in Aspen Plus®, which 

are capable of providing a reliable prediction for the part-load performance of 

CO2 capture retrofit scenarios, has been proposed (Publication 5, Objective 6). 

Using this framework, the process model of the 660 MWel supercritical coal-fired 

power plant has been developed and validated with data available in  

the literature under different part-load conditions (Objective 3). The overall 

prediction of the model was in good agreement with the available data, proving 

the validity of the proposed modelling framework, although the live steam 

pressure was underestimated at part-load operation, up to a maximum of 5.3%. 

The process analysis of the 660 MWel supercritical coal-fired power plant 

retrofitted with the MEA solvent scrubbing plant, the process model of which 

has been developed previously by Hanak et al. (2014), revealed that the net 
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efficiency penalty would vary between 10.5–14.7%HHV points, depending on  

the operating load and the extracted steam pressure. It has also been observed 

that the heat requirement for solvent regeneration has not changed linearly with 

reduction in the power plant load. This implies that the assumption of constant 

specific heat requirement for solvent regeneration is not valid, and will lead to 

underestimation of the amount of heat required by the CO2 capture plant. 

Importantly, it has been shown that the net efficiency of the retrofitted system 

can be overestimated by up to 1.3%HHV point, if the off-design conditions due to 

steam extraction are not properly accounted for. Therefore, this study reinforces 

the need for using detailed high-fidelity process models in analysing the CO2 

capture retrofit scenarios in order to obtain a more profound insight into 

operation of the retrofitted system and assess the process performance in  

a more reliable fashion. 

In contrast to the fossil-fuel power plants, however, the mature CO2 capture 

systems have been shown to be better suited for base-load operation (Arias et 

al., 2014). This is mostly because they would impose higher efficiency penalties 

under part-load operation, as has been shown in Publication 5. Moreover, in  

the energy portfolio comprising a large share of renewables, it is expected that 

energy storage technologies would be widely deployed along with low-emission 

technologies in order to maintain the balance between electricity supply and 

demand. These technologies would also increase the degree of energy 

utilisation by storing the excess amount of energy from renewable energy 

sources that would have been otherwise wasted. Before being proposed as  

a viable CO2 capture technology for coal-fired power plants, CaL had been 

proposed for energy storage from solar power plants (Baker, 1973; Ervin, 

1977); however, challenges such as the requirement for temporary CO2 storage 

and sorbent deactivation were identified and delayed the technology 

implementation (Ervin, 1977; Yan et al., 2015). By linking the energy storage 

and CO2 capture capabilities of CaL, the novel concept for CaL with inherent 

energy storage has been proposed (Publication 6, Objective 6). Such process 

would resolve the issues related to the energy storage capacity as the coal-fired 

power plant would act as a permanent source of CO2 and hydration could be 
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used as a mean for sorbent regeneration (Objective 5). The techno-economic 

assessment of the proposed concept, which was conducted using the process 

models presented in Publication 4 and Publication 5, revealed that integration of 

the CCS and energy storage capability of CaL can increase the degree of 

energy utilisation and, more importantly, can lead to higher profit than for 

current fossil fuel power plants without CO2 capture. It is expected that other 

clean coal technologies, such as chemical looping combustion or  

oxy-combustion, would also benefit from utilising their inherent energy storage 

capacity.  

Although analysis of the CO2 capture retrofit scenarios under variable operating 

loads and modes provides a valuable insight into the process design, process 

equipment is usually sized using safety factors, which are retrieved from sizing 

guidelines based mainly on field experience, to avoid exceedance of material 

and operability limits. Such approach can lead to equipment oversizing, and 

thus lower equipment efficiency, and increased capital and operating costs 

(ABB, 2009; Drbal et al., 1996; Liptak, 2005). Therefore, it has been proposed 

to apply an alternative non-intrusive stochastic methodology to determine  

the probability of equipment failure under uncertain input (Publication 8, 

Objective 7). Such a probabilistic approach to assessment of coal-fired power 

plant performance utilises a set of deterministic outputs, which were generated 

using the 660 MWel supercritical coal-fired power plant model described in 

Publication 5, to develop the robust approximation model that was used in  

the Monte Carlo simulation to evaluate the reliability indices and  

the probabilities for equipment failures. The probabilistic analysis revealed that 

the operating load of the coal-fired power plant and its uncertainty have  

the highest impact on the operating conditions, indicating the need for 

considering application of the probabilistic approach to process design. 

Therefore, the probabilistic approach presented in Publication 8 has been 

employed to compare the performance of the 660 MWel supercritical coal-fired 

power plant retrofitted with the MEA plant and the CaL plant (Publication 9, 

Objective 7). The design matrix for the probabilistic analysis has been 

generated using the process models developed in Publication 4, Publication 5 
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and Publication 6. The probabilistic analysis revealed that the most probable 

values for the efficiency penalties are 9.5% and 11.5% points in the CaL and 

MEA retrofit scenarios, respectively. Also, the net power output in the CaL 

retrofit scenario was found to be 40% higher than that of the reference coal-fired 

power plant and two times higher than that in the case of the MEA retrofit 

scenario, even considering higher uncertainty in the operating conditions of the 

CaL process. Finally, the probabilistic approach generated valuable information 

on the equipment operating envelope that would help designers assessing  

the number of equipment trains and their operating limits. 

In summary, via this research project the following definitive contributions to  

the scientific body of knowledge are made: 

 A review of recent developments in the pilot-plant testing and modelling 

of the CaL process for power generation systems is performed in order to 

systematise the rapid advancements of this technology, especially after 

2009, since the last major reviews by Blamey et al. (2010) and  

Dean et al. (2011).  

 The large-sale CAP process for CO2 capture from the coal-fired power 

plant is modelled using the rate-based approach, and a detailed 

description of the process model and its scale-up are presented, as 

opposed to other studies presented in the literature. Application of such 

approach to CAP process modelling is expected to provide a more 

reliable prediction of the actual process performance, and thus its energy 

requirement, compared to the commonly applied equilibrium approach.  

In addition, optimum thermodynamic and environmental performance is 

determined via a sensitivity study.  

 Novel CAP retrofit scenarios are evaluated using a high-fidelity process 

model of the coal-fired power plant and the rate-based model of the CAP 

process to reduce the net efficiency penalty. Two novel configurations 

comprising a single- or two-stage auxiliary steam turbine coupled with 

the boiler feedwater pump and a back-pressure turbine for steam 
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pressure control in the retrofitted system are found to reduce the net 

efficiency penalty of the basic integration scenario by 2.1–2.2% points. 

 Thermodynamic performance of CaL, CAP and MEA scrubbing retrofit 

scenarios is compared using the same reference coal-fired power plant 

for the first time, proving the superior performance of the CaL retrofit 

scenario at lower process complexity. The influence of key operating 

specifications of CaL and the fuel used in the calciner on the retrofitted 

system performance is also evaluated. The CaL retrofit scenario is found 

to impose a net efficiency penalty of 6.7–7.9% points, compared to 9% 

and 9.5% points for CAP and MEA retrofit scenarios, respectively. 

 Application of the supercritical CO2 cycle instead of the conventional 

steam cycle to recover heat from the CaL process retrofitted to the  

coal-fired power plant is proposed, as opposed to the state-of-the-art 

retrofit scenarios in the present literature. A sensitivity study on the 

supercritical CO2 hardware and turbine operating conditions is 

performed. It has been shown that implementation of this cycle can 

reduce the net efficiency penalty by up to 2.1% points compared to the 

retrofit scenario in which the excess heat from CaL is utilised in the 

conventional steam cycle.  

 A framework for building power cycle models in Aspen Plus® for 

evaluating the part-load and off-design performance of different CO2 

capture retrofit scenarios is proposed. Using this framework,  

the performance of the MEA retrofit scenario at different operating loads 

is thoroughly evaluated and the overestimation in the net thermal 

efficiency due to neglecting the off-design conditions is estimated. 

 A novel concept for CaL with inherent energy storage for decarbonisation 

of the coal-fired power plant is proposed. Moreover, a techno-economic 

analysis is performed to show the benefits of the proposed concept over 

the reference system without energy storage and CO2 capture. 
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 A probabilistic approach to assessment of coal-fired power plant 

performance is adapted for the first time. A similar approach has been 

successfully adapted in safety-critical applications in nuclear, aviation, 

manufacturing and offshore industries. The probabilistic approach 

considers the effect of uncertainty in the process model inputs on  

the performance prediction to estimate the probability that the specific 

system thresholds are exceeded. Such information will support 

equipment design and will indicate if conservative safety factors are 

required.  

 Performance of the CaL and MEA retrofit scenarios is compared using 

the probabilistic approach. As such approach considers the effect of 

uncertainties on the performance prediction, it is expected that  

the estimation of net efficiency penalties and variation in the net power 

output would be more realistic. Additionally, the retrofit systems operating 

envelope is revealed, bringing a more profound insight into process 

operation, and thus its design. Furthermore, an implication of uncertainty 

and expected operating envelope on the CO2 capture design is analysed 

through estimation of the probabilities that critical system thresholds are 

exceeded due to uncertainty in the system’s operating conditions. 

1.5 Outline of PhD thesis  

The structure of this thesis has been organised around seven objectives 

established in Section 1.3 and comprises four main modules: literature review, 

model development, deterministic analysis and probabilistic analysis. Each 

module had input from several chapters and contributed towards dissemination 

of the research findings through publications in peer-reviewed journals, which 

were published due to rapid advancements in the field of low-carbon power 

generation and CCS (Figure 1-4). The content of each chapter is outlined 

below.  

 



 

20 

 

 

Figure 1-4: Structure of the PhD thesis and linkage of published papers to the 

project objectives 

The background information and motivation for this PhD project that led to 

establishing the research aim and objectives were provided in Chapter 1.  

A general literature review presented in Chapter 2 provides a rationale for  

the power sector decarbonisation through outlining the information on climate 

change and greenhouse gas emissions. The decarbonisation measures for 

coal-fired power plants and the current stage of CCS deployment are also 

reviewed. The main part of this review provides an overview of the CCS chain, 

CO2 capture and separation options viable for coal-fired power plants, and 

identification of efficiency improvements in post-combustion CO2 capture. Since 

CaL has been identified as an emerging CO2 capture technology for coal-fired 
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power plants, Chapter 3 presents a systematic review of the developments in 

pilot-plant testing, process modelling and integration of this technology with 

fossil fuel power plants, as well as identifies future research needs. 

Use of alternative solvents, such as NH3, has been identified as a viable option 

for reduction of the energy-intensity of chemical solvent scrubbing CO2 capture 

technology. Chapter 4 provides a description of the rate-based model 

development, validation and analysis of CAP, as well as identifies its optimum 

operating conditions. The optimised model is then utilised to assess  

the efficiency improvements via alternative process configurations, work and 

heat integration, and reoptimisation of the operating conditions. Chapter 5, 

therefore, provides a description of the evaluated process configurations and 

benchmarks them against the reference MEA retrofit scenario. As no substantial 

improvement was obtained, Chapter 6 focuses on development and verification 

of the CaL process model, as well as performance comparison of CaL, CAP 

and reference MEA retrofit scenarios. Chapter 7 evaluates further improvement 

of the CaL retrofit scenario via investigating applicability of the s-CO2 cycle to 

recover excess heat from the CaL process.  

As coal-fired power plants often operate under part-load conditions to follow  

the market demand for electricity and such operation will become even more 

important at high penetration levels of renewable energy sources, Chapter 8 

provides a framework for modelling of part-load or off-design operation of  

coal-fired power plants retrofitted with a post-combustion CO2 capture plant. 

Additionally, the framework is used to benchmark different retrofit scenarios and 

to quantify the error made on neglecting off-design operation due to the CO2 

capture plant retrofit. Also, a techno-economic analysis of a new concept for 

CaL with inherent energy storage for decarbonisation of the coal-fired power 

plant is reported in Chapter 9. Furthermore, data generated using the part-load 

modelling framework are used in probabilistic analysis of the coal-fired power 

plant and comparison of the coal-fired power plant retrofit scenarios in Chapter 

10 and Chapter 11, respectively. The general implications of the results 

obtained throughout this PhD project are discussed in Chapter 12. Finally, 



 

22 

 

Chapter 13 draws conclusions from this research project and provides 

recommendations for future research.  

1.6 Dissemination from the PhD thesis 

1.6.1 Peer-reviewed journal publications 

Hanak, D.P., Kolios, A.J., and Manovic, V. (2016), "Comparison of probabilistic 

performance of calcium looping and chemical solvent scrubbing retrofits for 

CO2 capture from coal-fired power plant", Applied Energy, 172, 323–336. 

Hanak, D.P. and Manovic, V. (2016), “Calcium looping with supercritical CO2 

cycle for decarbonisation of coal-fired power plant”, Energy, 102, 343–353. 

Hanak, D.P., Biliyok, C., and Manovic, V. (2016), “Calcium looping with inherent 

energy storage for decarbonisation of coal-fired power plant”, Energy and 

Environmental Science, 9, 971–983. 

Hanak, D.P., Biliyok, C., Anthony, E.J., and Manovic, V. (2015), “Modelling and 

comparison of calcium looping and chemical solvent scrubbing retrofits for 

CO2 capture from coal-fired power plant”, International Journal of 

Greenhouse Gas Control, 42, 226–236. 

Hanak, D.P., Anthony, E.J., and Manovic, V. (2015), “A review of developments 

in pilot-plant testing and modelling of calcium looping process for CO2 

capture from power generation systems”, Energy and Environmental 

Science, 8, 2199–2249. 

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), “Evaluation and modelling of 

part-load performance of coal-fired power plant with post-combustion CO2 

capture”, Energy and Fuels, 29 (6), 3833–3844. 

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), “Efficiency improvements for 

the coal-fired power plant retrofit with CO2 capture plant using chilled 

ammonia process”, Applied Energy, 151, 258–272. 

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), "Rate-based model 

development, validation and analysis of chilled ammonia process as an 

alternative CO2 capture technology for coal-fired power plants", 

International Journal of Greenhouse Gas Control, 34, 52–62. 
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Hanak, D.P., Kolios, A.J., Biliyok, C., and Manovic, V. (2015), "Probabilistic 

performance assessment of a coal-fired power plant", Applied Energy, 139, 

350–364. 

1.6.2 Conference publications  

Hanak, D.P., Biliyok, C., Anthony, E.J., and Manovic, V. (2015), “A study of 

integration of calcium looping CO2 capture plant and coal-fired power 

plant”, Proceedings of 7th International Conference on Clean Coal 

Technologies, Cracow, Poland, available online: http://bit.ly/1Urn0pN (last 

accessed: 29/03/2016).   

Hanak, D.P., Manovic, V., and Anthony, E.J. (2014), "The Future of Ca Looping 

- A review of developments", Proceedings of Industrial Fluidization South 

Africa (IFSA 2014), Johannesburg, South Africa, 9–33. 

Hanak, D.P., Biliyok, C., Yeung, H. and Manovic, V. (2014), “Rate-based 

modelling of chilled ammonia process (CAP) for CO2 capture”, Computer 

Aided Process Engineering, 33, 181–186. 

1.6.3 Conference and workshop presentations  

Hanak, D.P., Biliyok, C., and Manovic, V. (2016), “Calcium looping for 

decarbonisation of coal-fired power plants”, Science for the Green 

Economy Conference, 13–14th January 2016, held at Cranfield University, 

Cranfield, UK. 

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), “Calcium looping for 

decarbonisation of coal-fired power plants”, School of Energy, Environment 

and Agrifood Laboratory Opening Event, 23rd November 2015, held at 

Cranfield University, Cranfield, UK. 

Hanak, D.P., Biliyok, C., Anthony, E.J., and Manovic, V. (2015), “Evaluation of a 

calcium looping CO2 capture plant retrofit to a coal-fired power plant”, 

IEAGHG 6th High Temperature Solid Looping Cycles Network Meeting,  

1–2nd September 2015, held at Politecnico Di Milano, Milano, Italy. 

Hanak, D.P., Biliyok, C., Anthony, E.J., and Manovic, V. (2015), “A study of 

integration of calcium looping CO2 capture plant and coal-fired power 
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plant”, 7th International Conference on Clean Coal Technologies, 17–21st 

May 2015, held at Jagiellonian University, Cracow, Poland. 

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), “A calcium looping process as 

an efficient CO2 capture technology for coal-fired power plants”, UKCCSRC 

Spring Biannual Meeting, 19–21st April 2015, held at Cranfield University, 

Cranfield, UK.  

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), “A calcium looping process as 

an efficient CO2 capture technology for coal-fired power plants”, Renewable 

Energy Marine Structures EPSRC Doctoral Training Centre Opening Event,  

4th March 2014, Cranfield University, Cranfield, UK.  

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), “A calcium looping process as 

an efficient CO2 capture technology for coal-fired power plants”, UKCCSRC 

Network Early Career Researcher Winter School, 16–19th February 2015, 

held at University of Nottingham, Nottingham, UK.  

Hanak, D.P., Kolios, A.J., Biliyok, C., and Manovic, V. (2015), "Probabilistic 

performance assessment of a coal-fired power plant", ‘Risk, resilience and 

adaptation’ A Cranfield seminar with Professor Sir Mark Walport, FRS 

FMed Sc, 26th January 2015, held at Cranfield University, Shrivenham, UK.  

Hanak, D.P., Biliyok, C., and Manovic, V., “Identification of heat integration 

opportunities in calcium looping CO2 capture plant”, 10th European 

Conference on Coal Research and its Applications, 17–19th September 

2014, held at University of Hull, Kingston upon Hull, UK. 

Hanak, D.P., Biliyok, C., Yeung, H., and Manovic, V. (2014), “Rate-based 

Modelling of Chilled Ammonia Process (CAP) for CO2 Capture”,  

24th European Symposium on Computer Aided Process Engineering,  

15–18th June 2014, held at Hungarian Academy of Sciences, Budapest, 

Hungary. 

Hanak, D.P., Biliyok, C., and Manovic, V. (2014), “A calcium looping process as 

a cost-effective CO2 capture technology for coal-fired power plants 

decarbonisation”, UKCCSRC Early Career Researcher Annual Networking 

Meeting, 24–25th March 2014, held at University of York, York, UK.  
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2 GENERAL LITERATURE REVIEW 

2.1 Climate change and greenhouse gas emission 

The Intergovernmental Panel on Climate Change (2007, 2012) has defined 

climate as an average weather usually described in terms of the variability and 

mean of temperature, precipitation and wind over a period of time, typically 30 

years. Therefore, climate change is related to a long-term alternation of  

the climate state due to the fluctuations, and/or changes in the mean, of its 

properties (IPCC, 2012). The time-dependent evolution of the Earth’s climate 

(Figure 2-1) is driven by both internal dynamics of the climate system and 

external factors the change of which affect the climate state.  

 

Figure 2-1: Schematic representation of the Earth’s climate system interactions 

and external factors (IPCC, 2007) 

Natural phenomena, such as volcanic eruptions and changes in solar radiation, 

as well as anthropogenic greenhouse gas emissions are claimed to be the main 

representatives of the external factors affecting climate change. It can also be 

generalised that if it had not been for the Sun’s activity, none of the existing 

ecosystems would probably have developed on Earth since the solar radiation 

can be seen as a power source for the Earth’s climate system. Therefore, 
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changes in solar radiation affect variations of the climate system that has been 

observed in weather variations (IPCC, 2007). 

 

Figure 2-2: Estimate of the Earth’s annual mean energy balance (IPCC, 2007)  

The Earth’s radiation balance can be altered via variation of its three main 

components (Figure 2-2). First, the amount of incoming solar radiation varies 

due to the change in Earth’s distance from the Sun throughout the year. 

Second, the fraction of reflected solar radiation, so-called albedo, is affected 

due to possible variations in cloud cover and particulates content in  

the atmosphere. Third, the long wavelength radiation from the Earth back 

towards space is altered as a result of fluctuations of the atmospheric 

concentration of greenhouse gases (IPCC, 2007). The Earth’s climate, in turn, 

responds accordingly to any change in the Earth’s radiation balance, as the 

amount of incoming solar energy must be balanced by emitting, on average,  

the same amount of energy back towards space. If the amount of outgoing and 

incoming radiation were equal, the mean temperature at the Earth’s surface 

would have reached -19°C. This, however, does not reflect the reality. The 

Earth’s mean surface temperature reaches 14°C due to absorption of thermal 

radiation, which is emitted by the Earth’s surface into the atmosphere as  

a result of the greenhouse effect (IPCC, 2007, 2012). The greenhouse effect 

results from the presence of greenhouse gases and clouds in the atmosphere 

that can absorb and reflect thermal radiation. Despite being the most abundant 
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gases in the atmosphere, the greenhouse effect exerted by nitrogen and 

oxygen is negligible. Conversely, water vapour and CO2 are the most important 

among the other greenhouse gases, such as methane, nitrous oxide, fluorinated 

gases, and ozone. Therefore, any addition to the greenhouse gases from 

anthropogenic sources (external factors) will alter the climate by amplifying  

the greenhouse effect that, in turn, will result in global warming. In  

the worst-case scenario, the rise in the atmospheric concentration of CO2 would 

result in a self-reinforcing effect as such increase could result in a temperature 

increase that, in turn, would be accompanied by enhanced evaporation of 

water, increasing the water vapour concentration in the atmosphere and thus 

leading to further intensification of the greenhouse effect. For this reason, any 

variation in concentration of greenhouse gases in the atmosphere is reflected 

by the Earth’s surface temperature changes (IPCC, 2007; Maroto-Valer, 2010).   

 

Figure 2-3: Annually averaged concentration of CO2 in the atmosphere between 

1010 and 1960 (Maroto-Valer, 2010)  

Recently, scientists have determined that despite many external factors 

influencing the climate state, anthropogenic activities have become more 

intensive than natural phenomena in impacting the Earth’s climate due to 

industrial development (IPCC, 2013, 2007; Maroto-Valer, 2010). Rapid 

industrial growth observed in the eighteenth century, which was accompanied 
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by development of fossil fuel combustion systems for industrial purposes, 

resulted in significant increase in the atmospheric CO2 concentration  

(Figure 2-3) from the pre-industrial level of 280 ppmv (Maroto-Valer, 2010). 

Now, due to continuous utilisation of fossil fuels as a main energy source, the 

average CO2 concentration reached 401.6 ppmv in December 2015 

(Dlugokencky and Tans, 2016). Therefore, to avoid drastic climate change, 

further increase in anthropogenic greenhouse gas emissions, mostly CO2, must 

be mitigated to limit the atmospheric concentration of greenhouse gases to  

450 ppmv,CO2eq. Considering the remaining estimated CO2 emission budget of 

930–1230 Gt and the fact that fossil fuels are expected to play an important role 

in the future energy portfolio, a rapid transition towards a green economy and 

wide deployment of low-carbon technologies need to be pursued.   

2.2 Low-carbon technologies for CO2 emission abatement 

The global energy sector, comprising power, industry, transport and building 

sectors, was responsible for around two thirds of global CO2 emissions in 2012, 

and thus its decarbonisation would be the largest contributor towards meeting 

2DS objectives. However, no single technology exists that would be capable of 

decarbonising the entire energy sector. Therefore, it is expected that a portfolio 

of low-carbon technologies will be tailored and deployed to meet the CO2 

emission reduction target of each particular sector (IEA, 2015a, 2015b). As  

the power sector accounted for more than a third of total greenhouse gas 

emissions in 2010 (UNEP, 2012), its decarbonisation would significantly 

contribute towards meeting the 2DS emission reduction targets. Moreover,  

the power sector is often regarded as a precursor for deployment of clean 

technologies for other industries, and thus current research and development 

activities are highly focused on low-carbon technologies for this sector (Benton, 

2015).  
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Figure 2-4: Projections of the fuel distribution in total electricity generation in 

trillion kWelh by 2040 (EIA, 2013) 

The Environmental Information Agency (2013) predicted that the global 

electricity supply could increase from 20.2 to 39.0 trillion kWelh between 2010 

and 2040, with an increase of about 15 trillion kWelh associated with countries 

that are not members of the Organisation for Economic Cooperation and 

Development (OECD), such as China and India. Although the new capacity 

added to meet the increasing electricity demand would mainly comprise 

renewable energy sources, natural gas combined cycle power plants and 

nuclear power plants (EIA, 2015), the projections indicate that coal-fired power 

plants will remain the predominant electricity source and will account for 36% of 

global electricity production in 2040. Regardless of the fact that renewable 

energy sources are the fastest growing sources of electricity generation in  

the global energy portfolio, electricity generating capacity utilising fossil fuels, 

such as coal, natural gas and oil, is predicted to account for about 62% of  

the electricity supply in 2040 (Figure 2-4) (EIA, 2013). Therefore, to meet  

the greenhouse gas emission reduction target and ensure the security of future 

electricity supply, while keeping the electricity price at an affordable level,  

low-carbon technologies that utilise fossil fuels in an environmentally-friendly 

and efficient manner need to be deployed.  
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Figure 2-5: Decarbonisation measures for coal-fired power plants (VGB, 2013) 

Until the concern regarding the environmental footprint of coal-fired power 

plants has been raised, the process economics, and thus revenue from 

electricity sales, has been the main driver for improvements in net thermal 

efficiency. Recently, reduction of CO2 emissions has become another key driver 

for performance improvements (IEA, 2010, 2014). The global fleet of coal-fired 

power plants comprises a large share (75%) of subcritical units that can reach 

net thermal efficiency of 30–39%LHV, depending on the unit size, coal quality 

and ambient conditions (IEA, 2014). For this reason, the average net thermal 

efficiency of the global coal-fired power plant fleet is as low as 33%LHV  

(Figure 2-5) (IEA, 2013a; VGB, 2013). If this figure is increased to 45–50%LHV,  

a CO2 emission reduction of up to 27–34% can be achieved.  

Table 2-1: Characteristics of subcritical, supercritical and ultra-supercritical 

power plants fuelled with coal of lower heating value of 25 MJ/kg (Miller, 2011). 

Unit type Subcritical Supercritical 
Ultra-

supercritical 

Main steam pressure (bar) 221 221–250 >250 

Main steam temperature (°C) 565 540–580 >580 

Reheat steam temperature (°C) 565 540–580 >580 

Efficiency (%LHV) 33–39 38–42 >42 

Specific coal consumption (g/kWelh) >380 340–380 320–340 

CO2 intensity factor (gCO2/kWelh) >880 800–880 740–800 

State-of-the-art coal-fired power plants, which operate under supercritical or 

ultra-supercritical steam parameters, are capable of reaching considerably 

higher net thermal efficiencies exceeding 42%LHV (Table 2-1). As the operating 



 

43 

 

steam conditions are limited by the material strength in some components of  

the boiler, steam turbines and piping, research and development efforts are 

being undertaken worldwide to develop new alloys, such as nickel-based  

super-alloys, that would support steam temperatures above 700°C and 

pressures above 300 bar (IEA, 2011). The net efficiency of the coal-fired power 

plant operating under such conditions would increase above 50%LHV, bringing 

substantial improvements not only to the process economy, but also to its 

environmental performance (IEA, 2011, 2014). It has been estimated that  

the net thermal efficiency of the coal-fired power plant is mainly influenced by 

the steam temperature, as each increase of 20°C results in approximately 1% 

point increase in the net thermal efficiency (Miller, 2011). As 1% point increase 

in net efficiency would reduce CO2 emissions by 2–3%, advanced  

ultra-supercritical coal-fired power plants would emit 40% less CO2 than  

the subcritical unit of the same rated power output (IEA, 2014). However, even 

such considerable reduction in CO2 emissions is not sufficient to decarbonise 

the power sector and thus integration of CCS technologies is required. Yet, 

mature CO2 capture technologies are expected to reduce the net thermal 

efficiency of the coal-fired power plant by up to 12% points (VGB, 2013), which 

implies that the net thermal efficiency of the state-of-the-art coal-fired power 

plant will be downgraded on CCS retrofit to the level of inefficient subcritical 

units. For this reason, novel and less energy-intensive CO2 capture processes 

need to be developed to ensure their commercialisation and large-scale 

deployment.  

 

Figure 2-6: Contributions of the low-carbon technologies to global cumulative 

CO2 reductions under 2DS scenario (IEA, 2015a, 2015b) 
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As indicated by the International Energy Agency (2015a, 2015b), a portfolio of 

low-carbon technologies needs to be deployed to decarbonise the power sector 

(Figure 2-6). It has been predicted that renewable energy sources, nuclear 

power plants and CCS would be the key contributors to global cumulative 

reductions in CO2 emissions (IEA, 2015a, 2015b, 2015c). Considering  

the predicted high share of fossil fuels in the future energy portfolio, CCS is  

the key technology that will play a pivotal role in decarbonisation of the power 

sector. This is confirmed by the assessment made by the Intergovernmental 

Panel on Climate Change (2014) revealing that it is likely that 2DS objectives 

will not be met if deployment of CCS, bioenergy and their combinations is 

limited. Another incentive for large-scale deployment of CCS is the prediction 

that it would reduce wholesale electricity prices by up to 15% by 2030 and  

the cost of meeting the 2050 target for reduction of greenhouse gas emissions 

by 40% compared to a no-CCS scenario (IEA, 2013a; Orion Innovation, 2013).  

 

Figure 2-7: Overview of large-scale CCS projects at different project lifecycle 

stages (GCCSI, 2015) 

Currently, there are fifteen large-scale projects in the operation stage, which 

capture 27 Mt of CO2 per annum, and seven in the execute stage that will 



 

45 

 

become operational in 2016 and 2017. Further eleven projects are in advanced 

define stage and are expected to become operational beyond 2017  

(Figure 2-7), while another twelve are in the early define stage. If successfully 

deployed, these forty-five projects would capture 80 Mt of CO2 per annum after 

2020 (GCCSI, 2015), which is only a fraction of the desired global CO2 capture 

capacity of 4–6 Gt of CO2 per annum by 2040 (GCCSI, 2015; IEA, 2009) and of 

around 10 Gt of CO2 per annum by 2050 (IEA, 2009). Yet, early-stage 

deployment of the CCS projects is highly dependent on governmental 

incentives and the political climate. This is clearly seen in a recent suspension 

of funding at an advanced stage of the FutureGen project (Marshall and 

Quiñones, 2015; Sutton, 2015) and withdrawal of the government funding for 

the Peterhead and White Rose projects, making future progress on these 

projects unlikely (ECCC, 2016). Considering the International Energy Agency 

(2009) prediction of a hundred projects operating by 2020, which would capture 

345 Gt of CO2 per annum, and three-thousand-four-hundred projects operating 

by 2050, nearly half of which will be in the power sector, the deployment of CCS 

technologies is not on track to meet the 2DS objective. Although meeting  

the Paris Agreement objectives seems to be a challenging and demanding task 

in light of the progress in CCS deployment, these could be still achieved if 

immediate action is undertaken and relevant incentives are introduced.  

2.3 Carbon capture and storage chain 

CCS is a chain of processes aiming at reduction of the carbon footprint through 

mitigation of CO2 emissions from fossil fuel combustion and industrial 

processes into the atmosphere. The processes included in this chain are CO2 

capture and separation, compression to supercritical pressure, transport, and 

safe long-term storage with monitoring in the geological formations (European 

Commission, 2009).  

2.3.1 CO2 capture 

The first stage in the CCS chain aims at producing a high-purity CO2 stream 

prior to its conditioning, transport and storage stages. Based on past experience 

gained in the fertiliser manufacturing, hydrogen production and natural gas 
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processing industries, three capture approaches were identified as applicable to 

the power sector (Figure 2-8) (Metz et al., 2005).   

 

Figure 2-8: Main CO2 capture approaches (GCCSI, 2012)  

A post-combustion CO2 capture approach includes technologies used to 

separate CO2 from flue gas produced in fossil fuel combustion in  

an air-rich atmosphere. As no substantial changes are required to the power 

plant equipment, this CO2 approach is preferred for retrofitting the existing fossil 

fuel power plant fleet where it can be retrofitted downstream of the conventional 

flue gas treatment train for NOx, SOx and particulate matter removal (Leung et 

al., 2014). It should be highlighted that these impurities need to be removed 

from flue gas prior to CO2 capture, as their presence could degrade 

performance of the post-combustion CO2 capture technologies (Kenarsari et al., 

2013). Depending on the kind of fuel fed to the combustion process, the CO2 

concentration in flue gas varies between 3 to 15%vol. Such low CO2 

concentration is associated with a large volume of flue gas to be processed, 

leading not only to high capital cost of the post-combustion CO2 capture units, 

but mostly to high parasitic load associated with their integration (Olajire, 2010). 

A range of technologies utilising different principles, such as mature chemical or 

physical solvent absorption, membrane separation or sorbent adsorption can be 

applied to separate CO2 from the flue gas stream produced in coal- or gas-fired 
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power plants. Regardless of the post-combustion technology used,  

an additional parasitic load is associated with the requirement for CO2 

compression prior to its transport and storage, as flue gas usually leaves  

the system at an atmospheric pressure (Metz et al., 2005; Spliethoff, 2010).  

A pre-combustion CO2 capture technology aims at partially oxidising the fuel to 

form synthetic gas (syngas) comprising mainly CO and H2. This approach can 

be applied in both the integrated gasification combined cycle plants in which 

solid fuel, such as coal, is gasified under high temperature and pressure and 

the advanced gas combined cycle power plants in which natural gas is reformed 

in an oxygen-lean atmosphere. CO is then converted to CO2 in reaction with 

steam in a catalytic water-gas shift reactor to produce a stream consisting solely 

of CO2 and H2. As CO2 content in the syngas is within 15–60%vol (D’Alessandro 

et al., 2010), a physical solvent absorption process, such as the Rectisol or 

Selexol process, is economically favoured (Wang et al., 2011). At this stage, 

CO2 is separated from H2 that is then used to fuel the gas turbine cycle to 

produce electricity and/or heat (Herzog and Golomb, 2004; Metz et al., 2005). 

Alternatively, H2 can be used in a fuel cell or as a feedstock for liquid fuel or 

chemicals production in the low-electricity-demand period (D’Alessandro et al., 

2010; Florin and Fennell, 2010).  

In an oxy-fuel combustion technology, fuel is combusted in an O2-rich 

atmosphere and flue gas is composed mainly of CO2 and water. Since fuel 

combustion in nearly pure O2 results in a higher combustion temperature, flue 

gas is partially recycled (60%) to the combustion chamber to control the flame 

temperature (Kenarsari et al., 2013). Flue gas from fuel combustion under  

oxy-fuel conditions comprises mainly CO2, H2O(g), SOx and particulate matter. 

Absence of N2 in the oxidising medium not only reduces the NOx emission, but 

also substantially reduces the size of the combustor (Kenarsari et al., 2013). 

Therefore, a pure CO2 stream is obtained after removal of SOx, NOx and 

particulate matter in conventional flue gas desulphurisation, catalytic reduction 

system and electrostatic precipitator, respectively, and removal of H2O(g) 

through condensation (Leung et al., 2014). An O2 stream of high purity is 
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usually produced in a cryogenic air separation unit, taking place at a low 

temperature, by separating O2 from other air constituents. As this process is 

highly energy-intensive (184–220 kWelh/tO2) (Romeo et al., 2008a; Ströhle et 

al., 2009), new technologies aiming at supplying O2 to the combustion process, 

such as membranes and chemical looping combustion are being developed 

(Abanades et al., 2015). 

2.3.2 CO2 transport 

Prior to being transported to the desired storage location, CO2 needs to be 

conditioned to a state appropriate to the transport conditions (Figure 2-9), and 

thus desired mean of transport (Spliethoff, 2010). Depending on the volume and 

distance over which CO2 needs to be transported, pipeline, ship or even trucks 

and rail transport can be used (Leung et al., 2014). Yet, onshore transportation 

via trucks and rail has a limited capacity and is characterised by high cost 

compared to pipelines. Therefore, CO2 transport via pipeline, both onshore and 

offshore, and by ship is considered the most viable solution (Svensson et al., 

2004).  

 

Figure 2-9: CO2 phase diagram (Spliethoff, 2010) 
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Table 2-2: Energy consumption for CO2 compression, liquefaction and 

solidification (Göttliche, 2004, 1999) 

CO2 transport conditioning method 
Power 

requirement 
(kWelh/tCO2) 

Power requirement 
related to coal 

chemical energy  
(%LHV) 

Compression (110 bar) 110–130 3.5 

Cryogenic liquefaction (25 bar, -15°C) 160 5.2 

Dry ice production 260–420 8.4–13.5 

Transport of CO2 via pipeline is carried out at ambient temperature and in  

the liquid or supercritical phase, with the latter being regarded as the preferred 

option (Leung et al., 2014). It is well established that at ambient temperature, 

CO2 pressure for pipeline transport in the dense phase should be about 110 bar 

(Metz et al., 2005), with values ranging between 85–150 bar (Leung et al., 

2014). It has been estimated that for offshore transport distances exceeding 

1000 km, CO2 transport using ship, during which CO2 is transported in the liquid 

or solid phase, becomes a more economically attractive option than offshore 

pipelines. For this reason, a techno-economic feasibility study should be 

conducted to select the most cost-efficient combination of CO2 transport 

system, which could be achieved through maximising the CO2 stream density 

while minimising the power requirement for its compression, liquefaction and 

solidification (Spliethoff, 2010). Göttliche (1999, 2004) has identified that among 

the CO2 conditioning approaches, compression up to 110 bar results in  

the lowest energy requirement (Table 2-2). Therefore, a combination of CO2 

transport via pipeline, and ship is regarded as the most cost-effective option 

(Svensson et al., 2004).  

2.3.3 CO2 storage  

Once CO2 has been captured, conditioned and transported to the storage 

location, its long-term and safe storage must be assured to mitigate adverse 

effects or risks to the environment and human health (European Commission, 

2009; Miller, 2011; Spliethoff, 2010). Geological storage is at present 

considered the most feasible option for CO2 storage (Leung et al., 2014; Van 
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Der Zwaan and Smekens, 2009). Yet, other storage techniques, such as ocean 

storage, mineral carbonation and terrestrial carbonation could also contribute 

towards storing around 410–1670 GtCO2 between 2000–2100, depending on 

the end-of-century CO2 atmospheric concentration (Dooley, 2013; Maroto-Valer, 

2010; Miller, 2011). 

 

Figure 2-10: Overview of the suitable geological formations for CO2 storage (IEA, 

2013) 

Having been already proven at commercial scale (Maroto-Valer, 2010), 

geological storage involves CO2 injection into a wide range of geological 

formations such as underground oil, gas or water reservoirs, deep unminable 

coal seams having potential for enhanced coal-bed methane recovery, as well 

as deep saline geologic formations (Figure 2-10) for safe, long-term storage 

(IEA, 2013b; Miller, 2011). Identified formations are typically located one to 

three kilometres under the ground, which allows CO2 to remain in the liquid or 

supercritical phase, and have the effective and practical capacity to globally 

store 13500 and 3900 Gt of CO2, respectively (Dooley, 2013). The capacity of  

a geological formation to store CO2 is determined by two trapping mechanisms. 
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The first trapping mechanism, physical trapping, corresponds to the physical 

characteristics of the geological formation that should include an impermeable 

shale or clay rock layer that prevents upward migration of CO2 and, eventually, 

its leakage to the environment. The second trapping mechanism, geochemical 

trapping, involves a chemical reaction of CO2 with the host rock to produce 

carbonates that minimises the probability of CO2 leakage and allows for  

a long-term, safe storage. Importantly, when injected into oil and gas reservoirs, 

CO2 can be simultaneously stored and utilised to enhance the production of oil 

and gas, bringing economic benefits to the oil and gas industry, as well as 

providing additional financial incentives for CCS in the power sector (Spliethoff, 

2010). Such techniques for enhanced oil recovery have been practiced 

commercially since the early 1970s, especially in North America (IEA, 2013b). 

Also, enhanced gas recovery via injection of CO2 into depleted gas reservoirs 

has been demonstrated (Miller, 2011).  

Ocean storage is another potential storage option for storing CO2, although it is 

perceived more negatively by the public compared to geological storage (Metz 

et al., 2005; Palmgren et al., 2004). Yet, it has been estimated that for 

atmospheric CO2 concentrations of 350–1000 ppmv, about 2300–10700 Gt  

of anthropogenic CO2, respectively, will be eventually stored in the ocean due to 

the equilibrium between the atmosphere and the ocean (Metz et al., 2005). 

Ocean storage relies on limited mixing of the deep ocean and surface water at 

depths below 800–1000 m, resulting in the surface water layer acting as 

insulation from the atmosphere (Maroto-Valer, 2010; Miller, 2011; Spliethoff, 

2010). Importantly, at depths below 2600 m, the water temperature drops to 

2°C and CO2 is denser than water (Spliethoff, 2010). As a result, the upward 

movement of CO2 is restricted and a CO2 lake is created. In addition, CO2 

interacts with water to form hydrates, and thus is stored for long periods of time 

(Miller, 2011).  

Mineral carbonation is seen as a potential storage technique, in which CO2 is 

fixed through carbonation of naturally abundant magnesium, iron and calcium 

oxides or silicates (Maroto-Valer, 2010; Miller, 2011), especially in locations 
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where geological storage capacity is limited or not viable (Sanna et al., 2014).  

It has been estimated that the mineral requirement of this process is  

1.6–3.7 tonne per tonne of CO2 to be fixed (Metz et al., 2005). Although this 

process is exothermic and has a theoretical potential for energy recovery,  

the kinetics of natural mineral carbonation is slow and thus an energy-intensive 

thermal pre-treatment is required to enhance the carbonation reaction rate 

(Metz et al., 2005). It has been estimated that the energy requirement for 

mineral carbonation would reduce the net power output of the power plant by 

30–50% (Miller, 2011; Spliethoff, 2010), which makes this process economically 

infeasible at this time (Sanna et al., 2014).  

Terrestrial ecosystems can be used to fix CO2 emitted from anthropogenic 

sources, and thus they do not require CO2 to be captured and transported. 

Such terrestrial carbon sequestration techniques involve tree planting, wetlands 

restoration, grass and grazing land management, forest preservation and fire 

management. This aims at removing CO2 directly from the atmosphere through 

biological, chemical and geological processes taking place in the soil and 

plants, and/or preventing of the net CO2 atmospheric emission from the 

terrestrial ecosystems (Maroto-Valer, 2010; Miller, 2011).  

2.4 CO2 separation and capture options for coal-fired power 

plants 

Post-combustion CO2 capture technologies are claimed to have the greatest 

potential for decarbonising the power sector as they can be both easily 

retrofitted to the existing power plant fleet and integrated to the new systems 

(Oexmann et al., 2012; Pfaff et al., 2010; Rackley, 2010; Strube and Manfrida, 

2011). Although successfully implemented in other industries, physical solvent 

absorption, adsorption, membrane or cryogenic separation technologies have 

been thus far considered as not yet efficient options for coal-fired power plants 

due to high impurities content and low CO2 concentration in, and atmospheric 

pressure of, flue gas (Oexmann et al., 2008; Pfaff et al., 2010; Strube and 

Manfrida, 2011). It has been claimed that due to low CO2 concentration, and 

thus large volume of flue gas to be processed, membrane-, cryogenic- and 
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adsorbent-based systems would be characterised by higher energy demand 

compared to chemical solvent scrubbing and will only become cost-effective for 

higher CO2 concentrations (Favre, 2007; Kanniche et al., 2010; Merkel et al., 

2010). Therefore, chemical solvent scrubbing has been perceived as the 

technology of first choice for decarbonisation of coal-fired power plants (Blamey 

et al., 2010; Mac Dowell et al., 2010; Oexmann et al., 2008, 2012; Pfaff et al., 

2010; Rackley, 2010; Strube and Manfrida, 2011). Yet, recent progress in the 

development of CCS indicates that other technologies could result in lower 

parasitic load on power plant performance, and thus may bring higher 

improvements to the economics of CCS.   

2.4.1 Absorption process 

Solvent-based absorption is a cyclic process in which CO2 is scrubbed from flue 

gas on contact with the lean solvent that takes place in the packed absorber 

and is reclaimed from the rich solvent on heating in the regenerator  

(Figure 2-11). It has been identified that the most efficient manner to provide the 

heat requirement for solvent regeneration is to extract part of the low-pressure 

steam from the primary steam cycle (Lucquiaud and Gibbins, 2011). 

 

Figure 2-11: Typical configuration of solvent-based adsorption CO2 capture 

process (Thitakamol et al., 2007) 

To remove CO2 from flue gas, solvent-based absorption technology can utilise 

either chemical or physical solvents. The former bond with CO2 forming 
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intermediate compounds through a chemical reaction and can be regenerated 

on increasing the rich solvent temperature. The latter absorb CO2 according to 

Henry’s law at low temperature and high pressure, while regeneration is 

achieved using temperature or pressure change or the simultaneous change of 

both (D’Alessandro et al., 2010; Kenarsari et al., 2013; Rackley, 2010; Wang et 

al., 2011). The main difference between chemical and physical solvents is  

the dependence of solvent loading on the partial pressure of CO2 in flue gas 

(Figure 2-12). 

 

Figure 2-12: Effect of CO2 partial pressure in flue gas on CO2 loading of chemical 

and physical solvents (Rackley, 2010) 

Chemical solvents provide a high CO2 separation selectivity indicated by high 

loading at low CO2 partial pressures, while physical solvents are preferred at 

high partial pressures (Kenarsari et al., 2013). It has been pointed out by Wang 

et al. (2011) that physical adsorption becomes unfeasible from the economic 

point of view for CO2 partial pressures lower than 15%vol, and thus it would not 

be applicable for coal-fired power plants without substantial improvement in  

the absorption rate. Chemical solvent scrubbing using 25–30%wt MEA solvent 

has been employed for CO2 separation from flue gas for more than 50 years in 

other industries (Rochelle, 2009). Therefore, it is regarded as the technology of 

first choice for decarbonisation of coal-fired power plants. Yet, to avoid 

excessive solvent degradation, impurities from flue gas (NOx, SOx) must be 
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removed and the regeneration temperature kept below 125°C (Blamey et al., 

2010; Boot-Handford et al., 2014; D’Alessandro et al., 2010; Kenarsari et al., 

2013; Mac Dowell et al., 2010; Oexmann et al., 2008, 2012; Pfaff et al., 2010; 

Pires et al., 2011; Rackley, 2010; Strube and Manfrida, 2011). Considering  

the thermodynamic limitations, the realistic minimum net efficiency penalty 

associated with integration of the CO2 capture plant using MEA solvent, which 

includes a CO2 compression train, to the supercritical coal-fired power plant 

would be 6.8% points (Le Moullec, 2012). Yet, the actual efficiency penalty has 

been estimated to fall between 9.5–12.5% points (Goto et al., 2013; Hanak et 

al., 2014; Xu et al., 2010; Yang et al., 2010). This implies that although MEA 

solvent scrubbing is a mature technology, it will impose a significant 

thermodynamic and economic penalty on integration to coal-fired power plants.   

2.4.2 Adsorption process 

As opposed to the absorption process, in which CO2 molecules dissolve in  

the bulk of the solvent, adsorption of CO2 takes place at the surface of the solid 

sorbent. This is typically conducted in fixed bed or fluidised bed reactors using 

zeolites, activated carbon, metal oxides or alumina, as well as new materials, 

such as functionalised amine-based sorbents and metal-organic frameworks 

(Boot-Handford et al., 2014; D’Alessandro et al., 2010; Kenarsari et al., 2013; 

Leung et al., 2014). In the adsorption process the molecules of CO2, so-called 

an adparticle, is bonded to the adsorbent via either a chemical bond in  

the chemisorption process or a combination of Van der Waals and electrostatic 

forces in the physisorption process (D’Alessandro et al., 2010). The adsorbent 

can then be regenerated via increasing the temperature in a temperature swing 

adsorption (TSA) process, reducing pressure in a pressure swing adsorption 

(PSA) process or both by increasing the temperature and reducing pressure in 

a pressure and temperature swing process (Figure 2-13). An alternative of  

the PSA process is a vacuum swing adsorption (VSA) process, in which  

the regeneration is conducted under vacuum conditions. As the gas-solid heat 

transfer is usually slow, the PSA process offers faster regeneration rate and 

lower energy requirement. Alternatively, the sorbent can be regenerated on 
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heating through applying low voltage in an electrical swing adsorption process 

(ESA), which would result in faster regeneration rate compared to the TSA 

process (Kenarsari et al., 2013).   

 

Figure 2-13: Sorbent loading for pressure swing and temperature swing 

adsorption process (Rackley, 2010) 

The PSA process using zeolites has already been proposed for H2 recovery 

from petroleum refineries and petrochemical processing (Cen and Yang, 1986; 

Yang et al., 1997). Integration of the VSA process (adsorption at 2 bar, 

regeneration at 0.1 bar) using Zeolite 13X, which is the most popular adsorbent 

(D’Alessandro et al., 2010), as the post-combustion CO2 capture plant to  

the ultra-supercritical coal-fired power plant resulted in a net thermal efficiency 

penalty of 10.3% points. This was found to be 0.6% lower than for MEA solvent 

scrubbing retrofitted to the same reference coal-fired power plant (Riboldi and 

Bolland, 2015), proving that the VSA process has the potential to reduce  

the energy intensity associated with CO2 capture from coal-fired power plants.  

A similar conclusion can be drawn when analysing performance of the TSA 

process using dry sodium carbonate, in which CO2 was adsorbed at about 55°C 

and regenerated at about 140°C. Namely, the net efficiency penalty of such 

process on integration to the supercritical coal-fired power plant was found to be 

7.1–9.9%, which was 1.9–4.5% lower compared to MEA solvent scrubbing 

(Nelson et al., 2009). Finally, use of metal oxides, such as CaO, in  
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high-temperature solid looping cycles, is regarded as an emerging CO2 capture 

technology suitable for decarbonisation of coal-fired power plants (Abanades et 

al., 2015; D’Alessandro et al., 2010). In this TSA process using CaO, CO2 is 

adsorbed by the sorbent at 600–650°C and reclaimed through sorbent 

regeneration at temperatures higher than 900°C. It has been reported that 

depending on the operating conditions and the steam conditions in the 

reference coal-fired power plant, the net efficiency penalty associated with this 

technology is expected to be between 3–8% points (Abanades et al., 2005; 

Martínez et al., 2011; Romeo et al., 2008a; Ströhle et al., 2009; Vorrias et al., 

2013; Yang et al., 2010). Therefore, this technology has brought more attention 

than other adsorption processes, such as the PSA using zeolites and the TSA 

using dry carbonate sorbents, and is regarded as one of the three most 

important CO2 capture technologies among chemical solvent scrubbing and 

oxy-fuel combustion (Mac Dowell et al., 2010). Yet, the cyclic performance of 

the adsorbent needs to be improved prior to a large-scale deployment of CaL 

(D’Alessandro et al., 2010; Dean et al., 2011).   

2.4.3 Cryogenic process 

Cryogenic separation of CO2 from flue gas utilises differences in the boiling 

points of different species to produce a CO2 stream of high purity. The phase 

diagram of CO2 presented in Figure 2-9 indicates that the triple pressure of CO2 

is at 5.2 bar and -56.6°C (Rackley, 2010). As the cryogenic CO2 separation 

(Figure 2-14) is conducted at significantly lower temperature than the triple point 

of water (0.006117 bar, 0.01°C), H2O(g) needs to be removed from the flue gas 

to avoid ice formation and blockage of the evaporators in the system  

(Clodic et al., 2005). Dried and compressed flue gas is cooled down to sub-zero 

temperatures ranging between -135°C and -120°C which are lower than  

the temperature at which pure CO2 desublimates (-78.5°C at atmospheric 

pressure) due to its low concentration in flue gas (Burt et al., 2009; Clodic et al., 

2005; Le Moullec, 2012). Flue gas is further cooled on its expansion. As  

a result, CO2 precipitates as a solid and is separated from the remaining flue 

gas. The CO2 stream is then pressurised and along with the depleted flue gas 
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stream is heated in a cross-heat exchanger, simultaneously cooling  

the incoming flue gas stream, and leaves the CO2 capture plant as  

a compressed liquid. Depending on the sub-cooling temperature, cryogenic CO2 

capture efficiency ranges between 90% at -120°C and 99% at -135°C (Burt et 

al., 2009). 

 

Figure 2-14: Schematic representation of cryogenic CO2 capture process (Burt et 

al., 2009)  

Considering the thermodynamic limitations, the realistic minimum efficiency 

penalty associated with utilising cryogenic CO2 capture to decarbonise  

the supercritical coal-fired power plant would be 5.8% points. This is a 1% point 

improvement over the realistic minimum efficiency penalty of MEA solvent 

scrubbing (Le Moullec, 2012). The actual net efficiency penalty was estimated 

to vary between 7.3-10.7% points (Clodic et al., 2005; Schach et al., 2011) that 

is also lower compared to 9.5–12.5% points identified for MEA solvent 

scrubbing, revealing the potential of cryogenic CO2 separation to reduce  

the efficiency penalties associated with mature CO2 capture technologies. 

2.4.4 Membrane process 

Although gas separation using membranes has been successfully performed in 

other industries, such as air separation for technical grade nitrogen or  

O2-enriched air production or H2 separation in refineries and the petrochemical 

industry (Yampolskii, 2012), the development of this technology for CCS 
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application is still in its preliminary stages. Yet, membranes are regarded as  

a promising technology for post-combustion CO2 capture and are expected to 

offer lower efficiency penalties compared to the mature chemical solvent 

scrubbing technologies (Kenarsari et al., 2013).  

A membrane is a semi-permeable barrier that separates CO2 from flue gas 

using various mechanisms driven by concentration and pressure gradients 

across the membrane (Olajire, 2010; Shekhawat et al., 2003; Wijmans and 

Baker, 2006): 

 Knudsen diffusion that occurs in the membrane having pores with 

smaller diameter than the mean free path of the molecules in the gas 

phase, allowing utilising the difference in the mean free path of the gas 

molecules for separation (Figure 2-15a); 

 surface diffusion that occurs when the diffusing molecules are adsorbed 

on the pore wall and then transported in the direction of the surface 

concentration gradient (Figure 2-15b); 

 capillary condensation that occurs when multiple layers of the diffusing 

molecules are adsorbed on the pore wall, and condensation of the 

vapour species occurs at a pressure below the saturation point at given 

temperature, blocking transport of other molecules (Figure 2-15c);  

 molecular sieving that utilises the differences in size of gas molecules in 

the gas mixture, allowing smaller particles to pass through the pores of 

the membrane, while excluding the larger particles from entering these 

pores (Figure 2-15d); 

 solution-diffusion that occurs in dense membranes of small diameters  

(< 5 Å) and utilises the concentration gradient as a separation driving 

force (Figure 2-15e).  

The main characteristics of the membrane’s performance are selectivity, which 

determines the membrane’s capability to remove particular species over  

the others, and permeability, which indicates the flux of a particular gas through 

the membrane. This means that the CO2 separation rate is characterised by 
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CO2 concentration in flue gas, the pressure difference across the membrane 

and CO2 affinity for the membrane material (Olajire, 2010).  

 

Figure 2-15: Schematic representation of main membrane gas separation 

mechanisms (Olajire, 2010; Shekhawat et al., 2003) 

At the current stage of development, integration of membrane separation to  

the coal-fired power plant was found to impose net efficiency penalties ranging 

between 9.6–14.2% points (Maas et al., 2016; Zhai and Rubin, 2013). It has 

been stated that although membranes are capable of achieving CO2 capture 

rates higher than 90% for CO2 concentrations in flue gas of 10%vol, such system 

would be highly energy-intensive (Favre, 2007). This is mainly associated with 

the need for flue gas compression to improve the separation driving force in  

the membrane (Favre, 2007; Kenarsari et al., 2013; Zhao et al., 2010). 
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Therefore, this CO2 separation technology has the potential to provide better 

performance compared to the mature solvent adsorption processes for CO2 

concentrations higher than 20%vol (Favre, 2007). 

2.5 Efficiency improvements in post-combustion CO2 capture  

Chemical solvent scrubbing using amine-based solvent and CaL, in addition to 

oxy-fuel combustion, are regarded as the most important CO2 capture 

technologies for large-scale decarbonisation of fossil fuel power plants  

(Mac Dowell et al., 2010). Although CaL has been reported to impose lower net 

efficiency penalties on integration to the coal-fired power plant, there are further 

opportunities to improve performance of both technologies that include 

enhancements of the CO2 capture material performance, heat integration, 

alternative process configurations for reduced parasitic load, and process 

intensification.  

2.5.1 Material improvements 

2.5.1.1 Chemical solvent scrubbing  

A perfect chemical solvent for CO2 capture would be characterised by fast 

reaction rate, high loading capacity, and low energy requirement for its 

regeneration (Rackley, 2010). It has been observed that there is a linear 

correlation between the amount of energy required for solvent regeneration and 

the net efficiency penalty imposed on integration of the chemical solvent 

scrubbing CO2 capture plant (Dave et al., 2009; Goto et al., 2013; Romeo et al., 

2008b). As a reduction in the regeneration energy of 1 GJ/tCO2 is expected to 

reduce the net efficiency penalty by approximately 2% points, alternative 

solvents, such as amine- and carbonate-based solvents, have been widely 

investigated (Goto et al., 2013).   

Considering alternative amine-based solvents, the tertiary and secondary 

amines have lower regeneration energy requirement and higher loading 

capacity over the primary amines, such as MEA, regarded as the reference 

solvent for chemical solvent scrubbing (Goto et al., 2013; Rackley, 2010). Yet, 

they are characterised with lower reaction rate, indicating the need for larger 
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equipment to achieve the desired CO2 capture level. A viable option to 

overcome the drawbacks of a particular amine type and to combine  

the advantages of different amine types is the use of blended amine solvents 

(Rackley, 2010). Application of solvents, such as piperazine (PZ) and 

methyldiethanolamine (MDEA), as well as their blends was found to reduce  

the net efficiency penalty imposed on coal-fired power plant retrofits by  

7% points (PZ) (Kvamsdal et al., 2014; Van Wagener et al., 2014) and 8.5% 

points (MDEA/PZ) (Kvamsdal et al., 2014). Moreover, integration of the amine 

scrubbing plant utilising MEA blended with the hindered amines, such as  

2-amino-2-methyl-1-propanol (AMP), was found to reduce the net efficiency of 

the coal-fired power plant by 5.8% points, which does not account for the CO2 

compression parasitic load. This was found to be 1.3% lower than the figure 

obtained for the CO2 capture plant using the reference MEA solvent that has 

been retrofitted to the same coal-fired power plant (Aroonwilas and Veawab, 

2009).  

Application of alternative solvents, such as NH3, Na2CO3, K2CO3 and ionic 

liquids (IL), for CO2 capture have also been investigated (Mirzaei et al., 2015).  

It has been shown that the lower heat of reaction between NH3-based solvent 

and CO2 results in less heat being required for solvent regeneration. Therefore, 

application of NH3 for CO2 capture from coal-fired power plants is expected to 

result in net efficiency penalties of 4.1 to 7% points (Ciferno et al., 2005; Gal, 

2006; Romeo et al., 2008b). Yet, this has not been substantiated experimentally 

(Folger, 2013). Use of a carbonate-based solvent, such as K2CO3 with addition 

of PZ as a promoter, was found to require 29–33% less energy for solvent 

regeneration compared to the reference MEA solvent (Davidson, 2007; 

Oyenekan and Rochelle, 2005). Finally, IL can be used to tailor the aqueous 

solvent for CO2 capture to reduce the regeneration energy by 13.5–50% 

compared to the reference MEA process (Gao et al., 2015; Jongpitisub et al., 

2015; Khonkaen et al., 2014; Li et al., 2015; Simons et al., 2015). Yet,  

the capital investment for the IL-based CO2 capture system would be at least 

double that for the MEA solvent scrubbing plant (Jongpitisub et al., 2015; 
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Khonkaen et al., 2014), and thus further techno-economic analysis is required 

to substantiate the additional capital cost.  

2.5.1.2 Calcium looping 

Although the calcium-based sorbent is characterised with considerably higher 

CO2 capacity (393 gCO2/kg at 50% conversion of CaO) compared to  

the reference MEA solvent (60 gCO2/kg at 15.3%wt solubility) (Dasgupta et al., 

2008), it decreases with the number of carbonation-calcination cycles due to 

sintering and sulphation (Borgwardt, 1989a, 1989b; Grasa et al., 2008). As  

the sorbent conversion is proportional to the active surface area of the sorbent 

particles (Grasa and Abanades, 2006), a number of sorbent enhancement 

measures have been proposed and proven to be successful at laboratory scale. 

These can be divided into chemical and physical sorbent enhancement 

measures (Ylätalo, 2013). The former group aims at improving the cyclic 

performance of calcium-based sorbent through altering the sorbent structure. 

This is achieved via doping the sorbent with any of a wide range of chemicals, 

such as organic and inorganic acids (HCl, CH3COOH) (González et al., 2011; Li 

et al., 2009; Ridha et al., 2013), salts (Mn(NO3)2, MnCO3, NaCl, Na2CO3) 

(Fennell et al., 2007; Sun et al., 2012), metal oxides (MgO, Al2O3, CeO2) (Daud 

et al., 2016; Wang et al., 2015) as well as other metals and their compounds  

(K, Na, Li, Rb, Cs) (Reddy and Smirniotis, 2004). The latter group is based on 

physical measures to regenerate or prevent deterioration of the sorbent surface 

area. This includes sorbent pelletisation and biomass templating, steam 

reactivation, thermal treatment (Blamey et al., 2015, 2016; Coppola et al., 2015; 

Manovic and Anthony, 2010, 2008, 2007; Ridha et al., 2015; Sun et al., 2015), 

recarbonation (Valverde et al., 2014) and even acoustic fields (Valverde et al., 

2013).  

Although many studies have focused on improving the conversion of  

calcium-based sorbents, only a few identified the effect on the process energy 

requirement. Li et al. (2011) has estimated that doping of natural limestone with 

50%vol acetic acid can reduce the calciner energy requirement by around 18%. 

Moreover, Dieter et al. (2014) has shown that 60% increase in the residual 
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activity of the calcium-based sorbent can reduce the net efficiency penalty of 

the integrated system by 0.2% points. Although sorbent modification methods 

can improve the performance of the integrated system, they add complexity to 

the process and thus the techno-economic evaluation of such systems needs to 

be conducted to prove their validity (Dean et al., 2011). 

2.5.2 Heat integration 

Enhancement of the heat integration degree between the CO2 capture system 

and the power plant is regarded as a viable option for reduction of the parasitic 

load imposed on the power plant output on CO2 capture plant integration 

(CSIRO, 2012). This can be achieved through utilisation of the waste heat 

available in the CO2 capture plant and the CO2 compression unit streams that 

otherwise would be cooled using the utility streams. The main sources of 

process performance improvement would stem from reduction of the steam 

extraction from steam turbines through feedwater heating using the waste heat 

(chemical solvent scrubbing) and reduction of additional fuel, and thus oxygen, 

requirement or increased generation of an additional amount of steam for  

an auxiliary steam cycle (calcium looping). A review of the studies on heat 

integration improvement revealed that the net efficiency could be improved by 

up to 3% points in chemical solvent scrubbing using amine-based solvent 

retrofitted to the coal-fired power plants (Hanak et al., 2014). Furthermore, 

appropriate design of the heat exchanger network in the CaL process would 

allow improving the process performance of the integrated system by about 1% 

point (Lara et al., 2013, 2014). 

2.5.3 Alternative process configurations  

2.5.3.1 Chemical solvent scrubbing  

Optimisation of the CO2 capture process flowsheet has been identified as  

an efficient but short-term approach leading to at least 20% reduction in energy 

consumption (Le Moullec and Kanniche, 2011). The most important 

modifications to the amine solvent scrubbing process available in the open and 

patent literature, which can be successfully applied to other chemical solvent 
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scrubbing systems, are inter-stage cooling, split-flow process, DMXTM process, 

and vapour recompression (Cousins et al., 2011; Knudsen et al., 2009;  

Le Moullec and Kanniche, 2011; Raynal et al., 2011). 

As CO2 absorption is an exothermic process, reduction in the absorber 

operating temperature would enhance the adsorption process. Inter-stage 

cooling circuits have been identified as an effective way to control the absorber 

operating temperature. The main idea behind inter-stage cooling is the fact that 

the equilibrium partial pressure of CO2 in the solvent is lowered on cooling and 

thus, the CO2 absorption driving force is enhanced. As a result, the rich solvent 

loading is increased, leading to higher CO2 carrying capacity of solvent. This, in 

turn, reduces the lean solvent flow rate required to achieve the same CO2 

capture efficiency (Chang and Shih, 2005; Freguia and Rochelle, 2003). 

Besides, more CO2 flashes in the stripper which results in reduced reboiler duty 

(Aroonwilas and Veawab, 2007). The process with inter-stage temperature 

control was reported to result in reboiler duty reduced by 3.5% to 6.4%, 

depending on the number of intercooling stages (Cousins et al., 2011;  

Le Moullec and Kanniche, 2011).  

The split-flow process (Figure 2-16) is a generic term that describes processes 

in which CO2 absorption or solvent regeneration is conducted in multiple stages. 

The most commonly studied system comprises a partial solvent regeneration 

system and a staged feed to both absorber and stripper (Le Moullec and 

Kanniche, 2011). Introduction of the split-flow significantly reduces the CO2 

partial pressure in several stages of the absorber; hence, it increases the CO2 

driving force of the absorption process. This is mainly because the semi-lean 

solvent has a lower loading than the lean solvent at a feed stage and, in 

addition, is cooled down in the second cross-heat exchanger. Therefore, 

injection of semi-lean solvent at the middle stage of the absorber affects  

its temperature profile, resulting in higher rich loading. Although the split-flow 

configuration increases the process complexity, it is capable of reducing the 

reboiler duty by 11.6% (Cousins et al., 2011).  
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Figure 2-16: Process flow diagram of split-flow configuration (Cousins et al., 

2011) 

A rich-split process (Figure 2-17) is a simpler option of the split-flow process in 

which the rich stream is split in two streams before it reaches the cross-heat 

exchanger. The first stream is fed to the top stripper stage and remains 

unheated while the second stream is fed to the middle stripper stage and is 

heated in the cross-heat exchanger (Cousins et al., 2011, 2012). This allows the 

vapour released on heating in the cross-heat exchanger to pre-strip the cold 

rich solvent fed at the top stage of the stripper in comparison to the standard 

process where the vapour passes directly to the condenser having no benefit. 

Implementation of this configuration is reported to reduce the reboiler duty by  

7–10% compared to the conventional process (Cousins et al., 2011, 2012).  
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Figure 2-17: Process flow diagram of rich-split configuration  

 

Figure 2-18: Process flow diagram of lean-split configuration  

A lean-split configuration (Figure 2-18) that has been investigated by  

Knudsen et al. (2009) is another simplified approach to the split-flow process.  

In this case, the lean solution from the cross-heat exchanger is cooled down in 

the lean cooler, split and fed to the absorber at different locations. As the CO2 

absorption capacity of the solvent is higher for low lean loadings, the main 

principle behind the staged feed configuration is to minimise the loading and 
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equilibrate the driving force in the absorber (Le Moullec and Kanniche, 2011). 

Furthermore, as a portion of the lean solvent is fed at the middle stage of  

the absorber, it may be used as a mean of temperature control in the column. 

Such configuration is reported to reduce the process heat requirement by 

11.9% (Knudsen et al., 2009).  

 

Figure 2-19: Simplified process flow diagram of the DMXTM process  

The DMXTM process (Figure 2-19) utilises the property of demixing solvents to 

form two immiscible liquid phases at given solvent loading or temperature 

conditions. A liquid-liquid separation by decantation results in a lower amount of 

rich solution entering the stripper and thus, lower heat requirement for solvent 

regeneration. A light phase from the decanter is mixed with the lean solvent 

from the stripper bottoms and then fed to the absorber. The DMXTM process is 

characterised by 43.2% reduction in the heat requirement for solvent 

regeneration (Raynal et al., 2011).  

Vapour recompression (Figure 2-20) is a process in which part of the reboiler 

vapour is extracted and recompressed. It can then be either condensed in  

the reboiler to partially satisfy the heat requirement for solvent regeneration, or 

reintroduced at the bottom of the stripper to provide an additional stripping 

stream. Although the former configuration results in the heat input to the reboiler 
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reduced by 19%, the electricity requirement of the system is increased and thus 

an economic analysis is required to assess its feasibility (Cousins et al., 2011). 

 

Figure 2-20: Process flow diagram of vapour recompression configuration  

2.5.3.2 Calcium looping 

Similarly to chemical solvent scrubbing, several process configurations for 

reduced parasitic load have been developed for CaL. This section reviews only 

the key configurations, while a detailed review is presented in Chapter 3  

(Hanak et al., 2015).  

Since the main source of the efficiency penalty in the CaL process stems from 

O2 production for oxy-fuel combustion in the calciner, Abanades et al. (2005) 

have proposed an alternative calciner design in which the heat for sorbent 

regeneration is supplied through the metallic walls from an external source 

(Figure 2-21). Their study assumed that the heat source is a high-temperature 

fluidised bed combustor fuelled with an air and fuel mixture. Moreover, steam is 

used as a fluidising medium in the calciner. Although such configuration would 

be characterised by higher thermal efficiency and no requirement for O2 

production, it would require materials that have not yet been tested in practice. 

Yet, indirect heat transfer via heat pipes has been proposed as an alternative to 
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oxy-fuel combustion (Reitza et al., 2014). Nevertheless, this configuration was 

reported to be capable of increasing net thermal efficiency of the integrated 

power plant by 1.6% points (Abanades et al., 2005). Recently, this configuration 

has been shown to impose a net efficiency penalty of 0.6–0.7% points, if power 

required for CO2 compression was not accounted for (Jayarathna et al., 2015).  

 

Figure 2-21: Heat transfer integrated calciner and combustor  

In another configuration proposed by Abanades et al. (2005) the heat 

requirement of the calcination reaction is satisfied using a solid heat carrier 

(Figure 2-22). The process involves a common circulating fluidised bed 

combustor that is fired with an air and fuel mixture. The solid bed material, 

which is a dense material such as Al2O3 or deteriorated CaO, is heated up in 

the combustor, separated from the combustion gas stream and finally fed to  

the calciner. However, as this configuration assumes that the heat carrier 

particles would be mixed with the CO2 sorbent in the calciner, it is still not clear 

whether continuous separation of these particles based on the difference in 

their density would be possible at the required scale. Nevertheless,  

an efficiency improvement of using this configuration is claimed to amount to 

2.2% points.   
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Figure 2-22: Indirect heat transfer from combustor to the calciner  

 

Figure 2-23: Three-bed configuration with an additional heat recovery bed 

Martínez et al. (2012) have proposed another CaL process configuration that 

aims to preheat the CaCO3 particles before they enter the calciner  

(Figure 2-23). In this configuration, the sensible heat of the CO2 stream leaving 

the calciner is recovered to preheat the solid particles from the carbonator in  

an additional heat recovery fluidised bed. Although the flue gas acts as  

a fluidising medium and mixes with the partially carbonated sorbent particles, no 

carbonation reaction occurs in the heat recovery bed. This is because the fast 

carbonation reaction cannot take place as the active CaO remains in the core of 

each solid particle the surface of which has been covered with the CaCO3 layer 
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formed in the carbonator (Arias et al., 2011). Although in this configuration  

the heat required by the calcination process is satisfied through oxy-fuel 

combustion, it is expected to increase the thermal efficiency of the CaL process 

by 1.4% points with a subsequent 9% reduction in fuel consumption.  

 

Figure 2-24: Conceptual design of CaO/CuO-looping cycle for CO2 capture 

(Manovic and Anthony, 2011)  

An experimental study conducted by Manovic and Anthony (2011) led to  

the conclusion that integration of CaL and chemical looping would be a practical 

solution for the post-combustion CO2 capture plant. The superstructure  

(Figure 2-24) proposed by the authors comprises, in addition to the carbonator 

and calciner, an air reactor. In this configuration, heat for sorbent regeneration 

is provided through combustion of a gaseous fuel on contact with a metal oxide. 

The solid sorbent consists of both CaO and CuO, the latter being the oxygen 

carrier. Therefore, due to no requirement for cryogenic air separation, this 

technology was found to impose a net efficiency penalty of 3.5% points on 

integration to the coal-fired power plant (Ozcan et al., 2015). Yet, the authors 

claimed that further techno-economic studies are required to assess the validity 

of this technology.  

2.5.4 Process intensification  

Although implementation of advanced process configurations and enhanced 

heat integration in the system would result in energy savings, such 

configurations increase process complexity, and would be characterised by 
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higher capital investment and operating cost (Rochelle, 2009). Moreover, their 

implementation may limit power plant flexibility (Kvamsdal et al., 2009). These 

challenges can be addressed using process intensification principles. Using  

the conventional equipment, such as packed columns and fluidised beds,  

the process is limited by the mass transfer rate of CO2 to  

the adsorbent/absorbent. This process can be improved by utilisation of 

enhanced acceleration.  

 

Figure 2-25: Conceptual design of intensified chemical solvent CO2 capture plant 

In gas-liquid systems, gravity enhancement, caused by centrifugal force due to 

high rotational speed of the rotating packed bed (Figure 2-25), results in greater 

interfacial area as the liquid is dispersed into droplets. This would result in 

reduction of the equipment volume by at least three orders of magnitude (Kang 

et al., 2014; Reay, 2008; Visscher et al., 2013). Although several models of  

the intensified amine scrubbing equipment have been recently published 

(Agarwal et al., 2010; Kang et al., 2014), neither the whole system nor impact of 

its integration to the power plant performance has been analysed.  
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Figure 2-26: Conceptual design of intensified gas-solid reactor (Visscher et al., 

2013)  

Mass transfer in the solid-gas process can be intensified using a gas-solid 

vortex reactor in which the gas phase is injected tangentially into the reactor to 

generate centrifugal force acting on the solid particles (Figure 2-26). Application 

of such reactors was found to enhance the mass transfer rate ten times 

compared to the conventional fluidised bed during SO2/NOx adsorption 

(Ashcraft et al., 2013). In addition, heat transfer during fast biomass pyrolysis 

was found to be intensified by factor of 3–5 (Visscher et al., 2013). 

Nevertheless, no study has analysed application of the gas-solid vortex reactors 

for CO2 absorption using solid sorbents.  

Based on experience gained in other applications, use of the process 

intensification technologies instead of the conventional CO2 capture equipment 

can yield not only reduced energy penalties, but also lower capital cost as 

intensified equipment would require smaller volumes to reach desired CO2 

capture level.  
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12 GENERAL DISCUSSION 

Decarbonisation of the power sector has been recognised as a critical step 

towards reduction of global greenhouse gas emissions that would help to 

mitigate drastic climate change. Yet, it is projected that fossil fuels, especially 

coal, will remain an important energy source in the power sector (EIA, 2013, 

2015). Importantly, the attempts undertaken to raise the net thermal efficiency 

of coal-fired power plants have been recognised as not sufficient to meet  

the desired reduction of around 90% of the power sector’s CO2 emissions, 

implying the need for a wide deployment of CCS to achieve this target (IEA, 

2014; VGB, 2013). Implementation of CCS, along with nuclear power stations 

and renewable energy sources, has been identified as capable of reducing 

around 51% of the energy sector’s cumulative CO2 emissions between 2012 

and 2050 (IEA, 2015a, 2015b). However, the intermittent nature of renewable 

energy sources and base-load operation of nuclear power stations would 

impose the requirement of flexible operation on the coal-fired power plants to 

balance energy supply and demand (IEA, 2012; Jiang et al., 2012; Singh et al., 

2011; Twidell and Weir, 2006). Therefore, the CO2 capture retrofit scenarios of 

the coal-fired power plant operating under both base-load (Chapter 4 to Chapter 

7) and demand-following mode (Chapter 8 to Chapter 11) have been 

investigated.  

Process modelling and simulation is regarded as a powerful and cost-effective 

tool for design and analysis of the advanced power plant processes. To meet 

the objectives of this research project, a number of process models were 

developed in Aspen Plus®. The basic model description, applicability and key 

limitation are summarised in Table 12-1. To ensure reliability and accuracy of 

the performance predictions, the process models of the coal-fired power plants 

and CO2 capture plants have been validated, or at least verified, against data 

available in the open literature. As it has been observed in Chapter 4 and 

Chapter 8, the maximum deviation between the predictions of the coal-fired 

power plant models and data reported in the literature reached 5–6%, 

considering both base- and part-load operation. Considering the fact that Aspen 
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Plus® is not primarily designed for modelling power cycles, especially at  

part-load or under off-design conditions, the conclusions drawn in this PhD 

project were in no way affected by such deviation. Moreover, the performance 

estimated by the process models of the CAP and CaL CO2 capture plants were 

found to be in good agreement with the experimental data under different flue 

gas loads. Such results implied that the modelling framework employed in this 

project was valid and led to generation of reliable results, and thus reliable 

conclusions.  

Table 12-1: Applicability and limitations of developed process models 

Model  Key limitations 

Applicability* 

B

A 

P

A 

N

C 

E

S 

P

P

A 

580 MWel supercritical coal-

fired power plant (Chapter 4 

and Chapter 5) 

Validated for European climatic 

conditions at base-load only.  

No part-load performance data available. 

     

660 MWel supercritical coal-

fired power plant (Chapter 8) 

Validated for Indian climatic conditions at 

base- and part-load. 
     

Monoethanolamine scrubbing 

CO2 capture plant (Chapter 8 

and Hanak et al. (2014)) 

Validated at pilot-plant scale. 

     

Chilled ammonia process 

CO2 capture plant (Chapter 

4) 

Validated at pilot-plant scale for aqueous 

ammonia process.  

No data for chilled ammonia process 

available. 

     

Calcium looping process CO2 

capture plant (Chapter 6) 

Equilibrium-based model. 

Verified with pilot-plant operating data. 

No data for complete validation available.  

     

CO2 compression unit Part-load operation of compressors 

limited to 70% due to lack of 

performance data. 

     

Air separation unit Part-load operation of compressors 

limited to 70% due to lack of 

performance data; part-load operation of 

cold box limited to 50%.  

     

*BA – base-load analysis; PA – part-load analysis; NC – novel concepts development; ES – energy storage;  

PPA – probabilistic performance analysis 



 

259 

 

Although chemical solvent scrubbing using amine-based solvents is regarded 

as a mature CO2 capture technology (Blamey et al., 2010; Padurean et al., 

2011; Pfaff et al., 2010) and has already been demonstrated at commercial 

scale (Stéphenne, 2014), its significant energy intensity would impose net 

efficiency penalties on the retrofitted system of up to 12.5% points that would 

increase the cost of electricity by at least 60% (Bhown and Freeman, 2011; 

CSIRO, 2012; Kheshgi et al., 2012; Renner, 2014). Therefore, a number of 

measures aiming at reducing the energy-intensity of the CO2 capture plant have 

been identified in Section 2.5. These have been classified in four groups:  

 Material improvements aimed at improving the cycling capacity and 

reducing the regeneration energy requirement.  

 Heat integration aimed at improving waste heat utilisation in the system 

for reduced parasitic load.  

 Alternative process configurations aiming at reducing the energy intensity 

of the CO2 capture plant.  

 Process intensification using rotating packed beds or vortex reactors to 

enhance mass and heat transfer for reduced equipment size and 

reduced parasitic load.  

Analysis of the retrofit of the CAP process, which uses ammonia as  

an alternative chemical solvent to amines, to the 580 MWel supercritical  

coal-fired power plant (Chapter 5) was found to impose net efficiency penalties 

between 10.4–10.9% points. Such performance is similar to that reported for  

the reference MEA scrubbing process, for which the net efficiency penalty was 

reported to fall within 9.5–12.5% points (Goto et al., 2013; Hanak et al., 2014; 

Xu et al., 2010; Yang et al., 2010). Evaluation of alternative configurations for 

the retrofit of the CAP plant to the coal-fired power plant revealed that by 

applying a dual IP/LP crossover pressure system with heat integration proposed 

by Lacquiaud and Gibbins (2011) would result in reduction of the net efficiency 

penalty to 9% points. This has been shown to be 0.5% points lower than the net 

efficiency penalty imposed in the MEA retrofit scenario to the 580 MWel 

supercritical coal-fired power plant using the same retrofit configuration 
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(Chapter 6). Further reduction in the net efficiency penalty to 8.7–8.8% points 

was achieved through an advanced configuration that considers coupling of  

a new two-stage or a single-stage auxiliary steam turbine with the boiler 

feedwater pump and a back-pressure turbine for maintaining the desired 

intermediate-pressure turbine discharge pressure. Regardless of substantial 

improvement in the net efficiency of the retrofitted system, the predicted 

efficiency penalties are still higher than minimum net efficiency penalties 

reported in Section 2.4 for the dry sodium carbonate process (7.1–9.9% points) 

(Nelson et al., 2009), cryogenic separation (7.1–10.7% points) (Clodic et al., 

2005; Schach et al., 2011) and CaL (3–8% points) (Abanades et al., 2005; 

Martínez et al., 2011; Romeo et al., 2008; Ströhle et al., 2009; Vorrias et al., 

2013; Yang et al., 2010). It is also important to highlight that regardless of  

the reduction in energy intensity of the chemical solvent scrubbing technology, 

the net power output in the CAP retrofit scenario was reduced by around  

23–25% compared to the reference the 580 MWel supercritical coal-fired power 

plant. It was predicted that even with reductions in energy intensity of  

the chemical solvent scrubbing CO2 capture plant, the net power output will be 

derated by 20–30% due to steam requirement for solvent regeneration 

(Rochelle, 2009), considerably degrading the economic performance of  

the retrofitted system. This issue of the chemical solvent scrubbing process can 

be resolved by application of emerging CO2 capture technologies. It has been 

shown (Chapter 6 and Chapter 7) that retrofitting CaL to the 580 MWel 

supercritical coal-fired power plant would not only result in lower efficiency 

penalties (5.8–7.9% points), but would also have potential to increase net power 

output of the retrofitted system by 45–54% over the reference coal-fired power 

plant (Figure 12-1). Although application of the s-CO2 cycle in place of  

the conventional steam cycle was found to reduce the net efficiency penalty in 

the CaL retrofit scenario by up to 2.1% points (Chapter 7), further improvements 

can be achieved through a more efficient secondary cycle, use of low-ash fuel 

such as natural gas (depending on the economic climate), higher level of heat 

integration in the CaL plant to minimise fuel and O2 consumption, and 

alternative O2 sources for oxy-combustion of fuel such as the combined calcium 
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and chemical looping process, or heat sources, such as indirect heat transfer, to 

sustain sorbent regeneration.  

 

Figure 12-1: Performance summary of the considered retrofit scenarios 

Importantly, part-load analysis of CO2 capture retrofits to the 660 MWel 

supercritical coal-fired power plant exposed considerable differences in  

the performance of the investigated CO2 capture technologies. It has been 

shown that the net efficiency penalty in the MEA retrofit scenario increases from 

10.6–11.0% points at 100% load to 11.6–12.2% points at 40% load (Chapter 8 

and Chapter 11) while in the CaL retrofit scenario it increased slightly from 8.7% 

points to 8.8% points (Chapter 9) and from 8.9% points to 9.4% points (Chapter 

11) for the calciner fired with natural gas and coal, respectively. Comparing  

the performance of the same retrofit scenarios for the 580 MWel supercritical 

coal-fired power plant (Chapter 6), it was observed that the net efficiency 

penalties at base load for the 660 MWel supercritical coal-fired power plant are 

roughly 1% point higher. This is because of the severe environmental conditions 

with high average ambient temperatures that limit the cooling capacity in  

the 660 MWel supercritical coal-fired power plant. Furthermore, considering  

the uncertainties in the model input, the most probable efficiency penalties 

associated with the MEA and CaL retrofit scenarios were estimated to be 11.5% 

and 9.5% points, respectively (Chapter 11), proving the superior performance of 
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the latter technology. The most probable net power output in the CaL retrofit 

scenario would be 40% higher compared to the reference coal-fired power plant 

and double that of the MEA retrofit scenario. Such performance of the CaL 

retrofit scenario is slightly worse than reported 50–80% increase in net power 

output over the reference coal-fired power plant (Hanak et al., 2015a; Li et al., 

2008; Romeo et al., 2009; Ströhle et al., 2009; Vorrias et al., 2013) and net 

efficiency penalty of around 3–8% points (Abanades et al., 2005; Hanak et al., 

2015b, 2015b; Martínez et al., 2011; Romeo et al., 2008; Ströhle et al., 2009; 

Vorrias et al., 2013). Yet, it is expected that incorporation of the statistical 

analysis into the process analysis would not only indicate the probable 

operating envelope of the system, but would also result in more reliable results 

compared to those estimated using deterministic analysis.  

Regardless of slightly higher net efficiency penalty under Indian conditions, 

increased net power output in the CaL retrofit scenario to 660 MWel supercritical 

coal-fired power plant (Chapter 9) was proven to bring higher short-run daily 

profit compared to the reference coal-fired power plant without CO2 capture for 

levied carbon tax above 9.6 €/tCO2. The economic performance of this scenario 

was found to be improved by utilising the inherent energy storage capacity of 

CaL. By generating O2 and storing it during off-peak periods and utilising it 

during peak periods to offset the higher efficiency penalty to the off-peak 

periods, at which the price of electricity is considerably lower than at peak 

periods, the CaL retrofit scenario was found to bring higher daily short-run profit 

compared to the reference coal-fired power plant when the carbon tax 

exceeded 8.3 €/tCO2, which is below the average price of 8.5 €/tCO2 for  

the European emission allowances in November 2015 (EEX, 2015). This implies 

that the CaL retrofit scenario with energy storage can not only become more 

profitable than the existing coal-fired power plant in the current economic 

climate, but it can also act as a link between fossil fuels and renewable energy 

sources in the future energy portfolio, as well as alleviating the implications of 

renewable energy sources intermittency on the reliability of the electricity grid. 

Finally, it needs to be highlighted that incorporation of sorbent reactivation 

through hydration can reduce the net efficiency penalty associated with the CaL 
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retrofit scenario from 8.7–8.8% points to 8.3–8.4% points, which arised from  

an increase of average sorbent conversion in the carbonator by a factor of 1.4 

and is in line with findings presented in Section 2.5.1.2. However, 

implementation of a hydrator would only become more profitable than  

the reference coal-fired power plant without CO2 capture for the carbon tax 

above 11.0 €/tCO2. This can be associated to reduction in the solid looping rate 

due to higher average sorbent conversion that leads to less heat being 

available for steam generation, hence leading to lower net power output.  

For this reason, economic assessment of novel concepts must be carried out to 

substantiate their commercial applicability. Nevertheless, promising results 

obtained in this project indicate that CaL is a technically and economically 

favourable option for decarbonisation of coal-fired power plants. Considering 

the fact that the power sector is regarded as a precursor for other industries 

(Benton, 2015), the concepts evaluated in this study could be applied for 

decarbonisation of cement, lime, chemicals, hydrocarbon, and even steel 

plants.  
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13 GENERAL CONCLUSION AND RECOMMENDATION 

13.1 General conclusion 

This PhD project aimed at identification, quantification and analysis of  

the efficiency improvements and alternate operating modes of the coal-fired 

power plant retrofitted with post-combustion CO2 capture process. This aim was 

achieved by meeting the objectives set in Section 1.3: 

1. Conduct a general review on the efficiency improvement methods 

applicable to post-combustion CO2 capture plants. 

2. Conduct a detailed review of developments in the pilot-plant testing and 

modelling of the calcium looping process. 

3. Develop base- and part-load models of the coal-fired power plant and 

validate them against data available in the public domain.  

4. Develop and validate models of calcium looping and chilled ammonia 

post-combustion CO2 capture plants. 

5. Investigate alternative CO2 capture technologies and integration 

configurations for reduction of the net efficiency penalty resulting from 

the CO2 capture plant retrofit to the coal-fired power plants. 

6. Evaluate performance of the developed configurations under off-design 

and alternative operating modes. 

7. Adapt a methodology for a probabilistic performance assessment to 

analyse the impact of the post-combustion CO2 capture plant integration 

to the coal-fired power plant.  

To meet the established aim and objectives, this PhD project employed  

a number of engineering methods that ranged from process modelling and 

simulation using commercial software (Aspen Plus®), deterministic methods for 

process techno-economic analysis, and surface response approximation 

models coupled with the probabilistic framework based on statistical methods 

for probabilistic performance analysis. The main conclusion drawn from this 

PhD project is that the emerging high-temperature solid looping technologies, 

such as CaL, for decarbonisation of coal-fired power plants have the potential to 

significantly reduce the economic and net efficiency penalties associated with 
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mature CO2 capture technologies, such as chemical solvent scrubbing. 

Importantly, the net power output in the CaL retrofit scenario was found to be 

around 40% higher than that of the reference coal-fired power plant and double 

that of the MEA retrofit scenario. Such performance of CaL was determined to 

have a positive impact on the daily short-run profit of the retrofitted system, as 

the CaL retrofit scenario could become more profitable than the reference  

coal-fired power plant without CO2 capture under the current economic climate, 

especially if its inherent energy storage capability is utilised. It has also been 

identified that further improvements in thermodynamic and economic 

performance of the CaL retrofit scenario can be achieved mainly by considering 

alternative thermodynamic cycles such as the supercritical CO2 cycle, 

enhanced heat integration, and alternative sources of heat or O2 for  

oxy-combustion of fuel to drive the endothermic calcination process.  

13.1.1 Developments in CO2 capture for power generation systems 

The major challenges for CCS to become cost-effective are the energy-intensity 

of the mature CO2 capture technologies and considerable capital costs, both 

affecting the cost of electricity. Therefore, the literature was reviewed to classify 

the possible measures for reduction of the energy requirement associated with 

post-combustion CO2 capture (Objective 1), which is expected to make  

a significant contribution towards decarbonisation of the power sector. It was 

identified that application of alternative CO2 capture technologies, such as 

cryogenic separation, the dry carbonate process or CaL can significantly reduce 

the net efficiency penalty to 3–7% points, from up to 12.5% points reported for 

the mature chemical solvent scrubbing. It was also indicated that further 

reduction of the energy intensity of both CaL and chemical solvent scrubbing, 

which are regarded as the most promising post-combustion CO2 capture 

technologies for fossil fuel power plants, can be achieved via enhancements of 

the CO2 capture material performance, heat integration, alternative process 

configurations, and process intensification.  

As CaL has been identified as one of the most promising technologies for CO2 

capture from fossil fuel power plants, a detailed review of both experimental and 
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computational research activities was conducted (Objective 2) to provide  

an update on development of CaL since the last major review in 2010. Until 

recently, the technical viability and performance of the CaL process has been 

evaluated worldwide using bench- and pilot-scale facilities the size of which 

varies between 1 kWth and 1.9 MWth. Regardless of rapid progress in testing of 

this emerging CO2 capture technology at the pilot scale, it is still in the early 

stages of development compared to chemical solvent scrubbing using amines 

that was demonstrated at commercial scale in 2014.  

The detailed review indicated that the literature provides data that give  

a valuable insight into the operation and operating conditions of the CaL 

process. Although it was found that these data are not detailed enough to allow 

complete process model validation, the CaL process has been widely modelled 

to assess the implication of its retrofit to fossil fuel power plants. Using process 

models, which were classified under five complexity levels ranging from simple 

thermodynamic models to complex predictive models, it was indicated that the 

mean net efficiency penalty associated with the retrofit of CaL to the coal-fired 

power plant is 6–7% points with only 2.5–3% points being associated with  

the CaL process itself. This value is considerably lower than the 9–12.5% points 

estimated for the mature amine scrubbing technology. However, integration of 

CaL to a natural gas combined cycle power plant was found to result in similar 

efficiency penalties to the mature CO2 capture systems. Therefore, the CaL 

plant may not be the preferred option for natural gas combined cycle power 

plants, which can be attributed to the low CO2 concentration in flue gas that 

results in lower driving force for the carbonation reaction. On the other hand,  

a novel coal-fired power generation system based on the CaL process were 

found to have the net thermal efficiency of 46.69%LHV, which is higher than that 

of supercritical and even ultra-supercritical coal-fired power plants without CO2 

capture. This implies that CaL can serve as a base system for development of 

state-of-the-art power generation systems that could be implemented on a large 

scale in place of current technologies.  
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13.1.2 Process modelling and validation 

As coal-fired power plants are expected to flexibly balance the energy demand 

and supply in the future energy portfolio, both base- and part-load models of  

the supercritical coal-fired power plants were developed in Aspen Plus® 

(Objective 3). Although Aspen Plus® is not primarily designed for modelling of 

power cycles, especially under part-load or off-design conditions, its prediction 

capabilities were extended to off-design conditions through implementing  

a Stodola’s ellipse law to account for variability of the steam pressure in  

the steam cycle, Salisbury’s equation to account for variability of the isentropic 

efficiency of the steam turbine sections, and the general pressure drop 

correlation for determining the off-design pressure drop in the heat exchanger 

sections of the boiler. The base-load studies conducted in this project (Chapter 

4 to Chapter 7) utilised the process model of the 580 MWel supercritical  

coal-fired power plant, which operates under European environmental 

conditions and is characterised with a net thermal efficiency of 38.5%HHV, as a 

reference. Conversely, due to lack of detailed part-load data for the same coal-

fired power plant in the literature, the part-load studies conducted in this project 

(Chapter 8 to Chapter 11) utilised the process model of the 660 MWel 

supercritical coal-fired power plant, which operates under Indian environmental 

conditions and is characterised with a net thermal efficiency of 38.8%HHV, as  

a reference. The predictions of the developed models were found to be in good 

agreement with the reported data both at base- and part-load conditions with  

a maximum relative error of 5–6%. This proved the validity of the modelling 

framework developed, and thus the conclusions drawn in this PhD project.  

As this PhD project evaluated efficiency improvements and performance of  

the CO2 capture retrofit scenarios, including chemical solvent scrubbing using 

MEA, and ammonia, as well as CaL, process models for these CO2 capture 

processes were developed and the reliability of their predictions were assessed 

(Objective 4). First, a process model of chemical solvent scrubbing using MEA 

was adapted from another study to process the flue gas from the 660 MWel 

supercritical coal-fired power plant. This rate-based model had been extensively 

validated in the literature under different flue gas loads, which proved its ability 
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to reliably predict process performance under part-load conditions. Unlike other 

studies analysing retrofits of chemical solvent scrubbing plants, however, this 

study used a square-column absorber, following recent experience from  

the Boundary Dam project in Saskatchewan, Canada. For this reason, to extend 

the capabilities of the RadFrac model in Aspen Plus®, an alternative approach 

utilising the definition of the hydraulic diameter was proposed. Second, as  

the rate-based approach to modelling the chemical solvent scrubbing process is 

regarded as superior to the equilibrium-based approach, the rate-based 

approach was employed to model the CAP, as opposed to the majority of 

studies in the literature. Due to the lack of the pilot-plant operating data for  

the CAP process, however, this model was scaled up from the developed  

rate-based model of the AAP process, which was successfully validated against  

the Munmorah pilot plant operating data (lean and rich loading of solvent, lean 

solvent flow rate, CO2 capture level, stripper bottom liquid temperature, reboiler 

duty) under different flue gas loads and then tuned to CAP conditions to remove 

90% of CO2 from the 580 MWel supercritical coal-fired power plant. Third,  

a process model of CaL was developed based on the operating data of  

the 1.7 MWth la Pereda pilot plant using a semi-empirical model with correction 

factor to represent the sorbent performance. As opposed to other studies 

analysing CaL retrofit scenarios, the model prediction was compared with  

the pilot-plant operating data under different flue gas loads. As the model 

predictions were found to be in good agreement with experimental data,  

the energy requirement of CaL was expected to be reliably estimated. 

Therefore, the process model was then scaled up to process the flue gas from 

both the 660 MWel supercritical coal-fired power plant and the 580 MWel 

supercritical coal-fired power plant using the findings from the detailed literature 

review on CaL development. Finally, to reliably assess the overall parasitic load 

in the considered CO2 capture retrofit scenarios, the auxiliary equipment, such 

as CO2 compression unit and air separation unit, was modelled in detail, instead 

of using specific power requirements to factor their contribution in the total 

parasitic load.  
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13.1.3 Deterministic performance analysis 

Retrofit of the CAP plant, for which the lowest parasitic load was estimated at 

lean loading of 0.29 and NH3 concentration of 12.5%wt, to the 580 MWel 

supercritical coal-fired power plant led to a net efficiency penalty of 10.9% 

points for the initial stripper pressure of 10 bar, which is similar to the other 

studies on CAP and MEA retrofit scenarios. However, the actual parasitic load 

was found to be 24.7 MWel higher than the estimated theoretical work 

requirement. This indicated a limitation of the previous studies that utilised 

thermodynamic estimates and did not account for pressure drops and 

corresponding temperature variations throughout the steam cycle due to 

extraction of large amount of steam for solvent regeneration. Application of  

the advanced process configurations was found to considerably reduce the net 

efficiency penalty. In particular, the novel configuration, which involves coupling 

of a new two-stage or a single-stage auxiliary steam turbine with the boiler 

feedwater pump for extracted steam pressure control and a back-pressure 

turbine for maintaining the desired intermediate-pressure turbine discharge 

pressure, was found to impose the net efficiency penalty of 8.7–8.8%HHV points. 

This was 2.1–2.2%HHV points lower than in the base case for the CAP retrofit 

scenario (Objective 5).  

As the efficiency penalty of the CAP retrofit scenario was still close to that of 

chemical solvent scrubbing using the reference MEA solvent, the CaL retrofit 

scenario was considered for the same reference coal-fired power plant. With  

the assumption to capture 90% of CO2 from the flue gas, the net efficiency 

penalty of the CaL retrofit scenario was 8.6%HHV points, which is close values 

from other studies analysing retrofits of CaL to the coal-fired power plants. 

Although this was only slightly better than to the best case CAP retrofit 

scenario, it needs to be highlighted that, considering fuel combustion in  

the calciner, the overall CO2 capture level was 95.7%. The sensitivity analysis 

revealed that the net thermal efficiency of the retrofitted system and the net 

power output are most affected by the sorbent make-up rate, CO2 capture 

efficiency, and O2 content in the calciner fluidising gas. On optimisation of these 

parameters, it was shown that the net thermal efficiency can be reduced to  
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6.7–7.9%HHV points for a calciner fired with natural gas and coal, respectively, 

with an overall CO2 capture of 90% (Objective 5). Moreover, it was found that 

the net power output in the CaL retrofit scenario will increase by 39.0–53.7% 

over the reference coal-fired power plant without CO2 capture, which was in 

agreement with other studies. Yet, the performance of the CaL retrofit scenario 

has never been compared to chemical solvent scrubbing technologies using  

the same reference coal-fired power plant. Therefore, having conducted such 

comparison for the first time, the performance of the CaL retrofit scenario was 

found to be superior to the reference amine scrubbing technology, for which  

the net efficiency penalty was 9.5%, leading to 24.7% drop in the net power 

output. Not only was retrofit of the CaL process to the coal-fired power plant 

found to be less complex compared to chemical solvent scrubbing, it would also 

generate nearly double revenue from electricity sales to the power plant 

operators.    

The state-of-the-art CaL retrofit scenario assumed that the high-grade heat 

available for recovery was utilised to raise high-pressure steam for  

the conventional steam cycle. As CaL operates within the temperature envelope 

that is similar to high-temperature gas-cooled nuclear reactors, sodium-cooled 

fast nuclear reactors, and concentrating solar power plants, it was proposed for 

the first time to apply the recompression s-CO2 cycle in place of  

the conventional steam cycle for high-grade heat utilisation (Objective 5). The 

net efficiency penalty in the CaL with s-CO2 retrofit scenario was found to be 

6.9%HHV points, which was 1%HHV point lower than the corresponding case of 

CaL with a coal-fired calciner and with the supercritical steam cycle under  

the same turbine inlet conditions. Increase of the turbine inlet conditions to  

300 bar/620°C/620°C from 242.3 bar/593.3°C/593.3°C resulted in a 0.6%HHV 

point reduction in the net efficiency penalty, indicating further room for net 

thermal efficiency improvement that is dependent only on availability of material 

that would be capable of maintaining its properties under such conditions. 

Moreover, the hardware analysis revealed that further improvement in the net 

thermal efficiency of the retrofitted system can be obtained by increasing  

the number of reheating and/or intercooling stages, as well as by replacing  



 

276 

 

the first stage of the main compressor with a CO2 pump. The latter solution was 

found to further improve the net thermal efficiency by 0.5%HHV points; hence  

the minimum net efficiency penalty of 5.8%HHV points is estimated for CaL with 

a coal-fired calciner. Finally, further improvements in the performance of  

the coal-fired power plant retrofitted with the CaL plant can be achieved through 

using natural gas in the calciner, higher level of heat integration, alternative 

sources of O2 for oxy-combustion of fuel or sources of heat for sorbent 

regeneration to minimise or avoid the power requirement associated with O2 

production, alternative processes and technologies to minimise the power 

requirement for CO2 compression, and higher efficiency of the secondary cycle. 

The part-load analysis of the MEA retrofit scenario (Objective 6) indicated that, 

depending on the integration scenario and operating conditions, it would result 

in net efficiency penalties of 10.5–14.7%HHV points. More importantly, the study 

revealed that the reboiler duty drops nonlinearly with reduction of the coal-fired 

power plant load. This indicated that the approach employed by other studies 

that used fixed specific reboiler duty to estimate the system’s part-load 

performance would lead to underestimation of the reboiler duty, and thus  

the net efficiency penalty. Furthermore, it was estimated that if the pressure 

drop due to steam extraction for solvent regeneration was not considered, the 

net efficiency penalty can be underestimated by up to 1.3%HHV points. These 

results reinforce the need for detailed modelling of both the coal-fired power 

plant and the CO2 capture plant to reliably assess the performance of  

the retrofitted system under off-design and part-load operating conditions. As 

the proposed part-load modelling framework was found to be an effective tool 

for detailed part-load analysis, it can be utilised for feasibility and  

techno-economic studies of CO2 capture retrofit scenarios. Therefore, it was 

employed to assess the part-load performance and inherent energy storage 

capability of the CaL retrofit scenario (Objective 6). As opposed to the MEA 

retrofit scenario, the net efficiency penalty in the CaL retrofit scenario was not 

considerably affected under part-load operation as it varied between  

8.7–8.8%HHV points and 8.9–9.4%HHV points for a calciner fired with natural gas 

and coal, respectively. When sorbent reactivation via hydration was considered, 
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the net efficiency penalty reduced to 8.3–8.4%HHV for the natural gas fired 

calciner, yet the net power output of the retrofitted system dropped by 11–12% 

compared to the CaL retrofit scenario without sorbent reactivation. The 

economic analysis revealed that regardless of the improved net thermal 

efficiency, such drop in the net power output will have significant implications on 

the economic performance, as in all cases with sorbent regeneration through 

hydration, the daily short-run profit was lower compared to the cases without 

sorbent reactivation. Furthermore, the techno-economic analysis of the CaL 

with inherent energy storage indicated that application of liquid-O2 energy 

storage would result in higher turndown of the entire system and offer higher 

energy density, hence lower capital cost, compared to the other identified routes 

for energy storage. It would also offer the highest daily short-run profit, even 

higher than that of the reference coal-fired power plant without CO2 capture at 

8.3 €/tCO2. As the average price of European emission allowances in 

November 2015 was 8.5 €/tCO2, it is concluded that implementation of the CaL 

retrofit scenario with a liquid-O2 energy storage system is beneficial in  

the current economic climate. It is expected that utilisation of the inherent 

energy storage capability of chemical looping combustion and oxy-combustion 

can yield similar economic benefits.  

13.1.4 Probabilistic performance analysis 

Process modelling and simulation tools are widely utilised in design and 

optimisation of advanced clean power generation systems. Yet, their 

deterministic nature implies the need to apply safety factors to ensure reliable 

operation of the system under uncertain operating conditions. As this could lead 

to equipment oversizing, affecting process efficiency and increasing capital 

cost, a probabilistic approach to performance assessment is adapted to 

systematically account for input uncertainty in power generation systems 

(Objective 7). By considering the variability in the fuel composition and 

 the market energy demand, the probability that the limit states of the 660 MWel 

supercritical coal-fired power plant were exceeded was found to be small.  

The probabilistic analysis also indicated that fluctuations in the market energy 



 

278 

 

demand had the highest impact on the process reliability. Nevertheless, it was 

observed that there is no need to apply conservative safety factors during the 

equipment design.  

Having applied probabilistic approach to compare the CaL and MEA retrofit 

scenarios, it was shown that the most probable values for the net efficiency 

penalties are 9.5% and 11.5% points in the CaL and MEA retrofit scenarios, 

respectively, regardless of higher uncertainty in the operating conditions of CaL. 

These values are in the higher-end of the net efficiency penalties reported in  

the literature. Moreover, the CaL retrofit scenario was found to increase the net 

power output of the integrated system by 40%, which can be considered as  

a more realistic value compared to 50–80% identified in previous deterministic 

studies considering only base-load operation. Also, the net power output in  

the CaL retrofit scenario was found to be nearly double that in the MEA retrofit 

scenario, and thus it could outweigh the imposed net efficiency penalty leading 

to exceeding the profit of the reference CFPP from electricity sales in favourable 

economic conditions. Probabilistic analysis of particular process equipment 

revealed that CO2 capture plants and their auxiliary equipment need to be 

designed for the lower limit state and no excessive oversizing is required. It was 

found that the analysed key performance indicators were mostly affected by 

variability in the power plant operating load, lean loading (MEA retrofit scenario) 

and relative sorbent make-up rate (CaL retrofit scenario), while no effect of 

uncertainty in the moisture content in coal was observed. Finally,  

the probabilistic approach was found to be capable of producing valuable 

information on the equipment operating envelope that would help designers to 

assess the number of equipment trains and their operating limits.  

It is concluded that the probabilistic framework should be used in addition to 

conventional thermodynamic analyses in future studies aiming at development 

of novel clean power generation systems and CO2 capture processes. 

Importantly, by considering the impact of uncertainty on process performance, it 

valuable information is generated that could serve as an input not only to  
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the probabilistic economic analysis and process design, but also to  

the investment decision-making process. 

13.2 Recommendations for future research 

The work conducted within this PhD project has not only significantly 

contributed to the scientific body of knowledge in the fields of CO2 capture and 

power engineering, which is proven via project outputs published in nine  

high-impact-factor peer-reviewed journal papers, but also has identified further 

knowledge gaps and indicated research directions. Therefore, the following 

recommendations for future research are made in relation to process modelling, 

process analysis, and development of clean power generation and industrial 

systems: 

 Process modelling 

o Kinetics and hydrodynamics correlations should be implemented in 

the carbonator and the calciner models to enhance the credibility of 

the process model prediction.  

o A detailed validation of the CaL and CAP process models with 

experimental operating data should be conducted to identify 

differences in prediction of the process models of different complexity 

level once relevant data become available. 

o A database comprising the baseline models for fossil fuel power 

plants, such as supercritical, ultra-supercritical and advanced  

ultra-supercritical coal-fired power plants, natural gas fired and 

integrated gasification combined cycle power plants, and CO2 capture 

plants, such as chemical solvent scrubbing and CaL, should be 

established and made freely available to the academic and industrial 

community to make direct comparisons across different studies viable 

and reliable. 

 Process analysis of the developed concepts 

o Applicability of the CAP and CaL concepts developed in this project to 

other power generation systems, such as natural gas fired and 
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integrated gasification combined cycle power plants, should be 

assessed and their techno-economic viability determined.  

o Once the CaL process model is improved, a further techno-economic 

analysis of the developed concepts should be carried out to prove 

their technical and economic viability. Additionally, deterministic data 

generated using a high-fidelity CaL model will serve as a design 

matrix for detailed probabilistic techno-economic analyses that would 

provide reliable data to support the design study. 

o Applicability of other thermodynamic cycles, such as Kalina cycle or 

humid air turbine cycle, and combined cycles, such as supercritical 

CO2 cycle (topping cycle) with conventional steam cycle (bottoming 

cycle), for high-grade heat recovery from CaL should be evaluated.   

o Further studies on the inherent storage capability of CaL to maximise  

the daily short-run profit via optimising the charging and discharging 

times should be conducted.  

o The inherent energy storage capability of other clean power 

technologies, such as chemical looping combustion and  

oxy-combustion, should be assessed. 

 Advancement of clean power generation and industrial systems 

o A detailed design study of the proposed concepts of CaL, including 

cases with conventional steam cycle, supercritical CO2 cycle and 

inherent energy storage capability, should be undertaken to advance 

large-scale implementation of this technology. 

o A techno-economic analysis of CaL with supercritical CO2 cycle 

and/or inherent energy storage for decarbonisation of other 

industries, such as cement, lime, chemicals, hydrocarbon, and steel, 

should be conducted. 

o A techno-economic analysis of CaL retrofit to a combined heat and 

power plant should be conducted and the performance compared 

with the power plant of the same rated power output. 

o The effect of using alternative sorbents, such as lithium silicate, 

synthetic sorbents, pre-treated sorbents and sorbent reactivation 
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strategies on the techno-economic performance of the high-

temperature solid looping cycle for CO2 capture from fossil fuel power 

plants should be estimated. 

o Implementation of the process intensification in CO2 capture plants 

via considering rotating packed beds or vortex reactors should be 

evaluated from techno-economic standpoint.  

o Development of novel power generation systems based on  

high-temperature looping cycles and high-efficiency thermodynamic 

cycles should be pursued and their techno-economic performance 

quantified.  
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Appendix A SUPPLEMENTARY INFORMATION FOR 

PRESENTED PUBLICATIONS 

A.1 Modelling and comparison of calcium looping and chemical 

solvent scrubbing retrofits for CO2 capture from coal-fired 

power plant 

Calciner fuel characteristic 

Table A-1: Coal characteristics (Black, 2013) 

Illinois No 6 Bituminous coal As received (%wt) 

Proximate analysis 

 Fixed carbon 44.2 

Volatile matter 35.0 

Ash 9.7 

Moisture 11.1 

Ultimate analysis   

Carbon 63.8 

Hydrogen 4.5 

Oxygen 6.9 

Nitrogen 1.3 

Sulphur 2.5 

Higher heating value (MJ/kg) 27.1 

Lower heating value (MJ/kg) 26.2 
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Table A-2: Biomass characteristics (Ciferno and Marano, 2002) 

Beech wood (Short rotation woody crops ) As received (%wt) 

Proximate analysis 

 Fixed carbon 11.3 

Volatile matter 68.9 

Ash 0.8 

Moisture 19.0 

Ultimate analysis 
 

Carbon 50.4 

Hydrogen 7.2 

Oxygen 41.0 

Nitrogen 0.3 

Sulphur 0.0 

Higher heating value (MJ/kg) 18.4 

Lower heating value (MJ/kg) N/A 

Table A-3: Natural gas characteristics (Black, 2013) 

Natural gas As received (%vol) 

Methane 93.1 

Ethane 3.2 

Propane 0.7 

n-Butane 0.4 

Carbon dioxide 1.0 

Nitrogen 1.6 

Higher heating value (MJ/kg) 52.6 

Lower heating value (MJ/kg) 47.5 
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A.2 Evaluation and modelling of part-load performance of  

coal-fired power plant with post-combustion CO2 capture 

Table A-4: Validation of the base load prediction of the coal-fired power plant 

model developed in Aspen Plus 

Stream 

number 

Pressure (bar) 
  

Temperature (°C) 
  

Mass flow rate (kg/s)     

Literature Model Deviation   Literature Model Deviation   Literature Model Deviation 

Coal/bottom ash 

1 1.030 1.030 0.0% 

 

33.0 33.0 0.0% 

 

58.6 60.3 2.9% 

2 1.013 1.013 0.0% 

 

1050.0 1050.0 0.0% 

 

1.9 2.0 3.3% 

Air/flue gas 

3 1.013 1.013 0.0% 

 

33.0 33.0 0.0% 

 

634.5 654.3 3.1% 

4 1.040 1.040 0.0% 

 

35.9 35.8 0.3% 

 

634.5 654.3 3.1% 

5 1.030 1.030 0.0% 

 

258.5 270.2 4.5% 

 

634.5 654.3 3.1% 

6 1.010 1.010 0.0% 

 

1921.4 1922.4 0.1% 

 

691.1 704.8 2.0% 

7 1.010 1.010 0.0% 

 

1070.8 1070.8 0.0% 

 

691.1 704.8 2.0% 

8 1.005 1.005 0.0% 

 

921.8 921.8 0.0% 

 

691.1 704.8 2.0% 

9 1.005 1.005 0.0% 

 

547.6 555.7 1.5% 

 

691.1 704.8 2.0% 

10 1.000 1.000 0.0% 

 

319.0 319.0 0.0% 

 

691.1 704.8 2.0% 

11 1.000 1.000 0.0% 

 

122.4 122.4 0.0% 

 

691.1 704.8 2.0% 

12 1.060 1.060 0.0% 

 

130.0 130.0 0.0% 

 

691.1 704.8 2.0% 

Water/steam 

13 308.70 308.70 0.0% 

 

279.6 279.7 0.0% 

 

550.7 550.7 0.0% 

14 294.70 294.70 0.0% 

 

341.0 344.9 1.1% 

 

550.7 550.7 0.0% 

15 263.20 263.20 0.0% 

 

480.0 478.9 0.2% 

 

550.7 550.7 0.0% 

16 242.20 242.20 0.0% 

 

537.0 537.0 0.0% 

 

550.7 550.7 0.0% 

17 44.30 44.30 0.0% 

 

288.7 287.9 0.3% 

 

466.2 466.3 0.0% 

18 42.00 42.00 0.0% 

 

565.0 565.0 0.0% 

 

466.2 466.3 0.0% 

19 66.80 66.80 0.0% 

 

340.0 339.8 0.1% 

 

36.2 36.2 0.1% 

20 44.30 44.30 0.0% 

 

288.7 287.9 0.3% 

 

48.3 48.2 0.3% 

21 21.00 21.00 0.0% 

 

459.9 455.9 0.9% 

 

14.4 14.8 2.5% 

22 6.10 6.10 0.0% 

 

295.4 290.4 1.7% 

 

19.2 19.5 1.3% 

23 2.98 2.98 0.0% 

 

215.6 210.1 2.6% 

 

31.4 31.4 0.1% 

24 2.90 2.98 2.8% 

 

215.6 210.1 2.6% 

 

346 342.6 1.0% 

25 0.64 0.64 0.0% 

 

87.6 87.6 0.0% 

 

14.1 14.0 0.7% 

26 0.27 0.27 0.0% 

 

66.7 66.7 0.0% 

 

13.5 13.7 1.8% 

27 0.10 0.10 0.0% 

 

46.4 46.4 0.0% 

 

318.5 314.9 1.1% 

28 0.10 0.10 0.0% 

 

46.4 46.4 0.0% 

 

429.5 429.0 0.1% 

29 11.90 11.90 0.0% 

 

46.5 46.5 0.1% 

 

429.5 427.1 0.6% 

30 308.70 308.70 0.0% 

 

193.9 193.3 0.3% 

 

550.7 550.7 0.0% 

31 11.90 11.90 0.0% 

 

381.1 375.4 1.5% 

 

22.4 22.5 0.6% 

32 2.03 2.03 0.0%   33.0 33.0 0.0%   18992.8 18874.2 0.6% 

33 1.03 1.03 0.0%   43.0 43.0 0.0%   18992.8 18874.2 0.6% 
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A.3 Calcium looping with inherent energy storage for 

decarbonisation of coal-fired power plant 

Evaluation of the heat loss from the storage tank in Case 3 

The rate and the amount of heat loss over time from the solid storage tank 

(Figure A-1) can be defined as (Ma et al., 2014a): 

𝑄̇𝑙𝑜𝑠𝑠 = 𝑄̇𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 + 𝑄̇𝑤𝑎𝑙𝑙 + 𝑄̇𝑡𝑜𝑝 (A-1) 

∆𝑄𝑙𝑜𝑠𝑠 = ∫ 𝑄̇𝑙𝑜𝑠𝑠

𝑡𝑓

𝑡0

𝑑𝑡 (A-2) 

 

Figure A-1: Drawing of insulated solid storage tank for heat loss calculation 

It is expected that a particle self-insulation layer will develop near the walls of 

the storage tank and provide additional resistance to conductive heat loss. 

Hence, for the cylindrical tank lined with refractory insulation and surrounded 

with a concrete wall, the rate of heat transfer through the wall, top and 

foundation under steady state can be expressed using Eq. (A-3)–(A-5), 

respectively. The heat loss through the top of the tank will be due to conduction 
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through the insulation consisting of refractory lining and cement, and due to 

convection to the environment. Alternatively, heat loss through the foundation 

will be a result of conduction only.  

𝑄̇𝑤𝑎𝑙𝑙 =
𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑙𝑛 (
𝑟2
𝑟1
)

2𝜋𝑘𝑝,𝑒𝑓𝑓𝐿
+
𝑙𝑛 (

𝑟3
𝑟2
)

2𝜋𝑘𝑟𝐿
+
𝑙𝑛 (

𝑟4
𝑟3
)

2𝜋𝑘𝑐𝐿
+

1
2𝜋𝑟4𝐿ℎ𝑎𝑚𝑏𝑖𝑒𝑛𝑡

 
(A-3) 

𝑄̇𝑡𝑜𝑝 =
𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑡𝑐
𝜋𝑟2𝑘𝑟

+
𝑡𝑟

𝜋𝑟2𝑘𝑐
+

1
𝜋𝑟2ℎ𝑎𝑚𝑏𝑖𝑒𝑛𝑡

 
(A-4) 

𝑄̇𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 =
𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑡𝑐
𝜋𝑟2𝑘𝑟

+
𝑡𝑟

𝜋𝑟2𝑘𝑐

 
(A-5) 

The effective thermal conductivity for the particles in the solid storage tank 

(kp,eff) was obtained from the Okazaki et al. (1981) model, which was found to 

reasonably represent the experimental data by Abou-Sena et al. (2007).  

Table A-5: Parameters for heat loss calculation 

Parameter  Unit Value 

Thermal conductivity of refractory-insulating lining, kr 

(Ma et al., 2014b) 
W/mK 0.5 

Thermal conductivity of cement wall, kc (Ma et al., 
2014b) 

W/mK 1.0 

Thermal conductivity of sorbent, kp
 
(Robertson, 1988) W/mK 1.5 

Convective heat transfer coefficient, hamb (Koschenz 
and Dorer, 1999) 

W/K 2.0 

Porosity, ε - 0.5 

Storage tank height, L m 30 

Radius of tank without insulation, r1 (CaO/CaCO3 tank) m 13.1/14.2 

Self-insulation layer thickness, tp (Ma et al., 2014b) m 0.5 

Refractory lining thickness, tr m 0.25 

Cement wall thickness,tc m 1.0 

Sensible heat stored, Qsens (CaO/CaCO3 tank) MWth 190.4/165.6 

Using the parameters from Table A-1, it was estimated that the heat loss in  

the CaO and CaCO3 tanks will be 0.7 and 1.3 MWth, respectively. This accounts 

for 0.4% and 0.8% of the total sensible heat stored in these tanks, which is in 

line with the results obtained for thermal storage by Ma et al. (2014a).  
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In addition, sensitivity analyses on the thermal conductivities, convective heat 

transfer coefficient and insulation thicknesses have been performed and are 

presented in the following figures. These revealed that the heat loss is not 

higher than 1.5%, indicating that heat storage efficiency is more than 98.5%. As 

the analysis revealed that the heat loss will be very low and thus will not affect 

the performance of the system significantly, it can be assumed that there is no 

heat loss in the tanks at the concept development stage. 

 

Figure A-2: Effect of the concrete wall thickness on the relative heat loss in the 

solid storage tank 

 

Figure A-3: Effect of the refractory insulation lining thickness on the relative heat 

loss in the solid storage tank 
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Figure A-4: Effect of concrete thermal conductivity on the relative heat loss in 

the solid storage tank 

 

Figure A-5: Effect of refractory insulating lining thermal conductivity on the 

relative heat loss in the solid storage tank 
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Figure A-6: Effect of sorbent thermal conductivity on the relative heat loss in the 

solid storage tank 

 

Figure A-7: Effect of convection heat transfer coefficient on the relative heat loss 

in the solid storage tank 
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A.4 Probabilistic performance assessment of a coal-fired power 

plant 

Table A-6: Representative subset of the design matrix 

Moisture 
content 

(%wt) 

Fixed 
carbon 
content 

(%wt) 

Volatile 
matter 

content 
(%wt) 

Ash 
content 

(%wt) 

Gross 
power 
output 
(MWel) 

Steam 
generation 

rate 
 (kg/s) 

Net 
efficiency 

(%HHV) 

Coal 
consumption 

rate  
(kg/s) 

0.32 60.28 22.78 16.63 660 551.242 39.681 58.936 

1.90 59.32 22.42 16.36 660 551.242 38.968 59.997 

3.77 58.19 21.99 16.05 660 551.226 38.127 61.297 

5.86 56.93 21.51 15.70 660 551.235 37.182 62.827 

11.00 53.82 20.34 14.85 660 551.228 34.856 66.944 

17.00 50.19 18.97 13.84 660 551.245 32.130 72.512 

2.44 18.53 45.68 33.35 660 551.251 38.427 76.652 

2.44 45.01 30.38 22.18 660 551.231 38.643 65.142 

2.44 51.71 26.51 19.35 660 551.240 38.687 62.759 

2.44 53.17 25.66 18.73 660 551.230 38.691 62.270 

2.44 58.15 22.78 16.63 660 551.234 38.722 60.633 

2.44 87.22 5.98 4.36 660 551.233 38.866 52.578 

2.44 70.69 7.37 19.50 660 551.224 38.676 62.896 

2.44 54.05 28.59 14.91 660 551.223 38.747 59.353 

2.44 52.28 30.86 14.42 660 551.235 38.754 59.000 

2.44 50.80 32.74 14.01 660 551.231 38.760 58.709 

2.44 47.88 36.47 13.21 660 551.241 38.770 58.143 

2.44 35.08 52.81 9.68 660 551.231 38.811 55.783 

2.44 69.27 26.18 2.11 660 551.240 38.892 51.323 

2.44 66.41 25.10 6.05 660 551.237 38.854 53.550 

2.44 64.65 24.43 8.48 660 551.231 38.823 55.028 

2.44 63.01 23.81 10.74 660 551.242 38.799 56.472 

2.44 61.46 23.22 12.88 660 551.237 38.771 57.921 

2.44 46.59 17.60 33.37 660 551.238 38.423 76.682 

2.44 58.99 22.29 16.27 660 551.235 38.729 60.361 

2.44 58.99 22.29 16.27 580 479.030 38.739 52.928 

2.44 58.99 22.29 16.27 492 404.270 38.174 45.413 

2.44 58.99 22.29 16.27 404 332.886 37.129 38.148 

2.44 58.99 22.29 16.27 316 263.504 35.652 30.836 

2.44 58.99 22.29 16.27 260 219.809 34.445 26.069 
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A.5 Comparison of probabilistic performance of calcium 

looping and chemical solvent scrubbing retrofits for CO2 

capture from coal-fired power plant 

A supplementary information to Hanak, D.P., Kolios, A.J., and Manovic, V. 

(2016), "Comparison of probabilistic performance of calcium looping and 

chemical solvent scrubbing retrofits for CO2 capture from coal-fired power 

plant", Applied Energy, 172, 323–336, which comprises a detailed design matrix 

for the probabilistic analysis and assessment of the approximation models, is 

available online at http://bit.ly/1qe7KQm. 
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