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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 CO, 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 CO,
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 MW, 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 CO, 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 MW 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 CalL retrofit scenarios, the net power output was found to be
around 40% higher than that of the CFPP without CO, capture and double than
that for the MEA retrofit scenario. Such performance of the CalL retrofit scenario
led to higher profit than that of the 660 MW, CFPP without CO, capture,
especially if its inherent energy storage capability was utilised. Hence, this study
revealed that CalL has the potential to significantly reduce the efficiency and

economic penalties associated with mature CO, capture technologies.

Keywords: Energy storage, probabilistic performance analysis, CO, 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 CO; concentration in
the atmosphere from 280 ppm, in the pre-industrial period to more than
400 ppmy in May 2013 (IEA, 2013a; Olivier et al., 2013) and to 401.6 ppm, 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 CO; concentration has been
increasing at a rate of 2.1 ppm, per year over the past decade (Figure 1-1). If
such trend continues and no mitigation measures are implemented, the global
mean CO, concentration could increase to 540-685 ppm,, depending on

whether this trend would be of the first or second order.
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Figure 1-1: Variability of the global monthly mean CO, concentration over the

past decade (Dlugokencky and Tans, 2016)



Because CO; 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 ppmy,cozeq, the global CO, 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 CO, can be emitted from
anthropogenic sources, of which 1970 Gt of CO, 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 ppmycozeq (European Commission,
2011a). To comply with this recommendation, the European Union has

a commitment to reduce its greenhouse gas emissions by 30% by 2020



(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 21%' 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.



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 CO, 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).

Natural gas Coal
21.7% 41.1%
Nuclear

10.6%
Biofuels and
Hydro wastes
16.6% 3.6% 2.0%

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%,4yv) that



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 CO, 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 CO, emission reduction by 2050 (IEA,
2015d, 2015e). According to the International Energy Agency (2015d, 2015e),
around 43% of the cumulative CO, 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 CO, 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 (Rodriguez 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).



Although three main CO, 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 CO, 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 CO, 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 CO, 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 CO, capture plant on electricity generation
cost (CSIRO, 2012)

Cost of electricity generation* [€/ MW h]

Plant type

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



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 CO, 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 CO,
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 CO, 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 CO, 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.



Develop and validate models of calcium looping and chilled ammonia
post-combustion CO, capture plants.

Investigate alternative CO, capture technologies and integration

configurations for reduction of the net efficiency penalty resulting from
the CO, capture plant retrofit to the coal-fired power plants.

Evaluate performance of the developed configurations under off-design
and alternative operating modes.

Adapt a methodology for a probabilistic performance assessment to
analyse the impact of the post-combustion CO, capture plant retrofit to

the coal-fired power plant.
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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 CO, capture technology that will probably be used in
the early-stage commercial-scale post-combustion CO, 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
CO, 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 SO, and NOy 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 NHz 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 CO, 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 agueous 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



CAP conditions (Objective 4) and scaled up for 90% CO, capture level from
the commercial-scale 580 MW¢, 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 MWg 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 Ilowest 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 CO, capture technologies

have been pursued.

A promising alternative to chemical solvent scrubbing is an emerging CO;

capture technology called calcium looping (CalL) that uses a calcium-based
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solid sorbent at high temperature to remove CO, 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; Martinez et al., 2011; Romeo et al., 2008a;
Strohle 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; Strohle 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 CalL 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 CalL 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
CalL, 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 CalL 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 CalL 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 MWy, 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 MW, 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 CalL to
the considered coal-fired power plant was found to be less complex and,
because CalL 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 CalL plant
stems from the power requirement to run compressors in the CO, 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 CO,, 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 CalL 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 CO; (s-CO,), 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 CalL 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-CO, 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%uny 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%pnv points was achieved through considering a pump instead of a first CO,
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-CO, retrofit scenario could be achieved through increasing the level
of heat integration in the CaL plant, minimising the parasitic load associated
with O, production and CO, 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 CO, 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 CO, 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
CO, retrofit scenarios. Therefore, it is a common practice to use separate
software to model the CO, 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 CO, 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 CO, 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; Stepczynska-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
CO, capture retrofit scenarios, has been proposed (Publication 5, Objective 6).
Using this framework, the process model of the 660 MW 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 MW, 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%pyny 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 CO, capture plant.
Importantly, it has been shown that the net efficiency of the retrofitted system
can be overestimated by up to 1.3%pny 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 CO,
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 CO, 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 CO, 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 CO, storage
and sorbent deactivation were identified and delayed the technology
implementation (Ervin, 1977; Yan et al., 2015). By linking the energy storage
and CO, capture capabilities of CalL, 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 CO, 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 CalL can increase the degree of
energy utilisation and, more importantly, can lead to higher profit than for
current fossil fuel power plants without CO, 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 CO, 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 MW, 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 MWy 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 CalL
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:

e 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).

e The large-sale CAP process for CO, 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.

e 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 CalL retrofit
scenario at lower process complexity. The influence of key operating
specifications of CalL and the fuel used in the calciner on the retrofitted
system performance is also evaluated. The CaLl 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 CO, cycle instead of the conventional
steam cycle to recover heat from the CalL 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 CO, 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 CO,
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 CO, capture.
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e 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.

e 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 CO, 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.
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PROJECT AIM
Identify, quantify, and analyse the efficiency improvements and alternate operating
modes of coal-fired power plants retrofitted with CO2 capture plants

!

LITERATURE REVIEW
\ \
CHAPTER 1 —— OBJECTIVE 1 ‘
Conduct a general review on the efficiency improvement methods applicable to
CHAPTER 2 - } post-combustion CO: capture plants }
| " l
‘ OBJECTIVE 2
CHAPTER 3 = Conduct a detailed review of developments in the pilot-plant testing . PUBLICATION 3

\ and modelling of the calcium looping process

\
|
MODEL DEVELOPMENT ‘
1 |
CHAPTER 4 = OBJECTIVE 3 —= PUBLICATION 1

CHAPTER 5 = |Develop base- and part-load models of the coal-fired power plant and validate them1—- PUBLICATION 2

CHAPTER 8 — ‘ against data available in the public domain. L PUBLICATION 5
\ \
: . :
CHAPTER 4 &l OBJECTIVE 4 s PUBLICATION 1
Develop and validate models of calcium looping and chilled ammonia
CHAPTER 6 post-combustion CO: capture plants. | — PUBLICATION 4
|

PETERMINISTIC ANALYSIS 1
\
|

CHAPTER 5 . 4 S . o |~ PUBLICATION 2
CHAPTER 6 = Investigate alternative CO: capture technologies and integration configurations for — PUBLICATION 4

CHAPTER 7 | [reduction of the net efficiency penalty _resultlng from the CO: capture plant retrofit to] | PUBLICATION 7
the coal-fired power plants

!

CHAPTER 8 = OBJECTIVE 6 I—= PUBLICATION 5
CHAPTER 9 — Evaluate performance of the developed configurations under off-design and —— PUBLICATION 6
SHAPTER 11 =1 alternative operating modes L~ PUBLICATION 9

PROBABILISTIC ANALYSIS 1
|
OBJECTIVE 7
Adapt a methodology for a probabilistic performance assessment to analyse the
impact of the post-combustion capture plant retrofit to the coal-fired power plant

SHAPTER 10 - = PUBLICATION 8

SHAPTER 11 = = PUBLICATION 9

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,
CO, capture and separation options viable for coal-fired power plants, and
identification of efficiency improvements in post-combustion CO, capture. Since

CaL has been identified as an emerging CO, 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 NHs, has been identified as a viable option
for reduction of the energy-intensity of chemical solvent scrubbing CO, 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-CO, 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 CO, 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 CO,
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,
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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
CO, capture from coal-fired power plant”, Applied Energy, 172, 323-336.

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

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
CO, 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 CO,
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 CO,
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 CO, 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 CO, 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 CO, capture plant and coal-fired power
plant’, Proceedings of 7" International Conference on Clean Coal
Technologies, Cracow, Poland, available online: http://bit.ly/TUrnOpN (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 CO, 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, 13-14™ 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, 23 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 CO, capture plant retrofit to a coal-fired power plant”,
IEAGHG 6™ High Temperature Solid Looping Cycles Network Meeting,
1-2"! 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 CO, capture plant and coal-fired power
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plant’”, 7" International Conference on Clean Coal Technologies, 17—21°

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

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), “A calcium looping process as
an efficient CO, capture technology for coal-fired power plants”, UKCCSRC
Spring Biannual Meeting, 19-21°% April 2015, held at Cranfield University,
Cranfield, UK.

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), “A calcium looping process as
an efficient CO, capture technology for coal-fired power plants”, Renewable
Energy Marine Structures EPSRC Doctoral Training Centre Opening Event,
4™ March 2014, Cranfield University, Cranfield, UK.

Hanak, D.P., Biliyok, C., and Manovic, V. (2015), “A calcium looping process as
an efficient CO, capture technology for coal-fired power plants”, UKCCSRC
Network Early Career Researcher Winter School, 16-19™ 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, 26™ January 2015, held at Cranfield University, Shrivenham, UK.

Hanak, D.P., Biliyok, C., and Manovic, V., “Ildentification of heat integration
opportunities in calcium looping CO, capture plant’”, 10" European
Conference on Coal Research and its Applications, 17-19™ 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 CO, Capture”,
24™ European Symposium on Computer Aided Process Engineering,
15-18™ 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 CO, capture technology for coal-fired power plants
decarbonisation”, UKCCSRC Early Career Researcher Annual Networking
Meeting, 24—25™ March 2014, held at University of York, York, UK.

24



References

Abanades, J.C., Anthony, E.J., Wang, J., and Oakey, J.E. (2005), “Fluidized
bed combustion systems integrating CO, capture with CaO”, Environmental
Science and Technology, 39, 2861-2866.

Abanades, J.C., Arias, B., Lyngfelt, A., Mattisson, T., Wiley, D.E., Li, H., Ho,
M.T., Mangano, E., and Brandani, S. (2015), "Emerging CO, capture

systems”, International Journal of Greenhouse Gas Control, 40, 126—166.

ABB (2009), Power Generation. Energy Efficient Design of Auxiliary Systems in
Fossil-Fuel Power Plants, ABB, Zurich, Switzerland and Wickliffe, OH,
USA.

Afkhamipour, M. and Mofarahi, M. (2013), “Comparison of rate-based and
equilibrium-stage models of a packed column for post-combustion CO,
capture using 2-amino-2-methyl-1-propanol (AMP) solution”, International
Journal of Greenhouse Gas Control, 15, 186-199.

Arias, B., Criado, Y.A., Sanchez-Biezma, A., and Abanades, J.C. (2014),
"Oxy-fired fluidized bed combustors with a flexible power output using
circulating solids for thermal energy storage”, Applied Energy, 132,
127-136.

Baker, R. (1973), “The reversibility of the reaction CaCO3z 2 CaO+CO,”, Journal
of Applied Chemistry and Biotechnology, 23 (10), 733—-742.

Beér, J.M. (2007), “High efficiency electric power generation: The environmental

role”, Progress in Energy and Combustion Science, 33, 107-134.

Bhown, A.S. and Freeman, B.C. (2011), “Analysis and status of
post-combustion carbon dioxide capture technologies”, Environmental
Science and Technology, 45, 8624—-8632.

Black, J. (2013), Cost and performance baseline for fossil energy plants.
Volume 1: Bituminous coal and natural gas to electricity, Report no.:
DOE20101397, Revision 2a, National Energy Technology Laboratory,
Pittsburgh, PA, USA.

25



Blamey, J., Anthony, E.J., Wang, J., and Fennell, P.S. (2010), “The calcium
looping cycle for large-scale CO, capture”, Progress in Energy and
Combustion Science, 36, 260-279.

Cau, G., Tola, V., and Bassano, C. (2014a), “Performance evaluation of high-
sulphur coal-fired USC plant integrated with SNOx and CO, capture
sections”, Applied Thermal Engineering, 74, 136-145.

Cau, G., Tola, V., and Deiana, P. (2014b), “Comparative performance
assessment of USC and IGCC power plants integrated with CO, capture
systems” Fuel, 116, 820—-833.

Ciferno, J.P., DiPietro, P., and Tarka, T. (2005), An economic scoping study for
CO, capture using aqueous ammonia, National Energy Technology
Laboratory; National Energy Technology Laboratory; Advanced Resources
International; Energetics Incorporated, Pittsburgh, PA, USA.

Climate Change Act 2008, Chapter 2 (2008), The Stationery Office, London,
UK.

CSIRO (2012), Assessing post-combustion capture for coal-fired power stations
in Asia-Pacific partnership countries, CSIRO Advanced Coal Technology,
Newcastle, NSW, Australia.

Darde, V., Thomsen, K., van Well, W.J.M., and Stenby, E.H. (2010), “Chilled
ammonia process for CO, capture”, International Journal of Greenhouse
Gas Control, 4, 131-136.

Dean, C.C., Blamey, J., Florin, N.H., Al-Jeboori, M.J., and Fennell, P.S. (2011),
“The calcium looping cycle for CO, capture from power generation, cement
manufacture and hydrogen production”, Chemical Engineering Research
and Design, 89 (6), 836—855.

Dlugokencky, E. and Tans, P. (2016), Recent global CO,, NOAA Earth System
Research Laboratory, available online: http://1.usa.gov/IJN3NgG (last
accessed 21/03/2016).

Drbal, L., Westra, K., and Boston, P. (1996), Power Plant Engineering,
Springer, New York, NY, USA.

26



EIA (2015), Annual energy outlook 2015 with projections to 2040, U.S. Energy
Information Administration, Washington, DC, USA.

Ervin, G. (1977), “Solar heat storage using chemical reactions”, Journal of Solid
State Chemistry, 22 (1), 51-61.

European Commission (2014), Communication from the Commission to the
European Parliament, the Council, the European Economic and Social
Committee and the Committee of the Regions, A policy framework for
climate and energy in the period from 2020 to 2030, European

Commission, Brussels, Belgium.

European Commission (2011a), Communication from the Commission to the
European Parliament, the Council, the European Economic and Social
Committee and the Committee of the Regions - A Roadmap for moving to a
competitive low carbon economy in 2050, European Commission, Brussels,

Belgium.

European Commission (2011b), Communication from the Commission to the
European Parliament, the Council, the European Economic and Social
Committee of the Regions - Energy Roadmap 2050, European

Commission, Brussels, Belgium.

European Commission (2007), Communication from the Commission to the
Council, the European Parliament, the European Economic and Social
Committee and the Committee of the Regions, Limiting global climate
change to 2 degrees Celsius: The way ahead for 2020 and beyond,
Commission of the European Communities, Brussels, Belgium.

European Council (2014), European Council 23/24 October 2014
— Conclusions, European Council, Brussels, Belgium.

Floyd, J., Alpy, N., Moisseytsev, A., Haubensack, D., Rodriguez, G., Sienicki, J.,
and Avakian, G. (2013), “A numerical investigation of the sCO,
recompression cycle off-design behaviour, coupled to a sodium cooled fast
reactor, for seasonal variation in the heat sink temperature”, Nuclear

Engineering and Design, 260, 78-92.

27



Gal, E. (2006), Chilled-ammonia post combustion CO, capture system
— laboratory and economic evaluation results, Electric Power Research
Institute, Palo Alto, CA, USA.

GCCSI (2012), The global status of CCS: 2012, Global CCS Institute, Canberra,

Australia.

Goto, K., Yogo, K., and Higashii, T. (2013), “A review of efficiency penalty in
a coal-fired power plant with post-combustion CO, capture”, Applied
Energy, 111, 710-720.

Han, D., Duan, L., Duan, Y., Hu, H., and Pan, X. (2014), “Simulation and
optimization of pressurized oxy-fuel combustion system”, Proceedings of
the Chinese Society of Electrical Engineering, 34, 756—762.

Hanak, D.P., Biliyok, C., Anthony, E.J., and Manovic, V. (2015a), “Modelling
and comparison of calcium looping and chemical solvent scrubbing retrofits
for CO, capture from coal-fired power plant’, International Journal of
Greenhouse Gas Control, 42, 226—-236.

Hanak, D.P., Biliyok, C., and Manovic, V. (2015b), “Rate-based model
development, validation and analysis of chilled ammonia process as an
alternative CO, capture technology for coalfired power plants”,

International Journal of Greenhouse Gas Control, 34, 52—-62.

Hanak, D.P., Biliyok, C., Yeung, H., and Biatecki, R., (2014), “Heat integration
and exergy analysis for a supercritical high-ash coal-fired power plant
integrated with a post-combustion carbon capture process”, Fuel 134,
126-139.

Herranz, L.E., Linares, J.l., and Moratilla, B.Y. (2009), “Power cycle assessment
of nuclear high temperature gas-cooled reactors”, Applied Thermal
Engineering, 29, 1759-1765.

IEA (2015a), CO, emissions from fuel combustion - highlights, IEA

Publications, Paris, France.

IEA (2015b), Tracking clean energy progress 2015. Energy technology
perspectives 2015 excerpt. IEA Input to the Clean Energy Ministerial, IEA

Publications, Paris, France.

28



IEA (2015c), Key electricity trends: Excerpt from Electricity Information 2015,
IEA Publications, Paris, France.

IEA (2015d), Carbon capture and storage: The solution for deep emissions

reductions, IEA Publications, Paris, France.

IEA (2015€), Energy technology perspectives 2015, IEA Publications, Paris,

France.

IEA (2014), Technology roadmap: Energy storage, IEA Publications, Paris,

France.

IEA (2013a), Redrawing the energy-climate map. World energy outlook special

report, IEA Publications, Paris, France.

IEA (2013b), Tracking clean energy progress 2013. IEA Input to the clean

energy ministerial, IEA Publications, Paris, France.

IEA (2013c), Technology roadmap: Carbon capture and storage, IEA
Publications, Paris, France.

IEA (2012), Energy technology perspectives 2012: Pathways to a clean energy

system, IEA Publications, Paris, France.

IEA (2010a), Energy technology perspectives 2010: Scenarios & strategies to
2050, IEA Publications, Paris, France.

IEA (2010b), Power generation from coal: Measuring and reporting efficiency

performance and CO, emissions, IEA Publications, Paris, France.

IPCC (2014a), Climate change 2014: impacts, adaptation, and vulnerability.
Contribution of working group Il to the fifth assessment report of the
Intergovernmental Panel on Climate Change, Cambridge University Press,
Cambridge, UK and New York, NY, USA.

IPCC (2014b), Climate Change 2014: mitigation of climate change. Contribution
of working group Il to the fifth assessment report of the Intergovernmental
Panel on Climate Change, Cambridge University Press, Cambridge, UK
and New York, NY, USA.

IPCC (2014c), Climate change 2014: synthesis report. Contribution of working

groups |, Il and Il to the fifth assessment report of the Intergovernmental

29



Panel on Climate Change, Cambridge University Press, Cambridge, UK
and New York, NY, USA.

IPCC (2013), Climate change 2013: The physical science basis. Contribution of
working group | to the fifth assessment report of the Intergovernmental
Panel on Climate Change. Cambridge Unviersity Press, Cambridge, UK
and New York, NY, USA.

IPCC (2007a), Climate change 2007: The physical science basis. Contribution
of working group | to the fourth assessment report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge, UK
and New York, NY, USA.

IPCC (2007b), Climate change 2007: mitigation. Contribution of working group
Il to the fourth assessment report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA.

Jiang, R., Wang, J., and Guan, Y. (2012), “Robust unit commitment with wind
power and pumped storage hydro”, IEEE Transactions on Power Systems,
27, 800-810.

Jilvero, H., Normann, F., Andersson, K., and Johnsson, F. (2011), “Thermal
integration and modelling of the chilled ammonia process”, Energy
Procedia, 4, 1713-1720.

Jordal, K., Ystad, P.A.M., Anantharaman, R., Chikukwa, A., and Bolland, O.
(2012), “Design-point and part-load considerations for natural gas
combined cycle plants with post combustion capture”, International Journal
of Greenhouse Gas Control, 11, 271-282.

Karmakar, S. and Kolar, A.K. (2013), “Thermodynamic analysis of high-ash
coal-fired power plant with carbon dioxide capture”, International Journal of
Energy Research, 37, 522-534.

King, D., Schrag, D., Dadi, Z., Ye, Q., and Gosh, A. (2015), Climate change:
A risk assessment, Centre for Science Policy, University of Cambridge,
Cambridge, UK.

30



Li, Z.S., Cai, N.S., Croiset, E., Zhen-Shan, L., and Ning-Sheng, C. (2008),
"Process analysis of CO, capture from flue gas using
carbonation/calcination cycles”, AIChE Journal, 54, 1912-1925.

Linares, J.l., Herranz, L.E., Fernandez, |., Cantizano, A., and Moratilla, B.Y.
(2015), “Supercritical CO, Brayton power cycles for DEMO fusion reactor
based on helium cooled lithium lead blanket”, Applied Thermal
Engineering, 76, 123-133.

Linnenberg, S., Darde, V., Oexmann, J., Kather, A., van Well, W.J.M., and
Thomsen, K. (2012), “Evaluating the impact of an ammonia-based post-
combustion CO, capture process on a steam power plant with different
cooling water temperatures”, International Journal of Greenhouse Gas
Control, 10, 1-14.

Liptak, B.G. (2005), Instrument engineers’ handbook: process control and
optimization, CRC-Press, London, UK; New York, NY, USA; Washington,
DC, USA.

Markusson, N. (2012), The politics of FGD deployment in the UK (1980s-2009),
UK Energy Research Centre, London, UK, available online:
http://bit.ly/22rG8bK (last accessed: 21/03/2016).

Maroto-Valer, M.M., (2010), Developments and innovation in carbon dioxide
(CO,) capture and storage technology. Volume 1: Carbon dioxide (CO,)
capture, transportation and industrial applications, CRC press, London, UK;
New York, NY, USA; Washington, DC, USA.

Martinez, ., Murillo, R., Grasa, G., and Abanades, J.C. (2011), “Integration of a
Ca looping system for CO, capture in existing power plants”, AIChE
Journal, 57, 2599-2607.

Moisseytsev, A. and Sienicki, J.J. (2009), “Investigation of alternative layouts for
the supercritical carbon dioxide Brayton cycle for a sodium-cooled fast
reactor”, Nuclear Engineering and Design, 239, 1362-1371.

Oexmann, J., Kather, A., Linnenberg, S., and Liebenthal, U. (2012), “Post-

combustion CO, capture: chemical absorption processes in coal-fired

31



steam power plants”, Greenhouse Gases: Science and Technology, 2,
80-98.

Olivier, J.G.J., Janssens-Maenhout, G., Muntean, M., and Peters, J.A.H.W.
(2013), Trends in global CO, emissions: 2013 Report, PBL Netherlands

Environmental Assessment Agency, The Hague, Netherlands.

Orion Innovations (2013), A UK Vision for carbon capture and storage, Orion

Innovations Ltd., London, UK.

Padilla, R.V., Soo Too, Y.C., Benito, R., and Stein, W. (2015), “Exergetic
analysis of supercritical CO, Brayton cycles integrated with solar central

receivers”, Applied Energy, 148, 348—365.
Padurean, A., Cormos, C.C., Cormos, A.M., and Agachi, P.S. (2011),

“‘Multicriterial analysis of post-combustion carbon dioxide capture using
alkanolamines”, International Journal of Greenhouse Gas Control, 5,
676-685.

Pardo, P., Deydier, A., Anxionnaz-Minvielle, Z., Rougé, S., Cabassud, M., and
Cognet, P. (2014), “A review on high temperature thermochemical heat
energy storage”, Renewable and Sustainable Energy Reviews, 32,
591-610.

Pei, X., He, B., Yan, L., Wang, C., Song, W., and Song, J. (2013), “Process
simulation of oxy-fuel combustion for a 300 MW pulverized coal-fired power
plant using Aspen Plus”, Energy Conversion and Management, 76,
581-587.

Pfaff, 1., Oexmann, J., and Kather, A. (2010), “Optimised integration of
post-combustion CO, capture process in greenfield power plants”, Energy,
35, 4030-4041.

Rodriguez, N., Alonso, M., and Abanades, J.C. (2010), “Average activity of CaO
particles in a calcium looping system”, Chemical Engineering Journal, 156,
388-394.

Romeo, L.M., Abanades, J.C., Escosa, J.M., Pafio, J., Giménez, A.,

Sanchez-Biezma, A., and Ballesteros, J.C. (2008a), “Oxyfuel

32



carbonation/calcination cycle for low cost CO, capture in existing power
plants”, Energy Conversion and Management, 49, 2809-2814.

Romeo, L.M., Espatolero, S., and Bolea, I. (2008b), “Designing a supercritical
steam cycle to integrate the energy requirements of CO, amine scrubbing”,
International Journal of Greenhouse Gas Control, 2, 563-570.

Romeo, L.M,, Lara, Y., Lisbona, P., and Escosa, J.M. (2009), “Optimizing make-
up flow in a CO, capture system using CaO”, Chemical Engineering
Journal, 147, 252—-258.

Seltzer, A., Fan, Z., and Robertson, A. (2006), Conceptual design of
supercritical O,-based PC boiler, Foster Wheeler Power Group, Inc,
Livingston, NJ, USA.

Singh, M., Khadkikar, V., Chandra, A., and Varma, R.K. (2011), “Grid
interconnection of renewable energy sources at the distribution level with

power-quality improvement features”, IEEE Transactions on Power
Delivery, 26, 307-315.

Stangeland, A. (2007), “A model for the CO, capture potential”, International

Journal of Greenhouse Gas Control, 1, 418-429.

Stepczynska-Drygas, K., tukowicz, H., and Dykas, S. (2013), “Calculation of
an advanced ultra-supercritical power unit with CO, capture installation”,
Energy Conversion and Management, 74, 201-208.

Stéphenne, K. (2014), “Start-up of world’s first commercial post-combustion
coal fired CCS project: Contribution of Shell Cansolv to Saskpower
Boundary Dam ICCS project”, Energy Procedia, 63, 6106-6110.

Strohle, J., Lasheras, A., Galloy, A., and Epple, B. (2009), “Simulation of
the carbonate looping process for post-combustion CO, capture from
a coal-fired power plant”, Chemical Engineering and Technology, 32,
435-442.

Strube, R. and Manfrida, G. (2011), “CO, capture in coal-fired power plants
- impact on plant performance”, International Journal of Greenhouse Gas
Control, 5, 710-726.

33



Tola, V. and Pettinau, A. (2014), “Power generation plants with carbon capture
and storage: A techno-economic comparison between coal combustion and

gasification technologies”, Applied Energy,113, 1461-1474.

Tuohy, A. and O’'Malley, M. (2011), “Pumped storage in systems with very high
wind penetration”, Energy Policy, 39, 1965-1974.

Turchi, C.S., Ma, Z., Neises, T.W., and Wagner, M.J. (2013), “Thermodynamic
study of advanced supercritical carbon dioxide power cycles for
concentrating solar power systems”, Journal of Solar Energy Engineering,
135, 041007.

Twidell, J. and Weir, A.D. (2006), Renewable energy resources, Second
Edition, Taylor and Francis, London, UK and New York, USA.

Ummels, B.C., Pelgrum, E., and Kling, W.L. (2008), “Integration of large-scale
wind power and use of energy storage in the Netherlands’ electricity

supply”, IET Renewable Power Generation, 2, 34—-46.

UN (2015), Adoption of the Paris Agreement, United Nations Framework
Convention on Climate Change, Paris, France.

UNEP (2012), The emissions gap report 2012, United Nations Environment
Programme (UNEP), Nairobi, Kenya.

Versteeg, P. and Rubin, E.S. (2011), “A technical and economic assessment of
ammonia-based post-combustion CO, capture at coal-fired power plants”,
International Journal of Greenhouse Gas Control, 5, 1596-1605.

Vorrias, 1., Atsonios, K., Nikolopoulos, A., Nikolopoulos, N., Grammelis, P., and
Kakaras, E. (2013), “Calcium looping for CO, capture from a lignite fired
power plant”, Fuel, 113, 826—836.

Wang, M., Lawal, A., Stephenson, P., Sidders, J., and Ramshaw, C. (2011),
“Post-combustion CO, capture with chemical absorption: A state-of-the-art
review”, Chemical Engineering Research and Design, 89, 1609-1624.

Xu, G., Jin, H.G., Yang, Y.P., Xu, Y.J., Lin, H., and Duan, L. (2010),
“A comprehensive techno-economic analysis method for power generation
systems with CO, capture”, International Journal of Energy Research, 34,
321-332.

34



Yan, T., Wang, R.Z., Li, T.X., Wang, L.W., and Fred, I.T. (2015), “A review of
promising candidate reactions for chemical heat storage”, Renewable and
Sustainable Energy Reviews, 43, 13-31.

Yan, L., He, B., Pei, X., Li, X., and Wang, C. (2013), “Energy and exergy
analyses of a zero emission coal system”, Energy, 55, 1094-1103.

Yang, Y., Zhai, R., Duan, L., Kavosh, M., Patchigolla, K., and Oakey, J. (2010),
“Integration and evaluation of a power plant with a CaO-based CO, capture

system”, International Journal of Greenhouse Gas Control, 4, 603-612.

Yu, S.C., Chen, L., Zhao, Y., Li, H.X., and Zhang, X.R. (2015), “A brief review
study of various thermodynamic cycles for high temperature power
generation systems”, Energy Conversion and Management, 94, 68—83.

Yu, H., Morgan, S., Allport, A., Cottrell, A., Do, T., McGregor, J., Wardhaugh, L.,
and Feron, P. (2011), “Results from trialling aqueous NHj3; based
post-combustion capture in a pilot plant at Munmorah power station:
Absorption”, Chemical Engineering Research and Design, 89, 1204-1215.

Zhao, B., Su, Y., Tao, W,, Li, L., and Peng, Y. (2012), “Post-combustion CO,
capture by agueous ammonia: A state-of-the-art review”, International

Journal of Greenhouse Gas Control, 9, 355-371.

35



This page intentionally left blank.

36



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.

Changes in the Atmosphere: Changes in the

Composition, Circulation Hydrological Cycle
Changes in
Solar Inputs
Clouds
Atmosphere — T 7
L A iy (T S
7y S
N, O, Ar, Vokiaric Aciia il
H,0,C0, CH,N,0,0, etc,  ‘olcanicActiity i

Aerosols Atmosphere-Biosphere

Interaction

Atmosphere=

Precipitation

Terrestrial

Heat  Wind - Radiation byman Influences
Exchange Stress

Hydrosphere:

Ocean p— “X Land Surface

Ice-Ocean Coupling Hydrosphere: Changes in the Cryosphere:
R%’VJ,"SSE g:es f Snow, Frozen Ground, Sea Ice, Ice Sheets, Glaciers
Changes in the Ocean: Changes in/on the Land Surface:
Circulation, Sea Level, Biogeochemistry Orography, Land Use, Vegetation, Ecosystems

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).
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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 CO, 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 CO, 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).
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Figure 2-3: Annually averaged concentration of CO, 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 CO; concentration
(Figure 2-3) from the pre-industrial level of 280 ppm, (Maroto-Valer, 2010).
Now, due to continuous utilisation of fossil fuels as a main energy source, the
average CO;, concentration reached 401.6 ppm, in December 2015
(Dlugokencky and Tans, 2016). Therefore, to avoid drastic climate change,
further increase in anthropogenic greenhouse gas emissions, mostly CO,, must
be mitigated to limit the atmospheric concentration of greenhouse gases to
450 ppmy,cozeq- Considering the remaining estimated CO, 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 CO, emission abatement

The global energy sector, comprising power, industry, transport and building
sectors, was responsible for around two thirds of global CO, 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 CO,
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 kWgh by 2040 (EIA, 2013)

The Environmental Information Agency (2013) predicted that the global
electricity supply could increase from 20.2 to 39.0 trillion kWg¢h between 2010
and 2040, with an increase of about 15 trillion kWgh 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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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 CO, 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%, 4y, 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%nv
(Figure 2-5) (IEA, 2013a; VGB, 2013). If this figure is increased to 45-50%ypy,
a CO; 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 (YoLnv) 33-39 38-42 >42
Specific coal consumption (g/kWgh) >380 340-380 320-340
CO, intensity factor (QCO,/kW¢h) >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%, v (Table 2-1). As the operating
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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%,yy, 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 CO, emissions by 2-3%, advanced
ultra-supercritical coal-fired power plants would emit 40% less CO, than
the subcritical unit of the same rated power output (IEA, 2014). However, even
such considerable reduction in CO, emissions is not sufficient to decarbonise
the power sector and thus integration of CCS technologies is required. Yet,
mature CO, 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 CO, capture processes

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

deployment.
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Figure 2-6: Contributions of the low-carbon technologies to global cumulative
CO; 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 CO, 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).
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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 CO, per annum, and seven in the execute stage that will
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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 CO, per annum after
2020 (GCCsSI, 2015), which is only a fraction of the desired global CO, capture
capacity of 4—-6 Gt of CO, per annum by 2040 (GCCSI, 2015; IEA, 2009) and of
around 10 Gt of CO, 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
Quifiones, 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 CO, 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 CO, emissions from fossil fuel combustion and industrial
processes into the atmosphere. The processes included in this chain are CO;
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 CO, capture

The first stage in the CCS chain aims at producing a high-purity CO, 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).
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Figure 2-8: Main CO, capture approaches (GCCSI, 2012)

A post-combustion CO, capture approach includes technologies used to
separate CO, 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 CO, 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 NO,, SO and particulate matter removal (Leung et
al., 2014). It should be highlighted that these impurities need to be removed
from flue gas prior to CO, capture, as their presence could degrade
performance of the post-combustion CO, capture technologies (Kenarsari et al.,
2013). Depending on the kind of fuel fed to the combustion process, the CO,
concentration in flue gas varies between 3 to 15%.,,. Such low CO,
concentration is associated with a large volume of flue gas to be processed,
leading not only to high capital cost of the post-combustion CO, 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 CO, 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 CO,
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 CO, capture technology aims at partially oxidising the fuel to
form synthetic gas (syngas) comprising mainly CO and H,. 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 CO; in reaction with
steam in a catalytic water-gas shift reactor to produce a stream consisting solely
of CO; and H,. As CO, content in the syngas is within 15-60%,,, (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,
CO, is separated from H, 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, H, 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 O,-rich
atmosphere and flue gas is composed mainly of CO, and water. Since fuel
combustion in nearly pure O, 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 CO,, H,O(), SOx and particulate matter.
Absence of N in the oxidising medium not only reduces the NOy emission, but
also substantially reduces the size of the combustor (Kenarsari et al., 2013).
Therefore, a pure CO, stream is obtained after removal of SO,, NOyx and
particulate matter in conventional flue gas desulphurisation, catalytic reduction
system and electrostatic precipitator, respectively, and removal of HyO,
through condensation (Leung et al.,, 2014). An O, 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 O, from other air constituents. As this process is
highly energy-intensive (184-220 kW¢h/tO;) (Romeo et al., 2008a; Strohle et
al., 2009), new technologies aiming at supplying O, to the combustion process,
such as membranes and chemical looping combustion are being developed
(Abanades et al., 2015).

2.3.2 CO, transport

Prior to being transported to the desired storage location, CO, 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 CO; 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, CO, transport via pipeline, both onshore and
offshore, and by ship is considered the most viable solution (Svensson et al.,
2004).
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Figure 2-9: CO, phase diagram (Spliethoff, 2010)
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Table 2-2: Energy consumption for CO, compression, liquefaction and
solidification (Gottliche, 2004, 1999)

Power requirement
Power

CO; transport conditioning method requirement relat_ed to coal
(kWghitco,) ~ 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 CO, 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,
CO, 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, CO; transport using ship, during which CO;, 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 CO, transport
system, which could be achieved through maximising the CO, stream density
while minimising the power requirement for its compression, liquefaction and
solidification (Spliethoff, 2010). Gattliche (1999, 2004) has identified that among
the CO, conditioning approaches, compression up to 110 bar results in
the lowest energy requirement (Table 2-2). Therefore, a combination of CO,
transport via pipeline, and ship is regarded as the most cost-effective option
(Svensson et al., 2004).

2.3.3 CO, storage

Once CO; 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 CO, 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 GtCO, between 2000-2100, depending on
the end-of-century CO, atmospheric concentration (Dooley, 2013; Maroto-Valer,
2010; Miller, 2011).
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Figure 2-10: Overview of the suitable geological formations for CO, storage (IEA,
2013)

Having been already proven at commercial scale (Maroto-Valer, 2010),
geological storage involves CO, 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 CO, to remain in the liquid or
supercritical phase, and have the effective and practical capacity to globally
store 13500 and 3900 Gt of CO,, respectively (Dooley, 2013). The capacity of
a geological formation to store CO, 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 CO, and, eventually,
its leakage to the environment. The second trapping mechanism, geochemical
trapping, involves a chemical reaction of CO, with the host rock to produce
carbonates that minimises the probability of CO, leakage and allows for
a long-term, safe storage. Importantly, when injected into oil and gas reservoirs,
CO, 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 CO, into depleted gas reservoirs
has been demonstrated (Miller, 2011).

Ocean storage is another potential storage option for storing CO,, 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 CO, concentrations of 350-1000 ppm,, about 2300-10700 Gt
of anthropogenic CO,, 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 CO; is denser than water (Spliethoff, 2010). As a result, the upward
movement of CO; is restricted and a CO, lake is created. In addition, CO;
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 CO; 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 CO, 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 CO, emitted from anthropogenic
sources, and thus they do not require CO, 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 CO directly from the atmosphere through
biological, chemical and geological processes taking place in the soil and
plants, and/or preventing of the net CO, atmospheric emission from the

terrestrial ecosystems (Maroto-Valer, 2010; Miller, 2011).

2.4 CO, separation and capture options for coal-fired power
plants

Post-combustion CO, 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 CO, 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 CO, 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 CO, 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 CO; 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).
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Figure 2-11: Typical configuration of solvent-based adsorption CO, capture

process (Thitakamol et al., 2007)

To remove CO; from flue gas, solvent-based absorption technology can utilise

either chemical or physical solvents. The former bond with CO, forming
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intermediate compounds through a chemical reaction and can be regenerated
on increasing the rich solvent temperature. The latter absorb CO, 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 CO; in flue gas
(Figure 2-12).
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Figure 2-12: Effect of CO, partial pressure in flue gas on CO, loading of chemical

and physical solvents (Rackley, 2010)

Chemical solvents provide a high CO, separation selectivity indicated by high
loading at low CO, 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 CO, partial pressures lower than 15%.,, 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%.: MEA solvent
has been employed for CO, 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 (NOy, SOy) 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 CO, capture plant using MEA solvent, which
includes a CO, 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 CO, molecules dissolve in
the bulk of the solvent, adsorption of CO, 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 CO,, 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).
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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 H, 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 CO, 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 CO, 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 CO, 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 CO, 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, CO; 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;
Martinez et al., 2011; Romeo et al., 2008a; Strohle 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 CO, 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 CalL
(D’Alessandro et al., 2010; Dean et al., 2011).

2.4.3 Cryogenic process

Cryogenic separation of CO, from flue gas utilises differences in the boiling
points of different species to produce a CO, stream of high purity. The phase
diagram of CO, presented in Figure 2-9 indicates that the triple pressure of CO,
is at 5.2 bar and -56.6°C (Rackley, 2010). As the cryogenic CO, separation
(Figure 2-14) is conducted at significantly lower temperature than the triple point
of water (0.006117 bar, 0.01°C), H,O(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 CO, 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, CO, precipitates as a solid and is separated from the remaining flue
gas. The CO; 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 CO, capture plant as
a compressed liquid. Depending on the sub-cooling temperature, cryogenic CO,
capture efficiency ranges between 90% at -120°C and 99% at -135°C (Burt et
al., 2009).
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Figure 2-14: Schematic representation of cryogenic CO, capture process (Burt et
al., 2009)

Considering the thermodynamic limitations, the realistic minimum efficiency
penalty associated with utilising cryogenic CO, 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 CO, separation to reduce

the efficiency penalties associated with mature CO, 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
O,-enriched air production or H, 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 CO, 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 CO, 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):

e 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);

e 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);

e 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);

e solution-diffusion that occurs in dense membranes of small diameters
(< 5 A) 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 CO, separation rate is characterised by
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CO, concentration in flue gas, the pressure difference across the membrane
and CO. affinity for the membrane material (Olajire, 2010).
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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 CO, capture
rates higher than 90% for CO, concentrations in flue gas of 10%.,., 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 CO, separation technology has the potential to provide better
performance compared to the mature solvent adsorption processes for CO;

concentrations higher than 20%.,,, (Favre, 2007),

2.5 Efficiency improvements in post-combustion CO, capture

Chemical solvent scrubbing using amine-based solvent and Cal, in addition to
oxy-fuel combustion, are regarded as the most important CO, 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 CO, 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 CO, 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 CO;, capture plant (Dave et al., 2009; Goto et al., 2013; Romeo et al.,
2008b). As a reduction in the regeneration energy of 1 GJ/tCO, 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 CO, 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 CO
compression parasitic load. This was found to be 1.3% lower than the figure
obtained for the CO, 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 NHj;, Na,COs, K,CO3z and ionic
liquids (IL), for CO, capture have also been investigated (Mirzaei et al., 2015).
It has been shown that the lower heat of reaction between NHz-based solvent
and CO; results in less heat being required for solvent regeneration. Therefore,
application of NH3 for CO, 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 K,COj3 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 agueous
solvent for CO, 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 CO, 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
CO, capacity (393 gCO,/kg at 50% conversion of CaO) compared to
the reference MEA solvent (60 gCO./kg at 15.3%.,: 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 (Ylatalo, 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 (HCI, CH3COOH) (Gonzaélez et al., 2011; Li
et al., 2009; Ridha et al., 2013), salts (Mn(NOs),, MnCO3, NaCl, Na,COs3)
(Fennell et al., 2007; Sun et al., 2012), metal oxides (MgO, Al,O3, CeO,) (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%.,, 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 CO, 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 CO, capture plant integration
(CSIRO, 2012). This can be achieved through utilisation of the waste heat
available in the CO, capture plant and the CO, 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 CalL 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 CO, 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, DMX™ process,
and vapour recompression (Cousins et al., 2011; Knudsen et al., 2009;
Le Moullec and Kanniche, 2011; Raynal et al., 2011).

As CO, 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 CO; in the solvent is lowered on cooling and
thus, the CO, absorption driving force is enhanced. As a result, the rich solvent
loading is increased, leading to higher CO, carrying capacity of solvent. This, in
turn, reduces the lean solvent flow rate required to achieve the same CO,
capture efficiency (Chang and Shih, 2005; Freguia and Rochelle, 2003).
Besides, more CO, 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 CO, 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 CO,
partial pressure in several stages of the absorber; hence, it increases the CO;
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
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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 CO,
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).
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Figure 2-19: Simplified process flow diagram of the DMX™ process

The DMX™ 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 DMX™ 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).
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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
O, 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 O,
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 CO, compression was not accounted for (Jayarathna et al., 2015).

Clean gas COz2 stream

CARBONATOR
OMBUSTOR

Air

Fuel

6 CALCINER

Flue gas Steam EAT TRANSFER
WALL

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 Al,O3 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 CO, 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
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Figure 2-23: Three-bed configuration with an additional heat recovery bed

Martinez et al. (2012) have proposed another CalL process configuration that
aims to preheat the CaCOgs; particles before they enter the calciner
(Figure 2-23). In this configuration, the sensible heat of the CO, 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 CalL process

by 1.4% points with a subsequent 9% reduction in fuel consumption.
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Figure 2-24: Conceptual design of CaO/CuO-looping cycle for CO, 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 CO, 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 CO, to
the adsorbent/absorbent. This process can be improved by utilisation of

enhanced acceleration.
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Figure 2-25: Conceptual design of intensified chemical solvent CO, 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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2 solids solids

') outlet inlet
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 SO,/NOy 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 CO, absorption using solid sorbents.

Based on experience gained in other applications, use of the process
intensification technologies instead of the conventional CO, capture equipment
can yield not only reduced energy penalties, but also lower capital cost as
intensified equipment would require smaller volumes to reach desired CO,
capture level.
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A nearly complete decarbonisation of the power sector is essential to meet the European Union target for
greenhouse gas emissions reduction. Carbon capture and storage technologies have been identified as a
key measure in reducing the carbon-intensity of the power sector. However, no cost-effective technology
has yet been developed on a commercial scale, which is mostly due to high capital cost. Moreover, the
mature technologies, such as amine scrubbing or oxy-combustion technologies, impose a high projected
efficiency penalty (8-12.5% points) upon integration to the power plant. The calcium looping process,
which is currently being tested experimentally in bench- and pilot-scale plants worldwide, is regarded as a
promising alternative to the chemical solvent scrubbing approach, as it leads to the projected efficiency
penalty of 6-8% points. The calcium looping concept has been developing rapidly due to the introduction
of new test facilities, new correlations for process modelling, and process configurations for improved per-
formance. The first part of this review provides an overview of the bench- and pilot-plant test facilities
available worldwide. The focus is put on summarising the characteristics and operating conditions of the
test facilities, as well as extracting the key experimental findings. Additionally, the experimental data
suitable for validation or verification of the process models are presented. In the second part, the
approaches to the carbonator and the calciner reactor modelling are summarised and classified in five
model complexity levels. Moreover, the model limitations are assessed and the needs for modelling
baselines for further process analyses are identified. Finally, in the third part the approaches for the
integration of calcium looping to the power generation systems and for the improvement of the process

Received 20th April 2015, performance are identified and evaluated. This review indicates that calcium looping integration resulted in
Accepted 3rd June 2015 the projected efficiency penalty of 2.6-7.9% points for the coal-fired power plants and 9.1-11.4% points
DOI: 10.1039/c5ee012289g for the combined-cycle power plants. Also, it was found that the calcium looping process can be used to
develop a novel high-efficiency (46.7%) coal-fired power generation system, making this technology
www.rsc.org/ees even more promising compared to the other CO, capture technologies.
Broader context

Fossil fuels are expected to remain essential for the global power generation portfolio. As a result, carbon capture and storage technologies are expected to play a
crucial role in greenhouse gas emissions reduction from the power generation sector. Mature technologies, such as amine scrubbing and oxy-combustion that are
currently under demonstration ata commercial scale, are projected to reduce the net efficiency of electricity production by up to 12.5% points. For this reason, in
order to minimise the efficiency penalty and the associated increase in the cost of electricity, novel CO, cap hnologies are being developed. Calcium looping

pp to be a promising technology that could reduce the efficiency penalty to 7% points. Develop of this technology has ad d ata rapid rate
over the past decade, especlally since 2009. This review provides a comprehensive overview of bench- and pilot-plant tesung, the ilable models to rep the
process performance, alternative process configurations to reduce energy requi and app hes for p for ial-scale power
generation systems. It is shown that further pilot-plant testing to generate data for process models validation could sxgmﬁcantly minimise prediction uncertainty.

Also, the requi for baseline modelling ptions and further development in sorbent performance are highlighted as key to future development.

1 Introduction

Combustion and CCS Centre, Cranfield University, Bedford, Bedfordshire, The European Union aims to reduce its greenhouse gas emissions
MK43 0AL, UK. E-mail: b.j.anthony@cranfield.ac.uk relative to 1990 levels by 30% by 2020,' 40% by 2030,>* and

This journal is © The Royal Society of Chemistry 2015 Energy Environ. Sci
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80-95% by 2050. To meet the 2050 target, a nearly complete
decarbonisation of the power sector is required due to the high
fossil fuel contribution in the energy mix. Power generation
accounted for more than one-third of the total greenhouse gas
emissions in 2010.° For this reason, transformation of the
power generation sector is key to limiting the average global
temperature increase.®

One reason behind the high carbon intensity of the power
generation sector is the major share (42%) of coal-fired power
plants (CFPP) in the global supply of electricity,” the current
average net thermal efficiency of which amounts to 33%; v due
to the high (75%) share of subcritical units in the global CFPP
fleet.® Moreover, due to the recent emergence of shale gas in
North America, American exports of coal have increased. As a
result, the price of coal has fallen significantly in Europe and
electricity generation from coal has increased at the expense of
gas-based electricity generation.® If the current market trend
continues, coal will continue to be used for power generation as
predicted by the Energy Information Administration.® Hence, a
complete decarbonisation of the power sector may be even
more challenging in the future.

Carbon capture and storage (CCS) technologies are expected
to play a crucial role in greenhouse gas emissions reduction
from the power generation sector.” However, the first-of-a-kind
large-scale CO, capture plant was only commissioned in 2014,"°
although the technology required for CCS deployment exists in
other industries.”"" This is because no cost-effective technology
for fossil fuel power plants has yet been fully demonstrated on a

View Article Online
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commercial scale. A relatively high capital cost, due to the size
of equipment required to accommodate the flue gas volume,
and the efficiency penalty associated with a significant increase
in the cost of electricity,'> make CCS infeasible at the moment.
Nevertheless, the IEA 2 °C scenario predicts that 63% of the
CFPPs will be equipped with CCS installations by 2050.° There
are several mature CO, capture technologies that are close to
market commercialisation in the power generation sector.'**
The first full-scale capture project at Boundary Dam is based
on a chemical absorption post-combustion capture plant using
amine solvent,'” with other post-combustion plants and oxy-
combustion CFPPs under construction or in the planning stage.’
Such technologies impose a significant projected efficiency penalty
reaching up to 12.5% points, identified through analysis of the
overall process performance using computational and modelling
tools."”*® A reduction in the process efficiency, in turn, affects fuel
economy and thus the cost of electricity. Moreover, these CO,
capture technologies would require additional effort, and therefore
cost, to mitigate the environmental, health and safety issues."*
These are the main drivers for development of novel technologies
that would affect electricity generation to a lesser degree, and would
not be harmful to the environment or human health. A promising
alternative to both oxy-combustion and chemical solvent absorp-
tion is a second generation CO, capture technology called calcium
looping (CaL) that uses a calcium-based solid sorbent.
Development of the CaL process has advanced at a rapid rate
over the past decade, especially since 2009. This is seen not only
in the increased number of test facilities, but also in the

Table 1 A summary of the review studies related to calcium looping process

Source Review scope

Stanmore and Gilot"’

- Summary of the sintering, sulphation, particle fragmentation and attrition effect on the sorbent activity.

- Detailed information on the correlations for mathematical modelling of carbonation, calcination, sulphation and

sintering.

- A brief overview of the models for prediction of the aerodynamics and trajectories of particles, as well as reaction rates

in the circulating fluidised bed (CFB).
Harrison®

- Comparison of the standard steam-methane reforming process and the CaL process for H, production. Review of the

thermodynamic analyses, sorbent durability and process configurations.
- Review of the experimental studies on hydrogen production.

Florin and Harris*!

- Review of process configurations for the enhanced hydrogen production from biomass gasification.

- Summary of the sorbent regeneration measures.
- A brief reference to the sorbent activity decay.
- Review of the experimental trials on hydrogen production from carbonaceous fuels using calcium looping.

Blamey et al."?
operation.

- Detailed description of the carbonation, calcination, sintering and sorbent performance under repeated cycle

- Summary of sorbent deactivation and reactivation measures.
- Review of the calcium looping process applications.
- A brief summary of semi-empirical correlations allowing estimation of the sorbent conversion.

- Review of the calcium looping thermodynamic and economic performance, as well as its applicability in the cement

- Review of sorbents performance improvements and reactivation strategies for natural and synthetic sorbents.

Dean et al."* - Summary of the calcium looping cycle fundamentals, sorbent deactivation and sorbent performance.
industry and hydrogen production.
- A brief reference to the sorbent activity decay.
- Review of the pilot plant trials for calcium looping before 2011.
Anthony**
- Brief outline of calcium looping process applicability and experimental facilities.
Liu et al.” - Review of sorbent performance enhancements.

- Review of synthesis methods for sintering-resistant sorbents.

Kierzkowska et al.**

- Summary of the carbonation reaction fundamentals.

- Review of recent developments in synthesis of CaO-based sorbents.

Romano et al.>®
Boot-Handford et al.'®
- A brief update on CaL pilot-plant trials.

Energy Environ. Sci

- Outline of CaL process simulations and notes on further modelling activities.
- Summary of the process performance, sorbent deactivation and regeneration.

This journal is © The Royal Society of Chemistry 2015
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increase in the development of process models. The CaL process has
been widely investigated using thermodynamic and mathematical
modelling, computational fluid dynamic (CFD) modelling and
process modelling and integration into power generation systems.
Analysis of mature technologies using process simulation and
modelling tools has revealed that this approach allows a cost-
effective investigation of concept feasibility and applicability, as
well as development and optimisation of different process
configurations. In addition, a whole process approach allows
determination of the impact that integration of the CO, capture
plant imposes on the power plant. However, a reliable assess-
ment of the process performance requires the process models
to be validated with experimental data.

Although pilot plant facilities and modelling approaches have
been reviewed (Table 1), some critical aspects have not been
analysed in detail. Moreover, the field of CaL has been developing
rapidly due to the introduction of new test facilities, new correlations
for process modelling, and CaL process configurations for improved
performance. The aim of this paper is to review the available test
facilities worldwide, the modelling approaches, and the integration
studies that will guide the future development of the CaL process.
The focus of the first part of this review will be on recent develop-
ments in CaL technology. The second part reviews the available
approaches for prediction of the CaL process performance. Finally,
the third part identifies and evaluates the approaches for CaL
integration into power generation systems.

2 Calcium looping process for CO,
capture
2.1 Process description

Use of calcium-based sorbents for CO, absorption was patented in
1933 and the research was primarily directed towards sorption-
enhanced hydrogen production.”**® A configuration proposed by
Hirama et al*’ and Shimizu et al.,*® which includes two inter-
connected CFBs operating under atmospheric pressure (Fig. 1), is

Pure carbon dioxide

Clean gas

Carbonator Calciner

Flue gas Oxygen

Fig. 1 Conceptual scheme of CaL process system for CO, capture.

This journal is © The Royal Society of Chemistry 2015
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the one most commonly referred to in the literature as appropriate
for power generation systems. Application of such a configuration
for the CaL process with appropriate design of the heat exchanger
network (HEN) has been shown to have a thermal efficiency
comparable to current combustion systems.*

In the CaL process the flue gas from fuel combustion in air,
which usually contains between 4%, and 15%,,; CO, depending on
the primary fuel used, is fed to the carbonator. In contrast to amine
scrubbing, there is no requirement for flue gas precooling as
absorption in the CaL process is conducted at a high temperature
to assure high capture efficiency. Under such conditions, CO, reacts
chemically with CaO through an exothermic solid-gas reaction.

CO, is removed from the flue gas in the form of solid CaCO; ata
reasonably fast rate.*?*%3' CO, removal efficiency decreases
rapidly as the temperature increases and becomes zero at approxi-
mately 775 °C as the equilibrium partial pressure of CO, exceeds the
partial pressure in flue gas containing 15%,, CO, above this
temperature.* The optimal operating temperature of the carbonator
ranges between 580 “C and 700 “C due to the trade-off between the
reaction kinetics and the equilibrium driving forces.***

CaCoO; is transferred to another fluidised-bed reactor, the
so-called calciner, in which it is calcined and CO, is reclaimed.”®
Calcination is conducted at 850-950 °C to achieve rapid reaction
without excessive sintering.'***?7 It needs to be highlighted that
at 900 °C, the equilibrium CO, partial pressure is about 1 bar,*®
and hence a pure CO, stream can be theoretically achieved in the
calciner operated at that temperature under atmospheric condi-
tions. However, the higher calciner temperature is favourable
and required in terms of reaction kinetics. On the other hand, a
practical conversion rate can be achieved at temperatures below
900 “C if the gas atmosphere in calciner is diluted by steam,
which can be easily separated by condensation from the CO,
steam. Furthermore, since high-grade heat is available in the
CaL process, which can be recovered to produce additional
amounts of steam for the steam cycle, the higher carbonator
and calciner temperatures are preferred in order to allow reaching
desired steam parameters. Therefore, selection of the CaL operating
temperatures can be seen as a design trilemma, in which the
CO, capture level is restricted and process performance must
be maximised, while the unit size minimised. As calcination is
endothermic, additional fuel in the calciner is required. To
produce a CO, stream of high purity, which can be directly
transported for safe storage or use after the purification and
compression stages, combustion takes place in an 0,/CO,
environment.”®*”*% Although this configuration has been
demonstrated at the pilot-plant scale,'* other configurations that
use indirect heat sources may become available in future.’*?? It
is estimated that the calcination step consumes 35% to 50% of
the overall heat input to the system."’

If it were not for sorbent sintering, attrition, and sulphation,
the cyclic operation of carbonation and calcination would be
performed without sorbent purge and make-up, and these
processes would only be limited by thermodynamic equilibrium
and the chemical reaction and diffusion rates. Manovic and
Anthony*! noted that the carbonator and the calciner should be
operated within a particular temperature range in which the
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minimum temperature is determined by the desired reaction
rate while the maximum temperature is related to the desired
CO, concentration. In general, the lower temperature limit is
related to the desired partial pressure of CO,, hence purity of the
CO, stream, while the upper temperature is limited by the
sorbent structural properties. Unfortunately, the conversion of
the sorbent decreases with the number of carbonation and
calcination cycles due to changes in particle structure,* especially
due to enhanced sintering of CaO, which has been shown to be
enhanced above 900 “C.** Regardless of having a negative impact
on the sorbent performance, sulphur oxides would be efficiently
captured due to the high Ca/S ratio in the calciner and the
carbonator,** through indirect (1) and direct sulphation (2).*

Ca0 + SO, + 0.50, — CaSO, (1)

CaCOj3 + SO, + 0.50, — CaSO, + CO, (2)

2.2 Calcium looping as a novel CO, capture technology

CO, capture technologies commonly referred to in literature
are: absorption-based separation using physical or chemical
solvents; adsorption-based separation using solid sorbents;
membrane separation; cryogenic separation techniques and
oxy-fuel combustion; and biological systems using microbes

Absorption

Adsorption

Cryogenics and oxy-fuel

CO, separation and capture
technologies

Membranes

Microbial or algal systems
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or algae (Fig. 2)."°™* However, due to the relatively low concentration
of CO, in the flue gas (4-15%,.), large volumes of flue gas need to be
processed, and such technologies still have not been commercially
deployed in the power industry due to a considerable drop in the net
thermal efficiency of the integrated system, and also due to high
equipment capital cost. As a result, the cost of electricity in the
CFPPs and natural gas-fired combined cycle power plants retrofitted
with CCS is expected to increase by 60-125% and 30-55%, respec-
tively.> Although this is the key reason why development of new
technologies needs to be pursued, there are also other issues which
must be considered, such as environmental impact and operational
safety.

Application of amines for CO, separation, such as mono-
ethanolamine (MEA), has been first proposed for fuel gas or
combustion gas by Bottoms in 1930.** This technology has
been widely applied for sour gas sweetening and is used to
remove CO, from natural gas or other industrial gases for
ammonia and methanol production, as well as to produce
CO, for enhanced oil recovery.”>*>°® Using MEA or different
amine-based solvents, such as piperazine (PZ) or methyldiethanol-
amine (MDEA), is currently the most likely technology to be applied
to reduce the environmental impact of fossil fuel power plants.'*'**”
Although several amine scrubbing processes have been operated in
other industries,”® the first full-scale demonstration plant using

Chemical:

- Monoethanolamine
- KS-1 and KS-2
- Ammonia

Physical:
- Rectisol

- Selexol

- Others

Adsorber beds:
- Alumina

- Zeolite

- Activated carbon

- Solid sorbents

Regeneration methods:
- Pressure swing

- Temperature swing

- Washing

Gas separation

Gas absorption

Ceramic based system

Fig. 2 Classification of the CO, separation and capture technologies (adapted with permission from Rao and Rubin.>* Copyright 2015 American

Chemical Society).
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amine scrubbing technology from the power sector, which is
Cansolv’s integrated SO,/CO, process fitted to Unit 3 of the
Boundary Dam CFPP, and was only commissioned in 2014.'° The
following problems need to be resolved before amine scrubbing
can be widely deployed in power generation:

e Solvent regeneration uses steam from the power plant
steam cycle creating a projected efficiency penalty of 9.5-12.5%
points when reference MEA solvent is employed.'®'%° yet,
recent studies identify that the projected efficiency penalty can
be reduced to 8.5% points using amine-blends, such as MDEA/
PZ,°" or to 7.0% points using PZ solvent.*" >

e Amine solvents are prone to degradation due to reaction
with O, and O,-containing components in the flue gas, such as
NO, and SO,, resulting in heat stable salts.®®

e Solvent concentration is limited to 30% (MEA) to prevent
plant equipment corrosion.®!

e Inappropriate handling and disposal of degradation pro-
ducts may cause environmental and health issues.'***"*

Using ammonia for CO, capture, which imposes a lower
efficiency penalty, is proposed as an alternative to amine
scrubbing.®” Development of ammonia-based CO, capture pro-
cesses reached the pilot-plant stage in a relatively short period
of time. However, some projects were cancelled due to cost and
schedule overruns.®®*””° The main advantages of ammonia over
amine-based solvents are:

e It is commercially available at a lower price than MEA.

o It has higher CO, absorption capacity compared to an MEA
solution of the same concentration.

e There is lower heat of reaction resulting in lower heat
requirement for solvent regeneration. This is reflected in a
projected efficiency penalty of 4.1 to 7% points’'”* although
this has not been substantiated experimentally.”®

e There is no solvent degradation on contact with the flue
gas components.

e The stripper can be operated at elevated pressure, hence
temperature, leading to reduced compression work.

e Ammonia is not as corrosive as amines and can be used as a
multicomponent (CO,, SO,, NO,, HCl and HF) capture solvent.”*7®

Unfortunately, although substitution of amines with ammonia
may bring some reduction in the energy intensity of the capture
process, it does not improve the process safety as ammonia is both a
toxic substance and highly flammable. Moreover, a major drawback
of ammonia is its high volatility leading to ammonia slip during the
CO, absorption process.** To comply with environmental require-
ments, the ammonia slip can be controlled either by adding an
additional ammonia water wash or by operating the absorber
below 20 “C. Unfortunately, in both cases the resulting capital
and operating costs increase and thus, as was expected,”®”*””
only a slight reduction of the average cost of CO, avoided from
$61/t-CO, to $53/t-CO, was reported.”®

Another technology that is relatively close to market com-
mercialisation is oxy-fuel combustion, in which the fuel is
combusted in an O,rich atmosphere. Although there are
neither commercial nor full-scale demonstration plants operat-
ing at the moment,*® some projects are in the planning stage.””
However, a recent suspension of funding at an advanced stage

This journal is © The Royal Society of Chemistry 2015
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of the FutureGen project’”®" shows that completion of such
projects is highly dependent upon financial incentives and
political climate. The primary advantage of oxy-combustion
technology is that it produces a nearly pure CO, stream after
the flue gas has been through SO, and NO, emission control
systems and ash separation units. This CO, then only needs to
be conditioned and dehydrated prior to compression and
transport. The main challenges of this technology, which are
likely to slow its wide implementation, are:

o The net efficiency of the oxy-fuel power plant is reduced by
8-12% points'® because of the cryogenic air separation unit
(ASU) for O, production.*?

e High safety standards are required to prevent oxygen
leakage."?

e The combustion temperature must be controlled to avoid
hot spots in the combustion zone that would enhance NO,
production in the boiler."”

e Air leakage into the boiler must be minimised to maintain
desired purity of the CO, stream and to minimise the power
requirement of the CO, compression and purification unit.*>*

If the direct combustion of fuel is considered as a means
for satisfying the heat requirement in the calciner, the CaL
process can be seen as a merging of the post-combustion CO,
capture and the oxy-combustion technologies, where only
some portion of fuel is burned in an O,-rich environment.
Currently, CaL concepts are being tested experimentally at
bench- and pilot-scale plants worldwide. The main advantages
of the CaL system over the solvent-based CO, capture technologies
are:

e Heat can be recovered and used to generate an additional
amount of high-pressure steam through the exothermic carbo-
nation of lime at 650-700 “C and utilisation of heat available in
the process streams.®*

o The predicted efficiency penalty is 7% to 8% points,** with the
CO, capture stage accounting for 2% to 3%, which is mainly due to
the oxygen requirement.® This is comparable to the efficiency
penalty of a flue gas desulphurisation unit (FGD) (0.5-4%).*°

e The technology uses fluidised bed reactors, which have
been commercially proven for coal combustion systems.

e Compared to an oxy-fuel power plant, 30-50% less O, is
required for oxy-combustion of fuel in the calciner, leading to
smaller ASU size.”®*

e Natural limestone or dolomite, the source for CaO, is
globally available and inexpensive® and CaO is characterised
by high CO, absorption capacity.

o The average cost of CO, avoided is estimated to be $29-50/
t-CO, which is more than 50% less than for amine scrubbing.”****?

e Compared to solvents, CaCO; and CaO are much less
hazardous to the operators’ health and the environment."*

Reduction in the sorbent CO, carrying activity on cycling
operation as a result of sintering, attrition and sulphation
appears to be the major challenge of this technology. Although
this results in a considerable amount of spent sorbent to be
replaced, some part of the sorbent can be reused for cement
production, increasing the profitability of both the power and
cement industries."*
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3 Review of calcium looping
bench- and pilot-scale testing

Insight into system behaviour under various operating conditions
is required to optimise process parameters and to assess feasibility,
before commercial-scale installations are designed and built.
Although the CaL process has only been considered for CO, capture
from fossil-fuel power systems since 1999, a number of test
facilities have already been built (Table 2), with rapid progress
after 2009. The review by Dean et al."* devoted to the CaL process
has described bench-scale tests using the 10 kWy, unit at IFK
(University of Stuggart), 30 kWy, unit at the INCAR-CSIC, 75 kW,
unit at CANMET Energy and 120 kW, unit at the Ohio State
University. However, this review mostly focused on the attrition and
material performance during the bench-scale tests. Moreover, the
developments in the pilot-plant testing by 2010 and 2013 have been
outlined by Anthony** and Boot-Handford et al.," respectively.
This section focuses on the progress in CaL process testing at a
bench- and pilot-scale from 2010, with the aim of gathering the
valuable design and operational data for development and
validation of process models.

3.1 Industrial Technology Research Institute

3.1.1 Experimental facility description

3.1.1.1 Bench-scale unit. The Industrial Technology Research
Institute (ITRI) in Taiwan has developed a 1 kW, bench-scale
unit, which can be operated in either batch or continuous
mode. The unit comprises a bubbling fluidised bed (BFB)
carbonator (gas velocity of 0.2-0.4 m s~ '), with a gas distributor
located at the entrance, and a moving bed (MB) calciner. The
solids are transported between the carbonator and the calciner
through a 2.5-cm solid circulation pipe of 0.5 m length.”®

The unit was modified by substituting the MB calciner with
an air-fired rotary kiln calciner (RK) (Fig. 3). This increased the
capacity to 3 kWy,. The calciner was designed to have a length-
to-diameter ratio of 18.5 and an inclination angle of 5°, based
on operating experience from the cement industry. Such design
corresponds to a residence time of approximately 30 min at a
speed of 1 rpm. Furthermore, liquefied petroleum gas is
directly fired in the calciner using the 58 kW, burner. The
gas enters the BFB carbonator through the perforated plate
distributor composed of 96 holes of 1.5 mm in diameter.
Although the carbonation reaction is exothermic, the carbona-
tor was heated using an external heating system to balance the
heat losses to the environment.”

3.1.1.2 Pilot-scale facility. Design of the 1.9 MWy, pilot plant,
which removes a tonne of CO, per hour from the Hualien
cement plant flue gas containing 20-25% of CO,,”* was based
on experience with the 3 kWy, unit. The perforated plate gas
distributor was selected due to higher attainable velocities,
based on cold model tests. The design consists of a double-
layered perforated plate with 6 mm holes and an open-area
ratio of 1.56%. As a means of temperature control thirty-six 2 m
water-cooled double steel jackets were suspended at the top of
the carbonator. The system is designed to operate with an
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Table 2 Review of design and operating conditions of bench- and pilot-scale calcium looping facilities

Max. CO,

capture

Calciner

Carbonator

CO, purity

(%ovo1)

level (%)

Inlet CO,
content (%)

Height Temperature
(‘)

(m)

Diameter

Diameter Height Temperature
(m) (c) Type®  (m)

(m)

Type*

Size
(kwrh)

Research institute
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1~6: storage tank
7: carbonator

8: calciner

9: cyclone

10: fan

11: gas preheating

12: combustion chamber
13: burner

V;: rotary valve #i

COz-lean

flue gas

Fig. 3 3 kW,, bench-scale unit at ITRI (reprinted with permission from
Chang et al.°* Copyright 2015 Wiley).

average conversion of 20-40% and CO, capture levels of 80-95%.
Heat for calcination is provided through direct oxy-combustion
of diesel in the RK calciner which requires flue gas recirculation
for temperature control. A key benefit of this configuration is
more uniform temperature distribution in the calciner and thus,
increased usable length for calcination.

3.1.2 Test campaign using 1 kWy, bench-scale unit. Tests
were performed to assess CO, capture efficiency using a fluidising
medium in the carbonator composed of 85%, air and 15%y; CO.
Prior to performing the experiments, the industrial grade limestone
was calcined at a temperature of 850 °C.*

During 57 h of continuous operation 0.1 kg h™' of fresh
limestone was supplied to the calciner. The experiment revealed
that the CO, capture level in the carbonator was maintained at
above 99% over the entire time. Although preliminary results
indicated the practicability of such a configuration, the MB
carbonator was difficult to operate.”'

3.1.3 Test campaign using 3 kWy, bench-scale unit. As in
the previous case, the flue gas entering the carbonator contained
approximately 15%,, CO,, representative of values found in
CFPPs. The flue gas was first preheated to 230 °C and then fed
from the feed tank to the carbonator at a controlled rate of
47 dm® min . To account for the sorbent deactivation, fresh
limestone was fed to the calciner, while some of the solids
circulating in the system, which comprises both inactive and active
sorbent, was purged from the system.

The first test performed using the modified 3 kWy, unit was
a batch test to evaluate operation of the RK calciner. It demon-
strated that if the calciner is fed with fresh limestone at the rate
of 6 kg h™', the useable length for the calcination reaction is
approximately 1.5 m, corresponding to a sorbent residence
time of 9 minutes. This arises because a temperature of
1000 °C was observed 1 m from the combustion chamber and
thus excessive sintering would occur in this region (Fig. 4). On
the other hand, a temperature of 721 “C was observed 2 m from
the combustion chamber causing operating conditions down-
stream of the calciner to be unsuitable for the endothermic
calcination reaction. Nevertheless, the calcination efficiency

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Temperature distribution in the rotary kiln calciner in the first test
(reprinted with permission from Chang et al.°* Copyright 2015 Wiley).

was found to be higher than 96%, while the carbonation
conversion was 63.7%, proving low sorbent sintering rates.”!

The 3 kW, pilot plant was then used to run a 100 h
campaign, the main objective of which was to keep the CO,
capture level above 85%. This campaign showed that selection
of the appropriate fresh sorbent make-up rate and spent
sorbent purge rate is not only critical for reaching the desired
CO, capture level, but also for ensuring stable and efficient
operation of the system; if the make-up rate was lower than the
purge rate, the total solid inventory in the system was reduced
and excessive degradation of the sorbent activity was observed.
On the other hand, increasing the solid inventory through an
increased make-up rate improved the CO, capture level to
above 99%. However, this would increase the operating cost
of the process as it would require more heat input to the
calciner. It needs to be highlighted that such a high level of
inventory in the calciner had not been expected at the design
stage, and thus, its efficiency dropped to 39% because insufficient
heat was supplied through liquid petroleum gas combustion to
sustain the endothermic calcination reaction.

When the inventory in the carbonator, which was operated
at approximately 650 °C, fluctuated around the desired value
the CO, capture level varied between 80% and 100%. The
average residence time of solids in the carbonator was 2 h, with
an average conversion of solids in the carbonator of 30% and a
calcination efficiency of 75%. This campaign also revealed that
particle attrition is an important phenomenon in the CaL system
as the mean particle size decreased from 248 pum to 188 um over
this period.”*

3.1.4 Data for process modelling. An unconventional pro-
cess configuration developed at the ITRI, which includes the RK
calciner, is beneficial in investigating integration opportunities
between the power and cement industries. Since the equipment
sizes and the key operating conditions have been disclosed,”* the
data available should be sufficient to, at least, verify the model
behaviour in terms of solids inventory or operating temperatures
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under varying operating conditions. Moreover, a simple verification
could be performed for the carbonator and calciner performance. It
will be of benefit to benchmark the model with the performance of
the 1.9 MWy, pilot plant, provided that detailed experimental data
become available.

3.2 Consejo Superior de Investigaciones Cientificas

3.2.1 Experimental facility description

3.2.1.1 Bench-scale unit. The Instituto Nacional del Carbon -
Consejo Superior de Investigaciones Cientificas (INCAR-CSIC) has
developed a 30 kWy, unit which consists of two interconnected
CFB reactors. The carbonator is 6 m high and 0.1 m in internal
diameter. It is fluidised using a synthetic flue gas containing
3-25%,0; Of CO, and is operated at 568-722 °C.”> The heating
system in the carbonator is only used during system start-up. Coal
is combusted in 2-6% excess air to maintain the desired tempera-
ture in the calciner.”® The calciner is 6.5 m high and the same
internal diameter and is operated at 800-900 °C. Each reactor is
equipped with a high-efficiency cyclone, from which the solids are
directed through a vertical standpipe to the BEB loop seal.”*

3.2.1.2 Pilot-scale facility. By combining the experience
gained through running the 30 kW, unit and the industrial
experience for large-scale CFB combustors, INCAR-CSIC in
agreement with ENDESA, Foster Wheeler and HUNOSA, with
substantial R&D support from University of Stuttgart (IFK),
Lappeenranta University, Imperial College and the University
of Ottawa and CanmetENERGY, developed a 1.7 MW,, pilot
plant designed to process approximately 1% of the flue gas
produced in the 50 MW, La Pereda CFPP in Asturias, Spain
(Table 4). This project, called CaOling, was part-funded by the
European Union 7" Framework Programme. The pilot plant
comprises two interconnected CFB reactors 15 m in height with
an internal diameter of 0.75 m in the calciner and 0.65 m in the
carbonator (Fig. 5) operating with gas velocities of 3-5 m s~
which are similar to those encountered in industrial CFBs.”

The typical operating temperatures for the carbonator and
calciner are 600-715 “C and 820-950 “C, respectively. The tempera-
ture in the carbonator can be controlled through removable
bayonet tubes. The calciner is directly fired with coal, either in an
oxy-combustion or air-combustion environment. Fresh limestone is
continuously fed to the calciner to maintain the desired average
conversion of sorbent of 0.1-0.7 (Table 3). In both CFB reactors the
solids leaving the risers are separated from the gas stream in the
high-efficiency cyclones, and then directed to the double BFB loop
seals by gravity. This design allows control of the solid looping rates
between, and thus the solid inventories in, the CFB reactors.”

3.2.2 Test campaign using 30 kWy, bench-scale unit. The
preliminary experiments conducted by Alonso et al.’* revealed
operating issues with the unit. A main concern was insufficiently
high separation efficiency of the cyclones (92-97%) that led to
loss of solids inventory. This resulted in unstable operation of
the system as the solid looping rates and the solids inventory
could only be kept constant for a short time. Nevertheless, this
study showed that the carbonator was operated in nearly iso-
thermal conditions (+20 °C) and that the actual CO, capture
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Fig. 5 Design of the 1.7 MW,, pilot plant at INCAR-CSIC (adapted with
permission from Arias et al.°® Copyright 2015 Elsevier).

levels were close to equilibrium values at a particular carbonator
temperature, provided that the amount of solid bed inventory
and the solid looping rate were satisfactory.

On extension of the risers’ heights and reconstruction of the
high-efficiency cyclones, the system stability was improved. The
modified system operated with CO, capture levels of 70-90%,
which were close to the equilibrium value at 650 °C, depending
on the gas velocity (2.0-2.1 m s~ ') and the solids circulation
rates (0.8-2.3 kg m > s '). However, for the highly cycled
particles, which can attain an average conversion close to the
residual conversion of 0.07-0.12, the CO, capture level dropped
to 65-75% for a solids circulation rate of 1.0-1.8 kg m > s *.%

In tests carried out by Rodriguez et al.,” the 30 kWy, unit
was used to treat flue gas containing 20%,,; CO,. Initially 20 kg
of limestone was loaded into the system that was operated at
800-850 °C for the calciner and 630-700 °C for the carbonator,
with gas velocities of 3 m s™'. The analysis revealed that the
purity of the CO, stream released from the calciner was
approximately 27%,,,; and the concentration of CO, in the clean
gas was approximately 7%,,;. This corresponded to an actual
CO, capture level of approximately 70%, which was lower than
the equilibrium CO, capture level within this temperature range.
It was found that under realistic operating conditions an actual
CO, capture level of 70-90% was achievable for bed inventories
of 400 kg m~? for solid looping rates of 0.5-2.2 kg m > s™".

3.2.3 Test campaign using 1.7 MWy, pilot plant. Arias et al.”®
reports that the 1.7 MWy, pilot plant was operated for more than
1800 h, with 380 h in CO, capture mode with a CO, capture level of
40-95%. Stable operation under oxy-combustion in the calciner
(excess O, of more than 5%,,;) has been maintained for 170 h.

Representative results from the experimental trials were
reported for the first time by Sanchez-Biezma et al.”’ (Fig. 6).
These results confirm the findings from previous studies that if
the process is operated with proper solid inventory and sorbent
activity, the actual CO, capture in the carbonator is close to
the equilibrium value at given temperature (above 90% at
660 “C). Moreover, a SO, capture level of more than 95% was
achieved.

This journal is © The Royal Society of Chemistry 2015
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Table 3 Operating conditions of the 1.7 MW,, pilot plant at INCAR-CSIC? 9596

Input from power plant Value Pilot plant operating conditions Value
Flue gas flow rate (kg h™?) 680-2300 Maximum coal flow (kg h™") 325

CO, concentration (%oyor) 12.6 Maximum fresh sorbent flow (kg h™") 300

0, concentration (%) 5.5 0, flow to calciner (kg h™") 300-600
H,O concentration (%) 7.0 CO, flow to calciner (kg h™") 700-2250
SO, concentration (%yo) 0.07 Air flow to calciner (kg h™") 600-2500
N, concentration* (%) 74.83 Inventory in carbonator (kg m™?) 100-1000

“ Nitrogen concentration calculated to balance the remaining constituents.

Table 4 Operating conditions of the 75 kW,, CanmetENERGY pilot plant

Parameter Minimum Maximum
CFB calciner

Initial sorbent inventory (kg) 4.5 5.0
Sorbent make-up batch (kg) 0.3 0.5
Biomass consumption rate (kg h™") 4.0 7.6
Coal consumption rate (kg h™') 2.6 5.8
Air flow rate (air-firing mode) (kg h™") 8.0 14.4
0, flow rate (oxy-firing mode) (kg h™*) 5.2 77
Moving or bubbling FB carbonator

Air flow rate (slpm) 40 100
CO, flow rate (slpm) 7.5 19.0
CO, concentration at inlet (%)) 15.0 16.5
Air flow for solid conveying (slpm) 35 55

CO; capture efficiency

1
+0
12:00 12:30 1300 1330 14:00 14:30 15:00 15:30 16:00

CO;in flue gas (%, dry basis)

Fig. 6 Representative steady state results captured during testing of the
17 MW, pilot plant at INCAR-CSIC (reprinted with permission from
Sanchez-Biezma et al.®” Copyright 2015 Elsevier).

As no fresh limestone was added to the system, the conversion
of the CaO to CaCO; decreased towards the residual value of 0.1.
Also, there were several issues with maintaining proper solid
inventories when the oxy-firing mode was tested. Although CO,
purity in the gas leaving the calciner reached 85% when the
calciner temperature was 950 °C, low solid inventory and sorbent
activity caused the CO, capture level to drop below the equilibrium
level, to around 75%. Nevertheless, the authors claim that high CO,
capture levels can be achieved even if highly deactivated sorbent is
used with high sulphate conversions, provided the system is
operated with the proper solid inventory.

Arias et al.”® reported and thoroughly investigated the steady
state operation of the 1.7 MWy, pilot plant at INCAR-CSIC. In
the initial phase of the experimental trials, a CO, capture level
of less than 40% was reached due to the high content of non-
calcined limestone in the solid inventory because the calciner
was operated below 920 “C. Moreover, the conversion dropped
to 0.067 after more than 5 h of continuous operation without
fresh limestone make-up. The same conclusion was drawn as in
the study by Sanchez-Biezma et al.”” that a CO, capture level of
more than 80% can be reached, even when the sorbent has

This journal is © The Royal Society of Chemistry 2015

reached its residual conversion and there is a high SO, capture
level (95%), provided enough solid inventory is available. These
results confirm trends determined using the 30 kWy, unit and
prove that the solid inventory and the sorbent conversion are the
most relevant operating parameters in the carbonator reactor.

3.2.4 Data for process modelling. Information available in
the literature, which includes detailed descriptions of the
bench- and the pilot-scale facilities, provides essential input
into model development. Most of the operating conditions,
such as temperatures, solid looping rates, oxygen consumption
rates and CO, contents in off-gases from the calciner and the
carbonator have been disclosed. This allows for a local validation of
model predictions. Moreover, global performance of the carbonator
and the calciner can be validated.

Tests conducted using both facilities revealed that the
carbonator operates at nearly isothermal conditions, which allows
the assumption of isothermal conditions in modelling the FB
reactors. Moreover, the actual CO, capture level was found to be
close to that determined by equilibrium at a given temperature.
Such assumption is, however, only valid for relatively active sorbent,
as the experimental trials showed a reduction in CO, capture level
for highly cycled particles.

3.3 Institute of Energy Systems and Technology at Darmstadt
University of Technology

3.3.1 Experimental facility description. The 1 MWy, pilot
plant erected and commissioned at Darmstadt University of
Technology comprises two interconnected CFB reactors that are
refractory lined to minimise heat loss (Fig. 7). The carbonator,
which is 8.66 m high and 0.59 m in internal diameter, is
equipped with internal cooling tubes to control the temperature.
Moreover, in contrast to other pilot plants, fresh limestone is fed
to the carbonator, where it is heated to 650 °C utilising the
exothermal carbonation reaction. Such configuration is claimed
to reduce fuel and O, consumption in the calciner.”® In addition,
synthetic flue gas, which can be heated up to 350 “C using
auxiliary electric heaters, is used as a fluidising medium in the
carbonator. O,-enriched air preheated up to 450 °C is used to
fluidise the calciner that is 11.35 m high and 0.4 m in internal
diameter. To maintain the calcination reaction, the pilot plant is
designed to combust either gaseous fuel, using a gas burner or a
bed lance, or solid fuel, which is introduced by a gravimetric
dosing system.

Unlike other pilot plants, the solids between the loop seals
of the CFBs are transferred by screw conveyors. These can be
equipped with heat transfer jackets, allowing for accurate control
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Copyright 2015 Elsevier).

of solids circulation rate and are capable of flexible operation under
various loads. However, in a commercial-scale unit, large volumes
of solids will be transferred between the reactors and the solid loads
will vary due to changes in the power plant load, making the screw
conveyors mechanically inefficient.”” The flue gas and the CO,
stream are subsequently cooled down in the heat exchangers, and
then cleaned from fly ash in the fabric filters.

3.3.2 Test campaign. The first tests using the 1 MWy, pilot
plant were conducted in July 2011. Since then, the facility has
been operated for around 400 h to analyse CO, capture using
the CaL process. In the first campaign, lasting 72 h, a continuous
separation of CO, from the 1300 N m® h™' synthetic gas
comprising 10-12%,, CO, was analysed.”® Throughout the
campaign, the make-up flow was maintained at 70-150 kg h™"
and the solid looping rate between 1500 and 3000 kg h™*. The
study revealed that lower CO, capture levels are obtained if CaO,
which has been calcined at 1000 “C before the test, is fed to the
carbonator rather than fresh limestone. This is because a large
fraction of older sorbent was present in the bed and caused
a drop in the fraction of active sorbent. An increase in CO,
capture level was observed when fresh limestone was fed to the
carbonator. Despite the poor performance of the calciner cyclone
and the low CO, concentration in the CO, stream caused by
limited firing power in the calciner, the total CO, capture level
was greater than 90%.

After increasing the power of the burners and the lances and
improving the cyclone performance, a second test campaign
using propane firing in the calciner was carried out. These
changes led to a significant reduction in the make-up rate.
Moreover, the fluidisation air was enriched with 50% O, to
maintain a desirable gas velocity in the calciner and to ensure
nearly complete combustion of propane. Again, the carbonator
was operated at 660 “C and was fed with synthetic flue gas
containing 12%,, CO,. To maintain a desired average CO,
capture level in the carbonator, the solid looping rate was kept
at 2000 kg h™", which corresponded to an average Ca:C molar
ratio of 11.6. The maximum CO, capture level in the carbonator
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was found to be 85%, increasing to 92% when oxy-combustion
of propane in the calciner is considered.

In the third campaign, the calciner was fired with pulverised
coal and the fluidisation air was enriched by 45-50% O,. The
temperature in the carbonator reached 670 °C. The same amount
of synthetic flue gas was used as in the second campaign. To reach
the same CO, capture level in the carbonator (85%), the solid
looping ratio needed to be increased to approximately 2800 kg h™*
(Ca: C =17.2). The CO, concentration in the clean gas was close to
the equilibrium CO, concentration at that operating temperature.
Therefore, the reaction was limited by chemical equilibrium
leading to stable operating conditions. The CO, capture level
dropped to approximately 60% when the temperature in the
carbonator dropped to 610 °C.%

3.3.3 Data for process modelling. The description of the
facility by Strohle et al.”® provides the information on equip-
ment dimensions required for detailed process modelling. The
data gathered from the three campaigns allow validation of the
performance of a model overall and in respect of the carbonator
CO, capture level. Some information on local parameters, such
as fluidising air temperature, CO, flow rate at the inlet to the
carbonator and the solid looping rates is available and would
increase the quality of model validation. In addition, an operating
range for some parameters, such as the fresh sorbent make-up rate
and solid looping rate, was disclosed and would allow validation of
a model at different operating points.

3.4 Institute of Combustion and Power Plant Technology at
University of Stuttgart

3.4.1 Experimental facility description

3.4.1.1 10 kW, bench-scale dual fluidised bed unit. The
Institute of Combustion and Power Plant Technology (Institut
fiir Feuerungs-und Kraftwerkstechnik, IFK) at the University of
Stuttgart has developed a CaL bench-scale unit based on a 10 kWy,
dual fluidised bed (DFB) that can be operated in continuous
mode.'” The practicability and stability of the DFB system was
first analysed using a down-scaled cold model.'*"'%*

In the 10 kWy, IFK unit, the CFB (gas velocity of 4-6 m s~ )
and the BFB (gas velocity less than 1.2 m s ') can each be
operated either as the carbonator or calciner. A benefit of
operating the BFB as the carbonator and the CFB as the calciner
is ease in process control. The novel configuration of this DFB
system results in control of the calcium circulation rate between
the beds by varying the cone valve opening and the BFB absolute
pressure. Due to heat losses to the environment, the CFB, the
BFB and the solid circulation system are electrically heated.'*
The temperature in the calciner can be raised by direct natural
gas combustion in O,-enriched air (40%,, O,), if the electric
heating system capacity is insufficient.'®

3.4.1.2 200 kW,, pilot-scale dual fluidised bed facility. To
investigate the long-term performance of the process under
real combustion conditions, a 200 kWy, pilot plant was built at the
IFK. The pilot plant design includes a CFB calciner operating in a
fast-fluidisation regime and a reconfigurable CFB carbonator that
can operate either under a turbulent or fast-fluidised fluidisation
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regime (Fig. 8).""'"> A design involving two symmetric CFBs,
which operate in a fast-fluidised regime, required redesign of the
solid circulation system and implementation of two cone valves for
controlling the looping ratios in both CFBs independently.'”®
Conversely, for the configuration with the carbonator operating
in the turbulent regime, the solid circulation rate is controlled
through the L-valve which is directly fed from the CFB calciner.'™

The fast-fluidised CFB calciner, 10 m in height and 0.021 m
in internal diameter, is equipped with a staged oxidant supply
for oxy-combustion of solid fuel (coal, wood pellets, wood
chips). Although the firing system is designed to handle up to
70%y01 O, to meet the energy demand in the calciner, flue gas
recirculation is implemented to achieve realistic operating
conditions. In the turbulent fluidised bed carbonator (6 m in
height and 0.033 m in internal diameter), the heat is removed
using the FB heat exchanger. It is also designed to operate
under lower fluidisation velocities and with lower residence
time than the CFB carbonator.'® The fast-fluidised CFB carbon-
ator, 10 m high and 0.023 m in internal diameter,'** is fluidised
with the flue gas, and the heat released due to the exothermal
reaction is removed via a water-cooled heat exchanger in the dense
bed region and bayonet cooler in the lean bed region. The facility
has a 400 kWy, gas burner to generate hot gas and heat up the
system during start-up. To minimise the heat loss in the system,
the reactors are lined with insulating concrete and refractory
material resistant to abrasion.'”®

3.4.2 Test campaign using a 10 kW,, DFB unit. The tests
were conducted using German limestone from Swabian Alb
that was used to clean synthetic flue gas having 15%,, CO, to
simulate CFPP conditions. It was relatively straightforward to
achieve steady state operation with a minor make-up of fresh
sorbent to account for attrition losses. When the carbonator
was operated at 660 °C, the achievable CO, capture level
exceeded 90%. The maximum level of 97% was observed in
the periods when fresh sorbent was added to the carbonator,
causing its temperature to drop to around 625 °C.

The effect of the carbonator operating temperature and the
CO, capture level was then analysed and compared with the
equilibrium data. The CO, capture level was reported to be
close to that determined by chemical equilibrium at the given
temperature, which was assured by maintaining a Ca:C ratio
higher than 14."°* A recent study by Varela et al.'”” identified
that the CO, capture level of 90% is achievable at Ca: C ratio of 8,
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provided that steam is present in the carbonator and the
calciner. Such behaviour is explained by likely enhancement of
sorbent morphology in the presence of steam, favouring sorption
and desorption of CO,. Moreover, the increase of the CO,
concentration in the calciner, which can be associated with
CO, recycle to lower O, concentration in the fluidising gas,
was found to significantly affect the reactor efficiency.

3.4.3 Test campaign using the 200 kW, DFB facility. Dieter
et al."" reported that more than 600 h of successful operation
has been recorded and the facility was found to be hydrodynamically
stable. The tests performed mainly aimed at reaching steady
state conditions under variable temperature with synthetic flue
gas containing 14%,,; CO,.

Although O, concentrations reached 50%,, during wood
pellet combustion, no hot spots were observed and the tem-
perature profile in the calciner was uniform (875-930 °C). This
indicates the key benefit of staged oxidant supply. However, the
desired temperature of 650 “C was observed only in the dense
region of the turbulent FB carbonator, while the temperature
was reduced in the upper region. Nevertheless, the CO, capture
level was maintained above 90% indicating that most of the
reaction takes place in the dense region. Fluctuations in the
carbonator temperature (620-650 °C) have a minor effect on
the carbonator efficiency. Furthermore, higher CO, capture
levels are obtained if wet flue gas, such as from the desulphur-
isation unit, is fed to the carbonator. These results were found
to closely follow the trend determined by the equilibrium
calculations revealing good gas-solid contact in the carbonator
(Fig. 9). This means that lower looping ratios would be required
to reach the desired CO, capture level, leading to energy saving
in the regenerator.'**

3.4.4 Data for process modelling. The literature provides a
detailed description of the equipment sizes and configurations,
allowing for development of a model. Nevertheless, the limited
information available on the equipment operating conditions
and efficiencies and the lack of detailed stream data will restrict
model validation, especially in terms of the conversion rates
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Fig. 10 Process flow diagram of the Ohio State University sub-pilot plant
(reprinted with permission from Wang et al.*? Copyright 2015 American
Chemical Society).

and the solid looping rates. However, the results from both
campaigns clearly indicate that the carbonator performance
can be reasonably well represented using equilibrium models,
provided an appropriate solid inventory, sorbent conversion
and looping rate of Ca:C > 14 are assumed.

3.5 Ohio State University

3.5.1 Experimental facility description. The researchers at
Ohio State University have pioneered the concept of simultaneous
CO, and SO, capture using the Carbonation-Calcination Reaction
process (CCR). The process was proposed as a merger of the Ohio
State Carbonation Ash Reactivation (OSCAR) process'®**'? and the
Calcium-based Reaction Separation for CO, (CaRS-CO,) process,'""
two processes developed and patented by Ohio State University.

In the 120 kW,;, sub-pilot plant (Fig. 10) the CaO or Ca(OH),
can be fed to the carbonator, which is the entrained bed (EB)
reactor operated at 450-650 °C to allow for CO, and SO, capture.
Sorbent regeneration is conducted in the electrically-heated RK
calciner. Calcined sorbent is then hydrated using steam to
improve the sorbent conversion over multiple cycles."> Some
of the deactivated sorbent (2-10%) is purged and the fresh
sorbent is fed directly to the calciner.

3.5.2 Test campaign. The CCR sub-pilot plant was used to
purify flue gas produced in air-combustion of coal and natural
gas in the stoker and containing 12.5%,, CO, and 1450 ppm,
of SO,. Prior to being fed to the carbonator the flue gas
temperature was maintained at 650 “C using natural gas.

In the once-through test, Wang et al.''> showed that the
presence of fly ash in the carbonator does not affect the CO,
and SO, capture levels. In addition, the amount of fly ash
entering the carbonator needs to be considered when deciding
on the purge fraction to maintain the proper amount of active
sorbent in the system.

The study clearly indicated that application of Ca(OH), with
the mass median diameter (Ds,) of 3 pm results in CO, capture
levels between 40 and 100% for Ca:C ratios between 0.5 and
1.7. This performance was superior to traditional lime, as CO,
capture levels of 9% were found for ground lime (D5, = 600 pm)
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and pulverised ground lime (D5, = 18 pum) at the same Ca:C
ratio. Nevertheless, as pointed out by Dean et al.,'* separation
and fluidisation of such small particles from the gas stream in
industrial-scale reactors would be extremely challenging and,
therefore, the process feasibility and practicability is somewhat
questionable.

3.5.3 Data for process modelling. Information on design
characteristics of the CCR process available in the papers and
patents is limited and does not reveal the equipment sizes. This
would not allow for detailed model development. Nevertheless,
simplified models, which consider only thermodynamic per-
formance, could be developed.

The results of the test campaign are detailed enough to
validate the global performance of a model. Unfortunately, no
detailed information is provided on the local data, such as the
solid looping rates or limestone make-up.

3.6 CANMET Energy Technology Centre

3.6.1 Experimental facility description. CanmetENERGY
has developed a 75 kWy, pilot-scale DFB system which operates
in semi-continuous mode to demonstrate the process feasibility. The
system was first designed and analysed using process simulation by
Hughes et al.*® The pilot plant comprises a CFB calciner and a
carbonator operated under either moving or bubbling bed
conditions (Fig. 11).

Depending on the application the calciner is 4.5-5 m in
height and 0.1 m in internal diameter and can be operated
under air, O,-enriched air or oxy-firing with flue gas recycle.
The carbonator was divided into two stages to distinguish the
combustion/sulphation and carbonation processes. Therefore,
depending on the test performed it is 2-5 m in height and 0.1 m
in internal diameter. Such configuration allows air or a mixture
of air and superheated steam to fluidise both stages. To
minimise the heat losses in the system, the reactors are lined
with refractory and insulation materials. Moreover, each reac-
tor is equipped with three 4.5-5 kW, electric heaters that are
used during start-up and sometimes to control the reactor
temperature.*''* The CANMET Energy pilot plant has a novel
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Fig. 11 Schematic of the 75 kW,, pilot plant developed at CANMET
Energy (reprinted with permission from Hughes et al.?° Copyright 2015
Elsevier).
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solid transport system for sorbent looping that includes a 45°
“T” that collects solids from the calciner-pierced distributor.
The solids rate through the conveying line to the carbonator is
controlled using a solenoid valve. The calcined sorbent enters
the carbonator through the L-valve. Similarly, the 45° “T” line
allows the carbonated sorbent to be directed to the calciner or
to the second stage of the carbonator for SO, capture.

3.6.2 Test campaign using a 75 kWy, pilot plant. The
75 kWy, pilot plant has been operated under continuous mode
for more than 50 hours (Table 4). During the tests, the carbonator
was fed with a synthesised mixture of air and CO,, to achieve CO,
concentrations of 15-16%,,,. The fluidising air was preheated
to 250 “C prior to being fed to the carbonator. The calciner was
operated under three heating modes: electric heating, bio-
mass combustion in air, and oxy-combustion of biomass and
bituminous coal with flue gas recycle.

The tests performed by Lu et al.>* confirmed that the CaL
system can operate with a CO, capture level of 97% within the
first several cycles. As the superficial gas velocity was increased,
the CO, capture level decreased, which can be associated with
lower residence time of gas in the carbonator. A considerable
drop in the CO, capture level to approximately 72% was
observed after 25 cycles. This confirms the impact of sorbent
deactivation on process performance and implies the need for
fresh sorbent make-up. The highest CO, capture level (98%)
was reached within the temperature window of 580-600 °C for
fresh sorbent and approximately 700 “C after 20 cycles. When
the temperature dropped below 500 °C, the reaction rate slowed
significantly. This was reflected in the off-gas CO, concentration of
approximately 9-10%,,; CO,, hence in a drop of CO, capture level.

Finally, testing oxy-combustion of fuel in the calciner has
proven this approach to be appropriate for providing heat for
sorbent regeneration. There were no hot spots in the calciner,
in spite of the high O, concentration in the primary gas of
40-50%,,, balanced with the recycled flue gas. The maximum
concentration of CO, was 85%,,,1.

3.6.3 Data for process modelling. Information available in
papers by Lu et al.** and Symonds et al.'" include detailed
descriptions of the process configuration and equipment
dimensions which can be used to set up a model. Analysis of
the CO, capture level under various operating conditions allows
validation of the global performance of a model. Again, their
study confirmed that the actual CO, capture levels could be
close to the equilibrium values in practice. Their study also
revealed that the carbonator temperature can be used as a
means to maintain the desired CO, capture level, even with
highly cycled sorbent. Although no information on the solid
looping ratios and rates was provided, several operating limits
were included in the paper by Lu et al.* that can form a basis
for local validation of a model.

3.7 Cranfield University

3.7.1 Experimental facility description. A 25 kWy, bench-
scale CaL rig developed at Cranfield University consists of an
EB carbonator, 4.3 m high and 0.1 m in internal diameter, and
a BFB calciner, 1.2 m high and 0.165 m in internal diameter.
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Table 5 Optimal gas composition in 25 kW,, Cranfield University pilot
plant**

Fluidising gas Carbonator Calciner
CO, volumetric flow rate (L min ") — 40
0, volumetric flow rate (L min ") - 16
Air volumetric flow rate (L min ") 150 —
CH, volumetric flow rate (L min™") 22.5 11

The desired operating temperature in the carbonator (600 °C)
and the calciner (900-950 °C) is maintained using electric
heating elements.'"*

The calciner is directly heated through oxy-combustion of
natural gas. The resulting flue gas is used as the fluidising
medium. The flue gas generated in the air-combustion of natural
gas, which contains 8%, CO,, is used as the fluidising medium
in the carbonator. The optimal operating gas input rates are
presented in Table 5. Solid input to the calciner is achieved using
a screw feeder with a maximum feeding rate of 1.6 kg h™". This
proves the practical applicability of the screw conveyors for solid
fuel and sorbent handling in the CaL units, as explained in
Section 3.3.1. The solid looping rates are controlled via two
fluidised loop seals, at the top and bottom of the calciner.'*®
The unit has two cyclones at the top of the carbonator to ensure
that the sorbent lost with the flue gas is kept to a minimum."**

3.7.2 Test campaign. A primary objective of the test campaign
was maximisation of CO, capture level through modification of the
process configuration and the operating conditions. CO, capture
levels of 50% and 70% were reached with carbonator temperature
windows of 650-700 “C and 600-650 “C, respectively. This improve-
ment in efficiency at lower temperatures is attributed to its effects
on chemical equilibrium, as reducing the temperature reduces the
equilibrium CO, content and in turn increases the equilibrium CO,
capture level.

Moreover, in batch runs the optimum CO, capture level,
which was close to 90%, occurred for particle sizes between
125-250 pm. This was in agreement with results from another
study carried out in the same group by Kavosh."'® This behaviour
was explained by an increase in the surface-to-volume ratio as
the particle size was reduced. However, it was found that below
125 pm, the CO, capture level dropped below 50%. It appears
that such small particles were Geldart’s group C, and thus were
difficult to fluidise leading to bed agglomeration."”

The maximum CO, capture level of 80% in the carbonator
was reached after rig modifications resulting from the cold
model, temperature and particle size distribution optimisation,
and implementation of air shakers and heating elements to the
loop seals to enhance solids transfer and temperature.''?

3.7.3 Data for process modelling. The 25 kW, unit has
been described in detail in the analysed sources. As the
description includes information on the equipment characteristics
and operating conditions, it can be used for model development.
The reliability of the CO, capture level prediction can be validated
for various carbonator temperatures and particle size distributions.
Unfortunately, the local level validation will be limited to flue gas
and fuel oxy-firing in the calciner as no data on the solid circulating
rates and solid inventory were disclosed.
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3.8 Tsinghua University

3.8.1 Experimental facility description. The DFB system
developed at Tsinghua University consists of two interconnected
BFBs. The internal diameters of the carbonator and the calciner
are 0.149 m and 0.117 m, respectively, and the height of each bed
is 1 m. In this system, solids are transferred between the beds
through the cyclones and the downcomers. In addition, solid
injection nozzles are used to transport solids from the bed to the
riser in each BFB. To compensate for the heat losses and to
maintain the desired temperature in the carbonator and the
calciner, each reactor was equipped with four 2.5 kWy, electric
heaters. Additional electric heaters are used for heating the flue
gas, the risers, the cyclones and the downcomers."**

3.8.2 Test campaign. In the test campaign, dolomite (Ds, =
0.5 mm) was used as a source of natural sorbent to clean
synthetic flue gas containing 12.1-14.5%,, CO,. The solid
looping rate was maintained at 30-36 kg h™* which corresponded
to an inventory height of 0.3 m in the two BFBs. When the desired
temperatures in the carbonator (630 °C) and the calciner (850 °C)
were achieved, the CO, fraction in the clean gas was 1.2%,,,, which
corresponds to a CO, capture level of 89.2% in the carbonator.
When the operating temperature of the carbonator was increased
to 680 “C, the CO, fraction increased to 10%,, due to chemical
equilibrium limitations.

In continuous CO, capture from synthetic flue gas, the
calciner was operated at 810 “C, which led to maximum purity
of 22.5%,, CO,. On the other hand, the carbonator was
operated at 640 “C reducing the CO, fraction in the clean gas
to 0.7%y.1, Which corresponds to a CO, capture level of 95%.
Under such operating conditions the average conversion in the
carbonator reached 70.4%. Due to incomplete calcination, the
average conversion of particles leaving the carbonator was
16.2%. Finally, Fang et al.''® have noted that after 7 h of continuous
operation, the mean size of the particles was reduced to 0.16 mm
and 0.42 mm in the calciner and the carbonator, respectively.

3.8.3 Data for process modelling. The bench-scale unit can
serve as a basis for model development as its equipment sizes
and operating conditions are or can be determined from other
data provided by Fang et al.'*® A model can be validated at a
global level as data are available for the carbonator CO, capture
level under different operating conditions. Also, as the inlet gas
flow rates to BFBs, the solid looping rates, and the CO, fraction in
the gas streams from the carbonator and the calciner are available,
local validation of the process streams can be conducted.

3.9 Vienna University of Technology

3.9.1 Experimental facility description. Researchers at the
Vienna University of Technology have been testing a sorption-
enhanced reforming (SER) process for biomass gasification in
the 100 kW, DFB gasifier facility (Fig. 12), another possible
application of the CaL process."'*'* Such process has a potential
of improving the performance and reliability of the integrated-
gasification combined cycle (IGCC) power plants. Other pro-
cesses that utilise the sorption-enhanced reactions, such as a
sorption-enhanced steam methane reforming (SE-SME), can
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Fig. 12 Process flow diagram of the 100 kW, bench-scale plant at Vienna
University of Technology (reprinted with permission from Kirnbauer
et al.**® Copyright 2015 Elsevier).

yield high-purity H, (>95%,)."*"""** However, this process is
more likely to be applied to meet increasing demands for H, in
industrial processes, such as ammonia synthesis and fossil fuels
processing,'*® rather than for large-scale power generation.

In the conventional solid feedstock gasification process the BFB
gasifier reactor operates at 850-900 “C, while air-combustion of fuel
in the CFB combustor takes place at 920 “C. For this system, olivine
was a suitable bed material with satisfactory resistance to attrition
and moderate tar cracking activity."® The solids are transported
between the reactors via two loop seals which are fluidised with
steam. The concept was then successfully used for development of
the biomass-fired 8 MWy, combined heat and power plant in
Guessing, Austria that delivers 1.8 MW, of electricity and 4.5 MWy,
of heat to the local community.'**

3.9.2 Test campaigns. The 100 kWy, unit has been modified
to operate under SER process conditions with in situ CO, capture
using limestone (Fig. 13). To assure proper conditions for the
carbonation reaction, the BFB reactor temperature was reduced
to approximately 700 °C'*° by reducing the solid looping rates
between the reactors.'*®

The analysis by Pfeifer et al.'* has revealed that compared to the
conventional process, up to 70%,, higher H, yields are achievable.

This journal is © The Royal Society of Chemistry 2015
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Fig. 13 Schematic representation of the sorption-enhanced reforming
process with in situ CO, capture using calcium looping process (reprinted
with permission from Koppatz et al.*?> Copyright 2015 Elsevier).

This is largely the result of an equilibrium shift in the water-gas
shift reaction caused by CO, removal from the gasifier (Fig. 14).
Moreover, a simultaneous reduction of the tar content from
4-8 g N 'm t0 0.3-0.9 g N"' m* was observed.

A first test campaign using the 8 MW, Guessing CHP
operating in SER mode was reported by Koppatz et al.'*® A
temperature difference was required between the BFB gasifier
and the CFB combustors to allow for efficient carbonation-
calcination reactions. Therefore, the gasification temperature
was reduced from 850-900 °C to 650-750 “C, while the combus-
tion temperature was reduced from 950 “C to 850 °C. This was
achieved through low solid looping rates. Moreover, olivine was
substituted with limestone as the bed material. The content of
H, and CH, in the syngas, hence its quality, decreases with
increase of the gasification temperature. This could be
explained by reduction of the driving force for the carbonation
reaction, as the equilibrium partial pressure of CO, increases
with temperature. The quality of the syngas produced in SER
operating mode was higher than in the conventional process.
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3.9.3 Data for process modelling. A detailed description of
the experimental facility, which includes both the equipment
dimensions and operating conditions, gives an opportunity for
comprehensive equipment modelling. However, as the key
objective of the test campaign was to improve syngas quality,
no information was provided on the CO, capture level. Never-
theless, the available results allow validation of the syngas
composition and comparison with the one reached in the
conventional process. Although this kind of information does
not provide a clear indicator of the CaL process performance in
terms of the CO, capture level, it can still be used to validate the
process performance.

3.10 Summary

In most of the studies, the key parameter describing performance
of the CaL process is the CO, capture level. If a system is operated
with appropriate solid inventory and sorbent conversion, the actual
CO, capture level is close to the value determined by chemical
equilibrium. This allows validation of the global performance of a
model, which could be either equilibrium- or kinetics-based.
Furthermore, unconventional configurations developed at ITRI
and Ohio State University, which include the RK calciner, would
be beneficial for validating a model when the power and cement
integration is investigated.

The testing campaigns provide valuable insight in under-
standing process performance under varying operating condi-
tions. Some information on local parameters, such as fluidising
air temperature, flue gas composition and flow rate, CO,
concentration in the gases leaving the CaL system, solid
inventories or looping rates were disclosed. However, no com-
plete data were available for any of the reviewed experimental
campaigns. Further tests and more detailed data are required

60
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» 50.60 i standard gasification
50 -

40
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Fig. 14 Comparison of the syngas composition in conventional and SER gasification processes and the typical range at the pilot plant (adapted with

permission from Koppatz et al.'?> Copyright 2015 Elsevier).
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to allow validation of a model at the local level, and thus
increase the quality of its prediction.

4 Models for the calcium looping
processes

Development of novel power generation technologies needs to
employ a range of analysis tools to evaluate various technology
aspects. Therefore, experimental trials using bench- and pilot-scale
facilities should be supported with analyses utilising mathematical
and computational models that can be treated as a complementary
source of information on process performance. Moreover, such
models allow analysing the process scaling-up, and thus, expected
net efficiency penalties, as well as operating and capital costs.
Since the models vary in complexity and hence in computational
requirements they can be applied at different stages of concept
development to optimise the operating parameters of a process, to
evaluate its performance under different operating conditions, or
even to reliably size the equipment in the most time-efficient
manner.

The current literature offers a selection of models for the key
units, the carbonator and the calciner. They range from models
based purely on thermodynamic equilibrium, usually defined
by Gibbs’ free energy minimisation,******”"*3! through models
considering sorbent degradation using semi-empirical correlations
derived to fit experimental results,'"!®3%39:42:84,86,1327146
semi-predictive®®30313793133,1477149 ang  predictive models**°
that account for FB hydrodynamics and reaction kinetics. As
the complexity of the models increases, the accuracy of their
predictions increases as well. It needs to be stressed, however,
that models of different complexity are suitable at different
stages of process development; for example, thermodynamic or
semi-empirical models would be more suitable for conceptual
design studies, while predictive models would be appropriate at
an advanced project stage, such as front-end engineering
design. The CaL models available in the literature are reviewed
in this section and their limitations are identified.

4.1 Modelling of the sorbent average conversion

The greatest challenge of using solid sorbents to capture CO, is
the loss of their conversion with the number of carbonation-
calcination cycles.'** Thus far, the decay in sorbent maximum
conversion, which is defined as the ratio of the actual and the
theoretical mass of CaO that could have been converted to
CaCos; for fully carbonated sorbent, has been represented using
semi-empirical correlations. Since such representation includes
fitting parameters, it would predict the activity decay well only
for sorbent for which the values of fitting parameters were
determined experimentally.

Dean et al."* have noted that the primary cause for sorbent
deactivation is sintering of CaO during calcination at temperatures
higher than 900 °C,"*" and high CO, and steam partial pressures.*
High affinity of sorbent to SO, and H,S, which are often present in
the flue gas generated in a power plant, especially in units without
FGD plants, would further affect the process performance due to
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increase in the solid looping rate. Although the once-through test
performed by Sun et al.*** in presence of SO, revealed no difference
in the CO, capture in the chemically-controlled region of the
carbonation, the calcination rate, and thus the sorbent conversion
deteriorated as a result of CaSO, accumulation. Such observation
was also made by Grasa et al.'* The experimental trials showed
that due to high Ca:S ratios in the system, the SO, and H,S capture
efficiencies could reach 100%."> As the regeneration process of
sulphated sorbent is possible only at very high temperatures or in
reducing conditions,">"* this would enhance sorbent sintering
causing a further reduction in the activity. Moreover, attrition
leading to excessive elutriation of sorbent and ash fouling could
occur under such conditions.*'*

Sorbent performance is usually represented as a drop in the
maximum sorbent particle conversion with the number of
carbonation-calcination cycles (N). Since 2002, many semi-
empirical correlations were developed to characterise the drop
in the sorbent performance, for which the fitting parameters
are often determined from the thermogravimetric analysis
(TGA).**15571% guch correlations were developed for non-pretreated
sorbents,’>'*™'** and thermally pretreated sorbents™'*® that experi-
ence self-reactivation.”®" Most of the semi-empirical correlations
have been reviewed by Dean et al," and only the most important
ones, required to understand the more complex models, are
presented here.

A first semi-empirical model for the maximum sorbent
conversion was developed by Abanades'® based on the
assumption that decay in the maximum carbonation conver-
sion in the chemically-controlled stage depends only on the
number of calcination—-carbonation cycles.

Xy ="+ X, (3)

There was a high degree of correlation between the maximum
sorbent conversion predicted by the model and the experi-
mental data (98.2%)>*'°%'3871%° for a deactivation constant (k)
and a residual carbonation conversion (X;) of 0.782 and 0.174,
respectively.

A study by Grasa and Abanades'*® has confirmed that the
sorbent conversion decreases asymptotically to residual con-
version that amounts to 0.075-0.08 and is constant when the
number of calcination-carbonation cycles is higher than 50.
Based on the proportionality between conversion and the sur-
face area of highly cycled particles through the product layer
thickness (X = 5/S,), Grasa and Abanades'*’ have proposed a
semi-empirical correlation for decay of the sorbent maximum
conversion which is formulated similarly to typical catalyst
deactivation correlations.

Xy=—mr—"+X; (4)
+kN

1 -X:

With a deactivation constant (k) of 0.52 and residual conversion
(X;) of 0.075, the prediction of the semi-empirical model pre-
sented in eqn (4) was accurate for a wide range of limestones,
particle sizes and CO, partial pressures.

This journal is © The Royal Society of Chemistry 2015
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Li and Cai'* have adopted a five-parameter correlation, with
a similar structure to the one proposed by Abanades.'**

Xy=a, fit +ayfit + X, (5)

Although the constants in eqn (5) were determined for a
particular sorbent, no particular reference to their physical
meaning was made. This semi-empirical model was found to
successfully predict the decay in conversion of different sor-
bents (limestone, dolomite, CaO/Ca,,Al,,05;), provided the
fitting parameters were known.

4.1.1 Maximum average conversion of non-pretreated sor-
bent. The aforementioned semi-empirical models allow deter-
mination of the maximum carbonation conversion of sorbent
particles that have undergone a given number of carbonation-
calcination cycles. In real systems, however, the population of
particles would comprise particles that have undergone differ-
ent numbers of carbonation and calcination cycles. Based on
the assumption that the solids are well mixed in the reactor,
Abanades'*® proposed calculating the maximum average con-
version in the carbonator as:

N=oo

leve.mux = E r;'\"X.’v' (6)

N=1

The mass fraction of the particles that has undergone N
carbonation-calcination cycles (ry) is directly related to the
solid looping rate (Fg) and fresh limestone makeup rate (F,)
as shown in eqn (7).

FoFY~!
IN=

R ”

Using the definition of the maximum carbonation conversion
presented in eqn (3), Abanades et al.*® have indicated that for a
FB calciner (perfectly stirred reactor), the average conversion of
sorbent entering the carbonator can be expressed using eqn (8)
as a function of the process parameters: solid looping rate and
fresh limestone make-up rate.

k(] _Xr)FO

————+ X 8
Fo+Fr(1-X,) T ®

Xavemax =
Assuming that all sulphur present in the fuel reacts with the
active sorbent to form CaSO,, eqn (8) can be modified to
account for sorbent deactivation caused by CaSO, formation.

k(1 — X;)Fy X Feo,
Fo+ Fr(1 = X;)

©)

XL\\‘CJTI(IX - r Fﬂ"c/s)'c(“"b
As eqn (3) does not account for the residual conversion of
sorbent, eqn (4) proposed by Grasa and Abanades'*® appears to
be the most commonly applied in the literature. However, Li
and Cai'* have claimed that it is difficult to determine an
explicit solution for an infinite sum in eqn (6) when the
maximum conversion of the sorbent is formulated similarly
to eqn (4). Therefore, they have derived a correlation for the
average conversion by incorporating eqn (5) into eqn (6) and
calculating the limit of the infinite sum of the geometric series.

This journal is © The Royal Society of Chemistry 2015
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For f, = 0 the proposed correlation reduces to eqn (8) derived by
Abanades et al.*’

ay f1Fo
Fo+Fr(1-11)

ax [rFy
Fo+ Fr(1-£2)

Xu\'&max = + Xr (10)
Rodriguez et al."' have considered the impact of the reactor
performance indicators, which define the extent of calcination
( feale) or carbonation ( fe.) in each reactor, as well as the
impact of the uncalcined sorbent (r,) on the maximum average
conversion.

. Xearb — Xeale

ale = —— 11
,/Ld](. Xears ( )
. Xearb — Xeale

Soary = 22— T 12
ek Xavemax — Xeale ( )
Fo(1 — £
o 0( .fg.\lc) (13)

O~ Fo+ Frfaale

Having incorporated eqn (11)-(13) into eqn (6), and utilising
the maximum conversion model proposed by Li and Cai,"*’
Rodriguez et al'' derived a semi-empirical correlation for
maximum average conversion.

Xavemax = (F() + FR"O)./;aIc

afi’ @ afs’ £ X
Fo+ FR.féarb./;:xllc(l _fl) Fy + FRf;:urhf(l:uIc(l _fl) F
(14)

Eqn (14) reduces to an equation similar to the one derived by Li
and Cai'* for fiae = 1 and fian, = 1, with the only difference
being the squared f; and f, fitting parameters. However, it
allows estimation of the maximum average sorbent conversion
that can be reached in the carbonator. Mantripragada and
Rubin'®? stated that the actual conversion depends on the
carbonation and calcination degree; hence the actual conver-
sion in the carbonator and the calciner, which can be seen as
equivalent to rich- and lean-loading in the solvent scrubbing
technologies, are corrected based on the carbonator and the
calciner performance, using the following expressions:

/ v:‘arh
y Xﬂ\'c.n]ﬂx
T 00— eare) (=T (15)

Xearb =

Xcalc = (1 _fcalc)-xcarb (16)

4.1.2 Maximum average conversion of hydrated sorbent.
Partial hydration is an option for sorbent reactivation that
yields higher average sorbent conversions compared to unhy-
drated sorbent."®*™'” Hence, the system can operate at lower
solid looping and make-up rates leading to a reduced heat
requirement for the calciner.*” In this concept (Fig. 15) some of
the solids leaving the calciner (Fy) are diverted to the hydrator,
while the remaining (Fg — Fy) circulate to the carbonator as
usual. Therefore, the average conversion models reviewed in
Section 4.1.1 are not applicable.
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Fig. 15 Calcium looping process with sorbent reactivation through hydration
(reprinted with permission from Arias et al.*” Copyright 2015 Elsevier).

Arias et al."*” have proposed a conversion model that can be
used to predict the performance of a CaL plant with a hydrator
operating in a continuous mode. As such a configuration does
not produce any change in the number of carbonation—calcina-
tion cycles that each particle has undergone, the fraction of
particles that has undergone N carbonation-calcination cycles
can be still estimated using eqn (7). Moreover, since different
fractions of sorbent having different maximum conversions are
fed to the carbonator, the maximum conversion for a given
calcination-carbonation cycle number N can be represented as:
B—Ffu, yn (17)

X' = K= Ky

To estimate the maximum conversion X/, the particle age N,
with conversion capacity in the previous cycle N — 1, needs to
be determined. For known value of Xy_;’, which was taken by
Arias et al."*” as approximately 0.7, the particle age before its
Nth calcination is estimated using eqn (4) in reverse.

1 1 1
Nage-1 = (E) (XN,I' =X 1- X,) ()

The corresponding maximum conversions for the hydrated
(X'{?w) or non-pretreated (Xy, ) sorbent can then be estimated
using eqn (4). The decay constant (k') and the residual conversion
(xH) for the regenerated sorbent depend on the degree of hydration,
and were estimated to be 0.63 and 0.15, respectively for 20%
hydration, and 1.39 and 0.36, respectively for 60% hydration based
on experimental data from Grasa et al.'®® (Fig. 16).

Stable maximum conversions were reached for a relatively
small number of cycles. This is a result of a balance between the
increase in sorbent conversion due to hydration and the loss in
each carbonation-calcination cycle due to sintering."*’ Finally, the
maximum average conversion of the sorbent can be determined as:

N=oo

Xavemax = Z r.’v'/‘,s\"l (19)
N=1

4.2 Modelling of carbonation and calcination kinetic rates

4.2.1 Apparent kinetics model for carbonation. Lee'®® has
developed a kinetic model for CaO carbonation conversion that
is reportedly simple to implement during process design and
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Fig. 16 Comparison of the experimental data in Grasa et al.'®® and the
model prediction with F/Fz = 1 (reprinted with permission from Arias
et al.*” Copyright 2015 Elsevier).

modelling. In this model, the CaO conversion rate is expressed
as a function of the kinetic rate constant (k) and the actual and
maximum conversion.

dx X\
—=k(1- 20
dr r( Xmux) ( )

When n = 2, the model prediction is close to the experimental
data presented by Bhatia and Perlmutter,'® as well as Gupta
and Fan."”® This was reflected in a lowest correlation coefficient
of 95%.

Eqn (20) was formulated in such a way that it could be used
to describe both chemical- and diffusion-controlled regions of
the carbonation reaction. Having estimated the values for
activation energies and pre-exponential factors using data from
both sources, Lee'®® identified that the type of limestone does
not have a great impact on the chemical-controlled regime
parameters, while it does for the diffusion-controlled ones
(Table 6). This was explained by the strong impact of the CaO
morphology on the reaction rate in the diffusion-controlled
region.

4.2.2 Carbonation kinetic model for highly cycled particles.
Grasa et al.'”" have proposed a model for sorbent conversion that
utilises a rate expression consistent with a grain model for the
carbonation reaction. The expression is similar to the one

determined by Abanades et al.'**
dx 2
e ksSy(1 = X)3(Cco, — Ccoueq) (21)

The model assumes that the active surface area of the particle
that has undergone N calcination-carbonation cycles decreases
proportionally with the maximum conversion of the particles at
the end of the fast carbonation period. It also assumes that the
CaCO; layer thickness (k) reaches a maximum of 50 nm in this
period.

. VMcacosPcao X

M (‘:x()] 1 (22)
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Table 6 Characteristic parameters for the rate constant k'°®
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Bhatia and Perlmutter'®’

Gupta and Fan'”"

Controlling mechanism  Activation energy (k] mol™') Pre-exponential factor (s™') Activation energy (k] mol™") Pre-exponential factor (s*)

171.67
2.62 x 10°

Chemical reaction 72.2
Mass transfer 189.3

Using eqn (4) to determine the maximum conversion at given
cycle N, the active surfaces were determined to be between
1 x 10° and 2 x 10° m®> m™ for highly cycled particles, while
the rate constant k; was estimated to be 3.2 x 10 '° to 8.9 x
10" m* mol ! s, Similar values were yielded (3.1 x 10 '° to
8.7 x 10 ' m* mol ' s™') when the pore model described in
eqn (23) was applied with the pore structural parameter defined
as Wy = AnLy/Sy.

% = kuSy (Cooy — Ceope) (1 = X)/T—PIn(I —X) (23)
Moreover, Grasa et al.'”* have pointed out that the central value
of the estimated rate constant is remarkably close to the value of
6.05 x 10 ' m* mol ' s~ ' estimated using the pore model by
Bhatia and Perlmutter.'®®

4.2.3 Changing grain size carbonation and calcination
models. Recently, Yu et al.'” have developed a kinetic model to
represent the carbonation process through modification of the
existing changing grain size model that was previously used to
represent the reaction between CaO and SO,.'” This model assumes
that carbonation is an unsteady-state process with the CO, concen-
tration inside the particle represented in the radial coordinate
system as the sum of the diffusion and chemical reaction terms.
dCCO» L .0 ( aOCCO:)

—ar - e trgr\ PR R

(24)

The first term in eqn (24) accounts for the reversible carbonation
reaction for which the reaction rate per unit volume of the particle
includes both carbonation and calcination reaction rates.

2 b
N i\~
rco, = — [kmrbsﬂ <E> VR Cco, — kealeSo (E) } (25)

In the model, the carbonation rate constant is represented using
eqn (26) proposed by Sun et al.,'””* while eqn (27) used for the
calcination rate constant is taken from Borgwardt.'””

72.7 193.33
102.5 3.88 x 10°

of CaO was determined based on the initial particle porosity (&),
initial grain radius (r,) and molar volume of CaO and CaCOs.

8808)

Pcoyeq = 1o (rom-5 (28)

3(1 —&) Vmca
So = ( “0) m,CaO (29)
ro Vmcaco,
According to the changing grain size model, the change in the
un-reacted radius of the CaO grain is dependent on the carbonation
and calcination rate constants.
dl'i

dr = (kc;u'b Vr VRCC03 == kuﬂc VR) (30)

The local and average conversions of CaO were expressed as:
T 3
X=1- (—) (31)
ro

Ry
X(0)= L J4nR3XdR (32)
—nRy3I0
3

The second term in eqn (24) accounts for the effective diffusivity of
CO, through the sorbent particle. It accounts for the product layer
diffusivity (Dp), molecular diffusivity of CO, in Ny (Dmco,), the
Knudsen diffusivity (D) and the porosity changes inside the particle
during the reaction (&).

Dy = & (33)

1 1\
1-X +— +XD,
( )<Dmc03 DK) =

Yu et al.'’* have validated the model with the experimental
result for the CGMG75 sorbent, which was composed of
75% Ca0 and 25%y, MgO, and 15%,,; CO, in the synthetic
flue gas. As shown in Fig. 17, the model prediction accurately
reproduces the experimental data in both chemical-
controlled and diffusion-controlled regions of the carbona-
tion process.

1.67 x 10-* exp(—R—) (Pco, = Pcoyeq) if Pco, — Pcoyeq < 10 kPa

24000
T
g
kcurb = 2400
1.67 x 10 Jexp(— RgT())
o 5 205000
I\m]c =3x10 BXp( RgT ) (27)

The equilibrium partial pressure (Pco,eq) Was calculated as a
function of the reactor temperature,”® and the initial surface area

This journal is © The Royal Society of Chemistry 2015

(26)
if P(-O: == PCO}cq > 10 kPa

Garcia-Labiano et al.'’® proposed incorporating the Lang-
muir-Hinshelwood mechanism into the changing grain size
model to describe the calcination process. The model is based
on the similar mass balance to the one presented in eqn (24),
but with the negative sign for the CO, source term, and
accounts for both the diffusion and the reaction of the gas
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Fig. 17 Validation of the Yu et al.'’> model with the experimental data
(reprinted with permisson from Yu et al.'’> Copyright 2015 Elsevier).

in a differential volume of the particle.

8Ceo, 19 (

DR (34)

,0Cco,

o = " R@gR )
However, in contrast to the model by Yu et al,'” the calcination
reaction is described using the two-stage Langmuir-Hinshelwood
mechanism. In the first stage, considering that one CO, mole-
cule can be chemisorbed on n out of L active sites, CaCO; is
decomposed to CaO and adsorbed CO,. CO, is then desorbed
from the active site in the second step.

k2 k
CaCO; + nL A«:’ CaO + nL(CO,) K = A—I (35)
o )
ka kA
nL(COy) = COy+nL  Kp=-— (36)
kp kp

The kinetic rate of calcination per unit of particle volume was
then described as:

Pco,
rco, = keateSe(1 — 0) (l - —(q;) (37)
COy.eq
The fraction of the active sites (0) was found to be well
represented by the Freundlich isotherm, for which the adsorp-
tion constant was represented using the Arrhenius expression.

E\g
0 = cyexp (_ﬁ) Pto, (38)
g

According to the changing grain size model, the reaction sur-
face is dependent on the particle radius that, in turn, changes
as the reaction proceeds.

Se = S ('—') (39)

ro

3(1—5‘4))

rp =
So

(40)
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Pco,
1 = Keale VM,caco, (1 P (41)
COs.eq

The effective diffusion was represented as a combination of the
molecular and Knudsen diffusions, as well as the particle

porosity.
D—( : + 1)7182 (42)
¢ Dm.(‘Og DK
24 14 a0 — 1% .Cal
. peaco, (Vmcao = Ve Co,z)(1 —w)X(R1)  (43)

Mecuco,

The variation in the porosity inside the particle was determined
from the initial porosity, the stoichiometric volume ratio of
solid product to reactant product, and the local conversion of
CaCO; given by eqn (43). The average conversion at a given time
is represented using the same form as in eqn (32).

Garcia-Labiano et al.'”® have validated the prediction of the
model at different CO, partial and equilibrium pressures using
different limestone compositions and found good agreement
between the model prediction and the experimental data
(Fig. 18). The changing grain size models, which were adapted
to the carbonation and calcination processes, were found to
closely represent the particle conversion at given temperature.
Although these did not account for sorbent sulphation and ash
accumulation, such models would provide a valuable tool in
calciner modelling, provided they are coupled with reactor
hydrodynamics.

4.3 Carbonator reactor modelling

4.3.1 Semi-predictive model with simple hydrodynamics.
Alonso et al.*® have developed a model for the carbonator that
combines simple hydrodynamics correlations with the average
conversion of the sorbent and residence time distribution
functions. They have introduced a definition of the active
fraction (f,) of the particles that is dependent only on the actual
residence time (¢*) and the average residence time (7) in the
carbonator.

fiml1- exp(—'*) (49)

T

s Nea _ Wewo
Fr McioFr

(45)

This definition of the active fraction of the particles in the
carbonator, along with the definition for the average maximum
conversion given by eqn (6), led to the following expression for
the actual average sorbent conversion at the exit of the carbo-
nator (46) and the CO, capture level in the carbonator (47).

Xe= /\,uvc.muxl |:l = CXP(—’_>:| = )(;l\'amux_fu_' (46)
v g In [—l }
1 _./;1
F ,
Ecurb == %Xuvc‘mzu&_‘i‘.‘l—‘
€0 In [

(47)
=1
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Fig. 18 Validation of the Garcia-Labiano et al'”® model with the experimental data (reprinted with permission from Garcia-Labiano et al””® Copyright 2015 Elsevier).

Based on the carbon balance in the carbonator reactor, the
same amount of CO, disappears from the gas phase and reacts
with CaO to form CaCOj.

dXi\\’c.max

Fco,Ecary = FRX = Nca fa &

(48)
Only one value for the active fraction exists for a given operating
point of the system that is characterised by the sorbent looping
rate (Fg), fresh sorbent make-up rate (F,), CO, rate to the
carbonator (Fgo,) and solids inventory (Wc,o). Therefore, the
value for the active fraction at which the system is in balance is
calculated iteratively.

The average reaction rate expression shown in eqn (49)
proposed by Alonso et al.*” does not consider the characteristic
term for the grain models (1 — X)**. Although this change
makes it slightly different from the expressions proposed by
Abanades et al."*® and Grasa et al,'”" the authors claim that
this will not have a significant effect on prediction accuracy, as
the conversion is low despite the relatively fresh sorbent and
thus this term would be close to unity.

d/\/d(;% = kssuvc,mux (CC03 == C('Og.eq) (49)
Alonso et al.*® assumed a conservative value for the carbonation
rate constant of 4 x 10~ ' m* mol ™" s™* that falls within the
lower part of the range 3.2 x 10 '°-8.9 x 10 ' m* mol " s ™"
identified by Grasa et al.'”" In contrast to the previous study by
Abanades et al.,"*® the average surface available for the carbo-
nation reaction is calculated as a function of the average
conversion, using an expression proposed by Grasa et al.'”!

Pcao

= _AI‘QIO_Xuvu‘mux (50)

Szn’c.mzlx PCaCo
h—

Mcqco,

Finally, the CO, capture level in the carbonator can be esti-
mated from the carbon balance in the gas phase which can be
formulated as a differential equation assuming a plug flow of
the gas phase and perfect mixing of the solids.

dE,

arb ~ PCa - PCq
FCO:T_" == A.fuf;;;:)ravc = Afu%kssawc.nmxng

a

(51)

(.f(‘O; 0 _fCO:.cq) +* (f(‘Og.ﬂfCO::L[ - fCO;.() ) Ecurh
1 _f(‘Og.UEcurb
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Rodriguez et al.” and Charitos et al."** have developed a kinetic

expression for the carbonation process based on the experi-
mental studies using the 30 kW, unit at INCAR-CSIC and the
10 kW,;, unit at IFK. Their model is based on a CO, mass
balance for a system operating at steady state, which is similar
to the one formulated by Alonso et al.,>* and is related to the
amount of CO, captured in the bed.

WCuO d_X
Mcyo di

FCO: Ecurb = (52)
Assuming that only a fraction of the CaO reacts with the CO, in
the carbonator (X,y.), the first-order expression for the carbona-
tion kinetic rate is:

dx
E = (pekcuthuvc.max ("(‘03 - "('Og.eq) (53)

Rodriguez et al.”® found that for two limestones investigated at the
INCAR-CSIC unit the carbonation rate constant (kep,) was 0.37 s~ .
The investigation revealed that the reaction rate constant depends
on the test unit as it was equal to 0.26 s~ * for the IFK unit and 0.33
s ! for the INCAR-CSIC unit. The authors claim that this is in
agreement with previous publications'®'”” reporting that tempera-
ture has little effect on carbonation rates. Moreover, the proposed
model includes an effectivity factor (¢p.) that accounts for all
physical resistances to the carbonation process and ideally it
should be equal to unity for a stationary system. In reality, analysis
of the experimental data revealed that the carbonator effectivity
factor varies between 0.8 and 1.3. Such a high deviation from unity
was probably a result of measurement uncertainty, as estimation of
the solid circulation rates and average carbonation conversion is
associated with an error reaching +20%.7*'*°

Finally, using the definition for the active fraction of sorbent
(f.) proposed by Alonso et al.,’ an expression for the CO,
capture level, which links the average conversion of sorbent
and the residence time distribution in the bed, was proposed.

Euw = (/)ckcuthuvc.maxfuT("(‘03 = ¥C03 .eq) (54)

In the carbonator models proposed by Alonso et al.,*® Rodriguez

et al.®* and Charitos et al.'** only simple hydrodynamics and the
average sorbent conversion were considered in estimating the
carbonator CO, capture level. In the model by Alonso et al.,*° the
effect of the decay in sorbent conversion on the kinetic reaction
rate is considered through estimation of the average surface area
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that is available for the carbonation reaction. Conversely, the
model by Rodriguez et al.®* and Charitos et al.'*® assumes a fixed
value for the carbonation rate constant, which was found to be
similar for different limestones. Nevertheless, these models do
not consider either sorbent sulphation or ash accumulation.
However, the average sorbent conversion correlation used in
each model can be easily adapted to account for sorbent
sulphation, leading to more accurate prediction of the solid
looping rates, and thus the heat requirement in the calciner.
4.3.2 Semi-predictive model with two-zone K-L hydrodynamics.
Shimizu et al.*® have carried out a study using a quartz fixed bed
reactor with an inner diameter of 20 mm, and identified that
the change in CO, concentration did not affect the kinetic
constant (k = 0.025 m* mol ' s™*) and the maximum conversion
at which the reaction rate approaches zero (Xma = 0.3). As the
reaction was found to be first order with respect to the CO,
concentration, the following kinetic expression was proposed:

g = er('Og (Xmux -

e X) = ke Cco, Xmux exp(—kCco,1)  (55)

Assuming perfect mixing of solids and determining their average
solid residence time in the reactor, Shimizu et al*® determined the
average reaction rate as:

AHp(1 — )
= 56
=R (56)
dx o = 3 X 1 1 . er(‘Ongm(
o J Ki oo, Yo exp(—hiCoost)exp () dr = e
57)

To account for BFB reactor hydrodynamics in estimating the CO,
capture level, a twozone model for an intermediate-sized particle by
Kunii and Levenspiel (K-L)'”® was employed. The model assumes
that the fluidised bed consists of bubble and emulsion regions in
which the CO, concentration changes with height.

dCco,
—dup” C?"b = (3Kbc(C(‘()2,b - CCO;.c)
Yokt Cco, b Xmax Py (59)
M (k:Cco,pt+1)
. [ dCcose "
—(1 = &)tps 5? = —8Kie (Ccosp — Cconre)
(59)

(] = 5)(1 = Cmf)er(‘Oz.eXmaxps

+ M(l\’rCCo:‘E+ l)

Eqn (58) and (59) can be solved with the initial condition that Cy, = C,
= Cin at 2 = 0. The superficial gas velocity at the minimum fluidising
conditions () can be expressed as:

a’r’2 (ps = Pg)gﬁmf3¢sz

1504(1 — &) )

Unf =

Assuming a bubble diameter (d,,), the bubble and emulsion inter-
change coefficient (K,.) is defined as:

Kio =45 ("d—":) (61)
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Furthermore, the velocity of the rising bubble gas (,*) is determined
from the bubble rise velocity (u,), the minimum fluidisation velocity
(ume) and the superficial gas velocity (u).

Up* = Up + 3Ums (62)
Up = Uy — Upg + 0.711(gdy,)*° (63)

The last parameter required to compute CO, concentrations is
the volume of bubbles per unit bed volume (9) defined as:
Up — Umf

= — 64
up + 2Ump (64

Finally, the average CO, concentration at a given bed height is
represented by considering both the emulsion and the
bubble zones:

_ 0up* Ceo, b + (1 = 0)umCo, e

CCO:.;WL‘.: — w0 (65)

3
128 7136

Using a similar approach to Shimizu et al.,” Abanades et a
have proposed a carbonator model based on the two-zone K-L
formulations for CO, mass balance in the emulsion and the
bubble phases. However, in their model the bubble fraction is
estimated as proportional to the extremes for fine and large
particles defined by Kunii and Levenspiel.'””
Uy — Umf

St — UpEmp

P

o=
up +

(66)

Furthermore, the velocity of the rising bubble gas was defined
based on the gas balance in the bed cross-section as:

e up — (1 = O) s (67)
0

Having assumed that there were no solids in the bubble phase
(y» = 0), and that only an active fraction of CaO (f,), defined as
the difference between the maximum carbonation conversion
(Xx) and the actual conversion of CaO to CaCOj; (X), reacted in
the fast reaction regime, the following K-L formulations for the
CO, mass balance in the bubble and emulsion phases were
derived:

dCco, 1
dz

—Ouy* = 6Kpe(Cco, — Ccosye) (68)

. dCco,e <
—(1- ())umf———-c?" = — 0Kbe (Ccorp — Ccose)
& (69)

+ (1 = ())(l = ﬁml')ﬁner(Og.c

Similarly to Shimizu et al.,>® Abanades et al.'*® have used
eqn (61) to estimate the gas-interchange coefficient (Ky). Con-
versely, the overall reaction rate constant (k;) was determined
by considering both the kinetic- and diffusion-controlled
regions of the carbonation reaction.

B 1
T dp L

a'g Kri

ke (70)

The mass transfer coefficient (k) is estimated using the Turnbull
and Davidson'®® correlation for the Sherwood number (Sh)
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that considers the effective CO, diffusivity in air, Reynolds
number at minimum fluidisation conditions (Rey,¢) and Schmidt
number (Sc).

sh=Dco: _ 2émp + 0.95Re’ISc"? (71)
(Ip kg ml

The carbonation rate is considered to be first order with respect to
CO, and the mass transfer of CO, toward the CaO particle. It is
expressed using semi-empirical eqn (72) similar to the one proposed
by Bhatia and Perlmutter'® with correction for decreasing conver-
sion of the sorbent with number of cycles, which is calculated using
eqn (4). In addition, the kinetic rate constant is a function of the
conversion and is rewritten to have suitable units for the K-L model
as presented in eqn (73).

dX kS 2
W: I —('()XN(I —X)3(Cc02 —Cco:m) (72)
XnSopc, 2
Ki = k200001 _ x)s (73)
Mcio

In eqn (72) and (73), the intrinsic reaction rate constant (k) of 5.95 x
107" m* mol ' s~ was found to be independent of temperature
between 400 “C and 725 °C for the CO, volume fraction range
of 0.1-0.42. The initial surface area of fresh CaO (S,) was 40 x
10° m* m? with initial porosity (e,) of 0.5. Additionally, it was
assumed that if the maximum carbonation conversion is
reached, the chemical reaction rate becomes zero.

Using TGA, Li et al.'®* have identified that the carbonation
rate was independent of temperature between 600 °C and
700 °C. Moreover, the maximum conversion of the sorbent
was found to be independent of the CO, concentration and
increased with temperature. Based on these findings, Fang
et al."*® proposed the following semi-empirical equation for
the carbonation rate. It accounts for the effect of the total
pressure on the rate of sorbent carbonation.

d:}’,\' _ kr(l X ) (Ceoy — CCO:.eq)o.ole,L” (74)
4 max,N

In this model, the exponent m was equal to 2/3 for the kinetic-
controlled region and 4/3 for the diffusion-controlled region of the
carbonation reaction. The corresponding kinetic rate constants (k)
were found to be 0.0025 m®* mol ' s and 0.0021 m®* mol ' s~ for
kinetic- and diffusion-controlled regions, respectively.

Again, Fang et al.'*® proposed using the two-zone K-L
model'” to represent carbonator hydrodynamics. The model
is similar to the one adapted by Abanades et al.,"*® with a minor
change to account for the solids present in the bubbles.
Assuming the volume fraction of solids dispersed in the bub-
bles (y,) to be between 10> and 10, the mass balance for the
bubble phase is:

_5Ub*% = 0Kpe(Cco,b — Ccoye)
: (75)
+ 06 fiK: (Ccosb — Ccoyeq)

The carbonation rate constant in the units suitable for the K-L
model and the active fraction of CaO in the carbonation process
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were expressed as:
X m Pcao
K=k (1 - ) Lo 76
i ¢ Xmax.‘\' M('a() ( )
.ﬁ\ = sz\x,N = XN (77)

Finally, the overall conversion of CO, in the reactor was
estimated as the average concentration in the emulsion and
the bubble phase.

_ Oup" Ccoy pexit + (1 = 0)ume Cco, e exit
yCco,.in

Xcoyei = 1

2 exit

(78)
Although the model by Shimizu et al>® provided a good
representation of the CO, capture level in the carbonator,
several improvements could be made to enhance prediction
accuracy. In the model developed by Abanades et al.,'*® a semi-
empirical correlation was used to determine sorbent deactiva-
tion with the number of carbonation-calcination cycles, which
substituted the fixed conversion value after four cycles used by
Shimizu et al.*® Moreover, the overall kinetic rate constant
defined by the model by Abanades et al."** accounted for both
the chemical reaction rate and the mass transfer rate, resulting
in a further improvement in prediction accuracy. A further
improvement in the semi-predictive carbonator model was
achieved by Fang et al."** whose model is capable of predicting
process performance separately in the chemically- and
diffusion-controlled regions of the carbonation reaction. Unfor-
tunately, these semi-predictive models do not account for
sorbent sulphation and ash accumulation in the system and
this may cause under-estimation of the solids looping rates
and, thus the heat requirement in the calciner.

4.3.3 Semi-predictive model with three-zone K-L hydro-
dynamics. Romano®" has developed a model for a CFB
carbonator by combining the improved three-zone K-L model'**'*
with the maximum conversion expression proposed by Grasa and
Abanades'* and the carbonation kinetics developed by Grasa
et al'”* The model developed by Romano® is the first one that
accounts for the impact of sulphation on average sorbent conver-
sion. This is achieved through estimation of the decay constant and
the residual sorbent conversion by fitting eqn (4) to the experi-
mental data from Grasa et al.'>

In the carbonator model, the uniform riser temperature,
particle size distribution and superficial velocity were assumed,
along with no gas-side mass transfer resistance and perfect
solid mixing. The model considered two statistical distribu-
tions. The first determines the carbonation-calcination cycle
number that a given particle has already experienced using the
correlations provided by Abanades'*® and Rodriguez et al.''
These, in combination of the maximum sorbent conversion
correlation by Grasa and Abanades'** with fitting parameters
adjusted to consider sulphation, allow determining the max-
imum average sorbent conversion. The second characterises
the fraction of particles of a given residence time in the
carbonator, for which the average residence time is defined
as in the model by Alonso et al.** The active solid inventory is
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defined in eqn (80) to account for sulphation and ash accumula-
tion effects.

o= %eXP (—L) (79)

T

W
- (l — Xash — anSO,,) (80)

s

Nca =

The actual average conversion of the sorbent for a given CO,
concentration (Cco,*) and the average carbonation level are
determined as:

0 00
Xave = Z ".’\";.SCJ' le(I‘ N, Ccozx)dl (81)
Nag=1 0
Xave
foarh = = 82
L Xmaxave (2]

Using the same approach, the average kinetic constant in
suitable units for the K-L model is computed as:

P 00 = ) 2
Kiiave =ﬁ§ Z l‘:\z‘&...JO SiksSx[1 =X (1, N,Cco,”)]3dr (83)

S Nyg=1

The CO, capture level in the carbonator model is then separately
calculated from the carbonator mass balance and the K-L model:
FRXuvc FCO: = Vg.oul C(‘O:.oul

Eca rb — — 84
2 Feo, Feo, (6]

Since both the actual average conversion determined using eqn (81)
and the outlet CO, concentration computed using the K-L model
with the average kinetic constant estimated in eqn (83) depend on
Cco,¥, the model is solved in an iterative process by varying Cco *
until eqn (84) is satisfied. This approach was found to reliabiy
predict the performance of the carbonator reactor for the INCAR-
CSIC and IFK test units.

The model developed recently by Romano® is the most
advanced carbonator semi-predictive model available currently
as it considers the effect of reactor hydrodynamics on the CO,
capture level, reaction kinetics, the influence of sulphation on
sorbent conversion and ash accumulation. Although it does not
consider the diffusion region of the carbonation process, this
region is usually neglected in industrial applications, to allow
for a compact design of the CFB reactor.**'*

4.4 Calciner reactor modelling

4.4.1 Semi-predictive model with simple hydrodynamics.
Martinez et al.'** have proposed a model to predict the perfor-
mance of the calcination process that is based on the steady-
state overall mass balance of the calciner.

FCOZ,calc = NcaTecale = (FCa * Fo)(Xcarb,ave — Xcalc) (85)

The average CaCO; content in the total flow entering the
calciner (Xcarb,ave) is determined based on solid flow from the
carbonator (F.,) and fresh limestone make-up (F,). The kinetic
rate of the calcination reaction was developed in the earlier
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work by Martinez et al.'®* 1t was based on the grain model and
is similar to the calciner model by Fang et al.'*

ST

» (C('ng:q - CCO:)

(86)

d(Xcurh = Xculc) I 1 — Xearb — Xeale
dr cale Xcarh

The time required for complete calcination can be determined
by integrating eqn (86).

3 - Xcarb
keatc (Ccos.eq — Cco,)
Martinez et al.'®* determined that the calcination rate is con-

stant and independent of the CaCOj; content in the particle.
Therefore, the average calcination rate was expressed as:

(87)

*
leale =

Xeavave . Keale [ C0s500— Cc0;
cdrh':‘e = wk( COzeq ¢ ') forz < Lealc”
Yaile'= Leale 3
0 for ¢ > tearc*
(89)

Based on the assumption that the solid phase in the calciner is
perfectly mixed and considering the average particle residence
time in the calciner, the fraction of particles that has a
residence time lower than the time required for complete
calcination can be estimated as:

fimi- p(—’—') (89)
_ NCu
T_F(‘:|+F() (90)

Using these definitions, the amount of CaCOj; that disappeared
from the solid phase and the amount of CO, released in the
calciner are given as:

(FQI + FO)(Xcurh.ﬂvc B Xculc) = (FCu + FU)XCurb.avef+
|7}
(01)
keate (Ccoy.eq — Co,
Nca “ reale = Nca fd S C“IC( Sz (O.) (92)

3
Finally, the efficiency of the calciner (Ecy.) can be estimated as:

Xearb — Xea 3
B carb cale - ./a (93)

Xcurb ]n{ 1 ]

To solve the model an approach similar to the one proposed by
Romano® needs to be applied. Namely, the value of the Cco,
concentration for which eqn (85) will be satisfied needs to be
found in an iterative process.

The calciner semi-predictive model proposed by Martinez
et al,"** has the same level of complexity as the carbonator
semi-predictive model by Alonso et al® Therefore, these
models should be used together to represent CaL performance.
The model has the same disadvantages that it does not con-
sider sorbent sulphation and ash accumulation in the system.
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4.4.2 Semi-predictive model with two-zone K-L hydro-
dynamics. As for the carbonator model, Fang et al.'** used
experimental data generated by Li et al'® to develop an
apparent kinetic model for the calcination reaction.

dXe, 2
S22 — keate(1 = Xeae)3( G0y = Ccoy) (©4)

The TGA conducted under 90% CO, revealed that conversion
during the calcination process is inhibited by both temperature
and CO, concentration. Therefore, the calcination rate constant
(kcalc) was given in the Arrhenius equation form with the pre-
exponential factor (ko caic) Of 23797 and the activation energy
(E,) of 150 k] mol ™.

Unlike other calciner models, the model proposed by Fang
et al."®® accounted for the reactor hydrodynamics using the
same K-L model'’? as presented for the carbonator model. In
this model, the calcination rate constant and the fraction of
CaCO; that was not regenerated in the calcination stage are
represented as:

2 Pcaco;

kr = kculc(l — Xculc)"% (95)
CaCOy

f;l = (1 = Xcalc)Xmax (96)

The semi-predictive model for the calciner proposed by Fang
et al.'* provides an enhanced prediction of process perfor-
mance over the model by Martinez et al.,"** as it considers the
detailed hydrodynamics of the reactor. Moreover, the model
takes both the chemically- and diffusion-controlled regions into
account. However, no correlation was made with sorbent
sulphation and ash accumulation in the system, which appears
to be the common issue in the process models reviewed here.

4.4.3 Predictive model with CFD hydrodynamics. Ylitalo
et al.™® have adapted the CFB3D model code developed by
Mychinen et al.'® to model a three-dimensional oxy-fired
calciner reactor (Fig. 19). The calcination reaction rate is
expressed using the kinetic constant provided by Silcox
et al.'® and the CO, equilibrium pressure by Barin."®”

4026
Feale = 1.22 - exp (—T> SmMcaco, (Pcoy.eq — peo,)  (97)

The model included detailed modelling of sulphation in the
calciner using the correlations developed by My6hinen et al.'®
that account for the specific reaction surface area (S, of
component 1.

2400
reur = 0.001 exp ( —T) exp(—8Xcaso, ) Cs0, Co, SmcaoMcao
(98)

3031
rdirsutt = 0.01 exp (—T) C‘S‘& C E?)'ZS ng,) ! Sim.caco, Mcaco,

(99)

10000
rde-sult = 0.005 exp (—T) CcoSm.caso,Mcaso,  (100)
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Fig. 19 Three-dimensional CFB calciner model frame (reprinted with
permission from Ylatalo et al.**® Copyright 2015 Elsevier).

In contrast to the calciner models presented previously, the
CFD model proposed by Ylitalo et al.'® provides detailed
information on how sulphation and sorbent properties could
affect the calciner performance. Although more demanding
computationally, such models will deliver more reliable predic-
tions of calciner operating conditions as they are capable of
predicting the temperature and the solids distribution across
the reactor. Not only could the CFD models be used to reliably
predict and/or optimise performance of the CFB reactor, they
can be integrated into the process-wide simulation. Recently,
Atsonios et al.'®® have proposed to use the CFD model to
generate information on CFB hydrodynamics (carbonator and
calciner) and CO, distribution in the bed (calciner), which is
then fed to the carbonator and the calciner kinetic models in
the process simulation.

4.5 Summary

The review of the carbonator reactor models undertaken in this
section revealed that there are several approaches available in
the open literature. However, some of the assumptions or
formulations behind these models impose important limita-
tions that may affect the accuracy of their predictions.

The review findings show that five main complexity levels
can be distinguished (Fig. 20). Models in the first level are
based on first principles, energy and material conservation
laws. At an early stage of concept development, which could
include uncertainties related to process operating conditions
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+average solid conversion with correction factor

+isothermal reactor

Fig. 20 Different levels of calcium looping model complexity.

and/or sorbent properties, thermodynamic models would per-
form well and could be used to estimate performance limited
by equilibrium. The greatest limitation of such models is lack
of correlation to the physical size of the reactor and the
assumption of instantaneous reactions. Additionally, in most
cases the equilibrium composition in the reactor, hence the
sorbent conversion, is based on minimisation of Gibbs’ free
energy at specified operating conditions and does not depend
on what happens upstream of the unit.

The last limitation of the thermodynamic models is partially
eliminated in the semi-empirical models, which allow determi-
nation of the maximum average sorbent conversion depending
on the solid looping rate and fresh sorbent make-up rate, as
well as carbonator and calciner performance.''*"*° These
models, however, assume that the sorbent achieves its max-

=
Semi-predictive model
«discrete gas and well mixed solid phase
+kinetic reactions
reactor hydrodynamics
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imum average conversion under certain operating conditions,
predicting actual reactor performance close to equilibrium
performance. Although the results from experimental trials
using the 1.7 MW, pilot plant at INCAR-CSIC showed that this
assumption is valid for systems operating with high sorbent
conversions, which require high fresh sorbent make-up rates,
systems operating with low average conversions achieve around
60-90% of equilibrium performance (Fig. 21).

To improve model accuracy, actual average sorbent conversion is
determined by applying a correction factor to the maximum average
sorbent conversion in the third level models. This factor can be
either assumed,"**'*® as presented in Section 5, or calculated based

Energy Environ. Sci

Fig. 21 Comparison of the actual and the equilibrium performance of
1.7 MW, pilot plant at INCAR-CSIC operating at carbonator temperature
of 660-690 °C with X,ye = 0.11 (grey) and Xaye = 0.21 (black) (reprinted with
permission from Arias et al.%® Copyright 2015 Elsevier).

on the actual and average residence times of the sorbent in the
reactor.’*'** The latter approach greatly enhances model prediction
as the determined correction factor accounts for the solid inventory
and the reaction kinetics in the reactor.

The fourth level is achieved through a detailed consideration
of reaction kinetics and hydrodynamics in determining the
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performance of the reactor. Most of the semi-predictive models
developed to predict the performance of the calciner'*” and the
carbonator®®813513¢ yged the hydrodynamic formulations
developed by Kunii and Levenspiel,'”®"7?"#'%3 which offer
an analytical solution. This approach improves the prediction
as the gas concentration depends on the operating conditions
and location in the reactor, as well as the sorbent properties.
A number of parameters in the K-L model need to be specified,
but their values have not been substantiated experimentally
and could affect the accuracy of the model.

This, and other assumptions such as isothermal operation
and well-mixed solid phase, can be eliminated by applying the
predictive models that combine industrial CFD codes with
experimentally-determined reaction kinetics to evaluate the
reactor'*”'®® or the whole CaL plant'®® performance. Such
models are the most complex and, therefore, computationally
demanding. Although predictive models give the closest repre-
sentation of the CaL process, they are not applicable at the early
stage of concept design because any change in the process
design would be followed by a long simulation period required
to assess the impact of that change.

In addition to presenting the current approaches for modelling
of the CaL processes and identifying their limitations, this review
has identified that neither sorbent sulphation nor ash accumula-
tion are widely considered in the models currently developed. The
only models accounting for sorbent sulphation were the carbonator
model by Romano® and the calciner model by Ylitalo et al.'>
described in Sections 4.3.3 and 4.4.3, respectively. Although it was
claimed by Abanades et al.**® that sorbent sulphation will have a
minor effect on carbonation, the experimental analysis by Grasa
et al.'> suggests that even a change in the sulphation level of 0.5%
in each cycle affects the sorbent decay curve (Fig. 22).

Despite the fact that ash presence in the system would
increase the inert solid looping rate and the bed inventory

0.7
x « non-sulphated
06 0 0.5% sulphated
0.5 A 1% sulphated
Q 04 {8
O *
X 03B
021 “a™
aid A M
6 M

0 10 20 30 40
cycle number

Fig. 22 Decay in the carbonation conversion with the number of carbo-
nation-calcination cycles under different sulphation conversions (rep-
rinted with permission from Grasa et al.**®> Copyright 2015 American
Chemical Society).
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required to achieve a given CO, capture efficiency, the effect of
ash accumulation in the system was only included in the model
by Romano.®* Moreover, none of the reviewed models account
for sorbent attrition and fragmentation, which was identified as
another challenge of the CaL process."® Therefore, in addition to
the sulphation effect on sorbent performance and ash accumu-
lation, loss of sorbent due to attrition and fragmentation should
also be considered in the future modelling attempts. This can be
done, for example, by implementing the semi-empirical model
for sorbent attrition developed by Fennell et al.**° or by adapting
the semi-detailed model developed for coal fragmentation by
Senneca et al.'™"

5 Integration of calcium looping to
power plants

A key reason for development of computational models for CO,
capture processes is the ease with which they can be used to
analyse retrofit scenarios of existing power plants, or to develop
novel concepts for cleaner power generation systems. Models
can be a cost-efficient complement to experimental trials of a
particular system design under various operating conditions.
The greatest advantage of using computational models is the
ease of conducting a process-wide analysis for determining
optimal overall process performance by indicating the possible
integration points.

Since 1999, when the CaL integration was proposed as a viable
option for CO, capture from CFPPs,”® a number of studies have
investigated different aspects of process integration aiming at
improvement of the overall process performance. These included
enhancement of process integration through heat exchange network
analyses and reduction of CaL process energy requirements through
implementation of alternative configurations. The applicability of
the CalL process for CO, capture from combined cycle power plants
was also investigated.

The greatest disadvantage of conventional CO, capture
systems is a relatively high projected efficiency penalty leading
to increased fuel consumption and cost. This section reviews
process integration and conceptual studies to quantify effi-
ciency penalties in CFPPs and combined cycle power plants.
In addition, the modelling approach for both the power cycle
and the CaL process are identified and limitations are analysed
to provide a guide for further modelling attempts.

5.1 Conventional coal-fired power plants

5.1.1 Feasibility study for calcium looping for conventional
power generation systems. A conceptual study by Shimizu et al.*®
analysed the impact of CaL plant integration on a supercritical CFPP.
High-pressure steam generated in air-combustion of bituminous
coal was used to generate electricity in the primary steam cycle,
which operates with gross thermal efficiency of 46.6%yy. Flue gas
was treated in the CaL plant with the carbonator operating at 650 °C
and the calciner operating at 950 “C with 100% efficiency. The
performance of the carbonation process was predicted using the
carbonator model described in Section 4.3.2.
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With a Ca:C ratio of 8.29, which is slightly smaller than
values reported in the pilot-plant tests, and average conversion
of 11%, CO, capture of 83% was reached in the carbonator,
leading to an overall CO, capture level of 90.4%. The waste heat
in the CaL plant was recovered to produce superheated and
reheated steam at subcritical conditions of 172.25 bar/566 °C
and 30.4 bar/538 °C, respectively. The gross thermal efficiency
of the secondary steam cycle was assumed to be 42.6%yuy-
With the gross and net power outputs of the integrated system
of 1000 MW, and 817 MW, respectively, the net efficiency was
estimated to be 33.4%jyy. This was 1.4% points higher than
for an oxy-fired combustor with a primary steam cycle of the
same gross power output and thus indicated feasibility of the
CalL process for reducing CO, emissions from the CFPPs.

Unfortunately, Shimizu et al.>® provided no benchmark to
the reference CFPP without CO, capture plant, which would
provide insight into how the retrofit affected the overall per-
formance of the system. Also, sorbent decay was ignored as only
four carbonation-calcination cycles were considered in deter-
mining sorbent conversion. Furthermore, the performance of
both steam cycles was assumed rather than estimated using
thermodynamic calculation or process simulation. Although
this assumption could be valid for a CFPP operating at a fixed
load, it does not allow prediction of part-load operation without
knowledge of the gross efficiency correlation. Additionally, by
assuming the gross thermal efficiency, the analysis did not
account for the power consumption of the CFPP auxiliary
equipment, with only ASU and CO, compression unit (CCU)
considered in estimation of the net thermal efficiency. The
power requirements for the CFPP and the CaL plant auxiliary
equipment need to be considered to improve the prediction
reliability and avoid over-estimating the net thermal efficiency
of the integrated system.

5.1.2 Heat integration with the primary and secondary
steam cycle. High-temperature operation of the CaL process
allows recovering high-grade heat to produce an additional
amount of steam. Therefore, there are two options for integrating
the CaL process with the existing CFPPs: steam can be utilised
either in the primary steam cycle with the assumption that the
steam generation rate in the boiler is reduced and the gross power
output of the integrated system kept constant, or in the secondary
steam cycle leading to higher gross power output. Yang et al.'®
investigated both integration options. In the first case, the CaL
plant was integrated with the primary steam cycle of an existing
600 MW, CFPP operating with net thermal efficiency of
40.6%; 1v- Performance of a carbonator operated at 650 °C was
represented using the correlation by Abanades et al,'** with a
maximum conversion of 20% to reach 85% CO, capture level at
Ca:C ratio of 5. It needs to be highlighted that compared to the
Ca: Cvalues reported in the pilot-plant tests reviewed in Section 3,
the assumed Ca:C ratio is 1.5-3 times lower. This would cause
underestimation of the solid looping rate and thus, heat require-
ment in the calciner. In this study, the calciner was operated at
900 “C and heat for sorbent regeneration was provided through
oxy-combustion of coal. The parasitic load stemmed only from the
ASU power requirement as no CCU was considered.
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Yang et al.'® first proposed using heat in the CaL system to
substitute the feedwater heating train in the primary steam
cycle. Although this is a valid approach for integrated systems,
which has been often proposed for integration of amine-based
CO, capture plants,°*7>9271%* jts applicability to existing
CFPPs could be limited by the swallowing capacity of the steam
turbines and/or the electric generator. Moreover, the sugges-
tion by Yang et al.'® that these extractions reduce the thermal
efficiency of CFPPs is invalid from the thermodynamic point of
view, as they increase the average temperature of heat addition
in the boiler leading to an increase in thermal efficiency.*” Yet,
the indicated power output increase of 148.8 MW, and increase
in the net thermal efficiency from 19.4% 44y to 25.3%; 1y, which
stems from a higher degree of waste heat utilisation in the
integrated system leading to minimisation of steam extrac-
tions, could not be achievable in reality due to operational
limitations of the existing system. In another integration
option, part of the boiler heat load was replaced by heat load
from the CaL plant. The boiler in the CaL plant can provide
43.1% of the heat required by the system to operate with gross
power output of 600 MW, and net thermal efficiency of
34.1%;yuy. However, a further study on how such off-design
operation conditions would affect the boiler performance needs
to be conducted. Furthermore, in evaluating other integration
options, the highest net thermal efficiency of 36.8%;uy and
gross power output of 1000 MW, were reached when the waste
heat from the CaL plant was utilised to generate high-pressure
steam to drive the secondary steam cycle. This result revealed
that implementation of a secondary steam cycle and its integra-
tion with the CaL plant provides superior performance com-
pared to the other CFPP integration options. This is also
beneficial in terms of long-term revenue and meeting market
demand. However, the estimated minimum net efficiency pen-
alty of 3.8% points (excluding power requirement for CO,
compression) may not be a representative result, due to low
Ca:C ratio assumed in the carbonator.

In addition to evaluating different integration options, the
effect of CaL integration to CFPPs operating with different
steam conditions was investigated. Martinez et al.*® analysed
integration of a CaL plant to an existing 350 MW, subcritical
CFPP with net efficiency of 36%;y. The flue gas leaving the
boiler, which contained 14.5%,, CO,, was desulphurised and
then entered the CaL plant at typical stack conditions (1.16 bar/
180 °C). Performance of the carbonator, which was operated at
650 “C, was represented using the model proposed by Alonso
et al.* described in Section 4.3.1 with the kinetic expression
proposed by Grasa et al.'*® The sorbent was regenerated in the
calciner operating at 950 °C and complete calcination was
assumed. The temperature in the calciner was maintained
through oxy-combustion of South African coal. Even though
this coal contains a relatively small amount of sulphur and the
flue gas was desulphurised, an additional amount of CaCO;
(FcalFs = 3) was provided with the make-up stream to account
for sorbent sulphation losses. Moreover, part of the captured
CO, was recycled to maintain the O, concentration in the
oxidizing gas at 25%p,).
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Qcarbonator

Fig. 23 Reference integration configuration for the Cal plant and supercritical steam cycle (reprinted with permission from Martinez et al.®* Copyright

2015 John Wiley and Sons).

Heat in the carbonator, the clean gas stream and the CO,
stream was used to generate steam to run the secondary steam
cycle (Fig. 23), the gross thermal efficiency of which was
assumed to be 45%yy. After deducting the auxiliary power
consumption of the plant, the net thermal efficiency was
36%;1v- By adjusting the solid circulation rate, the CO, capture
level in the carbonator was maintained at 70-90%, leading to
maximum net thermal efficiency of 33.1%;yy-33.4%pny-
Although an increase in the CO, capture level required higher
solid circulation rates, the increase in steam generation
exceeded the increased heat requirement in the calciner lead-
ing to a rise in net thermal efficiency. The make-up rate was
found to be a critical parameter as its increase led to reduction
in net thermal efficiency, since more heat was required for
fresh sorbent preheating. However, operation at low make-up
rates would result in low conversion of the sorbent and thus
high circulation rates requiring a larger reactor. Nevertheless,
the viability of a CaL plant for subcritical CFPPs, for which the
projected efficiency penalties ranged between 8.3% and 10.3%
points, has been confirmed. Interestingly, if part of the spent
sorbent was utilised in the cement plant as raw material, the
amount of energy required for sorbent calcination was not
accounted for in the net thermal efficiency calculation, leading
to efficiency penalties between 7.5% and 9% points. The study
clearly showed that this retrofit would be beneficial for the
existing fleet of subcritical power plants, increasing their life
span and environmental performance without a drastic net
thermal efficiency drop, as is the case for conventional CO,
capture plants. Nevertheless, performance of the steam cycle,
ASU and CCU is determined based on assumed performance
indicators that may not be valid for part-load operation. Also,
Martinez et al.’’ benchmarked the performance of the inte-
grated system against a hypothetical system rather than an
existing power plant, which results in misleading conclusions
regarding the projected efficiency penalty imposed on the
retrofitted system. The performance of an integrated system
should be benchmarked against the performance of an existing
system to identify the net effect of the CaL plant integration.

Romeo et al.*® have investigated the integration of a secondary
supercritical steam cycle (280 bar/600 “C/600 “C) with a CaL plant

This journal is © The Royal Society of Chemistry 2015

retrofitted to an existing 450 MW, supercritical CFPP. In the CaL
plant design, the temperatures in the carbonator and the calciner
were kept at 650 °C and 875 °C, respectively. The performance of
the system was represented by assuming 5% purge leading to
average sorbent conversion of about 20%. Heat for sorbent
recovery was added through combustion of low-sulphur high-
rank coal in pure O,-stream produced in the ASU with specific
power of 220 kW h per t-O,. Romeo et al.*® claimed that no CO,
recirculation was needed to control the temperature in the
calciner because of the large solid inflow at 650 “C and the
endothermic character of the calcination reaction. Despite
the fact that the pure O, stream will be diluted by CO, liberated
in the calcination reaction, the local temperature of coal particles
can be higher than the average bed temperature due to their
combustion in a high-O,-concentration environment."””**® Such
high temperatures can lead to local hot spots in the calciner on
contact of the coal and sorbent particles and cause enhanced
sintering and, thus deactivation of the sorbent.'*”

Analysing the CaL process, Romeo et al.*® have proposed an
integration configuration comprising five heat integration
zones, in which waste heat from the carbonator, CO, stream,
clean gas stream and purge stream were utilised to generate live
and reheated steam, as well as to preheat the feedwater. The
secondary supercritical steam cycle driven by heat recovered in
the CaL plant generated an additional 193.6 MW, of net power
output with net efficiency of 26.7%; jv. Although this increased
the net power output of the integrated system by 45.3%, the net
thermal efficiency dropped by 7.9% points, from 44.9%; y for
the reference CFPP to 37.0%; v for the integrated system.

Further improvement of the integrated system efficiency can
be reached through development of integration schemes char-
acterised with higher heat utilisation levels using a systematic
HEN analysis, which is commonly applied in different indus-
tries. Such analysis has been used by Lara et al.>****"* to design
the heat recovery system for waste heat recovery from the CaL
plant, which captures CO, from a 500 MW, CFPP with net
thermal efficiency of 38.2% 4y, to generate steam to drive the
secondary steam cycle (290 bar/600 °C/620 °C). Unfortunately,
no information was provided on the assumptions made to
assess the performance of the carbonator and the calciner.
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Fig. 24 Economically favourable heat exchanger network design for Cal integration (reprinted with permission from Lara et al.>°® Copyright 2015

Elsevier).

Among different HEN configurations proposed, the economically
favoured configuration was reached when the streams were
matched in such a way that they were exhausted in a single heat
exchanger (Fig. 24). This configuration resulted in a net thermal
efficiency increase of 0.2% points**' and 1.2% points.”*

In contrast to most previous studies, Vorrias et al.'** have
investigated integration of a CaL plant to a lignite-fired power
plant (235.4 bar/540 °C/540 °C) that delivers 330 MW, of gross
power output with net thermal efficiency of 39.1%yy. In this study
the conventional CaL plant configuration, which comprises the
carbonator and the calciner reactors interconnected with solid lines
and operating at 650 °C and 900 °C, respectively, was used. Having
assumed that the carbonation reaction reached chemical equili-
brium, sorbent conversion in the carbonator was represented using
the maximum average conversion model by Abanades et al*’
without the correction factor. The performance of the calciner
was represented using the chemical and phase equilibrium
through the Gibbs’ free energy minimization at a given tempera-
ture. Also, the heat for sorbent regeneration is provided through
oxy-combustion of lignite in an oxidizing medium containing
80%,01 O,. Although Vorrias et al.'** claimed that this concentration
was sufficient to avoid hot spots in the calciner that would increase
the sorbent sintering rate, experimental and other modelling
trials®* 9% 100104133 guogested that the O, concentration should be
below 50%,,; to avoid hot-spots in the reactor and thus excessive
degradation of the sorbent performance.

Further, to utilise high-grade heat to generate additional
steam to run the secondary supercritical steam cycle (235.4 bar/
540 °C/540 °C), Vorrias et al.'** proposed to integrate two
systems for increased heat utilisation in the CaL plant. The
first is a solid recirculation heat exchanger which is proposed to
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be a set of concentric L-valves as illustrated in Fig. 25a. It is
assumed that the system performs as a co-current heat exchanger
with a temperature approach of 10 °C. However, the performance of
such a system at a large scale has not yet been demonstrated.
Moreover, as lignite consists of a considerable amount of moisture
(36.8%,), oxy-combustion performance would be affected. There-
fore, the second system, a BFB lignite dryer (Fig. 25b) which uses
recompressed water vapour as a fluidising medium, was proposed to
reduce the moisture content in lignite to 12%,,, comparable to the
average moisture content of hard coal.***

Analysis of the overall process performance revealed that the
net thermal efficiency of the integrated system reached
34.1%; v if both the solid-solid heat exchanger and the BFB
lignite dryer were implemented. This falls to 34.0%y;y and
32.5%ynv, respectively, if only the first or second system is
implemented. Nevertheless, the net projected efficiency penalty
imposed on integration of the CaL plant reached the lowest
value of 5.0% points, which is considerably lower than in
previous studies. It is not known if such improvement results
from implementing the proposed systems or using no correction
factor to determine the actual average sorbent conversion and
high O, concentration in the oxidising medium. The net pro-
jected efficiency penalty due to CaL plant integration was found
to be 2.9% points lower than for a corresponding MEA plant, but
only 0.9% points lower for an oxy-fuel lignite-fired power plant.

5.1.3 Alternative configurations for efficiency improve-
ment. Although most studies of the CaL process focus on the
conventional process configuration proposed by Shimizu,*®
other configurations, which aim to improve the overall process
efficiency mainly through reduction of the O, requirement,
were proposed by Abanades et al.*® and Martinez et al.'*

This journal is © The Royal Society of Chemistry 2015
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Fig. 25 Design of (a) solid—solid heat exchanger and (b) lignite bubbling fluidised bed dryer (reprinted with permission from Vorrias et al**? Copyright 2015 Elsevier).

In the first study proposing alternative configurations for
efficiency improvement, Abanades et al.* investigated integration
of a 100 MW, supercritical CFPP with an assumed net thermal
efficiency of 46%;y. In the basic configuration, the flue gas was
treated in the carbonator operated at 650 °C, the performance of
which is modelled using eqn (8) and (9). A complete sorbent
regeneration was conducted at 950 °C using oxy-combustion of
coal. In addition, the overall CO, capture level was assumed to be
90% and the captured CO, was compressed to 100 bar prior to
being transported. Considering the power requirement to run the
CCU and the ASU, the efficiency of the integrated system dropped
by 7.2% points, to 38.8%.

As the efficiency penalty in the CaL process stems mainly
from the O, production for oxy-fuel combustion in the calciner,
Abanades et al.*° have proposed an alternative calciner design
in which the heat for the sorbent regeneration is supplied
through the metallic walls from an external source (Fig. 26).

Flue gas
ACO;/Steam
tarbonator icalciner | combustor
650°
CaQ 850° [ 1050°
o
Steam Air+fuel

Fig. 26 Heat transfer-integrated calciner and combustor (reprinted with
permission from Abanades et al.>° Copyright 2015 American Chemical
Society).
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Their study assumed that the heat source is a fluidised bed
combustor fuelled with an air and fuel mixture that operates at
1050 °C. Steam is used as a fluidising medium in the calciner
operated at 850 °C, leading to a CO, partial pressure of 0.4 bar.
Although this configuration would be characterised by higher
thermal efficiency and no requirement for O, production, it
would require materials that have not yet been tested in practice.
Also, a close integration of the combustor and the calciner is
required, as a considerable heat transfer area of 800 m” is
required. Despite the engineering challenges, this configuration
was reported to have a net thermal efficiency of 39.4%, resulting
in a projected efficiency penalty of 6.6% points. This is 1.6%
points less than for the basic configuration.

To avoid application of untested materials, Abanades et a
proposed that the heat requirement of the calcination reaction
could be satisfied using a solid heat carrier (Fig. 27). In this
configuration, CO, partial pressure of 0.4 bar, which is required
to lower the calcination temperature to 850 °C, is achieved
through utilisation of a vacuum. The process involves a common
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Fig. 27 Indirect heat transfer from combustor to the calciner (reprinted
with permission from Abanades et al>° Copyright 2015 American
Chemical Society).
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Fig. 28 Heat integration of the three-fluidised-bed combustion system with CaL CO, capture with the supercritical steam cycle (reprinted with

permission from Martinez et al.**® Copyright 2015 Elsevier).

CFB combustor that is fired with an air and fuel mixture. The
solid bed material, which is a dense material, such as Al,O; or
deteriorated CaO, is heated 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 CO, sorbent in the calciner, it
is still not clear whether a continuous separation of these
particles based on differences in their densities would be
possible at the required scale. Nevertheless, this configuration
offers net thermal efficiency of 40.0%; v, which is 2.2% points
over the basic CaL configuration.

This configuration was also investigated by Martinez et al.'*®
who studied its integration with the supercritical steam cycle
(600 °C/280 bar). The coal combustion took place at 1030 °C,
with 15%,,., of excess air that entered the combustor at 400 “C.
The energy input to the system through the coal combustion
was assumed to be 1 GWy,. The flue gas, which contained
15.7%y01 CO,, was used to reheat the steam in the steam cycle
and to preheat the combustion air, and eventually entered the
carbonator at 380 “C. The carbonator, which operated at 650 “C,
was modelled using the carbonator model developed by Alonso
et al.* with the kinetic model for the multiple reaction cycles by
Grasa et al'®® Under given operating conditions, the CO,
capture efficiency in the carbonator was estimated to be 89%.
Again, a complete calcination process took place in the calciner
operated at 950 °C, which corresponds to partial pressure of
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1.93 bar. Heat for the sorbent regeneration came from the solid
stream heated in the combustor. The pressure of the separated
CO, was increased to 150 bar in the CCU comprising the five-
stage compressor and the pump, and then it was cooled to 40 “C.

Martinez et al.'*® have identified five possible heat sources
in the analysed CaL plant, which were heat released in the
carbonator and heat carried with the clean gas, purge, flue gas
and CO, process streams. Having integrated these sources as
illustrated in Fig. 28 and considering the power requirement
for CO, compression, the net power output of 378 MW,
corresponding to net thermal efficiency of 37.8%, was obtained.
This was 4.3% points higher than a comparable oxy-fired CFPP.

More recently, Martinez et al.'*’ have proposed several
process configurations that aim to reduce the efficiency penalty
in a CaL plant integrated to a 500 MW, CFPP of gross thermal
efficiency of 44.4% yy. The temperature in the carbonator and
calciner were set at 650 °C and 930 “C. The performance of the
carbonator was represented by the maximum average conversion
of the sorbent determined using the expression proposed by
Abanades'*® and Grasa et al.,'”* and a correction factor of 0.8 to
estimate the actual average conversion. Complete calcination
was assumed in the calciner. As heat for sorbent regeneration
was provided through oxy-combustion of coal, O, was produced
in the ASU, which was characterised with specific power con-
sumption of 220 kW h per t-O,. Recirculated CO, amounted to
40% of the inlet gas to control the temperature in the calciner.

This journal is © The Royal Society of Chemistry 2015
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Fig. 29 Alternative calcium looping process configurations including: (a) seal valve indirect heat exchanger, (b) mixing seal valve and (c) heat recovery
fluidised bed (adapted with permission from Martinez et al.'>* Copyright 2015 Elsevier).

The first configuration (Fig. 29a) assumes that heat is
transferred from the solids leaving the calciner to the solids
leaving the carbonator by means of an indirect heat exchanger
integrated with the seal valves of the reactors. It is assumed that
the solids leave both seal valves at the same temperature.
However, this is not achievable in practice as there is no
developed technology to carry out this process. To overcome
this engineering challenge, Martinez et al."** proposed using a
single mixing seal valve for both reactors (Fig. 29b). Although in
this configuration solids can directly exchange heat, the frac-
tion of the active CaO entering the carbonator is reduced due to
solid mixing. In the last configuration, the sensible heat of the
CO, stream leaving the calciner is recovered to preheat the solid
particles from the carbonator in an additional heat recovery
fluidised bed (Fig. 29¢). Although the flue gas acts as a fluidis-
ing medium and mixes with the partially carbonated sorbent
particles, no carbonation reaction could occur in the heat
recovery bed. This is because the fast carbonation reaction
cannot proceed, as the active CaO was trapped in the core of
each solid particle, the surface of which has been covered with
the CaCO; layer formed in the carbonator.>*® 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 reduction in fuel consumption of 9%.

Another configuration proposed by Martinez et al.>** utilises
a multi-step cyclonic preheater, which is similar to the ones
used in the cement industry (Fig. 30). In this additional piece of
equipment heat available in the CO, stream leaving the calciner
is utilised to preheat solids leaving the carbonator to around
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725 °C prior to entering the calciner. The temperature in the
carbonator and calciner were set at 650 °C and 950 °C. The
performance of the carbonator and the calciner were represented
by the Charitos et al.'* (Section 4.3.1) and Martinez et al.'**
(Section 4.4.1) models, respectively. Although implementation of
the cyclonic preheater has not changed the energetic efficiency
of the integrated system, it reduced the energy requirement of
the calciner. This was shown in reduction of the coal consump-
tion by up to 13.3% and the oxygen consumption by 13.6%.

Finally, following the successful demonstration of the sub-
pilot facility described in Section 3.5, Wang et al.**** have
investigated a CFPP retrofit with the CaL plant involving a
sorbent regeneration stage through hydration (Fig. 31). Com-
pared to the conventional CaL process, the proposed CCR
process comprises an additional reactor which aims to improve
conversion of the sorbent.

The performance of the calciner and hydrator reactors was
computed based on the assumption that the systems reach
equilibrium state at 1000 °C and 500 °C, respectively. In the
conventional CaL process, a high calcination temperature
would cause an excessive sintering of the sorbent leading to a
reduction in the sorbent carrying capacity.'” This is not the case
in the CCR process as the sorbent is reactivated on contact with
steam in the hydrator. Probably the lack of CO, recirculation to
control the O, concentration in the calciner was also due to the
sorbent regeneration potential of the CCR process. Further-
more, in the experimental campaign using the sub-pilot CCR
plant the CO, capture level of 90% in the carbonator was
achieved at a Ca:C of 1.3. In the carbonator model used by
Wang et al.,**>* a Ca: C ratio of 1.4 was used to determine the
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solid looping rate required to capture 90% of CO, and 100% of
S0, at 625 °C.

Wang et al.** have analysed integration of the CCR process
into the 561 MW, subcritical CFPP operating with an assumed
net thermal efficiency of 33.5%pyyv. As mentioned above,
although this approach works relatively well at full-load opera-
tion, any deviation from this point would reduce the prediction
accuracy. Waste heat from the CCR process was used to gen-
erate high-quality steam that is sent to the primary cycles and
replaced part of the steam generated in the power boiler. This
means that the existing boiler would need to operate in part-
load mode. Analysing the integration impact on the overall
process efficiency, they have found that a maximum net effi-
ciency of 26.9%uuy was reached if the calciner was indirectly
heated using the flue gas from the combustion process. On
the other hand, when the calciner was directly heated through
oxy-combustion of coal or natural gas, the net efficiency
decreased to 26.5%jyry and 26.1%;y;4vy, respectively. Such values
for net thermal efficiency are considerably lower than in pre-
vious integration analyses reviewed. The main reason behind
this is low net thermal efficiency of the reference power plant.
The maximum projected efficiency penalty was estimated to be
7.4% points, which is considerably less than the 9-12% points
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estimated for amine-based or oxy-combustion systems. Furthermore,
Wang et al.*® have shown that the projected efficiency penalty for the
CCR process is 22.2% lower than for a traditional CaL process. As
the latter process operates on higher average conversions, this
reduction can be associated with reduction of the solid looping
rates between the reactors, which leads to a decrease in the heat
requirement in the calciner.

5.1.4 Comparison between the average conversion and
semi-predictive calcium looping model. A review of the integration
and process improvement studies revealed that different models
have been used to represent the carbonator performance, with the
average conversion and semi-predictive models being most com-
monly applied. On the other hand the calciner performance has
been represented using an equilibrium-based model in all studies
reviewed. Therefore, it is important to highlight the impact of the
carbonator model selection on the prediction of the integrated
process performance.

strohle et al.**” and Lasheras et al.*' have analysed integra-
tion of a CaL plant to a 1000 MW, ultra-supercritical CFPP
(285 bar/600 °C/620 °C), which had a net thermal efficiency of
45.6%, with the aim of optimising overall process performance
They assumed that a conventional CaL plant configuration was
retrofitted to the existing FGD plant, thus the sulphation effect
was kept to a minimum. Waste heat from the CaL plant was
used to generate additional steam for the secondary steam cycle
with an assumed net thermal efficiency of 49.98%. The perfor-
mance of the calciner, operated at 900 °C, was determined
using a Gibbs reactor and the heat for sorbent regeneration was
provided through oxy-combustion of coal (wasy = 184 kW h per
t-0,). The carbonator was operated at 650 °C with an assumed
pressure drop of 100-200 mbar and SO, conversion of 99% due
to the large Ca/S ratio.

Strohle et al'"” have compared two commonly applied
approaches for carbonator modelling, the maximum average
conversion of sorbent model by Abanades et al** and the 1D
carbonator model by Abanades et al'*® and evaluated the
differences between these approaches in terms of overall pro-
cess performance. Assuming a CO, capture level in the carbon-
ator of 80%, application of the maximum average conversion
model led to underestimation of the O, input to the calciner,

This journal is © The Royal Society of Chemistry 2015
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Fig. 32 Effect of KL CFB model uncertainty on the CO, capture level in
the carbonator (reprinted with permission from Lasheras et al.** Copyright
2015 Elsevier).

solid looping rates and heat available for steam generation.
However, in contrast to studies by Martinez et al.'** and Berstad
et al,'*® no correction was made to the maximum average
conversion to determine the actual average conversion of the
sorbent. Nevertheless, net thermal efficiencies were estimated
to be 42.9% and 42.4% for the maximum average conversion
and the predictive 1D carbonator model, respectively. It can be
concluded, therefore, that application of the maximum average
conversion model with a reasonable correction factor would
give a reasonable prediction of the overall process performance.

In a study by Lasheras et al.,*" the effect of the uncertainty in
the K-L CFB model, which requires specification of the decay
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constant (a) and the solid fraction in the dense region (&), on
the overall process performance was assessed. The analysis
revealed that variation in the key input parameters led to 10%
variation of the CO, capture level in the carbonator (Fig. 32).
This indicates that further experimental studies are required to
identify the K-L model parameters.

5.2 Combined cycle power plants

5.2.1 Feasibility of calcium looping process for natural gas-
fired power plants. Conversely to previous studies that analysed
integration of a CaL plant to a CFPP, Berstad et al'*® have
analysed the applicability of this CO, capture technology to
decarbonise a natural gas combined-cycle power plant (NGCC).
The reference NGCC delivers 416.4 MW, with net thermal
efficiency of 52.6%yy. To account for the gas pressure losses
in the carbonator, the gas turbine discharge pressure was
increased by 0.02 bar, resulting in a discharge temperature of
611 °C. Such a temperature makes it more feasible to retrofit
the CaL plant right after the gas turbine island (Fig. 33).

CO, capture from NGCCs is more difficult than from CFPPs,
as the CO, concentration in the flue gas is approximately 4%,
Therefore, to achieve a CO, capture level between 85% and 86%
in the carbonator, its operating temperature needs to be 600 “°C.
To represent the performance of the carbonator, the maximum
average conversion model proposed by Rodriguez et al.'**° was
used. As the actual carbonation conversion (Xcarp) is usually
lower than the maximum value, a correction factor of 0.75,
expressed as the X.,/Xave ratio, was adapted to enhance the
accuracy of the model prediction. Such a conservative assump-
tion is in agreement with the experimental results as presented
in Section 3. To reach the actual carbonation conversion of 0.2,
a Fy/Fcao ratio of 0.06 was used. The sorbent is regenerated in
the calciner, which is modelled as an equilibrium reactor with a
calcination efficiency of 100%. A temperature of 950 °C is
maintained in the calciner by means of oxy-combustion of
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Fig. 33 Conceptual design of integration of calcium looping plant to natural gas combined cycle power plant (reprinted with permission from Berstad

et al.**® Copyright 2015 Elsevier).
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natural gas. The 95%p-purity O, stream is produced in the
cryogenic ASU and mixed with the recycled CO, to maintain
25%mo1 O, concentration in the oxidising gas. The pressure
drop in the calciner is accounted for through an increase of the
recycled CO, pressure of 0.03 bar. The remaining CO, is
directed to the CCU, which is modelled as four compression
stages and one pumping stage with intercooling to 28 “C, where
it is compressed to 150 bar before being transported.

The waste heat from the CaL plant was utilised to generate
an additional amount of steam that was then used to drive the
secondary steam cycle. As the solids transported from the
calciner to the carbonator carry a considerable amount of
energy, the effect of the heat recuperation between the solid
streams on the energy requirement in the calciner was investigated.
Overall, three options for steam conditions (120 bar/560 “C/560 “C,
120 bar/610 “C/610 °C and 202 bar/610 “C/610 “C) were analysed for
two CaL process configurations (with and without solid-solid heat
recuperation). The study revealed that in the best case scenario,
where solid-solid heat recuperation was implemented and the HP
steam was generated at 610 “C and 202 bar, the projected efficiency
penalty amounted to 9.1% points. This was found to be 1.3%
points higher than for the reference NGCC with a conventional
MEA CO, capture plant. Therefore, a CaL plant may not be a
preferable option for NGCCs, which can be attributed to low CO,
concentration in flue gas that results in lower driving force for the
carbonation reaction. In turn, to reach the desired CO, capture
level, the carbonator operating temperature needed to be lowered
to 600 “C. The primary steam cycle location upstream of the CaL
plant contributed to the efficiency penalty as less flue gas was fed to
the primary waste heat steam generator. A possible solution for
both issues was presented by Biliyok and Yeung®” who showed
that exhaust gas recirculation and/or supplementary firing could
increase the flue gas temperature, flow rate and CO, concentration.
However, feasibility of this solution is doubtful as it would further
increase the capital cost by 20%, while reducing the levelised cost
of electricity by only 6%.

5.2.2 High-reliability and high-efficiency coal-gasification
power generation systems. The need for high-efficiency and
environmentally friendly fossil-fuel power generation systems
led to development of IGCC as an alternative to CFPPs. Kunze
et al."®" considered the reference 510 MW, IGCC plant having
net thermal efficiency of 39.4% v, in which coal is gasified in
the O,rich environment. Produced syngas is then cleaned to
remove impurities, such as metals, sulphur and nitrogen
compounds, and CO is converted to CO, in the water-gas shift
reaction, which is then removed through a pre-combustion
system using acid gas removal (AGR) based on an amine (MDEA)
process. Finally, the purified syngas, which at this stage consists
mostly of H,, is combusted in a gas turbine coupled with an
electric generator. The waste heat from the discharge gas is used
to generate high-pressure steam at 170 bar, which then generates
electricity in the bottoming steam cycle.

Kunze et al."*" have proposed substituting a pre-combustion
AGR system with a post-combustion CaL plant (Fig. 34). The
carbonator was modelled as a stoichiometric reactor with
conversion of 20% and operating temperature of 650 “C. The
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IGCC (reprinted with permission from Kunze et al™*' Copyright 2015
Elsevier).

desired CO, capture level in the carbonator of 90% was assured
through adjusting the solids looping rate in the system. In
contrast to the other studies, the calciner, which operated at
950 °C, was modelled as a stoichiometric reactor with conver-
sion of 95% to account for sorbent sintering. The heat require-
ment for sorbent regeneration was met through direct oxy-
combustion of syngas in the calciner. It was proposed that O,
was produced using the oxygen transfer membrane, which
separates O, from the high-pressure air diverted from the gas
turbine compressor at temperatures of 850-900 °C, and then
mixed with recycled CO, to control the calcination temperature.
The remaining CO, was sent to purification and compression to
110 bar.

The waste heat available in the CaL plant was utilised to
generate high-pressure steam (250 bar/630 “C/650 °C) that was
fed to a bottoming dual-pressure supercritical steam cycle. This
substitution of a subcritical bottoming steam cycle in the
conventional IGCC plant led to improvement in net thermal
efficiency of 3.8% points, to 43.2%; 4y and a 9.5% increase in
the net thermal power, to 462 MW,,. Such performance is in the
range for the supercritical CFPPs without a CO, capture
plant.>***°7 For this reason, the IGCC plants with CaL could
be a feasible option for production of clean power from coal,
with an increased reliability due to the lack of complicated
chemical plant as in the conventional systems.

Alternative process configuration for a H,-fuelled IGCC
power plant that comprises a DFB system has been proposed
by Wang et al."* (Fig. 35). The performance of each reactor in
the system was based on the assumption that chemical and
phase equilibrium is reached. The gasifier reactor is composed
of the BFB gasifier, in which allothermal steam gasification of
coal takes place at 700 °C, integrated with a carbonator riser
operated at 600 “C. As the gasifier is assumed to operate with
50% conversion of coal, the unreacted char and sorbent are fed
to the calciner, which operates at 900 “C. The heat required to
sustain the calcination reaction stems from the oxy-combustion
of char. The H,-rich gas is used to fuel an F-class gas turbine, in
which the compressor operates at a pressure ratio of 17 and
expander temperature of 1350 °C.

The waste heat available in the integrated system is utilised
to sustain the gasification reaction by diverting part of the
regenerated sorbent to the gasifier and to generate the steam
for the bottoming subcritical steam cycle (125 bar/565 °C/
565 °C). The net thermal efficiency of the proposed process
was 42.7%;yuv, While a CO, capture level of 95% was reached.
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Fig. 35 Conceptual design of integration of calcium looping plant to IGCC (reprinted with permission from Wang et al.**°® Copyright 2015 Elsevier).

The efficiency was considerably higher than for a supercritical
CFPP retrofitted with an ammonia-based CO, capture plant
(net thermal efficiency of 27.9%uy).”*® This is also 5.7% points
higher than for a CFPP retrofitted with the CaL plant analysed
by Romeo et al.*® (Section 5.1.2).

It is also important to benchmark the process performance
improvements through substitution of the dual-stage Selexol
process, which is commonly considered in the IGCC power plants,
with the CaL plant. Connell et al.'* have evaluated such perfor-
mance improvement in an IGCC power plant, which comprises
two F-class gas turbines (Case 2 in Black et al®”). In the
considered CaL configuration, which was based on the double-
looping CCR process developed and successfully demonstrated by
Wang et al.,>*** each reactor was assumed to reach chemical and

phase equilibrium at a given operating temperature. In contrast to
previous studies, the carbonator was operated at 33 bar, which
required a temperature of 700 °C to allow Ca(OH), dissociation
and hence the water/gas shift reaction. To increase the average
sorbent conversion, and hence operate the system at Ca : C ratio of
1.3 that was identified in the pilot-plant testing to allow reaching
more than 90% CO, capture, the sorbent is hydrated at 2 bar and
493 “C. The reason for the hydrator being operated at an elevated
pressure was to increase its operating temperature and allow for
more waste heat recovery in the system. An operating temperature
of more than 875 °C in the calciner is maintained through oxy-
combustion of coal. The conceptual IGCC design assumes that
the heat from the CaL plant is utilised to generate steam for the
bottoming steam cycle (Fig. 36).
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Having compared the performance of the IGCC with the
CCR process and the conventional IGCC with dual stage Selexol
process, Connell et al.'*® have found that net thermal efficiency
increased by 0.4% points, from 32.7%ypy to 33.1%uny, With
the coal oxy-combustion accounting for 41% of the total heat
input to the process. This performance was 6.5% points higher
than for a comparable subcritical CFPP retrofitted with an MEA
scrubbing system.?”” More importantly, the net power output of
the system increased by 71.7%, from 543.2 MW, to 932.9 MW,,.

In the IGCC power plant, the CaL process can be used as
either post-combustion, with the standard AGR process used
for syngas treatment, or pre-combustion technology. Cormos
and Cormos'?*® have investigated the difference between these
approaches for a 561.15 MW, IGCC power plant of 44.36% v
net thermal efficiency. The performance of all reactors in the
system was determined based on thermodynamic equilibrium,
as no significant differences were found when the kinetics of
the calcination and carbonation processes were considered. In
the investigated CaL plant, the carbonator and the calciner were
operated at 650-700 “C and 900-950 °C, respectively. The tempera-
ture in the calciner was maintained through oxy-combustion of coal.
It was also assumed that the CaL plant was fully heat-integrated with
the rest of the plant.

In the first configuration, the CaL plant was proposed to be
retrofitted after the power block (Fig. 37a), which would provide
a flexible integrated system. Conversely, the second configu-
ration assumes that the carbonator was located after the AGR
plant (Fig. 37b). Steam is supplied directly to the calciner to
facilitate the water/gas shift reaction allowing the H,-rich
stream to be fed to the power block.

Analysis of the overall plant performance indicators revealed
that on integration of the CaL plant the net thermal efficiency
dropped by 10.1% points for the post-combustion configuration
and by 7.3% points for the pre-combustion configuration. With
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utilisation of the waste heat to produce high-pressure steam,
which was then used to produce power in the bottoming steam
cycle, the net power output increased by 14.6% and 19.4% for
the post-combustion and pre-combustion configurations, respec-
tively. Although such results show that the former configuration is
more promising in terms of overall process performance, its higher
integration degree would affect plant flexibility. Moreover, Cormos
and Cormos'*® have concluded that the net efficiency penalty of the
post-combustion configuration is comparable with the one asso-
ciated with conventional post-combustion scrubbing technologies.
Hence application of CaL as a post-combustion CO, capture plant
will not bring any benefit in terms of process performance.
However, the pre-combustion configuration was found to result
in a net efficiency penalty 1-2% points lower than conventional pre-
combustion scrubbing technologies.

5.2.3 Zero-emissions coal-based power generation systems.
Due to high-temperature operation of the CaL process, it can
serve as a base for development of novel highly-efficient and
low-emission power generation systems. Two alternative coal-
gasification combined cycle power plants, which utilise the CaL
process as both a pre-combustion CO, capture technology and
heat source, have been investigated by Romano and Lozza.'*”*'"
Both zero-emissions coal mixed technology (ZECOMIX) (Fig. 38)
and zero-emissions coal mixed technology with air gas turbine
(ZECOMAG) (Fig. 39) can be divided into four sections -
chemical island, oxygen island, CO, island and power island -
and they only differ in the power island configuration.

In the chemical island, where each reactor was assumed to
operate under equilibrium conditions, coal slurry is gasified
under an H, atmosphere in a hydrogasifier producing syngas
that is then shifted to the H,-rich stream in the carbonator. A
small amount of O, is utilised to sustain the operating tem-
perature at 700-1000 °C, depending on the operating pressure
ranging between 30 bar and 70 bar. The overall chemical
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Fig. 37 Conceptual design of integration of (a) post-combustion and (b) pre-combustion calcium looping plant to IGCC (adapted with permission from
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reaction taking place in the hydrogasifier and the carbonator is
presented in eqn (101). This reaction was found to be

exothermal, as the he
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reforming reaction. Part of the H,-rich stream is recycled from
the carbonator to the hydrogasifier.

CH, + 2H,0 + CaO — 4H, + CaCO;
(101)
AH? = —14.5 kJ mol™!

It was assumed that the carbonator operates with an average
conversion of 50% that was substantiated with the expected
progress in sorbent treatment, production and reactivation.*"
Sorbent regeneration was assumed to be conducted at an elevated
pressure and temperatures ranging between 920 °C and 1250 °C,
regardless of sorbent sintering and degradation. Such high tem-
peratures were achieved through oxy-combustion of the refinery
residuals with 90% oxygen excess, as usage of the produced syngas
would reduce the net thermal efficiency of the process, while usage
of coal at such a high temperature would result in ash melting.

The power island of ZECOMIX technology comprises a semi-
closed Joule cycle, in which heat from the syngas oxy-combustion
and the combustion gases are mixed with compressed steam to
control the combustor outlet temperature. Such a mixture is
expanded in a high-temperature steam turbine and then used for
supercritical steam generation in the bottoming steam cycle. The
incondensable species, such as CO, and O,, are removed from the
condenser and from the deaerator with part of the steam sent to
the calciner. This approach allows the ASU load to be minimised as
unreacted O, is recycled to the calciner. Conversely, ZECOMAG
technology has a more conventional power island, in which the
syngas is burned with air in an open gas turbine cycle, and the
discharged flue gas is used to generate supercritical steam in
the dual-pressure heat recovery steam generator for the steam
cycle.'”” Despite its more conventional configuration, ZECOMAG
cannot be considered as a zero-emissions technology as the gas
turbine flue gas, which consists of CO,, NO, and SOy, is exhausted
to the environment.

Analysis of the overall process performance revealed that
ZECOMIX and ZECOMAG yield similar maximum net thermal
efficiencies of 46.69% 1y and 46.74% 34y, respectively. The analysis
also revealed that the net efficiency of ZECOMIX was degraded by
0.59% points on increase of the steam compressor pressure from
25 bar to 48.5 bar, and by 2.32% points on reduction of the calciner
temperature to 920 °C. In addition, reduction of the average
sorbent conversion in the carbonator from 66.7% to 20.0% was
found to reduce the net thermal efficiency of ZECOMIX by 3%
points and of ZECOMAG by 2.5%. This indicates that sorbent
performance is critical in terms of the overall process efficiency.
Finally, the net power output of 667.5 MW, for ZECOMIX when the
steam compressor is operated with a pressure ratio of 25, was
found to be 25.2% higher than for ZECOMAG with the gas turbine
compressor operated with a pressure ratio of 20. The maximum net
power output achievable by ZECOMIX was found to be 1242.2 MW,
if the steam compressor inlet pressure was increased from 1.02 bar
to 1.9 bar.

5.3 Summary

5.3.1 Integration impact on the overall process perfor-
mance. Depending on the power plant type, the net projected
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efficiency penalty imposed by post-combustion CaL plant inte-
gration was 2.6°’-7.9%" points for a CFPP and 9.1-11.4%"*°
points for a combined cycle power plant.

Avery low net projected efficiency penalty of 2.6% points was
estimated by Martinez et al®” in investigating a subcritical
CFPP retrofit with a CaL plant and supercritical secondary
steam cycle. This shows that implementation of CaL plants
into subcritical units, the majority of the current CFPP fleet,
would result in a minor net efficiency penalty compared to
conventional CO, capture technologies. Nevertheless, the mean
net projected efficiency penalty for a CFPP was 6-7% points
with 2.5-3% points associated with the CaL plant itself and the
remainder caused by the CCU. Yang et al.'® have estimated an
extremely low net thermal efficiency of 21.2% for a CaL plant
integrated into a CFPP without any heat recovery system. This
implies that as high-grade heat is available in the CaL plant, it
needs to be recovered efficiently to reach high overall performance.

The studies by Berstad et al."*® and Cormos and Cormos'**
revealed that integration of a CaL plant as a post-combustion
technology into the NGCC and the IGCC power plant would
result in a net efficiency penalty comparable to conventional
CO, capture systems. This could be associated with low partial
pressure of CO, in the flue gas, and thus lower driving force for
the carbonation reaction. However, in studies where a CaL
plant was used as a substitute for a complex gas processing
plant integrated as a pre-combustion CO, capture technology
into an IGCC system, the net thermal efficiency increased by
0.4'*°-3.8%"" points, and reached 43.2%y."*" The study by
Romano and Lozza'*”*'® revealed that development of new
coal-based power generation systems based on the CaL process,
which are characterised by net thermal efficiencies of
46.69%; 1y for CO, capture higher than 95%, is feasible. Such
values for net thermal efficiency, which are in the range of
supercritical and ultra-supercritical CFPPs without CO, capture
plants, and increased process reliability due to the lack of compli-
cated chemical plant indicate that gasification-based power plants
with pre-combustion CaL could become a cost-efficient and
environmentally-friendly technology for coal-based power genera-
tion, and could allow further coal utilisation.

It is important to highlight that all of the reviewed studies
use different initial sets of assumptions regarding the reference
power plant. Moreover, the reference net thermal efficiencies of
the CFPPs gathered in Table 7 vary between 32.7-44.6%py
(studies using higher heating value basis), and 36.0-46.0% ;v
(studies using lower heating value basis). However, as men-
tioned in the introduction, the average net thermal efficiency of
the existing global fleet has been identified to be 33%;yv,
which corresponds to 30-31%jyuy depending on fuel composi-
tion.”'" As the sub-critical units, which operate with low net
thermal efficiencies and yet account for around 75% of the
global CFPP capacity,® can be expected to be still in operation in
the near future, the further analyses of the CaL process integra-
tion should focus on a portfolio of steam conditions to assure
prediction accuracy and realism. This implies that baseline
reference models for CaL process integration need to be
established, which can be done, for example, by replicating
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Table 7 Summary of the process integration studies
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Gross power

Net thermal
efficiency of integrated

Reference net

thermal efficiency Efficiency penalty

Reference Power plant type output (MW,) (Yorsv) system (% sy) (% points)
Shimizu et al.*® SC-CFPP? 1000 N/A 33.44 N/A
Yang et al.' SC-CFPP* 600 40.6 25.3-36.8 3.8-15.3
Abanades et al.*® USC-CFPP* 100 46 38.8-40.0 6-7.2
Martinez et al.®® SubC-CFPP* 350 36 30.3-33.4 2.6-5.7
Martinez et al.*** SC-CFPP? 433.7 N/A 37.8 N/A
Martinez et al.'*? CFPP’ 500 44.35 N/A
Romeo et al.®® SC-CFPP? 450 44.93 37.0 7.93
Lara et al.*" SC-CFPP* 500 38.2 33.0 5.2

Lara et al.*” SC-CFPP* 500 38.2 34.0 6.2
Strohle et al.*” USC-CFPP* 1100 45.6 42.4-42.8 2.8-3.2
Lasheras® USC-CFPP* 1000 45.6 42.7 2.9
Wang et al.* USC-CFPP® 561 44.67 37.2-38.07 6.6-7.4
Wang et al.*® SubC-CFPP* 500° 35.87 N/A N/A
Wang et al.* SC-CFPP* 500° 39.07 N/A N/A
Vorrias et al.'* SC-LFPP® 330 42.5 37.5 5.0
Berstad et al.'* NGCC 418.8 52.67 41.2-43.57 9.1-11.4
Kunze et al."*" IGCC 510 39.4 43.2 -3.8
Wang et al.'*° IGCC N/A N/A 12.7 N/A
Connel et al.'* IGCC 734 32.77 33.14 —0.4
Cormos and Cormos'*® IGCC 561.2 44.4 34.2-37.0 7.4-10.2
Romano and Lozza®'® ZECOMIX N/A N/A 44.4-46.7 N/A
Romano and Lozza'*’ ZECOMAG N/A N/A 46.7 N/A

“ SC - superecritical; USC - ultra-superecritical; SubC - Subcritical. ” Steam conditions not specified. ¢ Supercritical lignite-fired power plant. ¢ HHV

basis. ¢ Net power output.

CFPP (subcritical and superecritical), NGCC and IGCC models from
the revised NETL report™” and developing ultra-supercritical CFPP
model based on the European Benchmarking Task Force docu-
ments.”'>?"> Table 7 reveals that not only are the reference CFPPs
based on different steam conditions, from sub-critical to ultra-
supercritical, but also their gross power outputs and net thermal
efficiencies vary considerably. The performance of the reference
IGCC plants vary significantly as well. As this makes a comparison
of results across different analyses impossible, a set of baseline
reference models, which should include models for CFPP, NGCC
and IGCC plants with consideration of different steam conditions,
needs to be established. Such baseline reference models would
allow for a reliable comparison of further process developments
using process simulations.

5.3.2 Modelling approaches, assumptions and limitations.
This review identified limitations in the approaches for modelling
CaL plants and their integration into the power plants (Table 8).
Firstly, it was found that in several studies the net or gross thermal
efficiency of the secondary steam cycle, 0531 3237:3983147 a5 wel] as
specific power consumptions of
ASU26,28,31,32,83,86,128,130,133,146,147,200,20] and CCU26,28,32,83 were
assumed rather than estimated using thermodynamic or process
models. Although this approach could be valid for a particular
system operating at a fixed load, any deviation from the operating
point, such as part-load operation, would reduce the accuracy of the
prediction. Moreover, such approach applied to represent the
performance of the secondary steam cycle, ASU and CCU, restricts
applicability of a detailed design of the HEN of the entire process.

Secondly, the studies reviewed assumed that total calcina-
tion is achieved in the calciner, with the exception of the study
by Kunze et al."** who assumed 95% conversion in the calciner

This journal is © The Royal Society of Chemistry 2015

to account for less favourable calcination conditions. Thirdly, all
the studies utilised thermodynamic models to represent the calci-
nation process, mostly achieving chemical equilibrium through
Gibbs’ free energy minimisation. Most of the studies analysing the
combined cycle power plants used thermodynamic models also for
the carbonator, with the exception of Berstad et al.,"*® while more
complex models, such as average conversion models'®?%"3>"33:147
and 1D carbonator models based on K-L hydrodynamics®®*"'*”
were used in analysing the CFPPs. Interestingly, the study by Strohe
et al.,*"” in which both models have been compared, revealed that,
although application of the maximum average conversion model
without the correction factor resulted in underestimation of several
process parameters, the overall process performance of a CFPP with
a CaL process was the same for both models. Furthermore, the
sensitivity study performed by Lasheras et al*' revealed that the
uncertainty in the K-L model can affect CaL plant performance by
up to 10%. As this can have a significant effect on estimation of
overall process performance, further experimental tests are neces-
sary to identify the required parameters.

It is worth pointing out that the lower operating temperature
(600 °C) of the carbonator in the CaL linked with the NGCC
compared to studies reviewed in Section 5.1 (650 °C), which
assessed integration of the CFPP and the CaL process, results in
slower carbonation reaction, hence larger units are required.
Moreover, low CO, partial pressure in the NGCC flue gas makes
the carbonation process more difficult, and thus the maximum
CO, capture level of only 86% in the carbonator was achieved.
Although the carbonator temperature could be further lowered,
favouring chemical equilibrium at the expense of reaction
kinetics, the desired high-pressure steam temperature of
550-560 “C'*® would not be achievable.

Energy Environ. Sci

134



View Article Online

Energy & Environmental Science

Review

%¢S°68 = 'l Yam [opowr uoissaxd G0 = ¥y o1z 82201
[opow drwreuApoutiay, -wod drdonuast Juisn pajewnsy pajewnsy 0SzI =2 wnuqinbg D, 788-S/8 =L wnuqinbyg puE ouBWOY
70~ 12d y My gz SOWI0D
[opow drwreudpownay,  [apow ssadoxd Suisn pajewnsg 7z = MSVa pawunssy 0. 056-006 =.I wnuqiinbg 0. 00£-059 =.1 wnuqimbg pue sowio)
%06 < HF
V/IN V/N VIN 0. §£8 <.I wnuqiinbg 0,00 =L wnuqumby ., 7v 12 pUUO)
%S = 'l yam [apowr uorssaxd 70 12d y My
[opow drwreuApoway, -wod drdonuast 3uisn pajeWNSy Sy = MSVm pawinssy 0. 006 =.J wnuqiinbg 0. 009 =.L wnuqimbg g1 1P 72 Suepm
%06 = 17
20 12d y My %86 = X 70 =¥y
V/IN  Z00/4 MY €8 = NSVm pawnssy 87 = NSVm pawnssy D. 086 = wnuqinbg 0. 0S9 =.L UONDIILIOD O/M UOISIPAUOD dFRIIAY . D 72 dzumy
Ay e = sed uisipmpy‘zof
%001 = u_muk
%08-SL €0'T = % %98-58 = V77
= 4 ym apowr uorssardwod o 1ad y My 90°0 = %7/% §2°0 = *°x/¥®x UONIIII0D
[2pow dIWRUAPOULIAY L, srydonAjod ursn pajewnsg 00z = "SYam pawnssy 0. 0¢6 = wnuqinby D. 009 =L (IIM UOISISAUOD 3FeIDAY o 7D 72 PRISIF
108/, 0g =S¢5 Bur %06 = HF
[opowr ssadoxd 1°0 = “O24/% L=DeD
[opouw drwreudpowsday,  [ppow ssadoxd Suisn pajewnsy Buisn pajewnsy 0. 086 =L wnuqinbg 0, 059 =.[ UONIILIOD O/M UOISIZAUOD JFBIIAY . IV 10 SBLLIOA
%00T = 057
%06 = ¥*°F
20 12d 4 MY 10466 = S5 Busipnuol T=D:8D
AHHoozp = 3 pawnssy  Z0D-/4 MY 61T = "SVa pawnssy 00g = SV pawnssy 0. 0001 =.[ wnuqimbg 0. 629 =L wnuqnbg e 70 72 Suem
€66°0 = "% %66 = ST SOIuRUApOIPAY T
Zo-11ad y M 8981 01’1 = Oy %08 = VP - [IM 9powW dANDIPAId-IWAS PUB | 7D 2 SEIAYSET
AHge+06 = #li pawnssy V/N = 0SVm pawnssy 0. 006 =.[ wnuqnbg 0. 059 =.[ UOHDIILI0D O/M UOISIPAUOD dZeIAy ‘70 72 d[YONS
%08 = 'l yaim [apowr uorssaid 70~ 12d y My 6Z0°0 = 9q/°%4 ¢=0D:eD
[opow dorwreudpourtayl, -wod sidonuast Sursn pajewnsg 07z = "SVa pawunssy 0. 0$6 =L wnuqinbg D. 059 =.I UONIILIOd O/M UOISIPAUOD IFRIIAY (- ID 13 BIRT
~o>c\cmm _ ses u:_m_v_:::OA. 0658 = n-aomw
20 1ad y My %0071 = % %0 = V¥x
[opow dIeuUApOULIaY L, V/N 022 = SVm pawnssy D, 056-5£8 =, wnuqinbg 0. 059 =.[ UOHDIILIODd O/M UOISIDAUOD IFLIIAY (7D 2 0WOY
%06 = V7
201 12d 4 M| %00T = 1% 80 = *"x/¥¥x UO0RI31I00
V/N V/N 022 = "SVm pawnssy 0. 0£6 =L wnuqinbg D. 089 = (M UOISIIAUOD BRIDAY o\ IV 79 ZIUNIBIN
%S = “lt qam [opowr uorssaxd %00T = 17 %68 = V7 sorureuApoIpAy ard
[opow JTWRUAPOULIAYL,  -W0d dNeqeIpe Suisn pajewnsy pay»ads 10N D, 056 =L wnuqinbg D, 089 = -WIS M [9POW dANDIPAI-TWAS IV 72 ZOUNIBIN
10867 = ses Surs E:cacA
%00T = %X L Sw9="0
20 1ad y My 501 = “oy %06-0L = Vg sorweuApoipAy apd
oSt = U pawnssy  ¢0D-3/4 MY 00T = "92am pawunssy 091 = SVat pawunssy 0. 0$6 = wnuqinbg D. 089 =.J -WIS [IIM [apowu 2AndIpard-iwag ¢g 10 72 ZOUNIBN
[opow ssadoxd %001 = %Y %T'SL = Vg
V/N  [9pow ssado1d 3uisn pajewnsy Buisn pajewmnsy D, 056 =.L wnuqinbg 0. 059 =.I UODIII0D O/M UOISIIAU0D IFLIINY ( ‘ID 12 SIPRURQY
%S8 = Vg
70~ 12d y My g=D:ed
[opow dIWeUAPOWLIAY L, PaIapISU0d JON 027 = NSYm pawinssy 0. 006 =L wnuqinbyg D. 069 =.J UONIILIOd O/M UOISIAUOD dFeIdAY oy 10 72 Suex
%€8 = ¥°g
%00 “o-founy 12d [N 6°¢7 %00T = 1"x 678 = D:€D sorwreuApoIpAYy
AHH9-7f = Sl pawunssy -,_foun] [N ¢'pT = 2°m pawnssy = 0SVm pawinssy 0. 086 =L wnuqibg D, 069 =.I T Y3 [9powt 2A1R21paid-1wag o 7v 72 nziurys
910> weays A1epuodag noo nsy  suonipuod 3unerado [PPON sSuonIpuod [PPOIN ESINEIBIEN
Bunerado

syuauodwod wasAs 12110 10y yoeoxdde Jurjapoy

suondwnsse 1aue)

wco_uQEwam lojeuoqre)

syued 1amod o3 uoneibajul buidoo) winidjed Bunebinsaaur ul suondwnsse pue sayoeoidde Bulspow jo Ailewwns g age]

“TIP0ILT STOT/90/LT uo ANsIdAUN PRYULI) £q PAPROJUMOC "STOT N[ §() UO PaysIqng

This journal is © The Royal Society of Chemistry 2015

Energy Environ. Sci

135



Published on 08 June 2015. Downloaded by Cranfield University on 17/06/2015 17:04:11.

Energy & Environmental Science

Finally, although the operating temperatures of the carbonator
and the calciner were found to be similar in all studies reviewed,
selection of several important parameters seem to be inconsistent
(Table 8). Namely, some studies assume that the O, in the calciner
fluidising gas is diluted with recycled CO,, and its concentration
varies from 25%.0" """ to 80%.">> In addition, several studies
claimed that no CO, recycle is required and 95%,,,-purity O, can be
directly fed to the calciner.?***# Current pilot-plant testing activities
were conducted with the O, concentration below 50%,,.>>°%100:104
Therefore, to limit the sorbent deterioration, further integration
studies should include the CO, recycle to control the temperature
in the calciner. Another important parameter is Ca:C ratio that has
been assumed to be between 5-8.29 to reach the CO, capture levels
in the carbonator up to 90% using non-pretreated sorbent. It needs
to be highlighted that the pilot-plant tests reviewed in Section 3
claimed that to reach such reduction in the CO, emissions in the
carbonator, the Ca: C ratio should be higher than 8-11.6.”%'*'%7 For
this reason, in the studies where low Ca: C ratios were used to reach
high CO, capture level in the carbonator, prediction of the process
performance may be overly optimistic due to under-estimated solids
looping rate, and thus heat requirement in the calciner. Moreover,
the excess O, and the relative limestone make-up rate, which is
represented using F,/Fy, ratio, were found to vary between 1.03-1.10
and 0.025-0.06, respectively. This implies the need for establishing
baseline design parameters for the CaL process that would allow
comparing process performance across analyses.

6 The future of calcium looping in
power generation systems

In light of increasing environmental concerns, the power sector
seems to be the first in line to be completely decarbonised by
2050. High reliance on coal, however, makes this a challenging
task requiring implementation of CO, capture technologies in
the existing coal-based power generation fleet. Unfortunately,
conventional technologies, which utilise chemical sorbents and
oxy-fuel combustion, result in a considerable drop in system
efficiency, leading to an increase in the cost of electricity. The
CaL process is regarded as a feasible alternative to conventional
technologies because not only is it characterised by lower loss
in power plant efficiency, but it is also capable of increasing the
power output of the system.

CaL process viability and performance have been widely
investigated in bench- and pilot-scale facilities the size of which
varies between 1 kWy, and 1.7 MW, The test campaigns
reported in the open literature provide valuable insight into
the process operation that can be used for process model
development. Nevertheless, this review has shown that the
available data were not detailed enough for any test facility to
be useful for detailed process model validation. This is caused
by, for example, the uncertainty associated with the solid
looping rate measurements. To allow detailed process model
validation, however, more detailed data should be reported for
future tests.

This journal is © The Royal Society of Chemistry 2015
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The CaL experimental trials have revealed that the actual
CO, capture level can be close to that determined by equilibrium
provided sufficient solids inventory of moderate conversion and
looping rate are maintained. However, deterioration of the
sorbent performance, triggered mainly by sintering and sulpha-
tion, requires relatively high make-up rates to reach the desired
level of average sorbent conversion, which affects the economic
performance of the system. Therefore, the further developments
of the sorbent performance enhancement measures and/or novel
sorbents experiencing lower performance deterioration need to
be pursued in the near to mid-term timescale.

To date, the predictions of process performance have been
modelled with different levels of complexity. Five levels can be
distinguished, which differ in application of the kinetic or
equilibrium reactions, considering the concentration changes
in the gas and solid phases and implementation of FB hydro-
dynamics. Importantly, the effect of sulphation on the sorbent
activity and inert solids accumulation in the system were rarely
included in the models available in the literature. Therefore, to
improve the accuracy and reliability of the overall process
performance prediction, future models should account for
sorbent sulphation and ash accumulation.

Application of the CaL plant to typical coal-based power
generation systems was found to impose lower efficiency
penalties (6-7% points), compared to conventional CO, capture
systems, proving the technology viability. Moreover, novel
power generation systems that are based on the CaL process
have been proposed, and reach net thermal efficiencies close to
those of ultrasupercritical CFPPs without CO, capture. This
implies that the CaL plant 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. Nevertheless, it is highlighted that the analyses
performed to date used not only different CaL modelling
approaches, but more importantly they employed different
reference power plants and sets of CaL operating conditions.
As this restricts the accuracy of process performance compar-
ison across these analyses, the baseline reference models for
the power plant and CaL plant need to be developed. In the
near term, such baseline models would allow a reliable com-
parison of the process performances of the further analyses of
the CaL process improvements.

List of abbreviations

AGR Acid gas removal

ASU Air separation unit

BFB Bubbling fluidised bed

CaL Calcium looping

CaRS-CO, Calcium-based reaction separation for CO,
CCR Carbonation-calcination reaction process
CCS Carbon capture and storage

CCU CO, compression unit

CFB Circulating fluidised bed

CFD Computational fluid dynamics
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CFPP Coal-fired power plant

DFB Dual fluidised bed

EB Entrained bed

FGD Flue gas desulphurisation unit

HEN Heat exchanger networks

IFK The Institute of Combustion and Power Plant
Technology (Institut fiir Feuerungs-und
Kraftwerkstechnik)

IGCC Integrated-gasification combined cycle power
plant

INCAR-CSIC  The Instituto Nacional del Carbon - Consejo
Superior de Investigaciones Cientificas

ITRI The Industrial Technology Research Institute

K-L Kunii and Levenspiel model

MB Moving bed

MDEA Methyldiethanolamine

MEA Monoethanolamine

NGCC Natural gas combined cycle power plant

OSCAR The Ohio State carbonation ash reactivation
process

PZ Piperazine

RK Rotary kiln

SER Sorption-enhanced reforming process

SME Sorption-enhanced methane steam reforming

TGA Thermo-gravimetric analyser

ZECOMAG Zero-emissions coal mixed technology with air
gas turbine

ZECOMIX Zero-emissions coal mixed technology

Nomenclature

Latin symbols

A Bed cross-section area, m”

a, Fitting parameter in Li and Cai'* correlation, —

a, Fitting parameter in Li and Cai'* correlation, —

Co Freundlich isotherm characteristic, —

C; Concentration of species 7, kmol m >

D Diffusivity coefficient, m* s~ *

d, Bubble diameter, m s *

E Activation energy, J kmol '

Bisin CO, capture level in the carbonator, —

Binle Efficiency of the calciner, —

* Extent of calcination or carbonation, —

F, CaCO; makeup rate, kmol s *

A Fitting parameter in Li and Cai'* correlation, —

f Fitting parameter in Li and Cai'** correlation, —

& Active fraction of particles, —

Fco, CO, flow rate in the flue gas, kmol s "

Fy Sorbent rate diverted to the hydrator, kmol st

Fy CaO looping rate, kmol s *

h CaCO; layer thickness, nm

Hp Height of the dense phase, m

k Kinetic rate constant or sorbent deactivation

constant or proportionality constant, 1 s ',

m®mol 's !, m*mol 's !, —
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Greek symbols
o
&

Superscripts
H

Subscripts

0
ave,max
b

cale

carb
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Bubble and emulsion interchange coefficient, —
Mass transfer coefficient, m s~

Number of calcination-carbonation cycle, —
Sorbent sintering exponent or number of active
sites in Langmuir-Hinshelwood mechanism, —
Mole inventory of CaO in the bed, kmol
Molar mass of species i, kg kmol !

Partial pressure of CO,, atm

Reaction rate, kmolm 3 s ! 15!

Particle radius, m

Mole fraction of particles that has never been
calcined or initial grain radius, — or m

Molar ratio of carbon and sulphur in the fuel, —
Reynolds number, —

Gas constant, ] kmol ' K™

Mass fraction of particles that has undergone
N carbonation-calcination cycles, —
Un-reacted radius of CaO grain, M

Particle surface area, m*> m >

Schmidt number, —
Sherwood number, —
Temperature, K

Actual residence time, s
Superficial gas velocity, m s~
Bubble rise velocity, m s~
Rising bubble gas velocity, m s~
Volume fraction of CO, in the gas phase, —
Molar volume of species 7, m* kmol *

Mass inventory of CaO in the bed, kg

Sorbent conversion, —

mass ratio between fuel going to the main
combustor and total fuel into the plant, —

1

1

Volume of bubbles per unit bed volume, —
Porosity of sorbent particle or solid fraction in
the reactor, —

Fraction of the active sites, —
Mass density of species 7, kg m™~
Average residence time, s
Effectivity factor, —

Particle sphericity, —

Sorbent pore structural parameter, —

3

Hydrated sorbent

Initial conditions

Refer to maximum average sorbent conversion
Refer to bubble zone

Variable related to calciner operating condi-
tions or stream leaving calciner

Variable related to carbonator operating con-
ditions or stream leaving carbonator

Refer to emulsion zone
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eq Equilibrium conditions
mf Refer to minimum fluidising conditions
max Refer to maximum sorbent conversion
r Refer to residual sorbent conversion
s Refer to intrinsic kinetic constant
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Due to recent concerns about climate change, which has been triggered by greenhouse gas emissions,
the European Union has recommended the decarbonisation of the power sector by 2050 in order to
meet its emission reduction target. As a large share of the power generation is currently based on fossil
fuels, mainly coal, with this trend expected to continue, clean coal technologies need to be developed.
Carbon capture and storage using chemical solvents has been identified to be the most suitable option for
coal-fired power plants. The technology which is closest to market commercialisation uses amines, such
as monoethanolamine, as a solvent. However, high degradation rates due to impurities present in the
flue gas and a considerable heat requirement for solvent regeneration make the application of alternative
solvents necessary. In this study, a rate-based aqueous ammonia process model was developed, validated
and then modified to a chilled ammonia process model. The model was then scaled up to process flue
gas from a 580 MW, supercritical coal-fired power plant. A sensitivity study revealed that the lowest
parasitic load occurs for the lean solvent characterised by 12.5%.: NH3 concentration and 0.29 loading,
with the stripper operated between 12.5 and 17.5 bar. The equivalent work requirement for a CAP plant
operated at such conditions was found to be up to 15.7% lower than the reference amine scrubbing plant.

Keywords:

Chilled ammonia process
Coal-fired power plant
Carbon capture
Rate-based modelling
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1. Introduction commercial-scale full cycle facility has been recently commis-

sioned (Fountain, 2014). Post-combustion capture (PCC) plants

To mitigate the adverse effects of climate change, the European
Union committed to reduce its greenhouse gas emissions by at
least 80% compared to 1990 levels by the year 2050 (European
Commission, 2011). Although the power sector, which is currently
dependent on fossil fuel combustion, is a major contributor to
global CO, emissions, the 2°C scenario presented by the [EA
(2011) assumes that coal-based power generation will still play
an essential role in the future energy portfolio. Carbon capture
and storage technologies are expected to contribute towards the
power sector decarbonisation efforts (Qi et al., 2013), yet only one

Abbreviations: AAP, aqueous ammonia process; CAP, chilled ammonia pro-
cess; CCU, CO, compression unit; CFPP, coal-fired power plant; DCC, direct
contact cooler; ELECNRTL, electrolyte non-random two-liquid thermodynamic
method; GHG, greenhouse gas; HP, high pressure; IP, intermediate pressure; LP,
low pressure; MEA, monoethanolamine; PCC, post-combustion capture; PR-BM,
Peng-Robinson-Boston-Mathias equation of state.

* Corresponding author. Tel.: +44 01234 750111x5235.

E-mail address: d.p.hanak@cranfield.ac.uk (D.P. Hanak).

http://dx.doi.org/10.1016/j.ijggc.2014.12.013
1750-5836/© 2014 Elsevier Ltd. All rights reserved.

based upon chemical absorption are a recognised means of reduc-
ing CO, emissions from coal-fired power plants (CFPP) (Wanget al.,
2011; CO2CRC, 2011; Linnenberg et al., 2012). A key advantage
of PCC plants is the ease with which they can be retrofitted to
the existing fleet of the CFPPs and integrated to new installations
(Rackley, 2010). Substantial changes to the CFPP equipment are
avoided with a PCC plant retrofit, and a high operating flexibility
would be maintained due to relatively independent operation of
the CFPP and PCC plant (Wang et al., 2011; CO2CRC, 2011).
Monoethanolamine (MEA)is regarded as the reference chemical
solvent, as it will probably be used in the early stage commercial-
scale PCC plants integrated to the CFPPs (Padurean et al., 2011;
Pfaff et al., 2010). The drawback of using MEA as a solvent is a
high penalty imposed on the power plant efficiency. This is mainly
caused by a large amount of heat required for solvent regenera-
tion. For the systems without a high degree of heat integration,
a reported reduction of the net efficiency reaches up to 14.5%
(Bozzuto et al., 2001) with the mean efficiency penalty of 9-11%
points (Buchanan et al., 2000; Ciferno et al., 2005; Gerdes et al.,
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Notation

Latin parameters

ajj reaction order of component i in reaction j (=)
C concentration (kmol/m?)

cop coefficient of performance (-)

E; activation energy of reaction j (J/kmol)
Keq equilibrium constant (-)

k° pre-exponential factor (kmol/m?s)

Q thermal duty (MW, )

R gas constant (J/kmol K)

Tj reaction rate of reaction j (1/s)

T temperature (K)

w electric power requirement (MW, )
Greek parameters

VYNH; solvent loading (mol/mol)

Subscripts

reb reboiler

chill chilller

sink heat sink

pump  rich solvent pump

2010; IEAGHG, 2004; Parsons et al., 2002; Romeo et al., 2008).
Moreover, the stripper operating pressure is limited by the ther-
mal degradation limit of amines (Pfaff et al., 2010). Also, amine
solvents are sensitive to impurities contained in the CFPP flue gas,
such as SOy and NOy, with which they form heat-stable salts, and
0, with which they undergo oxidation (Qi et al., 2013; Ciferno
et al., 2005). Therefore, measures aimed at reducing the cap-
ture process energy intensity and solvent degradation need to be
investigated.

In spite of its toxicity and flammability, NH3 appears to be a
good candidate to replace MEA as a solvent in the PCC plants
with reported efficiency penalty ranging between 4.1 and 7%
(Ciferno et al., 2005; Romeo et al., 2008; Gal, 2006). This, how-
ever, has not been substantiated experimentally yet (Folger, 2013).
Key features of NH3 as a solvent include its relatively low price,
commercial availability and a comparatively high CO, absorption
capacity. In addition, CO, absorption by NHj is characterised by
a lower heat of reaction compared to MEA and thus, less heat is
required to regenerate the solvent. Also, NH3 is not as corrosive
as MEA and can be used as a multicomponent capture solvent as
it does not degrade on contact with flue gas impurities (Wang
et al, 2011; Zhao et al., 2012). However, the drawbacks of using
NHj3 in place of MEA include its relatively slow kinetics of CO,
absorption, which results in larger equipment required, and NH3
slip in the absorber (Bandyopadhyay, 2011; Strube and Manfrida,
2011).

Other promising PCC technologies currently under develop-
ment, such as membrane separation and high-temperature solid
sorbent looping technologies, which would impose lower energy
penalties, are far from being commercialised. Application of
membranes is expected to reduce the PCC energy demand by
up to 90% compared to direct flue gas scrubbers (Duke et al.,
2010); however, the operational issues that result from flue gas
impurities, atmospheric pressure and relatively low CO, par-
tial pressure need to be resolved. In addition, high-temperature
processes using solid sorbents have been estimated to impose
an efficiency penalty of only 7-8% (Romano, 2012), and though
the well-established fluidised bed technology is utilised, the
challenges of sorbent deactivation and regeneration must be
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resolved before large-scale deployment (Abanades and Alvarez,
2003).

1.1. Ammonia as an alternative to amine solvents

A concept of using NH3 as an alternative solvent to MEA was
first proposed by Bai and Yeh (1997), who experimentally ana-
lysed the chemical absorption of CO, into NH3 solution, and
found that a capture level of 95% is achievable. Two options
for NH3-based PCC are commonly reported (Linnenberg et al.,
2012): aqueous ammonia process (AAP) with CO, absorption tak-
ing place at ambient temperature (>20°C) and chilled ammonia
process (CAP) in which the CO; is absorbed at a low tempera-
ture (<20°C). As NHj is characterised by high volatility, which
increases with temperature, low-temperature operation of the
CAP absorber results in a significant reduction in NH3; evapo-
ration and thus, NH;3 slip in the absorber (Darde et al., 2010).
Not only does it ensure that fugitive NH3 emissions to the envi-
ronment are avoided, but it also reduces the capacity or even
the requirement of washing sections. This probably makes the
CAP process a more feasible option for integration into power
plants.

Compared to the MEA-based system, the CAP plant operates
efficiently at low temperatures. For this reason, the flue gas tem-
perature needs to be maintained between 0 and 20 °C, preferably
between 0 and 10°C. This is achieved using a system of direct
contact coolers (DCC), in which flue gas is first cooled to around
25°C on direct contact with cooling water, and then chilled to
0-10°C using a chiller (Gal, 2006; Kothandaraman, 2010; Darde
et al., 2009). Chilled flue gas enters the bottom of the absorber
while the chilled lean ammonia solvent, which is characterised by
lean loading between 0.25 and 0.67, is fed at the top. The solvent
loading (¥nw, ) is defined by Eq. (1) (Niu et al., 2012).

_ [COa] +[HCO5] + [CO%7] + [NH,C00"]

[NH3] + [NH; | + [NH,CO0 "] M

Hj

In the absorber column packing, CO, from flue gas is absorbed
into the lean solvent at atmospheric pressure. The resulting rich
solution leaves the bottom of the absorber with loading between
0.5 and 1. The rich loading could be increased by partial recycling
of the rich solution back to the absorber. This also helps in keeping
the absorber operating temperature below 20°C (Gal, 2006; Darde
etal., 2009).

The lower the lean solvent loading, the higher is the CO; absorp-
tion capacity of the solvent. This, however, results in increased
partial pressure of NH3, and hence higher NHj3 slip from the
absorber. For this reason, it is advisable to use the CAP absorber
equipped with the NH; water wash section that utilises large
amounts of cold water to remove NH3 from the treated flue gas.
Furthermore, lower concentrations of NH3, compared to MEA, are
utilised in the solvent solution. This causes an increased energy
requirement due to highly diluted NH3 solution (Kothandaraman,
2010).

The rich stream leaving the absorber bottom is pressurised up
to 138bar by a high-pressure pump on its way to the cross heat
exchanger, where it is heated up by the lean solution leaving the
stripper bottoms, prior to being fed to the stripper. At this pres-
sure, the stripper temperature ranges between 50 and 200 °C. Such
operating conditions minimise the evaporation of NH; and water,
allowing a pure, high-pressure CO, stream to be collected from the
solution at the top of the stripper (Gal, 2006; Darde et al., 2009).
The lean solution, from the stripper bottom, is cooled in the cross
heat exchanger and the lean chiller down to a temperature below
10°C (Kothandaraman, 2010).
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1.2. Process modelling of ammonia-based post-combustion CO;
capture

Although amine scrubbing is the capture technology that is clos-
est to commercialisation (Blamey et al., 2010; Berstad et al., 2012),
the benefits of NH3-based solvent performance require rigorous
investigation, especially to quantify the parasitic load that integra-
tion of the capture plant would impose on the power plant output.
This can be done via modelling and simulations.

Two approaches for modelling of chemical absorption in packed
columns are commonly encountered in literature: equilibrium-
based and rate-based modelling. In the equilibrium-based
approach, it is assumed that vapour and liquid phases exist in
equilibrium on a number of theoretical stages. The performance
of each stage is characterised by the height equivalent to a the-
oretical stage and Murphee efficiencies. The rate-based approach
involves multi-component mass and heat transfer, as well as chem-
ical reactions, which can be represented by a chemical equilibrium
or reaction kinetics (Kothandaraman, 2010). As a result, applica-
tion of a rate-based modelling approach to model CO, absorption
and desorption processes is reported to be more accurate and reli-
able than the equilibrium modelling approach (Afkkhamipour and
Mofarahi, 2013).

Although the CAP process has been investigated in literature
through thermodynamic modelling (Darde et al., 2010) and process
simulation (Linnenberg et al., 2012; Jilvero et al., 2011; Versteeg
and Rubin, 2011), most of the studies performed were equilibrium
based. In particular, Linnenberg et al.(2012) and Darde etal. (2011)
used the extended UNIQUAC thermodynamic method to model the
complex CO,-NH3-H;0 systems. Strube and Manfrida (2011) were
the first to apply a rate-based modelling approach to the CAP cap-
ture plant. In their work, however, the lean solvent temperature
was only reduced to 20°C, with no intercooling of solvent in the
absorbers. As a result, absorption most likely took place at AAP
conditions (>20°C). Nevertheless, a comparison of the rate-based
and equilibrium models revealed that the equilibrium approach
resulted in an overestimation of rich loading and in the underesti-
mation of the solvent circulation rate and NHj slip. This conforms
to the conclusions presented by Asprion (2006) who claimed that
the application of equilibrium modelling for reactive separation
processes results in large deviations from reality. Therefore, rig-
orous rate-based modelling must be applied to the CAP model
development to achieve reliable predictions of the capture plant
performance.

Niu et al. (2012) developed a rate-based model of the absorber
while Yu et al. (2014) and Zhang and Guo (2014) developed a rate-
based model of the stripper in an AAP plant, which were validated
with experimental data, and found the model performance to be
in good agreement with the data. Additionally, the effectiveness
of the rate-based approach was confirmed by Qi et al. (2013) and
Zhang and Guo (2013a) who validated their AAP models against the
experimental data recorded from the Munmorah pilot plant. How-
ever, the large-scale model developed by Zhang and Guo (2013a)
for a 500 MW, CFPP achieved the capture level of only 50%.

All of these studies have focused on models for the AAP, with
few considering the solvent regenerator, and only one attempting
to model a large-scale capture process. However, no study on
the development of rate-based modelling of the large-scale CAP
process has been presented in the literature. As such models are
proven to provide a more reliable prediction of the actual pro-
cess performance and thus, its integration impact on the power
plant performance, a detailed description of the rate-based pro-
cess modelling of the CAP capture plant and its scale-up are
undertaken in this paper. Furthermore, a process analysis is
conducted to identify the optimum energy and environmental per-
formance.

Table 1
Validation of the Aspen Plus model performance.
Parameter Source (Black, Aspen Plus Deviation (%)
2013) model
Plant gross output (MW,) 580.4 580.4 0.0
Net plant efficiency (%unv) 39.2 38.5 5.0
Coal consumption rate (kg/s) 51.6 53.8 5.8
Combustion air rate (kg/s) 507.3 526.5 3.8
Steam generation rate (kg/s) 462.3 462.3 0.0

2. Model development
2.1. Supercritical coal-fired power plant

A supercritical CFPP model used as a benchmark in this study,
which is developed based on the revised NETL report (Black, 2013),
is presented schematically in Fig. 1. The model comprises three sub-
models: asupercritical boiler model, a flue gas treatment train, both
modelled using Peng-Robinson-Boston-Mathias (PR-BM) equa-
tion of state, and a steam cycle in which the unit operations are
represented by STEAMNBS correlation.

In addition to the combustion air preheater, the supercritical
boiler consists of two main sections: coal combustion and steam
generator. The coal rate is adjusted to meet the gross power out-
put of 580 MW,,. The combustion process is modelled using the
Aspen Plus solid modelling features asrecommended by AspenTech
(2013). Such approach can be expected to provide a better predic-
tion of the flue gas composition, which, in turn, assures a more
reliable prediction of the PCC plant performance. The steam gener-
ator consists of the heat exchange sections, which are the primary,
secondary, and reheat superheaters, as well as the economiser,
modelled as a set of heat exchangers. Both the live (242 bar) and
reheat steam generated in these sections are leaving the boiler at
the temperature of 593 °C (Black, 2013). Moreover, the model is
equipped with flue gas cleaning equipment that includes selec-
tive catalytic reduction for NOy emission control, the electrostatic
precipitator for fly ash removal and the flue gas desulphurisation
plant.

The steam generated in the supercritical boiler is fed to the tur-
bine section of the CFPP that consists of high- (HP), intermediate-
(IP) and low-pressure (LP) extraction condensing steam turbines,
the design isentropic efficiencies of which were determined to
match the steam discharge conditions (Black, 2013). Moreover,
part of the steam from the turbine sections is drawn to feed the
main feedwater heating train. This consists of five LP feedwater
heaters (LPFWH), the last one of which is called deaerator and is a
mixed feedwater heater, and three HP feedwater heaters (HPFWH).
Performance of the feedwater heaters is characterised by the min-
imal temperature difference, which is the difference between the
subcooled condensate and inlet feedwater temperature, equal to
5.56°C (Black, 2013). The steam from the last turbine section is
fully condensed in the condenser operating at 0.069 bar.

The overall system performance of the model developed in
Aspen Plus complies with values reported in the revised NETL
report (Black, 2013),as shown inTable 1. Adifference in the net effi-
ciency of the CFPP results from the fact that the moisture content
and heat of coal decomposition in the fuel is accounted for in the
developed model, hence a slight increase in the fuel consumption
is required to reach the rated gross power output.

2.2. Chilled ammonia process plant

2.2.1. Model development and validation
Since no pilot-plant operational data are available for the CAP,
a rate-based AAP model is first developed in Aspen Plus V8.4 and
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Fig. 1. Process flow diagram of reference 580 MW, supercritical CFPP.

validated with the data available from the Munmorah pilot plant
(Table 2).

The pilot-plant consists of two absorbers that were operated in
series during the experiments reported by Yu et al. (2011). Adevel-
oped AAP model was validated in simulations consisting of a single
absorber of doubled height. The absorber and stripper are modelled
using rate-based capability in RadFrac units, with a closed recycle
to achieve a more reliable prediction of the process performance
(Biliyok et al., 2012).

The electrolyte non-random two-liquid (ELECNRTL) thermody-
namic method is applied for the liquid phase and Redlich-Kwong
equation of state is used for the vapour phase properties. The
C0O,-NH3-H,0 chemistry is defined by equilibrium (Egs. (2)-(4)),
salt precipitation (Eq. (5)) and kinetic reactions (Eqs. (6)-(9))
(AspenTech, 2008).

NH;3 + H0 < NH} + OH~ ()
2H,0 < H30" + OH™ (3)
HCO3 + H,0 < CO%™ + H30* (4)
NH,4HCOj3() <> NH} + HCO3 (5)
CO, + OH™ — HCO; (6)
HCO3 — CO, +OH™ (7)
NH3 + CO; + H,0 — HaNCOO™ + H30* (8)
Table 2

Design and operating data of the Munmorah pilot plant (Zhang and Guo, 2013a; Yu
etal, 2011).

Parameter Absorber Regenerator
Number of columns 2 1

Diameter (m) 0.6 0.6

Packing height (m) 39 34

Packing type 25mm Pall Ring 25mm Pall Ring
Bottom temperature (°C) 26 120

Top pressure (bar) 1.013 6

H,NCOO~ + H30* — NHj + CO, + H,0 (9)

The equilibrium constants (Keq) for the reactions presented in
Egs. (2)-(5), given on a molar concentration basis, are temperature
dependent and are defined as:
aneq:A+g+C-lnT+D-T (10)

The values of A, B, C and D for Eqs. (2)-(4) were taken from
Edwards et al. (1978), while for Eq. (5) from the solubility data
presented by Trypuc and Kielkowska (1996) (Table 3).

The reactionrates (r) of the reactions (j) presented in Eqs. (6)-(9)
are determined by the power law:

E\1T
rj = k¢ exp (—R—fr> HCf'u

i=1

(1)

where k° is the pre-exponential factor of reaction j, T is the tem-
perature, E is its activation energy, R is the gas constant, C is the
concentration (molar basis) of component i, and « is the reaction
order of component i in reaction j.

Power law parameters for the reactions presented in Eqs. (8)
and (9) are available from experiments conducted by Pinsent et al.
(1956a,b), Puxty et al. (2010) and Jilvero et al. (2014) (Table 4).
Therefore, each set of kinetic parameters is applied to the rate-
based model and the one that provides the closest match with the
Munmorah pilot-plant data is selected for further analysis.

Table 3
Coefficients of equilibrium constants.
Reaction A B C D
Eq.(2) —1.2566 —3335.7 1.4971 —0.0370566
Eq.(3) 132.899 —134459 —22.4773 0
Eq.(4) 216.049 —12431.7 —35.4819 0
Eq.(5) 8.06447535 —-5013.7598 0 0
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Table 4
Power law expression constants.
Reaction Source Pre-exponential factor k°; (kmol/m? s) Activation energy E; (J/kmol)
Eq.(6) Pinsent et al. (1956a) 4.32x 103 55470913.2
Eq.(7) Pinsent et al. (1956a) 2.38x 10" 123305447.0
Eq.(8) Pinsent et al. (1956b) 1.35x 10" 48504078.0
Puxty et al. (2010) 1.66 x 104 60990168.0
Jilvero et al. (2014) 6.51 x 10"3 60090608.0
Eq.(9) Pinsent et al. (1956b) 475 x 1020 69203617.2
Puxty et al. (2010) 1.27 x 102 80215648.0
Jilvero et al. (2014) 4.97 x 10?1 79316088.0

Implementation of the power law parameters estimated by
Pinsent et al. (1956b) data provided close prediction of the Mun-
morah pilot plant for the test case under consideration. When the
Puxty et al. (2010) and Jilvero et al. (2014) power law parameters
were implemented, the CO, absorption rate was over-estimated
by 23.8% and 22.9%, respectively (Table 5). This, in turn, resulted
in the reboiler duty higher by 27.6% and 27.4%, respectively, that
would have a considerable impact on the prediction accuracy of
the overall process performance. Therefore, it is concluded that the
power law parameters for the reactions presented in Egs. (8) and
(9) determined from Pinsent et al. (1956b) data provide a better
representation of the absorption and desorption processes.

The parameters given by Pinsent et al. (1956b) were
obtained from data for NH3 concentrations of 0.19 kmol/m? and
0.027 kmol/m?, while higher concentrations are used in this study.
Therefore, it is important to understand the influence of NH3
concentration on the reaction rate, in order to justify the use of
kinetic parameters provided by Pinsent et al. (1956b). Derks and
Versteeg (2009) experimentally revealed that the reaction rate is
linearly dependent on NH3 concentration for values higher than
0.1 kmol/m? (Fig. 2). Moreover, their results can be seen as a linear
extension of data from Pinsent et al. (1956b) . Therefore, the power
law parameters for reactions presented in Egs. (8) and (9) based on
the Pinsent et al. (1956b) can be used to extrapolate the reaction
rates at higher NH3 concentrations. In fact, these parameters have
been previously applied with success in modelling of the AAP pro-
cess (Qietal., 2013; Niu etal., 2012; Yu et al., 2011; Brettschneider
etal., 2004).

The rate-based model performance is further compared with
two more pilot plant test cases in Table 6 to confirm its validity. It is
concluded that the prediction of the process performance provided
by the rate-based model is in good agreement with the pilot-plant
performance. Small deviations of the key parameters received from
the model are within experimental uncertainty resulting from the
measurement equipment accuracy.

2.2.2. Chilled ammonia process modelling and scale up
The operating conditions in the model are modified to match
CAP process, using process information provided in Gal (2006). As

A Derks and Versteeg (2009), 5'C
£ Derks and Versteeg (2009), 10°C o

O Derks and Versteeg (2009), 20°C @
< Derks and Versteeg (2009), 25°C
10 X Pisent et al. (1956b), 10 and 20°C

—— Zwitter-ion fits

10' 10 10° 10*
Cpyig [mol M

Fig. 2. Apparent kinetic rates for CO, absorption by aqueous solution of NH3
(Reprinted from Derks and Versteeg (2009) with permission from Elsevier).

illustrated in Fig. 3, the flue gas and lean solvent are chilled to 7
and 10°C, respectively, before being fed to the absorber. Although
the rich solution can be regenerated at pressures reaching up to
138 bar, the stripper is initially operated at the pressure of 10bar
due to the structural and material limitations (Strube and Manfrida,
2011), but most importantly due to reboiler steam pressure con-
siderations. The stripper condenser operates at 20°C and stripper
reboiler at approximately 150-160 °C, preventing NH; and water
from evaporating to ensure that a pure, high-pressure CO, stream
is collected at the top of the stripper.

Although Gal (2006) has stated that NH3 concentration in the
lean solvent may reach up to 28%w, this results in a high NH3 slip
and requires additional water wash for the flue gas to meet the
emission standards. This, in turn, requires an additional amount
of energy and increases the efficiency penalty. Therefore, the NH3

Table 5

Effect of the rate constants on process performance prediction.
Parameter Test ID 31

Experiment (Yu et al., 2011) Pinsent et al. (1956b) Puxty et al. (2010) Jilvero et al. (2014)

Inlet flue gas flow rate (kg/h) 646 646 646 646
Inlet CO; flow rate (kg/h) 99.3 99.3 99.3 99.3
CO; lean loading (mol/mol) 0.24+0.01 0.24 024 0.24
CO; rich loading (mol/mol) 0.3240.03 0.34 037 0.36
CO; absorption rate (kg/h) 80+2 79.8 99.0 98.3
CO; capture level (%) 80.2 80.4 99.7 98.9
Stripper bottoms temperature (“C) 131.6 1338 146.2 146.2
Reboiler duty (kW) 111.0 109.0 141.6 1414
Lean solvent flow rate (L/min) 134.0 134.0 1340 1340
Lean solvent NH; concentration (%) 4.08+0.1 4.08 4.08 4.08
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Table 6
Validation of the rate-based AAP model against the Munmorah pilot-plant data.
Parameter Test ID 31 Test ID 32 Test ID 32B
Experiment Simulation Difference Experiment Simulation Difference Experiment Simulation Difference
Inlet flue gas flow rate (kg/h) 646 646 0 780 780 0.00 821 821 0.00
Inlet CO, flow rate (kg/h) 99.3 993 0 123 123 0.00 112.7 1127 0.00
CO, lean loading (mol/mol) 0.24+0.01 024 0 0.24+0.03 027 -0.03 0.22+0.02 022 0.00
CO, rich loading (mol/mol) 0.32+0.03 034 -0.02 0.37+0.03 0.40 -0.03 0.32+0.03 0.35 0.03
CO, absorption rate (kg/h) 80+2 79.8 0.20 76+5 80.2 -4.20 80+4 8133 -1.33
CO, capture level (%) 80.2 804 -0.20 61.7 65.2 -3.50 714 7217 -0.77
Stripper bottom liquid temperature (°C)  131.6 1338 -2.2 129.7 133 -3.30 131.6 1384 -6.80
Reboiler duty (kW) 111.0 109.0 -2 111.0 105.1 5.90 111.0 1148 -3.80
Lean solvent flow rate (L/min) 134.0 1340 0 134.0 1340 0.00 134.0 134.1 -0.10
Lean solvent NH3 concentration (%w:) 4.08+0.1 4.08 0 3.6+0.4 32 0.40 3.9+02 37 0.20
Clean gas
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Fig. 3. Simplified process flow diagram of full-scale CAP capture plant.
concentration is set at 15%w¢, as Zhao et al. (2012) have shown  Table?7 : _
that such a moderate NH3 concentration results in improved CO, CAP-PCC preliminary design.
absorption capacity. A lean solvent loading of 0.25 is used in the Parameter Value
preliminary CAP modfel developr.ngnt,.AdC.litionally, very low tem- Flue gas flow rate (kgs) 562.0
peratures may result in salt precipitation in both the absorber and Flue gas CO; content (%) 21.64
the stripper, which can clog the packing. Therefore, the absorber Captured CO; flow rate (kg/s) 1095
is operated below 20°C and cooled with cooling water of ambi- i;q”';)ed lean 5°1"f,“‘ "f‘” rate (kgfs) — gg‘]“;‘o
I 11 _ . SOrber Cross sectional area requirement (m 2
ent temperature to minimise the chilling duty required. Although Stripper cross sectional area tequirment (m?) 784

a detailed design to address the temperature bulge in the absorber
is beyond this study scope, the coolers are located between 7.5 and
18.0m from the absorber bottom to control the temperature dis-
tribution in the absorber. Such an approach is similar to the one
proposed by Kothandaraman (2010).

Finally, the model is scaled up to meet the requirement of 90%
CO, capture level from the 580 MW, CFPP. Using the generalised
pressure drop correlation, along with physical properties available
in the simulation, the cross-sectional areas of the absorber and
stripper columns are determined. As Sinnott and Towler (2013)
have recommended the design pressure drop values for absorbers
and strippers to be between 15 and 50 mmH,0/m of packing, a
pressure drop of 42 mmH,0/m is selected. Process stream infor-
mation and initial design parameters are given in Table 7.

A MELLAPAK 350X packing, which has been recognised to
provide excellent performance with columns of up to 15 min diam-
eter (Sulzer, 2012), is used in sizing the columns. To determine the

30
Mellapak 350X

Absorber and stripper packing height (m)
Absorber and stripper packing type

required number of units, a sensitivity study is conducted (Fig. 4).
It reveals that using one absorber would require a diameter of
18.4m. Such a solution is not viable in terms of structural limi-
tations and operational reliability. Therefore, with consideration of
the part-load operation of the power plant, two absorbers of 13 m
diameter, and one stripper of 10 m diameter are selected. The main
parameters characterising the developed full-scale CAP model are
presented in Table 8.

2.3. CO; compression unit

Metz and Davidson (2007) state that sufficient CO, stream con-
ditions for the pipeline transport are ambient temperature and
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Fig. 4. Determination of a column number for the large-scale chilled ammonia
process.

Table 8
Full-scale CAP plant operating conditions.
Stream parameter Value Equipment Value
parameter
Liquid-gas ratio 3.647 Reboiler 164.9
(mass basis) temperature ("C)
Lean loading 0.250 Specific reboiler 34
(mol/mol) duty
(MW, /kgCOy)
Rich loading 0415 Condenser 20.0
(mol/mol) temperature (°C)
CO; stream purity 0.938 Stripper pressure 10.0
(mass basis) (bar)
CO; capture level 0.900 Reflux ratio (mass 0.233
(mass basis) basis)

pressure of 110 bar. To minimise the compression work required,
it is assumed that CO is first compressed to the critical pressure
of 74 bar and then pumped to 110 bar prior to transport (Table 9).
Although the energy requirement of the capture section imposes
the highest energy penalty on the CFPP, a CO, conditioning energy
requirement prior to transport is of significant magnitude and must
be considered in the analysis.

Each compression stage of the CO, compression unit (CCU) con-
sists of a centrifugal compressor, stage intercoolers and scrubbers.
Such configuration brings two-fold benefits to the system perfor-
mance: firstly, the volumetric flow rate of the gas through the
compressor is reduced on cooling, hence required compression
power is reduced; secondly, the moisture and impurities content
in the gas stream is reduced, preventing erosion of the com-
pressor components. The CO, compression is modelled using the
polytrophic compression model with constant stage polytrophic
efficiency (78-79%) (Pfaff et al., 2010; Posch and Haider, 2012). A
number of compression stages for a particular case is determined
based on the assumption that the pressure ratio and the polytrophic
head should not exceed 3 and 3050 m, respectively, due to equip-
ment limitations (Sanpasertparnich et al., 2010).

Table 9
CO, compression unit specification and preliminary performance.
Unit Discharge Discharge Net power
pressure (bar) temperature consumption
(o] (MWe)
15t compressor 16.793 72.85 4.52
2" compressor 27.790 93.27 4.46
3 compressor 47.745 96.65 427
4th compressor 74.000 83.45 2.56
Pump 110.000 31.57 0.31

3. Parametric study
3.1. Considerations

In general, the chilling duty of the system depends on the lean
solvent flow rate and temperature. More importantly, the reboiler
duty determines the steam requirement. Therefore, to achieve an
optimal operating condition in the CAP plant, while maintaining a
90% capture level, both the solvent flow rate and the reboiler duty
must be minimised. Therefore, parametric studies are conducted
on parameters that influence both variables:

¢ lean solvent NH3 concentration between 7.5 and 17.5%wt;
e |ean loading between 0.25 and 0.31;
e stripper pressure between 10 and 40 bar.

Although the CAP plant can be operated with a higher lean sol-
vent NH3 concentration and lean loadings, this would result in solid
precipitation. This, in turn, would result in clogging of the packed
columns and thus, a reduction in the capture performance due to
decrease in the liquid-gas mass transfer area.

When the CAP plantis integrated to a power plant, there are four
main units that require energy input from the power plant - elec-
tricity isrequired to drive pumps (Wpump ), compressors (Weomp) and
chillers (W), which is calculated based on the chilling duty (Qgpiy)
using Eq. (12) with the coefficient of performance assumed to be 7.8
(MHI, 2012), and heat is required in the reboiler (Q,.) for solvent
regeneration, usually by extracting steam from the power plant
steam cycle. To determine the total parasitic load, a summation of
the electricity and heat requirements would be thermodynamically
inaccurate as they differ in the energy quality. Therefore, an equiva-
lent work is determined to evaluate the overall energy requirement
(Weq) of the CAP using Eq. (13) (Van Wagener and Rochelle, 2011).
The electricity generated by the generator coupled with the steam
turbines before CAP plant integration is a function of Carnot effi-
ciency, which accounts for non-ideal expansion in the turbine.
Moreover, the equivalent work also depends on the reboiler tem-
perature (T, ) and the sink temperature (T, ), which is about 15°C
in the temperate regions of Europe.

Qi
COP = = 12
Wenin (12)

Trep +10 — Tgink

Weq=0.75-Q,e,,-( e

) + WPU'"P + Wchill i Wcomp
(13)

3.2. Effect on reboiler duty

An increase in the solvent NH3 concentration results in a reduc-
tion in the required circulation flow rate (Fig. 5). This, in turn,
impacts the reboiler duty, as more solvent entering the reboiler
requires more energy for its heating. However, as lean solvent
of high loading is characterised by diminished solvent absorption
capacity, it is observed in Fig. 5 that operating at lean loadings
higher than 0.30 for NH3 concentrations higher than 15%,,+ would
require an increase in the solvent circulation rate to achieve a 90%
capture level. Therefore, a combination of higher solvent concen-
trations and lower lean loadings may be recommended, as this leads
to lower solvent circulation rates as predicted in the analysis, and
hence less chilling duty and pumping power are targeted. Unfor-
tunately, operating the CAP plant under such conditions results in
greater NH3 slip in the absorber, which increases with increasing
solvent concentration and decreasing lean loading (Fig. 6).

More importantly, the analysis reveals a complex impact on
the reboiler duty (Fig. 7). For the lean loading of 0.25, increasing
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Fig. 5. Impact of the solvent concentration and loading on the solvent circulation
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Fig. 6. Impact of the solvent concentration and loading on the NHj3 slip rate in the
absorber.

the solvent NH3 concentration causes a uniform reduction of the
reboiler duty. This is due to the reduced solvent circulation rate,
which is a consequence of the higher NH; concentration, when a
90% capture level is maintained. The impact of the reduced solvent
circulation rate on the reboiler duty diminishes at higher lean load-
ings, where any increase in the NH3 concentration in the solvent
results only in aslight reduction of the reboiler duty (lean loading of
0.26) and even in a significant increase in the reboiler duty (above
0.26) at solvent concentrations higher than 12.5%. This complex
behaviour can be attributed to the changing energy demand of the

380
375
Z 370
2
£
2> 365
3
°
% 360
@
@ 355
350
345
5.0% 75% 10.0% 12.5% 15.0% 17.5% 20.0%
Lean solvent NH, concentration (%.,,)
""" (25 ‘em=s(.26 === () 27 =ase()2f; w2020 = ()3 e=———0.31

Fig. 7. Impact of the solvent concentration and loading on the reboiler duty.
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Fig. 8. Impact of the solvent concentration and lean loading on the chilling duty.

components that contribute to make up the reboiler duty. Biliyok
and Yeung (2013 ) surmised that the energy supplied to the reboiler
for solvent regeneration in the stripper is used to:

* increase the rich solvent to the reboiler temperature (sensible
heat);

* evaporate the solvent (latent heat), which then acts as a stripping
agent in the stripper;

* reverse the chemical reaction that has taken place in the absorber
(heat of reaction);

e liberate CO, dissolved in the solvent (heat of dissolution).

As a rate-based model, with chemical reactions implemented, is
used in this work, such complex interactions can be explored. The
summation of the heat of reaction and dissolution is the heat of
absorption, and in general, a higher solvent concentration means
more solvent available for chemical reaction. Therefore, a higher
heat of absorption is expected, as more heat is liberated per unit
volume of the solvent in the absorber. Therefore, although higher
NH3 concentrations lead to lower lean solvent flow rates and thus
reduced sensible heat requirement to increase the rich solvent
temperature, they result in more energy required to reverse the
exothermic reaction that has taken place in the absorber.

Moreover, although operation of the CAP plant with the sol-
vent NH3 concentration of 17.5%: and low lean loadings improves
process performance, it leads to high NHj slip. Consequently, the
optimum operating point for the CAP plant falls within the range
of NH3 concentration of 10-15%y: and a lean loading of 0.28-0.31.

3.3. Effect on chilling duty

The CAP CO; capture plant comprises two chillers - the flue gas
chiller, whose duty is unchanged as the flue gas load is fixed, and the
lean chiller, whose duty is dependent upon the solvent NH3 concen-
tration and lean loading, both of which affect the solvent circulation
rate (Fig. 5), as well as the lean solvent temperature. From Fig. 8, it
is clear that the CAP plant chilling requirement increases with the
lean solvent loading at constant solvent NH; concentration, due to
a corresponding increase in the solvent circulation rate.

However, for the considered range of lean loading values,
the chilling duty requirement falls to a minimum value at
approximately 12.5%wt, and then begins to increase as solvent NH3
concentration is increased. This is explained by the reduction in the
solvent circulation rate as NH3; concentration increases, which
results in a reduction of the chilling duty for solvents. As NH3 con-
centration exceeds 12.5%, the chiller duty requirement increases
as the solvent circulating flow rate decreases. This is due to the
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Fig. 9. Impact of the solvent concentration on the absorber temperature profile at
lean loading of 0.29.

temperature profile in the absorber, which reveals that tempera-
ture increases with higher NH3 concentration in the solvent (Fig. 9).

This temperature increase is brought about by a higher rate of
chemical reaction in the absorber, which releases more heat due
to its exothermic nature. In addition, due to the lower circulation
rate at constant flue gas rate, and hence lower liquid-gas ratio, at
higher solvent NH3 concentration the temperature bulge is located
at the top of the absorber, above the cooling section (Fig. 9). As the
rich solution leaves the absorber at higher temperature, less heat
is transferred in the cross heat exchanger. Therefore, the lean solu-
tion enters the lean chiller at higher temperature, which is why a
greater chiller duty is required to maintain CAP conditions. There-
fore, to minimise the chilling duty the CAP plant should be operated
between 10 and 15%: for NH3 solvent concentrations and between
0.25 and 0.30 for lean loading.

3.4. Optimum operating point

3.4.1. Optimum lean solvent NH3 concentration and loading

To identify the operating conditions resulting in the minimal
parasitic load imposed on the power plant by the CAP process, an
equivalent work is determined for the range of lean solvent NH3
concentrations and lean loadings.

Fig. 10 reveals that the energy requirement of the CAP plant is
greatest at low solvent NH3 concentration. This is due to high elec-
tricity demand for both chillers and pumps, as well as a high heat
requirement for solvent regeneration. An increase in the solvent
NH3 concentration reduces the overall energy requirement up to a
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Fig. 10. Impact of the solvent concentration and lean loading on the equivalent work
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clear minimum value that can be identified for the lean solvent NH3
concentration of about 12.5%:. Above this value the overall energy
requirement increases, as expected from the trends observed in the
reboiler and chilling duty.

The parametric study revealed that the minimal equivalent
work requirement of the CAP plant is achieved at a solvent NH3
concentration of about 12.5%: and a lean loading of 0.29. Com-
pared to different operating points presented in Fig. 6, operation of
the CAP plant under such conditions is characterised by moderate
NHj5 slip rate in the clean gas of 8.6 kg/s, as a result of relatively high
lean loading, even though absorber temperatures remain below
20°C. This corresponds to the NH3 slip of 30,900 ppmv, which is
19.2% less compared to 38,200 ppmv estimated by Zhang and Guo
(2013a) for the large-scale AAP plant. Moreover, based on the mod-
els for the CO; capture plant using 30%: MEA developed by Hanak
et al. (2014), in which the CO; absorption is conducted at temper-
atures close to the AAP conditions, the MEA slip in the absorber is
two orders of magnitude lower and amounts to 181 ppmv.

Such NH3 emission rate is unacceptable as high NH3 concen-
tration can cause severe harm to the plant operators’ health and
adverse environmental effects (APM, 2013). Therefore, the regula-
tions regarding the allowable human exposure NH3 concentrations
have been implemented worldwide that vary between 20 ppmv
(Manning et al., 2007; Barrasa et al., 2012) and 50 ppmv (Han et al.,
2013). It needs to be pointed out that the maximum allowable
NH3 slip in the selective catalytic reduction system for NOy emis-
sion mitigation is usually set as 5 ppmv (DiFrancesco et al., 1997;
Schallert, 1993; Zhou et al., 2013; Jensen-Holm et al., 2007), with
the average of 2 ppmv for 90% NOy removal in ideal uniform con-
ditions (Rogers and Nolan, 2001). Based on the study by Zhang and
Guo (2013b), who identified that the average NHj5 slip of 1-2 ppmv
in the AAP plant corresponds to the NHj slip rate of 0.0006 kg/s,
an additional water wash section is required. However, this is not
included in the scope of this study.

3.4.2. Optimum stripper pressure

All scenarios presented above were conducted with the assump-
tion that the stripper is operated at 10 bar. However, as it is claimed
that the CAP plant would perform better at elevated pressures, the
impact of the stripper pressure on the equivalent work requirement
is analysed (Fig. 11).

This analysis revealed that variation in the stripper pressure has
a minor effect on the chilling duty. Conversely, it has a consider-
able impact on the rich pump energy requirement. Yet, an increase
in the pumping power resulted in the CO; stream taken from the
top of the stripper at a higher pressure. This considerably reduces
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the compression work requirement. This also lowers the reboiler
duty required; however, the operating temperature of the reboiler
increases with pressure; hence steam of higher quality would be
required. A reduction of the reboiler duty caused by the increase
in the CO; and H,0 equilibrium partial pressures ratio at higher
temperatures was found to be typical for solvents of high heat of
CO3 absorption (Darde et al.,, 2012). Finally, to operate the stripper
at higher pressures, thicker column walls or materials of higher
strength would be employed, which would directly increase the
capital cost.

Overall, the minimal equivalent work of 130 MW, was observed
at stripper pressures between 12.5bar and 17.5 bar. Within this
range, an increase in the equivalent work related to the reboiler
duty and the pumping power requirement is balanced by a
decrease in the compression power requirement. For higher
stripper pressures, however, the compressor power requirement
reduction is outweighed by the increase of the remaining con-
stituents, resulting in the equivalent work increase. Comparing
performance of the CAP plant and the conventional MEA process,
itis found that the equivalent work estimated in this study for the
CAP plant (323 kWh/tCO,) is 4.7-15.7% lower (339-383 kWh/tCO,)
(Hanak et al., 2014; Ahn et al., 2013).

4. Conclusions

This study was undertaken to develop a large-scale rate-based
model of CAP and to explore its expected advantages over MEA
and AAP processes. First, a pilot-plant scale AAP rate-based model
was developed and validated with the Munmorah pilot-plant data
to prove the efficacy of the proposed modelling approach. As the
model was found to be in agreement with the plant data, it was
then tuned to operate under CAP conditions, before it was scaled
up to handle the flue gas from a 580 MW, coal-fired power plant. A
parametric study identified the dimensions and number of columns
required at this scale. It was identified that two absorbers and a
single stripper are required to accommodate this volume of flue
gas. Such configuration is expected to be beneficial under part-load
operation.

The impact of the lean solvent NH; concentration and load-
ing are analysed, and an optimum operational point was found,
which results in the lowest parasitic load on the CFPP, for the con-
ditions under consideration, at NH; concentration of about 12.5% ¢,
loading of about 0.29 and stripper pressure between 12.5 bar and
17.5bar. At this point, the CAP plant performance resulted in a
4.7-15.7% reduction in the equivalent work required by the PCC
plant with CCU compared to the MEA process, although a significant
chilling duty is also imposed.
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HIGHLIGHTS

GRAPHICAL ABSTRACT

« NH3 has been proposed as a viable
solvent to reduce the efficiency
penalty.

« Retrofit of a coal-fired power plant
with a chilled ammonia process was
analysed.

« A base case scenario showed that
efficiency penalty fell between 10.4%
and 10.9%.

« Alternative process configurations for
the efficiency improvement were
investigated.

« The efficiency penalty was reduced to
8.7%.
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Development of clean coal technologies for power generation is crucial in meeting the European Union
2050 target to reduce greenhouse gas emissions. CO, capture technology using chemical solvents
currently has the highest potential to decarbonise coal-based power generation. Substitution of amine
solvent with NH3 has been proposed as a viable option to reduce the efficiency penalty. In this study,
the scenario of a supercritical coal-fired power plant retrofitted with a chilled ammonia process capture
plant and CO, compression unit was modelled in a common simulation environment. To fully assess the
integration impact on power plant performance, the pressure loss due to steam extraction has been taken
into account by using the Stodola ellipse law. Analysis of a basic integration scenario revealed that the
efficiency penalty fell between 10.4% and 10.9% points depending on the stripper pressure. The quality
of extracted steam became insufficient to meet the reboiler heat requirement above a stripper pressure
of 21.8 bar, and the lowest efficiency penalty was obtained when reboiler condensate was returned to the
deaerator in the power plant. In evaluating measures to improve integration, the efficiency penalty was
reduced to 8.7-8.8% points through the integration of a single-stage or two-stage auxiliary steam turbine,
respectively, and a back-pressure turbine. Nevertheless, the analysis has indicated that the net impact on
power plant performance is similar to that of an amine-based post-combustion CO, capture plant.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

achieve this, greenhouse gas emissions need to fall by 80% by the
year 2050, compared to 1990 levels. In 2011, coal-based power

Mitigation of the adverse effects of climate change requires lim-
iting the global CO, concentration to 450 ppm, by 2050 [1]. To

* Corresponding author. Tel.: +44 (0) 1234 750111x8254.
E-mail address: d.p.hanak@cranfield.ac.uk (D.P. Hanak).

http://dx.doi.org/10.1016/j.apenergy.2015.04.059
0306-2619/© 2015 Elsevier Ltd. All rights reserved.

generation accounted for 29% of the global energy demand, simul-
taneously resulting in 44% of CO, emission from energy-related
sources [2]. As a result, post-combustion capture (PCC) using
chemical solvents is considered as a viable approach to reduce
the environmental impact of coal-fired power plants, due to the
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Nomenclature

Parameters

a turbine design parameter (-)

m mass flow rate (kg/s)

n adiabatic index (-)

p steam pressure (bar)

v velocity (m/s)

p density (kg/m?)

n; isentropic efficiency (-)

Superscripts

0 parameter at design conditions

Subscripts

in stream parameter at inlet to the unit operation
out stream parameter at outlet from the unit operation

Abbreviations

AAP aqueous ammonia process
CAP chilled ammonia process
CcCu CO, compression unit
CEPR coal-fired power plant

HI heat integration

HP high-pressure

P intermediate-pressure

LP low-pressure

HPFWH high-pressure feedwater heater

LPFWH low-pressure feedwater heater
MEA monoethanolamine
PCC post-combustion capture

ease of integration, high flexibility and independent operation [3-
5].

Currently, amines, such as monoethanolamine (MEA), are the
default solvents for PCC. These introduce substantial parasitic
loads on the power plant due to the amount of energy required
for solvent regeneration, resulting in efficiency losses of 9.5-
12.5% points in coal-fired power plants (CFPP) [6-8]. These effi-
ciency penalties can be mitigated through application of rotating
packed beds that enhance the mass and heat transfer, which
results in reductions in the size of the reactors and decreased
energy requirements [9-11]. Although several models of the inten-
sified amine scrubbing equipment have been recently published
[11-13], neither the whole system nor impact of its integration
on power plant performance has been analysed. Furthermore, sol-
vent substitution has been identified as a viable measure to reduce
the energy intensity of the PCC plants [14,15]. Goto et al. [8]
reviewed the impact of integration of the PCC plant for a number
of alternative chemical solvents, and revealed that the efficiency
penalty can be reduced to 8.0-8.5% points with NH3 [16,17] and
to 8.5% points with amine-blends, such as methyldiethanola-
mine/piperazine [18]. Moreover, studies by Kvamsdal et al. [19]
and Van Wagener et al. [20] showed that the use of piperazine as
a solvent can reduce the efficiency penalty to 7.0-7.2% points. An
alternative to chemical solvent absorption is application of novel
CO, membranes, which has the potential to reduce the efficiency
penalty to 6.4-8.5% at a low cost [21]. However, the issues related
to flue gas impurities, low gas pressure and CO, partial pressure
still need to be resolved [22]. Another alternative is to use solid
sorbents in high-temperature processes that would impose an effi-
ciency penalty of 7-8% points [23]. Regardless of the fact that the
well-established fluidised bed technology is utilised, the chal-
lenges of sorbent deactivation and reactivation need to be resolved
before large-scale deployment [24].

Development of NH3-based PCC processes has reached the pilot
plant stage in a relatively short period of time and it was projected
that these processes would become commercially available by
2015 [25]. Different options for the NH;-based PCC plant have been
tested at the pilot-plant scale - the aqueous ammonia process
(AAP) at Munmorah pilot plant [26] and the chilled ammonia pro-
cess (CAP) at Pleasant Prairie and Mountaineer CFPPs - but the CAP
campaigns were cancelled due to cost and schedule overruns
[27,28].

The main advantages of NH; over amine-based solvents have
been recently reviewed by Shakerian et al. [29] and are:
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e commercial availability at lower price;

o higher CO, absorption capacity compared to the MEA solution
of the same concentration;

o lower heat of reaction resulting in lower heat requirement for
solvent regeneration;

« projected efficiency penalty as low as 4.1-7.0% points [30-32],
which is yet to be substantiated experimentally [33], though
efficiency penalty has been determined to be between 8.5%
and 11.6% points [5];

e no solvent degradation on contact with the flue gas
components;

e stripper can be operated at elevated pressure/temperature,
leading to less compression work required;

e NH3 is not as corrosive as amines and can be used as a multi-
component capture solvent [4].

A major drawback of using NHj is its high volatility leading to
NH; slip in the absorber [34]. To comply with environmental
requirements, the NH3 slip can be controlled either by adding an
additional acid water wash or by operating the absorber below
20 °C in the so-called CAP process. Unfortunately, both cases would
lead to increased capital and operating costs and to only slight
improvement of the overall process performance over amine-based
systems [4,33,35].

Until recently, the CAP process has been evaluated through
thermodynamic modelling [36] and process simulation [5,37-39]
using only an equilibrium approach. Versteeg and Rubin [38] used
a thermodynamic Electrolyte NRTL model available in Aspen Plus
to perform a basic analysis of the CAP plant integration to the
CFPP, and revealed that implementation of the CAP process pro-
vides no improvement over the conventional amine-based PCC as
the net efficiency penalty amounted to 11.2% points. This has been
confirmed by Linnenberg et al. [5], who modelled the CAP process
in Aspen Plus using the Extended UNIQUAC equilibrium model and
the supercritical coal-fired power plant in EBSILON Professional. In
their study, the efficiency for the base case ranged between 10.4%
and 11.6% points, depending on the cooling water temperature.
However, they showed that optimisation of the process parameters
can reduce the net efficiency penalty to between 8.5% and 9.5%
points, depending on the CAP configuration used. A similar integra-
tion impact was also obtained by Valenti et al. [40] (8.6% points);
however, the CAP model in their study was composed of flash
drums connected in series and, thus they have not accounted for
the mass and heat transfer in the packing.
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Since neither of these studies involved the rate-based modelling
approach for the absorption and regeneration processes in the CAP
plant, nor analysed the enhancements for process integration, the
aim of this paper is to evaluate the alternative CFPP retrofit scenar-
ios using a high-fidelity process model of a CFPP and a rate-based
CAP plant. Retrofit scenarios considered are based on the integra-
tion configurations developed for the amine-based PCC, conducted
in a common simulation environment, with the Stodola ellipse law
implemented to fully assess the integration impact resulting from
pressure losses. Finally, process performance improvement,
through heat and work integration, is also explored.

2. Model development
2.1. Supercritical coal-fired power plant

A high-fidelity supercritical CFPP model was developed in
Aspen Plus V8.4 and compared with data from a revised NETL
report [41]. A maximum error of 5.8% in coal consumption rate
was observed. The verified power plant model is used as a bench-
mark scenario in this study. The CFPP (Fig. 1) comprises a super-
critical power boiler with NOx and SOy emission control
equipment and the electrostatic precipitator, which has all been
modelled thermodynamically using the Peng-Robinson-Boston-
Mathias (PR-BM) equation of state, as well as a steam cycle that
has been thermodynamically described with steam tables
(STEAMNBS). The performance of the CFPP is characterised by
gross power output of 580.4 MW,, net thermal efficiency of
38.5%unv and other key performance parameters as presented in
Table 1.

Steam turbines are modelled as individual turbine sections,
hence the high- (HP), intermediate- (IP) and low-pressure (LP)
cylinders are further divided into the required steam turbine
sections. For each section, the isentropic efficiency was estimated
to match the desired discharge temperature in the revised NETL
report [41]. In all scenarios investigated, the condenser is assumed
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Table 1

Supercritical CFPP key performance parameters.
Parameter Value
Flue gas stream (kg/s) 617.2
CO, content in flue gas (%,q) 15:2
Higher heating value of coal (MJ/kg) 26.1
Coal consumption rate (kg/s) 53.8
Air consumption rate (kg/s) 526.5
Live steam generation rate (kg/s) 462.3
Excess air ratio (%yo1) 20.0
Live steam pressure (bar) 2423
Reheated steam pressure (bar) 452
IP/LP crossover pressure (bar) 9.3
Condenser pressure (bar) 0.069
Live and reheated steam temperature (°C) 593.3
Mechanical efficiency of the rotational machinery (%) 99.0

to operate at a fixed pressure of 0.069 bar, which corresponds to a
condensation temperature of 38.7 °C. A condenser area is esti-
mated to ensure a cooling water temperature increase of 11 °C
under design conditions. Under off-design conditions, only a minor
change in the overall heat coefficient is expected, hence a fixed UA
value is imposed while the cooling water temperature difference is
increased to meet the duty requirement. The feedwater heating
train comprises five LP feedwater heaters (LPFWH) including the
deaerator, and three surface HP feedwater heaters (HPFWH). At
design conditions, the feedwater heaters are characterised by the
terminal temperature difference of 2.78 °C and the minimal tem-
perature difference between subcooled condensate and inlet feed-
water of 5.56 °C. As the UA value cannot be estimated in a reliable
and accurate way for the heat transfer during the phase change, a
method used in Cycle Tempo software by TUDelft [42], which
relates the aforementioned temperature differences with the ratio
of the off-design and design feedwater flow rate, is adapted to
determine the off-design performance of the feedwater heaters.
Integrating the CO, capture plant using chemical solvents
requires a large amount of heat for solvent regeneration in the
reboiler. Condensing steam extracted from the IP/LP crossover pipe
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Fig. 1. Process flow diagram of reference supercritical CFPP.
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of the existing power plant has been found to be the most efficient
option for meeting this heat requirement [43], though at the
expense of highly off-design operating conditions in the LP turbine.
Therefore, the power output of this section drops not only as a
result of reduced LP turbine throughput, but also due to inlet pres-
sure loss resulting from steam expansion downstream the extrac-
tion point. As the condenser pressure is assumed to be fixed,
pressure gradients across turbine sections are determined using
Stodola’s ellipse law presented in Eq. (1) [44-46] to determine
the inlet pressure in a back-to-front manner. This is implemented
using the Aspen Simulation Workbook in MS Excel.
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Furthermore, reduction in the steam pressure downstream of
the extraction point results in an increase in velocity, and hence
kinetic energy at the inlet to the LP turbine. Kinetic energy of steam
increases further on expansion in the LP turbine stages, and thus
the turbine discharge loss would be higher than under design con-
ditions. This, in turn, would affect the isentropic efficiency of the LP
turbine and could cause operational issues, such as vibration of the
last stage moving blades [47]. Therefore, the isentropic efficiency is
updated using Eq. (2), which is based on the approach used by
Salisbury [48] and Knopf [45] assuming that each turbine section
reaches its optimal performance at design conditions and com-
prises 50% reaction blading (a =0.7071).

2.2. CO, capture system using chilled ammonia process

A high-fidelity rate-based model of the CAP plant (Fig. 2), used
to evaluate the impact of integration to the CFPP, has been

developed and described in detail by Hanak et al. [49]. The model
predictions were found to be in close agreement with the pilot
plant data, with the errors within the experimental uncertainty.
The electrolyte non-random two-liquid (ELECNRTL) thermody-
namic method for liquid phase is combined with the Redlich-
Kwong equation of state for the vapour phase for prediction of
the vapour-liquid equilibrium. The kinetic parameters determined
by Pinsent et al. [50] were used to describe the chemical reactions
in the system. Although these parameters were determined in a
dilute system, Derks and Versteeg [51] showed that the apparent
rate of CO, absorption by aqueous solution of NH3 increases lin-
early with NH3 concentration. Hence, the kinetic parameters pro-
vided by Pinsent et al. [50] remain valid at higher NH;
concentrations.

The model was then scaled up using the generalised pressure
drop correlation. The parametric studies revealed that the parasitic
load imposed on the CFPP performance, which is expressed in
terms of equivalent work accounting for power output loss due
to steam extraction, capture plant auxiliaries, chillers and CO,
compression power requirement is minimal at a lean solvent con-
centration of 12.5%,,: NH; and lean loading of 0.29. Moreover, salt
precipitation in the column does not occur under these operating
conditions, thus some related potential operational problems can
be avoided. The design and performance data of the CAP plant
are presented in Table 2.

A CO, compression unit (CCU) is also sized to assess the energy
requirements for compression. Each compression stage of the CCU
consists of a centrifugal compressor, stage intercooler and scrub-
ber. To minimise the compression work required, it is assumed
that CO, is first compressed to the critical pressure of 74 bar and
cooled to 30 °C, before being pumped to 110 bar, an appropriate
pressure for CO, transport [52]. Although the energy requirement
of the CO, capture section imposes the highest energy penalty on
the CFPP, a significant amount of energy is required for CO, condi-
tioning prior to transport and must be considered in the analysis.
The CCU is modelled using constant compression stage polytrophic
efficiencies of 78-79%, and the pump isentropic efficiency of 80%
[53,54]. The number of compression stages for each particular case
is determined based on the assumptions that the pressure ratio
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Fig. 2. Process flow diagram of chilled ammonia CO, capture plant.
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Table 2

CAP plant equipment design and operating conditions.
Design parameters Value Operating parameters Value
Columns height (m) 30 CO; capture efficiency (%) 90.0
Absorber diameter (m) 13 Reboiler temperature (°C) 151.1
Number of absorbers 2 Equivalent work (kW h/tCO,) 3249
Stripper diameter (m) 10 Flue gas inlet temperature (°C) 7.0
Number of strippers 1 Stripper pressure (bar) 10.0
Packing type Mellapack 350X Absorber pressure (bar) 1.0

and the polytrophic head should not exceed 3 and 3050 m, respec-
tively, due to equipment limitations [55].

3. Process integration

3.1. Considerations

Retrofit of the CFPP with the CAP plant (Fig. 3) includes several
interface points: connecting ducts to send the flue gas to the CAP
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Clean gas
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plant (I); electrical connections for solvent pump (II); chiller (III);
CO, compressors (IV); and tie-ins for steam extraction (V) to the
CAP plant reboiler and condensate return (VI) to the power plant
steam cycle.

The location of steam extraction in the steam cycle is highly
dependent upon the conditions in the stripper reboiler. Unlike
amines, NH; does not undergo thermal degradation at high tem-
peratures, but vaporises and condenses back to liquid on cooling.
Therefore, the stripper of the CAP plant can be operated at higher
pressures, and hence higher temperatures. This, in turn, results in
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Fig. 3. Process flow diagram of the PCC and CCU integrated into the reference supercritical CFPP.
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less compression work required to deliver the desired pipeline
pressure, and potentially a reduction in the amount of heat
required for solvent regeneration. However, such high pressures
would require steam of higher quality and thus, may not always
result in improvement in the net thermal efficiency. Therefore,
the feasibility of operating the stripper at higher pressures in the
integrated system needs to be analysed.

Several options for the PCC plant integration to the steam cycle
have already been proposed by IEA [56], where different turbine
configurations were investigated. Although these intermediate-/
low-pressure (IP/LP) turbine configurations would allow steam
extraction at the pressure desirable for the CO, capture process,
they are mainly applicable in the new-built scenarios. It must be
stressed, however, that the [P turbine discharge pressure in the
existing fleet of the CFPPs varies and is usually much higher than
required for solvent regeneration. If this is the case and, as extrac-
tion of steam from the IP/LP crossover pipe would cause upstream
pressure drop, the LP turbine needs to be throttled to maintain the
IP turbine discharge pressure so that steam of appropriate quality
can be extracted while keeping the energy losses to a minimum.

As the CAP plant can be operated at higher pressures, the strip-
per pressure is varied between 10 bar and 40 bar to identify the
viable operating range for the considered CFPP. In the evaluation
of PCC integration, it is assumed that steam can be extracted from
the IP/LP crossover pipe and its pressure reduced so that 10 °C tem-
perature gradient is maintained between the steam saturation
temperature and the desired reboiler temperature. As the heat
duty of the reboiler is of a significant magnitude, it can be expected
that a large fraction of the IP/LP crossover steam will be extracted.
Such reduction in the existing LP turbine throughput will cause it
to operate in off-design mode due to pressure drop upstream of
the extraction point [57]. To account for the pressure loss in the
turbine, new extraction pressures for feedwater heating are
approximated using the Stodola ellipse law. Furthermore, to min-
imise the steam extraction impact on the overall system perfor-
mance, the LP turbine is throttled so that the IP turbine design
discharge pressure is maintained.

Finally, as the condensate is expected to exit the reboiler at a
considerable temperature, the location of its return to the steam
cycle would affect the power output of the CFPP. For this reason,
different scenarios are evaluated to identify the optimal return
location for which the energy penalty resulting from the capture
plant integration is minimised.

3.2. Process integration analysis

3.2.1. Steam requirement for solvent regeneration

The requirements of the CAP plant on the reference CFPP, with a
stripper operating pressure of 10 bar, are presented in Table 3. To
meet the temperature pinch in the reboiler, [P/LP steam needs to
condense at 161.1 °C and thus, its pressure needs to be reduced
to 6.35 bar. Having assumed complete steam condensation in the
reboiler, the required steam extraction flow rate was estimated
to be 138.9 kg/s, corresponding to 43.9% of the CFPP IP/LP steam

Table 3

Key parameters characterising the capture plant integration.
Parameter Value
Reboiler duty (MW,;,) 347.8
IP steam requirement (kg/s) 138.9
Required steam pressure (bar) 6.35
Condensate temperature (°C) 161.1
PCC auxiliary power requirement (MW,;) 3.40
Chilling power requirement (MW,,) 23.14
CCU power requirement (MW,,) 16.67
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flow rate. Moreover, although the absorbers were cooled with cool-
ing water instead of a refrigerant, a considerable amount of chilling
was still required to keep the lean solvent and flue gas tempera-
tures at the desired levels. Using a refrigerant would have resulted
in an increased parasitic load on the CFPP output, as the chiller
compressors require electricity to keep the refrigerant at a
sufficiently low temperature.

Steam extraction for the solvent regeneration resulted in a con-
siderable change in the pressure distribution in the CFPP LP turbine
(Fig. 4). As the Stodola ellipse law has been implemented, it is esti-
mated that extraction of 43.9% of the LP steam results in approxi-
mately 50.0% reduction in the inlet pressure of the subsequent
turbine stages and in 48.8% drop in the LP turbine power output.
This indicates that if one of the interface points of the PCC plant
is steam extraction from the steam cycle, the effect on the pressure
profile across the turbine sections upstream of the extraction point
needs to be accounted for to reliably assess the PCC integration
impact.

3.2.2. Available steam quality

Analysis of steam quality (Fig. 5) was conducted by varying the
stripper operating pressure from 10 to 40 bar, keeping the lean
loading constant and adjusting the solvent circulation rate to
maintain the CO, capture level of 90%. The analysis revealed that
the IP/LP steam pressure requirement increases gradually along
with the stripper operating pressure. Such behaviour corresponds
to a shift in the boiling point with pressure increase that leads to
a subsequent increase in the reboiler temperature. As the design
IP/LP crossover pressure is 9.3 bar, the analysis revealed that the
stripper can be operated at the maximum pressure of 21.8 bar.
Above this pressure, the saturation pressure of extracted steam,
which corresponds to the steam dew temperature required to meet
the temperature pinch in the reboiler, was found to exceed the IP/
LP pressure and thus the steam quality became insufficient to meet
the CAP reboiler requirements.

This challenge can be resolved through investigation of the
alternative integration options in which either HP steam is
extracted, for example, from the HP turbine discharge, or the LP
turbine is further throttled to increase the IP turbine discharge
pressure. These solutions, however, would cause higher efficiency
penalties as either less HP steam would be utilised in the steam
turbine or the LP turbine power output would be further reduced
on throttling.

3.2.3. Optimal condensate return location

In terms of the energy efficiency, it can be expected that the
optimum performance will be reached if the condensate is
returned to the feedwater train at a point of similar temperature.
This is because further preheating of the reboiler condensate will
be avoided in a scenario where the condensate is returned at a
point where the feedwater temperature is higher.

Having analysed the retrofitted CFPP process flow diagram,
returning the condensate to the condenser is a possible option.
However, it would result in dissipation of a large amount of energy
and the whole feedwater stream would need to be preheated in the
low-pressure feedwater heaters (LPFWH). This would result in
higher IP and LP steam extraction rates leading to less steam being
used to generate power in the steam turbines. Therefore, returning
the reboiler condensate to the condenser was judged to be not a
feasible option and was not considered in this study.

Analysis of the viable return locations (Fig. 6) revealed that
returning the reboiler condensate before LPFWH 1 provided the
worst performance, as the condensate temperature was much
larger than that of the feedwater. Returning the condensate before
the next LPFWHSs (2-4) was found to result in a gradual increase of
the gross power output. This was caused by less steam being
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extracted for the feedwater heating, and by smaller differences
between the feedwater and the condensate temperatures.
Nevertheless, deterioration of the LP turbine inlet pressure due to
steam extraction triggered subsequent reduction in the pressure,
and hence the steam saturation temperature, resulting in a
decrease of feedwater temperature leaving the LPFWHs from
147.2°C to 125.0°C. As the reboiler condensate temperature
(161.1 °C) is higher than the reference feedwater temperature at
the discharge from LPFWH 4 (147.2 °C), it implies that the deaera-
tor is the optimal location for the reboiler condensate return. This
was confirmed by analysis of the integrated system that has deliv-
ered the highest gross power output when the reboiler condensate
was returned directly to the deaerator. A benefit of such return
location was reduced LP steam consumption for feedwater heating,
as less feedwater needed to be preheated downstream of the
return location. Therefore, the net reduction of steam extraction
in the LP turbine sections for feedwater heating resulted in more
steam being available for power generation in the steam turbines,
causing an increase in the gross power output of the CFPP.

3.3. Process performance analysis

A comparison of the power generation performance of the CFPP
with and without the CAP plant (Table 4) revealed that the net effi-
ciency of the CFPP dropped by 10.9% points on PCC plant integra-
tion. This value is comparable to values reported in the literature
and is of the same magnitude as that of the reference amine-based
PCC plant [5].

The parasitic load imposed on the net power plant output
amounted to 155.7 MW, and was higher than the theoretical
equivalent work requirement of approximately 131.0 MW, identi-
fied in Hanak et al. [49]. This revealed a limitation of most of the
previous attempts based on thermodynamic estimates, as these
did not account for the pressure drop across the LP steam turbine
and for subsequent changes in steam extractions and thus LP feed-
water temperatures. The differences between the actual and
expected level of the parasitic load stemmed from a change in
steam pressure distribution across and drop in the isentropic effi-
ciency of the LP turbine due to steam throttling and extraction.
This indicates that to accurately account for the PCC plant integra-
tion to the CFPP, the change in the pressure distribution must be
included in the analysis.

Fig. 7 reveals that the most important driver causing a reduc-
tion in net power output was the LP steam extraction for solvent
regeneration (61.7%). However, unlike the amine scrubbing plant,

Table 4
System performance, environmental and integration impact indicators for supercrit-
ical CFPP with and without CAP plant.

Parameter Reference Basic CAP
CFPP integration

System performance indicators

Gross electricity production (MW,;) 580.4 467.2

Total auxiliary electricity consumption 27.7 70.2
(MW.)

Net electricity production (MW,;) 552.7 397.0

Gross thermal efficiency (%uuv) 40.4 325

Net thermal efficiency (%uuv) 38.5 27.6

Net specific chemical energy consumption 26 3.6
(kWen/kWer)

Specific coal consumption (g/kW h) 350.3 487.7

CO; intensity factor (g/kW hg) 7923 1103

Integration impact indicators

Net energy penalty (%) - 282

Net efficiency penalty (%) - 10.8

Increase in net specific chemical energy - 392

consumption (%)
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Fig. 7. A parasitic load distribution for the CFPP integrated with the CAP plant.

in which the efficiency penalty stems nearly completely from
steam extraction, solvent pumps and CO, compression, the
requirement for lean solvent and flue gas chilling in the CAP plant
introduces a considerable parasitic load, which accounted for 12.6%
of the net efficiency penalty.

Importantly, due to the efficiency penalty caused by the CAP
plant integration, 39.2% more chemical energy, hence coal, would
need to be provided in the boiler to maintain the net power output
of 552.7 MW4. In reality, such a rated net power output may not be
achievable as the coal handling equipment is not designed to pro-
cess that amount of coal. Therefore, the large reduction in the net
amount of electricity generated would substantially affect the unit
cost of electricity and thus, the plant profitability.

4. Improvement of the overall process performance
4.1. Advanced process integration configurations

In the investigated system, the IP/LP crossover steam has a
higher operating pressure than is required for solvent regeneration
at 10bar and thus, steam pressure is reduced in the let-down
valve. This pressure drop, in addition to the steam pressure loss
due to steam extraction, results in the loss of a considerable
amount of useful energy and is a major contributor to the effi-
ciency penalty. One solution to minimise this negative effect could
be a retrofit of the existing IP turbine with a new one characterised
by a discharge pressure designed for the PCC plant operation.
However, the CFPP retrofitted in this way is unlikely to reach its
rated performance when the PCC is shut down, for example, during
peak load operation [56]. Another solution is the implementation
of enhanced process integration configurations that were devel-
oped for the amine-based system, as well as improvement through
heat integration and development of new configurations. Although
such solutions would require additional capital investment, it is
expected that their implementation would result in increased net
thermal efficiency. However, a higher degree of integration results
in diminishing of flexibility and reliability of the plant.

4.1.1. Single IP/LP crossover pressure system (Case 1)

The first process configuration analysed in this study is the sin-
gle crossover pressure system (Fig. 8) [58], where the pressure of
steam extracted for solvent regeneration is reduced to the desired
pressure via a let-down turbine instead of the let-down valve. This
introduces flexibility, as the discharge pressure of the turbine can
be adjusted to what is required for solvent regeneration. Hence,
the solvent can be upgraded without the requirement of major
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Fig. 8. Additional let-down turbine in the single crossover pressure system.

changes to the existing system. In this study, the isentropic effi-
ciency of the let-down turbine is assumed to be the same as that
of the LP turbine.

4.1.2. Dual IP/LP crossover pressure system (Case 2)

In a dual crossover pressure configuration (Fig. 9) [58], a back-
pressure turbine is used to maintain IP turbine discharge pressure,
as opposed to a throttling valve. In the investigated scenario, the
same isentropic efficiency attained in the LP turbine is used for
both the let-down and back-pressure turbines and the discharge
pressure of the back-pressure turbine is determined using the
Stodola ellipse law, which is dependent on steam flow rate.

4.1.3. Dual IP/LP crossover pressure system with heat integration (Case
3)

In the configurations described above, steam would leave the
let-down turbine at the desirable pressure for solvent regenera-
tion; however, its temperature would still be significantly higher
than the reboiler temperature. Such temperature gradients would
result in exergy losses in the system [59]. Therefore, steam needs
to be de-superheated prior to being condensed in the reboiler.
This is achieved by using the steam to preheat the HP feedwater
leaving the boiler feedwater pump (Fig. 10). The advantage of such
configuration would be reduction of the IP steam extraction rates
to the HPFWHSs, and thus an increase in the net thermal efficiency.

4.1.4. Auxiliary steam turbine retrofit (Cases 4 and 5)

Lastly, the supercritical CFPP under investigation is equipped
with an auxiliary steam turbine to drive the boiler feedwater
pump, which is fed with the IP/LP crossover steam. A novel process

integration proposed in this study is the retrofit of the auxiliary
steam turbine for use as the let-down turbine so that its discharge
pressure matches the reboiler requirements. It is expected that
more steam would be extracted to deliver the same amount of
mechanical energy as by the conventional auxiliary turbine to
achieve the desired boiler feedwater pump discharge pressure. As
the pressure ratio of the auxiliary turbine would be lower, it is pos-
sible that more steam would be extracted than required for solvent
regeneration. The steam that is discharged from the new auxiliary
turbine at 6.35 bar, which corresponds to the reboiler steam pres-
sure requirement when the stripper is at an operational pressure of
10 bar (Fig. 5), is first de-superheated, then part of it is used to
meet the heat required for the solvent regeneration in the reboiler.
The rest is mixed with the steam extracted from the LP turbine to
the fourth LPFWH (Fig. 11). Alternatively, IP/LP steam can be
expanded in a two-stage auxiliary steam turbine, where most of
it is extracted after the first stage to meet the reboiler heat require-
ment, while the rest is expanded in the second stage and returned
to the condenser using the existing connection (Fig. 12). It is
expected that such designs of auxiliary steam turbine would
require more steam than the one determined by the reboiler
requirement.

4.2. Performance evaluation of the process configurations

Analysis of the process configurations (Fig. 13) revealed that in
the CAP plant with the stripper operating at 10 bar, substitution of
the let-down valve with the let-down turbine (Case 1) results in a
rise in the net plant efficiency by 0.7% points, in spite of an
increased extraction rate from 138.9 kg/s to 144.35 kg/s having a
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minor impact on the pressure distribution upstream of the steam
extraction tie-in. A further increase of 1.0% points was observed
when the back-pressure turbine was implemented to maintain
the IP turbine discharge pressure (Case 2), leading to an overall
gain of 1.7% points. This improvement in net thermal efficiency
was the result of more efficient steam utilisation, which was previ-
ously wasted in the basic integration case due to the pressure
reduction in the valves. Therefore, the impact of steam extraction
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on gross efficiency was reduced from 7.9% points in the basic inte-
gration to 6.2% points in Case 2. In addition, Cases 1 and 2 were
characterised by the specific coal consumption of 476.4 g/kW hg
and 460.1 g/kW h,, which is lower than in the basic integration
scenario by 2.4% and 5.6%, respectively, enhancing the process eco-
nomics and fuel safety.

Additionally, it was found that the net thermal efficiency was
higher if extracted steam was used to preheat the HP feedwater



270

11.0 q

-
o
S)

©
3
s

9.0 4

8.5 1

8.0

Efficiency penalty (%,,,,)

75 1

Z

LT TR RETTT

AR

7.0 4

Base case

D.P. Hanak et al. /Applied Energy 151 (2015) 258-272

S

%

Case 3 Case 4 Case 5

®10.0 bar @12.5bar ©@15.0 bar m17.5 bar

Fig. 15. Process performance improvements for the CAP.

prior to being fed to the reboiler (Case 3). Although such a config-
uration resulted in an extraction rate of 162.15 kg/s, which is
considerably higher than in the basic integration scenario, the
net thermal efficiency is further increased by 0.2% points to
29.5%unv, leading to 6.6% reduction in the specific fuel consump-
tion. Such process performance improvement was the result of a
reduced temperature difference between steam entering the reboi-
ler, which was cooled from 316.1 °C to 191.6 °C, and the solvent in
the reboiler (151.1 °C), as well as reduction in the IP steam extrac-
tion for the HPFWHs.

The results from the enhanced process configurations also
reveal that it is feasible to retrofit the existing auxiliary turbine
so that it is used to adjust the steam pressure to the reboiler
requirement. Compared to the basic integration scenario, the retro-
fit of the single-stage auxiliary turbine (Case 4) and the two-stage
auxiliary turbine (Case 5) resulted in rises in the net thermal
efficiency of 2.2% and 2.1% points, respectively. Such improvement
was also reflected in 7.8% and 7.3% reduction in the specific coal
consumption, respectively. The major difference between these
cases is the amount of [P steam extracted, amounting to
191.5 kg/s for Case 4 and 149.83 kg/s for Case 5, which is consider-
ably higher than 28.3 kg/s in the reference CFPP. As the reboiler
heat requirement was met with 161.9kg/s (Case 4) and
144.35 kg/s (Case 5) of the expanded and de-superheated steam,
it is clear that part of the steam at the de-superheater discharge
must be diverted and utilised elsewhere. In Case 4, 15.5% of the
steam was found to be more than enough to substitute the LP
steam extraction to LPFWH 4, leading to an increase of the final
LP feedwater temperature from 125.0 °C to 164.4 °C, which is even
higher than 147.2 °C in the reference CFPP. This leads to less IP
steam required to meet the desired operating temperature in the
deaerator, increasing the useful amount of steam. In Case 5, in turn,
only 3.7% of the steam was diverted to the second stage of the aux-
iliary turbine, in which it was expanded to the condenser pressure.
Although no heat integration was made with the LP feedwater
train as in Case 4, an additional amount of power generated
resulted from a considerable drop in the IP steam extraction rate,
leading to higher gross power output. As this configuration (i)
provides the second highest net thermal efficiency, (ii) can utilise
the existing piping to return the expanded steam to the condenser
and (iii) requires a smaller auxiliary steam turbine to be retrofitted,
it can be seen as a cost-efficient option for integration of the CAP
CO; capture plant in the CFPP.

4.3. Evaluation of stripper operating pressure effect

The impact of stripper operating pressures on the net thermal
efficiency of the different process configurations was evaluated
(Fig. 14). Although a maximum pressure of 21.8 bar can be
achieved in the stripper of the integrated plant, stripper pressure
is limited to 17.5 bar in this analysis, as Hanak et al. [49] have
shown that the CAP plant can be operated more efficiently at
stripper pressures of 12.5-17.5 bar. And as expected, increase in
the stripper operating pressure reduced the net efficiency penalty
from 10.9% points at 10 bar to 10.4% points at 17.5 bar for the basic
integration case. Although Hanak et al. [49] have estimated the
same equivalent work for stripper pressures of 12.5-17.5 bar, the
steam extraction rate decreased with pressure increase and thus,
more steam was available for power generation in the LP turbine
leading to the increase in net efficiency.

As already stated, a higher stripper operating pressure implies
that steam of higher quality, and thus pressure, is required for
solvent regeneration. Therefore, the discharge pressure of the let-
down turbine for the advanced configurations increases with the
operating pressure of the stripper, which in addition to the reduced
steam extraction rate, results in less power being generated in the
let-down turbine. As shown in Fig. 14, this effect was balanced by
reduction of the parasitic load of the CAP plant when the stripper
operates at 12.5 bar, resulting in a net efficiency similar to that
at 10 bar stripper pressure. However, further increase in the strip-
per pressure results in higher efficiency penalty as further reduc-
tion in let-down turbine power output is greater than the
reduction in the CAP plant parasitic load (Fig. 15). Additionally,
the analysis revealed that Case 4 can be implemented only for a
stripper pressure of 10 bar, as beyond this point, the amount of
steam diverted to the LP feedwater train become too high to be
utilised without major modifications to the system, and leads to
partial evaporation of the LP feedwater before it enters the deaer-
ator. Conversely, Case 5 allows the stripper pressure to be flexibly
adjusted and its implementation led to the lowest efficiency penal-
ties for all stripper pressures.

Among all integration scenarios analysed, the highest net effi-
ciency of 29.8%y is observed under Case 4. Compared to the basic
integration scenario, Case 4 would result in 7.8% reduction in the
specific coal consumption. However, as Case 5 at 10.0 and
12.5 bar has the second highest net efficiency (29.7%uny) and as
this configuration is expected to require minimal changes to the
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existing steam cycle design, it would provide a feasible and cost-ef-
fective measure in reducing the efficiency penalty imposed on CO,
capture plant integration. Although the net efficiency penalty of
8.7% points estimated in the best case is less by 0.8% points com-
pared to the lowest efficiency penalty reported for amine scrub-
bing (9.5%), integration of the CO, capture plant using CAP
process has still a considerable effect on the integrated system per-
formance. Therefore, further measures, including heat integration,
alternative process configurations and CO, capture technologies
need to be pursued.

5. Conclusions

This study aimed to evaluate the integration of the CFPP with
the CAP plant using the high-fidelity process models. To reliably
assess the impact of PCC integration, the effect of steam extraction
on the pressure profile across the turbine sections upstream of the
extraction point was accounted for using the Stodola ellipse law. In
the CAP plant, it was found that solvent regeneration can be con-
ducted at elevated pressures up to 21.8 bar, at which the IP/LP
steam quality becomes insufficient to meet the reboiler heat
requirement.

Under a basic process integration scenario, net efficiency fell by
10.9% points from 38.5%yy for CFPP without CAP to 27.6%y for
the integrated plant, which corresponds to the efficiency penalties
reported in the literature. Therefore, advanced integration configu-
rations, which include substitution of the let-down and throttle
valves with the let-down and back-pressure steam turbines, heat
integration for steam de-superheating and auxiliary turbine inte-
gration, were investigated in this study. It was observed that the
overall process performance would be enhanced by 1.7% efficiency
points if the steam pressure is controlled using a combination of a
let-down turbine and a back-pressure turbine. Additionally, if
steam extracted from the steam cycle is also de-superheated using
the HP feedwater before it is sent to the PCC, the net efficiency is
improved by 1.7% points compared to the base case. The efficiency
improvement of 2.1-2.2% points was reached when the novel con-
figuration proposed in this study (which involves coupling of a new
two-stage or a single-stage auxiliary steam turbine with the boiler
feedwater pump) was implemented. Nevertheless, the efficiency
penalty of the integrated system is still close to the amine scrub-
bing systems.
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Carbon capture and storage (CCS) is expected to provide a cost-effective means of CO, emission reduc-
tion from the power sector. Amine scrubbing, which is the closest CCS technology to the market, is a
suitable option for coal-fired power plants in retrofit scenarios. However, the energy requirement for
solvent regeneration in chemical absorption CO, capture processes causes a substantial reduction in the
power plant efficiency and power output. Therefore, novel technologies with lower efficiency penalties
need to be developed. One promising option is calcium looping (CaL) which is based on the reversible
carbonation/calcination reaction of calcium-based sorbent that takes place at high temperature. For the
purpose of this study, the CaL process was model was developed and then linked to a high-fidelity model
of a reference 580 MW, supercritical coal-fired power plant. A secondary steam cycle was also modelled
for recovery of high-grade heat from the CaL process. The results of the process analysis revealed that
the efficiency penalty imposed in the CaL plant retrofit scenario was 6.7-7.9% points. Such performance
compares favourably to the monoethanolamine and chilled ammonia scrubbing retrofit scenarios, which
have efficiency penalties of 9.5% and 9.0%, respectively. Moreover, the retrofit of the CaL process was
found to be less complex, and would result in two times higher net power output compared to the chem-
ical solvent scrubbing scenarios. This is an important advantage of the CaL plant over the more mature
CO, capture technologies, especially for the power plant operators who are looking to increase the system
capacity to meet the increasing electricity demand and, at the same time, to reduce the CO, emissions.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon capture and storage (CCS) technologies are expected to
be essential for reducing the environmental impact of the power
sector (IEA, 2013a). However, the first large-scale CO, capture
plant integrated to a power plant was only commissioned in late-
2014 (Stéphenne, 2014), although the devices required for CCS
deployment have been available in other industries (Rodriguez
et al., 2010; IEA, 2013b). This is because CO; capture technologies
for fossil fuel power plants struggle to be cost-effective at com-
mercial scale. The reasons for this include relatively high capital
cost, due to the size of units required to accommodate the flue
gas volume, and the efficiency penalty, which varies between 9.5

Abbreviations: ASU, air separation unit; Cal, calcium looping; CAP, chilled
ammonia process; CCS, carbon capture and storage; CCU, CO, compression
unit; CFPP, coal-fired power plant; HRSG, heat-recovery steam generator; MEA,
monoethanolamine.

* Corresponding author. Tel.: +44 1234 75 4649.
E-mail address: v.manovic@cranfield.ac.uk (V. Manovic).

http://dx.doi.org/10.1016/j.ijggc.2015.08.003
1750-5836/© 2015 Elsevier Ltd. All rights reserved.

and 12.5% points for amine scrubbing (Xu et al., 2010), 8.5-11%
points for ammonia scrubbing (Linnenberg et al., 2012) and 8-12%
points for oxy-fuel combustion (Boot-Handford et al., 2014). The
result is a significant increase in the cost of electricity (Bhown
and Freeman, 2011), which makes CCS less economically attrac-
tive at the moment. Therefore, novel CO, capture processes which
introduce lower efficiency penalties need to be developed. One
promising option proposed by Shimizu et al. (1999) for coal-fired
power plants (CFPP) is the calcium looping (CaL) process, which
is based on the reversible reaction between lime and CO, at high
temperature.

With several evaluations of CFPP retrofit with the CaL process
published in open literature to date, the CaL technology has been
shown to offer superior performance to the other CO, capture tech-
nologies, as the efficiency penalty can be reduced to 3-8% points
(Romeo et al., 2008; Martinez et al., 2011; Abanades et al., 2005;
Vorrias et al., 2013; Yang et al., 2010; Stroéhle et al., 2009). How-
ever, recent reviews of the CaL integration studies (Hanak et al.,
2015a; Romano et al., 2013) have also shown that application of
CaL as a post-combustion technology in the natural gas combined
cycle power plants (Berstad et al., 2012) and integrated gasification
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Nomenclature

a Li et al. (Grasa and Abanades, 2006) model fitting
parameter (-)

ap Li et al. (Grasa and Abanades, 2006) model fitting
parameter (-)

b Li et al. (Grasa and Abanades, 2006) model fitting
parameter (-)

Fo fresh-limestone make up rate (kmol/s)

f Li et al. (Grasa and Abanades, 2006) model fitting
parameter (-)

f Li et al. (Grasa and Abanades, 2006) model fitting
parameter (-)

Eco, CO; capture level in the carbonator (-)

Feo, CO;, flow rate entering the carbonator (kmol/s)

Fr Cao looping rate (kmol/s)

Jeai calcination reaction extent (-)

Seuhy carbonation reaction extent (-)

To fraction of never calcined limestone in the system
()

Xave average sorbent conversion (-)

Xeale sorbent conversion in the calciner (-)

Xcarb sorbent conversion in the carbonator (-)

AXcp  carbonation conversion (-)

combined cycle power plant (Cormos and Cormos, 2013) would
result in the comparable net efficiency penalty to the more mature
CO;, capture technologies (7.4-11.4% points).

Analysis of these studies revealed that that the fresh limestone
make-up rate, which is often represented by the Fy/Fg ratio, appears
to be the key parameter affecting the process performance, as it
determines the average conversion of the sorbent in the system.
The Fy/Fg value was reported to be between 0.025 (Mantripragada
and Rubin, 2013) and 0.06 (Berstad et al., 2012) with values up
to 0.1 being considered as economically feasible (Rodriguez et al.,
2008). However, only few studies (Martinez et al., 2011; Vorrias
et al.,, 2013; Lasheras et al., 2011) have investigated the effect of
the Fy/Fg ratio on the process performance and attempted its opti-
misation. Nonetheless, it is clear that the sorbent make-up rate
should be optimised based the trade-off between the process ther-
modynamic performance and economics. Moreover, there seems
to be a large discrepancy in selection of the O, content in the flu-
idising gas in the calciner as the values between 25%,,, (Martinez
etal.,2011)and 95%,,) (Romeo et al., 2008) have been used. Despite
the endothermic calcination reaction taking place in the calciner,
high O contents can lead to local hot-spots in the calciner and to
enhanced sintering of the sorbent (Symonds et al., 2012). However,
operation with a 95%,, O, content would reduce the system size
and complexity of the calciner as no CO, recycle would be needed.

Although performance of the CaL process has been compared
with more mature technologies by Zhao et al. (2013) and Vorrias
etal.(2013), there are some issues that need to be addressed. In the
former study technologies were benchmarked using results from
different literature sources; hence they were based on different
sets of assumptions regarding the CO, capture plant and the ref-
erence power plant. This issue has been raised in a recent review
of the CaL process integration, which has identified the need for
using reference power plants in comparison of different technolo-
gies and retrofit scenarios (Hanak et al., 2015a). Also, in the study
by Vorrias et al. (2013), the estimated efficiency penalties of the
monoethanolamine (MEA) scrubbing (7.8% points) and the oxy-
combustion (5.9% points) appear to be overly optimistic, and fall
in the CaL range identified in the other studies (Romeo et al., 2008;
Martinez et al., 2011; Abanades et al., 2005; Romeo et al., 2009).
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Table 1

Supercritical coal-fired power plant key performance parameters.
Parameter Value
Gross power output (MW,;) 580.4
Net power output (MW¢) 552.7
Net thermal efficiency(%unv) 38.5
Flue gas stream (kg/s) 617.2
CO; content in flue gas (%,,/) 15.2
Coal consumption rate (kg/s) 53.8
Air consumption rate (kg/s) 526.5
Live steam generation rate (kg/s) 462.3
Excess air ratio (%yo1) 20.0
Live steam pressure (bar) 2423
Reheated steam pressure (bar) 45.2
Intermediate-/low-pressure crossover pipe pressure (bar) 9.3
Condenser pressure (bar) 0.069
Live and reheated steam temperature (°C) 593.3
Mechanical efficiency of the rotational machinery (%) 99.0

Therefore, the primary aim of this study is to compare the CaL pro-
cess against more mature technologies using the same reference
CFPP, and high-fidelity models of amine scrubbing (Hanak et al.,
2014) and chilled ammonia scrubbing (Hanak et al., 2015b). Addi-
tionally, the impact of key operating specifications, such as Fy/Fg
and O, content in the calciner fluidising gas, on the process perfor-
mance of the CFPP retrofitted with the CaL system is investigated.

2. Model development
2.1. Supercritical coal-fired power plant

Areference model of the 580 MW, supercritical CFPP, compris-
ing supercritical boiler, flue gas treatment train, and steam cycle
submodels, has previously been developed (Hanak et al., 2015b)
and validated with the data available in the NETL report (Black,
2013). The key performance parameters of the model are provided
in Table 1.

2.2. Calcium looping plant

2.2.1. Process model description

The flue gas from the power plant enters the carbonator, which is
modelled using a stoichiometric reactor. The exothermic carbona-
tion reaction occurs between CO; in flue gas and CaO in the sorbent.
The temperature in the reactor needs to be controlled and main-
tained within the range of 580-700°C to ensure an appropriate
balance between the reaction kinetics and the equilibrium driving
forces (Lu et al., 2008; Valverde, 2013). The sorbent is regener-
ated in the calciner (>900 °C), which is modelled as a Gibbs reactor
and in which an additional amount of fuel is combusted in an
0,/CO, environment to drive the endothermic calcination reaction
(Shimizu et al., 1999; Martinez et al., 2011). If biomass and/or coal
are used as fuel, decomposition of the solid fuel is modelled using
the yield reactor. Although the conversion of the regenerated sor-
bent decreases with the number of carbonation/calcination cycles
(Abanades, 2002), it is reused in the carbonator, with some part
replaced by fresh sorbent.

Several semi-empirical models have been proposed in the open
literature to describe how the maximum sorbent conversion dete-
riorates with the number of cycles (Valverde, 2013; Li et al., 2008;
Grasa and Abanades, 2006; Wang and Anthony, 2007; Abanades
and Alvarez, 2003). However, such models cannot be directly
applied to represent conversion in real system, as particles will have
undergone different numbers of carbonation/calcination cycles are
present in such a system (Abanades, 2002), and complete carbon-
ation and calcination reactions will not be achieved. Therefore,
in this study, the maximum average conversion of the sorbent is
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Table 2
Evaluation of the calcium looping process model prediction.
Flue gas flow to Maximum coal Maximum Oxygen flow to Carbon dioxide Average
carbonator flow to the limestone calciner (kg/h) flow to calciner conversion (=)’
(kg/h) calciner (kg/h) make-up (kg/h) (kg/h)
Pilot plant 680-2300 325 300 300-600 700-2250 0.1-0.7
Curve 1 680 94 94 151 426 0.318(0.212)
1400 194 194 311 880 0.318(0.212)
2300 317 317 509 1432 0.318(0.212)
Curve 2 680 118 118 190 530 0.167(0.111)
1400 244 244 390 1092 0.167 (0.111)
2300 401 401 642 1803 0.167 (0.111)
Curve 3 680 92 92 148 419 0.342(0.227)
1400 190 190 305 863 0.342(0.227)
2300 312 312 501 1418 0.342(0.227)
Curve 4 680 95 95 152 427 0.308 (0.205)
1400 195 195 313 879 0.308 (0.205)
2300 320 320 514 1443 0.308 (0.205)

" Values in the bracket refer to the carbonation conversion.

determined using the model derived by Rodriguez et al. (2010),
which utilises the semi-empirical correlation proposed by Li et al.
(2008). As shown in Eq. (1), the maximum average conversion in
this model is a function of the carbonation (f,,) and calcination
extent (feac), sorbent characteristics (ay, az, f1, f2, b), fresh lime-
stone make-up (Fyp) and solid looping rate (Fg). In addition, the
carbonation conversion and the CO, capture level, which are used
to determine the solids looping rate, are calculated using Eqs. (2)
and (3), respectively. Finally, the equilibrium partial pressure of
CO; in the gas streams leaving the carbonator and the calciner is
determined using correlation by Baker (1962), to account for the
equilibrium limitations.

Xave = (Fo + Frro) fealc

aif} N aff 4 b
FO*‘Fcharbﬂ:alc(] -f1) F0+FRﬂ:arbfcalc(1 -f) ko
(1)
Axcarb =fcalcfcarbxave (2)
F,
Eco, = o~ AXeard €)
2

The values of the five fitting parameters in Eq. (1) are deter-
mined for the four different deactivation curves presented in the
literature: (i) no sulphation and (ii) 1% sulphation during each cycle
(Grasa et al., 2008), (iii) 1.7 MWy, la Pereda pilot plant (Sanchez-
Biezma et al., 2013), and (iv) the semi-empirical model proposed
by Grasa and Abanades (2006). Fig. 1 reveals that application of the
semi-empirical correlation proposed by Li et al. (2008) results in
a good correlation with the thermogravimetric data (Curves 1 and
2), with RZ>0.99, and it provides the same prediction as the model
proposed by Grasa and Abanades (2006) (Curve 3, R? =1). Interest-
ingly, the highest R? value achieved for the fit of the INCAR pilot
plant data (Curve 4) is 0.86, which is due to higher measurement
errors in the pilot plant compared to thermogravimetric analysis,
for which the operating conditions are well-controlled. Although
this curve starts only on the 5th cycle, extrapolation of Curve 4
gives the conversion of 0.714 for the 1st cycle that is close to 0.700
predicted by the model proposed by Grasa and Abanades (2006).

2.2.2. Evaluation of model prediction

Some operating data from the bench- and the pilot-scale plants
at INCAR-CSIC and IFK at Stuttgart have been published (Sanchez-
Biezma et al., 2011, 2013; Arias et al., 2013; Charitos et al., 2011),

however they are not suitable for validation of process models pre-
dictions. In addition, Romano (2012) has pointed out that detailed
operational data for particular test runs from bench-scale and
pilot-plant testing are not yet available in the open literature. How-
ever, some comparison of model prediction with experimental data
can provide valuable information on credibility of the model and
help determine whether the model prediction satisfies the desired
intentunder comparable operating conditions (Romano, 2012; Roy,
2005; Pace, 2004).

The predictions of the process model have been compared with
the operating data (Table 2) for three different flue gas flow rates
(680, 1400 and 2300kg/h), representing the minimum, average
and maximum operating values reported by Sanchez-Biezma et al.
(2013). In general, the model prediction showed a good agree-
ment with the experimental data in terms of coal and limestone
flow rates for all curves except for Curve 2. A large difference in
prediction of the CO; flow rate to the calciner stems from the
assumption of a 30%,,)wer O2 content in the calciner fluidising gas,
while this value was varied between 21 and 35%,,, in the experi-
mental tests (Arias et al., 2013). Moreover, the difference between
the O, flow rate to the calciner may result from the fact thata partial
recycle of the CO; stream, containing 2.5%y, qry O2, was considered
in the model, as opposed to the situation for the pilot plant trials
(Sanchez-Biezma et al., 2011) in which the CO; recycle was not
considered.

2.2.3. Assumptions for a commercial-scale calcium looping

process
The model developed is adapted to the commercial-scale CaL

plant by implementing the operating conditions based on the open
literature and summarised in Table 3. The deactivation Curve 4 is
chosen, as it represents the performance of the sorbent that could
be observed in commercial-scale facilities, and it is assumed that

Table 3

Initial operating conditions of the commercial-scale calcium looping plant.
Parameter Value
Carbonator temperature (“C) 650
Calciner temperature (°C) 900
Carbonated sorbent fraction (-) 0.70
Calcined sorbent fraction (-) 0.95
Fluidising fan pressure increase (mbar) 150

Excess oxygen (%yoldry) 25
Relative fresh limestone make-up rate (=) 0.05

* Relative fresh limestone make-up rate is defined as ratio of fresh limestone
make-up and sorbent looping rates on a molar basis.
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Fig. 1. Determination of the deactivation curve fitting parameters.

the calciner is fed with La Blanca limestone (Manovic et al., 2008). In
addition, it is assumed that the fluidising fans increase the pressure
of the flue gas and the fluidising gas by 150 mbar (Strohle et al.,
2009). Also, the carbonation and the calcination fraction are 0.7
and 0.95, respectively (Berstad et al., 2012). Finally, part of the CO,
stream from the calciner is recycled to maintain the O, content in
the fluidising gas at a level of 30%,, and the air flow rate to the ASU
is adjusted to ensure nearly complete combustion of fuel in the
calciner and to maintain 2.5%,, 45y €xcess Oz in the CO, stream.
Such specifications are within typical ranges for oxy-fired furnaces
(Yanet al., 2015).

2.3. Air separation and CO, compression units

A cryogenic ASU is used to produce O, for the oxy-combustionin
the calciner. A model of the standard double-column ASU has been
developed in Aspen Plus (AspenTech, 2011), based on the operat-
ing conditions of the Polk integrated gasification combined cycle
power plant by Tampa Electric (Hornick and McDaniel, 2002). This
model is adapted to reflect the Linde process by a slight reduction
in the high-pressure column pressure, from 6.1 bar to 5.6 bar, and
substitution of the column trays with the 350Y structured packing
in both low- and high-pressure columns (AG L, 2013). To enable
part-load operation, two ASU trains are considered that are sized
to operate with 75% flooding when processing 600 kg/s of air, each
delivering 95%,, Oz stream at 17 °C. The air compressors are mod-
elled using the polytrophic compression model with constant stage
polytrophic efficiency (79-80%). The specific power requirement
was found to be 229.3 kW h/tO,, which s slightly higher than that of
184-220 kW h/tO; usually assumed in the literature (Romeo et al.,
2008; Strohle et al., 2009).
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It is well established that the CO, stream pressure at ambi-
ent temperature for the pipeline transport is 110bar (Metz et al.,
2005).Tominimise the power requirement of the CCU, it is assumed
that CO, produced in the CaL plant is first compressed to 80bar,
which is just over the critical pressure due to impurities con-
tent, cooled down to 25°C and then pumped to 110bar prior
to transport. The CCU is modelled as a set of nine compression
stages, so that the pressure ratio and the polytrophic head do not
exceed 3 and 3050 m, respectively, due to equipment limitations
(Sanpasertparnich et al, 2010). Each compression stage consists
of a centrifugal compressor, stage intercoolers and scrubbers. The
CO; compression is modelled using the polytrophic compression
model with constant stage polytrophic efficiency (78-80%) (Pfaff
et al.,, 2010; Posch and Haider, 2012) and the pump characterised
with an isentropic efficiency of 80%.

3. Process integration
3.1. Considerations

Due to the large amount of high-grade recoverable heat avail-
able in the CaL plant, there are different options for integrating this
system with the CFPP. In the first configuration, the gross power
output of the integrated system would be kept at the reference
CFPP level, as the steam generated at a desired temperature and
pressure in a heat recovery steam generator (HRSG) can be sent to
the existing steam cycle, while the steam generated in the existing
boiler would be reduced. Alternatively, in the case of large sys-
tems comprising more than one power boiler, the steam generated
from one of the existing boilers can be replaced with the steam
generated in the HRSG, while keeping the gross power output at
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Table 4

Design basis for the heat recovery steam generator and the steam cycle.
Parameter Value
Isentropic efficiency of high-pressure steam turbine (%) 92.0
Isentropic efficiency of intermediate-pressure steam turbine (%) 94.0
Isentropic efficiency of low-pressure steam turbine (%) 88.0
Electric generator efficiency (%) 97.5
Mechanical efficiency of the rotational machinery (%) 99.6
Reheater and superheater minimum temperature approach (*C) 25.0
Economiser minimum temperature approach (*C) 10.0
Gas-gas heat exchangers minimum temperature approach (°C) 10.0
Feedwater heaters minimum temperature approach (°C) 10.0

the reference level. In a third configuration, steam generated in
the HRSG is sent off to the secondary steam cycle, leading to an
increase of the gross power output of the integrated system with
respect to the reference CFPP. The heat exchanger network in all
configurations can be designed to reach two different goals: either
to maximise the steam generation rate through recovering most of
the heat in the HRSG, or to minimise the fuel consumption in the
calciner through maximising the heat transfer to the CaL process
streams.

Comparing these configurations it is clear that the first and sec-
ond configuration would require smaller capital investment as the
CaLunit(first configuration only) would be smaller, whichisaresult
of less flue gas to be pre-treated due to reduction of the exiting
boiler load, and no need for the secondary steam cycle. However,
utilising the steam generated in the HRSG in the primary steam
cycle denies the greatest benefit of the CaL process, which is its
capability of increasing the net power output of the integrated
system.

The integration configuration considered in this study (Fig. 2)
comprises the HRSG that generates steam, which has the same
parameters as the boiler (593.3°C/593.3°C/242.3bar) and is
designed to maximise the steam generation rate, and the sec-
ondary steam cycle of characteristic similar to the primary steam
cycle. The only difference between the primary and the secondary
steam cycle is that in the latter the feedwater is heated using heat
available in the CO, and the clean gas from the CaL plant and
steam is extracted only to meet the requirements of the deaer-
ator. As there are no steam bleedings from the steam turbines
for feedwater heating (despite the steam extraction to a deaera-
tor), the proposed configuration would not only allow for higher
gross power output and higher degree of heat recovery from the
process streams, but also it is less complex compared to the con-
ventional steam cycle. The isentropic efficiencies for the steam
turbines, the mechanical efficiency of the rotary equipment and
the minimum temperature approaches of the heat exchangers are
adapted from Anantharaman et al. (2011), and are summarised in
Table 4. It is also assumed that there is no heat exchange between
the solid streams including fuel, sorbent, limestone make-up and
purge streams.

It is common for studies on retrofit of the CFPP with the CaL
process that the process performance is evaluated only for an ini-
tial set of parameters, which are selected based on the information
available in the open literature, and no further process-wise para-
metric analysis to determine the optimum operating parameters
is applied. Such analysis, however, should be performed for each
novel process configuration, so that the techno-economic perfor-
mance of the integrated system is maximised. Here, the parametric
studies are conducted by varying:

¢ fresh limestone make-up rate between 0.02 and 0.10;
® O, content in the calciner fluidising gas between 20 and

95%val.wet:
® O, excess between 1.5 and 4.5% ] dry;

Table 5
System performance and retrofit impact indicators for supercritical coal-fired power
plant with and without calcium looping process.

Parameter Reference CFPP CaL retrofit
System performance indicators
Gross electricity production 580.4 1137.3
(MWe()
Total auxiliary electricity 27.7 268.3
consumption (MW, )
Net electricity production 552.7 869.0
(MW,)
Gross thermal efficiency (%unv) 404 39.1
Net thermal efficiency (%uuv) 38.5 29.9
Net specific chemical energy 26 33
consumption (KW, kW)
Specific coal consumption 350.3 448.6
(g/kWhy)
Integration impact indicators
Increase in the net power output - 57.2
(%)
Net efficiency penalty (% points) - 8.6
Increase in net specific chemical - 28.7

energy consumption (%)

® CO; capture level in the carbonator between 70 and 90%.

In pilot-plant tests of the CaL concept, coal was used as fuel
in the calciner (Arias et al., 2013; Strohle et al., 2014). However,
this would lead to ash accumulation and thus larger solid loop-
ing rates (Romano, 2012). As a result, a larger units and more heat
would be required for sorbent pre-heating in the calciner. There-
fore, low ash or no-ash-containing alternative fuels should be also
investigated. Other fuels, such as propane (Stréhle et al., 2014) and
biomass (Lu et al., 2008; Dieter et al., 2014), have also been utilised
during the pilot-plant tests. Utilisation of natural gas in the calciner
has been considered for natural gas combined cycle power plants
(Berstad et al., 2012) and in novel application of CaL for production
of heatand CO, enrichment of greenhouses (Ramezanietal., 2015).
As biomass is considered as CO,-neutral fuel, the development of a
biomass combustion process based on CaL with in-situ CO; capture,
in which biomass is fired in both carbonator (air combustion) and
calciner (oxy-combustion), has recently received some attention.
Such a process has been proven technically and economically viable
during the pilot-plant tests (Charitos et al., 2011; Alonso et al.,
2014) and from process analysis (Ozcan et al., 2014). It needs to
be highlighted, however, that one of the largest operating biomass-
fired fluidised bed system, located in Polaniec, Poland, delivers only
205 MW, (447 MWy, ), and there are plans to extend the capacity
to 400-600 MW, (Natunen et al., 2013). Based on guidance from
the experimental studies, the impact of using different fuels' is
analysed in this study for four cases: coal, coal/biomass mixture
(80%wt/20%wt ), biomass and natural gas.

3.2. Performance analysis

Analysis of the retrofit of the CFPP with the CaL plant(Table 5),in
which coal was used as the fuel in the calciner, revealed thatif 90% of
CO, isremoved from the power plant flue gas, which corresponds to
the total CO; capture level of 95.7%, the net thermal efficiency of the
integrated system was reduced by 8.6% points, while the net power
output increased by 57.2%. Such an increase agrees with the values
reported in the literature (Vorrias et al., 2013; Strohle et al., 2009;
Romeo et al., 2009; Li et al., 2008). In addition, the net efficiency
penalty estimated for the initial set of operating specifications is

! Information regarding the fuels composition is provided in the Supplementary
information.
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Fig. 2. Heat integration of the calcium looping process, the heat recovery steam generator and the secondary steam cycle.

comparable to the oxy-combustion (8.0% points) (Boot-Handford
etal.,2014)and chilled ammonia process (8.7% points) (Hanak et al.,
2015c¢) technologies. Therefore, the parametric analysis is required
to minimise the net efficiency penalty imposed by the CaL plant
retrofit.

It can be clearly observed in Fig. 3 that depending on key
operating parameters specified and the fuel used in the cal-
ciner, the net power output of the integrated system increases
by 37-87%. For this reason, the system of dual interconnected
fluidised beds can be seen as a new power boiler, in which the
heat input from fuel combustion is used primarily for sorbent
regeneration in the calciner, while the high-grade heat available
in the carbonator and the process streams is utilised for genera-
tion of an additional amount of high-pressure steam. Interestingly,
the increase in the net power output was found to be higher
for the high-ash fuels (coal and coal/biomass) for Fy/Fg values
lower than 0.05 and for O, contents in the calciner fluidising gas
higher than 30%,,) we. Otherwise, the low-ash fuels (biomass and
natural gas) offered higher net power outputs. However, under
such conditions large amounts of fuel and fluidising gas are fed
to the calciner, and large amount of total solids are circulated
between reactors due to ash accumulation. This directly translates
to an increase in the capital and operating costs, as large flu-
idised beds and ASU columns would be required to accommodate
such volumes of solids and air, making such design unattrac-
tive.

Importantly, Fig. 4 reveals that the net thermal efficiency of
the integrated system is most affected by the sorbent make-up
rate, CO, capture efficiency, and O, content in the calciner flu-
idising gas, and varies from 27.2%yuy to 31.4%yy. These values
correspond to efficiency penalties of 11.3% points for the biomass-
fired calciner at Fo/Fg of 0.10, and 7.1% points for the natural
gas fired calciner at Fy/Fg of 0.02, with values of the other oper-
ating specifications kept at the initial level for both cases. This
shows that selection of the fuel would not only affect the size of
the CaL process units, but will also have a considerable impact
on the net thermal efficiency of the integrated system. It needs
to be highlighted, however, that for the retrofit scenario it could
be more beneficial to sacrifice process efficiency to some extent,
and to use the same fuel (coal or coal/biomass in most cases),
instead of investing in a new natural gas connection to the local
gas grid.

4. Comparison with chemical solvent scrubbing
4.1. Considerations

As CaL is considered as an emerging CO, capture technology,
it is worth comparing its performance with the more established
technologies. To provide a benchmark cases for the CalL plant,
high-fidelity models for the monoethanolamine (MEA) and chilled
ammonia scrubbing (CAP), which have been developed previously
(Hanak et al., 2014, 2015b), are integrated to the 580 MW, CFPP
for the total 90% capture level. The key operating and performance
parameters are summarised in Table 6.

The operating specifications for the CaL plant are presented in
Table 7 and have been selected based on the parametric study per-
formed above. The reason for choosing the Fy/Fg value of 0.02 for a
biomass- or natural gas-fired calciner, and 0.04 for the remaining
cases is the fact that such make-up rates would result in similar
total solid looping rates, and would ensure reasonable sizes for the
reactors. Furthermore, to maximise the efficiency, the O, content
in the calciner fluidising gas is increased to 40%,,; compared to the
initial operating specifications. Although this would reduce the net
power output, the net efficiency of the integrated system would
increase. Finally, the total CO, capture level of 90% is imposed for
all investigated cases, except for the biomass-fired calciner case, in
which the CO; capture level in the carbonator is fixed at the same
level as for the coal/biomass-fired calciner case.

4.2. Retrofit configuration analysis

Process analysis revealed important differences between the
CaL and the chemical solvent scrubbing retrofits, arising mainly

Table 6
Parameters characterising the chemical solvent CO, capture plant operation.

Parameter Amine Chilled ammonia
scrubbing scrubbing

Stripper pressure (bar) 17 12.5

Required steam pressure (bar) 29 71

Lean loading (mole basis) 0.29 0.29

Reboiler duty (MW, ) 513.6 343.2

IP/LP steam requirement (kg/s) 224.7 131.3
Condensate temperature (°C) 1324 165.4

179



232 D.P. Hanak et al. / International Journal of Greenhouse Gas Control 42 (2015) 226-236

90%
80% Q
70%

60%

50%

40%

Increase in the net power output (%)

30%

0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
20%
30%

0%

X
=)
<

Relative make-up rate

------- ©-- Coal

%

o
o ©

Oxygen content
() (%vol,wet)

--EF- Coal/Biomass (80/20)

NI P B S
O 0 QO VL O W o WwOow|lowo wo
Oxygen excess CO, capture level
(%vol dry) (%)
— A~ Biomass = —&— Natural gas

Fig. 3. Impact of calcium looping operating parameters on the increase in the net power output of the integrated system. Filled markers identify the initial operating

conditions presented in Table 3.

32%
2 31%
B
>
g a0
& 30% {
o
: 2 »
T 29% 2 Ne AADA
- 2 oA Ao AL
=] A E A A AL A
@ ] ‘B A A
£ A X A
% 28% A
z A
A
A
N8I S of® RiR R R R R R R|R ® R RRR KRR R R RR
cScsc3s55c|RB8888RBEEESE32S0[RREEE

Relative make-up rate

...... ®- Coal

Oxygen content
() (%vol wet)

--Er- Coal/Biomass (80/20)

Oxygen excess (CO; capture level
(%vol,dry) (%)

— /- Biomass = —e— Natural gas

Fig.4. Impact of calcium looping operating parameters on the net thermal efficiency of the integrated system. Filled markersidentify the initial operating conditions presented
in Table 3. Net thermal efficiency of the reference coal-fired power plant without calcium looping CO, capture plant is 38.5%yuy.

from the degree of integration with the existing CFPP. Namely,
integration of the chemical solvent scrubbing plant requires
intermediate-/low-pressure (IP/LP) steam extraction from the
existing steam cycle. As the steam pressure in the IP/LP crossover
pipe is usually at much higher pressure than required for solvent
regeneration, steam pressure needs to be adjusted to the reboiler
requirement and then desuperheated with the high-pressure feed-
water. To minimise the energy losses, this is achieved using a
let-down turbine. Moreover, the steam pressure downstream the
extraction point decreases and thus, a back-pressure turbine is
needed to maintain the desired IP/LP crossover pressure (Fig. 5)
(Lucquiaud and Gibbins, 2011).

Conversely, as discussed in Section 3.1, the CaL retrofit configu-
ration considered in this study, in which the high-grade heat from
the CaL plant is utilised to generate power in the secondary steam

cycle, does not require any changes to the layout and the opera-
tion of the existing CFPP. Therefore, it can be considered to be less
complex. Using such a configuration, the operators would not only
benefit from increased net power output, but also from flexibility
standpoint. The latter is because as opposed to the chemical sol-
vent scrubbing technologies, the CaL plant would follow the CFPP
operation without feedback in the form of the steam requirement.

4.3. Process performance analysis

A comparison of the key performance indicators for the CFPP
retrofitted with amine scrubbing, chilled ammonia scrubbing and
CaL CO; capture plants is presented in Table 8. It is clear that
CaL offers superior performance over technologies using chemi-
cal solvents, by achieving an efficiency penalty of 6.7-7.9% points

Table 7

Operating specifications for the calcium looping process.
Parameter Coal Coal and Biomass Biomass Natural gas
Limestone make-up rate (Fo/Fg) (-) 0.04 0.04 0.02 0.02
Carbonator temperature (°C) 650 650 650 650
Calciner temperature (°C) 900 900 900 900
Oxygen content (%yoiwet) 40 40 40 40
Excess oxygen (%yoidry) 25 25 25 25
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Fig. 5. Integration of the chemical solvent scrubbing CO, capture to CFPP.

depending on the fuel and operating specifications used. Such
improvement in the performance has a positive effect on the
increase in chemical energy consumption, which can be reduced
from 32.8% for amine scrubbing to 25.6% for the coal-fired cal-
ciner or to 21.0% for the natural gas-fired calciner. This implies

that even in the worst case scenario of the CaL retrofit (coal-
fired scenario), the efficiency penalty is reduced by 1.6% points
and the increase in chemical energy consumption is reduced by
7.2% points compared to the reference amine scrubbing system
(MEA).

Table 8
Comparison of the key performance technologies for chemical solvent and calcium looping CO; capture plant.
Parameter Reference CFPP Amine Chilled ammonia Calcium looping
scrubbing scrubbing n s
Coal Coal and biomass Biomass Natural gas

System performance indicators
Gross electricity production 580.4 4752 492.0 10233 973.4 10374 1061.5
(MW.)
Total auxiliary electricity 27.7 59.0 67.9 2235 205.0 2224 2121
consumption (MW,)
Net electricity production 552.7 416.2 424.1 799.9 768.4 815.0 8494
(MWe))
Gross thermal efficiency 40.4 331 343 39.2 39.0 396 398
(%nnv)
Net thermal efficiency (%uuv) 38.5 29.0 29.5 30.6 30.8 31.1 31.8
Net specific chemical energy 2.6 35 3.4 33 32 32 3.1
consumption (kKW /kWer)
Specific coal consumption 350.3 465.1 456.4 438.2 4522 560.7 327.8
(g/kWhe)

Integration impact indicators
Ratio of total CO, captured - 0.900 0.900 0.900 0.900 1.545 0.900
and generated in the
integrated system (-)
Ratio of CO; captured in 0.900 0.900 0.796 0.711 0.711 0.834
absorber/carbonator and
generated in the coal-fired
power plant (-)

Change in the net power - -136.5 -128.6 2472 215.7 2624 296.8
output (MWy)
Net efficiency penalty (% - 95 9.0 79 7.7 74 6.7
points)
Increase in net specific - 328 30.3 256 25.1 238 210

chemical energy
consumption (%)
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Fig. 6. Comparison of a parasitic load distribution for the coal-fired power plant retrofitted with investigated CO, capture technologies.

The performance analysis also revealed that more than 70%
of the total parasitic load in the CaL plant stem from the power
requirement to run compressors in the CCU and the ASU. There-
fore, the efficiency penalty imposed by the retrofit of the CaL
plant can become be even further reduced by investigating alter-
native process integration configurations, which would reduce
heat requirement for sorbent regeneration, and alternative CaL
processes including high-pressure calcination, combined calcium
looping and chemical looping process, as well as development of
in-direct fired calciner designs. Conversely, in the MEA and the CAP
plants the main source of the efficiency penalty is the steam extrac-
tion (Fig. 6). Although the solvent regeneration in the CAP plant was
conducted at elevated pressure (12.5bar) compared do the MEA
plant (1.7 bar), leading to reduction in the CCU power (54.5%) and
reboiler heat (16.0%) requirements, the steam extraction accounted
for more than 55% of the total parasitic load. Although the use of
other solvents, such as piperazine, the efficiency penalty can be
reduced to 7% points (Kvamsdal et al., 2014), the parasitic load of
the amine scrubbing system is still estimated to reduce the power
plant output by 20-30% (Boot-Handford et al., 2014). Therefore,
the efficiency penalty imposed by the CaL plant retrofit is not only
lower than the chemical solvent scrubbing technologies, it is also
most likely to be reduced further since the progress in develop-
ment of less energy intensive ASU, which is the most important
contributor to the efficiency penalty, is also being made for other
technologies (Perrin et al., 2014).

Moreover, it is important to highlight that in each CaL case
except the biomass-fired calciner, the removal rate of CO; from the
power plant flue gas is lower than in both solvent scrubbing tech-
nologies. This because all additional amount of CO; produced from
fuel combustion and fresh limestone calcination in the calciner is
captured, leading to the total CO; capture level? of 90%. When pure
biomass was used in the calciner, the integrated system become
a negative emitter of CO,, as the ratio of the CO, captured in the
system and the CO, generated in the system was 1.545. This means
that due to the CO,-neutral character of biomass the integrated sys-
tem has a potential to operate as a CO,-negative system, regardless
of the CO, capture level of 71.1% in the carbonator.

2 Total CO, capture rate considers the amount of CO, captured from the flue gas
in the carbonator, and the amount of CO, captured from additional fuel combustion
and fresh limestone calcination in the calciner.

Although the initial capital investment for the CaL plant integra-
tion would be higher, mostly because of the need for the secondary
steam cycle and the ASU, the net power output of the integrated
system would be higher by a factor of 2 compared to the chem-
ical solvent scrubbing technologies, improving the revenue from
electricity production. This is an important advantage of the CaL
plant over the more mature CO, capture technologies, especially for
the power plant operators who are looking to increase the system
capacity to meet the increasing electricity demand and, at the same
time, to reduce the CO, emissions. It is also important to highlight
that different operating specifications used in the CaL plant resulted
in different gross thermal efficiencies of the secondary steam cycle
(39.2-39.8%pnv ) and thus, a process-wide approach to system anal-
ysis should be used to improve the process performance.

5. Conclusions

The CaL process, an emerging CO, capture technology, has
been identified as a promising option for decarbonising the power
industry with a reduced efficiency penalty compared to the first
generation technologies. For the purpose of this study, a CaL process
model has been developed and its prediction has been compared
with operational data from the 1.7 MWy, pilot plant at la Pereda
power plant. The model predictions were found to be in agreement
with the pilot-plant data under different flue gas loads.

Furthermore, retrofit of a CaL plant to a 580 MW, supercriti-
cal CFPP was analysed. The study revealed that when 90% of CO,
is removed from the power plant flue gas, which corresponds to a
total CO, capture level of 95.7%, the net thermal efficiency of the
integrated system was reduced by 8.6% points, while the net power
output increased by 57.2%. The performance of the integrated sys-
tem was then analysed under different operating specifications.
This revealed that the net thermal efficiency of the integrated sys-
tem and the net power output are most affected by the sorbent
make-up rate, CO; capture efficiency, and O, content in the calciner
fluidising gas.

Finally, the performance of the CaL plant is benchmarked against
more mature technologies - the MEA and the CAP chemical scrub-
bing processes — using the same reference CFPP. The process
analysis revealed that compared to the chemical solvent scrubbing
technologies, the retrofit of the CaL process is not only less complex
(no changes required in the existing CFPP), but would also impose
a smaller efficiency penalty. Considering different fuels used in the
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calciner, retrofit of this emerging technology was found to reduce
the net efficiency of the integrated system by 6.7-7.9% points,
which is considerably lower than 9.5% points for MEA and 9.0%
points for CAP CO; capture plant. Moreover, when biomass is used
in the calciner, the plant can potentially operate as a CO,-negative
technology. Finally, if the CaL plant is employed for CO, capture
and integrated with the secondary steam cycle, the net power out-
put of the retrofitted system can be increased (39.0-53.7% for the
scenarios explored in this study), which is an important benefit of
CaL taking into account the increasing demand for electricity with
reduced CO, emissions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ijggc.2015.08.003.
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State-of-the-art integration scenarios of calcium looping (CaL), which is an emerging CO, capture
technology, assume that excess heat is used to raise steam for the steam cycle and result in a net effi-
ciency penalty of 6.0—8.0% points. In this study, a concept using the supercritical CO, cycle (s-CO3)
instead of the conventional steam cycle is proposed. Retrofit of CaL with recompression s-CO; cycle to the
580 MW coal-fired power plant was found to result in a net efficiency penalty of 6.9%yy points. This is
1%nnv point lower than that for the same system linked with the steam cycle having the same turbine
inlet conditions (593.3 °C/242.3 bar). A further reduction of the net efficiency penalty to 5.8%uny points
was achieved through considering a pump instead of a first CO, compression stage and increasing the
turbine inlet temperature to 620 °C and pressure to 300 bar. As the s-CO; cycle's specific capital cost is up
to 27% lower than that of the equivalent steam cycle, CaL with s-CO, cycle is a viable option for the coal-
fired power plant decarbonisation. Moreover, it can be expected that this cycle can be successfully
implemented in other high-temperature looping cycles, such as chemical looping combustion.

Efficiency penalty reduction

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The power generation sector is one of the key sectors that need
to be decarbonised by 2050 to meet the greenhouse gas emission
reduction target and to mitigate drastic climate change [1-4]. It has
been predicted that its near-complete decarbonisation would ac-
count for approximately 28% of the total CO; emission reduction in
2025 [5]. Regardless of that, coal-fired power plants are currently
responsible for more than 70% of the total CO; emissions from the
power sector and their share in the energy portfolio is predicted to
decrease only by around 6%, for example, from around 40% [5,6] in
2013 to 34% in 2040 [G]. On the other hand, a 5% increase in the
renewable energy sources share is predicted within this time frame
|6]. Yet, large-scale deployment of renewables requires more
backup capacity to make up for their intermittency, introducing
additional costs. As a result, coal-based power generation remains
more attractive for investors and is expected to remain the key
power source in the future energy portfolio [7]. Therefore, carbon
capture and storage (CCS) is expected to act, at least, as a bridge to
the clean power generation future [8].

K Corresponding author.
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Regardless of the recent progress in oxy-combustion and
chemical solvent scrubbing post-combustion CO, capture tech-
nologies [9,10], the efficiency penalty associated with integration of
these systems to coal-fired power plants is predicted to be
7.0—12.5% points [ 11-16], which would increase the cost of elec-
tricity by at least 60% [17—20]. Therefore, emerging technologies,
which offer more competitive performance of the retrofitted sys-
tem, are being developed [21]. Calcium looping (CaL), which is
based on the reversible carbonation reaction of lime, has been
proposed as a viable and efficient process for decarbonisation of
coal-fired power plants [22]. A recent review [23] revealed that the
efficiency penalty associated with CaL is projected to be within
6.0—8.0% points, depending on the level of heat integration. The
main reason behind the superior performance of CaL compared to
the more mature CO, capture technologies, is its high-temperature
operation and high-grade heat availability [22,24,25].

The state-of-the-art CaL integration scenarios assume that high-
grade heat is recovered to generate steam at a high pressure, which
is then used to generate power in the conventional steam cycle
based on the Rankine cycle. Yet, it is worth highlighting that CaL
operates within the temperature range of 600—950 °C [23], which
is similar to the operating temperatures of the natural gas turbine
bottoming cycle (600 °C) [26], high-temperature gas-cooled nu-
clear reactors (850—1000 °C) [27], sodium-cooled fast nuclear
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reactors (500—550 °C) [28,29], helium-cooled fusion nuclear re-
actors (500 °C) [30] and concentrating solar power plants
(800—900 °C) [31,32] — technologies for which alternative ther-
modynamic cycles, such as the Brayton cycle using He or super-
critical CO; (s-CO3), have been investigated.

Compared to the conventional supercritical steam cycle based
on the Rankine cycle, the He and s-CO; cycles can achieve higher
cycle efficiencies that can be as high as 50—60%, depending on the
turbine inlet conditions and the cycle architecture [31-34]. Dostal
et al. [34] have shown that the s-CO, cycle outperforms the
equivalent He cycle at the same turbine inlet temperature. This is
mostly because of near-critical-point operation of the CO, com-
pressors resulting in the compression power requirement being
only around 30% of the turbine power output. Also, due to the high
density and low heat capacity of supercritical COy, the size of the
turbomachinery is considerably smaller than that for the steam
cycle and the He cycle. In addition, the layout of the system based
on the Brayton cycle is simpler than that for the steam cycle
[34—37]. All of these features of the s-CO; cycle are reflected in the
specific capital cost ($/MW4)), which for this cycle has been esti-
mated to be up to 27% lower than for the superheated steam cycle
and 11% lower than the equivalent He cycle [34], making the s-CO»
cycle a technically and economically viable option for future power
generation systems. This is also reflected in a wide spectrum of
investigated applications of the s-CO, cycle that vary from low-
grade waste heat recovery systems [38], fuel cell hybrid systems
[39] and liquefied natural gas power and refrigeration systems
[40,41], through to solar [31,32,42], nuclear [27—30,34,38,43] and
even coal-fired power plants [44]. The aforementioned qualities
make the s-CO; cycle worth considering as an alternative to the
conventional Rankine steam cycle [35].

Reduction of the efficiency and economic penalties associated
with CO; capture is required for the industrial deployment of these
technologies. CaL, as an emerging CO; capture technology, has
already been proven as a viable alternative to mature technologies
for decarbonisation of coal-fired power plants. Yet, the state-of-the-
art integration scenarios suggest that the excess high-grade heat
from the CaL plant can be utilised in the primary or the secondary
steam cycle for power generation [23]. Due to higher cycle effi-
ciency and lower specific capital cost associated with the s-CO;,
cycle compared to the steam cycle, the concept of the CaL plant
with s-CO; cycle for decarbonisation of a coal-fired power plant is
proposed in this study. For the purpose of this study, the s-CO,
process model was developed and then adapted to the existing CaL
process model [45]. The performance of the proposed retrofit sce-
nario is first compared with the CalL plant with the supercritical
reheated steam cycle reported by Hanak et al. [45]. Then, the
impact of variations of the s-CO; hardware and the turbine inlet
conditions on the net thermal efficiency of the retrofitted system
are investigated. Finally, the optimum design is proposed based on
sensitivity studies and further improvements in the retrofitted
system performance are identified.

2. Process model development
2.1. Process description

This study analyses a scenario in which the CaL plant, which
comprises two interconnected fluidised bed reactors operating at
atmospheric pressure, is retrofitted to a 580 MWe| coal-fired power
plant to achieve a total CO; capture level of 90%. In this system, CO;
from the flue gas is removed in the carbonator, which operates at
650 °C, through the exothermic reaction with CaO. The saturated
sorbent (CaCO3) is then regenerated at a high temperature (900 °C)
in the calciner, which is ensured through oxy-combustion of coal.

The high-temperature operation of the CaL plant allows for high-
grade heat recovery from the carbonator and the process streams.
The high-grade heat is utilised to generate an additional amount of
power in the s-CO; cycle, which is evaluated in this study as an
alternative to the supercritical steam cycle considered thus far in
the literature [22—24,46—53].

The s-CO; cycle, which was introduced by Feher [36], is a closed-
loop Brayton cycle that is highly recuperative and operates entirely
above CO, critical pressure [28,36,38]. The heat capacity of super-
critical CO, varies substantially with pressure [29], and thus the
simple s-CO, cycle suffers from large irreversibility in the recu-
perator caused by the heat capacity imbalance between its hot and
cold sides [35]. This causes a pinch point problem in the recuper-
ator [31,35] that is reflected in the minimum temperature approach
occurring inside the heat exchanger [34]. In the recompression s-
CO; cycle (Fig. 1), which is considered in this study, this issue is
resolved through recompressing part of the CO, stream without
heat rejection to compensate the heat capacity difference in a low-
temperature recuperator (LTR) [29]. As a result of increased LTR
effectiveness, the hot stream enters a high-temperature recuper-
ator (HTR) at a higher temperature. This, in turn, increases the
temperature of the hot stream leaving the HTR and thus the average
temperature of heat addition, leading to higher cycle efficiency
[28].

2.2. Supercritical coal-fired power plant

A process model of a 580 MW, supercritical coal-fired power
plant, which is considered as a benchmark in this study, was
developed in Aspen Plus and described in detail by Hanak et al.
[25,54]. The prediction of this model was found to be in close
agreement with data provided in the revised NETL report [55],
confirming the efficacy of the modelling approach and high fidelity
of the model.

The coal-fired power plant model comprises three sub-
models: supercritical boiler and flue gas treatment train (NOy,
SOy and fly ash) models, both modelled using Peng—Robinson—
Boston—Mathias (PR—BM) equation of state, as well as a steam
cycle model that has been thermodynamically described with
steam tables (STEAMNBS). Coal combustion is modelled using
solid modelling features recommended by AspenTech [56]. The
boiler heat exchange sections, which include the primary, sec-
ondary, and reheat superheaters, as well as the economiser, are
modelled using HEATX block with pressure drops and temperature
levels set based on the revised NETL report [55]. Steam turbines
are modelled as individual turbine sections using COMPR block,
hence the high-, intermediate- and low-pressure cylinders are
further divided into the required steam turbine sections. The
isentropic efficiency was estimated to match the desired discharge
temperature of each section, which was provided in the revised
NETL report [55]. The condenser is modelled as HEATX block and is
assumed to operate at a fixed pressure of 0.069 bar, which cor-
responds to a condensation temperature of 38.7 °C. The perfor-
mance of the modelled coal-fired power plant is characterised by
gross power output of 580.4 MW, net thermal efficiency of
38.5%unv and other key performance parameters estimated by
Hanak et al. [25] and presented in Table 1.

2.3. Calcium looping plant with supercritical steam cycle

The process model of the CaL plant, which is modelled using
SOLIDS property method, with a supercritical steam cycle was
developed in Aspen Plus and described in detail in Hanak et al. [45].
The prediction of the CaL model showed good agreement with data
available in the literature [57-60].
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Fig. 1. Scheme of the recompression supercritical CO; (s-CO5) cycle.

Table 1

Reference coal-fired power plant and CaL retrofit (supercritical steam cycle) operating specification.

Parameter

Reference coal-fired power plant [25]

CaL retrofit (supercritical steam cycle) [45]

System performance indicators

Gross power output (MW,) 580.4
Net power output (MW,) 552.7
Net thermal efficiency(%y) 385
Specific coal consumption (g/kWeih) 350.3
Calcium looping specification

Limestone make-up rate (Fo/Fg) (—) -
Carbonator temperature (°C) -
Calciner temperature (°C) -
Oxygen content in calciner fluidising gas (%yowet) -
Excess oxygen (%yoidry) -
Primary and secondary steam cycle specification

Live steam pressure (bar) 2423
Reheated steam pressure (bar) 45.2

Intermediate-/low-pressure crossover pressure (bar) 93
Condenser pressure (bar) 0.069
Live and reheated steam temperature (°C) 593.3

10233
799.9
30.6
4382

0.04
650
900

40

25

In the CaL model, the carbonation process is modelled using the
RSTOIC block in conjunction with the maximum average sorbent
conversion model derived by Rodriguez et al. [61] and presented in
Eq. (1). The maximum average conversion in this model is a func-
tion of the carbonation (fears) and calcination extent (feqic), sorbent
characteristics (aj, ay, fi, fo, b), which were estimated based on
experimental data from the 1.7 MWy, INCAR-CSIC pilot plant [57],
fresh limestone make-up (Fp) and solids looping rate (Fg). The
carbonation conversion and the CO, capture level, which are used
to determine the solids looping rate, are estimated using Eq. (2) and
Eq. (3), respectively.

FO(] _fcalc)) a1f12
Xave = (F + Fpe—r— b
e 0 FO + FRfcalc fculc FO * FRﬁ:aI‘thﬂlE(] _fl)
axf} b
te——F——— =% 1
Fo +FRfcarhfcalc(1 —fz) E )
AXearp = fcalcfcmbxuve (2)
F
Eco, = oA Xcarb 3)
2
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The calcination process, which aims at regeneration of the
saturated sorbent, is modelled using RGibbs block that determines
the chemical and phase equilibrium through the Gibbs’ free energy
minimisation at a given temperature. The equilibrium limits of the
carbonation and calcination processes are accounted for using the
correlation derived by Baker [62] to estimate the equilibrium par-
tial pressure of CO; in the gas streams leaving the reactors. Finally,
the CaL plant model comprises the auxiliary units, such as con-
ventional air separation unit (ASU) and CO2 compression unit
(CCU), for which a detailed modelling approach is widely described
in the literature [45,54,63—66].

In the retrofitted system operating with the characteristics
presented in Table 1, which were identified in Hanak et al. [45], the
high-grade heat from the CaL plant was utilised to generate high-
pressure steam, which has the same parameters as the supercriti-
cal boiler (593.3 °C/593.3 °C/242.3 bar), for the secondary steam
cycle of similar operating conditions to the primary steam cycle.
Both the HRSG (heat recovery steam generator) and the secondary
steam cycle were modelled using the same approach as adapted for
the coal-fired power plant model. The analysis performed by Hanak
et al. [45] revealed that retrofit of the CaL plant with supercritical
steam cycle to the reference coal-fired power plant increased the
net power output of the retrofitted system by 44.7% and resulted in
7.9%unv points drop in its net efficiency (Table 1). The performance
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of the CaL plant with the supercritical steam cycle will be used to
assess if application of the s-CO; cycle to recover the high-grade
heat from the CaL plant will bring performance benefits.

2.4. Supercritical CO; cycle

2.4.1. Model description and verification

A process model of the recompression s-CO; cycle has been
developed in Aspen Plus based on data from Moisseytsev and Sie-
nicki [29], who analysed the integration of the s-CO cycle with the
reference 96 MW, sodium-cooled fast reactor. One of the main
technical challenges of the s-CO; cycle is estimation accuracy of the
turbomachinery efficiencies [44], as these units are still under
development and only a few have been tested at bench- and pilot-
scale [42,67]. In the open literature, the performance of the CO;
turbine is usually represented using its isentropic efficiency, the
typical value of which is between 87.0% and 93.4%
[28,31,34,43,68,69]. Similarly, the performance of the main and the
recompression compressors is represented by isentropic efficiency
of 85.0—-95.5% [28,31,34,43,44].

Using the parameters presented in Table 2, which were taken
from Moisseytsev and Sienicki [29] and Le Moullec [44], the Lee-
Kesler-Plocker equation of state [44], the HEATX blocks to repre-
sent performance of the LTR, HTR and cooler, and the COMPR blocks
to represent performance of the CO; turbines and compressors, the
net efficiency of the cycle presented in Fig. 1 is estimated to be
39.6%, which is 0.8% points lower than that of the reference study
[29]. The main reason for such deviation is the fact that the isen-
tropic efficiencies for the CO, turbine and compressors were not
provided in the reference study [29] and thus were taken from Le
Moullec [44], who used the same reference system in his study. This
is reflected in small deviations in prediction of the temperatures for
the steams leaving the main compressor and the CO, turbine
(Table 3). Nevertheless, the model prediction was found to be in
good agreement with the literature data as the highest relative
error was 2.8%.

24.2. Adaptation of supercritical CO; cycle to calcium looping

A large fraction of the high-grade heat needs to be recovered
from the flue gas and pure CO; streams leaving the CaL plant. The
recompression s-CO; cycle shown in Fig. 1 cannot, therefore, be
directly integrated with CaL because the sensible heat of the pro-
cess streams below 500 °C would not be utilised in the system,
leading to high energy losses. The same issue was encountered by
Le Moullec [44], who analysed the implementation of the recom-
pression s-CO, cycle in place of the steam cycle in the coal-fired
power plant with an amine scrubbing CO; capture plant. This
study showed that the low-grade heat can be recovered from the
process streams by extracting part of the CO, stream leaving the
main CO, compressor at low temperature and returning it after the
HTR. The same approach is applied in this study (Fig. 2) and the
low-grade heat from the clean flue gas stream is recovered by

Table 2

Reference recompression supercritical CO, cycle operating parameters.
Parameter Value
Main compressor discharge pressure (bar) 200.0
Recompression compressor discharge pressure (bar) 199.6
Turbine discharge pressure (bar) 77.3
Cycle lowest pressure (bar) 74.0
Cooler outlet temperature (°C) 31:3
Fraction of CO, to recompression (%) 29.0
Turbine isentropic efficiency (%) 93.0
Compressor isentropic efficiency (%) 90.0
Mechanical efficiency of the rotational machinery (%) 99.0
Generator efficiency (%) 98.5

cooling it to 60.0 °C using around 15—17% of the CO; flow leaving
the main compressor at 44.4 °C. Moreover, heat carried with the
CO7 stream at 900 °C s first used to superheat the CO; stream to the
desired high-pressure turbine inlet temperature, and then to pre-
heat the flue gas and the O; streams entering the CaL plant.

To maximise the CaL excess heat utilisation and the efficiency
of the recompression s-CO; cycle, a single reheat and a single
intercooling stage are considered in the base configuration. In this
configuration, the high-pressure and the intermediate-pressure
turbine inlet temperature is 593.3 °C. In addition, the high-
pressure turbine inlet pressure is set as 242.3 bar and both tur-
bine stages operate with constant pressure ratio. Such assump-
tions for the base configuration allow its direct comparison with
the reference configuration, in which the excess heat from CaL is
utilised in the supercritical reheated steam cycle. Design of the
heat exchanger network is based on the assumption that the
minimum temperature approach of the heat exchangers is 10 °C
[70], with exception of recuperators and superheaters/reheaters
for which the minimum temperature approach of 5 °C [31,32], and
25 °C [70], respectively, is used. Finally, the reported values for the
mechanical efficiency of the turbomachinery and the electric ef-
ficiency of the generator vary between 99.6—100.0% [28,70] and
97.5%—98.5% [29,55,70], respectively. In this study the mechanical
efficiencies of 99.8% and 99.6% are selected for CO, turbines and
compressors, respectively, while the electric efficiency of 98.0% is
chosen for the generator. The key design parameters for the
recompression s-CO; cycle adapted to the CaL plant are summar-
ised in Table 4.

3. Process analysis
3.1. Considerations

Having adapted the recompression s-CO; cycle to recover the
excess heat from the CaL plant, the retrofitted system needs to be
benchmarked with the systems currently considered as state of the
art. Therefore, the performance of the base configuration is
compared with the CaL plant integrated with the supercritical
reheated steam cycle. The comparison is made to the best config-
uration from Hanak et al. [45] in which oxy-combustion of coal is
used to provide heat for sorbent regeneration in the calciner.
Moreover, in both configurations, the CaL plant is retrofitted to the
580 MW supercritical coal-fired power plant to achieve the total
CO; capture level of 90%.

A common feature of each Brayton cycle is the fact that the
cycle efficiency can be further improved by introducing more
reheat and intercooling stages, which would increase the average
temperature of heat addition and decrease the average tempera-
ture of heat rejection, respectively. Despite additional cost asso-
ciated with the additional equipment, such designs would allow

Table 3
Benchmark of the supercritical recompression CO, cycle stream data with Mois-
seytsev and Sienicki [29].

Stream Temperature (°C) Pressure (bar)
Literature Model Literature Model

1 313 31.3 74.0 74.0
2 844 82.8 200.0 200.0
3 171.8 171.8 199.6 199.6
4 3233 3233 199.1 199.1
5 471.8 4715 198.4 198.4
6 362.3 361.8 773 773
7 190.7 189.0 76.9 76.9
8 90.2 87.7 76.3 76.3
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Fig. 2. Scheme of the calcium looping process integrated with the recompression supercritical CO; cycle.
Table 4 o Effect of reheat considering up to three expansion stages.
Design basis for the recompression supercritical CO; cycle. o Effect of intercooling by considering up to three compression
Parameter Value stages. . ) .
Isentropic efficiency of CO, turbines (%) 530 o Effect of using a pump instead of the main compressor.
Isentropic efficiency of main compressors (%) 90.0 . )
Isentropic efficiency of recompression compressor (%) 90.0 The performance of each thermodynamic cycle can be improved
Mechanical efficiency of CO, turbines (%) 99.8 by increasing the operating temperature and pressure at the tur-
Mechanical efficiency of compressors (%) 99.6 bine inlet. Therefore, another sensitivity analysis is conducted to
Electric generator efficiency (%) 98.0 the effect of the high turbi inlet d
Reheater and superheater minimum temperature approach (°C) 250 assess the eliect o & g _Pressure IDINE: INEL PrEssure:dn
Heat exchangers minimum temperature approach (°C) 10.0 temperature on the net efficiency of the retrofitted system by
Recuperators minimum temperature approach (°C) 5.0 varying the pressure between 200 and 300 bar and the temperature
Heat exchanger pressure drop (%) 20 between 540 and 640 °C. Finally, by combining both sensitivity

for more compact design of reheaters and intercoolers [44]. Dostal
et al. [34] have estimated that the first reheat stage results in
about 1.2% points improvement in the s-CO> cycle efficiency, while
the second reheat stage adds only about 0.5% points to the effi-
ciency. Their study also revealed that intercooling can increase the
s-CO; cycle efficiency by up to 0.8% points. Although introducing
more than one reheat and intercooling stage may not be an
economically attractive option [34], it is worth exploring their
effect on the net efficiency of the retrofitted system. Moreover, the
fact that CO; is above its supercritical pressure (74 bar) throughout
the cycle allows turning it to the dense phase by cooling it below
the critical temperature (31.3 °C). As a result, a pump can be used
in place of the main compressor to increase the CO, pressure.
Therefore, the following cases are considered in the configuration
sensitivity study:
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studies the performance of the optimum design is estimated.

3.2. Performance evaluation

Analysis of the retrofit of the 580 MWk coal-fired power plant
with CaL plant using either the recompression s-CO; cycle or the
supercritical steam cycle for excess heat recovery (Table 5) revealed
that the gross and the net power output in both configurations were
comparable and only slightly higher for the former cycle. Neverthe-
less, the net efficiency of the CaL integrated with the recompression s-
CO; cycle was found to be 1%uny point higher for the same high-
pressure turbine inlet conditions. This is not only the result of a
higher degree of high-grade heat utilisation in the recompression s-
CO; cycle, but also due to more heat recovered to preheat the flue gas
and the O, streams entering the CaL plant, which resulted in 2.9%
reduction in the specific coal consumption of the retrofitted system
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(4.7% reduction of the coal consumption in the calciner). As the
specific capital cost ($/MW¢)) of the s-CO, cycle has been estimated to
be up to 27% lower than that of the supercritical steam cycle operating
in the same envelope [34], the recompression s-CO, cycle can be
considered as a technically and economically viable option for
decarbonisation of coal-fired power plants using CaL.

Analysing the distribution of the parasitic load (Fig. 3), which
again was estimated to be only slightly lower for the recompression s-
CO, cycle, it is worth pointing out that the power requirement to run
the ASU and the CCU compressors accounted for around 72.5% of the
total system power requirement for both investigated configurations.
As the remaining part of the parasitic load can be considered as un-
avoidable, further improvement of the retrofitted system's perfor-
mance can be achieved through a more efficient secondary cycle,
higher level of heat integration in the CalL plant, alternative O;
sources, such as chemical looping combustion [71] or membranes
[72,73] for oxy-combustion of fuel or heat sources to sustain sorbent
regeneration and alternative CO, compression options.

3.3. Recompression supercritical CO, cycle sensitivity study

3.3.1. Hardware analysis

The impact of the number of reheating and intercooling stages,
as well as the kind of pressure-change equipment (compressors or
pumps) is presented in Fig. 4. It can be clearly seen that change in
the hardware has a small effect on the parasitic load distribution, as
the reduction in the gross efficiency associated with the power
requirements of the particular components of the retrofitted sys-
tem varies by up to 0.1%yyy points. Hence, improvement of the
retrofitted system's performance is mostly associated with a higher
cycle efficiency of the recompression s-CO; cycle.

The analysis revealed also that the net efficiency of the retrofitted
system is more sensitive to the number of intercooling stages rather
than to the number of reheating stages. Implementation of the first
(T2C2) and the second (T3C2) reheat stage results in the net efficiency
of the retrofitted system higher by 0.3%yy points and 0.4%yyy points,
respectively, with respect to the configuration without reheat (T1C2).
Conversely, the net efficiency increase over the configuration without
intercooling (T2C1) of 0.5%ypy points and 0.7%yyy points is reached
on implementation of one (T2C2) and two (T2C3) intercooling stages,
respectively. Hence, the base configuration with the single reheat and
one intercooling stage appears to be an optimum one, as the addition
of the second reheat and second intercooling stage results in net ef-
ficiency improvement of only 0.1%yyy points and 0.2%y points,
respectively, and may not be economically viable. Importantly, the
addition of intercooling allows reducing the clean flue gas tempera-
ture to 60 °C, which is only slightly above the flue gas discharge

Table 5
Comparison of the key performance indicators.

temperature in the reference coal-fired power plant (57.2 °C), from
108.9 °C. As a result, more low-grade heat is recovered from the CaL
plant and used for power generation.

Additionally, implementation of one pump in place of the first
compression stage in the base configuration (T2C1P1) resulted in a
0.4%ypy point increase, while substitution of both compression
stages with pumps (T2P2) resulted in only 0.1%yyy point increase in
the net thermal efficiency. This is because CO; is in the dense phase
at the pump discharge, and thus enters the LTR at a lower tem-
perature. The former configuration results in the highest net ther-
mal efficiency of the retrofitted system, which is 32.0%puy
corresponding to an efficiency penalty of 6.4%y points.

3.3.2. Turbine inlet conditions analysis

As shown in Fig. 5, increase in the net thermal efficiency of the
retrofitted system is directly proportional to the increases in both the
turbine inlet temperature and pressure. Yet, the maximum turbine
inlet temperature (640 °C) was limited by the assumption that the
reheater outlet temperature is equal to the high-pressure turbine
inlet temperature and the minimum temperature approach in the
reheater of 10 °C. Nevertheless, Dostal et al. [34] claimed that the
recompression s-CO, cycle operating at the maximum temperature of
650 °C and pressure higher than 200 bar is the most promising layout
for the s-CO; cycle. Although increasing the turbine inlet temperature
to 640 °C was found to increase the net thermal efficiency to 32.1%ypy,
which corresponds to 6.4%pny points drop from the reference value, it
would require a large heat exchange area to reach the desired mini-
mum temperature approach. Hence, a turbine inlet temperature of
620 °C, which resulted in net thermal efficiency of 31.9%y and is the
maximum temperature for the most advanced supercritical steam
cycles [44], would be more suitable for short- to mid-term applica-
tions. Moreover, a maximum turbine inlet pressure of 300 bar was
selected, because such pressures are allowed by a very-high-grade
steel, which is required to allow for high-temperature operation
and to prevent the system from corrosion induced by the flue gas
components [44]. It was estimated that the retrofitted system with
the recompression s-CO; cycle operating with such turbine inlet
pressure had the net thermal efficiency of 31.9%ny.

Finally, it can be observed that the correlation with the tem-
perature (Fig. 5a) is nearly linear, while it is of second order for the
pressure (Fig. 5b). Such correlation for the latter parameter can be
associated with the extent of the pressure drop in the heat ex-
changers, which increases with the cycle operating pressure.
Analysis of the net thermal efficiency trends in Fig. 5 indicated that
further increase in the turbine inlet temperature, which would
require a more complex heat exchanger network and a multiple
shaft turbine design, could result in an improvement of the process

Parameter

Reference coal-fired power plant [25] CaL retrofit (supercritical steam cycle) [45] CaL retrofit (s-CO, cycle)

System performance indicators

Gross power output (MW,;) 580.4
Total auxiliary electricity consumption (MWe) 277
Net power output (MW¢|) 552.7
Gross thermal efficiency (%pny) 404
Net thermal efficiency (%unv) 38.5
Net specific chemical energy consumption (KWcn/kWe)) 26
Specific coal consumption (g/kWejh) 350.3
ion impact indi S

Increase in the net power output (%) -
Net efficiency penalty (%yyv points) -
Increase in net specific chemical energy consumption (%) —
Carbonator CO; capture level (%) -
Total CO, capture level (%) 0.0
CO, intensity factor (g/kWgh) 792.3

10233 1024.3
2235 2179
799.9 806.4

39.2 40.1
30.6 316
33 32
4382 4254
447 459
79 6.9
26.9 231
79.6 80.0
90.0 90.0
1116 108.7
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Fig. 4. Effect of recompression supercritical CO, cycle configuration on integrated process performance. TxCyPz indicates number of turbine stages x, compression stages y, and
pumping stages z in the configuration considered. CalL s-SC refers to the reference configuration in which the excess high-grade heat from CaL is recovered in the supercritical steam

cycle, while CaL s-CO, refers to the configurations in which the excess high-grade heat from CaL is recovered in the recompression s-CO, cycle.
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Fig. 5. Effect of turbine inlet a) temperature and b) pressure on the net thermal efficiency of the retrofitted system.

performance of about 0.1% per each 10 °C increase in the turbine
inlet temperature. On the contrary, an increase in the turbine inlet
pressure can be expected not to improve the net thermal efficiency
of the retrofitted system much, mostly due to the associated in-
crease in the pressure drop in the system.

3.3.3. Optimum recompression supercritical CO> cycle design
Having investigated how the performance of the retrofitted sys-
tem varies with the recompression s-CO, cycle hardware and the
turbine inlet conditions, the optimum configurations have been
proposed and benchmarked against the base configuration in Table 6.
It has been demonstrated in Section 3.3.2 that by increasing the
turbine inlet temperature to 620 °C, or increasing the pressure to
300 bar, the net thermal efficiency can increase by 0.3%pny points.
Unfortunately, no synergy effect occurred when both parameters
were increased at the same time (Case 1), as the net thermal effi-
ciency identified in Table 6 increased by 0.6%uv points over the base
configuration, which is equal to the sum of increments incurred by a
separate increase in the turbine inlet temperature and pressure.

Moreover, allowing for higher capital cost, addition of the second
intercooling stage (Case 2) improves the performance by another
0.2%nv points, lowering the net efficiency penalty to 6.1%uny points.
Alternatively, by considering the pump in place of the first stage of the
main compressor (Case 3), the retrofitted system performance can be
improved by 0.5%unv points, resulting in the net efficiency penalty of
5.8%upy points. This corresponds to 1.1%yyy points improvement
over the base configuration and 2.1%uuy points improvement over
the best configuration for CaL with the supercritical steam cycle for
coal-fired calciner reported by Hanak et al. [45].

4. Conclusions

This study proposed to use the recompression s-CO; cycle in place
of the conventional steam cycle to recover high-grade heat from the
CaL plant, which was retrofitted to the 580 MW, supercritical coal-
fired power plant. The recompression s-CO, was adapted to allow
fora high degree of heat integration and to utilise the low-grade heat.
The net efficiency of the base configuration, which was characterised
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Table 6
Comparison of the key performance indicators for the optimised configurations.
Parameter Base case (T2C2) Case 1 (T2C2) Case 2 (T2C3) Case 3 (T2C1P1)
Turbine inlet conditions
Temperature (°C) 593.3 620.0 620.0 620.0
Pressure (bar) 2423 300.0 300.0 300.0
System performance indicators
Gross power output (MWe;) 1024.3 1039.6 1045.7 1053.3
Net power output (MW,) 806.4 8215 8275 835.0
Gross thermal efficiency (%upv) 40.1 40.8 410 413
Net thermal efficiency (%uiv) 316 322 324 32.7
Specific coal consumption (g/kWeih) 4254 4169 4139 410.1
Integ) impact indi S
Net efficiency penalty (%uuv points) 69 6.3 6.1 58
CO; intensity factor (g/kWeih) 108.7 106.5 105.7 104.7
by single reheat and intercooling stages (T2C2), was estimated to be fi Sorbent average conversion model fitting parameter (—)
1.0%py points higher compared to the reference supercritical steam fy sorbent average conversion model fitting parameter (—)
cycle under the same turbine inlet conditions. Eco, CO; capture level in the carbonator (—)
Further improvements in the net efficiency of the retrofitted Feo, CO; flow rate entering the carbonator (kmol/s)
system were achieved by varying the hardware and the turbine inlet Fr Cao looping rate (kmol/s)
conditions. It was found that adding the second reheat (T3C2) and feale calcination reaction extent (—)
second intercooling (T2C3) resulted in 0.1%yny and 0.2%yHy points fearb carbonation reaction extent (—)
increase in the net efficiency of the retrofitted system, respectively. Xave average sorbent conversion (—)
Also, replacing the first stage of the main compressor (T2C1P1) with AXqqp  carbonation conversion (—)
the pump was found to increase the net efficiency by 0.4%ny points.
Furthermore, it was found that increase of the turbine inlet temper- _
. Abbreviations
ature and pressure to 640 °C and 300 bar would increase the net i ; :
> ASU air separation unit
efficiency of the retrofitted system to 32.1%yyy and 31.9%yhy, Ccal calcium looping
respecnvely.‘ However, cqnsngermg the material availability and the ccs carbon capture and storage
short- to mid-term application of the proposed concept, the tem- s i
i £ 620 °C and £300 b lectad: for il CCu CO; compression unit
pe:‘.a rle o fiourati Al rl)) ressu(;"e o th E:: vzere SEIEL g ort. € HRSG  heat-recovery steam generator
optimal configurations. Depending on the hardware configuration, HTR high-temperature recuperator
the net efficiency of the system can be increased to 32.2%yyy (T2C2), TR low-temperature recuperator
32.4%yny (T2C3) and 32.7%pny (T2C1P1). The last configuration s-CO,  supercritical CO, cycle

resulted in 2.1%yyy point net efficiency improvement over the
reference CaL with the supercritical steam cycle (30.6%ppy). As the
specific capital cost of the s-CO; cycle is up to 27% lower than that of
the equivalent steam cycle, this study proves the viability of the
recompression s-CO; cycle application in CaL. Since the steam cycles
for a high-grade heat recovery and power generation are integrated
with other high-temperature looping cycles, such as chemical loop-
ing combustion, it can be expected that these can also benefit from
the s-CO, cycle implementation.

The analysis revealed also that the performance of the coal-fired
power plant retrofitted with the CaL plant, in which the excess heat
is recovered in the recompression s-CO, cycle, can be further
improved by:

o higher level of heat integration in the CaL plant, alternative
sources of O, for oxy-combustion of fuel or sources of heat for
sorbent regeneration to minimise or avoid the power require-
ment associated with O, production;

 alternative processes and technologies to minimise the power
requirement for CO, compression prior to transport;

« higher efficiency of the secondary cycle, which for the recom-
pression s-CO> cycle can be achieved through alternative con-
figurations allowing increasing the turbine inlet temperature.

Nomenclature

a sorbent average conversion model fitting parameter (—)
a sorbent average conversion model fitting parameter (—)
b sorbent average conversion model fitting parameter (—)
Fo fresh limestone make up rate (kmol/s)
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ABSTRACT: The share of the fossil-fuel power systems in the European Union energy portfolio has recently increased, even
with new environmental incentives aimed at the reduction of CO, emissions from the power sector. Implementation of carbon
capture technologies has been identified as a critical step toward reduction of CO, emissions. As the power plants usually operate
with changing loads to meet the electricity demand, it is important to evaluate the process performance under different operating
loads. Therefore, this study provides a methodology for modeling of part-load operation of coal-fired power plants in a process
simulator, such as Aspen Plus. The part-load power plant model is validated using data from the literature, and it was
demonstrated that a maximum discrepancy of 5% was obtained for the live steam pressure prediction at 40% load, while the
discrepancy for all other compared parameters at other loads did not exceed 3%. Furthermore, the part-load model is used to
evaluate the performance of the retrofitted power plant with the CO, capture plant at different loads, with monoethanolamine as
a solvent, revealing that the net efficiency varied between 28.2%y5y and 21.1%jy;yy. Moreover, the analysis showed that neglecting
the off-design conditions due to steam extraction would result in overestimating the net thermal efficiency by up to 1.3%jy
points at 100% load operation and steam extracted at 11.9 bar.

1. INTRODUCTION

Concern about the impact of greenhouse gas emissions from
human activity prompted the European Union to set an
emissions reduction target of 80—95% below the 1990 levels
by the year 2050." As the power sector contributes more than a
third of anthropogenic greenhouse gas emissions, it is targeted
for decarbonisation by 2050 mainly through implementation of
clean fossil-fuel technologies and the wider use of renewable
energy sources. In 2011, coal-fired power plants accounted for
25% of the power generation capacity in the United Kingdom.”
Moreover, due to the recent emergence of shale gas in North
America, which has caused an oversupply of coal, the price of coal
has dropped significantly. This is mirrored by the changes in the
European energy market as coal-based electricity generation has
increased by 8% in Germany, 35% in the United Kingdom, and
65% in Spain.” If in the following years the coal utilization rate
follows the current trend, the actual coal demand in 2017 will be
17% higher than predicted under IEA’s 2 °C Scenario (2DS).* If
the current market trend continues, coal would continue to be
used to meet an ample proportion of European power generation
capacity.

The existing global coal-fired power plant fleet has an average
net efficiency of 33%;;y,* which corres}Jonds to 30—31%yyyyy,
depending on the coal composition,” and substitution of
subcritical units with more efficient supercritical units of the
same power rating would result in approximately 15% reduction
in CO, emissions.® However, operating the power plants at
higher efficiencies is not sufficient to meet the emissions
reduction targets. Therefore, the implementation of carbon
capture and storage (CCS) technologies, along with the
substitution of the fossil-fuel power generation systems with
renewables have been identified as critical in order to reduce
greenhouse gas emissions.’

A4 ACS Publications  ©2015 American Chemical Society

3833

In spite of the undeniable environmental benefit, implementa-
tion of clean energy technologies would introduce challenges in
the operation of conventional thermal power systems. CCS
technologies impose energy penalties on power plants. For
example, postcombustion capture technologies, such as amine
scrubbing, require a considerable amount of heat for solvent
regeneration. This is usually satisfied by steam extraction from
the power plant steam cycle, resulting in an efficiency penalty of
9.5—12.5% points.*’

Computational models are widely employed in analysis of the
performance of fossil-fuel power plants under different operating
modes, as they are a lower cost alternative to pilot and
demonstration studies. A number of commercial software
programmes such as EBSILON Professional, GateCycle, and
Cycle Tempo are used to explore the performance of power
cycles. A major drawback of these is the fact that they are not
suitable for the analysis of power plants retrofitted with CO,
capture systems. Hence, it has become common practice to
model the CO, capture plant in process simulators, such as
Aspen Plus and the outputs are then used in the original power
plant model."*™"* Although power cycles have been successfully
modeled in Aspen Plus,”~'® model predictions are usually
limited to base-load cases, making them unsuitable for analysis of
multiple off-design or part-load cases due to the requirement for
many specifications to ensure credible performance predictions.
An attempt at part-load modeling in Aspen Plus and Aspen Plus
Dynamics was undertaken by Alobaid et al.,'” who developed a
dynamic model of the steam cycle and showed that its prediction
was in good agreement with measured data. However, such a

Received: March 20, 2015
Revised: ~ May 1, 2015
Published: May 11, 201S

DOI: 10.1021/acs.energyfuels.5b00591
Energy Fuels 2015, 29, 38333844

198



Energy & Fuels

model does not include the boiler model, as coal combustion
modeling capability in Aspen Plus Dynamics is limited, and thus,
it cannot be used to predict the effect of flue gas variations in CO,
capture plant integration. It is worth pointing out that evaluation
of the dynamic performance of the retrofitted system requires
development of rigorous models,”” the output of which must be
validated with dynamic data to ensure a reliable and accurate
prediction of the process performance.’ The same should apply
to the part-load predictions of the steady-state models.

The part-load analyses of the implementation of the
postcombustion CO, capture plant have been performed for
natural gas combined cycle power plants,** with both plants,
however, being modeled separately in the Aspen HYSYS/
ProTreat and GT PRO/GT Master, respectively.”>** In a study
by Stepczyfiska-Drygas et al,* in which the part-load perform-
ance of a coal-fired power plant retrofitted with a CO, capture
plant has been analyzed, the regeneration temperature and the
specific heat requirement for solvent regeneration were kept
constant at different loads, and the assumptions behind the part-
load modeling of the CO, capture plant were not specified. This
was also the case in a study by Jordal et al.** who investigated the
retrofit of a natural gas combined cycle power plant.

Therefore, this study is undertaken to provide a framework for
building power cycle models in the Aspen Plus process simulator
capable of reliably predicting plant performance under part-load
operation and for different CO, capture retrofit scenarios. The
part-load performance of the retrofitted system is also evaluated
at different steam extraction pressures. Finally, the over-
estimation in the predicted net thermal efficiency, resulting
from neglecting the off-design conditions due to steam
extraction, is quantified for the first time in this study.

2. POWER PLANT MODELING

2.1. Process Description. The power plant selected as a
benchmark in this study is a supercritical pulverized-coal-fired
power plant, delivering a gross power output of 660 MW, with a
net efficiency of 38.9%yy;;y. The power plant is located in India,
where high ambient temperatures have a negative impact on the
electricity generation performance, and it uses the reference air
and coal with characteristics presented in Table 1. The power

Table 1. Coal and Combustion Air Characteristics

combustion air>”

low-ash hard coal*®

volume fraction
component (%

as received

component (%) -l

proximate analysis air composition

fixed carbon 59.00 carbon dioxide 0.03
volatile matter 22.29 water 3.12
ash 16.27 oxygen 20.30
moisture 244 nitrogen 75.62
ultimate analysis sulfur dioxide 0.01
carbon 68.10 others 0.92
hydrogen 349 reference
environment
oxygen 747 ambient 33.0
temperature (°C)
nitrogen 169 ambient pressure 1013
(bar)
sulfur 0.54
higher heating value 26.83
MJ/kg)
lower heating value 26.60
(M) /kg)

plant configuration is presented in Figure 1 and consists of a
once-through steam boiler with the flue gas treatment plant and a
supercritical steam cycle with a single steam reheating stage.

At base load, the live steam at 537 °C and 242.2 bar is sent to a
high-pressure (HP) turbine cylinder, where it is expanded to 44.3
bar. Steam is then returned to the boiler where it is reheated to
565 °C, before it is sent to an intermediate-pressure (IP) turbine
and subsequently to the two low-pressure (LP) turbines. To
enhance the overall power cycle efficiency, steam is extracted
from the turbines for feedwater heating so that water is
introduced to the boiler at 280 °C. A feedwater heating train
consists of five LP feedwater heaters, the last one of which is
called a deaerator and is a mixed feedwater heater, and three HP
feedwater heaters. All feedwater heaters are modeled as surface
heat exchangers with the terminal temperature difference of 3 °C.
Moreover, the 3 °C temperature difference between hot-outlet
and cold-inlet streams is maintained in all feedwater heaters with
the exception of the first LP feedwater heater.

2.2. Modeling of Base-Load Power Plant Performance.
A steady-state model of the 660 MW, coal-fired power plant is
developed in Aspen Plus and validated with the data provided ina
study by Suresh et al.”” The three main sections: the supercritical
boiler, the steam cycle, and flue gas treatment train are modeled
as separate submodels. The isentropic efficiencies of compressors
and pumps in the system are assumed to be 80% and 85%,
respectively, while the electrical efficiency of the generator is
assumed to be 98.7%.

In the boiler model, solid fuel milling and combustion are
modeled using Aspen Plus solids handling features.**The coal
milling, its decomposition, and combustion are modeled using
the grinder, RYield reactor and RGibbs reactor models,
respectively. Operation of the coal mill, which is included to
account for the milling power requirement, is characterized with
a specific power of 0.187 M]J,;/kg, determined based on the data
provided by Frankland et al.*” Furthermore, the RGibbs reactor
is used as it requires only a pressure specification to minimize the
Gibbs free energy in the system to arrive at equilibrium for the
provided products of coal combustion. Yet, to account for its
composition, coal is modeled as a nonconventional component
for which Gibbs free energy cannot be calculated. As a result, the
coal is first decomposed into its constituents in the RYield
reactor, before it is combusted in the RGibbs reactor model, and
then both reactors are connected by the heat stream to account
for the heat of coal decomposition.”® The coal heating value is
determined using Dulong’s formula, and its consumption rate is
adjusted to achieve the required base load. Moreover, to ensure
complete combustion, the air flow rate is controlled to operate
the boiler with 20% excess air at base-load operation. During
part-load operation, the excess air is increased to meet the desired
reheater outlet temperature. Desired excess air is controlled using
eq 1%° as a design specification to determine the desired O,
content in the flue gas. This equation was used to take into
account the products of incomplete combustion.

Yy . — 0.5y
EA = Ouft il x 100

Yo, air

T et "0, + 0o 1)

Furthermore, it is assumed that the bottom and fly ash
distribution are 20%,,, and 80%,,, respectively,> and that the coal
and ash handling equipment power requirement is directly
dependent upon the coal consumption rate.
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Figure 1. Process flow diagram of 660 MW, supercritical coal-fired power plant.

There are four heat exchange sections considered in the
supercritical boiler submodel: an economizer, a primary
superheater, a secondary superheater, and a reheat superheater.
At this stage of model development, the steam pressure drops
and temperatures are fixed to simulate steam generator
performance at the base load. Steam produced in the boiler is
used to drive the steam turbines, which are characterized by
design isentropic efficiencies of 89.6%, 91.7%, and 85.7% for the
HP, IP, and LP cylinders, respectively. A difference in isentropic
efficiency of the HP and IP cylinders stems from higher pressure
drop, friction loss, and steam leakage in the HP cylinder."’z_34
Conversely, isentropic efficiency of the last cylinder is lower than
that for the other cylinders due to the moisture present in the last
stages.>® The steam extraction from the turbines to feed the
feedwater heaters cannot be directly modeled in Aspen Plus;
therefore, each steam turbine cylinder is divided into stages with
extraction points in between. The five LP and three HP
feedwater heaters in the feedwater heating train are modeled as
heat exchangers, while the deaerator is modeled as a flash heater.

Finally, the emissions control system includes NO,, SO,, and
fly ash removal equipment. The selective catalytic reduction unit
is modeled using a REquil reactor model, the flue gas
desulfurization is conducted in an absorption column,*® while
the fly ash is removed in the electrostatic precipitator. The
efficiencies of these units are set according to information given
by Gerdes et al.*'

2.3. Part-Load Modeling of Power Plant Performance.
Using the base-load operating data in the power plant, the areas
for the heat-exchange sections in the steam generator are sized
and fixed for the part-load analysis. The coal-fired power plant
can be operated in a sliding pressure mode, in which the steam
pressure in the supercritical boiler follows the turbine load, orina
throttling control mode, in which a throttle valve is used to
reduce the live steam pressure. In this study, the sliding pressure
mode is used because it leads to net thermal efficiencies higher by
up to 1.2%;yyy points over the throttle control mode. This is
mainly caused b;f reduced power consumption of the boiler
feedwater pump.”’ Therefore, analysis of the part-load perform-
ance of the power plant requires the determination of new

3835
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pressure distributions in the system as well as new efficiencies in
the steam turbines. In the model, the live steam generation rate is
controlled by the design specification to ensure that a constant
temperature is always achieved within 40% to 100% load
operating range. A Stodola’s ellipse law, presented in eq 2, which

is widely used for determination of the off-design performance in
37-39

power plants,

n+1/n
Fou
P

)n+1/n

Due to its complex structure, implementation of eq 2 results in

is then implemented.
0

|
1_(ﬂ

0
P

@

convergence problems for a number of the steam turbine
sections. Therefore, part-load performance of the steam cycle of
the coal-fired power plant was conducted in an iterative manner
using an MS Excel spreadsheet via the Aspen Simulation
Workbook Add-on. As aresult, the inlet pressures to each turbine
section were calculated using the Stodola’s ellipse law equation in
a back-to-front manner, using the fixed condenser inlet pressure
to determine the inlet pressure to the last low-pressure turbine
section in a sequential series of calculations that end when the
live steam inlet pressure is determined.

Additionally, pressure drops across the heat exchange sections
in the steam generator are estimated, under the assumption the
flow is homogeneous, by eq 3.*

LV
Ap = 2f X ——
st b ®
The pressure loss estimates are updated at part-load
operations using the average fluid velocity for the off-design
and design modes and the design pressure drop as expressed by
eq 4.
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Table 2. Validation of the Base-Load and Part-Load Prediction of the Coal-Fired Power Plant Model”

percent of base load 40% 60% 80% 100%
literature  model  deviation literature  model  deviation literature model  deviation literature model  deviation
key parameters
gross power output 26400 26397  —0.01% 396.00  396.02 0.01% 52800  528.02 0.00%  660.00  660.00 0.00%
el
net efficiency (%pmy) 34.80 34.51 —0.83% 37.10 37.08 —0.05% 38.20 38.39 0.50% 38.90 38.76 —0.36%
coal rate (kg/s) 25.70 26.44 2.88% 36.60 3743 2.27% 47.60 48.53 1.95% 58.61 60.31 2.90%
final feedwater 234.50 229.80 —2.00% 253.20 249.80 —1.34% 268.10 266.00 —0.78% 279.60 279.70 0.04%
temperature (°C)
LP turbine discharge 0.99 097 —-2.02% 0.97 0.95 —2.06% 0.95 0.94 —1.05% 0.93 0.93 0.00%
steam quality (—
HP turbine inlet
pressure (bar) 104.50 98.97 —5.29% 149.60 144.08 —3.69% 195.70 191.71 —2.04% 242.20 242.20 0.00%
temperature (°C) 537.00 537.00 0.00% 537.00 537.00 0.00% 537.00 537.00 0.00% 537.00 537.00 0.00%
mass flow rate (kg/s) 223.10 223.09 0.00% 325.90 325.89 0.00% 435.10 435.14 0.01% 550.70 550.67 —0.01%
IP turbine inlet
pressure (bar) 17.80 17.72 —0.45% 25.70 25.71 0.04% 33.80 33.86 0.18% 42.00 42.00 0.00%
temperature (°C) 542.80 542.80 0.00% 556.90 556.90 0.00% 563.80 563.80 0.00% 565.00 565.00 0.00%
mass flow rate (kg/s) 197.70 198.96 0.64% 284.20 285.82 0.57% 373.40 375.14 0.47% 466.20 466.31 0.02%
LP turbine inlet
pressure (bar) 1.40 138 —143% 1.90 1.94 2.11% 2.50 248  —0.80% 2.98 2.98 0.00%
temperature (°Cc) 211.90 207.30 -2.17% 21740 212.80 =2.12% 218.40 213.40 —2.29% 215.60 210.10 —=2.55%
mass flow rate (kg/s) 158.80 159.52 0.45% 22220 22228 0.04% 284.40 283.64 -0.27% 346.00 342.63 -0.97%

bThe detailed stream data are available in Table S-2 of the Supporting Information.
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Finally, the values for the efficiencies of the steam turbines
need to be updated in the off-design conditions. Knopf*®
proposed that the isentropic efficiency of the turbine section can
be estimated using the approximate approach developed by
Salisbury.** As the shaft speed remains constant at different
loads, it is assumed that each turbine section is optimally
designed and consists of 50% of reaction blading (a = 0.7071).
Therefore, the ratio of the isentropic efficiency in off-design and
design conditions is represented by eq S.

off-design
1; ¢ N a a
desi =2 design X|la - design
n esign Vi Va
; off-desi off- desi
Vi vy e
2
a 2
+ a— V:,‘,‘T +1—a
V:‘ﬂ'--lsign

©)

2.4. Model Validation and Discussion. An assessment of
the model prediction accuracy should not only focus on the
global performance indicators, such as the gross power output or
the net thermal efficiency, but it also needs to address the model
capability of predicting the local parameters like pressures,
temperatures, and flow rates. Therefore, both the global and the
local model parameters are compared with data available in the
open literature to assess the overall reliability of the coal-fired
power plant model.

As the coal consumption rate was controlled to reach the
desired gross power output of 660 MW, during base-load
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operation, the net thermal efficiency can be seen as the most
important global indicator of coal-fired power plant performance,
among the others reported in Table 2. Under base-load
conditions, the net thermal efficiency of 38.8%y;;y was estimated,
which is only 0.1%jy, point lower than the reference value.”’
Moreover, the deviations of the local parameters for the key
streams in the coal-power plant, which were identified in Figure
1, are benchmarked against the reference values in Figure 2. It is

3345%

Pressure prediction deviation (%)
A Temperature prediction deviation (%)

® Flow rate prediction deviation (%)
—Reference

Figure 2. Validation of the base-load prediction of coal-fired power plant
model developed in Aspen Plus. Numbers on the chart’s perimeter refer
to particular streams in the power plant model as depicted in Figure 1.
Detailed information used for validation is available in Table S-1 of the
Supporting Information.
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observed that the prediction of the stream pressures, temper-
atures, and flow rates is close to the reference data, with the
majority of parameters having a deviation of less than +3%.
There are, however, a few exceptions, namely combustion air
temperature, coal consumption rate and air flow rate, for which
the deviation is still considerably less than 15%, which is an
accepted design margin in industrial applications.*’ The
combustion air temperature was found to be 4.5% higher than
the reference value. This was a result of the exothermal reaction
in the selective catalytic reactor for NO, emissions control that is
implemented between the economizer and the air heater in the
model. The deviations in the coal consumption and air flow rates
were incurred through consideration of the coal thermal
decomposition and the moisture content in the fuel in the
model developed in this work, while these were not accounted
for in the reference study. Therefore, the coal consumption rate
estimated was higher by 2.9%, leading to 5.3% more air required
for combustion.

As mentioned above, prediction of the power plant models has
mostly been validated at base-load operating condition, from
which the part-load prediction was then estimated. It is pertinent,
therefore, to benchmark the accuracy of the model prediction of
the power plant operating under different loads. The coal-fired
power plant modeled in this study is designed to operate within a
40—100% load envelope; as for loads below 40% of the base load,
supplementary oil firing is required to meet the minimum heat
rate in the boiler. With part-load performance data available at
40%, 60%, and 80% of the base load, the accuracy of the off-
design performance prediction is validated. Table 2 reveals that
the part-load prediction estimated using the coal-fired power
plant model is in good agreement with the literature data for all
analyzed loads, within a + 3% deviation and with particularly
close values for mass flow rates and temperatures of steam
throughout the steam cycle. It was found that use of the Stodola’s
ellipse law resulted in accurate predictions of the steam inlet
pressures for the IP and LP turbines; the live steam pressure at
different part loads was underestimated by up to 5.3% at 40% of
the base load. This may be due to the fact that, at reference
conditions from which the part-load steam pressures are
estimated, the live steam is in a supercritical state. Hence, the
Stodola’s ellipse law used in this region may have difficulty in
providing close estimates of off-design conditions. Moreover, the
assumption of constant temperature differences in the feedwater
heaters is found to be reasonable as the resulting error in the final
feedwater temperature does not exceed 2% at 40% load. Overall,
the model provides close prediction of the part-load operation,
and none of the estimated parameters differed from the reference
data by more than +6%, well within the accepted design margin
of +15%. This result implies that the approach described in
Section 2.3 can be used to provide credible prediction of the part-
load performance of a power plant, even in the absence of data for
validation.

3. CO, CAPTURE SYSTEM MODELING

3.1. Monoethanolamine CO, Capture Plant. A rate-based
modeling approach involving multicomponent mass transfer,
heat transfer, kinetic reactions, and chemical equilibrium
reactions is selected to model the CO, capture plant using
30%,, monoethanolamine (MEA) solvent. This approach has
been used to develop a pilot-plant-scale model that is available in
the Aspen Plus database. An extensive validation of this model
with the experimental data from a testing facility for Separations
Research Program at the University of Texas at Austin*> was
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conducted by AspenTech® and Canepa et al.** In these studies,
the model was found to well-represent the experimental facility
performance under different liquid-to-gas ratios. Therefore, with
the equipment in the CO, capture plant sized for operation
under 100% load, the model is expected to predict the process
performance under various loads with a reasonable accuracy.

In a previous study, Hanak et al** have identified that
decarbonization of the considered power plant required three
absorbers and one stripper, all being cylindrical columns.
However, recent experience from the Boundary Dam project
in Saskatchewan, Canada*® showed that application of
rectangular or square columns for absorbers allowed for a
simpler and less expensive design, without loss in column
performance. Moreover an absorber design based on a
rectangular or square concrete structure lined with anticorrosive
material and structural packing negates the requirement for
multiple absorption trains, as the column diameter no longer
poses a structural constraint. However, considering the
capabilities of the RadFrac model in Aspen Plus, only cylindrical
columns can be modeled, and an alternative modeling approach
that utilizes the definition of the hydraulic diameter, eq 6, needs
to be implemented.

A

P=p ©

The square-column absorber would provide the same
performance as a cylindrical one if their hydraulic diameters
were equal. This assumption would be met if and only if the
diameter (D) of the cylindrical column were equal to the side
length (L) of the square column since:

aD?
4
e = 4— =D
here = T aD )
LZ
o = 4— =1
o = ¥ ®

Hence, the square column needs a 4/7 times larger cross-
section area to achieve the performance of the cylindrical
column. However, assuming the same volume of the packing in
the square and cylindrical column, larger cross-section area of the
square column would require shorter columns. Also, in contrast
to a steel vessel for the cylindrical columns, the square columns
are erected as concrete structures for which the structural
limitations are not as restrictive. Therefore, the capital cost of this
kind of column would be lower regardless of the higher cross-
section area required.

The initial guess for the sizes of the stripper and the absorber,
which achieve 90%,, CO, capture level, is determined based on
input from the power plant model at base-load conditions.
Moreover, a design liquid/gas ratio (mass basis) in the absorber
of S, with a lean loading close to 0.3, is assumed (Table 3). The
preliminary design calculations using the generalized pressure
drop correlation revealed that the required cross-section area is
323.4 m”and 168.2 m?, corresponding to the hydraulic diameter
0f20.3 and 14.6 m, for the absorber and the stripper, respectively.
When implemented in Aspen Plus, however, flooding higher
than 75% was observed in the absorber and the stripper.
Therefore, the hydraulic diameter for both columns is increased
to 22 and 15 m, leading to an increase of the cross-sectional area
to 380.1 m* and 176.7 m? respectively. As the square column
absorber is considered, its actual area and packing height are
estimated to be 484 m” and 23.6 m, respectively, based on the
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Table 3. Monoethanolamine CO, Capture Plant Equipment
Design and Operating Conditions

design parameters operating parameters

column height (m) 30.0 flue gas flow rate 691.8
(kg/s)
absorber cross-section area  484.0 mass fraction of CO, 21.3
(m?) %o
absorber square length (m) ~ 22.0 volume fraction of 14.5
CO, (%,01)
number of absorbers 1 CO, capture efficiency ~ 90.0
(%)
stripger cross-section area 176.7 reboiler temperature 1224
m?) (°c)
stripper diameter (m) 15.0 condenser 40.0
temperature (°C)
number of strippers 1 flue gas inlet 40.0
temperature (°C)
packing type Mellapack stripper pressure (bar) 1.7
350X
lean-rich cross heat 13500 absorber pressure 1.0

exchanger area (m?) bar

derivation made above. The final design and operating
parameters of the MEA CO, capture plant are summarized in
Table 3.

Another important unit in the CO, capture plant is the lean-
rich cross heat exchanger, as its performance would have an
impact on the heat requirement for solvent regeneration.
Therefore, assuming a minimum temperature approach between
the cold rich and hot lean solution of 10 °C, and an overall heat
transfer coefficient for amine—amine systems of 5000 W/m?K,*’
a heat exchange area of 13500 m” was estimated. The off-design

performance of the cross heat exchanger is computed using the
correction to the overall heat transfer coefficient that depends on

the actual solvent flow rate.>**
06
Uactua] _ My ctual
(]desig:n mdesign (9)

3.2. CO, Compression Unit. A CO, compression unit is
comprised of eight compression stages, each consisting of a
centrifugal compressor, stage intercooler, and scrubber, working
at 40 °C. Each compressor is modeled using the po}]ytrophic
compression model with efficiencies of 78—80%.'*" The
number of compression stages was determined based on the
assumptions that due to equipment restrictions the pressure ratio
and the polytrophic head should not exceed 3 and 3050 m,
respectively.” In the compression unit, CO, is first compressed
to the critical pressure of 74 bar and then cooled to 30 °C so that
it is present in the dense phase. For this reason, a final
compression stage is conducted in a CO, pump, the operation of
which is characterized by the discharge pressure of 110 bar and
the isentropic efficiency of 80%. The power requirement of such
configuration will be minimized, as it takes more effort to
compress CO, in the gaseous phase, than to pump it in the dense
phase.

4. ANALYSIS OF THE RETROFITTED SYSTEM

4.1. Considerations. Retrofit of the coal-fired power plant
with the MEA CO, capture plant (Figure 3) requires
identification of the proper steam extraction and condensate
return locations that would maximize the net thermal efficiency.
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Figure 3. Process flow diagram of 660 MW, supercritical coal-fired power plant retrofitted with monoethanolamine CO, capture plant (case 1).
Detailed performance information is available in Table S-3 of the Supporting Information.
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Figure 4. Process flow diagram of the retrofitted steam cycle in case 2. Detailed performance information is available in Table S-4 of the Supporting

Information.
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Figure 5. Process flow diagram of the retrofitted steam cycle in case 3. Detailed performance information is available in Table S-5 of the Supporting
Information.
The optimum locations for these integration aspects were Although the base-load IP/LP crossover steam pressure in the
identified to be the IP/LP crossover pipe’' and the last LP considered power plant (2.98 bar) is suitable for meeting the 10
feedwater heater or deaerator,* respectively. °C temperature pinch in the reboiler without the need for
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substantial throttling to 2.9 bar (case 1), itis much lower than the
values of the 9—13 bar encountered in most existing coal-fired
power plants.>”***"**> The model developed in this study, which
comprises multiple steam turbine sections, allows investigating
different IP/LP crossover steam pressures without the need of
changing its structure. Therefore, two additional scenarios shown
in Figures 4 and §, respectively, in which either a throttle valve
(case 2) oralet-down turbine (case 3) is used to adjust the steam
pressure, are considered in which the IP/LP crossover steam
pressure is 11.9 bar at the base load. Moreover, it is common
engineering practice to oversize the equipment to ensure its
proper operation under variable loads during the life span of the
system. Therefore, the part-load control strategy of the CO,
capture plant assumes that the capture efficiency is maintained at
90%, which is achieved by varying the solvent circulation rate
while maintaining the lean loading of 0.29 in all of the
inves;:‘i‘gated cases. This approach has been proposed by Jordal
et al.

Furthermore, as the power plant usually operates under
different loads, the net thermal efficiency of the retrofitted system
is estimated for the scenarios identified above, with the
assumption that the coal consumption rate remains constant
for a particular power plant load in each of the investigated cases.
However, as identified in Section 2.4, the IP/LP pressure drops
with reduction of the coal-fired power plant load and thus it could
become infeasible to meet the reboiler specification (case 1). A
practical measure to resolve this issue is throttling the low-
pressure turbine to keep the IP/LP pressure at the desired level.
As such solution would affect the pressure distribution in the
steam cycle, it is quantified and compared with cases 2 and 3 in
which the drop of the IP/LP pressure at part-load operation is
not restricted.

A considerable amount of steam would need to be extracted
for solvent re§eneration affecting the pressure distribution in the
steam cycle.* Therefore, the impact on the net thermal efficiency
prediction needs to be evaluated. As the power plant model
developed in this study is capable of predicting steam cycle
performance under various conditions, the effect of steam
extraction is rigorously quantified and analyzed.

4.2. Performance Analysis. A reduction in the power plant
load from 100% to 40% was found to have a significant effect on
the heat and power requirements of the CO, capture system
(Figure 6). Process analysis revealed that the reduction of the
reboiler duty is not linear and for subsequent load changes from
100% to 40% (with 20% steps), it amounts to 17.6% (113.4
MW,), 22.3% (1184 MW,), and 28.9% (1192 MW,,),
respectively. It is important to point out that the nonlinear
correlation between the reboiler duty and the coal-fired power
plant load is a result of the applied strategy for excess air at part-
load operation, which assumes that the excess air is increased to
meet the desired reheater outlet temperature. Such increase leads
to higher O, concentration and thus, a corresponding drop in the
CO, concentration in the flue gas from 14.5%,, at 100% to
8.0%,, at 40% load, making the CO, capture less efficient.
Moreover, a gradual reduction in the CO, capture system power
requirement with subsequent reduction of the coal-fired power
plant load was observed from 7.5 to 7.0 MW, Integration of the
CO, capture system imposed a considerable parasitic load
requirement on the coal-fired power plant, leading to a drop in
the net thermal efficiency (Figure 7).

Considering all three scenarios, the highest base-load net
thermal efficiency of 28.2%yyy, corresponding to an efficiency
penalty of 10.5% ;v points, was achieved in case 1, while change
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Figure 6. Part-load heat and power requirements for the CO, capture
system.
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Figure 7. Base-load and part-load net thermal efficiencies under
different scenarios.

of the IP/LP crossover location to increase the IP/LP steam
pressure from 2.9 to 11.9 bar (case 2) caused a substantial drop in
the net thermal efficiency to 24.1%yy. Although additional
capital cost would be incurred in case 3, it is substantiated as the
net thermal efficiency of the retrofitted system has increased to
27.8%pny, which is lower by only 0.4% points than that estimated
in case 1. Such reductions in the retrofitted system performance
stem from the steam extraction at higher pressure and throttling
of the low-pressure turbine to maintain the desired pressure
downstream of the steam extraction tie-in.

It is important to point out that the net thermal efficiency of
the reference power plant reduces at part-load operation, mostly
due to increased excess air ratio and drop in the electric generator
efficiency. Figure 7 reveals that a similar trend occurred among all
investigated integration scenarios. Interestingly, the estimated
part-load performance of case 3 was better than that of case 1 at
60% and 40% of the base load, as the net thermal efficiency was
higher by 0.1% points and 0.6% points, respectively. This is not
only the result of an additional amount of power generated in the
let-down turbine in case 3, but it is mostly because the IP/LP
steam pressure becomes insufficient to meet the reboiler
specification below 80% of the base load in case 1. In such
case, the low-pressure turbine needs to be throttled to maintain
the required steam pressure of 2.9 bar, affecting the pressure
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distribution downstream of the steam extraction point, leading to
further drop in the power output.

Further analysis of data presented in Figure 7 indicated that
the net thermal efficiency gain achieved in case 3 over case 2
reduces along with a decrease in the power plant load. This can
be associated with the part-load reboiler requirements and the
steam cycle performance, as the amount of extracted steam and
the pressure drop across the let-down turbine reduce along with
the coal-fired power plant load (Figure 8). For this reason, a shift
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Figure 8. Changes of the steam extraction rate and the let-down turbine
pressure drop with coal-fired power plant load for case 3.

in the balance of additional power generated by the let-down
turbine and the total auxiliary power consumption of the
retrofitted system is observed at loads lower than 80% (Figure 9).

100 -

Power generation or consumption (MW,

100%

80% 60%
Coal-fired power plant load (%)

40%

@Power generated in let-down turbine mTotal auxiliary power requirement

Figure 9. Balance between power generated in let-down turbine and
consumed by the retrofitted system under different operating loads for
case 3.

Such a shift can be associated with a higher drop in the additional
power generated in the let-down turbine due to reduction in the
reboiler heat requirement compared to reduction in the overall
auxiliary power requirement.

Overall, the analysis reveals that, although the IP/LP steam
pressure has an impact on the overall process performance at part
load, implementation of the let-down turbine in cases of high IP/
LP pressures (case 3) would provide comparable process benefits
to the capture-ready systems with the IP/LP pressures designed
for CO, capture plant integration (case 1). Regardless of the fact
that the performance of case 3 was marginally lower than that of
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case 1 at 100% and 80% load, this configuration is the least
adversely impacted by part-load operation, offering considerable
advantages for plants to be operated under a load-following
regime.

4.3. Impact of Pressure Drop on Performance
Prediction. A considerable fraction of steam needs to be
extracted from the IP/LP crossover pipe to meet the reboiler
heat requirement, reducing the amount of steam used for power
generation in the low-pressure steam turbine. However, a
detailed analysis of the process performance prediction showed
that the drop in the turbine throughput is not solely the
responsible factor. This is because less steam passes through a
fixed IP/LP pipe cross-section, leading to a drop of the pressure
of steam entering the LP turbine.

Figure 10 revealed that variation in the relative change of the
steam flow rate to the LP turbine is relatively small when
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60% -
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Coal-fired power plant load (%)

60% 40%
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Flow rate drop - Case 1 Flow rate drop - Case 2 Flow rate drop - Case 3

Figure 10. Dependence between the low-pressure steam flow rate due
to steam extraction and the pressure drop under different operating
loads.

reducing the power plant load, which is a result of a fixed lean
loading during part-load operation. It was also found that nearly
the same amount of steam was extracted in case 3 as was in case 1,
while the amount of IP/LP steam extracted in case 2 was
considerably smaller. This can be associated with the differences
between the expansion process in the throttle valve and the steam
turbine, leading to the higher temperature at the throttle valve
outlet. Moreover, it needs to be highlighted that with reduction
of the power plant load, the relative change of the steam
extraction rate decreased in case 1 and case 3, while it increased in
case 2. Figure 11 reveals that this is because in case 2, the
variation in the steam temperature at the inlet to the reboiler
attemperator is small due to the fact that its pressure is
maintained at 2.9 bar through throttling of the LP turbine. On
the contrary, a considerable increase of the steam temperature is
observed on reduction of the power plant load in cases 1 and 3,
leading to a decrease in the relative change in the steam
requirement.

In addition, the analysis revealed that the relative change of the
drop in the LP inlet pressure with the power plant load followed
the same trend for case 2 and 3, while a considerable reduction in
the relative change of the pressure drop was observed for case 1.
As mentioned in Section 4.2, the IP/LP pressure becomes
insufficient to meet the reboiler requirements at power plant
loads below 80%. A reason for this is the reduced amount of IP/
LP steam discharged from the IP turbine under part-load
operation, causing a drop in the IP/LP steam pressure according
to the Stodola’s ellipse law. Therefore, not only does the relative
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Figure 11. Changes in the IP/LP steam temperature at the inlet to the
reboiler attemperator under different operating loads.

change in the pressure drop decrease due to reduction in the IP/
LP steam flow rate, it is further decreased by the IP/LP pressure
kept at a desired reboiler level through LP turbine throttling. On
the contrary, the IP/LP steam pressures in cases 2 and 3 are
higher than the steam pressure required in the reboiler and the
relative change in the pressure drop depends on the change in the
IP/LP steam flow rate only, which is the result of load reductions.
Hence, the effect of reduced steam flow has a minor effect on the
relative change in the pressure drop.

Finally, the shift of the relative change curves between the
pressure drop, and the flow rate drop is a function of the
temperature of steam, hence the specific volume as shown in the
relationship between the mass flow rate and the pressure of
steam, as described in the Stodola’s ellipse law (eq 2).

As the pressure drop was found to be of a comparable
magnitude to the drop in the IP/LP steam flow rate, it is
important to quantify its impact on the process performance
prediction. For this reason, the scenarios analyzed above were
recalculated with the assumption that no pressure drop occurs
due to IP/LP steam extraction. Comparing the net thermal
efficiency values with the ones obtained in Section 4.2, it is
concluded that if the pressure drop caused by steam extraction is
neglected in the analysis, the overall performance of the
retrofitted system would be overestimated by up to 1.3%y
points, with an average of 1.1%yy;y points (Figure 12). As the net
efficiency penalty is underestimated by up to 11.4%, the error
incurred by not considering the steam extraction-induced
pressure drop is considerable. This, in turn, can lead to

Net thermal efficiency overestimation

100%

80% 60%
Coal-fired power plant load (%)

40%

BCase 1 BCase2 mCase3

Figure 12. Estimation of the error in the net efficiency penalty
prediction if the steam extraction-induced pressure drop is not
considered. Case 1 could not have been computed at a 40% load
since the inlet pressure to the last IP turbine dropped below 2.9 bar.
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misleading conclusions regarding the performance of the
retrofitted system, especially under part-load operation. For
this reason, if steam extraction is one of the integration points, its
effect on the pressure distribution in the steam cycle and on the
power generation must be considered to accurately assess the
retrofitted system performance.

5. CONCLUSIONS AND RECOMMENDATION

The framework for part-load modeling of the coal-fired power
plant retrofitted with the CO, capture plant in a process
simulator such as Aspen Plus is developed in this work. A 660
MW, coal-fired power plant is modeled and validated first at base
load then at three different part-load conditions. The overall
prediction of the model was in good agreement with the available
data, although the live pressure steam was underestimated at
part-load operation, up to a maximum of 5.3% deviation. Also,
the assumption of constant temperature differences characteriz-
ing the operation of the feedwater heaters was proven to be valid
as the maximum deviation of 2% in the final feedwater
temperature was observed at 40% load.

Retrofitting of the CO, capture plant, which uses MEA as a
solvent and comprises one square-column absorber, was found to
impose an efficiency penalty ranging between 10.5%y;y points
and 14.7%y points, depending on the operating conditions
and integration scenario (case 1 in which steam is extracted at 2.9
bar at 100% load and case 2 where steam is extracted at 11.9 bar
and its pressure adjusted in the throttle valve at 100% load,
respectively). The performance analysis revealed that the heat
requirement for the solvent regeneration drops nonlinearly with
reduction of the power plant load. It was concluded that this
could be a result of the implemented power plant and CO,
capture plant control strategies, which assume variable excess air
ratio to control the reheater temperature and constant liquid—
gas ratio. It was also found that the lowest efficiency penalty
occurred in case 1 for the 100% and 80% load, and case 3, in
which steam is extracted at 11.9 bar and its pressure adjusted in a
let-down turbine, for the 60% and 40% load. Finally, the effect of
considering the pressure drop due to steam extraction was
quantified and the analysis showed that if it is not taken into
account, the efficiency penalty could be underestimated by up to
1.3%yy points.

In conclusion, the part-load modeling framework developed in
this study for coal-fired power plant retrofits was found to be an
effective tool for the detailed part-load analysis resulting from
changes in the power demands and/or modifications due to CO,
capture plant integration. Also, analysis of the part-load
performance of the coal-fired power plant retrofitted with the
CO, capture plant using MEA solvent revealed that the
configuration that achieves the best performance at base-load
operation is not necessarily the best option for the part-load
operation. Therefore, the proposed framework should lead to a
more profound insight into operation of the retrofitted system
and, thus, assessing the process performance in a more reliable
fashion. Furthermore, the results generated by the model can be
used to improve the prediction of a techno-economic analysis of
various retrofit scenarios through a detailed assessment of the
process performance under part-load operation. These results
can also serve as a basis for future studies to assess the process
reliability and operability. Finally, the proposed framework can
be used as guidance in developing similar models for assessing
the part-load operation of the precombustion and oxy-
combustion CO, capture systems.
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H NOMENCLATURE

Parameters

A Column cross-section area (m*)

D;, Hydraulic diameter (m)

EA Excess air (% vol)

f Friction coeflicient

L  Pipe length (m)

m  Mass flow rate (kg/s)

n  Adiabatic index

P Column perimeter (m)

pin Steam pressure at stage inlet (bar)

U  Overall heat transfer coefficient (W/m?K)
V  Velocity (m/s)

y;; Mole fraction of species i in stream j (kmol/kmol)
p  Density (kg/m’)

u  Kinematic viscosity (m*/s)

v;,, Specific volume (m?®/kg)

n;  Isentropic efficiency

Superscripts

0 Parameter at design conditions

Subscripts

actual Actual conditions
circ  Cylindrical column
design Design conditions

in Stream parameter at inlet to the unit operation
out Stream parameter at outlet from the unit operation
sq Square column
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Implementation of carbon capture and storage, nuclear power stations and wide utilisation of renewable
energy sources have been identified as capable of reducing around 42% of the energy sector’'s cumulative
CO, emissions between 2009 and 2050. In scenarios assuming high shares of renewable energy sources
in the energy portfolio, energy storage technologies and the remaining power generating assets would be
required to flexibly balance energy supply and demand. With nuclear power plants operating at base load,
this task would be handled by flexible fossil fuel power plants with CO, capture. However, mature CO,
capture systems were shown to impose high efficiency penalties (8-12.5% points) and are better suited for
base-load operation. An emerging calcium looping process, which has also been considered for energy
storage, has been found to offer lower efficiency penalties (5-8% points). This study presents a concept of
the calcium looping process with inherent energy storage for decarbonisation of the coal-fired power
plant. Analysis has revealed that the possible routes for energy storage in this process include CaO/CaCO3
solids storage, CaO/Ca(OH), solids storage and cryogenic O, storage systems. Comparison of the
CaO/CaCOs storage and cryogenic O, storage systems revealed that implementation of the latter would
result in higher turndown of the entire system and would offer higher energy density. Also, the hydration
reaction was found to improve the energy density of the CaO/CaCO3 energy storage system by 57.4%,
from 307.2 kWy, h m~— to 483.6 kW, h m~>. Economic evaluation of the proposed concepts revealed
that application of the cryogenic O, storage system in the calcium looping CO; capture process has the
potential to increase the profitability of the integrated system, even over the reference coal-fired power
plant without CO, capture.
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Broader context

Fossil fuel power plants with CO, capture, nuclear power stations and renewable energy sources have been identified as capable of reducing around 42% of the
energy sector’s cumulative CO, emissions between 2009 and 2050. However, the increasing share of intermittent renewable energy sources in the energy
portfolio will be a challenge for the balance of the energy network. Therefore, the fossil fuel power plants are expected to be decarbonised and to flexibly balance
energy supply and demand to avoid energy wastage and shortages. Implementation of energy storage is seen as an alternative option to counterbalance the
intermittent nature of renewables. In this study we present a concept of CO, capture based on calcium looping with inherent energy storage.
We demonstrated that such systems, in addition to decarbonisation of power plants, can increase the degree of energy utilisation at very small additional
capital costs. In the realistic future energy portfolio/policy scenarios, the fossil fuel energy systems based on the proposed concept can generate higher profit
than current fossil fuel power plants without CO, capture. In other words, integration of carbon capture and storage with energy storage can enable
decarbonisation of power and other carbon-intensive industries with no economic penalties.

1. Introduction

The International Energy Agency"> has predicted that to limit
the global mean temperature increase to 2 °C, around 42% of the
cumulative CO, emission from the energy sector, between 2009
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and 2050, can be mitigated through implementation of carbon
capture and storage (CCS), nuclear power stations and utilisation
of renewable energy sources. The greatest challenge of such a
scenario is the intermittence of the renewable energy sources,’
which would affect operation of the existing energy network,"®
especially in cases when their share in the energy portfolio
exceeds 50%." As the nuclear power plants operate at base load,
fossil fuel power plants would need to flexibly balance energy
supply and demand, so that neither energy produced from
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renewable energy sources is wasted (high renewables generation
period) nor energy shortages occur (low renewables generation
period). Such periods of variable load operation or no operation
would impose energy and economic penalties on the fossil fuel
power systems, especially for plants with CCS that are better
suited for base-load operation.’

Due to their capacity of decoupling energy supply and
demand,’ energy storage technologies can increase the degree
of energy utilisation and should thus be widely deployed along
with low-emission technologies. However, the energy storage
could contribute to CO, emission reduction only in the scenario
of wide renewables penetration.®® Otherwise, energy storage may
increase CO, emissions by an extent that depends on carbon
prices and the share of coal-based power generation in the energy
portfolio."”® For this reason, a synergy between renewable energy
sources, fossil fuel power generation and energy storage needs to
be reached.

Presently about 145.8 GW of energy is stored globally, most
of which as mechanical energy in pumped hydro storage plants
(97.5%), and compressed air and flywheel energy storage techni-
ques (1.0%). Interestingly, the share of thermal energy storage
technologies surpassed electro-mechanical storage in 2013, and
now accounts for 1.2% of the global energy storage capacity.'’
These technologies utilise media capable of storing thermal energy
at low or high temperature, which can be recovered in the form of
heat depending on the process demand.'"> Moreover, thermal
energy storage systems are claimed to have the potential of
improving the flexibility of the electricity grid, increasing the
degree of the energy utilisation,"*'* and balancing the mismatch
between energy supply and demand." These technologies do not
have the disadvantages of pumped hydro storage and compressed
air storage, such as requirements of specific site topology, and
relatively high capital cost, which could have a negative environ-
mental footprint.""**

Thermal energy storage systems can be classified as sensible
heat, latent heat, and thermochemical energy systems."*'*'” The
last mechanism, in which heat is used to sustain an endothermic
chemical reaction and is released in the reverse reaction, is
claimed to offer high energy densities,'*'® especially if one of
the regeneration stage products is in the vapour phase. Despite
being proposed for energy storage in the mid-1970s,'”*" the
process involving either hydration or carbonation of CaO is still
considered among the best candidates for energy storage.'®
A novel process design based on the reversible CaO hydration
reaction for storing heat from a concentrated solar field has
been recently analysed by Criado et al.>' The proposed configu-
ration comprises a single atmospheric pressure circulating
fluidised bed, which can operate as hydrator and regenerator,
and two silos for CaO and Ca(OH), storage. This study revealed
that, at maximum thermal output of 100 MW, the system
offered an energy storage density of 260 kW hy, m® and a
round-trip efficiency of 63%. Edwards and Materi¢*> proposed a
process based on reversible carbonation of CaO in the calcium
looping process (CaL) that comprised two independent reactors —
atmospheric pressure calciner (solar tower receiver) and pres-
surised fluidised bed carbonator — and three reservoirs for CaO,
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CaCO; and CO, storage. In addition, air leaving the carbonator
was fed to a gas expander for power generation. The plant net
thermal efficiency was found to be between 40-46%. Finally,
vandersickel et al.>® proposed to integrate a similar process to
the integrated gasification combined cycle power plant, with the
difference being that only CaO and CaCOj; are stored, and the
heat for calcination is provided through oxy-combustion of syngas
diverted from the gas turbine. In this system, the existing Selexol
unit is by-passed and the carbonator is used to capture CO, from
the syngas during the peak-demand period. Nevertheless, the
primary function of this system is energy storage and unloading
the existing CO, capture system. Such configuration was found
to operate with a round-trip efficiency of 61%, and allowed
for changing the power output by +25% (peak-load) and —20%
(off-peak) with respect to a nominal 550 MW,,. However, this study
did not consider variability of the power generation system during
part-load operation, which would lead to a further reduction of the
power output during the calcination step.

Although the carbonation reaction offers nearly 50% higher
theoretical energy density (1222 kW h m™*) compared to that of
hydration (833 kW h m™*)," there are some concerns that need to
be resolved prior to large-scale deployment. These include capability
for electrical energy storage,'* reduction of sorbent activity,"” and
requirement for temporary CO, storage.'® Also, the CaL process was
proposed by Shimizu et al.** for CO, capture from fossil fuel power
plants. Not only has this process been proven to impose lower net
efficiency penalty (5-8% points)** > compared to more mature CO,
capture technologies (8-12.5% points),>>? it also has the ability to
increase the net power output of the integrated system by more than
50%.2%%33* More importantly, this system can accept an excess
amount of electricity produced in the renewable energy sources to
drive the air (for O, production) and CO, compressors and has a
permanent source of CO, from the fossil fuel power plant. Finally,
it can operate with higher carbonation conversions (higher energy
density) when a hydration stage is employed.*®

The CaL process can, therefore, be seen as a promising
technology for decarbonisation of the power sector as it has the
ability to both decarbonise the fossil fuel power plant in an
efficient manner and increase power generation flexibility. Hence,
the fossil fuel power plant would not only meet its emission
reduction targets, but also operate efficiently even in the energy
portfolio containing large shares of intermittent renewable energy
sources. In this study, the concept of CaL with inherent energy
storage for CO, capture from coal-fired power plants is proposed
and possible routes for energy storage in the proposed concept are
identified. Finally, techno-economic performance of the selected
routes is evaluated to analyse their degree of energy utilisation
and profitability compared to the system without energy storage.

2 Concept process description
2.1 Calcium looping process

A core of the proposed concept is the CaL process proposed by
Shimizu et al.** for CO, capture, which comprises two inter-
connected fluidised bed reactors operating at atmospheric pressure.

This journal is © The Royal Society of Chemistry 2016
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In the first reactor, a carbonator, CO, is removed from the flue
gas stream via calcium-based sorbent. In the second reactor, a
calciner, the sorbent is regenerated at a high temperature,
provided through oxy-combustion of fuel. High-temperature
operation of the CaL process allows for recovery of high-grade
heat from the carbonator and the process streams. As a result
high-pressure steam can be generated and utilised for power
generation in a secondary steam cycle.

Yet, due to the decay of maximum sorbent conversion with
the number of carbonation/calcination cycles,” which can drop
to around 5-14% after 30 cycles depending on sulphur content
in the flue gas and the fuel used in the calciner,’”*® part of the
sorbent needs to be replenished in the system. To achieve a
higher conversion in the carbonator, the sorbent can be reacti-
vated through hydration (CaL-HYD).*****" As a result of 60%
sorbent hydration, the maximum sorbent conversion in the
carbonator is about 55% after 15 cycles.”" In the concept process
proposed here, the low-pressure steam required for hydration can
be extracted from the secondary steam cycle. Hydrated sorbent
can be directed to either the carbonator or the calciner (Fig. 1).
However, the latter route increases the calciner heat load, and
although that heat can be regenerated, the need for a larger
air separation unit and CO, compression unit incurs higher

View Article Online

Paper

capital costs, making this route less attractive. In addition,
around 4-10% of sorbent™ could be elutriated due to attrition.
As a result, a higher fresh limestone make-up rate would be
required, leading to higher maximum sorbent conversions, at
the expense of higher heat requirement in the calciner. Yet,
a higher fresh limestone make-up rate would lead to higher
average sorbent conversions in the carbonator, reducing the
sorbent looping rate required for 90% capture and thus, the
heat requirement in the calciner.

2.2 Routes for energy storage and CO, capture

Having analysed the process flow diagrams of the CaL process
for CO, capture, three viable options for energy storage have
been identified (Fig. 1):

e cryogenic O, storage,

e Ca0/CaCO; solids storage,

e CaO/Ca(OH), solids storage.

During the off-peak period, any of the identified energy
storage systems can operate in the charging mode, which means
that liquid O, is produced and/or the sorbent is regenerated in the
calciner (in the CaL-HYD scenario reactivated sorbent is first fed
to the carbonator). Under such operating mode, the air separation
unit, the CO, compression unit and the calciner operate at their
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PSC - primary steam cycle
SSC - secondary steam cycle
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Fig. 1 Schematic of coal-fired power plant retrofitted with calcium looping process for CO, capture and energy storage.
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nominal capacity, while the power plant operates at its mini-
mum load of 40%. This will lead to higher fuel consumption
and higher power consumption for air separation and CO,
compression compared to the system operating at 40% load
without the energy storage. During the peak-demand period,
the coal-fired power plant operates at its nominal capacity,
while the stored O, and/or regenerated sorbent is utilised to
unload the air separation unit and the CO, compression unit,
reducing their power requirements, and to reduce the heat
requirement of the calciner. Therefore, the proposed concept
would benefit from using more fuel during off-peak periods,
storing its chemical energy when the electricity price is low, and
using this energy to reduce the fuel consumption and/or the
system’s power requirement during the peak periods charac-
terised by higher market prices for electricity. Such operation is
expected to increase the flexibility and the profitability of the
integrated system.

It needs to be highlighted that the carbonator is assumed to
follow the power plant load changes, maintaining 90% CO,
capture. Also, the air separation unit compressors can operate
with a minimum load of 75% without recycling or venting, while
the cold box operates at a minimum load of 50%.** This implies
the need for three compression trains and two air separation unit
trains to reach the minimum load of around 40% for the entire
system. Due to the same minimum constraint, three compression
trains are required in the CO, compression unit. The calciner, on
the other hand, can operate with a minimum load of 25%."*"
It is also assumed that liquid O, is stored in the cryogenic tank at
1.2 bar at around —182 °C, which is maintained by the waste N,
leaving the air separation unit,”* while the sorbent is stored at
high temperature in the solid storage tanks. As claimed by Arias
et al.,’ the heat losses in the solid storage tanks, characterised by a
low surface-to-volume ratio, are negligible. Ma et al.** showed that
storing energy using solid materials, such as ash or sand, in the
insulated tanks can reach thermal efficiencies exceeding 99%.
Such low heat losses (< 1%) are a result of combined effects of
highly effective thermal insulation and self-insulation of the
particles. Assuming short-term CaO/CaCO; solids storage
(<12 h) in the tanks insulated with concrete walls and refrac-
tory lining, which was also considered by Ma et al.,** heat losses
are not expected to affect the process performance by much and
thus they are neglected in this concept study. Nevertheless,
at the process design stage and for long-term storage (days to
weeks), the effect of heat loss on process performance needs to
be taken into account.

3 Proof of concept
3.1 Considerations

After identifying possible routes for energy storage in the
CaL plant integrated to the coal-fired power plant for CO,
capture (Fig. 1), the performance of the following scenarios is
evaluated:

e CaL (Case 1) and CaL-HYD (Case 4) systems without energy
storage;
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e CaL (Case 2) and CaL-HYD (Case 5) systems with cryogenic
O, storage;

e CaL (Case 3) and CaL-HYD (Case 6) systems with CaO/
CaCoO; solids storage.

Although other routes for energy storage based on permuta-
tions of the identified systems could be analysed, these are
unlikely to offer any practical benefit over the selected cases. This
is because, in all possible cases for energy storage, the minimum
operating load of the calciner is limited by the minimum operat-
ing load of the air separation unit and the CO, compression unit.
Therefore, further reduction in the minimum load of these
systems would require additional compressors, leading to higher
capital costs. Nevertheless, implementation of the energy storage
system utilising the CaO/Ca(OH), reaction for energy storage has
lower energy density compared to that based on CaO/CaCO;,"*
and thus the heat storage capacity of the system would be lower.

To evaluate performance of the proposed concept, a model
of the entire process has been developed in Aspen Plus™**
with the key assumptions presented in Table 1. In addition to
modelling of the CaL or CaL-HYD system, the air separation
unit and the CO, compression unit were modelled in detail, to
reliably assess process performance. The CO, capture system
was scaled to remove 90% of the flue gas from the reference
660 MW, coal-fired power plant, the process model of which
has been described in detail elsewhere."® As opposed to the
study by Vandersickel et al.,>® the part-load performance of the
coal-fired power plant and the secondary steam cycle was
evaluated in detail using the framework for part-load modelling
presented in Hanak et al.*®

The capacity of energy storage technologies is usually char-
acterised with energy density (D,) or a specific energy (Dy,)

Table 1 Key process model assumptions

Parameter Value
Carbonator ~ Temperature (°C) 625
Carbonation extent (—) 0.70

Stoichiometric reactor. Average conversion
model by Rodriguez et al.*® with deactivation
curves derived from ex‘Perimental data from
Sanchez-Biezma et al.”® (non-hydrated
sorbent) and Grasa et al."" (hydrated sorbent)

Calciner Temperature (°C) 900
Calcination extent (—) 0.95
Relative make up (fresh limestone/sorbent 0.04
circulation rate) (—)
O, concentration in the calciner fluidising 40.0
gas (Yovo,wet)
0, excess (Yool dry) 2.5
Gibbs reactor. Gibbs free energy minimisation
model

Hydrator Temperature (°C) 500
Steam-to-calcium ratio (molar basis) 1:3
Stoichiometric reactor. Complete sorbent
conversion.

Secondary Design live/reheat steam temperature (“C) 593.3/

steam cycle 593.3
Design live/reheat steam pressure (bar) 242.3/
49.0
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defined in eqn (1) and (2) as the ratio of the energy stored
(Estorea) and the amount of storage media stored (7storage media),
while performance of the power generation systems is charac-
terised with net power output (W, and net thermal efficiency
(1), which is defined in eqn (3) as the ratio of the net power
output and the heat input from fuel combustion (Qye1). Environ-
mental performance is represented as the specific CO, emissions
(eco,) defined in eqn (4) as the ratio of CO, emission rate (nco,)
and the net power output.

Esmr ed
Dy = ’—‘p_ : (1)
= storage media
3.6 x Mstorage media ¢

Da = 1000 x —Lotored__ (@)

Mstorage media

Wncl

My = =— 6)
' qucl
Hico,

€Co, =5 (4)
Wl’lel

Because energy can be stored in thermal (CaO/CaCOj; solids)
and electrical (cryogenic O, storage) forms in the proposed con-
cept, the above metrics cannot fully represent the performance of
the integrated system. Therefore, the degree of energy utilisation
(174), which is defined in eqn (5) as the ratio of useful energy
and total energy input, is used as a measure of overall process
performance. In eqn (5), the useful energy term comprises net
power output (W), electricity stored through cryogenic O,
storage (Witorage,out)y and heat stored through CaO/CaCO; solids
storage (Qscorage,out), While the total energy input comprises the
chemical energy input from fuel combustion (Qge1), electricity
input through utilisation of stored liquid O, (Witorage,in), and
heat input through utilisation of stored CaO/CaCO; solids
(Qstorage,in)- Although the considered forms of energy differ in
quality, similar metrics, called degree of fuel utilisation, have
been widely applied to assess performance of combined heat
and power generation systems."

Ny = Whet + Qsmr;lgc.oul + Wsloragc.oul
W = = 5 5
Qﬁlcl + Qslnragc.in & Wslm‘ugcin

)

To assess the profitability of the proposed concepts with
respect to the reference coal-fired power plant without CO,
capture, the levelised cost of electricity (LCOE) and the cost of
CO, avoided (AC) are calculated according to eqn (6) and (7)°**
respectively.
LCOE:T(:.RXFCF+FOM+VOM+SFC ©)
Wiet x CF x 8760 n

- LCOEcuplnrc i LCOErcI'

€CO, . ref — €CO;.capture

AC

)

These parameters allow assessing the economic viability of
the proposed concept through correlating thermodynamic per-
formance indicators, such as net power output, net thermal
efficiency (17), capacity factor (CF) and specific emissions (Eco,),
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with economic performance, such as total capital requirement
(TCR), variable (VOM) and fixed (FOM) operating costs, specific
fuel cost (SFC), and the fixed charge factor (FCF), which considers
the system’s lifetime and project interest rate.

In addition, considering the average electricity prices in
December 2014, the daily profit is calculated. Using the
approach employed by Mac Dowell and Shah,* eqn (8) allows
calculating the daily short-run profit (SRP) as the difference
between the daily revenue from electricity sales (R) and
daily operating costs associated with fuel consumption (FC),
sorbent make-up (SC), CO, transport and storage (CTS), and
CO, emissions (CE).

SRP = R — (FC + SC + CTS + CE) (8)

The capital cost of the coal-fired power plant and storage equip-
ment is determined using the exponential method function®
with economic data presented in Table 2. Taking the capital cost
for an oxy-fuel circulating-fluidised bed system (C,) as ref. 58,
eqn (9) is employed to estimate the total capital cost of the CaL
and CaL-HYD plants (C), considering the volume of the reactors
(V) and the heat input to the calciner (Qcai) with the scaling
factors of 0.67 and 0.9, respectively. Moreover, the parameter
representing the fraction of the total cost of a circulating
fluidised bed reactor associated with the heat transfer surfaces
(«) is assumed to be 0.85. It needs to be highlighted that in the
CalL cases, this equation reduces to the exponential function
used by Romano et al.*®

chlc R Veale Y
(&) +o-9 (%)

SE,V SF.V
+( —ot)(V;/—":h) +(1 -a)(%") ]

Fixed and variable operating and maintenance costs are
calculated as fractions of total capital cost, while operating
costs associated with fuel and sorbent consumption, and CO,
storage, transport and emission are determined based on process
simulation outputs using economic data from Table 2.

Finally, performance of the selected cases for the proposed
concept is assessed in the following operating modes:

e Charging mode in which the power plant operates at
40% load, while the considered energy storage system operates
at 100% load,

e Discharging mode in which the power plant operates at
100% load, while the considered energy storage system operates
at 40% load,

e Daily variable load operation in which the system operates
in the charging mode during the off-peak period (11.00 pm -
5.30 am), discharging mode during the morning and evening
peak periods (6.00 am - 9.30 am and 4.30 pm - 7.30 pm), and
CO, capture only mode (no energy storage) in the remaining
periods (10:00 am - 4:00 pm and 8:00 pm - 10:30 pm).&

C =G

i+ A hypothetical daily energy demand was adapted from Mac Dowell and Shah.”
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Table 2 Economic model assumptions

Parameter Value

Coal-fired Reference e(}uigr_ne_nt capital cost 1100

power (€ per kW) *?3%3457

plant Reference power output (MW,)*> 575

Calcium Reference equipment capital cost 1252.3

looping (€ per kW)*®

plant Reference heat input (MW,)* 534.0
Reference reactor volume (m®)*® 1150.5

Cryogenic O, Reference equipment ca?ital cost (€ per m*)** 800000

storage tank  Reference volume (m?)* 2500

Solid storage Reference equipment capital cost 8.0

tank (€ per MW, sensible) ™

Other Variable cost as a fraction of total capital 2.0

economic cost (%)°*°°

parameters  Fixed cost as a fraction of total capital 1.0
cost (%)™
Carbon tax (€ per tCO,)**°° 0.0
Raw sorbent cost (€ per t)**%° 6.0
CO, transport and storage cost (€ per tCO,)*" 7.0
Coal price (€ per t)°*%* 40.6
Natural gas price (€ per t)* 157.1
Expected lifetime (years)™*®° 25
Project interest rate (%)”"°° 8.78
Capacity factor (%)**° 80

3.2 Thermodynamic performance evaluation

A performance analysis conducted for the selected cases (Table 3)
revealed that the turndown of the reference coal-fired power plant,
which is a ratio of the maximum and minimum net power output
reached by the system, was 2.56. Interestingly, similar turndown
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values were estimated for Case 1 (2.62) and Case 4 (2.60),
in which the power plant was retrofitted with the CaL and the
CaL-HYD systems for CO, capture only, respectively. This is
because integration of these systems resulted not only in
increase of the maximum net power output by 51.7% and 33.7%,
respectively, but it also caused increases in the minimum net
power output of 48.3% and 32.0%, respectively. Results pre-
sented in Table 3 show also that turndown of the integrated
system with cryogenic O, storage increased to 3.30 (Case 2) and
3.15 (Case 5), while for the integrated system with CaO/CaCOj;
solids storage it reduced to 2.54 (Case 3) and 2.44 (Case 6).
It should be noted that in the discharge mode, a reduction
in the calciner load to 40% led to reductions in fuel and O,
requirements, and thus, less high-grade heat was available for
recovery from the process streams. This, in turn, resulted in
less high-pressure steam generation and a drop in its pressure,
which has been estimated according to the Stodola ellipse
law;*® hence lower maximum net power output. Cryogenic O,
energy storage, therefore, appears to be better suited to balance
rapid changes of the energy demand, allowing for immediate
increases of net power output by utilising O, produced in the
air separation unit and stored in the cryogenic tank during
the off-peak period. Importantly, a noticeable difference in net
power output between the CaL and the CaL-HYD systems arose
from differences in the amount of the high-grade heat available
for recovery in these systems. Namely, the increase in the average
sorbent conversion in the carbonator from 15.8% in the CaL
system to 37.8% in the CaL-HYD system resulted in a lower
solid looping rate required to achieve 90% CO, capture in the
carbonator of the latter system. This, in turn, resulted in a

Table 3 Performance indicators for the considered energy storage and CO, capture routes? for the proposed process

Reference power

plant Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Charging (C)/Discharging (D) performance
indicators C D C D C D C D C D C D C D
Net power output (MW,) 247.0 633.0 366.4 960.0 307.5 1019.5 370.3 941.5 326.1 846.6 282.4 890.8 338.3 824.8
Net thermal efficiency (%py) 34.5 38.8 25.7 30.1 21.6 32.0 16.3 40.2 26.2 30.4 22.7 32.0 18.1 38.2
Energy utilisation degree (%) 34.5 38.8 25.7 301 25.7 314 37.7 33.6 26.2 30.4 262 315 39.1 324
Net efficiency penalty (%1y) — 8.8 8.7 12.9 6.8 182 -1.5 83 8.4 11.8 6.8 16.4 0.6
Energy utilisation degree penalty (%) = 88 87 88 74 -32 51 83 84 83 73 —46 63
CO, intensity factor (gCO, per kW, h) 969.0 835.0 65.3 55.0 77.8 51.8 64.6 56.1 73.4 62.4 84.8 593 70.7 64.1

Instantaneous performance indicators

Net power generation turndown (—) 2.56 2.62
Energy density” (kW h m~?) — —
Specific energy (k] kg™*) — —

Daily average performance indicators

Average daily net thermal efficiency (%uny)  38.1 29.4
Average daily degree of energy utilisation (%) 38.1 29.4
Average daily CO, intensity factor 853.6 56.4
(gCO, per kW, h)

Economic performance indicators

Levelised cost of electricity (€ per MW, h) 37.2 82.7
Cost of CO, avoided (€ per tCO,) — 58.2

3.30 2.54 2.60 3.15 2.44
312.0 307.2 = 309.8 483.6
900 700 — 900 1200
29.5 29.4 29.7 29.8 29.7
29.9 33.0 29.7 30.1 33.0
56.3 56.8 63.9 63.8 64.2
82.7 82.7 74.2 74.2 74.2
58.3 58.3 47.8 47.8 47.8

“ Case 1 - CaL with no ES, Case 2 - CaL with cryogenic O, storage, Case 3 - CaL with CaO/CaCO; solids storage, Case 4 - CaL-HYD with no ES,

Case 5 - CaL-HYD with cryogenic O, storage, Case 6 - CaL-HYD with CaO/CaCO; solids storage. b The unit is kW h m™

and kW, h m~* CaCO; in Case 3 and Case 6.
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reduction of the heat requirement for sorbent regeneration in
the calciner, reducing the amount of recoverable heat from the
carbonator and the process streams; hence less high-pressure
steam was generated and used for power generation in the
secondary steam cycle. The results obtained for the integrated
system without energy storage were found to be consistent with
the predictions by Wang et al.,*® who compared performance of
the CaL and the CaL-HYD systems.

Further analysis of process performance revealed that the
Ca0/CaCO; solid storage system would yield higher net thermal
efficiencies in the discharging mode (40.2%;y in Case 3 and
38.2%pyyy in Case 6), compared to cryogenic O, storage
(32.0%pyy in both Case 2 and Case 5) and even compared to
the reference power plant (38.8%jny). Yet, this is achieved at the
expense of much lower net thermal efficiencies in the charging
mode (16.3%y;yy in Case 3 and 18.1%yyy in Case 6), when the
solids converted in the carbonator need to be regenerated. Net
thermal efficiency for the cryogenic O, storage system operating in
the charging mode would result in an even lower efficiency penalty.

Yet, it is important to highlight that in estimation of net
thermal efficiency, the net power output was considered as the
only source of useful work in the system, while energy stored in
the form of heat or electricity has not been taken into account.
This can also be seen as the main reason for high net thermal
efficiencies estimated for the discharging mode, since the energy
input from the energy storage system was not considered. Perfor-
mance analysis of the proposed concept routes revealed that the
system with CaO/CaCO; storage has 12-13% points higher degree
of energy utilisation than the cryogenic O, storage system. Yet,
this did not directly correlate to system storage capacity. Estima-
tion of energy density for both systems did not give a clear answer
as to which system has higher energy storage capacity; for the
former it was estimated to be 307.2 and 483.6 kW, h m ™~ in Case
3 and Case 6, respectively, while for the latter it was 312.0 and
309.8 kW, h m ™ in Case 2 and Case 5, respectively. However,
direct comparison of these values cannot be used to determine
which system has higher energy storage capacity, due to different
forms of energy used in the energy density estimation. For
cases with the cryogenic O, storage system, operation in the
charging and discharging mode was found not to affect per-
formance of the secondary steam cycle, compared to the system
without energy storage. It can be claimed that changes in net
power output in these operating modes were directly related to
the amount of thermal energy input in the boiler. By using
the gross thermal efficiency of the system operating in the
discharging (38.4%py) and charging mode (34.5%ymy), the
energy density of cryogenic O, storage is recalculated to be
812.4-897.9 kW, h m ™, which is higher than estimated values
for the CaL and CaL-HYD with CaO/CaCO; storage. This implies
that to store the same amount of fuel energy, cryogenic O, storage
would require smaller volume than the CaO/CaCOj; solids storage
system, hence lower capital costs.

Incorporation of the sorbent regeneration step through
hydration was found to result in a 57.4% increase in energy
density and 71.4% increase in specific energy. This can be
associated with the increase of average sorbent conversion in
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the carbonator from 15.8% to 37.8%, resulting in a reduction of
unconverted CaO in the stored solids. As a result, the fraction of
total thermal energy stored in the form of sensible heat reduced
from 39.0% (Case 3) to 24.9% (Case 6), revealing that increased
sorbent conversion promotes energy storage through chemical
reaction. Also, it was estimated here that, for each percent of
sorbent conversion improvement, energy density and the specific
energy can be increased by 8 kW, h m * and 21.6 KJ,, kg,
respectively. Therefore, not only would the systems including
reactivation steps, such as the investigated CaL-HYD system with
Ca0/CaCO; solids storage, or using more efficient sorbents,*”*
require smaller reactors (hence lower capital cost), these would
also achieve a higher degree of energy utilisation. Moreover, the
Ca0/Ca(OH), step in the proposed concept was used to increase
the energy storage capacity of the CaO/CaCOj; system by increas-
ing the average conversion of the sorbent, hence increasing the
fraction of CaCO; in the stored solids. This approach differs from
the system investigated by Criado et al.,** who proposed to use
the CaO/Ca(OH), system as the primary energy storage system.
This approach was found to increase the energy density of the
Ca0/CaCOs; system to 483.6 kWy, h m™?; that is 57% higher than
the energy density of the CaO/CaCO; system without sorbent
reactivation (307.2 kWy, h m?) and 86% higher compared to the
Ca0/Ca(0OH), system (260 kW, h m?) evaluated by Criado
et al** As a result, storage of the same amount of heat would
require smaller volume in the CaO/CaCO; system with sorbent
reactivation through hydration compared to the CaO/Ca(OH),
system, leading to lower capital cost of the entire CO, capture
system with energy storage, which is proven in the economic
analysis presented below. The only downside of using the CaL-
HYD instead of the CaL system is marginally higher values for
CO, intensity factor in most of the cases investigated (Table 3).
This is a result of lower net power output for the regenerated
system, caused by less high-grade heat available for recovery
from the process streams.

Analysis of the hypothetical daily energy demand curve
adapted from Mac Dowell and Shah®® revealed that the daily
average degree of energy utilisation in the systems containing
Ca0/CaCO; storage (around 33%) and cryogenic O, storage
(around 30%) was higher than in systems without energy storage
(29.4% for Case 1 and 29.7% for Case 4). This implies that the
systems with energy storage capability would result in higher
degrees of energy utilisation. More importantly, as the periods of
charging and discharging were equal in the hypothetical operat-
ing schedule, the average daily net thermal efficiency and the
average daily CO, intensity factor were not affected much com-
pared to the system without energy storage. Finally, the process
evaluated in this study can conceptually be integrated with a solar
power plant or wind turbine farm to utilise excess energy for
sorbent regeneration or for liquid O, production, which can be
utilised later to increase net thermal efficiency and the degree of
energy utilisation.

3.3 Economic performance evaluation

The specific capital costs of the reference coal-fired power plant,
the CaL system (Case 1) and the CaL-HYD system (Case 4) have
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been estimated to be 1206.5 € per kWe) gross, 2981.6 € per kW gross
and 2776.4 € per KW gross, respectively. This is in agreement
with other studies, which assumed the specific capital costs for
coal-fired power plants of 1200 € per kW, gross and for the CaL
system of 2500-3000 € per kWej gross.>”>>">* Moreover, specific
capital cost of the integrated CaL and CaL-HYD systems was
estimated to be 2023.4 € per kW, gross and 1799.1 € per KW gross,
respectively, which is close to the range 1250-1740 € per KkWej gross
estimated in other studies.*>*>** A slightly higher specific capital
cost obtained in this study is caused by the assumption of
maximising heat recovery for power generation in the CaL and
CaL-HYD plants. Also, the higher energy density due to sorbent
regeneration in Case 6, compared to Case 3, reduces the specific
capital cost of the entire system. An additional capital cost
associated with cryogenic O, storage and CaO/CaCOj; solid
storage increases the specific capital cost of the integrated CaL
system only by 0.6 € per kW) gross (Case 2) and 2.3 € per kWe gross
(Case 3), and of the CaL-HYD by 0.6 € per kWe; gross (Case 5) and
1.4 € per kWegross (Case 6). Hence, addition of energy storage
capability does not change the levelised cost of electricity, the
value of which is in agreement with results from Romano et al.>
and Yang et al,>* and has a negligible effect on the cost of CO,
avoided (Table 3). Therefore, the inherent energy storage ability
of the CaL and CaL-HYD systems is available at a very low
additional capital cost to the CO, capture system.
Implementation of the CaL (Case 1) and the CaL-HYD (Case 4)
plants for CO, capture will reduce the daily short run profit by
15.0% and 17.2% (Fig. 2), respectively, regardless of the better
thermodynamic performance of Case 4 identified previously.
This is due to 7.2% lower net power output in Case 4 with respect
to Case 1 and thus lower expected revenue from electricity sales.
Furthermore, addition of the cryogenic O, storage was found to
increase the daily short-run profit of the CaL (Case 2) and CaL-
HYD (Case 5) plants by 2.3% and 2.2%, respectively. Conversely,
addition of the CaO/CaCOj; solid storage system was found to
slightly reduce the daily short-run profit of the CaL (Case 3) and
CaL-HYD (Case 6) by 0.1% and 0.2%, respectively; yet it will
increase the plant flexibility. Therefore, it appears as if the
cryogenic O, storage system was more economically substan-
tiated. Yet, with the secondary steam cycle designed for normal
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operating mode without energy storage, part-load operation of
the calciner in discharging mode reduces the amount of recover-
able heat that results in reduction of net power output in Case 3
and Case 6 by 0.2% and 0.3%, respectively.

As electricity prices are subject to annual fluctuations and to
seasonal changes, the effect of the price difference, which is
defined as change of the electricity price with respect to the
reference value over the considered period, on the daily short-
run profit, is evaluated. On increasing the daily price difference
(Fig. 3a), it was found that the concepts proposed in Case 2 and
Case 3 would generate the same daily short-run profit as the
reference coal-fired power plant without CO, capture if the
daily price of electricity increases by 12.5 € per MW, h and
14.8 € per MW, h, respectively, while the CaL plant without
energy storage will break even at the 14.4 € per MW, h increase in
price difference. For the cases with sorbent regeneration through
hydration, higher daily short-run profit would be achieved on
increased price difference of 22.6-26.0 € per MW, h, with the
lowest increase associated to Case 5. Moreover, increased peak
price difference (Fig. 3b) of more than 27.4 € per MW, h and
49.2 € per MW, h, would make the CaL (Case 2) and the
CaL-HYD (Case 5) more economical than the reference coal-
fired power plant. In addition, it was found that reduction of
off-peak prices (Fig. 3¢) will not bring any additional benefit, as
the loss of profit in the charging mode during low electricity
price periods outweighs the benefits of discharging mode
operated at peak times with higher prices. Nevertheless, this
analysis revealed that the proposed concept, in particular the
CaL plant with cryogenic O, storage system (Case 2), could
generate daily shortrun profit higher than the reference coal-
fired power plant depending on the daily spot prices of electricity.
Further increase of the profit can be achieved on determination
of the optimal charging and discharging times, using optimisa-
tion methodology developed by Barbour et al.®

Finally, economic performance of the proposed concepts is
highly dependent upon the economic climate, as it is predicted
that the carbon tax may vary between 10-150 € per tCO,.”*”
Moreover, economic performance will vary depending on whether
the produced CO, is transported and stored (the costs for which
vary between 2.5-36 € per tCO,%>”> depending on the CO, transport
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method and storage location), or used, for example, for enhanced
oil recovery at a supply price of 12-15 € per tCO,.””’* Fig. 4a
reveals that the daily short-run profit of the reference coal-fired
power plant is highly affected by increases in the carbon tax,
while it is hardly affected in the remaining cases with 90%

This journal is © The Royal Society of Chemistry 2016

CO, capture. Importantly, when the carbon tax exceeds
8.3 € per tCO, for Case 2 (which is lower than the average price
of 8.5 € per tCO, for the European emission allowances in
November 20157%), and 11.1 € per tCO, for Case 6, the proposed
concepts become more profitable than the reference coal-fired
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power plant. This implies that the proposed concept (Case 2) is
already more profitable than the reference coal-fired power
plant without CO, capture.

Furthermore, it can be seen in Fig. 4b that for the specific
cost for CO, capture and transport of 2.5 € per tCO,, the daily
short-run profit for Case 2 is equal to that generated by the
reference coal-fired power plant. On the other hand, for Case 6
to become more profitable than the reference coal-fired power
plant, CO, would need to be sold for industrial use at prices
higher than 0.3 € per tCO,, which corresponds to negative values in
Fig. 4b. This shows that the profitability of the proposed concepts
could greatly exceed that of the reference coal-fired power plant,
if pure CO, produced in the proposed concepts is industrially
utilised, even at low price.

4. Conclusions

In this study, a concept for the CO, capture plant based on CaL
with inherent energy storage is proposed and evaluated in the
coal-fired power plant retrofit scenario. The CaL was previously
proposed for energy storage from solar power plants; however,
challenges such as the requirement for temporary CO, storage
and sorbent deactivation were identified. These were resolved
in the proposed system as the power plant acts as a permanent
source of CO, and hydration was used as a means for sorbent
regeneration.

Analysis of the process revealed that possible routes for energy
storage include CaO/CaCO; solids storage, CaO/Ca(OH), solids
storage and cryogenic O, storage systems. The comparison of
Ca0/CaCO; and cryogenic O, storage systems revealed that
implementation of the latter would result in higher turndown of
the entire system and offer higher energy density, hence requiring
lower capital cost. Although performance of the integrated system
with energy storage through a CaO/Ca(OH), loop was not evalu-
ated here due to the lower energy density of such system, the
reactivation step was found critical in improving the performance
of the CaO/CaCOj; energy storage system. Not only did it increase

Energy Environ. Sci

net thermal efficiency, it increased the energy density by 57.4%
and specific energy by 71.4% leading to a higher degree of energy
utilisation. Importantly, the proposed CaL-HYD system with CaO/
CaCO; energy storage was found to offer 86% higher energy
density than the conventional CaO/Ca(OH), energy storage sys-
tem. An increase in the energy density was found to be important
from the economic perspective, as storing the same amount of
heat in a lower volume would result in the specific capital cost of
the CaL-HYD system lower by 6.8% compared to the CaL system.

The economic performance evaluation conducted revealed
that the addition of energy storage capability to the CaL and the
CaL-HYD plants for CO, capture from the coal-fired power
plant has a low impact on the total capital cost and thus on
the levelised cost of electricity and the cost of CO, avoided.
Moreover, analysis of the daily short-run profit revealed that
Case 2, in which the CaL plant was equipped with the cryogenic
O, storage system, will reduce the daily short-run profit of the
coal-fired power plant by 15.0%. This case was found to have
the lowest impact on system profitability. Yet, the proposed
concept (Case 2) can generate higher profit when the carbon tax
exceeds 8.3 € per tCO,. As the price of the European emission
allowances in November 2015 was 8.5 € per tCO,, the proposed
concept is already more profitable than the reference coal-fired
power plant without CO, capture.

Further studies will aim to provide a detailed design of the
proposed concepts of CO, capture with inherent energy storage for
decarbonisation and to optimise the charging and discharging
times to maximise the daily short-run profit. Also, the applicability
of the proposed concepts in natural gas combined cycle power
plants will be assessed. Finally, the inherent energy storage cap-
ability of other clean power technologies, such as chemical looping
combustion and oxy-combustion, will be assessed.

Nomenclature
AC Cost of CO, avoided, € per tCO,
C Capital cost of calcium looping system, € per kW,
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Rate of CO, emission, kg s~
Rate of media to storage, kg s~
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Sorbent make-up cost, €
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Scaling factor for reactor heat input, —
Scaling factor for reactor volume, —

Daily short run profit, €

Total capital requirement, €

Reference heat input, MWy,

Heat input to the calciner, MWy,

Chemical energy input from fuel combustion, MW
Heat input from CaO/CaCOj; solids storage, MW
Heat stored through Ca0O/CaCO; solids storage,
MW

Volume of reactors, m*

Reference volume of reactor, m*

Variable operating and maintenance cost,

€ per MW h

Net power output of the integrated system, MW
Electricity input from cryogenic O, storage, MW
Electricity stored through cryogenic O, storage,
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Fraction of the total cost of a circulating fluidised
bed reactor associated with the heat transfer
surfaces, —

Net thermal efficiency, —

Degree of energy utilisation, —

1

Abbreviations

CaL Calcium looping process

CaL-HYD Calcium looping process with sorbent reactivation
step through hydration

CCSs Carbon capture and storage
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HIGHLIGHTS

« Power plant equipment is usually oversized to account for input uncertainties.

« Oversized equipment degrades its rated efficiency and increases capital cost.

« A stochastic methodology to assess probabilities of equipment failure was proposed.
« The methodology was proven applicable for design and analysis of the power plants.
« Estimated high reliability indices allow reducing power plant equipment oversizing.
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Despite the low-carbon environmental policies, coal is expected to remain a main source of energy in the
coming decades. Therefore, efficient and environmentally friendly power systems are required. A design
process based on the deterministic models and application of the safety factors leads to the equipment
oversizing, hence fall in the efficiency and increase in the capital and operating costs. In this work, appli-
cability of a non-intrusive stochastic methodology to determine the probability of the power plant equip-
ment failure was investigated. This alternative approach to the power plant performance assessment
employs approximation methods for the deterministic prediction of the key performance indicators,
which are used to estimate reliability indices based on the uncertainty of the input to a process model
of the coal-fired power plant. This study revealed that high reliability indices obtained in the analysis
would lead to reduced application of conservative safety factors on the plant equipment, which should
result in lower capital and operating cost, through a more reliable assessment of its performance state
over its service time, and lead to the optimisation of its inspection and maintenance interventions.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Despite the environmental concern caused by greenhouse gas
emissions from the power sector, coal remains a key primary
energy resource globally [1,2] and its share in the energy mix has
recently increased in countries such as Germany, Spain, China
and the United Kingdom, mainly due to the emergence of shale
gas [3-5]. Although this trend is inconsistent with the low-carbon
scenarios, it is expected to continue as the global coal demand is
predicted to increase from 155 EJ to 186 E] between 2011 and

Abbreviations: FORM, first order reliability method; SORM, second order
reliability method; ULS, upper limit state; LLS, lower limit state; SRSM, stochastic
response surface method; MPR, multivariate polynomial regression; LSM, least
squares method; MCS, Monte Carlo simulation; KPI, key performance indicator.

* Corresponding author. Tel.: +44 (0) 1234 750111x5235.

E-mail address: d.p.hanak@cranfield.ac.uk (D.P. Hanak).

http://dx.doi.org/10.1016/j.apenergy.2014.10.079
0306-2619/© 2014 Elsevier Ltd. All rights reserved.

2018. Additionally, the coal demand in China alone is projected
to increase by 24%, from 75 EJ to 93 E] between 2011 and 2017
[3,6]. Nowadays, the global fleet of the coal-fired power plants
operates with an average net thermal efficiency of 33%;y. For this
reason, coal-based power generation is responsible for over 70% of
the total CO, emissions from the power sector [3]. This makes the
power sector one of the major contributors towards the global CO,
emissions [7-11]. It is expected that the substitution of a subcriti-
cal unit with a supercritical unit of the same capacity, operating
with the net thermal efficiencies of above 40%;y, would result in
a 15% reduction in CO, emission [12].

Application of the simulators has been identified as a powerful
and cost-effective method in the design and analysis of the advanced
power plant processes. Hence, assessment of both coal and gas
power plant performance under different loads [13,14], combined
power and heat plants configurations [ 15,16] and CO, capture plant
retrofits [17,18] is widely conducted using computational process
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Nomenclature

Latin symbols

g dependent variable

L allowable (permitted limit) for a given variable

M, design matrix

Npaire  number of failures indicated in Monte Carlo simulation

Nruns number of runs in Monte Carlo simulation
Py probability of failure

v actual value for a given variable

Xk independent variable in multi-variable system
X multi-variable vector

Greek symbols

p reliability index

¢! inverse of the normal cumulative distribution

modelling tools. However, the deterministic nature of such models
does not consider the randomness of the input variables [ 19], hence
does not provide a definitive representation. Moreover, it is a com-
mon design practice to oversize the power plant equipment to
account for uncertainties in process parameters that result mostly
from the fluctuation of the power plant load to meet the market
energy demand, but also due to integration of auxiliary systems to
the power plant. This is usually achieved by applying the safety fac-
tors in design of rotating equipment, heat exchangers, and trans-
formers. These units are typically selected according to sizing
guidelines based mainly on field experience, so that material and
operability limits are not exceeded. However, such an approach
results in a considerable parasitic load on the system as the over-
sized and under-loaded equipment degrades its rated efficiency,
leading not only to higher operating but also capital costs. Further-
more, this may trigger risks such as an increase in vibration stresses
or unstable operation [20-22]. Also, some unit operations, such as
pulverisers, may become bottlenecks of the process resulting in a
limited load [23]. Equipment overheating and a fall in the power pro-
duction could also be observed if the system is under-sized [20].
Ultimately, such poor design of the power plant equipment and an
increased system complexity, among others, are identified as the
main causes of failures [24].

In contrast to application of the safety factors, a probabilistic
performance assessment approach provides a set of analytical tools
which can be used to estimate the probability of failure for partic-
ular equipment and systems. These tools systematically consider
the impact of the input parameter uncertainty. Frey and Rubin
[25] have suggested that stochastic modelling provides a more
profound insight into the process performance and may lead to dif-
ferent decisions compared to the deterministic analysis. Their
study, where the performance and costs of an advanced technology
for SO, and NOy emission control from coal-fired power plant was
stochastically analysed, revealed that uncertainties have a consid-
erable effect on the system costs. In their pioneering work, Salmen-
to and Rubin [26] have developed a stochastic modelling
framework for the cost analysis of the environmental control
systems which allows benchmarking novel technologies, such as
integrated gasification combined cycle [27], carbon capture and
sequestration [28] or abovementioned SO,/NO, emission control
technologies with the existing technologies. According to Adhikary
et al. [29], only a few studies have been conducted to investigate
the reliability of individual pieces of equipment in the coal-fired
power plants. In most of these studies, the reliability and availabil-
ity indices for the power plant were estimated using equipment
failure rates and mean times to failure [24,29332]. Guidelines for
probabilistic modelling were proposed by Shayan [30] who devel-
oped a model that predicts the reliability of the coal milling
system. Arora and Kumar [31] performed a stochastic analysis to
calculate the availability of the ash handling system in a coal-fired
power plant. Gupta and Tewari [32] used a probabilistic modelling
in a Markov Birth-Dead process to represent the system operation
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and used the results obtained to optimise the process availability.
These studies have shown that planned maintenance would
increase the system availability, hence reliability, however at the
expense of increased maintenance cost. Yet, the tools developed
and the results obtained can be applied to design of new similar
systems.

As no probabilistic assessment of the coal-fired power plant
performance has been presented in literature yet, the aim of this
work is to provide a systematic methodology that combines a finite
number of deterministic numerical simulations of the power plant
to approximation methods and Monte Carlo simulation (MCS). This
is used to estimate the probabilities that specific thresholds in the
system are exceeded in the presence of uncertain system inputs
and boundaries. Similar methods have been successfully applied
in safety-critical applications of other industries such as nuclear,
aviation, manufacturing and offshore [33-36].

2. Coal-fired power plant modelling
2.1. Model description

This study analyses a performance of the supercritical coal-fired
power plant located in India with a typical configuration (Fig. 1).
The power plant follows the grid electricity demand and operates
at its rated gross power output of 660 MW, with a net efficiency
of 38.8%yuv at a peak demand. The process model for this system
has already been developed in Aspen Plus and its prediction,
including the part-load operation, has been validated against the
data available in the literature [14]. In general, the model of the
power plant consists of three interconnected sub-systems: a super-
critical steam boiler, a flue gas emission control system, and a
steam cycle.

In the boiler sub-model, pulverized coal prepared in the mills is
entrained by the primary air that is a part of the total air used in
the coal combustion process. Feedwater enters the boiler via the
economiser at nearly 309 bar at a base load and pressure losses
are accounted for through a general pressure drop correlation. Live
steam leaves the boiler at 537 °C and 242.2 bar and is expanded in
the high-pressure turbine, and then returned to the boiler where it
is reheated to 565 °C and subsequently expanded in intermediate-
and low-pressure turbines, which are coupled to an electric gener-
ator. Waste heat from the flue gas leaving the boiler is recovered in
an air preheater, before the flue gas enters the emission control
system comprising the selective catalytic reduction reactor for
NO,, the electrostatic precipitator for particulate matter, and the
flue gas desulphurisation unit for SO, emission control.

A typical design of the coal-fired power plant includes several
steam extractions to the high- and low-pressure feedwater heaters.
This aims to increase the net thermal efficiency by increasing the
average temperature of heat addition in the boiler. The pressure
distribution in the system, which is dependent on the steam gen-
eration rate, is represented using the Stodola’s ellipse law.



352

SECONDARY-
SUPERHEATER

PRIMARY-
SUPERHEATER

ECONOMISER

SCR:

AIR PREHEATER:

PULVERISED
COAL

Moisture content
Ash content
Volatile matter content
Fixed carbon content

Coal consumption rate

Impurities content
Oxygen content

Current electr

Excess air
Cooling water temperature

OLegend

D.P. Hanak et al./Applied Energy 139 (2015) 350-364

FLUE GAS

P TURBINE
P TURBINE

/—HP TURBINE
—
/r[

JONDENSER

0]

\—LP FEEDWATER
HEATERS

P FEEDWATER
HEATERS

Fig. 1. Process flow diagram of 660 MW, supercritical coal-fired power plant.

Pollutants generation rate

Combustion gas temperature

Combustion ¢

Steam generation rate

Low-pressure turbine back
pressure

A positive '+' sign to the left of the relationship curve means that increase of a source parameter results in increase of the destination parameter.

A negative "' sign to the left of the relationship curve means that increase of a source parameter results in decrease of the destination parameter.

Process parameter

------------ :

Fig. 2. A model of relationship between process parameters in the coal-fired power plant.

2.2. Key performance indicators

The key performance indicators (KPIs) of the coal-fired power
plant are identified through analysis of the relationships among its
operating parameters (Fig. 2). Maininput data to the model comprise

parameters related to the coal and air quality, environmental condi-
tions reflected mainly in the cooling water temperature, as well as
therequired load to meet the market electricity demand. These input
parameters affect the process performance that is observed in vari-
ation of both stream parameters and net power output.
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On the process level, the coal quality, which is characterised in
terms of moisture, ash, volatile matter and fixed carbon content,
directly influences the coal consumption rate. For example, an
increase in both the moisture and ash content (ballast) reduces
the heating value of coal. Therefore, to introduce the same amount
of energy into the system, the required coal consumption rate
would increase with moisture and ash contents.

Furthermore, a minimum amount of oxygen is required to
ensure a nearly complete combustion process of coal. Therefore,
a variation in the coal consumption rate during the load following
operation of the power plant would result in a subsequent varia-
tion of the air rate required for combustion. Additionally, the air
requirement is affected by the air composition, which may differ
in the vicinity of the power plant [37].

Although the increase in both coal and combustion air rates
result in rise in combustion gas flow rate, they affect the combus-
tion temperature differently. Since the air temperature is well
below the adiabatic flame temperature of coal, the temperature
at which the combustion process takes place would be reduced if
the excess air is too high. Yet, both rise in the coal consumption
rate and the combustion temperature result in increase in emission
rate of the gaseous pollutants, such as CO, and NO,.

Also, the combustion gas temperature and flow rate directly
affects the amount of live steam that is generated in the boiler
and the temperature of reheated steam. It is assumed that the
power plant is operated in the sliding pressure mode. Therefore,
variation in the steam rate affects the pressure distribution both
in the boiler and the steam cycle. This pressure distribution is also
influenced by the ambient cooling water temperature, which
determines the operating pressure of the condenser, and hence
the low-pressure turbine discharge pressure.

On a system level, the performance indicators are linked
between the process level parameters and the market electricity
demand. The gross power output is directly dependent upon the
steam generation rate, as well as the live steam inlet pressure.
However, due to the auxiliary power requirement of the power
plant equipment, the net power output sent to the grid is less than
gross output at a given load. As the market demand changes over
the time, the required net power output would change as well. This
is balanced by adjustment of the coal consumption rate. As the
power plant output follows the market demand, all key parameters
vary within the load operating envelope, of which the lowest oper-
ational load is 40%.

3. A framework for the probabilistic assessment of complex
systems

3.1. Background of systems reliability

Reliability is defined as “the ability of a system to fulfil its
design functions under designated operating and environmental
conditions for a specified period of time” [38]. In analysing reliabil-
ity, estimates of the joint probability of non-fulfilment for each
individual functional requirement of the system are mathemati-
cally expressed through corresponding limit states, which indicate
the safety margins between allowable and actual values of vari-

ables. For a multi-variable system X = {xy, Xa, X3, ..., X;} the limit
state can be formulated as:
g(X) =L(X) - V(X) (1)

where L stands for the allowable limit, often determined by design
standards and practices, and Vis the actual value of the correspond-
ing variables. Examples of these variables in a power plant are coal
firing rate and thermal efficiency. X is an n-dimensional vector
representing the design variables, which individually have a known
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continuous joint distribution fy(X). Thus, each functional require-
ment must necessarily be expressed by gj(X), which is the limit-
state function, and ascribes a negative value when the state identi-
fied by the variables results in failure region, a positive value for
safe region and a null value for the critical limit condition. There-
fore, the probability of failure can be mathematically defined as
the probability for the limit state condition to be unsatisfied:

P; = Plg(X) < 0] @)

Hence the probability of failure can be rewritten as:

0
Fr= /\fgdg » /g(xmofgdg @)

For each limit state in the system, which is characterised by the
correlation coefficient p;y between the allowable and actual val-
ues, the mean and standard deviation can be determined using
the elementary definition of the mean and the variance [39]:

By =y — My )

0g = /0% + 0% — 2pyy 0100 5)

As illustrated in Fig. 3, the reliability index f represents the dis-
tance of the mean reliability margin from the limit-state surface
and is defined as:

= % Y . Rt o AR (6)
& /ot + 0L —-2p,0.0v

In a special case in which the limit state function g(X) is nor-
mally distributed, g(X) =0, and in which the allowable limit and
the actual value for the random variable are uncorrelated
(prv=0), the probability of failure can be expressed as a function
of the reliability index:

p

_ [0 BN
”I—LW“P[ 2(557)
N A S s |
_‘/q O_gmexp[ 2/;]_1 ®(p) )

3.2. Solution techniques for reliability analysis

In most cases, an analytical solution of the integral presented in
Eq. (3) is very difficult, if not impossible, to find; hence approxima-
tion or stochastic methods, characterised by different computa-
tional requirements and accuracy, are often employed.

Numerical approximation aims to linearise the limit-state
g(X) = 0, usually using the Taylor series expansion. Two most com-
monly applied reliability methods, first-order reliability method

noy B

g<0
Failure Region g>0
Safe Region
Py

"

Fig. 3. Graphical interpretation of the reliability index [39].
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(FORM) [40] and second-order reliability methods (SORM) [41,42],
employ first and second order Taylor expansions, respectively, for-
mulating easy to model algorithms for computation of the proba-
bility of failure. To achieve high accuracy and reliability of the
prediction, application of the FORM is limited to linear responses
and expected probabilities of failure P;> 10~°. For highly nonlinear
responses, the SORM should be employed. In most cases, however,
implementation of SORM results only in a slight improvement of
the prediction accuracy, while significantly increasing the compu-
tational effort required [39]. Therefore, for systems of higher non-
linearity, other methods, such as radial basis functions [43], are
employed, as the requirement of handling higher-order Taylor
expansions significantly complicate the computational process,
with no apparent benefit in accuracy, especially when there is a
requirement for data extrapolation.

Stochastic methods, such as MCS, are widely used because they
do not require much knowledge and statistical understanding of
the problem. The MCS algorithm is easy to implement and involves
evaluating a deterministic model a number of times utilising dif-
ferent inputs, and then checking each output to assess if one or
more thresholds are exceeded or not. The main drawback of the
method is that it is not suitable for low probabilities of failure as
it becomes computationally demanding [44]. Further description
of the methods and their mathematical formulation is available
in Choi and Grandi [39].

3.3. Approximation methods for complex systems

Uncertainty in input variables results in randomness of the out-
put quantities like the net thermal efficiency. The output is often
limited by the equipment constraints and exceeding it could result
in various failure modes. Analytical representation of limit state
functions of complex systems for a systematic probabilistic assess-
ment is not always feasible and often demands reduction of system
through appropriate approximations, formulating expressions that
implicitly or explicitly represent the relationship between inputs
and outputs. The problem can be treated in a more mathematically
intensive way through intrusive formulation, for example by
embedding the stochastic variability of the system in the analysis
codes, as done using Stochastic Galerkin or Spectral Stochastic Final
Element Methods. Alternatively, the problem can be approached in
a simpler, non-intrusive formulation, by keeping codes as black
boxes and dealing with system response surfaces, as done using
the Stochastic Response Surface Method (SRSM) [45]. Available
methods can vary from simple interpolation, using least squares
method analysis for polynomial regression, to more computation-
ally intensive surrogate models that can capture extensive nonlin-
earities and complexities of the response surface [46].

The SRSM may be easily employed in order to provide an effec-
tive and precise estimate of the reliability of a limit state function.
First, an approximated limit-state function is obtained by using
some designated sample points, where the response surface is sui-
ted to the limit-state to construct a simpler mathematical function,
such as a quadratic polynomial. This is then used as an estimate of
the real limit-state function. Therefore, the SRSM is considered to
be the link between input and output of a process, since it plays
an important role in the construction of functions and variables
that are simulated. A drawback of this method is the lack of accu-
racy in cases with strongly nonlinear limit-state functions to be
approximated. In this work, quadratic functions are employed to
express the limit-state function as a function of all design variables
stochastically modelled, due to the fact that they can match the tail
curvature of the response surface with good approximation and
also restrict the number of required simulations [47].

A generic quadratic polynomial form can be denoted as [48]:
EX)=a+> b Xi+> X (8)
i=1 i=1

In order to calculate the (2n + 1) coefficients a, b; and c;, an equal
or greater number of sample points is required in order to apply
multivariate polynomial regression (MPR). Determination of sam-
pling points should be done in such a way that the measured
response is ‘mapped’ in the most comprehensive way. Whichever
method is used, the number of samples can be from (2n+1) to
3" corresponding to different numbers of simulations. Regression
can be performed by application of the least square method [49],
denoting that for a quadratic approximation with p sampling
points, the design matrix M, of the independent variables and
the vector g with values of the response (dependent variables) are:

1wy - ouy w2 uy -

M, = |- L. P . 9)
1 uy Unp u%p u%p Up - Ujp

g=l gl (19

Calculation of coefficients vector a, based on normal regression,
is obtained by solving the following linear system:

a=(MMy) ‘Mg (11)

3.4. Monte Carlo simulations in complex systems analysis

The MCS is often employed in random value generation for ran-
dom variables X; according to their statistical distribution, and then
in estimating the probability of failure as the frequency with which
g(X;) <0, for example, compared with the limit. Repeating this pro-
cedure for a large number of runs and summing up the number of
times that the limit has been exceeded, the probability of failure
can be estimated [39]:

_ N[nilure

Having determined the failure probability for a considered limit
state, it is possible to assess the reliability index using Eq. (13) and
then to benchmark it with the allowable value.

B=¢"'(1-Pp (13)

Random input sets can be generated through relevant algo-
rithms using the inverse function method where a random number
in the range [0, 1] is first generated, and then knowing the shape of
the density function the successive variable values can be found. If
the variables are correlated, their covariance is first estimated, and
the sampling is biased using a multivariate random number gener-
ation algorithm.

It is common practice to set the minimum number of runs as
the inverse of two orders of magnitude of the expected order of
the failure probability [39]. This makes the direct MCS implemen-
tation computationally demanding for values of low failure proba-
bilities. Furthermore, in MCS, the design point is not calculated.
This is the reason why the method is not always suitable for opti-
misation problems.

3.5. Probabilistic analysis algorithm
The methodology for a probabilistic performance analysis of a

complex engineering system includes a set of fundamental discrete
steps of analysis as presented in Fig. 4.
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Fig. 4. Algorithm of probabilistic analysis.

In the first step, the system or process boundaries and variables
considered in the analysis are identified and characterised. Next,
based on the process analysis, the key performance indicators are
identified, along with their upper and lower limit states that are
used as the failure criteria in the reliability analysis. Moreover,
the effect of the limit state exceedance on the system performance
is determined.

The second step is the identification of the stochastic variables
considered in the analysis along with their statistical representa-
tion. Furthermore, a series of deterministic simulations using the
process model are conducted to generate the design matrix that
is an input to a numerical approximation of the analysed limit
state. A design matrix should consider an appropriate number of
design points so that the response surface is adequately repre-
sented in the design space. A major advantage of employing non-
intrusive methods is the ability to use specialized tools for each
step. Selection of the most appropriate approximation method is
a decision of great importance as this can introduce or minimise
the effect of extra uncertainties on the calculation. Therefore, the
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approximation model accuracy and reliability is assessed before
it is implemented in the MCS code.

Having the stochastic variables efficiently modelled, the MCS is
used to estimate the probability that given limit state is exceeded.
Finally, the reliability index is computed. A process design proce-
dure should involve an iterative process in which the equipment
design is amended based on the reliability index value. In addition,
it is pertinent to analyse the effect of the key statistic parameters of
the input data on the reliability index as they could considerably
affect the equipment sizing. To achieve this, the mean and standard
deviation are varied by 20% for all identified limit states and the
changes of the reliability index are benchmarked with the initial
estimates. The degree by which the statistic parameters are varied
should be selected based on the past experience of a designer. Such
an approach allows the designer to fully account for the uncer-
tainty that may affect the system design.

4. Case study on power plant performance
4.1. Problem formulation

An analysis of the performance of the coal-fired power plant
under different operating conditions gives a set of data that can
be used to establish the operability envelope of the system. How-
ever, due to deterministic nature of such analysis, it does not
account for the uncertainty corresponding to the input data. There-
fore, introduction of the probabilistic analysis of the process per-
formance would reveal the actual operating envelope of the
system and probabilities of possible failure events and would aid
the designer in sizing the equipment properly, without the need
for excessive oversizing for safety margins. With the probability
of events accounted for, along with their potential consequences,
a risk-based approach to design and operation of the power plant
is introduced.

4.2. Limit states formulation

Analysis of the relationships among the process variables in the
coal-fired power plant presented in Section 2.2 revealed several
KPIs which affect the system design. These can be used in the prob-
abilistic performance assessment to analyse impact of the input
uncertainty.

The process model developed in Aspen Plus was used to deter-
mine the limits of the KPIs, which correspond to the power plant
operated at 40% and 100% load. These, together with the parameter
impact on the equipment design, are presented in Table 1.

A number of KPIs is chosen (Table 2) to represent the operating
envelope of the power plant in the developed process model and
then used to predict the probability that the design limits would
not be met via process simulation. The limit states are divided in
two groups: upper limit state (ULS) for which failure occurs when
the actual value of the key performance indicator is above the
limit, and lower limit state (LLS) for which failure occurs when
the actual value of the key performance indicator is below the
limit.

4.3. Selection of stochastic variables

As the performance of the analysed system mainly depends on
the coal quality, which is a function of the coal composition [50],
and the current grid electricity demand, these input parameters
are treated as stochastic. As the main aim of this study is to evalu-
ate the applicability of the framework for the probabilistic perfor-
mance assessment of the complex systems developed, it is
assumed that the variables are uncorrelated. Although the selected
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Table 1

Key performance indicators and their operating limits based on deterministic simulation.

Key performance indicator Prediction at 40% load

Prediction at 100% load

Impact on the power plant equipment

Coal consumption rate (kg/s) 26.42 60.36

1. Capacity of coal and ash handling system
2. Size and number of mills

Air consumption rate (kg/s) 537.01 655.08 1. Size of forced draft and primary air fans
2. Size of air pre-heater
3. Piping size

Combustion gas flow rate (kg/s) 560.25 71591 1. Capacity of emission control equipment
2. Size of induced draft fan
3. Boiler heat exchange sections size

CO; emission rate (kg/s) 66.44 146.96 1. Capacity of capture plant

Steam generation rate (kg/s) 222.92 551.24 1. Piping size
2. Steam turbine swallowing capacity
3. Condenser and feedwater heaters size
4. Boiler heat exchange sections size
5. Generator size
6. Boiler feedwater pump size

Cooling water rate (kg/s) 8998.38 18893.70 1. Cooling water pump size
2. Cooling tower size
3. Condenser size

Condensate rate (kg/s) 185.77 429.30 1. Condensate pump size
2. Feedwater heaters size

Boiler feedwater pump outlet 155.96 309.67 1. Feedwater pump material

pressure (bar) 2. Boiler heat exchange sections, piping, turbine and feedwater
heaters material
Reheated steam temperature (°C) 542.70 565.20 1. Turbine and piping material
Net thermal efficiency (%uuv) 34.54 38.73 -
Table 2
Interpretation of limit states.
What if? Limit state Result

Is below lower limit
Is above up limit

Coal consumption rate

Is below lower limit
Is above upper limit

Steam generation rate

Is below lower limit
Is above upper limit

Net thermal efficiency

Possible requirement for supplementary oil firing
Mills, coal and ash handling equipment not capable of processing the required coal rate

A drop in pump and turbine efficiencies
Swallowing capacity of the steam turbine is exceeded, the capacity of generator and transformer exceeded

Inefficient coal utilisation leading to increased cost of electricity and specific emissions
Higher coal utilisation efficiency leading to reduced cost of electricity and specific emissions

stochastic data are well represented by the normal distribution, the
presented framework can easily accommodate data of any statisti-
cal distribution.

It has been shown that the coal composition varies significantly,
even that from the same coal field [51]. Therefore, the coal proxi-
mate analysis is chosen as a first set of stochastic variables (Table 3).
Since the random value of each variable of the coal proximate anal-
ysis is generated separately, the coal composition is normalised, so
that the sum of all components is always equal to 100 wt%. As no
statistical data were available for the coal composition used in

Table 3

Statistical parameters of stochastic variables.
Stochastic variable Mean Standard

value deviation
Gross power output (MW,) 388.92 85.47
Moisture content in coal (as received, wt%) 14 1.0
Ash content in coal (as received, wt%) 70 21
Fixed carbon content in coal 63.7 6.5
(as received, wt%)

Volatile matter content in coal 279 55

(as received, wt%)

the development of the coal-fired power plant model, the composi-
tion of coal from the Carbondale coal field was used in this study,
since the composition of coal originally used was found to be within
the standard deviation of the coal from the Carbondale field [52].
Furthermore, as some coal-fired power plants are operated in a
demand-following mode, their equipment is loaded in a variable
manner. For the system under consideration, the expected annual
load changes (Fig. 5) were estimated based on the data provided
by Indian Energy Exchange [53]. As the variation was found to be
considerable, the gross power plant output was used as a stochas-
tic variable in the probabilistic performance analysis (Table 3).

4.4. Stochastic response surface approximation model development

Although the process model developed in Aspen Plus provides a
flexible response to input variables within a reasonable time, it
cannot be used directly in the probabilistic assessment of the
coal-fired power plant performance. This is because a large number
of iterations, which can be in excess of a million, is required for a
reliable prediction of the event probabilities through conventional
MCS. For this reason, the process model is used to generate the
design matrix that is a base for an approximation method
employment.
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Fig. 5. Annual gross power output profile of the analysed coal-fired power plant.

The design matrix, which comprises the key performance indi-
cators for the analysed system, was generated by changing the
identified input variables to the model in the following manner:

o the gross power output was varied between 260 MW, and 660
MW, with a step of 8 MW,;

« the coal proximate analysis was varied based on 55 coal compo-
sitions from the ECN fossil fuel characteristics database [54].

The representative subset of the design matrix generated in
deterministic simulations, which were run in automated series
for each variable separately with each simulation requiring
approximately 5 min to converge, is available as a supplementary
material to this paper. The full design matrix containing the results
of 266 deterministic results was used to create the approximation
model in which the predicted value of the particular KPI is a
function of the coal composition and the gross power output. In
the first approximation attempt, a multivariable polynomial
regression using a quadratic function was used and the estimated
approximation coefficients are presented in Table 4.

Analysis of the average deviation (Table 4), which was defined
as a difference between the process model and the approximation
model prediction, revealed that the approximation model based on
the polynomial regression provided a reasonably reliable

Table 4
Assessment of the approximation model prediction.

prediction of the KPIs and analysis robustness. In different cases
of highly nonlinear systems, which are currently under investiga-
tion by the authors, more complex investigation methods can be
applied such as surrogate modelling methods using radial basis
functions.

5. Results and discussion

A key output of the probabilistic performance assessment is a
set of failure probabilities and the reliability indices for the ana-
lysed limit states. As presented in Fig. 6, the higher this index is,
the lower the failure probability, and thus a smaller safety margin
can be applied at the design stage. The evaluated reliability indices
for the ULS and the LLS for selected key performance indicators are
further discussed in this section.

5.1. Reliability index for coal consumption rate

5.1.1. Probabilistic performance analysis

The process analysis, along with the stochastic treatment of the
input data, revealed that there are two failure modes that can
affect the coal and ash handling systems reliability. On one hand,
as the power plant is operated at various loads while following
the market demand, it is possible that the load would need to be

Variable Model parameter Coal consumption rate (kg/s) Steam generation rate (kg/s) Net thermal efficiency (%uuv)
Moisture content a 9.82E-03 —3.98E-04 ~1.28E-04
by 5.96E-01 —4.34E-03 ~4.49E-01
FC content a; —4.80E—-04 1.66E-05 1.02E-05
by ~1.16E-01 —~1.98E-02 2.59E-03
VM content as 6.27E-04 —9.47E-05 —1.30E-05
bs ~2.02E-01 —~8.40E-03 4.33E-03
Ash content ag 1.14E-02 3.08E-04 —2.40E-04
by 2.29E-01 —2.93E-02 —2.52E-03
Power output as 1.59E-05 2.08E-04 —3.22E-05
bs 7.04E-02 6.34E-01 4.04E-02
c 1.15E+01 4.40E+01 2.70E+01
Average deviation 1.27E-03 1.72E-04 3.23E-04
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Fig. 6. Probability of failure and reliability index dependence.

below 40%. In such operating mode, the auxiliary oil firing would
be required to reach required heat rate in the boiler. On the other
hand, the variability of the coal composition affects the coal heat-
ing value and thus the coal consumption rate needs to be adjusted
accordingly to reach the desired gross power output. Therefore, if
not properly sized, the power plant may not be able to meet the
desired gross power output due to the limitations imposed by
the coal and ash handling system capacity, if the required coal con-
sumption rate is too high, or due to limited oil availability in case
of low load operation.

The probabilistic performance analysis has revealed that it is
more likely that the coal consumption rate will be below the lower
limit (Prus=0.3192, pus=0.45) than above the upper limit
(Prurs = 0.00003, fuis = 3.99). This indicates that in terms of system
reliability, more attention needs to be paid to the design of the
auxiliary oil firing system rather than the coal and ash handling
systems. Fig. 7 clearly shows that the coal consumption rate is nor-
mally distributed with a mean of 35 kg/s, which is closer to the LLS.
Moreover, the cumulative probability curve indicates that for more
than 90% of the operating time the coal consumption rate would be
lower than 40 kg/s. This implies that the coal and ash handling

equipment would be under-utilised for most of the time. Hence,
it can be concluded that the equipment would not operate with
its nominal performance and the net thermal efficiency of the
power plant would be affected. It is also observed that the coal
consumption rate would be lower than 30 kg/s for more than
50% of the operating time. Therefore, auxiliary oil firing would be
often required to meet the boiler heat demand.

5.1.2. Sensitivity analysis

A sensitivity study has revealed that the coal consumption rate
is most sensitive to changes in the fixed carbon content and load
mean values, as well as the load standard deviation (Fig. 8).

An increase in the mean value of fixed carbon content reduces
the probability that the coal and ash handling system capacity
would be exceeded. This is reflected in nearly 5.5% increase in
the reliability index for the ULS. Also, such a change in the coal
composition results in a reduction of the reliability index for the
LLS by 55% compared to the benchmark scenario. This, however,
does not necessarily mean that oil firing would be required when
the LLS is not met as the increase of the fixed carbon increases
the heating value of coal. Conversely, an increase in the mean value

30% 100%
S e L 80% 8
= 20% =
o Q2
© L 0/

.g 60% g

S 15% g

§ F40% $

g 10% K

: :
- 10/

8 5% 20% 5

0% - . . . . - 0%

0 10 20 30 40 50 60 70

Coal consumption rate (kg/s)

= Occurrence probability -« eLLS

vesves ULS

Cumulative probability

Fig. 7. Occurrence and cumulative probability for coal consumption rate.
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Fig. 8. Analysis of the key statistic parameters on the reliability index sensitivity for the coal consumption rate.

of ash content in coal results in a lower probability that the LLS is
not achieved. In general, increase of ballast content in the coal has
a negative effect on its heating value and thus, more fuel is
required for the power plant to reach the desired load. Neverthe-
less, variations of the remaining constituents of coal were found
to have a negligible impact on the coal consumption rate.

The highest variations in the reliability index were observed
when either the mean value or the standard deviation of the desired
power plant load was varied. It was found that the increase in both
parameters resulted in the increase in the coal consumption rate,
reducing the reliability indices. For this reason, it is more likely that
the ULS will be exceeded. Due to the coal and ash handling equip-
ment limitations, the system would not be capable to process the
required amount of coal and thus not enough energy would be pro-
vided to the boiler. In turn, less steam would be generated and the
desired load would not be met. In addition, an increase in the mean
value of the load results in the doubling of the reliability index for
the LLS and thus, reduces oil consumption requirement in the
power plant as confirmed by the lower probability of the oil firing
due to higher annual mean loads. The reverse is observed if the load
mean and standard deviation values are reduced.
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5.2. Reliability index for steam generation rate

5.2.1. Probabilistic performance analysis

As indicated in Fig. 2, steam generation rate and coal consump-
tion rate, and hence its composition, are directly correlated. The
‘what if analysis of the power plant revealed that if the LLS for
the steam generation rate is not met, energy will be wasted in
the system due to inefficient performance of the steam turbines
at the off-design operation. On the other hand, if the steam gener-
ation rate exceeds the ULS, the swallowing capacity of the turbine
or the transformer capacity will be exceeded. This could cause the
damage to the steam turbine, as well as loss of the power plant’s
ability to meet the current electricity demand.

Fig. 9 shows that the steam generation rate is nearly normally
distributed with the mean of 350 kg/s. Similarly to the coal
consumption rate, this value is closer to the LLS rather than ULS.
Therefore, a similar trend in the reliability indices (Pgy;s = 0.0692,
Pus = 1.48 and Pgyis = 0.0008, fuis = 3.17) for the steam generation
rate is observed. It should be stressed that the reliability index of
the steam generation rate being above the desired value at 100%
load is double the reliability index of the desired amount of steam
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generated being less than what is specified at 40% load. This indi-
cates that it is less likely that the steam turbine will need to operate
above its rated capacity. Furthermore, for more than 95% of the
operating time, the steam generation rate would be below 450 kg/s,
corresponding to 81.5% of the nominal value. This implies that, if
not properly sized, the steam cycle would be under-utilised for most
of its operating time and thus, its efficiency would be affected.

5.2.2. Sensitivity analysis

The sensitivity analysis of the key statistic parameters revealed
that the changes in the coal composition have no effect on the
steam generation rate as the reliability indices remained
unchanged when the coal composition was varied (Fig. 10). This
is because the coal consumption rate is controlled to meet the load
demand irrespective of the coal composition.

Conversely, variation in the mean value and standard deviation
of the gross power output were found to influence the steam gen-
eration rate significantly. This is caused by direct correlation
between the steam generation rate and the gross power output
as described in Section 2.2. Fig. 10 reveals that a 20% increase in
the mean load caused a 28.6% fall and a 61.5% rise in the reliability
index for the ULS and LLS, respectively. This indicates that on aver-
age the system would operate at higher load and it would be pos-
sible that the required steam generation would be greater than
designed value leading to exceedance of the steam turbine swal-
lowing capacity or highly off-design operation of the electric gen-
erator. In contrast, reduction of the mean load would result in a
61.5% drop in the reliability index for the LLS, which would affect
the machinery efficiencies due to off-design operation and thus,
the net thermal efficiency of the coal-fired power plant.

Interestingly, a trend where the increase in the standard devia-
tion results in reduction of the reliability index was observed for
both ULS and LLS. This means that variability of the market
demand has a significant impact on the equipment performance
and should also be considered at the design stage to maximise
the net thermal efficiency of the power plant.

5.3. Reliability index for net thermal efficiency
5.3.1. Probabilistic performance analysis

In contrast to previous cases, exceedance of either the LLS or the
ULS for the net thermal efficiency would not cause any physical
damage to the power plant equipment. Importantly, the net
thermal efficiency is directly correlated to the cost of electricity
30% q
25% 4
20% A

15% 4

10% 4

5% 4

Occurence probability (%)

since the higher it is, the less coal is consumed per unit amount
of electricity produced. Therefore, the system design should aim
to maximise the net thermal efficiency and minimise the operating
costs.

The stochastic analysis (Fig. 11) has revealed that the net
thermal efficiency is nearly normally distributed with the mean
value of 38%. This value is close to the ULS and, based on analysis
of the remaining KPIs, it can be inferred that it is a result of varia-
tion in the coal composition and thus coal heating value. In such a
case, less coal would need to be transported and pulverised per
unit amount of electricity produced leading to less electricity
required for coal and ash handling, hence to higher net thermal
efficiency. The evaluated reliability indices revealed that it is more
likely that the ULS (Pgyis=0.1397, fuis=1.08) will be exceeded
rather than the LLS (Pgyis = 0.0456, Buis=1.69). However, the net
thermal efficiencies above the ULS may not be achievable in prac-
tice due to physical limitations of the power plant equipment; for
example, if the steam generation rate exceeds the steam turbine
swallowing capacity. Although less probable, the net thermal
efficiency can be below the LLS which could be caused either by
high ballast content in coal or the power plant operation at a load
lower than 40%. Moreover, it was found that the power plant
would operate with the net thermal efficiency below LLS for
approximately 7% of its operating time; that would result in higher
operating costs.

5.3.2. Sensitivity analysis

The sensitivity analysis revealed a clear relationship between
the net thermal efficiency and the mean load of the power plant
(Fig. 12). This is because a 20% increase in the mean load would
increase the probability that the ULS would be exceeded. This is
reflected in a 71.6% reduction of the reliability index for the ULS.
On the other hand, a 52.9% increase in the reliability index for
the LLS was observed. Therefore, it is less probable that the LLS
would be exceeded. Although such state does not necessarily lead
to the physical damage to the power plant equipment, it indicates
that on average the net thermal efficiency of the system is higher
than the designed value. Although in some cases this could not
be reached due to the equipment capacity limitations, it would
lead to more efficient coal utilisation, a lower cost of electricity
and reduced specific emissions compared to the designed condi-
tions. As was the case previously, the increase in the standard devi-
ation of the load results in reduction of the reliability index for
both ULS and LLS. Therefore, it can be concluded that a reduction
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Fig. 9. Occurrence and cumulative probability for steam generation rate.
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in the load variability reduces the failure probability and allows the
designer to size the equipment more accurately.

Furthermore, it was found that the net thermal efficiency of the
coal-fired power plant is considerably affected by the coal compo-
sition. Although the effect of variation in the standard deviations
for the coal constituents was found to be of minor significance,
there are several parameters that affect the overall performance.
Namely, the increase in the mean value of moisture and fixed car-
bon contents resulted in a 12.9% increase and 23.4% decrease of the
reliability index for the ULS, respectively. Hence, it can be con-
cluded that it is more likely that the net thermal efficiency of the
power plant would exceed the ULS for high fixed carbon contents
and low moisture contents. Additionally, the sensitivity analysis
revealed that 20% increase of the mean moisture content causes
a slight reduction in the LLS reliability index (3.6%), while the effect
of its reduction is negligible. Also, a 7.0% increase and a 7.2% drop
in the LLS reliability index were observed for a 20% increase and a
20% decrease in the mean fixed carbon content, respectively.

5.4. Design implications

The reliability index provides a valuable insight in the process
design, as it determines how likely the equipment is bound to fail
to meet its design specification when subjected to the uncertain
operating conditions. This would help the designer to assess
whether considerable safety factors on the process equipment
design are required. In general, the designer would need to deter-
mine the allowable failure probability that corresponds either to
the serviceability limit state, in terms of the equipment design,
or the ultimate limit state, in terms of the process performance.

Moreover, as risk should be kept as low as reasonably possible,
the designer should decide on the minimal acceptable reliability
index for the equipment failure or serviceability limit to optimise
both the performance and the economy of the process. This would
allow the designer to reduce the safety margin on the equipment
design while keeping the probabilities of failure at a low level. Such
an approach to the equipment design would result in reduced
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equipment capital and operating cost, and possibly in increase of
the equipment efficiency.

Although the capital and operating cost are out of the scope of
this study, the framework for the reliability analysis described in
this paper can be further extended to determine the economic
value of the failure risk. At the design stage, oversizing of the
equipment based on the design guidelines would increase the cap-
ital investment and could result in a drop of the equipment perfor-
mance under off-design conditions. Therefore, if the equipment is
sized based on the probabilistic performance data, which reveal
the operating envelope of acceptable probability of failure, which
is in example assumed to be 0.01, the capital cost could be reduced.
Also, the equipment could be designed to operate at its optimal
performance within this envelope leading to the operating cost
optimisation. In addition, if the equipment degradation is consid-
ered, the maintenance and the equipment service scheduling can
be integrated in the analysis with the assumption that these activ-
ities will take place if the reliability index of the equipment will
drop below the serviceability level.

5.4.1. Coal, ash and oil handling systems

Based on the stochastic analysis presented in Section 5.1 it can
be concluded that the coal and ash handling system design is deter-
mined by the ULS. This analysis revealed that, considering the
uncertainty in the statistical data, the maximum coal consumption
rate was 75.8 kg/s. It was also revealed that the lowest ULS reliabil-
ity index (3.10) was obtained if the mean load was increased by
20%. However, such value of the reliability index indicates that
the probability that the coal and ash handling system is overloaded
is less than 0.001. Yet, the analysis also showed that for the initial
statistical data it is most likely that the power plant would require
30.0 kg/s of coal to meet the market demand. This is reduced to
approximately 23.6 kg/s on 20% decrease and increased to approx-
imately 36.4 kg/s on a 20% increase of the mean load. Hence, it is
advisable that the equipment would be designed in such a way that
it operates with the highest efficiency within this range to maxi-
mise the overall process performance. However, the system design
needs to allow for operation close to the maximum coal consump-
tion rate to avoid excessive system overloading.

Furthermore, the design of the auxiliary oil system is deter-
mined by the LLS. For a minimal coal consumption rate in the sys-
tem found to be 0.7 kg/s, with a negligible probability of 0.00001,
the LLS reliability index was found to be 0.47, which dropped to
—0.42 on a 20% reduction, and increased to 1.36 on a 20% increase
of the mean load. Although a low value of the LLS reliability index
could be a result of greater heating value of coal, which would
cause a reduction in the coal requirement, the design of the auxil-
iary oil firing system is critical in terms of the reliability as reduc-
tion of the mean load could cause the LLS reliability index to drop
below zero. Therefore, to assure that enough energy could be fed to
the boiler at low load operation (below 40%), the oil handling and
firing system would need to be sized in such a way, that even a 20%
reduction in the mean load would not cause the LLS reliability
index to drop below the desired serviceability limit.

5.4.2. Steam cycle and electricity generator

From the results presented in Section 5.2, it can be concluded
that the machinery capacity, heat transfer areas for the feedwater
heaters and condenser, as well as the electric generator size should
be selected based on the ULS reliability index. The analysis revealed
that, considering 20% deviation in the statistical data, the maximum
steam generation rate that would need to be handled by the system
is 714 kg/s. This corresponds to the moderate value of the ULS reli-
ability index (2.26) and a probability of 0.0119. Also, the analysis
showed that for the initial statistical data it is most likely that
350 kg/s of live steam will be generated in the boiler. This varies
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from 261.1 kg/s to 385.1 kg/s when the mean load is varied by
+20%. As was the case for the coal and ash handling system, the
steam cycle equipment needs to be designed to reach its optimal
operating performance within this range, as well as sized to reason-
ably minimise the under-utilisation and overloading probability
and to maximise the system efficiency. This would reduce the cap-
ital cost as the sizing based on the predictive data rather than rigid
safety factors will show the actual size required.

5.4.3. Net thermal efficiency of the power plant

The net thermal efficiency of the coal-fired power plant is the
key parameter describing the overall performance of the process
design. For this reason, if the desired efficiency is not met due to
uncertainty present in the operating conditions, not only would
the operating cost increase, but also the environmental impact of
the system. Using the probabilistic performance assessment at
the design stage makes it possible to assess whether the net ther-
mal efficiency of the current design is within the desired range and
evaluate the probability that the design specification is not met.

Based on the results presented in Section 5.3, it can be con-
cluded that the net thermal efficiency will meet the specification
for more than 80% of the operating time. It was also identified that
the power plant will operate with efficiency exceeding the ULS
with the probability of 0.1396, and below the LLS with the proba-
bility of 0.0459. Moreover, this indicates that to improve the per-
formance and economy of the electricity generation, each of the
power plant subsystems needs to be designed in such a way that
it achieves its optimal performance within the operating envelope
determined using the stochastic analysis.

6. Conclusions

The design and optimisation of state-of-the-art coal-fired power
plants are usually conducted using deterministic models and reli-
ability is handled using safety factors that are selected based on
guidelines or industrial experiences. Not only does such approach
affect the process efficiency, which is the result of the plant equip-
ment not operated at optimal conditions, there is also a consider-
able increase in capital cost due to equipment oversizing. A
different approach to performance assessment is proposed and is
based on probabilistic analysis, where the impact of the process
input uncertainty is systematically considered. This can be used
to determine the reliability indices based on the analysis of the
probability of failure of particular equipment.

The main aim of this work was to assess applicability of the prob-
abilistic assessment methodology to analyse the coal-fired power
plant performance. A process model developed and validated previ-
ously by the authors was analysed to identify key performance indi-
cators. Sources of uncertainty, such as coal composition or the load
at which the power plant is operated, were identified along with the
operability limits. Information generated from 266 deterministic
simulations of the coal-fired power plant model was used to create
an approximation model. It was found that a polynomial regression
provided a reasonably reliable prediction of the process perfor-
mance, simultaneously assuring the simulation robustness. In the
probabilistic assessment of the power plant performance several
key performance indicators, such as the coal consumption rate,
the steam generation rate and the net thermal efficiency, were ana-
lysed stochastically. It was shown that the reliability indices were
positive for both ULS and LLS for all analysed parameters. This
means that although the uncertainty included in the coal composi-
tion and the market demand result in considerable fluctuations of
the system parameters, there is no need to apply conservative safety
factors during the equipment design.

Moreover, the sensitivity analysis of the key statistical parame-
ters revealed that the mean and standard deviation of the expected
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power plant load have the highest impact on the reliability indices
for all analysed key performance indicators. In addition, the effect
of variation of the key statistical parameters of the coal composi-
tion on the value of the reliability index was found to be significant
for the net thermal efficiency of the power plant (all components)
and coal consumption rate (ash and fixed carbon content only).
Therefore, a sensitivity study must follow the probabilistic perfor-
mance analysis to reliably assess and apply the safety indices at the
design stage.

Based on the obtained results, the methodology proposed for
probabilistic assessment was proven applicable for the design and
analysis of the coal-fired power plants. The estimated reliability
indices provide a quantitative measure to assess whether the equip-
ment needs to be oversized based on the uncertainty of the input.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.apenergy.2014.
10.079.
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HIGHLIGHTS

« Engineering equipment is usually oversized to account for input uncertainties.

« Probabilistic framework was employed to compare CO, capture retrofit scenarios.

« Effect of uncertainties on process performance and equipment design was evaluated.

« Most probable efficiency penalties were 9.5 and 11.5% points for CaL and MEA retrofits.
« Lower limit state was found crucial in design of the CO, capture systems.
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and decarbonisation costs significantly. An emerging calcium looping process (CaL) was found to be a
promising alternative to the amine scrubbing process, as its retrofit has the potential to reduce the effi-
ciency penalty and increase the net power output of the integrated system. Process modelling is often
utilised in the development of novel low-carbon power generation systems, but the deterministic nature
of the process models does not provide a definitive representation of the actual system'’s performance.
This study provides a framework for comparison of the probabilistic performance of a coal-fired power

Keywords:
Probabilistic performance assessment
Post-combustion capture

Calcium looping plant (CFPP) in CO, capture retrofit scenarios. Having compared the probabilistic performance of the
Amine scrubbing CFPP retrofitted with the mature MEA scrubbing process and emerging CaL process, it was found that
Stochastic modelling the most probable values for the efficiency penalties are 9.5% and 11.5% points in the CaL and MEA retrofit
Monte Carlo simulation scenarios, respectively. Also, the net power output in the CaL retrofit scenario was found to be 40% higher

than that of the reference CFPP 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 proba-
bilistic approach was found to be capable of producing valuable information on the equipment operating
envelope that would help designers assessing the number of equipment trains and their operating limits.
Therefore, the probabilistic framework for comparison of CO, capture retrofit scenarios would provide
valuable input to the investment decision-making process, as by considering the impact of uncertainty
on the process performance, it generates information that could serve as valuable input to the probabilis-
tic economic analysis and process design.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Abbreviations: Cal, calcium looping; CFPP, coal-fired power plant; CCS, carbon It has recently been suggested through the Paris Agreement
capture and storage; CCU, CO, compression unit; KPI, key performance indicator; reached at the 21° Conference of the Parties held in Paris that to
L!S. lower limit state; MDEA methyldiethanolamine; MEA, monoethanolamine; PZ, significantly reduce the risks and impacts of climate change, the
piperazine; ULS, upper limit state. " %

* Corresponding author. mean temperature increase needs to pe held .well below 2 °C and

E-mail address: d.p.hanak@cranfield.ac.uk (D.P. Hanak). efforts to limit it to 1.5 °C above pre-industrial levels need to be

http://dx.doi.org/10.1016/j.apenergy.2016.03.102
0306-2619/© 2016 Elsevier Ltd. All rights reserved.
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Nomenclature

Latin symbols

a approximation model parameter

b; approximation model parameters

Ci approximation model parameters

Fo fresh sorbent make-up rate (kmol/s)

Fr sorbent looping rate (kmol/s)

g dependent variable

L allowable (permitted limit) for a given variable
Mo mode of stochastic variable

My design matrix

n number of samples

Npiwre  Number of failures indicated in Monte Carlo simulation

Ntuns number of runs in Monte Carlo simulation

P steam pressure (bar)

Py probability of failure

Qealc calciner heat duty (MWy,)
Qreb reboiler duty (MWy,)

X multi-variable vector

X; stochastic variable

Greek symbols

B reliability index
¢! inverse of the normal cumulative distribution
I mean value of stochastic variable

pursued [1]. The power sector is one of the major global emitters of
CO, [2-4], which is a result of a large share (42%) of coal-fired
power plants (CFPP) in the global electricity generating capacity
[5,6] accounting for over 70% of the sector’s CO, emissions [7]. Car-
bon capture and storage (CCS) is seen as crucial for decarbonisation
of this sector [8,9], as it is expected to account for 13% cumulative
reduction of greenhouse gas emissions between 2012 and 2050
[10,11]. It is important to highlight that deployment of CCS in
the power sector is often regarded as a precursor for decarbonisa-
tion of other sectors [12]. Moreover, large-scale deployment of CCS
is seen as the least cost option for reduction of CO, emissions,
primarily due to higher capital cost associated with alternative
technologies, such as offshore wind farms and geothermal power
plants, required to reach desired emission reduction levels [13].
Hence, implementation of CCS is predicted to reduce wholesale
electricity prices in the UK by up to 15% by 2030 compared to a
no-CCS scenario [13]. Also, if CCS is not implemented in the power
sector, the capital cost required to achieve more than 50% reduc-
tion of the global energy-related CO, emissions by 2050 relative
to 2009 (IEA 2 °C scenario) is expected to be 40% higher [14].
Implementation of post-combustion CO, capture is perceived as
the most important CO, capture technology for reducing the envi-
ronmental impact of the power sector [15]. Chemical solvent
scrubbing using amine-based solvents, such as monoethanolamine
(MEA), piperazine (PZ) or methyldiethanolamine (MDEA), is cur-
rently perceived as the most mature CO, capture technology that
will probably be a first choice technology for decarbonisation of
fossil fuel power plants [ 16-18]. However mature the amine scrub-
bing process is, retrofit of this technology to CFPPs was found to
reduce their net efficiency by around 7.0-12.5% points [19-25].
Such efficiency penalties, which were estimated using process
models, stem mainly from steam extraction from the steam cycle
to provide heat for solvent regeneration, which leads to a reduction
in the gross power output of the retrofitted system. This de-rating
of the power plant efficiency and power output is expected to
contribute towards an increase in the cost of electricity, which is
estimated to be around 60-125% [26-28]. Therefore, novel tech-
nologies for decarbonisation of the CFPPs that will result in lower
efficiency penalties are currently under development [29]. A cal-
cium looping process (CaL) was found to be a promising alternative
to the amine scrubbing process, as not only is it expected to result
in lower efficiency penalties of around 3-8% points [30-37], but
also has the ability to increase the net power output of the
retrofitted system by around 50-80% compared to the reference
coal-fired power plant [33-35,38,39]. This is due to availability of
a large amount of high-grade heat in CaL that can be used to raise
high-pressure steam for a secondary steam cycle. As a result, the

CFPP retrofitted with CaL for 90% capture was found to bring higher
daily profit than the reference CFPP if the price of CO, emission
allowance exceeds 8.5 €/tCO, [40], which is equal to the average
price of the European emission allowances in November 2015
[41]. Other advantages of CaL over amine scrubbing are the use
of globally available and inexpensive sorbent (natural limestone
or dolomite) that is characterised by high CO, carrying capacity
[42], as well as low health and environmental footprints [43].
Yet, the CaL process for coal-fired power plants has only been suc-
cessfully demonstrated at pilot-scale units up to 1-2 MWy, [36,37],
while the amine scrubbing process has already been demonstrated
at commercial scale at the Boundary Dam 139 MW, coal-fired
power plant [44]. Therefore, before the benefits of CaL will be uti-
lised in the existing energy market, rapid demonstration of this
technology at commercial scale is required.

Process modelling is often utilised in the development of novel
low-carbon power generation systems, such as zero-emission coal
gasification technologies [45,46] and integrated gasification com-
bined cycle power plants [46-50], as well as the evaluation of
CO, capture retrofits to existing systems [30,31,33-35,51-54].
Although such approach can provide reliable prediction of the sys-
tem’s performance under any operating conditions, these models
do not consider the stochasticity of the input variables; hence,
their deterministic nature does not provide a definitive representa-
tion of the actual system’s performance that is usually subjected to
random fluctuations in the external and internal operating condi-
tions [55]. To account for uncertainties in the operating conditions,
which result mostly from fluctuation of the load factors to meet
market demand and integration of auxiliary systems, it is a com-
mon design practice to oversize equipment in engineering systems.
This is usually achieved by applying safety factors to the equip-
ment design, which are selected according to sizing guidelines
derived from field experience, to ensure safe operation within
material and operability limits. However, such a design approach
results in a considerable parasitic load on the system as the over-
sized and under-loaded equipment degrades its rated efficiency
and may operate in an unstable manner, as well as leads to higher
operating and capital costs [56-58]. In addition, equipment over-
heating and a fall in electricity production or product yield could
also be observed if the system is under-sized [56]. It is important
to highlight that poor design and high system complexity, among
others, have been identified as the main causes of failures [59].

Applicationof an alternative approach that utilises a probabilistic
analysis to estimate the equipment failure probabilities was found
to provide a more profound insight into operation, performance
and economics of the engineering systems, such as integrated gasi-
fication combined cycle [60], CO, capture and sequestration [61],
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Fig. 1. Overview of the probabilistic performance assessment framework.

S0O,/NOy emission control technology [62] and CFPP [63]. Yet, the
literature search revealed that the CO, capture retrofit scenarios of
the coal-fired power plant have been assessed and compared using
only a deterministic approach [33,35,64], which does not provide a
definitive representation of the system’s performance. As opposed
to previous studies, this study employs the probabilistic perfor-
mance framework reported by Hanak et al. [63] (Fig. 1), which com-
bines a finite number of deterministic simulations to approximation
methods and Monte Carlo simulation, to compare the thermody-
namic performance of the CFPP in two retrofit scenarios — with the
emerging CaL process and mature MEA scrubbing process. As such
approach considers the effect of uncertainties on the performance
prediction, it is expected that the estimation of net efficiency penal-
ties and variation in the net power output would be more realistic.
Additionally, application of the probabilistic approach to analyse
the CO, capture retrofit scenarios would reveal the system operating
envelope, bringing a more profound insight into the process opera-
tion, and thus its design. Furthermore, an implication of uncertainty
and expected operating envelope on the CO, capture design is anal-
ysed through estimation of the probabilities that critical system
thresholds are exceeded due to uncertainty in the system'’s operat-
ing conditions. Such information would provide a valuable insight
into design of the CO, capture retrofit scenarios.

2. Process models description
2.1. Supercritical coal-fired power plant

A conventional 660 MW, supercritical CFPP, which at the base
load operates with a net thermal efficiency of 38.8%uuy, was
selected as a benchmark power plant for this study. A high-
fidelity process model of this unit, which consists of a once-
through steam boiler with the flue gas treatment train, for NOy,
SO and fly ash removal, and a supercritical reheat steam cycle
(242.2 bar/537 °C/565 °C), has been developed in Aspen Plus™ by
Hanak et al. [51] based on data provided by Suresh et al. [65].
The prediction capabilities of the Aspen Plus process model were
extended to off-design conditions through implementing a Stodo-
1a’s ellipse law [66] to account for variability of the steam pressure
in the steam cycle, Salisbury’s equation [67] to account for variabil-
ity of the isentropic efficiency of the steam turbine sections, and
the general pressure drop correlation [68] for determining the
off-design pressure drop in the heat exchanger sections of the boi-
ler. The accuracy of the 660 MW, CFPP process model prediction
was found to be in good agreement with the data reported by Sur-
esh et al. [65] at different operating loads (40-100%), proving the
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validity of the modelling approach even at off-design conditions
[51].

2.2. Amine scrubbing post-combustion CO, capture plant

A chemical scrubbing CO, capture plant using 30%,« MEA as a
solvent has been selected in this study as a reference CO, capture
technology. A high-fidelity rate-based model for this unit has been
developed by adapting the model developed by AspenTech [69], as
described in detail by Hanak et al. [51,70]. The MEA plant model
comprises a single absorber, modelled as a square column follow-
ing the recent experience from the Boundary Dam project [71], and
a single cylindrical stripper. The process model was adapted to
capture 90% of CO, from the supercritical CFPP described in Sec-
tion 2.1. For the off-design operation, it is assumed that the CO,
capture plant operates with fixed CO, capture level of 90%, which
is achieved by varying the solvent circulation rate while maintain-
ing the lean loading of 0.29, as proposed by Jordal et al. [ 72]. Exten-
sive validation of the selected modelling approach was conducted
by AspenTech [69] and Canepa et al. [73] revealing that the model
was capable of well-representing the experimental facility perfor-
mance under different liquid-to-gas ratios. Therefore, with the
equipment in the CO, capture plant sized for operation under
100% load, the model is expected to predict the process perfor-
mance under various loads with reasonable accuracy.

2.3. Calcium looping post-combustion CO, capture plant

A CaL process, which is based on the reversible reaction
between lime and CO, at high temperature, is considered in this
study as an emerging CO, capture technology. A process model
for this unit has been developed by Hanak et al. [35] and based
on the semi-empirical model derived by Rodriguez et al. [74] with
the sorbent deactivation curve derived from experimental tests at
the 1.7 MWy, la Pereda pilot plant [75]. The CaL plant comprises a
carbonator, which is modelled as a stoichiometric reactor, and a
calciner, which is modelled as a Gibbs reactor and in which an
additional amount of coal is combusted in an O,/CO, environment
to sustain the endothermic calcination reaction and ensure the
high purity of CO, leaving the calciner. The model was found to
show good agreement with the experimental data at different flue
gas loads and, as in the case of the MEA plant model, it is expected
to predict the process performance under various loads with rea-
sonable accuracy. In this study, it is assumed that the overall CO,
capture level, which comprises CO, capture from the power plant
flue gas and coal oxy-combustion in the calciner, is 90%. This is



326 D.P. Hanak et al./Applied Energy 172 (2016) 323-336

Table 1
Summary of the key process model assumptions.
Parameter Value
Coal-fired power plant
Combustor Excess air ratio (%yorary) 20.0
Primary steam Design live/reheat steam temperature (°C) 537.0/
cycle 565
Design live/reheat steam pressure (bar) 2422/
443
Final feedwater temperature (°C) 280.0
Feedwater heater terminal temperature 3.0
difference (°C)
Feedwater heater minimum temperature 3.0
approach (°C)
Isentropic efficiency of compressors (%) 80.0
Isentropic efficiency of high-pressure steam 89.6
turbine (%)
Isentropic efficiency of intermediate-pressure ~ 91.7
steam turbine (%)
Isentropic efficiency of low-pressure steam 85.7
turbine (%)
Isentropic efficiency of pumps (%) 85.0
Electrical efficiency of generator (%) 98.7
Flue gas SO, removal efficiency (%) 98.0
treatment Fly ash removal efficiency (%) 99.8
NO, removal efficiency (%) 86.0
Amine scrubbing CO, capture plant
Absorber Operating pressure (bar) 1.0
Flue gas inlet temperature (°C) 40.0
Lean solvent inlet temperature (°C) 40.0
CO; capture level (%) 90.0
Stripper Operating pressure (bar) 1:7
Reboiler temperature (°C) 1224
Condenser temperature (°C) 40.0
Cross heat Minimum temperature approach (°C) 10.0
exchanger
Calcium looping CO> capture plant
Carbonator Temperature (°C) 650
Carbonation extent (-) 0.70
Calciner Temperature (°C) 900
Calcination extent (-) 0.95
Relative make up (fresh limestone/sorbent 0.04
circulation rate) (-)
0, concentration in fluidising gas entering the 40.0
calciner (%yo1wet)
0, excess (%yoldry) 25
Secondary Design live/reheat steam temperature (°C) 593.3/
steam cycle 593.3
Design live/reheat steam pressure (bar) 2423|
49.0
Auxiliary equipment
CO, Polytrophic efficiency of CO, compressors (%)  78.0-
compression 80.0
unit Isentropic efficiency of CO, pump (%) 80.0
Intercooling temperature (°C) 40.0
CO, final pressure (bar) 110.0
CO; final temperature (°C) 30.0
Air separation 0, purity (%,0) 95.0
unit Polytrophic efficiency of air compressors (%) 79.0-
80.0
Intercooling temperature (°C) 40.0
Final air pressure (bar) 5.8

achieved by varying the sorbent looping rate while maintaining the
relative limestone make-up rate at 0.04. The high-grade heat
available in CaL is utilised to raise high-pressure steam for the
secondary steam cycle.

2.4. Key model assumptions and performance indicators

A summary of the input parameters to the CFPP, MEA plant and
CaL plant process models used to generate the deterministic design
matrix in this study is presented in Table 1. Main input data to
these models comprise design parameters, such as turbomachinery

efficiencies, desired operating temperatures and pressures, pollu-
tant removal efficiencies, and compositions of coal, limestone
and air [63,76,77].

As indicated in Sections 2.1-2.3, the process models used in this
study are capable of predicting the off-design performance reliably.
Therefore, any change in the input data, which can be compared to
the fluctuations in the real systems’ parameters resulting from
uncertainty in the operating load of the CFPP, compositions of coal,
limestone and air, and the control system measurements, will
influence the predictions of the operating conditions throughout
the entire system. This would lead to subsequent variations in
the process stream flow rates, temperatures and pressures that
can fall outside of the design operating envelope of the system'’s
equipment, leading to operation with a degraded efficiency or even
a failure.

The key performance indicators characterising retrofit of the CO,
capture plant to the CFPP are loss in the electricity generation
efficiency, which can be defined as the difference between the net
efficiency of the reference and the retrofitted CFPP under the same
operating conditions, and the power plant de-rating, which can be
defined as reduction of the net power output of the retrofitted sys-
tem with respect to the reference value. However, the latter param-
eter will not be valid for evaluating the CaL retrofit scenarios, as this
technology was found to be capable of increasing the net power
output due to its high-temperature operation [33-35,38,39]. For
this reason, the change in the net power output, rather than power
plant de-rating, can serve as an additional performance indicator
for comparison of the retrofitted systems.

3. Probabilistic performance assessment
3.1. Limit state determination

The process models of the reference CFPP [51], CFPP retrofitted
with the MEA plant [51], and CFPP retrofitted with the CaL plant
[35] were used to determine the operating envelopes for the key
performance indicators, which correspond to these models oper-
ated at 40% and 100% load (Table 2). In this study, two groups of
limit states are used. On the one hand, a first group comprises
the key system performance indicators, such as net thermal effi-
ciency and net power output. If any of these performance indica-
tors is outside the design envelope, a physical failure does not
necessarily occur in the system, but the design thermodynamic
or economic performance targets will not be met. On the other
hand, a second group includes the key system equipment perfor-
mance indicators that are mainly related to the equipment
throughput, operating pressure and temperature. In this case,
exceedance of the upper limit state (ULS') may lead to a physical
failure of the equipment, while operating the equipment below the
lower limit state (LLS) may lead to degraded efficiency and unstable
operation of the equipment. A number of the key performance indi-
cators have been selected for assessment using the probabilistic
approach and are summarised in Table 3. Additionally, the effect of
not meeting the limit states is identified.

3.2. Selection of stochastic variables

Selection of the stochastic variables, which are assumed to be
uncorrelated and normally distributed with the statistic parame-
ters presented in Table 4, has been conducted based on the analysis
of the key model assumptions and the process model.

! Although ULS in reliability terminology normally stands for ultimate limit state,
this paper considers it as upper limit state for consistency with the framework
proposed by Hanak et al. [63].
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Table 2
Key performance indicators and their operating limits based on deterministic simulation.
Key performance indicator Reference CFPP CFPP retrofitted with MEA CFPP retrofitted with CaL
plant plant
Minimum Maximum Minimum Maximum Minimum Maximum
System performance indices
Net thermal efficiency (%uuv) 345 38.8 223 282 25.1 29.8
Net power output (MWe) 247.0 633.0 159.8 461.1 338.6 899.8
Specific coal consumption (g/kW,, h) 385.3 343.0 595.6 4709 530.4 445.7
Specific CO, emissions (g/kWe h) 969.0 835.0 149.8 114.6 187.9 1184
Equip operating
Condenser total cooling water rate (kg/s) 9007.5 18874.2 3680.7 6661.0 14989.5 33147.2
High-pressure steam generation rate” (kg/s) 2231 550.7 2233 550.6 2231 550.7
High-pressure steam pressure” (bar) 99.0 2422 99.2 2422 99.0 2422
Intermediate-pressure steam pressure” (bar) 172.7 42.0 18.2 41.8 17.7 420
Low-pressure steam pressure’ (bar) 1.4 3.0 0.6 0.7 1.4 3.0
High-pressure steam generation rate” (kg/s) 147.1 332.7
High-pressure steam pressure” (bar) 111.1 2423
Intermediate-pressure steam pressure” (bar) 18.7 452
Low-pressure steam pressure” (bar) 43 9.5
Low-pressure steam extraction rate” (kg/s) 118.0 2774
Reboiler duty (MW,y) 2938 644.8
Additional coal consumption (kg/s) 234 51.1
Calciner heat input (MW,,) 634.8 1383.6
CO; flow rate to compression unit (kg/s) 60.9 1344 134.4 295.2

2 Parameter related to primary steam cycle in the reference coal-fired power plant.
b parameter related to the secondary steam cycle in the CaL plant.

The performance of the reference CFPP, the MEA plant and the
CaL plant is mainly dependent upon the current grid electricity
demand, which determines the operating load of the system.
Therefore, the systems modelled in this study are considered to
operate in a demand-following mode with the CFPP load consid-
ered as a stochastic variable that is normally distributed. The
stochastic parameters for the operating load were estimated based
on expected annual load changes reported by the Indian Energy
Exchange [78]. Moreover, it is important to consider variation in
the fuel composition that determines the amount of chemical
energy input per unit amount of fuel. As the moisture content
can impact the coal consumption in the investigated systems, it
is selected as the stochastic parameter with the normal distribu-
tion determined based on the coal composition from the Carbon-
dale field [79]. Finally, the performance of the considered CO,
capture plants is dependent upon different variables. Namely, it
has been reported that the CaL plant is mainly dependent upon
the relative make-up rate of fresh sorbent, which affects the aver-
age conversion in the carbonator and varies between 0.025 [80]
and 0.06 [81]. However, a 20% error associated with measurement
of the solid looping rates, and thus estimation of the average con-
version, was reported by Charitos et al. [82] and Rodriguez et al.
[83]. Therefore, the relative fresh sorbent make-up rate (Fo/Fg) is
selected as a stochastic variable for the CaL retrofit scenario and
is characterised by the coefficient of variation of +20%. The average
sorbent conversion in the carbonator and the calciner can be seen
as equivalent to rich and lean loadings in the solvent scrubbing
technologies [80]. As it has been proposed by Jordal et al. [72] to
control the off-design performance of the MEA plant using lean
loading, it is selected as a stochastic variable for the MEA retrofit
scenario. Although the measurement of the lean loading in the sour
gas treatment plant was reported to vary by +2% [84], a more con-
servative coefficient of variation (3.4%) was used in this study.

It needs to be highlighted that although the moisture content in
coal and the CFPP load can be well represented by the normal dis-
tribution [63,79], there are not enough data available to determine
the statistical distribution of the lean loading and relative make-up
rate of fresh sorbent. Although this study assumes these to be
normally distributed, the probabilistic framework can easily
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accommodate any statistical distribution once the relevant data
become available.

3.3. Stochastic response surface approximation model development for
Monte Carlo simulation

The probabilistic analysis cannot be directly conducted using
the process models developed in Aspen Plus, as the number of iter-
ations required for reliable results of the Monte Carlo simulations
can be higher than a million, and thus such approach would be
extremely computationally demanding. For this reason, the pro-
cess models described in Section 2 are used to generate the design
matrix that is, in turn, used to develop the robust approximation
model, which in this study is a generic quadratic polynomial model
presented in Eq. (1) [85].

n n
EX)=a+Y bi-Xi+> X (1)
i=1 i=1

To achieve a reliable representation of the process performance
and to calculate (2n + 1) coefficients a, b; and ¢;, the number of sam-
ples in the design matrix needs to be at least (2n+ 1) to 3". The
design matrix” generated for the purpose of this study comprises
32 entries of the key performance indicators resulting from the fol-
lowing variation of the stochastic parameters:

o The CFPP load was varied from 40% to 100% with 20% step for all
investigated scenarios.

e The moisture content in coal was varied from 1.22% to 3.66%
with 0.61% step (25% of the initial moisture content of 2.44%)
for all investigated scenarios.

o The lean loading was varied from 0.26 to 0.30 with 0.01 step for
the CFPP retrofitted with the MEA plant scenario.

2 A full design matrix comprising a total of 32 entries is provided in Supplementary
Information. These entries break down to 8 entries for the reference coal-fired power
plant (5-9 required) and 24 entries for the retrofit scenarios (12 for MEA retrofit and
12 for CaL retrofit, 7-27 required for each).
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Table 3
Interpretation of limit states.
What if? Limit Result
state
Thermodynamic limit states
Net thermal efficiency Is below Inefficient coal utilisation leading to
lower increased cost of electricity and
limit specific emissions
Is above  Higher coal utilisation efficiency
upper leading to reduced cost of electricity
limit and specific emissions
Net power output Is below  The contracted amount of power
lower output may not be delivered to the
limit grid leading to loss in profit
Is above  Higher amount of power than
upper contracted may increase the profit if
limit it can be utilised in the grid
Specific coal Is below Inefficient coal utilisation leading to
consumption lower increased cost of electricity and
limit specific emissions
Is above  Higher coal utilisation efficiency
upper leading to reduced cost of electricity
limit and specific emissions
Equipment limit states
CO; flow rate to Is below  Possible compressor stall or
compression unit lower compressor surge, leading to reduced
limit efficiency
Is above  CO, compressors not capable of
upper processing the required CO, rate.
limit Increased amount of CO, to storage
leading to faster utilisation of the
reservoir
Low-pressure steam Is below A drop in low-pressure turbine
pressure in primary lower efficiency and power output
steam cycle limit
Is above  Possible material deterioration and
upper failures due to loads exceeding
limit allowable material strength
High-pressure steam Is below A drop in high-pressure steam
pressure in secondary lower turbine efficiency and power output
steam cycle limit
Is above  Possible material deterioration and
upper failures due to loads exceeding
limit allowable material strength
Reboiler duty Is below  Not sufficient solvent regeneration
lower leading to decreased CO, capture
limit efficiency
Is above  An increase in the heat requirement
upper for solvent regeneration leading to
limit increased parasitic load
Calciner heat duty Is below  Not sufficient sorbent regeneration
lower leading to decreased CO, capture
limit efficiency. Possible requirement for
supplementary gas firing to keep
desired temperature in the calciner.
Desired O, purity from ASU cannot be
achieved
Is above  An increase in the heat requirement
upper for solvent regeneration leading to
limit increased parasitic load. Coal and ash

handling equipment not capable of
processing the required solids rate.
Air separation unit not capable of
providing required O, rate

Table 4

Statistical parameters of stochastic variables.
Stochastic variable Mean Standard

value deviation

Moisture content in coal (as received, %) 1.4 1.0
Coal-fired power plant load (%) 58.9 13.0
Lean loading (mol basis) 0.29 0.01
Relative sorbent make-up rate (mol basis)  0.04 0.008

o The relative limestone make-up rate was varied from 0.02 to
0.06 with 0.01 step for the CFPP retrofitted with the CaL plant
scenario.

Prediction accuracy of the approximation model can be
assessed by quantifying the average deviation, which is defined
as the difference in parameter value predicted by the process
model and the approximation model under the same input condi-
tions. For the key performance indicators considered in this study,
the average deviation was within 0.01-0.4%, with an average of
0.13%, indicating that application of the generic quadratic polyno-
mial model can be expected to provide a reasonably reliable pre-
diction. Further improvement in the prediction accuracy can be
achieved through employing more complex approximation
methods, such as Kriging, that are well-suited for capturing the
non-linear limit states [86].

The Monte Carlo simulation, employed to randomly generate
the values of the stochastic variables according to their statistical
distribution, which are then used in the approximation models,
can be used to estimate the probability that the key performance
indicators fall outside the desired operating envelope, which
occurs when g(X) < 0. By considering a large number of runs
(Nruns), which should be at least the inverse of two orders of mag-
nitude of the expected failure probability order, and counting the
number of incidents that the failure condition is met (Ngjjyes),
probability of failure can be estimated using Eq. (2) [87,88].

If the limit state function g(X) is normally distributed, g(X) = 0
and the actual values of the random variables are uncorrelated,
estimated failure probability for each considered limit state can
be used in Eq. (3) to estimate the reliability index (), which can
be benchmarked with the allowable value.

Nlailures
Pl - Nn.ms (2)
B=¢"(1-Pp) 3)

4. Results and discussion
4.1. Thermodynamic performance comparison

The probabilistic approach employed in the analysis of the engi-
neering systems allows predicting the operating envelopes of the
systems’ parameters under uncertain input conditions. When used
to compare CO, capture retrofit scenarios, such approach provides
valuable input to the investment decision-making process, as it can
be used to compare the impact of uncertainty on the thermody-
namic performance of the considered scenarios that can be further
used as input to the probabilistic economic analysis and process
design.

Comparing the thermodynamic performance of the considered
scenarios, Fig. 2a has revealed that the net thermal efficiency of
the reference CFPP is always higher than in any CO, capture retrofit
scenario considered in this study, and reaches a maximum value of
39.8%uny at a very low moisture content (0.2%) and high operating
load (94.6%). This is reflected in the mean value () of the efficiency
penalty of 9.6% and 11.7% points estimated for the CaL retrofit and
the MEA retrofit scenario, respectively. However, it needs to be
highlighted that although the stochastic variables were assumed
to be normally distributed, the statistical distribution of the net
thermal efficiency is a negatively-skewed normal distribution that
is a result of the nonlinear correlation between net thermal
efficiency and the stochastic parameters. Therefore, the mode
(Mo) of the efficiency penalty, which represents its value occurring
with the highest probability, yields more accurate results com-
pared to the mean value and is estimated to be 9.5% and 11.5%
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Fig. 2. Probabilistic comparison of thermodynamic performance.

points for the CaL retrofit and the MEA retrofit scenario, respec-
tively. Importantly, the net thermal efficiency of the CaL retrofit
scenario is higher than that of the MEA retrofit scenario as the
mode and the mean values are 2% and 2.1% points, respectively,
proving that the CaL plant has a potential to reduce the impact
of CO, capture on the power generation efficiency. In addition,
the probabilistic analysis has revealed that the influence of input
uncertainty on the net thermal efficiency is lower for the CaL retro-
fit scenario, as the span of the operating envelope, which is defined
as the difference between the maximum and minimum value iden-
tified in the probabilistic analysis, is 25% lower than in the MEA
retrofit scenario. Yet, the minimum net efficiency penalty, with
respect to the maximum net thermal efficiency of the reference
coal-fired power plant of 39.8%yyy, for the CaL and MEA retrofit

scenario was found to be 9.3% points’ and 10.6% points,*
respectively.

In contrast to the net thermal efficiency, the statistical distribu-
tion of the net power output is found to be close to the normal dis-
tribution (Fig. 2b) that is a result of the nearly linear correlation of
the net power output and the stochastic parameters. The proba-
bilistic analysis has revealed that the Cal retrofit scenario
(McaL=516.6 MW, Moca, =525.0 MWg)) is expected to deliver
40% higher net power output than the reference CFPP

3 At randomly generated values for moisture content of 6.7%, load of 101.5%, and
relative make-up rate of 0.039.

4 At randomly generated values for moisture content of 0.5%, load of 99.3%, and
lean loading of 0.299.
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(fcepp = 369.2 MW, Mocgpp = 375.0 MW) and double that of the
MEA retrofit scenario (tmga=254.5 MW, Mopga =275.0 MWg)).
Therefore, it is expected that in the CaL retrofit scenario the nega-
tive effect of the efficiency penalty will be outweighed by the
increase in the net power output and in favourable economic con-
ditions will increase the profit from electricity sales over the refer-
ence CFPP [40]. In addition, the operating envelope of the net
power output in the CaL retrofit scenario is wider compared to
the remaining scenarios, implying higher flexibility of this
scenario.

It is important to highlight that by considering the statistical
distribution of the stochastic variables, the results obtained in
the probabilistic analysis can be considered as more realistic
compared to previous deterministic studies analysing CaL retrofit
scenarios that reported 50-80% increase in net power output over
the reference CFPP [33-35,38,39] and net efficiency penalty of
around 3-8% points [30-36]. However, the scenarios considered
in this study are based on the CFPP operating under severe envi-
ronmental conditions with high average ambient temperatures.
As a result of limited steam cycle cooling capacity, the net thermal
efficiency of the considered scenarios is, on average 1% point lower
compared to the corresponding scenarios operated under
European conditions.

Nevertheless, the results discussed in this section indicate that
application of the probabilistic approach to analyse the CO, cap-
ture retrofit scenarios could bring a more profound insight into
the process operation. This would allow the designer to consider
the effect of uncertainty on the process performance and operating
envelope, and thus to design the process that would operate in an
efficient and reliable manner. Additionally, data presented in this
section can be used as input to the probabilistic economic assess-
ment that would help investors to make more accurate decisions
on which CO, capture technology would be the most cost-
effective for a given application.

4.2. CO, capture system design implications

4.2.1. Amine scrubbing

The reduction in the net thermal efficiency and de-rating of the
net power output in the MEA retrofit scenario are caused primarily
by the heat requirement for solvent regeneration that is provided
in the most efficient way by extracting part of the low-pressure
steam from the primary steam cycle [89]. Yet, the parasitic load
imposed by the low-pressure steam extraction is not only a result
of a reduction of the low-pressure turbine throughput, but also due
to significant drop in the low-pressure steam pressure down-
stream of the extraction point [51]. The probabilistic analysis
reveals that in the MEA retrofit scenario this pressure will be lower
than in the reference CFPP (Fig. 3), which is true even under +20%
variation of the statistic parameters.

The energy intensity of the MEA plant is mainly determined by
the amount of heat required for solvent regeneration, which, in
turn, determines the amount of steam to be extracted from the
steam cycle. The probabilistic analysis (Fig. 4a) indicates that the
reboiler duty is nearly normally distributed (ggren =407.9 MWy,
Mogyep =420.0 MWy,) and is more likely to be below the lower
limit (Pyus = 0.0727, s = 1.46) rather than above the upper limit
(Prus = 0.0014, fuyis =2.99). This indicates that the design of the
MEA scrubbing unit should be determined by the LLS, as more
attention needs to be paid to ensure that enough heat is available
for solvent regeneration. This is particularly important for the
design of the steam extraction system, as operation below the
lower limit state could induce an additional loss in the steam qual-
ity that can lead to reduced operating temperature of the reboiler,
and thus the loss in the CO, capture efficiency.

The sensitivity analysis (Fig. 4b) reveals that the mean lean
loading, mean power plant load and standard deviation of power
plant load are the main variables that influence the reboiler duty.
Having varied the mean value of the lean loading by —20% and
20%, it is observed that the reliability index for the ULS is reduced
by 1.08 and 0.4 times, respectively, and for the LLS is increased by a
factor of 1.6 and 0.5, respectively. Therefore, it can be concluded
that the lean loading of 0.29 is an optimum value for the consid-
ered MEA plant, and any deviation would lead to increased reboiler
duty and thus the probability of higher parasitic load imposed on
the net power output. Additionally, 20% increase in mean value
and standard deviation of the power plant load is found to reduce
the reliability index for the ULS by 29% and 15%, respectively. Such
increase in standard deviation of the operating load of the CFPP
results also in a reduction of the reliability index for LLS by 16%,
implying that deviation in the operating load negatively affects
the reliability of the system by increasing the failure probability.
Finally, reduction in the mean value of the operating load reduces
the reliability index for the LLS by 61%, increasing the risk that the
deteriorated steam quality will not allow achieving the design CO,
capture level of 90%.

4.2.2. Calcium looping

In the CaL retrofit scenario, the drop in the net thermal effi-
ciency is primarily associated with the production of pure O, in
the ASU and consumption of an additional amount of fuel [35],
the requirements for which are determined by the heat required
to sustain the endothermic calcination process. The probabilistic
analysis (Fig. 5a) reveals that the calciner heat duty is represented
by a slightly skewed normal distribution (pgcaic =864.0 MWy,
Mogqcaic = 900.0 MWy,) and the design of the CaL retrofit scenario
should be determined by the LLS. This is because the calciner heat
duty is more likely to be below the lower limit (Ps s =0.0859,
Pus =1.37) than above the upper limit (Pry.s = 0.0006, s = 3.24),
implying that failure of the auxiliary equipment is unlikely to hap-
pen if the capacity of the coal and ash handling equipment, as well
as the ASU, are designed at the ULS without oversizing. Conversely,
it is more likely that due to reduced temperature in the calciner the
desired overall CO, capture rate of 90% may not be achieved. Addi-
tionally, attention needs to be paid to the design of the ASU at
lower loads, due to compressors and cold box operating constraints
[90], the latter of which is particularly important to the O, purity.

The sensitivity analysis of the key statistic parameters reveals
that the reliability index for the calciner heat duty is mostly
affected by the mean value and standard deviation of the operating
load of the CFPP, and to a lesser extent, by mean value of the rela-
tive sorbent make-up. Fig. 5b indicates that the reliability index for
the ULS will be reduced by 28% and 16% on 20% increase in the
mean value and standard deviation of the power plant load,
respectively, and by 9% on 20% reduction in the mean value of
the relative sorbent make-up. Conversely, the reliability index for
the LLS will be reduced by 66% on 20% reduction in the mean value
of the operating load, as well as by 17% and 10% on 20% increase of
standard deviation of the operating load and mean value of the rel-
ative sorbent make-up, respectively. As opposed to the lean load-
ing in the MEA retrofit scenario, change in the mean value of the
relative sorbent make-up rate was found to be followed by a sub-
sequent change the calciner heat duty in the same direction; for
example, an increase of the relative sorbent make-up rate
increased the calciner heat duty. This implies that the heat require-
ment in the CaL plant would be minimised at low relative make-up
rates which, unfortunately, require high solid looping rates and lar-
ger equipment. Therefore, optimisation of this key performance
indicator requires techno-economic analysis, which is out of this
study’s scope.
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As has been pointed out above, the high-temperature opera-
tion of the CaL plant allows raising high-pressure steam that
can be utilised in the secondary steam cycle to generate addi-
tional power. The probabilistic analysis (Fig. 6a) shows that the
live steam pressure is nearly normally distributed (z,=153.6 bar,
Mo, = 160.0 bar) and that it is considerably less likely to exceed
the upper limit (Prus =0.0008, fuis=3.15) than fall below the
lower limit (Py s =0.0722, fy.s = 1.46). It needs to be highlighted
that reliability indices obtained for the live steam pressure are
similar to the ones for the calciner heat duty. This is also
observed in the results of the sensitivity analysis (Fig. 6b) that
show similar trends in variations of the reliability index for the
live steam pressure on changes of the key statistic parameters
as observed for the calciner heat input. This implies that the
design of the entire CaL plant would be determined by the
calciner heat duty that is directly dependent on the amount of
sorbent required to maintain the desired overall CO, capture
level of 90%.

++ <+« Standard deviation moisture
=/« Standard deviation relative make-up
=& Standard deviation load

(b)

Effect of (a) uncertainty and (b) key statistic parameters sensitivity on probabilistic prediction of calciner heat duty.

4.2.3. CO, compression

After being removed from the flue gas stream, CO, needs to be
conditioned and compressed prior to transport and storage. The
requirement associated with this process is the second most
important parasitic load in both the MEA and CaL retrofit scenarios.

The results of the probabilistic analysis (Fig. 7) indicate that the
throughput of the CO, compression unit is nearly normally
distributed in both the MEA retrofit (uccumea=284.6Kkgfs,
Moccumea = 85.0 kg/s) and the Cal retrofit (ticcucar=186.3 kgfs,
Moccy,car = 195.0 kg/s) scenarios, with the latter being slightly
skewed. The higher operating range presented in Fig. 7 also implies
that the CO, compression unit in the CaL retrofit scenario needs to
be designed to operate with nearly two times higher turndown
compared to the one in the MEA retrofit scenario, which can be
achieved by considering a multiple-compression train design. Nev-
ertheless, the design of the CO, compression train should be deter-
mined by the LLS that is more likely not to be meet (Pys =0.074,
Pus = 1.45) compared to the ULS (Pyy.s = 0.008, fuyis = 3.17) in both
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Fig. 6. Effect of (a) uncertainty and (b) key statistic parameters sensitivity on

scenarios. These values of the reliability indices are comparable to
the ones obtained for the reboiler duty (MEA retrofit scenario) and
the calciner heat duty (CaL retrofit scenario), and are found to
experience the same trends on variation of the key statistic param-
eters with regard to mean value and standard deviation of the CFPP
load, while no effect of either lean loading or relative sorbent
make-up rate was reported. Importantly, the same reliability
indices for the CO, compression unit throughput obtained in the
MEA retrofit and the CaL retrofit scenarios indicate that the design
of this unit is independent of the CO, capture technology and is
proportional to the required CO, processing rate.

4.3. Implication of the reference coal-fired power plant operation
mode

The results analysed above would support the process design
stage by indicating the most probable operating envelope for the
equipment in the considered system. Such a prediction would
allow the designer to properly size the equipment without the
need for applying excessive sizing factors. As these are primarily
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probabilistic prediction of live steam pressure in secondary steam cycle.

based on previous experience in other industries, their application
in CO; capture plants for coal-fired plants, which may operate in a
demand-following or base-load mode, may lead to over- or under-
sizing of the equipment, deteriorating its performance.

The probabilistic analysis has indicated that the energy require-
ment in both MEA and CaL retrofit scenarios is highly sensitive to
variation in the CFPP load and, to a lesser extent, to changes in the
lean loading (MEA retrofit scenario) or relative make-up rate (CaL
retrofit scenario). This implies that if the reference coal-fired
power plant is operated in the demand-following mode, the entire
system needs to be designed to flexibly meet the market demand.
Moreover, the results of the probabilistic analysis indicated that
the retrofitted coal-fired power plant should be able to flexibly
deliver high performance under a wide operating envelope. Alter-
natively, the small impact of variation in the moisture content
and moderate influence of the CO, capture specific parameters
imply that if the retrofitted coal-fired power plant is operated only
at base-load capacity, the operating envelope would be consider-
ably narrower, making the process design step less challenging.
Yet, operation in the base-load mode only would result in all prob-
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Fig. 7. Comparison of uncertainty effect on probabilistic prediction of CO, flow rate to storage in MEA and CaL retrofit scenarios,

abilistic curves being shifted near the ULS. It can be expected that
the probability of failure associated with the exceedance of the
ULS, which is induced via variation in the coal quality and CO, cap-
ture operating parameters, would be higher for the base-load mode
compared to the load-following mode. Although this would result
in negligible probability that the LLS will not be met, the system
operating at the base-load will need to be slightly oversized, com-
pared to the load-following system.

5. Conclusions

This study employed the probabilistic approach to compare the
performance of MEA and CaL retrofit scenarios and to benchmark
them with the performance of the reference CFPP, providing a
framework for future studies in this field. It was found that the
most probable values for the efficiency penalties are 9.5% and
11.5% points in the CaL and MEA retrofit scenarios, respectively.
This also indicated that, considering higher uncertainty in the
operating conditions of the CaL process, retrofit of the emerging
CaL technology can be expected to yield net efficiencies that will
be 2% higher than those in the retrofit with the mature MEA scrub-
bing technology. In addition, 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
the base-load operation. Also, the net power output in the CaL ret-
rofit scenario was found to be nearly double that in the MEA retro-
fit 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.

The probabilistic analysis of the particular process equipment
revealed that the CO, capture plants and their auxiliary equipment
need to be designed for the LLS and no excessive oversizing is
required. It was found that the analysed key performance indica-
tors were mostly affected by the 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. Further-
more, the probabilistic approach helped determine if the optimum
values of the design parameters (lean loading, relative sorbent
make-up rate) were selected.

Finally, the probabilistic approach was found to be capable of
producing valuable information on the equipment operating envel-
ope that would help designers to assess the number of equipment
trains and their operating limits. Therefore, the probabilistic
framework for comparison of the CO, capture retrofit scenarios
should be used in addition to the conventional thermodynamic
analyses in future studies as, by considering the impact of uncer-
tainty on process performance, it generates valuable information
that could serve as input not only to the probabilistic economic
analysis and the process design, but also to the investment
decision-making process.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.apenergy.2016.
03.102.
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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 CO, 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 CO, 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 CO, 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 CO, 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 CO, 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

Applicability*
Model Key limitations B P N E E
A A C S A
580 MW, supercritical coal- Validated for European climatic
fired power plant (Chapter 4 conditions at base-load only. v ox v x x
and Chapter 5) No part-load performance data available.
660 MW, supercritical coal- Validated for Indian climatic conditions at v v v v v
fired power plant (Chapter 8)  base- and part-load.
Monoethanolamine scrubbing Validated at pilot-plant scale.
CO, capture plant (Chapter 8 v v v v VY
and Hanak et al. (2014))
Chilled ammonia process Validated at pilot-plant scale for aqueous
CO, capture plant (Chapter ammonia process.
4) v v v v v
No data for chilled ammonia process
available.
Calcium looping process CO, Equilibrium-based model.
capture plant (Chapter 6) Verified with pilot-plant operating data. VY v
No data for complete validation available.
CO, compression unit Part-load operation of compressors
limited to 70% due to lack of v v v v v
performance data.
Air separation unit Part-load operation of compressors
limited to 70% due to lack of v v v v v

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
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Although chemical solvent scrubbing using amine-based solvents is regarded
as a mature CO, 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 CO, capture plant have

been identified in Section 2.5. These have been classified in four groups:

e Material improvements aimed at improving the cycling capacity and
reducing the regeneration energy requirement.

e Heat integration aimed at improving waste heat utilisation in the system
for reduced parasitic load.

e Alternative process configurations aiming at reducing the energy intensity
of the CO, capture plant.

e 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 MWog 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 MWy

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;
Martinez et al., 2011; Romeo et al., 2008; Strohle 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 MW, supercritical coal-fired power
plant. It was predicted that even with reductions in energy intensity of
the chemical solvent scrubbing CO, 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 CO, capture technologies. It has been
shown (Chapter 6 and Chapter 7) that retrofitting CaL to the 580 MWy
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-CO, cycle in place of
the conventional steam cycle was found to reduce the net efficiency penalty in
the CalL 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 O, consumption, and

alternative O, 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.
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Figure 12-1: Performance summary of the considered retrofit scenarios

Importantly, part-load analysis of CO, capture retrofits to the 660 MWy
supercritical coal-fired power plant exposed considerable differences in
the performance of the investigated CO, 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 MW, supercritical
coal-fired power plant (Chapter 6), it was observed that the net efficiency
penalties at base load for the 660 MW, 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 MW, 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 CalL
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; Stréhle 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; Martinez et al., 2011; Romeo et al., 2008; Stréhle 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 MW¢ 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 CO, capture for
levied carbon tax above 9.6 €tCO, The economic performance of this scenario
was found to be improved by utilising the inherent energy storage capacity of
CaL. By generating O, 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 CalL 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 €/tCO,, which is below the average price of 8.5 €/tCO, 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 CalL
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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 CO, capture for the carbon tax
above 11.0 €/tCO,. 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 CalL 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 CO, 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 CO, 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 CO, capture plants.

5. Investigate alternative CO, capture technologies and integration
configurations for reduction of the net efficiency penalty resulting from
the CO, 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 CO, 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 CO, 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 CalL retrofit scenario could become more profitable than the reference
coal-fired power plant without CO, 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 CO, cycle,
enhanced heat integration, and alternative sources of heat or O, for

oxy-combustion of fuel to drive the endothermic calcination process.

13.1.1 Developments in CO, capture for power generation systems

The major challenges for CCS to become cost-effective are the energy-intensity
of the mature CO, 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 CO, capture (Objective 1), which is expected to make
a significant contribution towards decarbonisation of the power sector. It was
identified that application of alternative CO, 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 CO, capture
technologies for fossil fuel power plants, can be achieved via enhancements of
the CO, capture material performance, heat integration, alternative process

configurations, and process intensification.

As Cal has been identified as one of the most promising technologies for CO,

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 CalL since the last major review in 2010. Until
recently, the technical viability and performance of the CalL process has been
evaluated worldwide using bench- and pilot-scale facilities the size of which
varies between 1 kWy, and 1.9 MWy,. Regardless of rapid progress in testing of
this emerging CO, 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 CalL
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 CO, 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 CO, 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 CalL process were
found to have the net thermal efficiency of 46.69%, v, which is higher than that
of supercritical and even ultra-supercritical coal-fired power plants without CO,
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 MW, supercritical
coal-fired power plant, which operates under European environmental
conditions and is characterised with a net thermal efficiency of 38.5%uyy, 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 MWy
supercritical coal-fired power plant, which operates under Indian environmental
conditions and is characterised with a net thermal efficiency of 38.8%pyny, 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 CO, capture retrofit scenarios, including chemical solvent scrubbing using
MEA, and ammonia, as well as CalL, process models for these CO, 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 MWq,
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, CO, capture level, stripper bottom liquid temperature, reboiler
duty) under different flue gas loads and then tuned to CAP conditions to remove
90% of CO, from the 580 MW, supercritical coal-fired power plant. Third,
a process model of CaL was developed based on the operating data of
the 1.7 MWy, la Pereda pilot plant using a semi-empirical model with correction
factor to represent the sorbent performance. As opposed to other studies
analysing CalL 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 MW, supercritical coal-fired power plant and the 580 MWy
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 CO; capture retrofit scenarios, the auxiliary equipment, such
as CO, 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 NHj3; concentration of 12.5%, to the 580 MWy
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 MWy 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%pnv points.
This was 2.1-2.2%yy 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 CO, from the flue gas, the net efficiency
penalty of the CaL retrofit scenario was 8.6%pyny 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 CO, 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, CO, capture
efficiency, and O, 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%nuny points for a calciner fired with natural gas and coal, respectively,
with an overall CO, 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 CO, 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 CalL 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 CalL retrofit scenario assumed that the high-grade heat
available for recovery was utilised to raise high-pressure steam for
the conventional steam cycle. As CalL 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-CO, cycle in place of
the conventional steam cycle for high-grade heat utilisation (Objective 5). The
net efficiency penalty in the CalL with s-CO, retrofit scenario was found to be
6.9%yny points, which was 1%gy 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%pny
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
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the first stage of the main compressor with a CO, pump. The latter solution was
found to further improve the net thermal efficiency by 0.5%uny points; hence
the minimum net efficiency penalty of 5.8%pny 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 O, for oxy-combustion of fuel or sources of heat for sorbent
regeneration to minimise or avoid the power requirement associated with O
production, alternative processes and technologies to minimise the power
requirement for CO, 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%unv 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%puny points. These
results reinforce the need for detailed modelling of both the coal-fired power
plant and the CO, 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 CO, 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%pnnv points and 8.9-9.4%y 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%pyyy for the natural gas fired
calciner, yet the net power output of the retrofitted system dropped by 11-12%
compared to the CalL 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 CalL
with inherent energy storage indicated that application of liquid-O, 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 CO, capture at
8.3 €/tCO,. As the average price of European emission allowances in
November 2015 was 8.5 €/tCO,, it is concluded that implementation of the CalL
retrofit scenario with a liquid-O, 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 MW
supercritical coal-fired power plant were exceeded was found to be small.

The probabilistic analysis also indicated that fluctuations in the market energy
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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 CO, 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 CO, 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 CO, 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:

e 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 CO, 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.

e 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
CO; cycle (topping cycle) with conventional steam cycle (bottoming
cycle), for high-grade heat recovery from CalL 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 CO, cycle and
inherent energy storage capability, should be undertaken to advance
large-scale implementation of this technology.

o A techno-economic analysis of CalL with supercritical CO, 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 CO, capture from fossil fuel power
plants should be estimated.

Implementation of the process intensification in CO, capture plants
via considering rotating packed beds or vortex reactors should be
evaluated from techno-economic standpoint.

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 CO, capture from coal-fired
power plant

Calciner fuel characteristic

Table A-1: Coal characteristics (Black, 2013)

lllinois No 6 Bituminous coal As received (%)

Proximate analysis

Fixed carbon 44.2
Volatile matter 35.0
Ash 9.7
Moisture 111
Ultimate analysis

Carbon 63.8
Hydrogen 4.5
Oxygen 6.9
Nitrogen 1.3
Sulphur 25
Higher heating value (MJ/kg) 27.1
Lower heating value (MJ/kg) 26.2

283



Table A-2: Biomass characteristics (Ciferno and Marano, 2002)

Beech wood (Short rotation woody crops) As received (Y)

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 (Yyo)
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 CO, capture

Table A-4: Validation of the base load prediction of the coal-fired power plant
model developed in Aspen Plus

Stream Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
number

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 24220 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% 22.4 225 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):

Qloss = Qfoundation + Qwall + Qtop (A'l)

ty .
AQppss = Qioss dt (A-2)
to

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 Eg. (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.

Tstorage - Tambient

Qwall = T T T
2 3 4 -
In (rl) N In (rz) n n (rg) n 1 (A-3)
21tky errL 2wk, L 2wk L 2mryLhgmpient

Q- _ Tstorage - Tambient
top te t, 1 (A-4)
ryky - mroke T Rampient

_ Tstorage - Tambient

Qfoundation = t, t, (A-5)
nryk,  mryk,

The effective thermal conductivity for the particles in the solid storage tank
(kpefr) 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
wzrgilfoznodluﬁl)wty of refractory-insulating lining, k; W/mK 05
ggfzrg)al conductivity of cement wall, k. (Ma et al., W/mK 10
Thermal conductivity of sorbent, k, (Robertson, 1988) W/mK 15
Convective heat transfer coefficient, h,m, (Koschenz W/K 20
and Dorer, 1999)

Porosity, € - 0.5
Storage tank height, L m 30
Radius of tank without insulation, r; (CaO/CaCO; tank) m 13.1/14.2
Self-insulation layer thickness, t, (Ma et al., 2014b) m 0.5
Refractory lining thickness, t; m 0.25
Cement wall thickness,t. m 1.0
Sensible heat stored, Qgens (CaO/CaCO5 tank) MWq, 190.4/165.6

Using the parameters from Table A-1, it was estimated that the heat loss in
the CaO and CaCOg tanks will be 0.7 and 1.3 MWy,, 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).

287



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

the analysis

1.5%, indicating that heat storage efficiency is more than 98.5%. As

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.
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Figure A-2: Effect of the concrete wall thickness on the relative heat loss in the
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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
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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 Fixed Volatile Ash Gross Steam Net Coal _
content carbon  matter content PoOWer generation efficiency consumption
(%6u0) content content (%61) output rate (o) rate
(Yowr) (Yowr) (MWe) (kg/s) (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 26.18 211 660 551.240 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

291



A.5 Comparison of probabilistic performance of calcium
looping and chemical solvent scrubbing retrofits for CO,
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 CO, 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/1qge7KQm.
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