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HIGHLIGHTS

® Carbonate looping can reduce economic and efficiency penalties of carbon capture.
® Advanced power cycles can improve the performance of power generation systems.
® Recompression supercritical CO, cycle led to the best techno-economic performance.
® Efficiency (38.9%) was higher than that of reference coal-fired power plant (38.0%).
® Cost of CO, avoided (16.3 €/t) was lower than the current carbon tax (> 18 €/t).
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Carbon capture and storage is crucial to decarbonising the power sector, as no other technology can significantly
reduce emissions from fossil fuel power generation systems. Yet, the mature CO, capture technologies result in
net efficiency penalties of at least 7% points. Emerging technologies, such as calcium looping combustion, can
reduce the net efficiency penalty to 2.4% points. Further reductions can be achieved by replacing the conven-
tional steam cycle with advanced power cycles. This study aimed to assess the techno-economic feasibility of the
coal-fired power plant based on calcium looping combustion with different advanced Brayton cycles. These
included single power cycles, such as recompression supercritical CO,, simple supercritical CO, cycle, and xenon
cycle, as well as combined power cycles based on helium, nitrogen and recompression supercritical CO, cycles.
The net efficiency and break-even electricity price, which was estimated using the net present value method,
were used as the key techno-economic performance indicators. A parametric study was also conducted to assess
the impact of the key thermodynamic parameters. This study showed that the case based on a single re-
compression supercritical CO, cycle had the best overall techno-economic performance, while the recompression
supercritical CO, combined cycle case had the best techno-economic performance among combined cycle cases.
The former was characterised with a net efficiency of 38.9%, which is higher than that of the reference coal-fired
power plant without CO, capture (38.0%). Such performance was achieved at a break-even electricity price of
71.2 €/MWeg neth, corresponding to a cost of CO, avoided of 16.3 €/tcoo.

1. Introduction environmental targets. As no other technologies can significantly reduce

emissions from fossil fuel power generation systems, which are predicted to

Meeting the ambitious emission reduction targets established in the
Paris Agreement requires near-complete decarbonisation of the power
sector [1], as this sector generates a third of the anthropogenic greenhouse
gas emissions [2]. Despite the potential improvements in their efficiency,
conventional fossil-fuel-fired power plants are not able to meet the

play an important part in the future electricity portfolio, carbon capture and
storage (CCS) is seen as crucial to decarbonising the power sector [3].
Regardless of significant reductions in the energy intensity of mature
CO, capture and separation technologies [4], integration of CCS to fossil-
fuel-fired power plants is still expected to reduce the net efficiency of the

Abbreviations: CaL, carbonate looping; CaLC, calcium looping combustion; CBC, closed Brayton cycle; CCS, carbon capture and storage; CCT, CO, compression train;
CGC, clean gas cooler; COM, compressor; EXP, expander; FGC, flue gas cooler; CON, condenser; HHV, higher heating value; MEA, monoethanolamine; NPV, net
present value; REC, recompressor; ReS, refrigeration system; RHX, recuperator; sCO,, supercritical CO, cycle
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Nomenclature

mp fuel flow rate

BEP, break-even price of electricity
Ccarc investment costs of CaL.C

Cecr investment costs of CCT

Ceycle investment costs of power cycle
CF, annual cash flow

Crw investment cost

Cre0 land and owner’s cost

ip&pC engineering and project cost indicator
irc labour cost indicator

ips.c integration costs indicator

irasc total as-spent cost (TASC) multiplier
HHV higher heating value

NPV net present value

r discount rate

> Paux  total auxiliary power requirement

Ny net efficiency of power plant

Miairee  fficiency of indirect heat transfer

entire system by at least 7.2% points [5] while using solutions of piper-
azine (PZ) instead of monoethanolamine (MEA). Importantly, reduction in
the net efficiency and the capital cost associated with CCS have been
shown to lead to at least 60% increase in the electricity cost [6]. Therefore,
to provide incentives for CCS deployment in the power sector, less energy-
intensive technologies, such as solid looping cycles, are currently being
developed. Carbonate looping (Cal), which is based on the reversible
carbonation reaction of CO, with a metal oxide, such as calcium oxide, is
regarded as an emerging technology for decarbonisation of fossil-fuel-fired
power generation systems [7]. This is because it has the potential to re-
duce the net efficiency penalties to 5% points [8]. The main reason behind
such an improvement, when compared to the mature CO, capture and
separation technologies, is the high-temperature operation of CaL
(600-900 °C). This enables utilisation of high-grade heat for power gen-
eration in a secondary power cycle. Importantly, the net power output of
the retrofitted system has been shown to increase by 40-60% after utili-
sation of the high-grade heat in a conventional steam cycle, compared to
the conventional fossil-fuel-fired power plant without CCS [9].

To achieve a further reduction in the energy intensity of CaL, which
is mainly associated with the power requirement of the air separation
unit, indirect heat transfer from an external heat source to drive the
sorbent regeneration process can be deployed. Indirectly-heated flui-
dised bed dryers, calciners, and mixing devices have been proposed in
the 1980s by Rossi [10] and reviewed by Malhotra and Mujumdar [11].
Indirectly-heated calciners were considered for several industrial ap-
plications, including production of phosphoric acid waste gypsum [12],
and pyrolysis and gasification of solid fuels [13]. More recently, in-
directly-heated calciners were also tested experimentally [14] and
considered as a basis for process development [15] for energy storage
from concentrating solar plants. Application of indirectly-heated calci-
ners to calcium looping was first proposed by Abanades et al. [16] and
its technical feasibility was later proven by Junk et al. [17] and
Hoeftberger and Karl [18].

Due to the high-temperature operation of CaL, it can act as the
primary heat source in low-CO,-emission fossil-fuel-fired power gen-
eration systems. Therefore, Hanak and Manovic [19] proposed the
concept of calcium looping combustion (CaLC) that integrates an air-
fired combustor with a calciner to drive the calcination process. When
linked with a conventional supercritical steam cycle, coal-fired power
plants based on CaLC achieved net efficiencies as high as 35.6% [19].
This was 2.4% points below the conventional coal-fired power plant
with the steam cycle operating under the same steam conditions. Recent
trends in the development of nuclear and solar power generation sys-
tems, which operate within the temperature envelope of 500-1000 °C,
indicated that advanced power cycles can increase the net efficiency
and decrease the investment costs of the entire system, compared to
those equipped with the conventional steam cycle [20].

A supercritical CO, (sCO,) cycle has been recently considered as a
feasible alternative to the conventional steam cycle in concentrating solar
plants [21], coal-fired power plants [22], natural gas combined cycle
power plants [23] and natural gas-fired power plants based on chemical
looping combustion [24]. Furthermore, the work by Hanak and Manovic
[7] has revealed that replacing the supercritical steam cycle with the

recompression sCO, cycle to utilise the high-grade heat available in CaL
can increase the net efficiency of the entire system by 1.0-2.2% points,
depending on the structure and operating conditions of the power cycle.
On the contrary, Michalski et al. [25] has shown that the net efficiency of
CaLC with simple sCO, cycle is 0.9% points lower than that of CaLC with
steam cycle. This implies that only the recompression sCO, cycle has the
potential to achieve the desired efficiency improvement. It also needs to be
highlighted that, regardless of the higher net efficiency than for the CCS
retrofits, the coal-fired power plant based on CaLC was shown to be
characterised with 37% higher break-even cost of electricity than that of
the coal-fired power plant without CCS (59.63 €/MWej nech) [25]. Such an
increase was shown to be lower than that for an amine scrubbing retrofit
(62%) and Cal retrofit (44%).

Further improvement in the techno-economic feasibility of the coal-
fired power plant based on CaLC can be achieved through revision of the
sCO, cycle structure and operating conditions, as well as consideration of
other advanced power cycles, such as closed Brayton cycles (CBC) using
different working media. These power cycles are currently at a lower
maturity level than the conventional steam cycle. Yet, sCO,, helium (He)
and nitrogen (N,) CBCs are commonly considered power cycles for nu-
clear power plants [26]. Importantly, the CBC based on N, has been
considered as a near-term demonstration concept [27], as the deploy-
ment of the sCO, cycle still depends on substantial technological devel-
opments in turbomachinery [28] and heat exchangers [26] and the He
cycle is not competitive from the thermodynamic standpoint [29]. Xenon
(Xe) has also been shown as a potential CBC working medium that en-
ables achieving high efficiencies [30]. Although application of these
advanced power cycles has been evaluated for nuclear power plants and
solar power plants, their application to coal-fired power plants has not
been considered, with the exception of the sCO, cycle.

Therefore, this study proposes to integrate the advanced power
cycles with CaLC for high-efficiency power generation with low CO,
emissions and affordable cost of electricity. To assess the techno-eco-
nomic feasibility of the proposed designs of the coal-fired power plant
based on CaLC, process models for each advanced power cycle were
developed in Aspen Plus® and validated with the data available in the
literature, before integration with CaLC. The techno-economic perfor-
mance was assessed considering the net efficiency and the break-even
price of electricity (BEP,). Furthermore, as the current literature pro-
vides limited information on the operating conditions of the advanced
power cycles considered in this study, a parametric study on the key
design parameters, such as the compressor outlet pressure, turbine inlet
temperature and minimum temperature differences, was carried out to
maximise the techno-economic performance of the considered cases.
Finally, to account for the uncertainty in market conditions, the effect
of carbon tax on the economic performance was evaluated.

2. Process description

The layout of each coal-fired power plant based on CaLC evaluated
in this work can be divided into three main subsystems: CaLC; CO5
compression train (CCT); and power cycle. The structure of the CaLC
(Fig. 1) has been described in detail by Hanak and Manovic [19]. It
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comprises two interconnected fluidised beds: a carbonator, where CO,
from flue gas is removed by CaO at 650 °C; and a calciner where CaCO3
is regenerated to CaO at 900 °C achieved by indirect heat transfer from
the combustor to the calciner via a heat transfer wall [16]. The process
model for CaLC has been developed in Aspen Plus® based on the CaL
model developed by Hanak et al. [8] and validated using experimental
data from the la Pereda pilot plant (Spain) [31]. To account for sorbent
deactivation and its effect on the techno-economic performance, the
maximum average conversion was represented using the semi-empirical
model proposed by Rodriguez et al. [32] and Li et al. [33] The deac-
tivation curve was taken from the la Pereda pilot plant results [31]. The
combustor is assumed to be a circulating fluidised bed that operates at
atmospheric pressure and 1000 °C, and is fuelled with coal with a
higher heating value (HHV) of 27.01 MJ/kg [25]. The high-grade heat
from the flue gas cooler (FGC), carbonator and clean gas cooler (CGC) is
utilised for power generation. It is assumed that the minimum tem-
perature difference of the CGC is 20 °C. Finally, the CO, capture rate in
the carbonator is adjusted to achieve an overall CO, capture level of
90% [34] considering both CO, produced from fuel combustion and
calcination of fresh sorbent. The heat losses in the reactors are not
considered. The remaining assumptions regarding the operating con-
ditions of CaLC are presented in Table 1.

The concentrated CO, stream from the calciner is subsequently fed
into the CCT (Fig. 1). This subsystem is equipped with a nine-stage
intercooled compressor, which is characterised with a polytropic effi-
ciency of 77-80%, CO, condenser (CON) and CO, pump that has an
isentropic efficiency of 85%. The mechanical efficiency of the CO,
pump and compressor is 99.6%. The intercooler’s outlet temperature is
40 °C and the overall heat transfer coefficient is 300 W/m*°C. The CCT
compresses the CO, stream to 11 MPa.

I[CalCisland

Cooling air
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2.1. Recompression supercritical CO, cycle (sCO2 RC2E2 case)

The structure of the recompression sCO, cycle, which uses CO, in a
supercritical state as a working medium, integrated with CaLC (sCO,
RC2E2 case) is presented in Fig. 1. The thermodynamic model of this
advanced power cycle was based on the recompression sCO, cycle
model developed in Aspen Plus® by Hanak and Manovic [7]. This model
has been validated with the thermodynamic results presented by Le
Moullec [35] and experimental results presented by Park et al. [36].
The validation results are presented in the Supplementary Information.
The highest difference in comparison with modelling data is for the
compressor outlet temperature (1.85%), while for the experimental
data the highest difference is for the expander outlet temperature
(2.24%). For the remaining parameters, the relative error is below
0.5%. In this study, the structure of the recompression sCO, cycle has
been adapted by adding a CGC that enabled reducing the temperature
of clean gas to temperature levels of the flue gas at the outlet of the air
preheaters in conventional coal-fired power plants (85-125 °C) [37].
Additionally, a two-stage expander and a two-stage intercooled com-
pressor were considered.

In the considered sCO, cycle, a two-stage expander (EXP1 and
EXP2) with isentropic efficiency of 93% is used. After expansion, the
CO,, stream is cooled down in two recuperators (RHX1 and RHX2).
Then, the CO, stream is split into two streams feeding the recompressor
(REC) with an isentropic efficiency of 85% and cooler, where it is
cooled down to 31.3 °C. The cooled CO, stream is then compressed
from 7.4 MPa to 20 MPa in a two-stage intercooled CO, compressor
(COM1 and COM2) with an isentropic efficiency of 85%. Then, the CO,
stream leaving COM2 is split into two streams feeding the low-tem-
perature CGC2 and RHX2. For the RHX2, a cold-end temperature
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Fig. 1. A process flow diagram of calcium looping combustion with recompression supercritical CO, cycle (sCO, RC2E2 case).
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Table 1
Initial process model assumptions for calcium looping combustion [19].

Subsystem Parameter Value

Combustor Flue gas outlet temperature (°C) 1000
Pressure drop (kPa) 15

Calciner Operating temperature (°C) 900
Pressure drop (kPa) 15
Calcination extent (=) 0.95
Recycled CO, fraction (-) 0.2

Carbonator Operating temperature (°C) 650
Pressure drop (kPa) 15
Carbonation extent (-) 0.7

Heat exchanger network Sorbent cooler and heater minimum temperature approach (°C) 25.0
Air preheater minimum temperature approach (°C) 10.0
CO, preheater minimum temperature approach (°C) 10.0
Cold-/hot-end temperature difference in the compressor intercooler (°C) 15/30
Cold-/hot-end temperature difference in the last captured CO, cooler (°C) 5/30

Auxiliary power assumptions Coal handling system specific power consumption (MJ/tcoar) 8.2
Sorbent handling system specific power consumption (MJ/tsorbent) 52.4
Ash and used sorbent handling system specific power consumption (MJ/tash/sorbent) 31.2

difference of 5 °C was assumed. The CO,, stream is then mixed with the
stream from REC and then fed into RHX1, where a cold-end tempera-
ture difference of 10 °C was assumed. Then, hot CO, streams from
RHX1 and CGC2 are mixed and further heated to 600 °C, utilising the
high-grade heat available in the CGC, carbonator and FGC. The CO,
stream is then fed into the first stage of the expander. The CO, stream is
reheated in the carbonator and FGC to 600 °C and fed into a second
stage of the expander.

The split ratios of the CO, stream before the cooler and at the outlet
of COM2 are adjusted to achieve a RHX2 hot-end temperature difference
of 5 °C and the same temperature of the CO, streams leaving RHX1 and
CGC2. Heat transfer coefficient of 1700 W/m? °C and 2900 W/m? °C for
RHX and cooler were assumed, respectively [20]. Other assumptions and
design specifications for the sCO, cycle are presented in Table 2.

2.2. Xenon cycle (Xe case) and simple sCO, cycle (sCO, PE2 case)

The structure of the Xe cycle integrated with CaLC (Xe case) is
presented in Fig. 2. The thermodynamic model of the Xe cycle was
developed in Aspen Plus® and validated based on data presented by
Garcia [30]. The validation results are presented in the Supplementary
Information and showed that the temperature at the outlet of the pump
was overestimated by 1.2 °C (1.35%), with the remaining temperatures
varying only by up to 0.15 °C. The same structure of power cycle
(Fig. 2) is also used for the sCO, cycle (sCO5 PE2 cycle).

In the considered advanced cycle, the supercritical pump (SCP) with
an isentropic efficiency of 85% was used instead of the intercooled
compressor and recompressor in the recompression sCO, cycle
(RC2E2). It was assumed that the pressure at the inlet to the pump is
4.85 MPa and 7.3 MPa for Xe and sCO, cycle, respectively. Those
pressures correspond to the saturation temperature of 7.5 °C for Xe and
of 31 °C for CO». As a result, a refrigeration system (ReS), which has the
coefficient of performance (COP) of 6.4 [38], needed to be added into
the Xe cycle. Moreover, the Xe stream temperature of 27 °C at the outlet
of the cooler and the relative pressure loss in ReS of 1% were assumed.
The pump increases the pressure to 30 MPa. An isentropic efficiency of
93% was assumed for the expanders [39]. Additionally, the advanced
power cycle contains only one recuperator (RHX1), for which a cold-
end temperature difference of 5 °C was assumed [35]. The split ratio of
the working fluid stream at the outlet of the SCP is adjusted to achieve
the same temperature as the streams leaving RHX1 and CGC2.

The overall heat transfer coefficients for the RHX1 and cooler in the
Xe cycle of 605 W/m*°C and 1052 W/m?°C were assumed, respectively.
Those coefficients were estimated using the heat transfer model [40].
The remaining assumptions are the same as in the recompression sCO»
cycle described in Section 2.2 and presented in Table 2.

2.3. Helium combined cycle (He case)

The structure of a He combined cycle integrated with CaLC (He case)
is presented in Fig. 3. The thermodynamic model of a topping He cycle
was developed in Aspen Plus® and benchmarked with the model devel-
oped by Kunitomi et al. [41]. The validation results are presented in the
Supplementary Information. It needs to be highlighted that in contrast to
the sCO, RC2E2 cycle, the He cycle has one recuperator instead of two
and there is no recompressor. Another important difference is that there
is no heat exchanger parallel to the recuperator (RHX1). This is because,
at the assumed temperature difference of 5 °C at the RHX1 cold end, the
temperature difference at the hot end of RHX1 is 5.3 °C.

In the considered topping He cycle, an intercooled compressor with
a polytropic efficiency of 90.5% increases the He stream pressure from
3.5 MPa to 9 MPa. The expander isentropic efficiency of 92.8% and the
temperature of 27 °C of the He stream at the outlet of the cooler were
assumed. Importantly, the preliminary results showed that the outlet
temperature of clean gas was still high (> 480 °C) and would lead to
substantial heat loss, affecting the overall efficiency of the entire
system. Therefore, a bottoming He cycle was implemented to utilise the
high-grade heat available in the clean gas stream. This cycle comprises
a single-stage expander, as opposed to the two-stage expander in the
topping He cycle. Moreover, the same pressures and pressure loss
coefficients were assumed in both the topping and bottoming He cycles.
The live temperature of He in the bottoming cycle was a result of the
assumed minimum temperature difference of 20 °C in CGC2. Finally,
the overall heat transfer coefficients of 750 W/m?°C and 2591 W/m*°C
were assumed for the RHX and cooler, respectively. Those coefficients
are based on the heat transfer model [40,42,43]. The remaining as-
sumptions are the same as those presented in Table 2.

Table 2

Process model assumptions for advanced power cycles.
Parameter Value
Relative pressure loss in cold side of RHX heat exchanger (%) 0.5
Relative pressure loss in hot side of RHX heat exchanger (%) 1.0
Relative pressure loss in cold side of CGC heat exchangers (%) 0.3
Relative pressure loss in cold side of carbonator heat exchanger (%) 0.5
Relative pressure loss in cold side of FGC heat exchangers (%) 0.2
Relative pressure loss in hot side of cooler (%) 1.0
Live and reheated temperature of working medium (°C) 600
Electric generator efficiency (%) 98.5
Mechanical efficiency (%) 99.0
Cooling water parameters at the inlet to the water pump (°C/MPa) 20/0.1
Water pump pressure ratio (-) 2.0
Water temperature at the outlet of cycle medium cooler (°C) 25
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Fig. 2. A process flow diagram of carbonator integrated with Xe cycle and
simple supercritical CO, cycle (sCO, PE2 cycle).
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COM Compressor
EXP Expander
RHX Recuperator

Fig. 3. A process flow diagram of carbonator integrated with He combined
cycle (He case) and N, combined cycle (N, case).

2.4. Nitrogen combined cycle (N, case)

The structure of N, combined cycle integrated with CaLC (N, Case)
is the same as for the He combined cycle (Fig. 3). The thermodynamic
model of the main N, cycle was developed in Aspen Plus® based on the
data provided and benchmarked against the results reported by Olu-
mayegun et al. [26]. The validation results are presented in the
Supplementary Information.

In the considered topping N cycle, the intercooled compressor with an
isentropic efficiency of 88% increases the N, stream pressure from 9 MPa
to 20 MPa. The expander isentropic efficiency of 90%, the temperature of
N, at the outlet of cooler of 27 °C and the RHX cold-end temperature
difference of 5 °C were assumed. Similarly to the He case, if only a topping
N, cycle was considered, the clean gas would leave the system at around
400 °C. Therefore, a bottoming N, cycle was considered, with the as-
sumption that the pressures and pressure loss coefficients are the same in
the bottoming and topping cycles. The live temperature of N, in the bot-
toming cycle was a result of assumed minimal temperature difference of
20 °C in CGC2. Moreover, the overall heat transfer coefficients of 1267 W/
m*C and 1731 W/m*C were assumed for the RHX and cooler, respec-
tively. Those coefficients are based on the heat transfer model [40]. The
remaining assumptions are the same as in Table 2.
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Fig. 4. A process flow diagram of carbonator integrated with supercritical CO5
combined cycle (sCO, RC2E2/RC2E case).

2.5. sCOz combined cycle (sCO, RC2E2/RC2E case)

The structure of the sCO, combined cycle is a combination of the
structure of the sCO, recompression cycle (Fig. 1) and He/N, combined
cycles (Fig. 3). Thus, the recompressor was added and two recuperators
(RHX1 and RHX2) were considered in the structures presented in Fig. 3.
The final structure of the sCO, combined cycle is presented in Fig. 4.
The process model assumptions for both the topping and the bottoming
sCO, cycles were the same as presented in Section 2.1. The live tem-
perature of CO, in the bottoming cycle is a result of assumed minimal
temperature difference of 20 °C in CGC2 heat exchanger.

3. Techno-economic assessment methodology

The techno-economic feasibility of the cases identified in Section 2
has been assessed using the process models developed in Aspen Plus®
and the methodology developed by Michalski, Hanak and Manovic
[25]. This study considered the net efficiency of the entire system (7x),
which is defined in Eq. (1) as the main thermodynamic performance
indicator. It depends on the gross power output (Pg), total auxiliary
power requirement (XPayx), fuel flow rate (my), and higher heating
value (HHV) of fuel.

_B- > Paux

N tp-HHV @

In CalC, the auxiliary power requirement arises from the power
requirements of the coal, sorbent, ash, and spent sorbent handling
systems, coal pulveriser, primary air fan, cooling air fan, and CO, re-
circulation fan. The power of the CO, compressor and CO, pump make
up the auxiliary power of the CCT. In the advanced power cycles, the
auxiliary power consists of the power requirement of the cooling water
pump, cooling tower fan, and appearing only in the Xe cycle, the power
of ReS. Moreover, the ratio of heat transferred to the calciner (Q.q.) and
the chemical energy of fuel is estimated using Eq. (2) to assess the ef-
ficiency of indirect heat transfer (#ingirec) from the combustor to the
calciner.

. — Qcal
indirect mF .HHV (2)
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This study considered the break-even price of electricity (BEP,) as
the main economic performance indicator. The initial carbon tax value
of 0 €/tcoo was assumed and a parametric study of the parameter on the
economic performance was conducted. To estimate the BEP,;, the net
present value (NPV) approach, which is defined in Eq. (3) as the sum of
the discounted annual cash flows (CF,) throughout the system lifetime
associated with investment, was employed. Thus, it depends ad-
ditionally on the current building/operation year (t), discount rate (r),
and total number of building and operation years (n). The remaining
assumptions used in the economic performance assessment are pre-
sented in Table 3.

S a+ry 3

The investment costs of CaLC, CCT and corresponding advanced
power cycle were estimated using the bottom-up approach, based on
the component capital cost, considering the piping and integration costs
indicator (ipgc) of 5%. Then, the total as-spent investment cost (TASC)
was determined considering the labour cost indicator (i;¢), engineering
and project cost indicator (iggpc), TASC multiplier (irasc), land and
owner’s cost (Crgo), as well as investment costs of CaLC (C¢qrc), power
cycle (Cgycie), and CCT (Cccer). The correlations used to estimate the
capital cost of each piece of equipment in the coal-fired power plant
based on CaLC, except for the SCP, were developed by Michalski, Hanak
and Manovic [25] and are presented in Table 4. The correlation used to
estimate the capital cost of the SCP (C¢p) has been derived considering
both the pump efficiency dependence from the correlation for other
pumps (Cp) and pressure ratio dependence from the correlation for
compressors (Cc). Having determined the final form of the equation, the
exponent and unit price of the pump were estimated based on Fout
et al. [44], as it considers information for pumps with similar pressure
ratios at the volumetric flow rate ranging between 3.9-18.8 m>/s. As-
suming that cycle pumps should be two times more expensive than
water pumps, the SCP unit price of 31,282.8 €/(m>/s) and exponent of
0.7 were determined.

4. Techno-economic assessment

Having assessed the thermodynamic performance of the considered
cases (Table 5), the sCO, RC2E2/RC2E case has been shown to have the
lowest total auxiliary power requirement (70.5 MW,), whereas the figure
associated with the Xe case was shown to be twice as high (141.7 MWy).
This was mainly because of the power requirement of the ReS that was
necessary for the Xe cycle operation. Nevertheless, the sCO, PE2 case has
been shown to achieve the highest net power output (510.34 MWej net). As
the fuel consumption was kept constant across all considered cases, this
case had the highest net efficiency (35.14%) and the lowest specific CO,
emission (101.4 kg/MW,y sh). It needs to be noted that the sCO, RC2E2
case was characterised with a similar net efficiency (34.97%) and specific
CO, emissions (101.98 kg/MWejneth). The performance of the sCO,
RC2E2/RC2E case was characterised with a lower net efficiency of
32.11% that could be associated with the lower temperature of the live
CO, stream in the bottoming cycle. Importantly, despite the highest
auxiliary power requirement, the net efficiency of the Xe case (31.43%) is
only 0.7% points lower than that of the sCO, RC2E2/RC2E case, but is
higher by 1.6% points and 3.4% points than that of the He case and N,
case, respectively, showing that it could be feasible from a thermo-
dynamic standpoint. Finally, the thermodynamic analysis revealed that
the efficiency of indirect heat transfer from the combustor to the calciner
is 67.52% in all considered cases. This is because neither the calciner nor
the combustor is directly integrated with the power cycle. As selection of
the power cycle will not affect the efficiency of indirect heat transfer, this
performance indicator is not considered in the further analysis.

The results of the economic assessment showed that the lowest TASC is
associated with the Xe case and the highest with the He case. The main
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reason for this is that the equipment cost of the He cycle is more than 1.6
times that of the Xe cycle, while the equipment cost of CaLC differs by only
9.4 ME. It should also be noted that in all cases the majority of the
equipment cost is associated with CaLC (26.5-29.8%). The economic as-
sessment of the considered cases also revealed that the sCO, PE2 case has
the lowest BEP,; of 76.22 €/MWgnech and the sCO, RC2E2 case has the
second lowest BEP,; of 78.35 €/MWe nech. This is because of the second
highest net efficiency and second lowest specific TASC in the latter case, as
well as the highest net efficiency and the lowest specific TASC in the
former case. Moreover, the highest BEP,; of 92.23 €/MW nh and 97.62
€/MWeg neth were estimated for the He case and N, case, respectively. The
BEP,; for the Xe case was higher than that of the sCO, PE2 by 8.3
€/MW_yneth. Therefore, the sCO, PE2 case is characterised with the best
techno-economic performance under the initial operating conditions.

It should be noted, however, that the TASC of the considered cases
did not include the price of the working media in the advanced power
cycles. Yet, the unit cost of CO, (1.6 $/kg), N5 (4 $/kg), and He (52
$/kg) are significantly lower than that of the unit cost of Xe (1200
$/kg) [54,55], and can be neglected in the economic analysis. In the Xe
case, however, the cost of the working medium will become a sig-
nificant part of the TASC, if considered, making the Xe case not eco-
nomically feasible. Therefore, only the thermodynamic analysis of the
Xe case is undertaken in the latter parts of this study.

4.1. Parametric study

4.1.1. Calcium looping combustion parameters

To identify the potential for further improvements in the techno-
economic performance of the considered cases, a parametric study was
performed. The study by Hanak and Manovic [19] has indicated that
the CaLC performance is mostly affected by the excess air, which also
corresponds to O, content in the flue gas, and the relative sorbent
make-up. Therefore, the O, content in the flue gas was varied between
1% and 3% [25], and the relative sorbent make-up was varied between
3% and 7% [56] in this analysis. The relative sorbent make-up is the
ratio of the molar flow rates of fresh limestone added into the CaLC
system and solids at the inlet to the carbonator.

The results of the thermodynamic and economic parametric studies
are presented in Figs. 5 and 6, respectively. The variation in the relative

Table 3
Initial assumptions for economic analysis.

Parameter, Unit Value

Investment characteristic
Building time (years) 4

Investment cost distribution for first/second/third/fourth year of 10/30/35/25
building period (%)
Loan repayment period (years) 15
Loan to total investment ratio (%) 80
Loan interest rate (%) 6
Income tax (%) 19
Operating and maintenance cost
Capacity factor (%) [44] 85
Annual average salary per employee (k€) [45] 43.9
Employment rate (person/MWej gross) [46] 0.2
Unit cost of fresh sorbent (€/t) [44] 29.3
Unit cost of ash and of used sorbent disposal (€/t) [44] 22
Unit exploitation cost for all power cycles (€/h) [44] 403.03
Unit cost of coal (€/t) [47] 58.75
Repair cost as a fraction of total investment cost (%) 0.5-2.5
Insurance cost as a fraction of total investment cost (%) 0.2
Depreciation time (years) 10
Total as spent cost
TASC multiplier (-) [44] 1.13
Labour cost indicator (=) [44] 0.5
Engineering and project cost indicator (-)[44] 0.35
Land and owner’s cost (k€) [44] 198,940
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Summary of cost estimation methodology of individual pieces of equipment for coal-fired power plant based on calcium looping combustion.

Equipment [scaling parameter]

Correlation

Calciner [calciner heat flux, Qcq; (KW)]

Carbonator [carbonator heat flux, Qcqr (KW)]

Cycle pump [volumetric flow rate of working medium, Vcp (m>/s); pump inlet pressure, p;, (MPa); pump

outlet pressure, p,,, (MPa); pump isentropic efficiency, Mip (S]]

Ceal = 13.14-105- Qg™

Cear = 16.591-100- Qcgr %7

3
Cep = 31, 282.8-Vip7 2oLy (M) 14108
Pin Pin 1=7;,p

CO, compressor [equivalent mass flow rate of air, Mg, com (kg/s), compressor isentropic efficiency, 7; ¢, c . 471 PABout | (pAE Ou,)
) ; ' ’ c=Map oy | =
(=), compressor inlet pressure, p;, (MPa); equivalent air outlet pressure, pyf. o, (MPa)] [48] 1=m,c  Pin Pin
CO, expander [equivalent mass flow rate of air, riiag ¢ (kg/s), expander isentropic efficiency, 7; p (-); ) )
2 €XPp! leq _ o (8 P P V> M Cp = g p—22 . Pin_jp[ _Pin_ )11 4 oxp(0.036- Ty, — 65.66)]
expander inlet pressure, p;,, (MPa); equivalent air outlet pressure, psr ,, (MPa); expander inlet 1=7i,5 PAE,out PAE, out

temperature, T, (K)] [49,50]

CCT and cooling tower pumps [pump brake power Pp (kW); pump isentropic efficiency, 7; p ()] [50]

Cooling tower [cooler heat flux, Qcooler (KW)1 [44]
Refrigeration system [ReS heat flux, Qges (KW)]
Electric generator [gross power output, Pz (kW)] [51]
Fuel preparation system [fuel flow rate, rip (kg/s)]
Fan [fan brake power, Pr,, (kW)] [51-53]

Heat exchanger [surface area, App (m?); operating pressure, pyp (bar)] [50]

3
Cp=3, 531.4-Pp0-71-[1 + (ﬂ) ]
1-mip

Cer = 32-3'QCooIer

Cug = 1, 352.3-Qges”” [€]

Crg = 84.5-P509%5

Crp = 14, 158, 479-rip0%*

Cran = 103, 193-(%)0'67

Cug = 2, 546.9-Agp®%7-pyp028 [€]

sorbent make-up was shown to have a significant impact on the net
efficiency in all considered cases. On increasing the relative sorbent
make-up from 3% to 7%, the net efficiency was reduced by 2.1% points
in the Xe case, 2.2% points in the He and N, cases, and 2.3-2.4% points
in the remaining cases. The impact of the O, content in the flue gas on
the thermodynamic performance was shown to be significantly smaller.
An increase of this parameter from 1% to 3% caused a marginal de-
crease in the net efficiency of the single cycle cases (Xe case by 0.16%
point; sCO, PE2 case by 0.25% points; sCO, RC2E2 case by 0.34%
points) and the combined cycles cases (He case by 0.62% points; sCO»
RC2E2/RC2E case by 0.71% points; N, case by 0.74% points). A higher
reduction in the latter cases was caused by a higher discharge tem-
perature of the clean gas stream that led to a higher outlet loss.
Similarly to the thermodynamic performance, the variation in the
relative sorbent make-up rate was shown to have the highest impact on
the BEP,; in all considered cases. An increase of the relative sorbent
make-up from 3% to 7% resulted in an increase in the BEP, by 15.3
€/MWeg neth in the sCO, RC2E2 and sCO,, PE2 cases, 20.4 €/MW,) nech in
the N, case, and 17.2-18.9 €/MWg nech in the other cases. The impact

of the O, content in the flue gas on the economic performance was
negligible for single cycle cases, resulting in an increase in BEP,; of
0.5-0.8 €/MW¢| nech. Conversely, its impact on the economic perfor-
mance of the combined cycle cases was more pronounced, as an in-
crease in the BEP,; of 1.7-2.2 €/MW¢ neth Was observed.

4.1.2. Topping cycle parameters

The techno-economic performance of any power generation system
is highly influenced by the operating conditions of the power cycle
[57], with the highest impact associated with the temperature at the
expander inlet and pressure at the outlet of the compressor/pump.
Therefore, these parameters, along with three temperature differences,
were considered in the parametric study. The maximum live and re-
heated temperatures of the working medium in all cases were selected
based on the minimal temperature difference of 10 °C at the cold end of
the FGC. The assumptions for the parametric study are summarised in
Table 6.

The effect of the live and reheated temperature of the working
medium and main compressor/pump outlet pressure in the single cycle

Table 5

Techno-economic results for coal-fired power plants based on calcium looping combustion under initial assumptions.
Parameter Case

sCO, RC2E2 Xe sCO, PE2 He N> sCO, RG2E2/RC2E

Thermodynamic assessment
CCT power requirement (MW,;) 44.99 44.99 44.99 44,99 44.99 44.99
CaLC power requirement (MW¢)) 18.89 18.89 18.89 18.89 18.89 18.89
sCO,, cycle power requirement (MW¢j) 7.63 77.77 7.25 7.26 6.91 6.61
Total auxiliary power requirement (MW¢;) 71.51 141.65 71.13 71.14 70.79 70.49
Topping cycle gross power output (MWey gross) 584.05 598.20 581.49 471.09 450.71 501.65
Bottoming cycle gross power output (MWey gross) - - - 33.09 27.72 35.29
Net power output (MWej net) 507.91 456.55 510.36 433.03 407.64 466.45
Net efficiency (%) 34.97 31.43 35.14 29.81 28.06 32.11
Indirect heat transfer efficiency (%) 67.52 67.52 67.52 67.52 67.52 67.52
Specific CO, emissions (kg§/MWej nech) 101.98 113.37 101.42 119.53 126.97 111.05
Economic assessment
CCT investment cost (M€) 22.6 22.6 22.6 22.6 22.6 22.61
CaLC investment cost (M€) 395.8 394.1 392.1 384.4 377.7 380.3
Power cycle investment cost (M€) 150.1 106.7* 121.0 170.4 172.9 144.1
Total as-spent investment cost (M€) 1417.0 1322.4* 1348.3 1435.6 1426.7 1372.0
Specific total as-spent investment cost (€/kWej net) 2789.8 2896.5% 2641.9 3315.3 3500.0 2941.3
Break-even price of electricity (€/MWej nech) 78.35 84.52* 76.22 92.23 97.62 83.95

*The cost of filling the cycle with xenon is not taken into consideration.
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Fig. 5. Effect of (A) oxygen content in flue gas and (B) relative make-up of
sorbent on thermodynamic performance.

cases (sCO, RC2E2, Xe and sCO, PE2) on the thermodynamic and
economic performance are presented in Fig. 7. The thermodynamic
results for the lowest temperature (500 °C) indicate that there was an
optimal pressure at the outlet of the SCP for both sCO, PE2 case
(30 MPa) and Xe case (28 MPa). At the highest live and reheated CO»
temperature, the optimal pressure of 32 MPa was observed for both
cases. The economic results for the sCO, PE2 case indicate the same
optimal pressure for a temperature of 665 °C. The techno-economic
results for the sCO, RC2E2 case revealed that the optimal pressures at
both temperatures were higher than the maximal considered value.

The results of the parametric study on the live and reheated tem-
perature of the working medium, as well as the main compressor outlet
pressure for the combined cycles cases (He, N, and sCO, RC2E2/RC2E)
are presented in Fig. 8. The techno-economic results for the He case at
both presented temperatures revealed that the optimal main compressor
outlet pressure was below considered pressure ranges, but the economic
results show that the minimal considered pressure of 7 MPa was very
close to optimal pressure. In the N, case, both net efficiency and the BEP,;
at the lower temperature (500 °C) indicated that the optimal compressor
pressure was 21 MPa (24.2%; 113.6 €/MWg neth), while the results at
higher temperature showed that the optimal pressure was 25 MPa ac-
cording to economic results. Finally, in the sCO, RC2E2/RC2E case, the
optimal compressor pressure was above the considered range at both
considered temperatures. In all considered cases (Fig. 7 and Fig. 8), in-
creasing of the temperature resulted in a significant increase in the net
efficiency and reduction of BEP,,. It should be noted, therefore, that the
influence of the temperature on the techno-economic performance was
much higher than that of the compressor/pump outlet pressure.

The techno-economic result from the parametric study of the tem-
perature difference at the cold end of RHX1 and RHX2, and at the hot
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sorbent on economic performance.

end of RHX2 for sCO, RC2E2 and sCO, RC2E2/RC2E cases are pre-
sented in Fig. 9. The increase in the temperature differences resulted in
a decrease in the net efficiency and an increase in the BEP, in all
considered cases. The increase in the RHX1 cold-end temperature dif-
ference was shown to have the lowest impact on the techno-economic

Table 6
Topping cycle parametric study assumptions.
Parameter Case Minimum Maximum
value value
Live and reheated temperature sCO, RC2E2 500 660
of working medium in the Xe 500 700
topping cycle (°C) sCO, PE2 500 665
He 500 665
N> 500 665
sCO, RC2E2/ 500 660
RC2E
Pump/compressor outlet sCO, RC2E2 18 30
pressure (MPa) Xe 28 40
sCO, PE2 28 40
He 7 11
N> 18 30
sCO, RC2E2/ 18 30
RC2E
RHX1 cold-end temperature All 5 15
difference (K)
RHX2 cold-end temperature sCO, RC2E2 5 15
difference (K) and sCO,
RC2E2/RC2E
RHX2 hot-end temperature sCO, RC2E2 5 15
difference (K) and sCO,
RC2E2/RC2E




S. Michalski, et al.

Compressor outlet pressure (Xe and sCO, PE2 cases) (MPa)

28 31 34 37 40
40 - L ’
e A
g e e =
2 374 — ===
< o
a
5 Pm—_——— = = — — — — —
£ 341
‘Q.
°
5 3 —
5
8
T 284
5]
Z
25 : T T
E‘ 90 1 i H
E B
B \
= 86+
¥
z
2 824
3
o
5 781
3 ~
-] - -
= 741 et -
o _——
5 e e
v
8 70 T T T
m 18 21 24 27 30
Compressor outlet pressure (sCO, RC2E2 case) (MPa)
500°C sCO, RC2E2 — — — — 660°C sCO, RC2E2
500°C Xe — — — — 700°C Xe
500°C sCO, PE2 665°C sCO, PE2

Fig. 7. Effect of live and reheated temperature and the main compressor outlet
pressure on (A) thermodynamic and (B) economic performance in the single
cycle cases.

performance of the coal-fired power plant based on CaLC. In the sCO,
RC2E2/RC2E case, the net efficiency decreased by 0.2% point and the
BEP,; increased by 0.43 €/MW,, neth, whereas in the sCO, RC2E2 case
the net efficiency decreased by 0.3% points and the BEP,; increased by
0.38 €/MWg| ech. On the other hand, the increase in the RHX2 hot-end
temperature difference had the largest effect on the techno-economic
performance of the coal-fired power plant based on CaLC, as the net
efficiency reduced by 1.4% points and 1.9% points, whereas the BEP,,
increased by 2.94 €/MWgpeh and 3.32 €/MWe pech, in the sCO,
RC2E2/RC2E and sCO, RC2E2 cases, respectively.

The results of the parametric study on the temperature difference at
the cold end of RHX1 for Xe, sCO, PE2, He and N, cases are presented
in Fig. 10. The increase in the temperature difference was shown to
result in a decrease in the net efficiency in all considered cases. The net
efficiency drop was the highest in the N, case (1.66% points) and the
lowest in the Xe case (0.68% points). For the sCO, PE2 and N, cases, the
BEP,; increased with an increase in the temperature difference. For the
He case, the BEP, was minimised at the temperature difference of
7.5 °C. Below this value, the increased heat exchanger costs have higher
impact on economic results than the increase of the power plant effi-
ciency. This was the opposite in the remaining two cases because of the
much higher RHX overall heat transfer coefficient.

4.1.3. Bottoming cycle parameters

To assess the influence of the operating conditions of the bottoming
power cycle, a parametric study for the He, N, and sCO, RC2E2/RC2E
cases was performed. The compressor outlet pressure was varied be-
tween 11 and 15 MPa for the He case and 18-30 MPa for the N, and
sCO, RC2E2/RC2E cases. The temperature difference was varied in the
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range of 5-15 °C in all considered cases. In addition, the O, content in
flue gas of 1% and the revised parameters for the topping cycle
(Table 6) were assumed.

The results of the parametric study on the compressor outlet pres-
sure in the bottoming cycle cases are presented in Fig. 11. It has been
observed that an increase in the pressure in both the N5 and sCO, cases
resulted in an increase in the net efficiency and a reduction in the BEP,;.
Importantly, the optimal pressure in both cases was above the con-
sidered range (> 30 MPa). In the He case, on the contrary, the optimal
pressure at the compressor outlet was shown to be 13 MPa and 12 MPa,
respectively, considering thermodynamic and economic standpoints.

On variation of the temperature difference at the cold end of the
RHX1 between 5 and 15 °C, a negligible change in the net efficiency
(< 0.006% points) was observed for all cases. Similarly, the BEP,; was
shown to decrease marginally by 0.31 €/ MW, ,.sh in the He case, 0.27
€/MWeg neth in the N; case, and 0.02 €/MWg nech in the sCO, RC2E2/
RC2E case on an increase in the temperature difference. The increase of
the RHX2 hot-end temperature difference in the sCO, RC2E2/RC2E case
resulted in an increase of the net efficiency by 0.04% points and decrease
of the BEP,; by 0.2 €/MWgneh. In the same case, the increase of the
RHX2 cold-end temperature difference caused a decrease of the net effi-
ciency by 0.14% points and increase of the BEP, by 0.2 €/MW nech.
Thus, the impact of the considered temperature differences on the techno-
economic performance of the considered cases was found to be small.

4.2. Techno-economic performance under revised parameters

Considering the outcomes of the parametric study, the techno-eco-
nomic performance of the considered cases was re-assessed. The O,
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content in flue gas of 1% for all cases was assumed. The remaining
revised parameters, along with thermodynamic and economic results,
are presented in Table 7.

As a result of revising the operating conditions in the considered
cases of the coal-fired power plant based on CalLC, a significant im-
provement in the net efficiency was observed. The net efficiency of the
sCO, RC2E2, Xe and sCO, RC2E2/RC2E cases was increased by
4.0-4.1% points. In the remaining cases, improvements of 2.3-3.1%
points were achieved. A subsequent improvement in the economic
performance was achieved, as the BEP, decreased by 9.5-9.6
€/MWe neth in the Xe, He and N, cases, 4.5 €/MWg peth in the sCO5 PE2
case, and 7.2-8.7 €/MWy| e for the remaining two cases. Importantly,
the best techno-economic performance was reported for sCO, RC2E2
case, as it achieved a net efficiency of 38.94% and a BEP, of 71.15
=€/1\/Iwel,neth~

Finally, the results revealed that the net efficiency in the sCO,
RC2E2 case is higher by 0.9% points (38.9%) than that for a conven-
tional coal-fired power plant without CCS (38%) analysed in Hanak and
Manovic [19] and Michalski et al. [25]. Nevertheless, the BEP,; for the
coal-fired power plant based on CaLC and the sCO, RC2E2 cycle was
19.3% higher than that of the conventional coal-fired power plant.
Nevertheless, such an increase was shown to be less than a third of that
for amine scrubbing retrofit (62%) and half that for CaL retrofit (44%)
[25]. Therefore, this study has demonstrated that the coal-fired power
plant based on CaLC and the advanced power cycles can significantly
reduce the economic and energy penalties associated with CCS.

4.3. Alternative bottoming cycles in sCO, RC2E2/RC2E case

The BEP,; for the sCO, combined cycle (RC2E2/RC2E) case was
higher by only 4 €/MW,, n.h than that in the best case (sCO, RC2E2).
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Therefore, an additional analysis has been performed to identify po-
tential improvements in the techno-economic performance of the sCO,
RC2E2/RC2E case by changing the bottoming cycle. In this analysis, the
techno-economic results for sCO, RC2E2/RC2E case (thermodynamic
results for CaLC, CCT, main sCO, cycle and equipment cost of main
sCO, cycle) and for sCO, RC2E2 case (equipment cost of CaLC and CCT,
and BEP,; of 71.15 €/MWg, neth) were used. The specific cost of the
bottoming cycle was varied in the range of 100-1100 €/kW¢j gross [58].
Based on those assumptions the efficiency of the bottoming cycle for
which the NPV is equal to zero was calculated. The results of such
analysis are presented in Fig. 12. The required minimal efficiency
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Table 7

Techno-economic results for coal-fired power plants based on calcium looping combustion under revised parameters.
Parameter Case

sCO, RC2E2 Xe sCO, PE2 He N, sCO, RC2E2/RC2E

Assumptions
Fluid live/reheated temperature (°C) 665 710 670 665 665 665
Topping cycle compressor/pump outlet pressure (MPa) 30 32 32 7 25 30
Bottoming cycle compressor outlet pressure (MPa) - - 12 30 30
Temperature difference at RHX1 cold end (°C) 5 5.0 5.0 7.5 5 7.5
Temperature difference at RHX2 cold/hot end (°C) 5/5 -/- -/- 15/- 15/- 5/5
Temperature difference at RHX3 cold end (°C) - - - - - 15
Temperature difference at RHX4 cold/hot end (°C) -/- -/- -/- -/- -/- 5/15
Thermodynamic assessment
CCT power requirement (MW) 44.98 44.99 44.99 44.99 44.99 44.98
CaLC power requirement (MW) 18.29 18.29 18.29 18.29 18.29 18.29
sCO, cycle power requirement (MW) 6.95 70.34 6.86 6.85 6.84 6.12
Total auxiliary power requirement (MW) 70.22 133.62 70.15 70.14 70.12 69.39
Topping cycle gross power output (MWei net) 640.58 649.00 614.02 500.99 480.17 550.23
Bottoming cycle gross power output (MWey ned) - - - 47.71 38.10 45.22
Net power output (MW) 565.64 515.38 543.88 478.56 448.15 526.05
Net efficiency (%) 38.94 35.48 37.44 32.95 30.85 36.22
Specific CO, emission (kg/MWej nech) 91.53 100.50 95.24 108.23 115.58 98.41
Economic assessment
CCT investment cost (M€) 22.6 - 22.6 22.6 22.6 22.6
CaLC investment cost (M€) 395.6 - 392.2 381.6 377.2 379.7
Power cycle investment cost (M€) 164.7 - 123.6 158.7 159.5 157.5
Total as-spent investment cost (M€) 1447.1 - 1353.8 1405.4 1397.6 1398.9
Specific total as-spent investment cost (€/kWej net) 2558.3 - 2489.2 2936.6 3118.6 2659.2
Break-even price of electricity (€/MWej peth) 71.15 - 71.74 82.79 88.07 75.22

increased from 35.2% to 59.6% with an increase of the specific cost.
The smallest value corresponds to 65.5% of the Carnot efficiency
(53.7%). The specific equipment cost of sCO, bottoming cycles con-
sidered in this paper were 227.1-368.6 €/kW; gr0s5, Which correlate to
the cycle efficiency of 37.0-39.3%. The analysed sCO, bottoming cycles
have higher efficiencies than needed (42.8%), but cannot reduce the
temperature of the clean gas to the desired values (85-125 °C) [37].
Therefore, the power output of such bottoming cycles is not sufficient to
improve the techno-economic performance over the sCO, RC2E2 case.
The bottoming cycles based on the conventional steam cycle and Kalina
cycle can significantly reduce the temperature of the clean gas, max-
imising the amount of heat that is utilised for power generation in the
bottoming cycle. For the specific equipment cost for high-efficiency
steam bottoming cycles of 642 €/kWejgross [58], the corresponding
cycle efficiency is 45.2%. This efficiency is significantly higher than
advanced triple-pressure steam bottoming cycle efficiencies (35.7%)
reported for higher temperatures of the heat source [59]. The whole
cycle efficiency range is also significantly above the cycle efficiencies of
Kalina cycles (27.8-30.7%) at the heat source temperatures of 430 °C
(27.8%) [60] and 550 °C (30.7%) [61].

4.4. Carbon tax

The results presented above assumed that the carbon tax was zero.
Therefore, to understand the influence of the carbon tax on the eco-
nomic feasibility of the considered cases, the parametric study of the
carbon tax was conducted over the range of 0-100 €/tco». The results
for revised assumptions (Table 7) are presented in Fig. 13.

This study has revealed that the lowest impact of the carbon tax on
the economic performance was observed in the sCO, RC2E2 case, as the
BEP,; increased only by 9.2 €/MWej nech. This can be associated primarily
with the lowest specific CO, emissions among the considered cases. In
the remaining cases, the impact on economic effectiveness was slightly
higher, as the BEP increased by 9.5-11.6 €/MW¢neh. To benchmark
the economic performance of the considered cases, the parametric study
of the carbon tax was also performed for the conventional coal-fired
power plant without CO, capture [25]. It has been shown that on an
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increase in the carbon tax from 0 to 100 €/tco,, the BEP,; for the con-
ventional coal-fired power plant without CO, capture has increased from
59.63 €/MWj neth to 139.31 €/ MW, neth. Importantly, if the carbon tax
was above 41.7 €/tCO,, the economic performance of all the CaLC cases
considered in this study was superior to that of the conventional coal-
fired power plant without CO, capture. Moreover, the cost of CO,
avoided for the sCO, RC2E2 case (16.3 €/tcoo) and the sCO, PE2 case
(17.3 €/tcoz) was shown to be lower than the carbon tax reported in
January and February 2019 (18.35-24.60 €/tco2) [62]. Therefore, this
study has confirmed that commercial deployment of the coal-fired power
plant based on CalC and advanced power cycles can be economically
viable under current market conditions.

5. Conclusions

This study aimed to improve the techno-economic performance of
coal-fired power plants based on calcium looping combustion by using

60
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Fig. 12. Identification of the minimum efficiency of the bottoming cycle as a
function of the specific equipment cost of bottoming cycle.
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Fig. 13. Effect of carbon tax on the economic performance of coal-fired power
plants based on calcium looping combustion.

different structures of, and working media in, advanced power cycles.
All considered cases were equipped with the same calcium looping
combustion and CO, compression train. The net efficiency and the
break-even electricity price, which was estimated using the net present
value approach, were used as the main techno-economic performance
indicators. The parametric study of the considered cases revealed that
the live temperature and pump/compressor outlet pressure in the ad-
vanced power cycles had the largest impact on the techno-economic
performance of the coal-fired power plant based on calcium looping
combustion. The results have shown that the recompression super-
critical CO, cycle (sCO, RC2E2 case) had the highest net efficiency
(38.9%) and the lowest break-even electricity price (71.15 €/MWj neth)
among all considered cases. It needs to be highlighted that the net ef-
ficiency of that case was shown to be higher than that of the conven-
tional coal-fired power plant without CO, capture (38.0%).
Nevertheless, the break-even electricity price for the best case presented
in this study was shown to be still 19.3% higher than that for the
conventional coal-fired power plant without CO, capture (59.63
€/MWeg neth). Such an increase was shown to be less than a third of that
for amine scrubbing retrofit (62%) and half that for a calcium looping
retrofit (44%). Moreover, the corresponding cost of CO, avoided was
estimated to be 16.3 €/tcos. As this figure is lower than the current
value of the carbon tax (18.35-24.60 €/tco>), the coal-fired power plant
based on calcium looping combustion has been shown to be econom-
ically viable under current market conditions.
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