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Calcium looping is a post-combustion technology that enables CO2 capture from the flue
gases of industrial processes. While considerable studies have been performed at various
levels from fundamental reaction kinetics to the overall plant efficiency, research work on
techno-economic analyses of the calcium looping processes is quite limited, particularly for
the Natural Gas Combined Cycle (NGCC). Earlier work has shown that theoretically, a high
thermal efficiency can be obtained when integrating calcium looping in the NGCC using
advanced process configurations and a synthetic CaO sorbent. This paper presents an
investigation of calcium looping capture for the NGCC through a techno-economic study.
One simple and one advanced calcium looping processes for CO2 capture fromNGCC are
evaluated. Detailed sizing of non-conventional equipment such as the carbonator/calciner
and the solid-solid heat exchanger are performed for cost analyses. The study shows that
the CO2 avoided cost is 86–95 €/tCO2, avoided, which is considerably more expensive
than the reference amine (MEA) capture system (49 €/tCO2, avoided). The calcium looping
processes considered have thus been found not to be competitive with the reference MEA
process for CO2 capture from NGCC with the inputs assumed in this work. Significant
improvements would be required, for example, in terms of equipment capital cost, plant
efficiency and sorbent annual cost in order to be make the calcium looping technology
more attractive for capturing CO2 from NGCC plants.
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INTRODUCTION

Carbon Capture and Storage (CCS) is an economically competitive technology for CO2 mitigations
in the 450 Scenario (IEA, 2015). The power sector is expected to be responsible for around 60% of the
cumulative investment in CCS to 2040. Among various CO2 capture technologies, post-combustion
capture using amine-based solvents is the most mature technology and is currently being
demonstrated at large scale at different sites according to the Global CCS Institute (2016).
However, other post-combustion technologies such as membranes, low-temperature, adsorption
and absorption using more advanced solvents (Figueroa et al., 2008), have also been being
investigated to further reduce the cost of CO2 capture to an acceptable level. CaO/CaCO3

looping or calcium looping (CaL) has been regarded as a promising alternative that is expected
to achieve lower capture cost (Hanak et al., 2015) and avoid the emissions of potentially toxic
chemical residues (Berstad et al., 2012). Increasing studies have been performed on CaL at different
levels including experiments on reaction kinetics and sorbent performance enhancement (Grasa
et al., 2008; Fang et al., 2009; Rodríguez et al., 2010; Martínez et al., 2012), reactors (carbonator/
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calciner) modeling (Alonso et al., 2009; Romano, 2012; Ylätalo
et al., 2012; Martínez et al., 2013), pilot facilities test (Arias et al.,
2013; Kremer et al., 2013; Dieter et al., 2014) and process
simulation and system energy performance evaluation (Yang
et al., 2010; Martínez et al., 2011; Berstad et al., 2012; Berstad
et al., 2014; Ylätalo et al., 2014). More details can be referred to the
comprehensive reviews (Hanak et al., 2015; Martínez et al., 2016;
Perejón et al., 2016).

Due to large CO2 emissions from coal-fired power plants,
most of CaL studies have focused on coal based power
generation. Only a few studies (Berstad et al., 2012; Berstad
et al., 2014; Cormos, 2015) have been performed for natural gas
combined cycles (NGCC) which have lower CO2 concentration
in the exhaust (∼4 vol% according to (Anantharaman et al.,
2011)). The carbonation reaction is operated around 600 °C
(Hanak et al., 2015). This temperature is close to the exhaust
flue gas temperature of gas turbines. From a thermodynamic
point of view, the CaL system therewith appears to have a
possibility for efficient integration into the NGCC. Simulation
studies (Berstad et al., 2012) on the entire NGCC with CO2

capture found that a basic CaL process using natural limestone
sorbent resulted in a larger energy penalty than CO2 capture
with amine solvents such as MEA (monoethanolamine).
However, a subsequent study (Berstad et al., 2014)
concluded that there is a large efficiency improvement
potential for the CaL process. For example, the energy
penalty can be considerably reduced when hot flue gas
recycling and a solid-solid heat exchange are used, and also
when operating parameters (calcination temperature, make-up
ratio, solids circulation rate, etc.) are improved. As a result,
compared to the MEA CO2 capture process, the thermal
efficiency penalty (lower heating value-LHV basis) is
reduced by 0.5–3.6% points (depending on the sorbents used).

As calcium looping is at a low level of maturity, a rather
limited number of techno-economic studies has been performed
and most of them have been focused on coal-fired power plants.
Ylätalo et al. (2014) presented a conceptual design of a Cal system
for a 250 MWth coal fired power plant. The sizing of reactors was
based on flue gas flow rates, particle size and other proper
assumptions. On the basis of the Kunii-Levenspiel models for
circulating fluidized beds (Kunii and Levenspiel, 2000), Romano
(2012) proposed a carbonator model that can be used for
preliminary sizing calculation of carbonators. This model
includes the carbonation reaction kinetics and solid vertical
distributions in the reactor. Only limited techno-economic
studies on CaL-based CO2 capture from NGCC plants have
been published. Cormos (2015) presented a comparative study
on the entire NGCC power plant with CO2 capture using CaL
adsorption and MDEA (methyl-diethanol-amine) absorption.
Similar to the study by Berstad et al. (2012) the CaL process
was found to have a larger energy penalty (3.4% points in overall
thermal efficiency) than the MDEA process. However, due to
lower capital cost, this study evaluated the CO2 avoided cost of
the CaL process to be 34 €/t (only half of the cost for the MDEA
process). Eran et al. (2016) evaluated techno-economic
performance for NGCC with CaL CO2 capture. It is concluded
that the energy penalty related to CO2 capture can be

considerably reduced when one additional heat recovery steam
generator is introduced before the capture plant. The CO2

avoided cost was reported to be 29.3 €/t. Meanwhile, Hu and
Ahn (2017) estimated CO2 avoided cost of a CaL process from
NGCC at 72 and 68 €/t for respectively a case without and with
exhaust gas recirculation. In these studies, limited information on
the cost methodology was presented and the costing of the major
equipment cost such as carbonator and calciner was not included
in detail. Michalski et al. (2019) evaluated the techno-economic
performance of coal-fired power plants with CaL CO2 capture
using a bottom-up approach. The costing data of the CaL system
is based on empirical correlations. De Lena et al. (2019) presented
a techno-economic study for a cement production process with
CaL CO2 capture. Again, empirical correlations for the costing of
CaL systems have been assumed and used in the cost analysis.
These empirical correlations have been used in another techno-
economic study of coal-fired power plants where the CaL system
has been proposed to capture CO2 and SO2 simultaneously
(Coppola and Scala, 2020).

Against this background, the purpose of the present paper is to
investigate the sizes and costs of a NGCC with integrated Ca-
looping capture, and evaluate if this technology can compete with
the reference CO2 capture with MEA from a cost point of view.
Investigations are done for two cases previously assessed: case 1A
in reference (Berstad et al., 2012), which has an net electric
efficiency of 45.6%, and case 3A in reference (Berstad et al., 2014),
which has a net electric efficiency of 52.3%. Case 1A is selected for
this study since it is the simplest of all cases, i.e. could have a
potential for low investment cost. Case 3A is selected for the
opposite reason: its complex process configuration is likely to
yield a high investment cost, but this could potentially be offset by
the significantly higher process efficiency. In comparison, the
reference NGCC with MEA capture has a net electric efficiency of
49.5% (case 0B in both papers (Berstad et al., 2012; Berstad et al.,
2014)). Detailed equipment sizing calculations are performed and
used as the basis of the cost estimation for both the CaL cases and
the reference MEA plant. Finally, sensitivity analyses are
performed to understand the uncertainties of the results and
the impact of material performances is also discussed.

PROCESS DESCRIPTION

Conceptual designs of NGCC plants with CaL capture and
detailed process parameters were presented in previous studies
(Berstad et al., 2014; Berstad et al., 2012). The designs are used as
the basis of this sizing and cost study. The process flow diagram of
overall NGCC with CaL CO2 capture system is presented in
Figure 1. The exhaust flue gas from the gas turbines enters the
CaL unit where CO2 is captured. The lean CO2 flue gas from the
top of the carbonator is vented into the atmosphere after heat
recovery by the primary heat recovery steam generator (HRSG)
system. The secondary HRSG system is used to recover the
carbonation heat as well as the heat of the CO2 captured. The
primary consideration of installing the secondary HRSG is to
have a higher level of flexibility, particularly for the case when the
CO2 capture unit is shut down (Berstad et al., 2012). The CO2 is
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ready for transportation after being compressed by a 4-stage
compression process and then pumped to transport pressure
(150 bar).

A more detailed description of the CaL CO2 capture unit is
presented as following. The rich CO2 flue gas enters the
carbonator where carbonation reactions take place. CO2 and
CaO are converted into CaCO3. The CO2 lean flue gas passes
through the carbonator cyclone where the carbonated particles
are removed from the flue gas. The particles are sent to the
calciner for regeneration (calcination). CaCO3 is decomposed
into CO2 and CaO. The regenerated particles are removed from
the CO2 stream by the calciner cyclone and sent back to the
carbonator. The CO2 is sent for conditioning (compression and
purification) after heat recovery. Heat is consumed in the calciner
for calcination reactions and the heating of the feed streams
(carbonated particles, fuels and the oxidant gases). In order to
avoid dilute the CO2 stream, oxy-combustion of natural gas is
used for heat supply to the calciner. A cryogenic air separation
unit (ASU) is used for the O2 supply. A portion of the CO2

captured is recycled to the burner for temperature control. Note
that the CO2 can be recycled either before or after partial heat
recovery by the second HRSG. The former case (hot CO2 recycle)
reduces the fuel supply to the calciner. However, it should be
noted that the hot CO2 recycle is a considerable challenge in
practice. Due to the degradation of sorbent particles, some solids
are purged and substituted with fresh CaCO3 as make-up. A

solid-solid heat exchanger has been used between the carbonated
particles and regenerated particles for heat recovery in case 3A
while not used in case 1A.

The key operating parameters and plant performance for the
four cases are shown in Table 1. There are several differences
between Cases 1A and 3A: 1) the sorbents are calcite and
synthetic CaO respectively, 2) the calciner temperatures are
1,223.2 and 1,173.2 K respectively (see Table 2) 3) the solid-
solid heat exchanger is not used in case 1A and is used in case 3A;
4) the recycled flue gas (CO2 captured) is cooled against the
secondary HRSG system in case 1A before recycling and is not
cooled in case 3A. Due to the secondary steam cycle, the NGCC
with CaL capture generates more power than the NGCC without
CO2 capture or with MEA capture, although they use the same
gas turbine. The net power output is 547.0 MWe for case 1Aand
466.3 MWe for case 3A. Note that the gas turbine power is lower
in the CaL capture cases (1A and 3A) since the exhaust pressure at
the turbine outlet is assumed to be higher to properly account for
the pressure losses in the CaL system. A pressure drop of 2 kPa
was assumed in reference (Berstad et al., 2012) based on the
results of a test rig of chemical looping combustion (CLC) at
SINTEF Energy Research. The pressure drop calculation has not
been included in details in this study. The pressure drop can be
estimated using the solid inventory (unit area) multiplying by the
gravity acceleration constant. According to the modeling results
as shown in Table 2, a pressure drop of 20 kPa is assumed in this

FIGURE 1 | Process flow diagram of the overall NGCC plant with hot CO2 recycle for CaL capture (revised from Berstad et al. (2014)).
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study. The turbine power as well as the primary gross steam cycle
power are correspondingly updated. Also note that a removal
efficiency of 90% is specified for the CO2 in the exhaust flue gas of
the NGCC. However, a total capture rate of higher than 90% is
achieved in the CaL capture cases since the CO2 is captured from
the following three carbon sources: 1) the exhaust flue gas of the
NGCC, 2) the fresh sorbent make-up, and 3) the oxy-combustion
of fuels (natural gas) for heat supply to the calciner. Since the
impurities in the CO2 captured are mainly introduced due to the
oxy-combustion of fuels, the CO2 mole fraction in the CO2

captured are different in the two CaL capture cases due to
different consumptions of fuels.

SIZING STUDY

While most equipment of the CaL process can be sized using
standard engineering approaches (cyclones, conveyor systems for
solid particles, blower for the recycled flue gas and the air
separation units, etc.), the sizing of the carbonator, calciner
and solid-solid heat-exchanger is more challenging. Indeed,
since CaL systems have never been implemented in industry,
the sizing of non-standard equipment for industrial scale CaL
systems is not straight forward. However, model based studies
can still provide useful guidelines for preliminary sizing
estimations.

TABLE 1 | Key parameters for the NGCC plants (Berstad et al., 2012; Berstad et al., 2014).

Cases 0A 0B 1A 3A

Description NGCC without CO2 capture MEA capture CaL capture using calcite CaL capture using synthetic CaO
Thermal energy input (LHV) [MW] 716.3 716.3 1,228 916.1
Net power output [MW] 416.4 354.3 547.0 466.3
Net thermal efficiency [%] 58.1 49.5 44.5 50.9
Gas turbine [MW] 272.9 272.9 249.2 249.2
Primary steam cycle gross power [MW] 145.9 105.6 143.6 143.6
Primary steam cycle auxiliaries [MW] 1.7 1.7 1.6 1.6
Secondary steam cycle gross power [MW] — — 222.4 120.4
Secondary steam cycle auxiliaries [MW] — — 3.0 1.6
Exhaust gas fans [MW] — 7.3 0.3 1.0
Auxiliaries for heat rejection [MW] 0.7 0.5 2.0 1.0
Recirculation pumps [MW] — 2.3 — —

CO2 compressors [MW] — 12.4 30.8 31.1
Cryogenic air separation unit [MW] — — 30.5 10.6
Turbine exhaust flow [kmol/s] 23.4 23.4 23.4 23.4
CO2 molar fraction in flue gas 0.04 0.04 0.04 0.04
Overall CO2 capture rate — 90.5 92.4 92.2
CO2 molar fraction in the CO2 captured — 99.9 94.8 96.6

TABLE 2 | Main design parameters for the carbonators and calciners.

Cases 1A 3A Data source

Carbonator
Number of units 2 2 Result
Diameter, D (m) 14.47 14.47 Result
Height, H (m) 45 45 Result
Operating temperature, T (K) 873 873 Assumption
Mean superficial velocity, u0 (m/s) 5 5 Assumption
Residual conversion capacity, Xr 0.075 0.38 Assumption
Deactivation constant, k 0.39 0.66 Assumption
Ratio of the flowrates of fresh solid makeup and CO2 in the flue gas, _F0/ _FCO2 0.126 0.05 Result
Ratio of the flowrates of circulated solids and CO2 in the flue gas, _FR/ _FCO2 4.281 2.08 Result
Solid inventory, Ws (kg) 285,000 300,000 Result
Average carbonation degree, Xave 0.2113 0.4361 Result
Maximum average carbonation degree, Xmax,ave 0.2379 0.4659 Result
Average carbonation level, fcarb � Xave/Xmax,ave 0.8881 0.9361 Result
CO2 Capture rate 0.8997 0.9008 Result

Calciner
Number of units 1 1 Result
Diameter, D (m) 9.47 6.67 Result
Height, H (m) 28.42 20.01 Result
Operating temperature, T (K) 1,223 1,173 Assumption
Mean superficial velocity, u0 (m/s) 10 10 Assumption
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Carbonator and Calciner Sizing
The carbonator model developed by Romano (2012) is here used
for the sizing of carbonators in this work. This model is based on
the Kunii-Levenspiel theory for circulating fluidized beds (Kunii
and Levenspiel, 2000). Both reaction kinetics and solid flow
distribution are considered in the model. The reactor has been
divided into a bottom dense zone and an upper lean zone. The
models are solved based on the carbon balance: the carbon
removed from the gas phase equals to the carbon absorbed by
the solid particles in the reactor. More details are referred to the
work by Romano (2012) The assigned values for all the
parameters are presented in Romano (2012) and are used in
this study. The models are implemented with the numerical
computation tool GNU Octave 4.0.0. (Eaton et al., 2015). The
cross-section area and height of the carbonators can be
determined using the model. Note that the carbonation
reaction is exothermic and heat needs to be removed for
steam generation as shown in Figure 1. It is assumed that
50% of the internal surface area (considering the installation)
is covered by tubes for transferring the heat of carbonation
reaction to the steam cycle. The number of units is specified
as the minimum while the area is sufficient for heat transfer.

The sizing of the calciners is performed in a similar way. The
calcination reaction is adiabatic and heat transfer area is not a
concern for the calciners. The main design parameters of the
carbonators and calciners in Cases 1A and 3A are presented in
Table 2. Note that due to insufficient public sources for the design
of carbonator/calciner particularly with large sizes, the two
reactors (carbonator and calciner) are assumed to be circular
types for the conceptual evaluation in this study. Similar
assumptions have been used in other modeling studies
(Romano, 2012; Ylätalo et al., 2014). The volumetric gas flow
and thus the sizes of the calciner are smaller in case 3A for the
following two reasons: 1) The amount of flue gas recycled is much
smaller in case 3A due to the hot flue gas recycling, and 2) The
operating temperature of the calciner is lower based on different
assumptions.

Sizing of the Solid-Solid Heat Exchanger
According to Berstad et al. (2014), the energy penalty related to
CO2 capture can be considerably reduced by using a solid-solid
heat exchanger between the carbonated solids and the calcinated
solids. The inclusion of the solid-solid heat exchanger in case 3A
plays a significant part in the increase in efficiency of case 3A over
case 1A. However, industrial applications of solid-solid heat
exchangers are not common. Very little experience is available
about the design of this type of heat exchangers. Vorrias et al.
(2013) presented a configuration of concentric L-valves for the
solid-solid heat exchange in the CaL process. The configuration is
somewhat similar to the traditional shell-tube heat exchangers.
Although the feasibilities of implementing this type of heat
exchangers need further investigations, the L-valve exchanger
is used for a conceptual design in this work for simplification.
Calcination reaction may take place for some carbonated
particles, however, the reaction is expected to have negligible
influences on the overall energy balance. The calcination reaction
is thus neglected in the heat exchanger. The minimum

temperature difference for heat transfer is assumed to be
50 °C. The heat transfer coefficient on one side of the heat
exchanger is assumed to be 400W/(m2·K) according to a
similar study on the heat transfer performance of solids in
tubes (Flamant et al., 2013). The heat conduction between the
particles on the same side of the heat exchanger is assumed to be
fast due to good mixing of the solid particles with very small sizes.
As a result, the heat transfer area for the solid-solid heat
exchanger is calculated to be 2,818 m2 in case 3A.

COST ANALYSIS

In order to fully assess the potential of CaL, the costs of both CaL
processes with their corresponding power plant are assessed and
compared with the costs of a NGCC without capture and with
MEA-based capture previously assessed by the European
Benchmarking Task Force (EBTF) (Anantharaman et al., 2011).

Costing Methodology
A factored method is here used in order to assess the capital plant
of the NGCC without and with CO2 capture (Roussanaly et al.,
2013). Here the direct costs of the NGCC plant with and without
MEA-based capture are scaled from Anantharaman et al. (2011).
The direct costs of other processes are estimated, in Euro, with
Aspen Process Economic AspenTech (2010) based on the
equipment design. However, due to their specificity, the direct
cost of the carbonator, calciner and solid-solid heat exchanger are
assessed using the cost model proposed by the CEMCAP project
(Cinti et al., 2018; Gardarsdottir et al., 2019; Voldsund et al.,
2019) for these equipment. The investment cost of the NGCC
plant with CO2 capture units is then calculated by multiplying the
direct investment cost of equipment in the appropriate material
by an indirect cost factor of 1.31 (Anantharaman et al., 2011).

The annual fixed operating costs are scaled based on the
estimated labor cost and an annual maintenance and
insurance cost equivalent to 4.5% of total direct costs.
Meanwhile the annual variable operating costs are assessed
based on the estimated utilities and material consumptions
with the unit cost presented in Table 3. As the synthetic
sorbent used in case 3A corresponds to a hypothetical
material, its cost is, as a first approximation, assumed to be
equal to that of conventional calcium oxide. However, the impact
between sorbent performances and maximum acceptable sorbent
cost will be explored in (Sorbent Performance).

The levelized cost of Electricity (LCOE) and CO2 avoided cost
(CAC) as defined in reference (Roussanaly, 2019) are assessed
and used as key performance indicators (KPIs) to compare the
four cases. Both KPIs are calculated assuming a real discount rate
of 8%, 7,400 annual operating hours and an economic lifetime of
25 years (Anantharaman et al., 2011). In addition, investment
costs consider that construction is shared over a 3-years
construction period (Anantharaman et al., 2011).

Cost Results
The results for the levelized cost of electricity (LCOE) and CO2

avoided cost (CAC) for the four cases considered are presented in
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Figure 2, while further details on the direct cost breakdown of the
calcium looping cases is provided in Figure 3. The breakdown of
CAPEX for the calcium looping configurations (1A and 3A) by
section are presented in Table 4. The LCOEs of both the 1A and
3A concepts are respectively 86 and 83 €/MWh, while their
corresponding CACs are equal to 95 and 86 €/tCO2,avoided. The
calcium looping 1A and 3A processes are therefore respectively
21 and 17%more expensive than for the NGCC plant with MEA-
based CO2 capture (71 €/MWh). As a consequence, the CAC in
the cases 1A and 3A is significantly higher than for the MEA
based capture (respectively 94 and 74% more expensive). These
numbers clearly show that the CaL cases with the investigated
process configurations are not economically competitive.

To understand strong increases, it is important to look at the
LCOE and CAC cost breakdowns. The CAC of the 1A process
shows that the strongest contributor to the cost increase of the
process is the loss in net electric efficiency of the plant (−3.9%-
points compared to MEA), as well as the increased CO2 capture
investment cost due to the complex process and large equipment
(carbonator, calciners, ASU, etc). However, in the case 3A the cost
increase is due to different factors. Indeed, while the high plant
efficiency (+2.8 pt compared to MEA) limits the contribution of
fuel to the CAC, the CO2 capture investment costs increases
significantly, especially due to the large solid-solid heat
exchanger. In both the 1A and 3A cases, the costs associated
with sorbent make-up also play a significant role in the increase
compared to the MEA-based case. Finally, it is worth noting that
the CO2 avoided costs obtained here seems to be slightly higher
than the one from Hu and Ahn (2017) (72 €/t). The difference
between both studies may be explained by variation in energy
penalty, sorbent make-up rate, gas cost, system boundaries
considered in both studies.

It is worth noting that the plant net power output and the
amount of CO2 captured varies between the three CO2 capture

cases. Indeed, in the CaL processes, more power is produced by
the oxy-combustion of natural gas in the calciner that generates
more CO2 which must be captured in the process.

Finally, it should be noted that the CO2 purity after capture varies
between the different cases. For the MEA capture process, the CO2

purity exceeds 99.9%, whereas it is 94.8% and 96.6% in cases 1A and
3A CaL processes. Although this is not included here, this may result
in higher cost of transport or in additional purification steps for the
CaL processes (Skaugen et al., 2016; Deng et al., 2019).

In order to understand how the LCOE and CAC for the CaL
capture processes may be reduced in order to compete with
MEA-based CO2 capture, sensitivity analyses are carried out
on 10 key parameters and are presented in Figures 4, 5 (Van
Der Spek et al., 2020). The parameter range variation
considered are ±50%, except for the project duration which
varies between 10 and 40 years, and the plant utilization rate
which varies between 65 and 90%, and the plant thermal
efficiency with the CaL process which varies by ± 5 pts.
Indeed, a 5% pt increase in CO2 efficiency for case 3A is
not thermodynamically possible, this would mean that the
efficiency penalty for CO2 capture and compression would be
0.8% (which is lower than the thermodynamic minimum
energy penalty). But this variation is included in order to
provide an impression of whether the chasing further process
improvements for the complex case 3A by adding further
process components is relevant to investigate.

As expected from the large gaps in LCOEs and CACs,
significant efforts would be required for the CaL process to
become cost-competitive with MEA-based capture. The results
show that improvement of a single parameter is far from enough
to reach competitiveness of the CaL processes. Strong
simultaneous improvements of the CO2 capture investment
cost, the plant efficiency with CaL processes, and the annual
sorbent cost would be required together in order to reach
competitiveness in term of both LCOE and CAC.
Furthermore, taking into account that the integration of CaL
into the NGCC plant in practice would mean adding the
carbonator between the gas turbine exhaust and the heat
recovery steam generator, while the process integration for
amine capture with the NGCC is much simpler, CaL capture
from NGCC, with the investigated process configurations does
not appear very attractive.

Although sensitivity on the power plant costs and project
valuation (discount rate, project duration and utilization rate) for
the NGCC with the two CaL processes are not compared with the
NGCC plant without or with MEA-based capture, it is worth
noting that they follow the same trends (Anantharaman et al.,
2011).

Sorbent Performance
As shown by the sensitivity analyses, exploring more advanced
sorbent is a critically parameter to reduce the cost of the CaL
processes. Thus, the impact of two critical sorbent characteristics
are considered: 1) the potential gain in overall plant efficiency,
and 2) the annual make-up rate. The impact on these two
parameters on the advanced sorbent cost, which results in the
same electricity cost as in the base 1A and 3A. This advanced

TABLE 3 | Utilities cost.

Utilities Reference costs Cost units

Natural gas Anantharaman et al. (2011) 6 €/GJ
Sorbent (CaO) Anantharaman et al. (2011) 40 €/t
Make-up water Cormos, 2015 0.35 €/m3

Process water Anantharaman et al. (2011) 6 €/m3

TABLE 4 | Breakdown of CAPEX (M€) by section for the calcium looping
configuration 1A and 3A.

1A 3A

NGCC plant 514 487
Carbonators 196 196
Calciner 12 12
Air separation unit 107 107
Auxiliary units for the calcium looping 6 20
Secondary HRSG and gas turbine 115 76
Initial sorbent batch 2 2
CO2 compression unit 41 41
Sum 993 940
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sorbent cost, plotted in Figure 6, represent the maximum
advanced sorbent cost acceptable in order to make a CaL
process cheaper than in the base cases.

The evaluation illustrates that advanced sorbent which
could increase the plant efficiency and reduce sorbent

make-up have a significant value. Indeed, the maximum
advanced sorbent cost increases by a factor up to 200 for
the ranges considered. The strongest impacts appear to be due
to the reduction in the sorbent make-up rate, which
emphasizes the potential of stable sorbent for the CaL

FIGURE 3 | Breakdown of the total direct costs of the NGCC with calcium looping processes 1A and 3A.

FIGURE 2 | Levelized cost of electricity and CO2 avoided cost for the four NGCC cases considered.
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processes, while improvements in the energy performance also
play an important role. Although these evaluations assumed
that the remaining part of the CaL process remains identical to
the base cases, the evaluation presented in Figure 6 could be
used to perform a material screening and identify advanced
sorbent which could result in improved performance for the
CaL processes.

CONCLUSION

The paper has presented a techno-economic study on two CaL
processes for CO2 capture from a NGCC. The sizing of non-
conventional equipment such as the carbonator, calciner and
the solid-solid heat exchanger has been introduced in details.
The modeling and sizing results have been used as the basis for

FIGURE 5 | Sensitivity analyses on the CACs of the NGCC with the 1A and 3A CaL processes.

FIGURE 4 | Sensitivity analyses on the LCOEs of the NGCC with the 1A and 3A CaL processes.
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cost analyses for the non-conventional equipment. A reference
MEA capture process and a NGCC without CO2 capture have
been included for the comparison basis. While the cost of
NGCCs is performed using a scaling approach, the direct cost
of other processes are estimated with Aspen Process Economic
Analyzer. The key finding from the cost analyses is that the
CaL system presented in this study does not appear to be cost
competitive with the MEA capture process. The CO2 avoided
cost is 95 and 86 €/tCO2,avoided for the two CaL cases
respectively. The values are considerably higher than the
cost of MEA capture, which is 49 €/tCO2,avoided. The largest
contribution to the CO2 avoided cost is the capture CAPEX.
The combination of the primary and secondary steam cycles
into one could possibly reduce the NGCC CAPEX.
Nevertheless, the hot gas recycling, the solid-solid heat
exchanger, and the integration of the carbonator process

between the gas turbine exhaust and the heat recovery
steam generator remain practical challenges.
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