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Abstract

The multicyclic carbonation-calcination of CaCOs in fluidized bed reactors is a promising process for both
thermochemical energy storage (TCES) and CO; capture. In this paper, a techno-economic assessment of the calcium
loop (CaL) process with simultaneous TCES and CO; capture from an existing CO»-emitting facility is carried out.
Inputs to the process are non-dispatchable high temperature heat and a stream of flue gas, while the process outputs
are electricity (both dispatchable and non-dispatchable) and CO, for compression and storage. The process is sized so
the charging section can run steadily during 12h per day and the discharging section to operate steadily 24h per day.
The study assesses the economic performance of the process through the breakeven electricity price (BESP) and cost
per CO; captured. The study excludes the costs of the renewable energy plant and the CO, transport and storage. The
sensitivity of the results to the main process and economic parameters is also assessed. Results show that the BESP
of the case with the most realistic set of economic predictions ranges between 141 and -20 $/MWh for varying plant
size. When assessed as a carbon capture facility with a revenue made from both the electricity sale and the carbon
capture services, the cost ranges between 178 and 4 $/tCO,-captured. The investment cost of the reactors is found to
be the largest fraction of the computed costs, while the sensitivity analysis points at the degree of conversion in the

carbonator as the most crucial parameter, with large cost reductions for increased conversion.
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1. Introduction

Anthropogenic carbon dioxide (CO2) emissions represent the
main cause of climate change [1]. Despite the continuous
efforts in the deployment of renewable energy generation
technologies to replace fossil fuels [2], the increasing energy
demand has made the share of fossil fuel in the primary energy
demand to remain constant at 80% [3] and thereby the global
CO:2 emissions have kept growing [4] (yet with a reduction
during 2020 due to the reduced economic activity resulting
from the Covid pandemic). A large share of the renewable
expansion during the last decades have been in the form of wind
and solar power, driven by large reductions in costs for these
technologies. Due to the variability of wind and solar power
generation, their value to the electricity system is reduced as
their share in the system increases [5] as well as they may cause
instabilities in the grid [6]. Thus, to maintain the value of wind
and solar, different forms of energy storage and flexibility
measures need to be implemented. There are different forms of
storage such as batteries, pumped hydro and thermal energy
storage can all have their role in the energy system. Of
particular importance is storage which is able to handle
variations of several days or weeks corresponding to the time
characteristics of wind power. Thermochemical energy storage
(TCES) is gaining special attention since, compared to thermal
energy storage (TES), TCES displays larger energy density [7]
as well as the possibility for long term storage and shipping [8].
Among other alternatives, gas-solid cycles are the most
promising TCES systems due to their high reversibility,
stability, and enthalpy of reaction. Although packed beds
(moving or stationary) have been typically used for
investigations of TCES through solids cycling at bench-, lab-
and pilot-scale [9], fluidized beds should be an efficient reactor

technology for commercial-scale due to the significantly higher
mixing required in larger units.

In addition, to increased share of renewable energy most future
scenarios which comply with the Paris Agreement includes
substantial amounts of carbon capture and storage (CCS) [10].
Several CCS technologies have been investigated and tested,
with a special focus on post-combustion systems. The energy
penalty associated to the operation of these processes remains
however the major drawback in the commercial deployment of
CCS [11].

The calcium looping (CaL) process has been investigated both
as a CCS and a TCES technology, indicating that it can
potentially be of double use in the energy transition [2]. The
CaL process is based on the multicyclic calcination-carbonation
of CaCO3, which can be obtained from limestone, a cheap and
abundant material. Thus, it is based on the following reactions:

CaC0s; - Ca0 + CO, AHY =178 kJ/mol (1)

Ca0 + €O, - CaCO; AHQ = —178 kJ /mol )

When applied for CO2 capture, the CaL process represents a
promising capture technology with respect to efficiency and
costs [12]. If implemented as TCES, it increases the
dispatchability of renewable energy facilities able to provide
high-temperature streams such as concentrated solar power
(CSP) plants [13], [14]. In addition, if the TCES facility is
installed close to a CO2 emitting source, the CaL process could
simultaneously produce dispatchable electricity while
mitigating atmospheric CO2 emissions from the nearby source.
A review of the implications of the CaL process scale-up for
both CO: capture and TCES applications has recently been
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published by Ortiz et al. [15], including an analysis of different
gas-solid reactor systems. When it comes to the TCES-CSP
application, Ortiz et al. [13] published an in-depth review of
different process schemes, conditions and materials
advantageous for the operation. Bayon et al. [16] provide a
techno-economic comparison of 17 gas-solid TCES systems
(excluding the reactors), computing a CaL-TCES cost of 54
$/kWhy, (note that this cost is expressed per storage capacity) as
compared to the cost estimated by Muto et al. [17] for a CaL-
TCES process using a synthetic sorbent; 56-59 €/MWhe.
Nevertheless, studies on the costs associated to the CaL-TCES
process are scarce due to the early stage of development [18],
[19] and, thus, they are often based on the more abundant cost
studies of the more mature CalL process as CO: capture
technology (see [20] for an overview). Among these, it is worth
mentioning the work by Michalski et al. [21], where a method
for assessing the economic feasibility of CaL-CCS processes
was suggested based on commercial technology appraisal tools.
According to another study by Mantripragada et al. [22] the
reactors represent the largest cost of the CaL plant together with
the solids handling.

In summary, although the economic feasibility of the CaL
process has been widely studied for CO2 capture, there is little
work when it comes to assess the economics of applying it as a
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2. Process description

The present section describes the CaL process scheme used for
the current investigation. The work by Chacartegui et al. [23]
has been used as the basis for the study, i.e. adapting the process
layout, although some process conditions have been modified
and additional assumptions have been made according to the
nature of the present work (i.e. combined TCES and CO:
capture). Furthermore, the process scheme considers fluidized
beds for both the carbonator and calciner reactors, which adds
some requirements related to the presence of fluidization
agents. The energy input to the process is assumed to come from
a renewable energy source capable to provide high temperature
heat intermittently, e.g. a concentrated solar power collector.
Figure 1 shows a schematic representation of the process
studied in this work. The charging and discharging sections can
be operated independently. Correspondingly, solids storage at
ambient conditions is considered for both charged and
discharged particles, which, although decreasing the process
efficiency, allows the potential introduction of shipping and
make-up streams to the process without altering the
thermodynamic performance. Yet, although shipping of the
solids would allow the more efficient use of non-dispatchable
sources, it is left outside the scope of the present work.

Figure 1. Schematic diagram of the investigated process. Note that the non-dispatchable energy input is in the form of high-

temperature heat and the produced energy is in the form of electricity.

TCES scheme, especially when combined with CO2 capture.
Thus, the aim of this work is to estimate the cost of the CaL
process when deployed for TCES in a renewable energy
generation facility and combined with the capture of the CO2
emitted by an existing facility located nearby (i.e. not
accounting for transportation and storage of CO2). Such
scenario is motivated by the need of combustion facilities to
operate until the initial investment is paid-off, which under an
increasing cost for CO2 emissions, will require the capture of
the emitted CO2. The process scheme here presented is
developed taking a previous thermodynamic study on CaL for
TCES [23] as starting point, and adapting the process for the
integration of carbon capture. The cost of the process is
calculated through a bottom-up approach and presented in the
form of breakeven electricity selling price (BESP) and per CO2
captured. The sensitivity of the computed cost to process size,
material degree of conversion and income associated to the CO2
captured and electricity sales is also investigated.

Energy in the form of heat at high temperature (850 °C, see
below) is used to run the charging section, comprised by the
calcination reactor and a steam generator that evaporates and
superheats steam for fluidizing the reactor. As reported in [24],
calcination under superheated steam decreases the temperature
required for calcination and increases the conversion of the
solids in the carbonation side. Lower calcination temperatures
are desired since simpler and cheaper energy collectors can be
utilized [13]. In this work the calciner conditions have been
fixed to 850 °C and 1 bar, following the conclusions from [13].
The gas stream exiting the calcination reactor (consisting
mainly of H2O and CO») is used to preheat part of the total the
inflow of discharged solids (with the split fraction taken from
[23]) and is subsequently expanded in a turbine down to the
condensing pressure (set by the cooling water temperature),
enabling also the separation of steam and leaving the carbon
dioxide ready for compression. A water tank allows the
feedwater to be stored when the calciner is not in operation.
The process incorporates two solid-solid heat exchangers to
preheat the feeding solids with the hot streams leaving the
reactors.
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The energy discharging is achieved with the use of a Rankine
cycle that runs the dispatchable steam turbine using the heat
released in the carbonator reactor, which is fluidized with the
flue gas from a nearby facility. This condition sets the
carbonation conditions of the investigated process to 650 °C and
1 bar. Since the optimization of the process performance falls
outside the scope of this work, a simplistic approach has been
followed for the power cycle conditions. Steam at 550 °C and
120 bar is generated and expanded in one step to condensing
pressure. Note that pre-heating of the feedwater line has been
left out of the study.

3. Methodology

3.1 Mass and energy balances

In order to carry out the economic assessment of the process
defined in Section 2 including both the capital and operational
costs of the plant, a thermodynamic analysis is performed,
followed by the computation of mass and energy balances and
the corresponding equipment sizing. Table 1 presents the values
of process parameters assumed in this study and referred in the
following sections as the base case. A charging time Zcnarge 18
defined as the hours per day that the charging side is assumed
to be running, i.e. when the intermittent renewable energy
source can be harnessed and has been fixed to 12h. Thus, the
storage is sized to provide the amount of charged solids (CaO)
required to run the discharging side during 24- fcharge hours per
day. The calciner is sized so it can convert the available heat
input Qcalc into stored chemical energy while the carbonator is
sized to operate continuously.

Both reactors are computed as stirred tank reactors, with all
output streams leaving at the reactor temperature. The flue gas
entering the process is assumed to contain 15% of COz and the
capture rate in the carbonator has been fixed to 90% according
to [25]. All gas flows are assumed ideal and no pressure drop
calculations are included in the study. Each solid-solid heat
exchanger (SS-HX) is computed as a series of two bubbling
fluidized bed solid-gas heat exchangers, whose volumes are
estimated based on the heat-transfer coefficient reported in [26].
The solid-gas heat exchangers (SG-GX) are in turn sized as
cyclones [27] according to the method available at [28], while
solid storage tanks are sized using the method suggested by
Bayon et al. [16]. No solid losses in cyclones and fluidized beds
have been accounted. The rest of conventional fluid-fluid heat
exchangers have been sized using heat transfer coefficients
from [29].
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Table 1. Main process assumptions and parameters of the
base case. Values with (*) are modified in the sensitivity
analysis (Section 4).

Parameter Value Unit
Plant size as net heat input into the 100 (*) MW
process, Qin

Percentage of steam in the calciner 50 %
Charging time, fcharge 12

Storage temperature 20 °C
Cooling water temperature 20 °C
Minimum temperature difference 20 °C
SS-HX

Minimum temperature difference 15 °C
SG-HX

Minimum temperature difference 15 °C
condensers

S-G heat transfer coefficient 480 W/m?K
Fluid-fluid heat transfer coefficients 1500 W/m?K
Flue gas CO2 content 15 Y%v
Capture rate 90 %
Available cooling water discharge 70 °C
temperature

Cooling water pumping distance (m) 1000 m
Solids porosity, @ 0.5 -
Turbomachinery isentropic  0.89 -

efficiency, #is

Fraction of discharged solids 0.85 -
preheated in the SS-HX

Conversion in the calciner, xcaie 1 -
Conversion in the carbonator, xcar 025(*) -

Solids conveying energy 10 MIJ//10
requirement Om
Equivalent solids conveying length 100 m

3.2 Economic assessment

The assessment of the economic performance of the plant is
done using as indicator the break-even electricity selling price
(BESP). This is computed by setting the calculated net present
value (NPV) of the plant to zero, i.e. calculating an electricity
selling price such that the revenues balance the cost over the
lifetime of the plant. Thus, the NPV is computed in this work
as the sum of the discounted annual cash flows during the
lifetime of the project, see Equation 3.

CF;

NPV = T, 3)
A bottom-up approach is used to compute the annual cash
flows, i.e. breaking down the plant costs into basic components
and subsequently adding installation and indirect costs. The
total plant cost methodology followed in this work is based on
[30]. Table 2 shows the cost functions used to estimate the
erected cost of each process component, which are based on the
cost of a reference component of size Sy and scaled through the
scaling parameter /' (Equation 4):

c=c(2) @

Although several works [31],[32] have focused on the calciner
reactor design that would allow the heat transfer from the CSP
plant, this is assumed to be outside of the scope of this work and
instead the calciner cost is estimated based on an oxy-
circulating fluidized bed (CFB) furnace reference cost [33],
assuming the heat transfer surfaces are used to add heat into the
reactor. Similarly, the carbonator is assumed to be similar to a
conventional CFB-boiler [33]. Due to lack of available data, the
cost of solid-solid heat exchangers is estimated as two times the
cost of a bubbling fluidized bed dryer. The only liquid vessel
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present in the process (to store the feedwater in the charging
side) is assumed cylindrical and similar to standard water
vessels [34], with a total specific cost of 83 $/m? [16].

Table 2. Capital cost functions (in M$) used in the study

Equipment Cost function Reference
1 Qin 067
Calciner =587-102- (_) 33
C=587-10% (= [33]
Qout 067
Carbonator =560-102- (_) 33
€ =560-10?- (=52 [33]
Solid-gas C
heat =398-10"°-D3, +273 [27]
exchanger 107Dy +0.016
. . c
Solid-solid =2-.35-10"1
heat 0.73 [29]
Dy-u
exchanger . (u)
2
Gas-gas _ . 10.67 . p0.28
o € = (2546.9 - A% ngé 1]
exchanger +10
- . 40.67 . p0.28
Cooler C = (25469 A% Pfi,gd ) 21]
-10
Solids
Storage C = Vteer * Csteer [16]
Steam o (Werp 0.67
turbine C=473-10"° (?) [35]
Electric C=845-10"%- (P, [21]
generator - 103)095
Steam Msteam 035
generator ¢=285" ( 14 ) [29]
P 060
Pum c= ( el ) [21]
P 197

The values selected for the key economic parameters assumed
in this work are listed in Table 3. The income received for
capturing the COz of a nearby facility (/ncomeCC) has been
taken as 50 $/ton, which is the estimated cost for capturing CO2
from a flue gas stream as the one included here [36]. The CO2
compression and storage are not included in the study since
their cost would be transferred to the emitting industry and are
therefore not considered to play a role in the process feasibility.
Moreover, the cost of the renewable energy input has also been
left out since it is assumed not to be part of the cost of the
storage technology here investigated. Lastly, the make-up and
purge/loss of solid material has been neglected.
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Table 3. Main assumptions and input data for the economic
analysis. Values with (*) are modified in the sensitivity
analysis (Section 4).

Parameter, Unit Value
Plant lifetime (years) 20
Capacity factor (%) 100
Discount rate (%) 4.75
Limestone cost ($/ton) 10
Carbon capture-derived income, 50 (*)
IncomeCC ($/ton)

Electricity selling price, ESP ($/MWh) 40 (*)

In order to compare the process cost with other CO2 capture
technologies the total cost of the plant is also expressed in the
typical capture cost metric, $/tCO2-captured (note that this is
done only to allow the comparison, since the CO2 capture is
treated in this study as an income cashflow and therefore it is
not an actual cost). To do so, the NPV includes the selling of
the generated electricity and the revenue obtained for the CO2
capture as positive cashflows. For this, the electricity is
assumed to be sold at a price of 40 $/MWh in the base case [37].

To scrutinize the economic assessment of the process, a
sensitivity analysis has been carried out. Firstly, the impact of
size has been evaluated, varying the instantaneous net energy
input from 50 to 1000 MW. Secondly, since often reported as a
crucial limiting performance parameter [38], [15], the effect of
the degree of conversion of the solids in the carbonator has been
investigated. Lastly, the value for the income stream associated
to carbon capture has been varied from 10 to 100 $/tCO>
captured, which is directly related to the forecasted cost of
emitting CO2, whereas the assumed electricity selling price
(ESP) has been varied from 20 to 80 $/MWh.

4. Results and discussion

Figure 2 presents the simplified energy flow calculated for the
base case process (see Table 1). The top scheme illustrates the
energy distribution when the charging side is operating
(renewable energy source is available), while the bottom
diagram shows the energy flows when only the discharging side
operates. It can be noted that the efficiency of the base process
on a heat-to-dispatchable power is rather low (28%) mostly due
to the heat lost in the condensers, in the solids storage and the
heat exchanger losses connected to the high amount of inactive
solids due to the low conversion efficiency in the carbonator
(xcars=0.25 for the base case). This is partially due to that the
process is far from being optimized, with the two power blocks
defined as basic Rankine cycles. Literature studies have shown
that the efficiency of the optimized process (for the TCES
scheme) can reach up to 45% [39], [23]. Also, the vast majority
of the losses are in the form of heat, and this work does not
assess the possibility to include heat streams in the product
portfolio of the plant (in the form of district or industrial
heating), in which case some part of this loss would turn into a
revenue stream. It is worth pointing out that the use of
superheated steam to fluidize the calciner implies an added
energy loss in the steam generator that is partly recovered in the
non-dispatchable turbine, which produces most of the energy
when the charging side is in operation. Varying the percentage
of steam in the calciner (0.5 has been used in the base case) has
an impact on the total energy output shares, with lower steam
contents increasing the dispatchability of the process, i.e. the
weight of the dispatchable turbine on the total energy output
increases.
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Figure 2. Simplified energy flow of the process for the base case
when (a) both charging and discharging side are operating and
(b) when the calciner is not operating. Note that the scheme has
been simplified and recycle streams are not presented here, as
well as some of the losses have been merged.

Figure 3 maps the total plant cost disclosure for different net
energy inputs. It is seen that the reactors represent the main
fraction of the total cost, especially at larger sizes (i.e. over 80%
of the total cost for the 1000-MW case against 75% for the 50-
MW case), which is in line with the study in [22]. Note that in
the present work the reactor costs also include heat transfer
surfaces, both for transferring heat into the calciner and for
steam generation and superheating in the carbonator. These
results highlight the importance of reactor costing when
assessing TCES processes, which should be borne in mind
when choosing a specific reactor type and design [13]. The heat
exchangers and fixed operational and maintenance (O&M)
costs are the second and third largest expenses, respectively,
with the latest gaining weight at larger plant sizes since they
scale-up linearly while the heat exchangers capital cost is
favored by the economy of scale.

700 Reactors

600 HX's
n Turbines —
2500 B Pumps
+ 400 W Storage
§ 300 O&M Fixed =
£ 200
A)

100

0

50 MW 100 MW 500 MW 1000 MW

Figure 3. Disclosure of the total costs (in M3) of the base case
process for different net heat input

As expected, the BESP decreases with process size, as seen in
Figure 4a, ranging from 141 $/MWh for the smaller size to -20
$/MWh for the 1 GW case (all other process parameters were
fixed to the base case values). Note that a negative BESP
indicates that the process would be profitable with only the
income connected to the carbon capture services. A similar
trend is observed when the cost is expressed as $/tCO»-
captured, ranging between 45 and -27 $/tCOz-captured. The
figure shows that the cost variation is steeper in the range 0-500
MW, becoming less sensitive in the 500-1000 MW range. In
order to quantify the impact of the revenue stream related to
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COz capture, the base case assumption of IncomeCC (50
$/tCO2-captured) has been changed and the variation has been
plotted as vertical error bars (10 to 100 $/tCOz) in Figure 4. It
can be seen that the net impact on the cost is constant with size,
which is caused by the fact that the amount of CO2 captured
scales linearly with the net heat input. Consequently, the
income associated to the COz capture has a stronger influence
on the total plant economics at larger sizes. When the assumed
electricity selling price (ESP) used for the computation of the
capture cost is varied, it is observed in Figure 4b that for most
of the cases the plant would breakeven before the 20 years
lifespan assumed in the analysis.

250
200
150
100 -

50 A

BESP ($/MWh)

-150 P

250 500 750 1000
Net heat input (MW)

a) BESP of the base case for varying process size

o

b)  $/tCOz-capture for varying process size and
electricity selling price (ESP)

Figure 4. Computed plant cost of the base case process for
different sizes when a) expressed as BESP ($/MWh) and b)
expressed as capture cost ($/tCO: captured) for different
electricity selling prices (ESP). The vertical error bars
represent the sensitivity of the cost to the assumption of
income related to CO: capture IncomeCC (considered to
range from 10 to 1003/tCO3)

The main results from varying the material degree of
conversion in the carbonator to evaluate the impact on the plant
costs are presented in Figure 5, both in terms of BESP (Figure
5a) and $/tCO:z-captured (Figure 5b). Note that the size of the
process, the CO2 capture income and electricity price
assumptions have been fixed to their base case values (100
MW, 50 $/tCO2 and 40 $/MWh respectively). The relatively
strong impact of xcas on the plant cost can be confirmed with
reductions on the BESP of 24 $/MWh when xcars is increased
from 0.15 to 0.25, although it becomes less prominent for xcars
>(.5. This impact is also noticeable when the cost is expressed
in terms of captured CO2, where low carbonation degrees yield
higher capture costs.
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Figure 5. Sensitivity of the plant cost for different material
reactivities in the carbonator when expressed as BESP
($/MWh) and as 3/tCO2 captured. All other process
parameters are set according to the base case

It is important to mention that the critical importance of the
material conversion on the process performance and had
previously been identified by several authors [15], although not
for a system like the one presented here and not in terms of
economic performance. Though important for most of the
TCES solid-gas systems [9], this parameter gains special
relevance in the CaL process since its value can change by a
factor of 2.5 depending on the reactor conditions [13] and
whether the process is designed for TCES-only or for TCES-
CCS like the one here presented. These findings highlight the
need for material developments for successful deployment of
the CaL process.

If the energy source is a solar receiver characteristic of CSP
plants, its cost and design are other aspects that need to be
addressed in more detailed economic assessments of the
process here presented. The calciner conditions chosen in this
work (850 °C) allow the use of cheaper equipment but the
impact of such cost on the overall techno-economic
performance is still unknown.

The results of the current work can be compared to other energy
storage processes trough the BESP as well as to other CO2
capture systems through the cost expressed in $/tCO2-captured.
As examples of the former, Ganwal et al. [17] reported a cost
of 56-59 $/MWh for a CaL storage process with a synthetic
material of xcars = 0.4, which would be comparable to the cost
obtained in this work (see Figure 5a). Michalski et al. [21]
reported a levelized cost of electricity (LCOE) of 80-95
$/MWh, although their result is for retrofitting a coal power
plant. Cormos [40] also carried out a retrofitting study
concluding that the LCOE of a retrofitted CaL-power plant
would range from 68-74 $/MWh. Some of the main
publications addressing the cost of CaL-CCS [20] report a cost
range of 20-40 $/ tCOz-captured, which is comparable to the
computed costs in this work for carbonation reactivities higher
than 0.5. Furthermore, the work published by MacKenzie et al.
[41] state that the cost was mostly sensitive to the material
deactivation and limestone cost. Although neglected in the
present work, these factors could play important roles in the
long-term, given the low degree of solids conversion in CCS
applications [15].

5. Conclusions

A techno-economic investigation of a fluidized-bed calcium
looping process for both thermochemical energy storage and
COz capture is presented. The process layout used for the
current study is based on state-of-the-art literature works on the
CaL process and is applied under the assumption that high
temperature heat provided by renewables such as from a
concentrated solar power plant is available intermittently. Such
heat is used to feed the charging section (calcination) and
dispatchable electricity is produced in the discharge section
while capturing CO2 from an existing emitting facility nearby.
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A bottom-up approach is used to compute the electricity price
that would make the process viable as well as the cost expressed
by means of captured COx.

The analysis points at the investment costs of the reactors as the
major costs of the process, which indicates that the overall cost
of the process would not vary much when handling storage
times larger than the ones considered here. For the conditions
investigated, the calculated BESP ranges from 141 to -20
$/MWh for the 50-1000 MW size span, which corresponds to
45 and -27 $/ tCOz-captured. A sensitivity analysis shows that
these numbers are lowered with increasing future carbon prices
and with an increased degree of conversion in the carbonator.
The latest is found to play a large role on the techno-economic
performance, since it affects both the process energy flow and
the amount of CO2 captured and consequently the side-revenue
of the process. The study also shows the importance of further
analysis and optimization when it comes to choosing optimal
conditions in the reactors and concentration of fluidization gas.
Note that for the sake of simplicity. the results shown here do
not include the cost of the renewable energy input nor the
revenues associated to the heat streams.

Future work includes the optimization of the current setup and
the subsequent evaluation of parameters such as reactors
conditions and mechanical properties of the solids, which
requires more advanced process and reactor models. Especially
when it comes to evaluate the flexible operation of the charging
process in the presence of various intermittent sources, dynamic
models capable to describe the transient operation are required,
allowing the computation of start-up and shut off times as well
as investigation of different control strategies.
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