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ABSTRACT

Calcium looping combustion (CaLC) is a new class of low—CO,—emission technologies for thermo-
chemical conversion of carbonaceous fuels that can help achieve the emissions reduction targets set out
in the Paris Agreement. Compared to mature CO, capture technologies, which cause net efficiency
penalties higher than 7% points, CaLC results in a net efficiency penalty of 2.9% points. However, a
thorough economic assessment of CaLC needs to be undertaken to evaluate its economic viability. The
levelised cost of electricity is commonly used to assess the economic performance of clean energy
systems. However, this method does not account for commercially important parameters, such as tax,
interest, and depreciation charges. This study aimed to improve the reliability and accuracy of economic
assessments of clean energy systems by implementing the net present value (NPV) approach. This
approach was applied to assess the economic performance of two concepts of the CaLC-based power
plant with either the conventional steam cycle (SC) or the supercritical CO; cycle (s-CO;) for heat uti-
lisation along with the bottom-up approach to total capital cost estimation. A parametric study for both
concepts was also conducted to assess the impact of the key thermodynamic parameters on the eco-
nomic performance. Although the s-CO, case with revised assumptions was shown to result in a 1%-point
lower net efficiency compared to the SC case, its break-even cost of electricity was lower by 0.81 €/MWHh.
Further improvements of the techno-economic performance can be sought by optimisation of the s-CO,

cycle structure.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

To reduce the risks and impacts of climate change, which is one
of the most important challenges globally, the temperature in-
crease needs to be kept well below 2 °C (2DS) compared to pre-
industrial levels (Tollefson, 2015). The power sector accounts for a
third of total greenhouse gas emissions (International Energy
Agency, 2016), primarily since 28.1% of global electricity is pro-
duced from coal (International Energy Agency, 2017a). To meet the
long-term 2DS objectives by 2050, 14% of total CO, emissions
reduction needs to be achieved by implementation of carbon cap-
ture and storage (CCS) technologies (International Energy Agency,
2017b). In addition, the total emission reduction cost is predicted
to be 70% (Department of Energy and Climate Change, 2012), or
even 140% (Global CCS Institute, 2017) higher in scenarios without
CCS. However, it should be noted that a larger part of the emission
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reduction is related to an increase in the process efficiency (40%)
and use of renewable energy sources (35%) (International Energy
Agency, 2017b).

In recent years, significant progress has been achieved in
reducing the energy intensity of CCS. Unfortunately, the mature CO,
capture and separation technologies are still expected to cause a
net efficiency penalty of at least 7% points compared to conven-
tional power plants without CO, capture (Boot-Handford et al.,
2014; Hanak et al.,, 2015a, 2015c). Such efficiency penalty and
high investment costs would lead to an increase in the cost of
electricity of at least 60% (Renner, 2014). It has also been estimated
that, regardless that CCS processes are designed to remove 90% of
CO, from the flue gas (Singh et al., 2011), the implementation of
mature CCS technologies on fossil-fuel-fired power plants will
reduce their CO, emissions by only 60—80% over the process life-
time (Koornneef et al., 2008; Singh et al., 2011). This is caused by
the drop in the net efficiency due to implementation of CCS.
Therefore, to achieve the same power output, the size of the fossil-
fuel-fired power plant and its fuel consumption need to be

0959-6526/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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increased, thus causing higher CO, emissions. The net efficiency
penalty can be reduced by development of emerging technologies,
such as calcium looping (Cal) (4—8% points) (Hanak et al., 2015a;
Perejon et al., 2016; Romeo et al., 2008), currently tested at pilot-
plant scale (Arias et al., 2013; Chang et al., 2014; Sanchez-Biezma
et al., 2013; Strohle et al., 2014). Yet, the key limitation of this
technology is associated with degradation of the sorbent perfor-
mance with a number of calcination and carbonation cycles. This is
primarily due to sintering, attrition and sulphation of the sorbent
that impose the requirement for sorbent make-up to maintain
desired average sorbent conversion in the carbonator (Dean et al.,
2011). Similarly, lower efficiency penalties can also be achieved
by novel concepts such as the oxy-combustion power plant using
an air separation unit (ASU) based on ion transport membranes
(Kotowicz and Michalski, 2016, 2015). Further reduction of the net
efficiency penalty (to 2.9% points) can be achieved by development
of standalone calcium looping combustion (CaLC) technology based
on indirect heat transfer from the air-fired combustor to the
calciner (Hanak and Manovic, 2017a).

The high emission intensity of the current power plant fleet
results not only from outdated combustion systems, but primarily
from wide use of relatively inefficient conventional steam cycles for
conversion of thermal energy into electricity. The net efficiency can
be further increased by approximately 0.1% point on modification of
the heat recovery systems (Kotowicz and Michalski, 2016) and
development of more efficient steam turbines, or by several per-
centage points through increased live steam parameters (Kotowicz
and Michalski, 2016). Unfortunately, these changes significantly
increase the investment costs and are limited by currently available
materials. Replacing the conventional steam cycles with advanced
power cycles, following the recent developments in solar and nu-
clear power plants, can be a less expensive approach to increase the
net efficiency of fossil-fuel-fired power plants (Marchionni et al.,
2017). This is because application of the closed Brayton cycles
based on different working media (CO,, He or Xe) can achieve
similar (or even higher) efficiencies to the steam cycles with lower
investment costs and higher power-to-cubature ratio, also known
as a power density [MW/m?>].

The economic assessment is even more important than ther-
modynamic assessment to evaluate the commercial attractiveness
of considered technology. Yet, the data supporting the economic
feasibility of the CaL concepts appear to be limited in the open
literature, especially for the novel concepts such as CaLC (Hanak
et al., 2018b). Moreover, the economics of the CaL concepts is
usually evaluated using the levelised cost of electricity (LCOE)
method, presented in Eq. (1). The LCOE depends on two thermo-
dynamic parameters (Abanades et al., 2007; Cormos, 2014; Hanak
and Manovic, 2017a): the net power output of the power plant
(Py) and net efficiency of the power plant (). It also depends on
the capacity factor (CF), the specific fuel cost (SFC) and the specific
variable operating and maintenance cost (VOM). Finally, to calcu-
late the LCOE, the total capital requirement (TCR), fixed operating
and maintenance cost (FOM) and fixed charge factor (FCF) need to
be estimated. Therefore, this method is simple to implement and is
widely used to evaluate the economic performance of clean energy
systems.

TCR-FCF + FOM /o SFC 1)

LCOE = Py-CF-8760 N

The recent studies of the CaL concepts (Hanak et al., 2018b;
Hanak and Manovic, 2017b) have indicated that CaL retrofits to
fossil-fuel-fired power generation systems have been most often
reported to result in LCOEs between 50 and 75 €/MWegh, with the
corresponding cost of CO, avoided (AC) being reported to be

between 10 and 30 €/tCO, (Hanak et al., 2018b). The LCOEs re-
ported in the literature (Abanades et al., 2007; Cormos and Cormos,
2017; Cormos, 2014; Hanak et al., 2016; Mantripragada and Rubin,
2013; Romano et al., 2013; Romeo et al., 2008; Yang et al., 2010) are
summarised in Fig. 1. The significant difference in reported values is
mainly caused by discrepancies in the specific total capital
requirement and net efficiency of the base power plant (different
live and reheated steam parameters) (Hanak and Manovic, 2017b).
The highest capital requirement (3723 €/kWej, gross) is considered
by Mantripragada and Rubin (2013) while the lowest value (1305
€/KkWel, gross) is reported by Abanades et al. (2007).

Therefore, the economic performance of the CaL retrofits is
typically reported to be superior to chemical solvent scrubbing
(LCOE=65—89 €/MWh; AC=35-75 €/tCO2) (Cormos and
Cormos, 2017; Mac Dowell and Shah, 2015; Rubin et al., 2015;
Versteeg and Rubin, 2011; ZEP, 2011) and comparable to oxy-fuel
combustion (LCOE=55—75 €/MWgh; AC=35-75 <€/tCO,)
(Cormos, 2016; Hanak et al., 2017) retrofits. Moreover, despite a
limited amount of data in the current literature, the LCOE and the
cost of CO, avoided associated with the CalL-based power genera-
tion systems, such as CaLC, are most likely to be within 50—100
€/MWgh and 10—50 €/tCO,, respectively (Hanak et al., 2018b). It
needs to be highlighted, however, that the economic appraisal of
commercial projects is commonly performed by employing the net
present value (NPV) approach (Pike et al., 2015). As opposed to the
LCOE, the NPV approach considers annual discounted cash flows,
including tax, interest, and depreciation charges, and allows esti-
mating a number of break-even points, such as break-even price of
electricity or break-even carbon tax. An additional benefit of the
NPV method is that it can form a basis for an advanced economic
analysis, such as economic risk analysis (Kotowicz and Michalski,
2015).

This study aims to improve the reliability and flexibility of the
economic assessment of the CalLC-based power plant concepts
employing either the conventional steam cycle (SC) or advanced
power cycles, such as the supercritical CO, cycle (s-CO). This is
achieved by adapting the NPV approach to assess the economic
performance of the considered concepts, in contrast to the LCOE
approach commonly used in the literature. Furthermore, a bottom-
up cost estimation method for the total investment cost of the
CaLC-based power plant has been derived, which takes into
consideration the capital cost of each piece of equipment and al-
lows evaluating systems with different types and structures of
advanced power cycles. The equipment capital costs are estimated
considering the thermodynamic parameters, which have the
largest impact on the equipment size, as the scaling factors. Thus, a
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Fig. 1. LCOE values for power plants retrofitted with CaL (Adapted with permission
from Hanak and Manovic (2017b). Copyright, 2017 Elsevier).
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change of thermodynamic parameters is reflected in the break-
even electricity price. This is shown in the parametric analysis of
the considered CaLC-based power plant concepts.

2. Process description
2.1. Calcium looping combustion with a supercritical steam cycle

The 594.2 MWej, gross low—CO,—emission power plant based on
CaLC proposed by Hanak and Manovic (2017a), modelled in Aspen
Plus® (AspenTech, 2017), is used as a reference case in this work
(Fig. 2). The coal-fired combustor is assumed to operate at 1000 °C,
to ensure efficient heat transfer to the calciner operating at 900 °C.
The indirect heat transfer can be facilitated via either a heat transfer
wall (Abanades et al., 2005) or heat pipes (Junk et al., 2016, 2013).
The RMU ratio (Eq. (2)), which is a ratio of the molar flow rate of
fresh limestone make-up (riyy) and solid looping rate at the inlet to
the carbonator (1), was assumed to be 3%. The RMU is then used
to calculate the maximum average conversion using the model
derived by Rodriguez et al. (2010), which utilises the semi-
empirical correlation proposed by Li et al. (2008). The sorbent
deactivation curve is assumed based on the measurements from
the 1.7 MWy, la Pereda pilot plant (Sanchez-Biezma et al., 2013).

RMU — MU 2)
nig

The only modification of the CaLC model developed earlier by
Hanak and Manovic (2017a) is replacement of the equivalence ratio
specification with the constant O, content specification in the dry
flue gas (2%y01) to reflect the more realistic process control
approach. The considered coal has a higher heating value (HHV) of
27.01 MJ/kg and the following composition: carbon — 64.54%;
sulphur — 2.54%; hydrogen — 4.55%; nitrogen — 1.27%; oxygen —
6.97%; chlorine — 0.30%; ash — 9.82%; and moisture — 10.01%.

Flue gas from the combustor is then fed to the carbonator for
CO, removal. It is assumed that this unit operates at a total CO;
capture level of 90%, considering both CO, from fuel combustion
and calcination of make-up sorbent. To achieve this, 88.6% of the
CO; is captured in the carbonator. The operating temperature of the
carbonator is assumed to be 650 °C. The concentrated CO, stream
from the calciner is fed to the CO, compression unit that consists of
a nine-stage intercooled compressor (with polytropic efficiency of
77—80% and intercooling to 40 °C with heat transfer coefficient of
300 W/m?°C), and a pump (with isentropic efficiency of 85%). The
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Fig. 2. Scheme of reference case: CaLC with steam cycle.

mechanical efficiency of the pump and compressor is 99.6%. Pres-
sure of 110 bar is assumed at the outlet of the CO, compression
train (CCT). Other assumptions regarding the operating conditions
of CaLC are gathered in Table 1.

In the reference case, the heat available in CaLC (flue gas stream,
carbonator and clean gas stream) is used to raise high-pressure
steam in the conventional steam cycle. The live and reheat steam
parameters of such cycle are 593.3°C/24.2 MPa and 593.3°C/
4.9 MPa, respectively. The final feed water temperature is 289.5 °C.
Other assumptions concerning the conventional steam cycle, heat
exchangers and CO, compressor unit are gathered in Table 1.
Importantly, the cases considered in this work assume that there is
no heat loss in the heat exchangers.

2.2. Calcium looping combustion system with s-CO, cycle

This work aims to use the NPV method to assess the feasibility of
using the s-CO; cycle in place of the conventional SC to utilise the
heat available from CaLC. The current literature reports that the s-
CO; cycles are characterised by higher thermal cycle efficiencies
than that of the conventional SCs (Hanak and Manovic, 2016; Wang
and Dai, 2016). Additionally, parameters such as relatively higher
density of s-CO, and lower pressure ratios lead to a significant
reduction in the size of the cycle equipment, hence, lower capital
costs compared to the conventional SCs (Marchionni et al., 2017;
Zhang et al., 2018). Therefore, it is expected that integration of
the s-CO, cycle to CaLC will further improve its economic perfor-
mance. It is assumed that CaLC and CCT have the same structure as
the reference case presented in Fig. 2 (Hanak and Manovic, 2017a),
and are based on the same design specifications and assumptions
as detailed in Section 2.1 and Table 1. The only difference is that the
heat available in CaLC is used in the s-CO5 cycle, as shown in Fig. 3.

The considered s-CO; cycle is a closed Brayton cycle using CO; in
a supercritical state as a working medium. The thermodynamic
model of the cycle was developed in Aspen Plus® (AspenTech,
2017). The s-CO; cycle model was developed by Hanak and
Manovic (2016) and validated with the results presented by Le
Moullec (2013) and experimental data provided by Park et al.
(2018). Importantly, the latter confirmed that the s-CO, model
used in this work accurately represents the experimental data and
is in line with the validation results presented by Park et al. (2018).
The s-CO, model was then modified for the purpose of this work, as
detailed below.

In the considered s-CO, cycle, the main compressor, with an
isentropic efficiency of 85%, increases the pressure of the CO,
stream from 7.4 MPa to 20 MPa. Then, the main stream is divided
into two separate streams feeding the low-temperature clean gas
cooler (CGC) and low-temperature heat recuperator (LTR). The
former heat exchanger reduces the clean gas temperature to arrive
at a temperature difference at the cold end of the heat exchanger of
20°C. The latter heat exchanger recovers the heat from the CO,
stream leaving the high-temperature recuperator (HTR), before it
enters the cooler. It is assumed that the cold-end temperature
difference is 5°C. The split ratio of the CO, stream is adjusted to
arrive at the LTR hot-end temperature difference of 5 °C. The val-
idity of this assumption was checked in the parametric study pre-
sented in Section 4.2. Both streams are then mixed and fed to the
HTR, for which a cold-end temperature difference of 5°C was
assumed. The preheated supercritical CO, stream is then further
heated in three carbonator heat exchangers: the first cooling down
clean gas; the second located in the reaction zone; and the third
cooling down the flue gas before it enters the carbonator. The cold-
end temperature difference of 20 °Cis assumed in the first clean gas
cooler. As a result, the live supercritical CO; stream leaves the heat
exchanger network at 600 °C. It is then fed into an expander with
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Table 1
Initial process model assumptions for reference power plant (Hanak and Manovic, 2017a).

Subsystem Parameter, Unit Value

Combustor Pressure drop, kPa 15

Calciner Pressure drop, kPa 15
Calcination extent, - 0.95
Recycled CO, fraction, - 0.2

Carbonator Pressure drop, kPa 15
Carbonation extent, - 0.7

Supercritical steam cycle Feedwater heater terminal temperature difference, °C 10.0
Feedwater heater minimum temperature approach, °C 2.8
Isentropic efficiency of compressors, % 80.0
Isentropic efficiency of high/intermediate/low-pressure steam turbine, % 83.8—84.5/88.0/88.0—92.7
Isentropic efficiency of pumps, % 80.0
Electrical efficiency of generator, % 98.5
Mechanical efficiency of steam turbines, % 99.8
Mechanical efficiency of compressors, % 99.6

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 100.0
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
Intercoolers overall heat transfer coefficient, W/m?°C 300

Auxiliary power assumptions Coal handling system specific power consumption, M]J/tcoal 8.2
Sorbent handling system specific power consumption, M]/tsorbent 52.4
Ash and used sorbent handling system specific power consumption, MJ/tash/sorbent 31.2
Cooling tower fan specific consumption, M]J/tcooling water 0.17

Carbonator

C0O2-C CO2-E

CGC

“<—Sorbent
Air
“— Flue gas
Clean gas
D COZ
<— Water/Steam
CO2-C CO, compressor
CO2-E CO, expander
HTR High-temperature recuperator
LTR Low-temperature recuperator
CGC Clean gas cooler

Fig. 3. Scheme of the CaLC s-CO, case.

an isentropic efficiency of 93%. After expansion to 7.4 MPa, the
working fluid is cooled in two recuperators (HTR and LTR) and in
the cooler to 31.25 °C, before it is compressed back to 20 MPa in the
compressor with an isentropic efficiency of 85%. The mechanical
efficiency of the compressor and expander is assumed to be 99%.
Other assumptions and design specifications for the s-CO; cycle are

presented in Table 2.

3. Framework for techno-economic assessment
3.1. Thermodynamic performance assessment

The thermodynamic assessment used in this paper follows the
same approach as presented in previous work (Hanak and Manovic,
2016, 20173, 2018). The most important thermodynamic perfor-
mance indicator is the net efficiency of the entire system. As
defined in Eq. (3), this quantity depends on the gross power output
(Pg), total auxiliary power requirement (3> P4yy), fuel flow rate
(mg), and HHV of fuel.

~ Pg =3 Paux

N = mF .HHV (3)

The gross power output of CaLC is the electric power output of
the generator linked with the mechanical shaft in the conventional
steam cycle or the s-CO; cycle. The total auxiliary power require-
ment (Eq. (4)), on the other hand, is the sum of all auxiliary power
requirements of CaLC (Pcqc), CCT (Pccr) and the conventional
steam or s-CO; cycle (Pgyce)-

> " Paux = Pearc + Pecr + Peycle (4)

In CaLC, the auxiliary power requirement arises from the power
requirements of coal, sorbent, ash, and spent sorbent handling
systems, coal pulveriser, primary air fan, cooling air fan, and CO;
recirculation fan. The power requirements of the CO, compressor
and CO, pump are included in the auxiliary power requirement of
the CCT. In the s-CO; cycle, the auxiliary power requirement in-
cludes only the power requirement of the cooling water pump and
the cooling tower fan. In the conventional steam cycle, the addi-
tional condensate and main cycle pumps are included.

For low—CO,—emission power plants, specific CO, emissions are
considered as a key parameter to determine their environmental
performance. This parameter relates the amount of CO; emitted to
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Table 2
Initial process model assumptions for CaLC power plant with s-CO, cycle.
Parameter, Unit Value
Relative pressure loss in: cold side of LTR, HTR and CGC2 heat exchangers, % 0.5
hot side of LTR and HTR heat exchangers, % 1.0
cold side of carbonator clean gas cooler, % 0.3
cold side of carbonator reaction zone heat exchanger, % 0.5
cold side of carbonator flue gas cooler, % 0.2
hot side of cooler, % 1.0
Electric generator efficiency, % 98.5
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
HTR and LTR overall heat transfer coefficient, W/m?°C (Marchionni et al., 2017) 1700
Cooler overall heat transfer coefficient, W/m?°C (Marchionni et al., 2017) 2900

the net power output of the entire system.
3.2. Economic performance assessment

As indicated above, the method employed in previous research
to perform the economic assessment was largely based on the
levelised approach to estimating cost of electricity (Hanak et al.,
2018a; Hanak and Manovic, 2017a, 2018). The method takes into
account many aspects associated with the financial operation of the
power plant, such as investment, fuel, operating and maintenance
costs, and discount rate (Abanades et al., 2007; Zhao et al., 2013).
However, this method does not consider important factors such as
tax, depreciation, investment funding structure (loan, equity, sub-
sidy), and interest rates. Additionally, only the investment costs are
discounted within this method. Thus, it is pertinent to use methods
that better reflect the actual economic performance, such as the
NPV method, where the annual cash flows are discounted and then
summarised (Kotowicz and Michalski, 2016, 2015; Ma et al., 2017,
2015; Pike et al., 2015). This work uses the break-even point
(BEP) to assess the economic performance of the considered cases.
This approach is based on the NPV method that is commonly
applied in assessment of engineering systems (Hanak and Manovic,
2018; Kotowicz and Michalski, 2015, 2016, Ma et al., 2015, 2017).
The NPV (Eq. (5)) is the sum of the discounted annual cash flows
(CFy) throughout the system lifetime associated with investment.
Thus, it depends additionally on the current building/operation
year (t), discount rate (r), and total number of building and oper-
ation years (n).

t=n

CF;

NPV =% —L (5)
—~(+n)t

In the BEP case, the value of the selected economic performance
indicator for which the NPV is zero is estimated. Such an approach
allows estimating the minimum figure for the parameters used in
the NPV method. The values of such parameters are usually chal-
lenging to estimate over the considered time frame. For the cases
considered in this work, there are two key economic performance
indicators that need to be estimated: the electricity price and car-
bon tax. The value of the latter parameter has been increasing over
the past 12 months (6/29/2017 - ~5 €/tcoz; 1/25/2018 - ~9 €/tco2; 6/
14/2018 - ~15 €/tco2) (Business Insider, 2018). Thus, in this work
the break-even price of electricity (BEP,;) is calculated and the
carbon tax is initially assumed to be 0. To evaluate the effect of the
latter parameter on BEP,;, a parametric study is conducted.

Moreover, the economic performance assessment is carried out
using a discount rate of 6%, which is the minimum recommended
value in Steinbach and Staniaszek (2015). The annual cash flows
(Eq. (6)) depend on the annual investment cost (Cp,, ), income from

electricity sales (Ig), operating cost (Cpp), income tax (Crgy)
depreciation (D) and salvage value (Is,), the last of which appears
only in the last operational year.

CFt = [— Clnv + IEI - (COp + CTax) +D+ ISa]t (6)

The investment cost appears only during the building period,
and its annual allocation depends on the assumed annual fraction
of the total investment cost of the system. In this work, it is
assumed that the building period is divided into four years. The
method of total investment cost estimation is presented in detail in
Section 3.3.

The income from electricity sales is calculated using the esti-
mated break-even electricity price and the amount of electricity
produced in the current operating year. The operating costs are the
sum of fixed and variable costs. The fixed costs include the repair
cost (from 0.5 to 2.5% of the total investment costs), depreciation
(spread over 10 years), insurance cost (equal to 0.2% of the total
investment costs) and maintenance cost. To estimate the mainte-
nance cost, it was assumed that the annual average income of an
employee is 43 900 €. This figure is based on the 2011 statistical
data for industry and services employees in the UK (Eurostat, 2018)
and the inflation rate. The employment rate is assumed to be 0.2
person/MWej, gross (EDF Energy, 2018). The variable costs include
fuel cost, CO, emission cost (depending on the carbon tax), steam
cycle exploitation cost, and CaLC unit exploitation cost. The fuel
cost is calculated based on the unit cost of coal of 58.75 €/t
(EURACOAL, 2017). The steam cycle exploitation cost depends on
annual operating time of the system (7), flow rate of make-up water
(Vi20), chemical flow rate for water treatment (1ficyep, ), Uit price of
the water (cy20), and unit price of the chemical (ccpep, ), @s shown in
Eq. (7). It was assumed that the leakage of the working medium in
the s-CO; cycle will be replenished using the captured CO;. The
costs of replenishment in such a cycle are the highest of all
exploitation costs. However, due to the simplification of calcula-
tions, it was assumed that the exploitation costs of the s-CO, cycle
are equal to steam cycle exploitation costs.

Cscex =T° (VHZO’CHZO + M chem 'CChem> (7)

The CaLC unit exploitation costs depend on annual operating
time of the system (7), the fresh sorbent make-up flow rate
(Mcacos ), disposed ash flow rate (1 454 ), disposed sorbent flow rate
(Mpsorp), unit price of fresh sorbent (ccycp3), and unit cost of
disposal (cp), as shown in Eq. (8).

Carcex = T+ [Mcaco3 * Ccacos + (Mp ash + Mp sor) *Cp) (8)

The annual operating time of the system is calculated according
to the capacity factor, which is assumed to be 85% (Fout et al., 2015).
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The income tax depends on the income from electricity sales (Ig;),
operating cost (Cop), interest payable (Cj,) and income tax rate
(rTax), as shown in Eq. (9).

Crax = UEI - (COp + Clnt)] *'Tax 9)

The income tax rate is assumed at the level of the UK corporate
tax rate of 19%. For the calculation of the interest charge, it is
assumed that 80% of the total investment costs are covered by a
commercial loan with interest rate of 6% and the loan repayment
time of 15 years. Finally, the salvage value is considered as 20% of
the total investment costs.

3.3. Investment cost estimation

An accurate estimation of the total as-spent investment cost of
power generation systems is challenging, even in the case of
mature conventional coal-fired power plants (Koornneef et al.,
2008; Kotowicz and Michalski, 2015). Implementation of cutting-
edge technology into power generation systems makes this task
even harder. In this work, the total as-spent investment costs are
defined in Eq. (10) and depend on labour cost indicator (i;¢), en-
gineering and project cost indicator (iggpc), total as-spent cost
(TASC) multiplier (itasc), land and owner's cost (Cig0), as well as
investment costs of CaLC (Ccqic), power generation cycle (conven-
tional steam or s-CO; cycle) (Cgyee), and CCT (Cecr).

Ciny = iasc* | (1 +irc +ipgpc)* (CCaLC + Ceycle + CCCT) + CL&O]
(10)

Eq. (10) was developed based on the research presented in Fout
et al. (2015). After critical evaluation of the cost estimation results
for all cases reported in that source, it was assumed that the labour
cost indicator, engineering and project cost indicator, and TASC
multiplier are equal to 0.5, 0.35 and 1.13, respectively. More
attention was dedicated to Case B12A in Fout et al. (2015) because
of the similarity of the steam cycle parameters compared to those
used in the reference case considered in this work. Based on this, it
was assumed that the conventional steam cycle investment cost is
244 417 KUSS. Considering the inflation rate (2015—2017) and ex-
change rate of 1.177 US$/€ (Bank of England, 2018), this figure
becomes 214 443 k€. Additionally, it was assumed that the value of
land and owner's cost is 198 940 k€ (234185 kUS$ in 2015), ac-
cording to the same case study.

The investment cost of CaLC was estimated using the bottom-up
approach, based on the capital cost of components, as presented in
Eq. (11). Thus, this figure depends on the piping and integration
costs indicator (ipgc = 5%), as well as the capital costs of calciner
(Ccar), carbonator (Cgqy), fuel preparation system (Cgp), three fans
(ZCrqn) and six heat exchangers (XCyg).

Ccarc = (1 +ipgc)* (Cear + Cear + Cpp + ZCran + ZChE) (11)

Estimation of the calciner and carbonator cost was based on the
heat flux (Q o and Qg respectively) that was used as the quantity
affecting the scale of the reactors, using Eq. (12) and Eq. (13),
respectively.

-0.67

Cear = Cca*Qcal (12)
-0.67

Cear = Ccar*Qcar (13)

The reactors used in the CaLC unit can be considered as a
replacement of the boilers used in conventional coal-fired power
plants. The calciner comprises elements of the radiation part of the

conventional boilers, such as combustion chamber and radiative
heat exchanger, while the carbonator comprises elements of the
convective part of the conventional boilers, such as economisers,
evaporator and superheaters. Components that are not present in
the conventional boilers are mainly carbonator and calciner reac-
tion zones. Thus, it was assumed that the heat flux scaling exponent
is the same as in conventional boilers, and amounts to 0.67 (Fout
et al.,, 2015). Then, based on the study by Criado et al. (2017), the
unit prices of the calciner and carbonator were determined (ccy=
13 140 €/kW%%7; ., = 16 591 €/kW°57). Similarly, the investment
cost of the fuel preparation system was calculated (Eq. (14)), with
the difference that the fuel flow rate (mg) was used as the scaling
factor instead of the heat flux. The fuel flow rate scaling exponent of
0.24 and unit price of the fuel preparation system (cgp) of 14158 479
€/kg/s"?* were assumed, according to Fout et al. (2015).

Crp = cppemi (14)

The fan cost estimation in Eq. (15) took into account the break
power of the fan (Pgy,), as presented in the current literature
(Hanak and Manovic, 2018; Lee et al., 2014; Shirazi et al., 2012). The
values of constants in Eqs. (15)—(19) and (23)—(25) were adapted to
represent the capital cost in 2017<€, where appropriate. The average
(Oct.—Dec. 2017) exchange rate of 1.127 €/£ (Bank of England, 2018)
was assumed.

Cron — 103193 ( Cran 0‘67[€] (15)
Fan 445
To estimate the price of the heat exchangers, Eq. (16) considered
both the heat exchanger surface area (Apyg) and the operating
pressure of such devices (pyg, bar) (Gabbrielli and Singh, 2005).

Che = 2546.9-A%87 . p%28 €] (16)

The estimation of the investment cost of the s-CO; unit is more
difficult than estimation of the cost of the steam cycle, as there is no
reliable source of data. Thus, for this work the estimation method of
the investment cost of the s-CO, unit, presented in Eq. (17), was
developed. The quantity depends on the piping and integration
costs indicator (ipgc), as well as the costs of the CO, compressor
(Cc), COy expander (Cg), electric generator (Cgg), three heat ex-
changers (XCqg) and cooling tower (Ccr).

Ceyete,co2 = (1 +ipec)+(Cc + Cg + 2Chg + Cgc + Cer) (17)

The most important components of such a cycle are the super-
critical CO, compressor and expander. To estimate investment costs
of both elements, the methodology presented in Benjelloun et al.
(2012) was used. The investment cost of the CO, compressor (Eq.
(18)) depends on the equivalent mass flow rate of air (Mg com)s
compressor isentropic efficiency (9; com ), cOmpressor inlet pressure
(pin) and equivalent air outlet pressure (Pagg out)-

(18)

471 PAE out .In (pAE,out)

—MNic Pin Din
On the other hand, the investment cost of the CO, expander

depends (Eq. (19)) on the equivalent mass flow rate of air

(MaEg,com), €xpander isentropic efficiency (9;gy,), expander inlet
pressure (p;,) and equivalent air outlet pressure (Pagq,out)-

Cc= mAE.C'l
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Co = ripgp o022 o Pin_p(_Pin_) 11 4 exp(0.036-T;,
“ 1—1ig PAEout  \PAE.out
~ 65.66)]

(19)

To calculate the equivalent mass flow rate of air, in both cases
(Eq. (18) and (19)), the volumetric flow rate of air and CO, at the
inlet to the compressor and expander were assumed to be the
same. Thus, the ratio of air ( pj, ;) and COy (pi, co2) density at the
inlets was used, as presented in Eq. (20). '

MAE c/E = mCOZ,C/E'M (20)
Pin,co2
In the case of equivalent air outlet pressure in the compressor
and expander, the outlet volumetric flow rates of CO, and air were
assumed to be the same. Thus, first the outlet density of the air was
calculated using Eq. (21).

m
AE.C/E 21)

Pout Air = = * Pout,co2
Mcon c/E

Next, the proper equivalent air outlet pressures are determined
iteratively with the aim of getting the proper values of air density. It
is worth noting that in all calculations associated with Egs. (20) and
(21), the real gas database (CoolProp) was used (Massachusetts
Institute of Technology, 2018). Importantly, the constant (392.2)
in Eq. (19) was derived based on the results presented in the current
literature (Criado et al., 2017; Gabbrielli and Singh, 2005). The total
cost of HTR, LTR and cooler was estimated using Eq. (16). The
electric generator cost is estimated using Eq. (22) that considers the
gross power output of the generator (Pg) as the scaling factor
(Hanak and Manovic, 2018).

Cgc = 84.5-P2%[¢] (22)

The cost of the cooling tower was also considered. As presented
in Eq. (23), the quantity depends on the cooler heat duty (Q cooler)-
The constant value of 32.3 was determined using the results pre-
sented in Fout et al. (2015).

Cer = 32~3‘QCooler[€] (23)

The last component of both cases considered in this work is the
CCT (Eq. (24)). The investment cost of this unit depends on the
piping and integration costs indicator (ipgc) and the costs of CO;
compressor (Cc), CO, expander (Cg) and nine CO, intercoolers
(2Che)-

Cecr = (1 +ipgc)+(Cc + Cp + =Chp) (24)

The compressor cost is calculated the same way as the
compressor in the s-CO; cycle (Eq. (18)). The CO, intercoolers cost
was estimated according to Eq. (16). The CO, pump cost was esti-
mated using Eq. (25) (Gabbrielli and Singh, 2005) that takes the
brake power (Pp) and isentropic efficiency (»; p) of such pump into
consideration.

3
Cp = 3531.4-P)71. [l + (1 — 0'8) ] (25)

4. Techno-economic assessment
4.1. Results and discussion

After computations made with the reference case, the auxiliary
power requirement of the reference power plant was determined
to be 85.9 MW. The exact distribution of auxiliary power require-
ment is presented in Fig. 4. The largest part of this quantity is the
power requirement of the CCT (52.3%). The reference power plant
was characterised with a net power output of 508.3 MW, net effi-
ciency of 35% and specific CO, emission of 101.9 kg/MWh. The gross
power output of the s-CO; case is 508 MW; thus, it is smaller than
in the reference power plant by 86.2 MW. The auxiliary power
requirement is smaller in this case by 13.7 MW. According to results
presented in Fig. 4, the power requirement of the CCT is still the
largest part of this quantity (62.3%). Finally, the net power output of
the s-CO; case (435.8 MW) is smaller than that of the reference
power plant by 72.5 MW. Therefore, the net efficiency is lower than
for the reference case by 5% points. The specific emission of CO;
(118.9 kg/MWh), related with the efficiency, is higher by 17 kg/
MWh.

The economic results show that the total investment cost of the
reference case is 1546.4 M<€,017, while it is lower for the s-CO, case
by 186 M<€ (12%). The distribution of equipment and material costs
of the power plant components are presented in Fig. 5. In both
cases, the main part of the equipment cost is the CaLC cost
(Reference case — 62.2%; s-CO, case — 72.7%). It is worth noting that
the decrease in power plant cost in the s-CO, case is associated with
the 42.1%-decrease of the power cycle cost compared to the refer-
ence case. The break-even price of electricity calculated for the
reference case is 83.51 €/MWh. The same quantity for the s-CO,
case is 91.41 €/ MWh.

In conclusion, the considered configuration of the s-CO; cycle is
less efficient thermodynamically than the reference power plant.
Additionally, despite the lower total as-spent investment cost, it
has a higher break-even price of electricity than that of the refer-
ence power plant (by 7.9 €/ MWh).

4.2. Parametric study

In order to improve the techno-economic parameters of the s-
CO; case, revision of the s-CO; cycle operating conditions needs to
be undertaken. Thus, the parametric study of the s-CO, case
techno-economic algorithm was prepared. Two CaLC unit param-
eters, five s-CO, unit parameters and one economic parameter (the
carbon tax, mentioned in Section 3.2) were selected for the
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Fig. 4. Auxiliary power distribution.
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Fig. 5. Equipment and material cost composition.

parametric study. The chosen quantities along with their minimal
and maximal values are presented in Table 3. For the calculations,
both limiting values and three additional values between these
were used. The maximal live CO, temperature is the result of the
assumption that the minimal cold-end flue gas cooler temperature
difference is 10°C. The minimal pressure at the outlet of the
compressor is the result of the mentioned temperature difference
and additionally the range of live CO, temperature.

The parametric study of the CaLC parameters on the net effi-
ciency of the power plant and break-even price of electricity are
presented in Fig. 6. The best thermodynamic and economic results
are obtained for the smallest values of both parameters. The impact
of the relative make-up of sorbent change is more than 11 times
higher on the thermodynamic factor and more than 30 times on the
economic factor, even when the relative change of oxygen content
is higher. The results are changing by 2% points (for net efficiency)
and 18.1 €/MWh (for break-even price of electricity) compared to
0.18% points and 0.6 €/MWHh in the case of oxygen concentration in
the flue gas.

The two parameters of the s-CO; unit that should have the
greatest impact on the techno-economic performance are the live
CO, temperature and the compressor outlet pressure. Both pa-
rameters should be treated in a similar way as in the conventional
steam cycle, because the optimal pressure can be different for
different temperatures. Thus, the parametric studies of both pa-
rameters on the net efficiency of the power plant and the break-
even price of electricity are presented in Fig. 7 and Fig. 8, respec-
tively. The thermodynamic results show that the highest net effi-
ciency occurs for the highest considered temperature and pressure.
After a deeper analysis of the shape of the curves in Fig. 7, it can be
seen that it is possible to find an optimal pressure for the consid-
ered temperatures, but pressure values must be much higher than
those considered in this paper.

Fig. 8 indicates that the break-even price of electricity decreases

Table 3
Parametric study assumptions.

Parameter, Unit Minimal value Maximal value

Oxygen concentration in the flue gas, % 1.0 3.0
Relative make-up of sorbent, % 3.0 7.0
Live CO, temperature, °C 500 675
Compressor outlet pressure, MPa 18 30
HTR cold-end temperature difference, K 5 15
LTR cold-end temperature difference, K 5 15
LTR hot-end temperature difference, K 5 15
Carbon tax, €/t 0 100
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Fig. 6. CaLC unit parametric study results.
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as the live CO, temperature increases. The results for compressor
pressure ratio show that there are optimal pressures of 27 MPa and
28.5 MPa for temperatures 500 °C and 550 °C, respectively. For the
remaining temperatures, the optimal value is above the considered
range of pressures.

The parametric study results for the other s-CO; parameters on
the net efficiency and break-even price of electricity are presented
in Fig. 9. Two of the parameters, the temperature difference at the
cold end of the HTR and hot end of the LTR, have no impact on the
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net efficiency of the power plant. The break-even price of electricity
is marginally changed by 0.05 €/MWh for the first quantity, with
the lowest value occurring for a temperature difference of 7.5 K. The
temperature difference at the hot end of the LTR had a greater
impact on the break-even price of electricity, with the value
reduced by 0.34 €/MWh for an increase of the temperature dif-
ference from 5 K to 15 K. The greatest impact on the net efficiency of
the power plant relates to the temperature difference at the cold
end of the LTR. The efficiency decreased by 1.74% points with an
increase of the temperature difference from 5K to 15 K. These re-
sults coincide with those anticipated. The increased temperature
difference at the cold end of the LTR caused a decrease of the heat
flux transferred in the LTR and, as a result, additional heat flux was
needed from elsewhere. However, due to the assumptions made,
increasing the heat transferred from the CaLC unit is not possible,
so the live flow rate of CO, must decrease. Finally, the gross power
output of the power plant decreased. The break-even price of
electricity changed value by 4.61 €/MWh during the parametric
study of the temperature difference at the cold end of the LTR. This
outcome is the result of three changes: decrease of the net effi-
ciency, decrease of the LTR cost, and increase of the cooler and
cooling tower costs.

Taking the parametric study results into account, up to this
point, new revised assumptions were made. For both cases studied
the best economic performance was reported for the oxygen con-
tent in flue gas of 1%, thus this value was assumed. As a result, the
reference power plant net efficiency was increased by 0.1% point (to
35.1%), the specific CO, emission decreased by 0.4 kg/MWh (to
101.5 kg/MWh), the total investment cost decreased by 13.2 M€ (to
1533.2 M<€) and the break-even price of electricity decreased by
0.66 €/MWh (to 82.85 €/MWHh). Additionally, for the s-CO, power
plant the revised values, according to economic results, the live CO,
temperature (675 °C), the compressor pressure (30 MPa) and the
temperature difference at the cold end of the HTR (7.5 K), were
assumed. The revised values of s-CO; parameters increased the net
power output of the power plant by 60.5 MW. As a result, the net
efficiency of the power plant increased to 34.2% (by 4.2% points)
and the specific CO, emission was reduced by 14.5 gCO»/kWh. Still,
the net efficiency of the s-CO; case is lower than for the reference
power plant (by 0.9% point). The economic results show a decrease
of the break-even price of electricity by 9.38 €/MWh. Finally, the
value is slightly lower than for the reference case by 0.81 €/MWh. It
should be noted that the techno-economic performance of the
proposed concepts can be further improved through optimisation
of the s-CO,, cycle structure, which is out of the scope for this study.
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The economic performance considering the LCOE of the refer-
ence case was previously analysed by Hanak and Manovic (2017a),
which showed that the specific capital cost and LCOE are 1837.1
€/kWygoss and 64.6 €/ MWh, respectively. Using the methodologies
presented in this paper, the specific capital cost is higher by 40%
(2573.5 €[kWgoss). It needs to be highlighted that both the analysis
presented in this work and analysis made by Hanak and Manovic
(2017a) use the same reference results from Fout et al. (2015) for
material and labour costs validation. Thus, the difference in the
specific capital cost is mainly caused by adoption of the total as-
spent investment costs calculation method presented as Eq. (10)
and based on results from Fout et al. (2015). The break-even price
of electricity is higher by 18.9 €/MWh than LCOE calculated for the
same structure of CaLC power plant, raising the value by 29.3%. For
the same TASC of power plant the BEP, is higher by 6.78 €/MWh
than the LCOE, thus almost 67% of the increase is associated with
the investment cost increase.

The economic sensitivity analysis was performed for 13 selected
parameters, which were varied by +15% of their initial value. The
results for revised assumptions of both cases are presented in
Fig. 10 in the order of decreasing influence. The last five parameters
changed the break-even electricity price by less than +0.5%.

The results of the carbon tax parametric study for the reference
and s-CO; cases are presented in Fig. 11. Computations were made
for initial and revised assumptions. In the reference case the change
of the allowance cost increased the break-even price of electricity
by 10.2 €/MWh for nominal and revised assumptions. The curves
representing results for initial and revised assumptions in this case
are very close to each other, because the assumptions only differ
with the oxygen content in the flue gas. In the s-CO; case the
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Table 4

Benchmark of CaLC techno-economic performance with other power generation technologies.
Parameter, Unit Coal-fired power plant without CCS Amine retrofit CaLretrofit CaLC steam cycle CaLCs-CO,
Total as spent cost, M€5017 13735 1903.6 2746.0 1533.2 14213
Net power, MW 552.6 416.2 799.9 510.3 496.3
Net efficiency, % 38.0 28.7 30.6 35.1 34.2
Unit CO, emission, kg/MWh 796.8 105.8 98.9 101.5 104.4
Break-even electricity price,€/MWh 59.63 96.43 86.00 82.85 82.04
Net efficiency penalty, % points - 9.4 7.4 2.9 3.9
Break-even electricity price penalty, €/ MWh - 36.80 26.38 23.22 22.41

increase is higher (11.9 €/MWh) for the initial assumptions. For the
revised assumptions the increase is close to that of the reference
case (10.5 €/ MWh).

To emphasise the advantages of the CaLC-based power plant,
the conventional coal-fired power plant without CCS, coal-fired
power plant retrofitted with amine scrubbing (amine retrofit) and
coal-fired power plant retrofitted with CalL (Cal retrofit) are
compared (Hanak et al.,, 2015b; Hanak and Manovic, 2017a) in
Table 4. The TASC for the power plant without CCS is assumed to be
the same as in the B12A case from Fout et al. (2015). The TASC for
the amine retrofit is based on the B12B case from Fout et al. (2015)
and was adjusted to represent the same fuel flow rate. Finally, to
calculate the TASC of the CaL retrofit, the capital cost of an air
separation unit (ASU) and CaL unit were added to the capital cost of
the conventional coal-fired power plant without CCS. The capital
cost of the ASU was calculated according to the methodology used
by Hanak and Manovic (2018), while the CaL unit capital cost is
calculated according to Eq. (11)-(16).

5. Conclusions

The purpose of this study was to use an economic analysis
method that gave results closer to reality, compared to the previous
approach taken by several authors (levelised cost of electricity —
LCOE). This includes the total as-spent cost of the CaLC power plant
estimation method, which takes the scale factor of equipment into
account. The proposed scale factors are the main thermodynamic
parameters of the individual devices and machines (such as car-
bonator heat load). It is worth noting that the CaLC unit and s-CO,
cycle investment costs are calculated using an unconventional
method. This allows changing the scale of those units over a wide
range. The study proposed the use of the break-even price of
electricity as an economic investment evaluation method for power
plants based on the CaLC technology. This approach is based on the
net present value method of economic analysis. The method is
much more comprehensive than LCOE, as it takes into consider-
ation cash flows during construction and operation years of the
power plant. Additionally, the method includes economic quanti-
ties such as taxes, interest and depreciation. Finally, cash flows are
discounted instead of only discounting investment costs (as in the
LCOE method).

The economic method was then used as part of a techno-
economic assessment of two variants of the CaLC power plant.
The 594.2 MWe, gross low—CO—emission power plant that is
composed of a CaLC unit integrated with supercritical steam cycle
was the first (reference) case. The second case was the 508 MW,
gross low—COy—emission power plant which contains a supercritical
CO; (s-C0O3) cycle (instead of the steam cycle). The evaluation under
the initial design basis has indicated that the reference case net
efficiency of the power plant is higher by 5% points than for the s-
CO; case. The associated break-even prices of electricity were 83.51
€/MWh and 91.41 €/MWh, respectively. The parametric study of
the CaLC parameters showed that the relative make-up of sorbent

had a great impact on the economic and thermodynamic perfor-
mance of the entire power plant. Thus, during the research and
design period of such technology, considerable effort should be
made to reduce this parameter to the lowest possible level. After
revision of the design basis (of both cases) using the parametric
study findings, the net efficiency difference was lowered to 0.9%
point. The break-even price relationship was reversed, with the
value for the reference case slightly higher (by 0.81 €/MWh) than
for the s-CO, case. The analysed power plant cases have relatively
low efficiency penalties (2.9% points —reference case; 3.8% points —
s-CO;, case) and lower BEP,; compared to other CCS technologies.
The parametric study of CO, tax additionally confirmed that the s-
CO; case can be more economically viable. The value of CO, tax that
will reduce the probability of such situation is much higher than
the range considered. The conclusion from the techno-economic
assessment is that further improvement is still possible using
structural optimisation or by implementing other types of closed
Brayton cycles using different working fluids.
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itasc: total as-spent cost (TASC) multiplier
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Mcpem: Chemical flow rate for water treatment
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VOM: specific variable operating and maintenance cost
ny: net efficiency of power plant

7;: isentropic efficiency

7: annual operating time

Abbreviations

CalL: calcium looping

CaLC: calcium looping combustion
CCS: carbon capture and storage
CCT: CO, compression train

CGC: clean gas cooler

C02-C: CO, compressor

CO2-E: CO, expander

CON: steam condenser

HHV: higher heating value

HTR: high-temperature recuperator
LCOE: levelised cost of electricity
LTR: low-temperature recuperator
NPV: net present value

SC: steam cycle

s-CO,: supercritical CO, cycle
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