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Summary

Carbon capture, utilisation and storage (CCUS) technologies are forecasted to
significantly contribute to the decarbonisation of the power sector. Chemical
solvent scrubbing is now considered the most mature CCUS technology. Yet,
its integration with fossil fuel power plants is forecasted to reduce the net effi-
ciency of the entire process by at least 7% points, resulting in the avoided CO,
cost of 35 to 75 €/tCO,. Carbonate looping (CaL) has been demonstrated to be
an emerging technology for decarbonisation of the power sector with lower
efficiency (>5% points) and economic penalties (10-30 €/tCO,). The key chal-
lenge that may influence the viability of CaL is the decay in the sorbent CO,
uptake. Such a deterioration in sorbent performance is usually accounted for
in the techno-economic assessments via semi-empirical correlations. Yet, such
correlations include fitting parameters based on experimental data that is, in
turn, associated with +20% measurement error. This study employed a sto-
chastic approach to quantify the impact of such uncertainty in the sorbent
characteristics on the techno-economic performance of a 580 MW, coal-fired
power plant with CaL retrofit. The stochastic assessment showed that the most
likely figures for the efficiency penalty would fall between 7.7 and 8.7% points,
with a median of 8.08% points. Such a figure was higher than the one deter-
mined using the deterministic approach (7.85% points). Moreover, the esti-
mated CO, avoided cost was between 29.74 and 46.50 €/tCO,, with a median
of 35.94 €/tCO,. Such a figure was higher than that obtained in the determinis-
tic assessment (32.40 €/tCO,). It implied that the economic assessment using
the deterministic approach could underestimate the costs associated with the
CaL retrofits. This study, therefore, revealed that the uncertainty in the sorbent
characteristics would influence the techno-economic viability of the CaL
retrofits.

Novelty statement
This study demonstrated that the uncertainty in the sorbent characteristics
would influence the techno-economic viability of the CaL retrofits. It showed
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1 | INTRODUCTION

The recent report by the IPCC stated with high confi-
dence that climate change induced by anthropogenic
activities has already exhibited widespread impacts and
damages to people and ecosystems. It includes heat-
related mortality, warm-water collar bleaching and mor-
tality, and drought-related tree mortality. The increased
frequency and intensity of extreme weather events
already have negatively impacted the water and food sup-
ply chains." According to the IEA, the combustion of fos-
sil fuels in the power sector is responsible for 50% of the
global energy-related CO, emissions.” Therefore, full dec-
arbonisation of the power sectors is critical to limiting
the mean temperature increase below 1.5°C, in line with
the Paris Agreement.” Carbon capture, utilisation and
storage (CCUS) technologies are forecasted to signifi-
cantly contribute to the decarbonisation of the power sec-
tor.* These are expected to correspond to approximately
15% of the cumulative global CO, emission reductions
between 2020 and 2070, contributing to the decarbonisa-
tion of power systems reliant on fossil fuels and bioe-
nergy.’ It is worth pointing out that the latter will result
in negative CO, emissions, providing reliable offsets for
other difficult-to-abate industries. Yet, the viability and
environmental benefits of bioenergy with CCUS need to
account for the full biomass supply chain.®’

Among three main approaches applicable to CCUS
for the power industry,* post-combustion CCUS technol-
ogies are currently considered the most viable approach
for reducing the CO, emissions from the combustion of
fossil fuels. It is primarily because a limited number of
modifications is necessary to integrate these technologies
into the state-of-the-art designs of the conventional
power plants.® Integration of the post-combustion CO,
capture technologies will also have a limited impact on
the power plant flexibility,® which will be an increasingly
important characteristic of the fossil fuel power plants at
higher penetration levels of intermittent renewables in
the future energy systems. Chemical solvent scrubbing is
now considered the most mature technology for

that the cost of CO, avoided fell between 29.74 and 46.50 €/tCO,, with a
median of 35.94 €/tCO,. Such a figure was higher than that obtained in the
deterministic assessment (32.40 €/tCO,). The outcome of this study implies
that the economic assessment using the deterministic approach could underes-
timate the costs associated with the CaL retrofits.

calcium looping, carbon capture, decarbonisation, stochastic modelling, techno-economic

deploying CCUS in the power sector.” It has already been
demonstrated commercially at Petra Nova and Boundary
Dam coal-fired power plants (CFPP).” Capocelli and De
Flaco* revealed that the efficiency penalty for post-
combustion CO, capture using monoethanolamine can
fall between 10.0% and 13.5% points. Despite the fact that
the significant advancements in technology development
and consideration of alternative chemical solvents to con-
ventional monoethanolamine, such as diethanolamine,
2-amino-2-methyl-1-propanol, or methyldiethanolamine,
integration of chemical solvent scrubbing to the fossil
fuel power plants is still forecasted to result in the mini-
mum net efficiency penalty of 7.7% points.'® For this rea-
son, alternative post-combustion CO, technologies are
being considered.

Carbonate looping (CaL), which considers natural
sorbents such as limestone, has been proven to be a via-
ble process for reducing CO, emissions from power gen-
eration and hydrogen production technologies.'* Shimizu
et al."”*> demonstrated that the CFPP retrofitted with CaL
resulted in 1.4% points lower efficiency penalty than oxy-
fuel combustion. Romeo et al."> demonstrated that the
CaL retrofit to a 450 MW, CFPP would reduce the net
efficiency of the host plant by 7.9% points. However, their
study revealed that the net power output of the host plant
retrofitted with CaL would increase by more than 45%.
The current literature presents many alternative layouts
and sorbents for CaL that present the opportunity to
achieve efficiency penalties lower than 5% points.™* Pillai
et al.'> showed that integrating CaL into biomass-fired
power plant would reduce its net efficiency by 1.94%
points (without compression). Their study also assessed a
double CaL layout, where the heat for calcination was
supplied by hot CaO heated in the external biomass
boiler. Such a layout resulted in a net efficiency penalty
of 0.1% points (without CO, compression) and 4% points
(with CO, compression). Moreover, Pillai et al."® demon-
strated that the CaL retrofit to a natural gas combined
cycle plant and dimethyl ether production would result
in an efficiency penalty of 8.2% points and a CO, avoided
cost of 15 €/tCO,. As a result of superior thermodynamic
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performance, a CO, avoided cost for the CaL retrofits
was demonstrated to fall between 10 and 30 €/tCO,'*
Such figures demonstrate the economic superiority of the
CaL retrofits over chemical solvent scrubbing, which
were reported to fall between 35 €/tCO,'” and 110 €/
tCO, '® Furthermore, CaL has been used as a foundation
of novel processes for low-carbon power generation,'’
hydrogen production,'' and synthesis of chemicals, such
as dimethyl ether'® and synthetic natural gas.*

The ultimate challenge that may influence the viabil-
ity of CaL in the long-term is the deterioration in the CO,
uptake with the number of calcination and carbonation
cycles. Such a deterioration in sorbent performance is
commonly considered in the Cal retrofit assessments
either as a fixed conversion in the carbonator or via the
semi-empirical correlations that combine experimental
data and process conditions.”' In the first approach, the
fixed sorbent conversion of about 20%, defined as the
ratio of the factual and the maximum amount of CaO
converted to CaCOs, is usually assumed for the natural
limestone.”” In the latter approach, the fresh sorbent
make-up of about 5% is commonly considered to arrive at
the average sorbent conversion of between 15%>° and
20%.%* However, the key challenge of relying on semi-
empirical correlations is that these correlations use the
experimental data to derive fitting parameters. As identi-
fied in the experimental work by Rodriguez et al.*> and
Charitos et al.,”® there are high measurement errors asso-
ciated with estimating solid flow rates and the average
carbonation conversion, resulting from the measurement
uncertainty. Consequently, the error associated with
using the semi-empirical correlations to estimate the
average sorbent conversion can reach +20%.>> Such an
error in estimating the average sorbent conversion will
directly influence the amount of sorbent necessary to
achieve desired CO, removal level in the carbonator and,
thus, the amount of energy necessary for the sorbent
regeneration. This, in turn, will affect the efficiency and
economic penalties of the Cal retrofit. However, the
influence of the uncertainty in the sorbent characteristics
on the techno-economic viability of CalL has not been
thoroughly examined.

The use of a stochastic method to the techno-
economic evaluation of CCUS was shown to result in a
more in-depth understanding of the technical and eco-
nomic risks associated with the viability of CCUS. Rubin
and Rao””* were the first to quantify the uncertainty in
the key economic performance indicators of the CFPP
retrofitted with chemical solvent scrubbing (monoetha-
nolamine). Using the Integrated Environmental Control
Model, they showed that due to uncertainties present in
the host plant and the CCUS plant, the levelised cost of
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electricity (LCOE) could vary between 57 and 139
€/MWh (median 103 €/MWh). In turn, the CO, avoided
cost could vary between 22 and 96 €/tCO, (median 56 €/
tCO,). Hanak and Manovic® have quantified the uncer-
tainty in the LCOE of the CFPP retrofitted with CaL.
That study revealed that the median value for the LCOE
would be 95.6 €/MWh, and varied between 59 and 126 €/
MWh. Although the study by Rubin and Rao®’ and
Hanak and Manovic*® were performed for different host
plants and under different assumptions, the retrofit of
CaL was shown to result in a lower LCOE compared to
that of chemical solvent scrubbing. Yet, the study by
Hanak and Manovic*® has not accounted for the uncer-
tainty present in the sorbent characteristics. Roussanaly
et al.”*’ have compared the retrofit of chemical solvent
scrubbing to a waste-to-energy plant. They showed that
depending on the solvent used in the process, CCUS ret-
rofits would result in the median CO, avoided cost of
142 €/tCO, (range 168-368 €/tCO,) for chemical solvent
scrubbing that uses advanced amine-based solvent and
206 €/tCO, (range 115-260 €/tCO,) for chemical solvent
scrubbing that uses monoethanolamine. Such results
imply that the characteristics of CO, capture material
can significantly influence the economic viability
of CCUS.

The experimental trials revealed a significant uncer-
tainty in the average sorbent conversion in the carbonator
that can reach up to +20%. Yet, the importance of such
uncertainty in the sorbent characteristics has been disre-
garded in the techno-economic assessments of CaL pre-
sented in the current literature, regardless of whether the
deterministic or stochastic assessment methods were
applied. Consequently, the superior techno-economic per-
formance of the CaL retrofits with respect to other CCUS
technologies may have been overestimated. For this reason,
this study aims to quantify the impact of uncertainty in the
sorbent characteristics on the techno-economic feasibility of
the 580 MW, CFPP retrofitted with CaL. It uses a stochastic
approach to techno-economic assessment. Furthermore, it
combines a robust surface response approximation model,
which was developed using an artificial neural network
(ANN), a validated Aspen Plus process model, and the
Monte Carlo simulation. Such an analysis will provide an
in-depth understanding of the effect of sorbent characteris-
tics (initial conversion and residual conversion) on thermo-
dynamic (net efficiency, carbonation conversion),
environmental (specific emissions) and economic (CO,
avoided cost, LCOE) performance. Moreover, the influence
of the key input variables, which describe the statistical dis-
tribution of the sorbent characteristics, on the techno-
economic feasibility of the CFPP retrofitted with CaL is
analysed.
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2 | METHODS

21 | Process model description
This study aims to demonstrate the effect of the uncer-
tainty in the average sorbent conversion model on the
techno-economic feasibility of the CaL retrofit
(Figure 1). The 580 MW, CFPP was considered as the
host plant. It has been represented in Aspen Plus,***!
following the design and operating conditions in the
NETL report.>* A full description of the process model is
available in Hanak et al.*>*' This model represents a
conventional CFPP layout, including the power boiler
with NO,, SO, and fly ash emission control equipment.
The heat generated from the combustion of coal in the
power boiler is utilised to produce high-pressure live
steam (242.3 bar) and reheat steam (45.2 bar) at
593.3°C, which is then used in the steam cycle. The
model also comprises a typical steam cycle consisting of
high-, intermediate- and low-pressure extraction con-
densing turbines. In this type of steam turbine, a frac-
tion of the steam is used for feedwater heating before it
enters the power boiler. This model comprises four indi-
rect low-pressure feedwater heaters, one mixed feed-
water heater (deaerator), and three high-pressure
feedwater heaters.

The CaL model considered in this work was described
in detail by Hanak et al.** It was built in Aspen Plus and
validated with the experimental data from the La Pereda

pilot plant under different operating conditions.*® This
model considers the semi-empirical correlation by Rodri-
guez et al.>* given in Equation (1) to calculate the average
sorbent conversion in the carbonator.

aff
Fy +FRfcarhfcalc(1 _fl)

Xave = (FO +FRr0) cale

(1)

af3 b
+ +—
Fy +FRfcarbfcalc(1 _fz) Fo

In Equation (1), the maximum average conversion of
the sorbent depends on the make-up rate of fresh lime-
stone (F)), the circulation rate of sorbent (Fz), the extent
of carbonation (f..») and calcination (f.,.) reactions, a
fraction of limestone that was never calcined (r,), and
sorbent characteristics (f;,f>, b, a;, ay).

However, the sorbent characteristics in Equation (1)
represent the fitting parameters used to map the experi-
mental results. Consequently, these fitting parameters
cannot be attributed to any physical quantities that can
be measured. Therefore, to better appreciate the influ-
ence of uncertainty in the sorbent characteristics on the
techno-economic feasibility of the CaL retrofits, the semi-
empirical correlation derived by Wang and Anthony>
and Abanades et al.,*® presented in Equation (2), was
used in this work.
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_ Xi(1-X,)F,

= """ 41X 2
Fo+Fr(1-X;) =" (2)

ave

In this semi-empirical correlation, which was derived
based on the second-order deactivation rate for catalyst deac-
tivation via sintering,* the sorbent performance is charac-
terised by a residual conversion (X,) and an initial
covnersion (X;). The former represents the actual carbon-
ation conversion of fresh sorbent. The latter represents the
minimum sorbent conversion rate after a high number of
calcination-carbonation cycles (i.e., >50). As this correlation
allows exploring the uncertainty associated with specific
physical characteristics of the sorbent, it was deemed more
suitable for this study. It is also important to note that both
semi-empirical correlations were commonly used to assess
the techno-economic feasibility of large-scale CalL retrofits.*"

To ensure that the Cal model used in this study
remains accurate and representative, the residual conver-
sion (X,) and the initial conversion (X;) in the model by
Abanades et al.*® were estimated by minimising the root-
square error between the prediction of this model and the
model by Rodriguez et al.>* over 50 carbonation-calcination
cycles. Table 1 presents the outcome of this fitting exercise.
It was shown that the relative error between the thermody-
namic (2.7%) and economic performance (2.9%) is less than
3%. Such an outcome indicates that the conclusions made
in this study will not be significantly influenced by the
selection of the sorbent deactivation model.

2.2 | Techno-economic metrics

The techno-economic feasibility of the CaL retrofit is
assessed considering its net efficiency penalty, specific CO,
emissions, avoided CO, cost and LCOE as the key perfor-
mance indicators. The net efficiency (i,,) is defined in
Equation (3) as the ratio of the net power output (W,,,) and
the chemical energy input. The latter is estimated as the
product of the lower heating value of the fuel and its mass
flow rate (my..). The net efficiency penalty (Azy,) is the dif-
ference between the net efficiency of the host CFPP without
carbon capture and the CaL retrofit, as defined in
Equation (4).

Wer
=——x100 3
Ml mfuel < LHV % ( )

A77mtll = Nnult,ref — Mnull,CaL (4)

The environmental performance of the CaL retrofit is
assessed considering the specific CO, emissions. This key
performance indicator is defined in Equation (5) as the

NERGY RESEARCH WA T E A i

TABLE 1 Comparison of the calcium looping performance

using different sorbent deactivation models

Rodriguez Abanades
Parameter et al.> et al.*®
Sorbent characteristic
Fitting parameter, al [—] 1.0000
Fitting parameter, f1 [—] 0.7467
Fitting parameter, a2 [—] 0.0861
Fitting parameter, f2 [—] 0.9705
Fitting parameter, b [—] 0.0750
Residual conversion, X, [—] 0.1112
Initial conversion, X; [—] 0.7743
Process conditions
Make-up rate of fresh 0.6013
limestone, F, [kmol/s]
Sorbent circulation rate, Fg 15.0204
[kmol/s]
Carbonation extent, f.,,» [—] 0.7
Calcination extent, f.q;. [—] 0.95
Maximum sorbent 23.6 21.5
conversion [%]
Average sorbent conversion 15.7 14.3
[%]
Impact on techno-economic performance
Net efficiency penalty 7.64 7.85
[% points]
Levelised cost of electricity 78.18 80.48

[€/MWh]

ratio of the CO, mass flow rate in the clean gas stream
leaving the carbonator (mcp,) and the net power output.

Mco,
eco, = (5)
The economic performance of the CaL retrofit is
assessed applying the framework described in detail by
Hanak and Manovic.*®*?” The LCOE represents a mini-
mum electricity cost for the project to break even, and is
defined in Equation (6). Thus, the economic feasibility of
the CaL retrofit depends on the net thermal efficiency,
capacity factor, the total capital requirement (TCR), spe-
cific fuel cost (SFC), variable (VOM) and fixed (FOM)
operating and maintenance costs, and fixed charge factor
(FCF). The FCF considers the project lifetime () and the
discount rate (r), as defined in Equation (7).

TCR x FCF + FOM SFC
FVOM+2= (6)
Wnet x CF x 8760 Nnull

LCOE =
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FCF:L—H’)I (7)
(1+r)'-1

The TCR corresponds to the capital cost required for
the CaL unit and the reference CFPP. The former was
determined based on the work by Romano et al,*®
whereas the latter was estimated based on the NETL
report” using the exponential method function, as
explained by Hanak et al.** The input data to Aspen Plus
models and economic assessment models is shared in
Supporting Information S1.

2.3 | Stochastic modelling

The influence of the uncertainty in the sorbent deactiva-
tion model on the techno-economic feasibility of the CaL
retrofit was quantified using the stochastic assessment
methodology presented in detail by Hanak and Mano-
vic.”® The uncertainty in the measurement of residual
conversion and initial conversion are considered as the
key physical characteristics determining the CO, capture
capacity of the sorbent. Conversely to the approach used
by Rubin and Rao,”” who used the Integrated Environ-
mental Control Model that allows representing any input
parameters as probability distribution function rather
than deterministic values directly in the model, this study
uses a response surface method to generate a robust
approximation model to minimise the computational
demand associated with the stochastic assessment. The
design matrix that maps the performance of CaL retrofit
was generated using the Aspen Plus model presented in
Section 2.1. The generated data set is used as a basis for
developing a robust surface approximation model using
ANN. The design matrix comprises 60 data points that
represent the performance of the CaL retrofit, consider-
ing carbonator conversion, efficiency penalty, LCOE, and
specific CO, emissions. It was generated by running the
Aspen Plus model under different sorbent conditions:

« the initial conversion was varied between 0.60 and
0.85; and

o the residual conversion was varied between 0.02
and 0.20.

The design matrix created to perform this study is
shared in Supporting Information S1. These data were
used to develop ANN employing the Neural Network Fit-
ting toolbox in Matlab. A two-layer feed-forward ANN
architecture was considered. The number of sigmoid neu-
rons in the hidden layer was determined via a sensitivity
analysis (Figure 2). For this purpose, the ANN
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FIGURE 3
structure considered in the stochastic analysis

Representation of the artificial neural network

architectures comprising 10, 25, 50, 75 and 100 hidden
networks were built using the design matrix. These data
were randomly allocated to training, validation and test-
ing samples with the default split of 70%, 15% and 15%,
respectively. The Levenberg-Marquardt backpropagation
training algorithm with Bayesian regularisation was used
to train the ANNS. It was because this training algorithm
has been considered suitable for small datasets compris-
ing nonlinear data.?® It is apparent from Figure 2 that the
ANN architecture that comprised a low number of neu-
rons in the hidden layer resulted in a high root mean
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as a function of sorbent characteristics

square error (RMSE) for the considered key performance
indicators. In addition, the sensitivity analysis showed
that using too many neurons also resulted in an increase
in RMSE. It was especially the case of the ANN with
100 sigmoid neurons and LCOE. In this case, such a high
RMSE can be explained by ANN overfitting that results
in a good fit between the prediction of the ANN model
and training data but a poor fit between the prediction of
the ANN model and test data.*’ Consequently, the ANN
model used in this study comprised 75 sigmoid neurons
and linear output neurons (Figure 3), as it was found to
result in the lowest RMSE and provide the best represen-
tation of directional outputs.

Finally, the generated ANN was used in the Monte
Carlo simulations to examine the influence of uncer-
tainty in the initial conversion and residual conversion
on the key performance indicators. It was achieved by
performing 10 000 iterations that involved the random

generation of input data based on assumed statistical dis-
tributions of input variables. As no statistical data is
available to describe the variability of the initial conver-
sion and residual conversion, these parameters were
assumed to be uniformly distributed. The initial conver-
sion was assumed to vary between 0.60 and 0.85, whereas
the residual conversion was assumed to vary between
0.02 and 0.20.

3 | RESULTS AND DISCUSSION

3.1 | Deterministic assessment

To understand the extent to which the key performance
indicators are influenced by the variation in the sorbent
properties, represented by the initial conversion (X;) and
residual conversion (X,), a comprehensive sensitivity
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assessment has been performed as described in
Section 2.3. The outcome of this sensitivity analysis is
used as the design matrix to build the robust approxima-
tion model.

The influence of the variation in the sorbent charac-
teristics on the key performance indicators is presented
in Figure 4. Figure 4A shows the correlation between the
sorbent characteristics and the average sorbent conver-
sion in the carbonator, defined in Equation (2). For the
fixed make-up rate of fresh sorbent, an increase in the
residual conversion will increase the average sorbent con-
version in the carbonator. A similar trend was observed
for an increase in the initial conversion. Consequently,
the maximal carbonator conversion can be achieved for
high values of both residual conversion and initial con-
version. It is worth noting that the maximum carbon-
ation conversion of 0.25 was observed, which was higher
than the commonly used figure of 0.15 to 0.20 in the cur-
rent literature.>! However, it needs to be noted that the
sensitivity analysis was performed to map the prediction
of the CalL retrofit performance so that a robust and accu-
rate ANN model could be developed.

Achieving high conversion rates of sorbent in the car-
bonator is crucial to the viability of the CaL retrofit. It is
because the quantity of sorbent needed to reach the
desired carbon capture rate is reduced at high conversion
rates, as is the amount of inert sorbent leaving the carbo-
nator. Consequently, the energy demand for sorbent pre-
heating to the calciner operating temperature (900°C) is
lower, reducing the oxygen and fuel consumption in the
calciner.

Figure 4 presents the techno-economic benefits of
increased sorbent conversions. It was shown that the var-
iation in the sorbent conversion could result in a corre-
sponding variation in the net efficiency penalty of the
CFPP retrofitted with CaL of between 7% points and 12%
points (Figure 4B). Such a significant spread in the net
efficiency penalty aligns with data reported in the litera-
ture for the CaL retrofits."*** Consequently, the esti-
mated LCOE would vary between 70 and 140 €/MWh
(Figure 4D). Such an outcome implies that the determin-
istic models are subject to high uncertainty. A selection
of favourable sorbent conditions may lead to unrealistic
outcomes of the techno-economic analyses.

It needs to be emphasised that not all performance
metrics benefit from an improvement in the average con-
version of sorbent in the carbonator. As shown in
Figure 4C, an increase in the average sorbent conversion
led to an increase in the specific CO, emissions. Such a
correlation is inverse to the ones presented above. As
already discussed, higher average sorbent conversion
rates result in less sorbent required in the carbonator.
Consequently, less sorbent is sent to the calciner for
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FIGURE 5 Effect of uncertainty in sorbent characteristic on
the average conversion of sorbent in the carbonator

regeneration, reducing the energy requirement of the
CaL retrofit. As the amount of heat available for recovery
in CaL directly depends on the energy demand in the cal-
ciner, the net power output is lower. With a fixed amount
of CO, leaving the carbonator and, thus, emitted into the
atmosphere, such a drop in the net power output leads to
higher specific CO, emissions, according to Equation (5).

3.2 | Stochastic assessment

The deterministic assessment presented in Section 3.1
has confirmed that the variation in sorbent properties
can significantly influence the techno-economic viability
of the CaL retrofit. The Monte Carlo Simulations were
performed as explained in Section 2.3 to understand the
extent to which the key performance indicators are influ-
enced by the uncertainty in the sorbent properties.

3.2.1 | Effect of uncertainty on average
sorbent conversion

Before assessing the influence of uncertainty in the char-
acteristics of sorbent on the techno-economic feasibility
of the CFPP retrofitted with CaL, it is pertinent to under-
stand how it influences the average conversion of sorbent
in the carbonator. Figure 5 showed that the uncertainty
in the sorbent characteristics would result in the average
carbonation conversion to vary between 5% and 22%,
with the 25th percentile and 75th percentile figures of
10.38% and 16.12%. The median value was 13.36%, which
is lower than the carbonator conversion of 20% that is
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the estimation of efficiency penalty

commonly assumed in the techno-economic assessment
in the current literature®’ and that of 14.30% estimated
using the deterministic model (Table 1). It may imply
that the current techno-economic assessments may over-
estimate the CaL performance and the extent of this over-
estimation is assessed in the following sections.

3.2.2 | Effect of uncertainty on
thermodynamic performance

The efficiency penalty is one of the most commonly used
key performance indicators in the assessment of the ther-
modynamic performance of CCUS. It is because it indi-
cates how much the net efficiency of the host CFPP will
reduce due to the CaL retrofit. The influence of the
uncertainty in the sorbent characteristics on the net effi-
ciency penalty of the CaL retrofit is shown in Figure 6. It
has been shown that the statistical distribution of the net
efficiency penalty is asymmetrical with moderate positive
skew (Skew = 0.84) and a median of 8.08% points. This
figure is slightly higher than the net efficiency penalty of
7.85% points estimated using the deterministic approach.
It is worth emphasising that the values obtained in the
stochastic assessment varied between 7.03% points and
10.79% points, with the values for the 25th percentile and
75th percentile of 7.66% points and 8.70% points. Further-
more, the kurtosis for the efficiency penalty was 0.08,
implying that slightly more data are located in the tail
compared to the equivalent normal distribution for
which kurtosis is 0. Overall, the outcome of the stochastic
assessment indicates that due to the uncertainty in the
sorbent properties, the most likely values for the

the estimation of specific CO, emissions

efficiency penalty fall between 7.7% points and 8.7%
points. Such range is higher than that reported for the
CaL retrofits based on the deterministic data (6%-8%
points™*).

Such an outcome implies that the uncertainty in the
sorbent characteristics is likely to influence the technical
viability of the CaL retrofits compared with other CO,
capture technologies. It is because the uncertainty associ-
ated with sorbent conversion will directly translate into
the uncertainty of energy demand for sorbent regenera-
tion in the calciner and the amount of heat available in
CaL for electricity production. As explained above, the
lower the sorbent conversion, the more inert sorbent is
circulated between the carbonator and calciner. Conse-
quently, this increases the energy requirement for sor-
bent regeneration and the amount of energy available for
recovery to produce high-pressure steam and, subse-
quently, electricity.

3.2.3 | Effect of uncertainty on
environmental performance

The specific CO, emissions, so-called carbon intensity, is
the key performance indicators used in the environmen-
tal performance assessment of CCUS retrofits to power
generation systems. It is because this metric represents
the amount of CO, emitted into the atmosphere per unit
amount of electricity produced. The influence of the
uncertainty in the sorbent characteristics on the specific
CO, emissions of the Cal retrofit is presented in
Figure 7. It was found that this key performance indica-
tor is characterised by an asymmetrical distribution with
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negative skew (Skew = —0.96) and a kurtosis of 0.39. The
former implies that more data are present in the tail com-
pared to the equivalent normal distribution. The median
value was 100.39 gCO,/kWh, with the 25th percentile
and 75th percentile of 95.79 and 103.39 gCO,/kWh. Such
an outcome implies a high likelihood that the specific
CO, emissions for the CFPP retrofitted with CaL esti-
mated using the stochastic approach will be around the
deterministic figure of 101.94 gCO,/kWh. Therefore, such
an analysis has revealed that the uncertainty in the sor-
bent characteristics will marginally impact the viability
of the CaL retrofit from an environmental perspective. It
could be explained by a relatively small impact of sorbent
characteristics on the process efficiency, as explained in
Section 3.2.2.

3.24 | Effect of uncertainty on economic
performance

The economic performance of the fossil-fuel power plants
retrofitted with CCUS is often examined considering the
LCOE. It is because this metric indicates the discounted
lifetime cost of constructing and operating the power
generation systems per unit of electricity produced. It
also represents the minimum cost that the electricity gen-
erated from an integrated CFPP and CaL at which the
project would break even over its lifetime.** The influ-
ence of the uncertainty in the sorbent characteristics on
the LCOE of the CaL retrofit is presented in Figure 8.
The outputs from the stochastic assessment have revealed
that the statistical distribution of the LCOE has a high
positive skew (Skew = 1.34) and a median of 83.20

€/MWh. Such a figure is 3.4% higher than that estimated
using the deterministic approach. Moreover, a high pro-
portion of the generated data is located in the tail com-
pared to the equivalent normal distribution, as can be
seen from a high positive value obtained for kurtosis of
1.56. The outputs of the stochastic assessment also
revealed that the LCOE for the 25th percentile and 75th
percentile was 78.43 and 91.30 €/MWh, respectively.
Importantly, if the sorbent performs poorly (worst-case
scenario), the LCOE estimated for the CaL retrofit can
reach up to 133.71 €/MWh. Such figures are higher than
those reported in Section 3.1 (80.48 €/MWh). It implies
that the economic assessment using the deterministic
approach could underestimate the costs associated with
the CaL retrofits. In addition, these figures are higher
than those already reported for the CaL retrofits to fossil
fuel-fired power plants (50-75 €/MWh).'*

Importantly, as the CO, avoided cost is estimated
using the LCOE, its statistical distribution was found to
have the same descriptive characteristics, such as skew of
1.34 and kurtosis of 1.56. The median CO, avoided cost
was 35.94 €/tCO,, and the corresponding 25th percentile
and 75th percentile values were 29.74 and 46.50 €/tCO,,
respectively. Although these figures are significantly
lower than the current EU-ETS prices of about 60 to
90 €/tCO,,** these are higher than the figures of 10 to
30 €/tCO, reported for the CaL retrofits'* and 32.40
€/tCO, reported in Section 3.1.

It was shown that uncertainty in the sorbent charac-
teristics significantly influences the economic perfor-
mance of the CaL retrofits. Importantly, a reduction in
the average sorbent conversion substantially impacts the
LCOE. The stochastic assessment shown in this study
revealed that the median value for the average sorbent
conversion in the carbonator was 13.36%. Such a figure is
significantly lower than 20%, which was commonly
assumed by most of the CaL retrofits evaluated in the
current literature.”’ It was also lower than the averages
sorbent conversion of 14.30% estimated using the deter-
ministic model described in Section 2. Such results imply
that the economic assessments presented in the current
literature may underestimate the CO, avoided cost and
the LCOE of the CaL retrofits.

3.3 | Implications on process feasibility

The stochastic assessment results presented in Section 3.2
have indicated that the techno-economic feasibility of the
CaL retrofits is highly influenced by the uncertainty in
the sorbent characteristics, compared to the outcomes of
the deterministic assessment. Table 2 presents a compari-
son of the deterministic and stochastic key performance
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TABLE 2 Comparison of the calcium looping performance based on deterministic and stochastic approach
Stochastic

Key performance indicator Deterministic 25th percentile 50th percentile (median) 75th percentile

Average sorbent conversion [%] 14.30 10.38 13.36 | 16.12

Net efficiency penalty [% points] 7.85 7.66 8.08 1 8.70

Specific CO, emissions [gCO,/kWh] 101.94 95.79 100.39 | 103.39

Levelised cost of electricity [€/MWh] 80.48 78.43 83.20 1 91.30

CO, avoided cost [€/tCO,] 32.40 29.74 35.94 1 46.50

FIGURE 9
(A) carbonator conversion, (B) efficiency

Spider charts of

penalty, (C) specific CO, emissions and
(D) levelised cost of electricity as a
function of variation in sorbent
characteristics
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indicators for the CaL retrofit to the CFPP. It can be
noted that the uncertainty in the sorbent characteristics
can result in lower average sorbent conversions than
those commonly assumed in the deterministic models.
This directly translates to higher net efficiency penalties,
LCOE and CO, avoided cost of the CaL retrofits.

It needs to be emphasised that although the median
values for the key performance indicators appear to be
only slightly worse than those generated in the determin-
istic models, the detailed analysis presented in Section 3.2
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implies that a significant amount of data falls in the tail
of the generated statistical distributions. Considering the
75th percentile, which indicates that the selected key per-
formance indicator will be equal or lower to a given value
with a 75% probability, it can be seen that the stochastic
data presents a more conservative performance of the
CaL process.

It needs to be stressed that the predictions obtained
via the stochastic assessment depend on the assumed sta-
tistical distribution of the stochastic variables. It is,
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therefore, pertinent to undertake sensitivity analysis on
the characteristics of the assumed statistical distributions
for the residual conversion and initial conversion. As
both were assumed to be uniformly distributed, this was
achieved by varying the minimum and maximum values
by +10%. Figure 9A reveals that such a variation will
have a relatively strong influence on the average conver-
sion in the carbonator. A +10% variation in the assumed
distribution for the maximum value of the initial conver-
sion (Xjmax) Was shown to result in the variation in the
average carbonator conversion between —10.0% (a 10%
reduction in Xj,q) and +12.5% (a 10% increase in
Ximax)- A corresponding variation in the minimum value
of the initial conversion (X ;) and the maximum value
of the residual conversion (X, ,,4) Was shown to have a
small influence (<4.5%) on the carbonator conversion.
The minimum value of the residual conversion (X, ax)
had a negligible influence on the carbonator conversion.
Furthermore, Figure 9C reveals that a +10 variation in
the assumed distributions has a negligible influence on
the specific CO, emissions that varied by less than 2.0%.
Similarly, such a variation had a small influence (<4.0%)
on the variation in the median value estimated for effi-
ciency penalty (Figure 9B) and LCOE (Figure 9D).

4 | CONCLUSIONS

This study aimed to quantify the impact of uncertainty in
the sorbent characteristic on the techno-economic feasi-
bility of the CaL retrofit to the 580 MW, CFPP. This was
achieved using a stochastic approach to techno-economic
assessment that integrates detailed process modelling
and economic assessment, surface response approxima-
tion models based on ANNs, and Monte Carlo
simulation.

The outputs from the stochastic assessment revealed
that a median of the carbonator conversion was 13.36%,
which was nearly 1% point lower than that estimated
using the deterministic model. It was also significantly
lower than the average carbonator conversion of 20%,
which is commonly assumed in the techno-economic fea-
sibility assessments of the CaL retrofits. As the average
sorbent conversion in the carbonator directly influences
the amount of sorbent circulated between the CaL reac-
tors and limestone make-up required, this study showed
that the current techno-economic assessments may
underestimate the energy and economic implications of
the CalL retrofits.

First, the most likely values for the efficiency penalty
were shown to fall between 7.7% points and 8.7% points
(25th and 75th percentile, respectively), with a median of
8.08% points. Such a figure is higher than the figure

determined using the deterministic approach (7.85%
points) and the figures reported for the CaL retrofits of
6% to 8% points in the current literature. Second, the sto-
chastic analysis revealed that the uncertainty in the sor-
bent characteristics will have a small impact on the
environmental performance of the CaL retrofit. The
median value for the specific CO, emissions was esti-
mated to be 100.39 gCO,/kWh, and was shown to vary
between 95.79 and 103.39 gCO,/kWh (25th and 75th per-
centile, respectively). Such figures are close to that esti-
mated in the deterministic assessment (101.94 gCO,/
kWh). Third, the stochastic assessment presented in this
study revealed that the uncertainty in the sorbent charac-
teristics will have a significant influence on the economic
feasibility of the CaL retrofits. Namely, the most likely
figures for the LCOE were estimated to be 78.43 to 91.30
€/MWh (25th and 75th percentile, respectively), with the
median of 83.20 €/MWh. Furthermore, the CO, avoided
cost was reported to be 29.74 to 46.50 €/tCO,, with a
median of 35.94 €/tCO,. Such figures are higher than
those obtained from the deterministic assessment (80.48
€/MWh and 32.40 €/tCO,), implying that the economic
assessment using the deterministic approach could
underestimate the costs associated with the CaL retrofits.
Finally, it was shown that the +10% variation in the key
input parameters that represent the statistical distribu-
tions of the sorbent initial conversion and residual con-
version had a small influence on the predicted median
values.

A comparison of the key performance indicators gen-
erated based on a deterministic and stochastic approach
confirmed that the uncertainty in the sorbent characteris-
tics will influence the techno-economic feasibility of the
CaL retrofits. This is especially important in the assess-
ment of economic viability. With other assumptions
being equal, the stochastic assessment resulted in the
median values for the CO, avoided cost and LCOE higher
by 10.93% and 3.38% than those determined using the
deterministic assessment, respectively. Therefore, it can
be concluded that using the stochastic approach in the
techno-economic assessment of CCUS can provide more
in-depth insights into technology viability and enable
more-informed investment decisions.

Finally, it is crucial to note that this work focused
solely on assessing the influence of the uncertainty in the
sorbent characteristics on the techno-economic viability
of the CaL retrofits. It was performed based on the
assumption that other thermodynamic and economic
assumptions remain constant, which can be seen as a
limitation of this study. Moreover, the assessment of the
environmental performance included only process level
CO, emissions and, thus, did not consider the process
life-cycle emissions. Therefore, the future work will
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present a stochastic assessment of integrated techno-
economic and environmental assessment of the CaL
retrofit.

ENDNOTE

* Economic indicators recalculated from USD to EUR considering
2002 USD/EUR exchange rate of 0.95.
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