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ABSTRACT: New process concepts, such as the swing adsorption reactor cluster (SARC) CO2 capture process, are often techno-
economically investigated using idealized modeling assumptions. This study quantifies the impact of this practice by updating a
previous economic assessment with results from an improved reactor model validated against recently completed SARC lab-scale
demonstration experiments. The experimental comparison showed that the assumption of chemical equilibrium was valid, that the
previously employed heat transfer coefficient was conservatively low, and that the required reduction of axial mixing could be easily
achieved using simple perforated plates in the reactor. However, the assumption of insignificant effects of the hydrostatic pressure
gradient needed to be revised. In the economic assessment, the negative effect of the hydrostatic pressure gradient was almost
canceled out by deploying the experimentally observed heat transfer coefficients, resulting in a small net increase in CO2 avoidance
costs of 2.8−4.8% relative to the unvalidated model. Further reductions in axial mixing via more perforated plates only brought
minor benefits, but a shorter reactor enabled by the fast experimentally observed adsorption kinetics had a larger positive effect:
halving the reactor height reduced CO2 avoidance costs by 13.3%. A new heat integration scheme feeding vacuum pressure steam
raised from several low-grade heat sources to the SARC desorption step resulted in similar gains. When all improvements were
combined, the optimal CO2 avoidance cost was 23.7% below the best result from prior works. The main uncertainty that needs to be
overcome to realize the great economic potential of the SARC concept is long-term sorbent stability: mechanical stability must be
improved substantially and long-term chemical stability under real flue gas conditions must be demonstrated.

1. INTRODUCTION

Low-temperature adsorption-based CO2 capture is attracting
growing attention as a promising technology with great
prospects for reducing CO2 capture costs from stationary
industrial sources.1,2 One of the main advantages of this
technology is its retrofitting flexibility to different industrial
CO2 sources as it provides: (i) several regeneration options
that can use electrical or thermal energy sources depending on
availability in the targeted industry, (ii) the possibility of heat
integration with the host site when cheap heat waste is
available, and (iii) a wide variety of sorbents suitable to the
wide range of CO2 partial pressure in the flue gas of the
different targeted industries. The largest research focus in this
field remains on sorbent development, from the aspects of
reducing the heat of reaction, increasing the adsorption
capacity, and improving the sorbent tolerance and stability

under industrial flue gases containing impurities such as SOx
and NOx.1−3 Thousands of sorbents have been proposed
under several different families bringing different strengths and
weaknesses to adsorption-based CO2 capture technology. A
comprehensive review on sorbent development can be found
in references 1, 4, 5.
The wide variety of proposed sorbents could complicate the

mission of identifying the best ones for the different industrial
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flue gasses, but attempts were made in proposing preliminary
screening methodologies that link the sorbent to the overall
process performance and costs.6 More importantly, it is
increasingly acknowledged that a suitable contacting system
is key for extracting the full potential of the technology,
suggesting that the sorbent and reactor development should be
tightly linked to bring the targeted significant cost reduction.1,3

Several reactor systems have been proposed for adsorption-
based CO2 capture, each associated with strengths and
weaknesses.7 Fixed bed was the most studied configuration,8,9

owing to its simplicity, but the associated high pressure drop
and high mass and heat transfer resistance reduce its
attractiveness for widespread industrial scale deployment.
Other configurations such as monolithic,10 structured,11

rotating,12 and moving13−15 beds are attracting increased
research attention given their ability to minimize the reported
challenges of fixed bed. On the other extreme, the fluidized
bed-based configuration alleviates the high mass and heat
transfer resistance and the high pressure drop drawbacks of
fixed beds. However, the associated good mixing is not suitable
for the equilibrium-based adsorption reactions involved in the
process, resulting in early breakthrough of CO2 that
substantially reduces the CO2 recovery rate of the process.

16,17

The multistage counter-current circulating configuration has
shown promise to minimize the negative effect of the good
mixing feature of fluidized bed,18−21 making it a very attractive
configuration for further scale-up and commercial implemen-

tation. As discussed in the next section, the technology
investigated in this study seeks to combine the simplicity of
fixed beds with the good mixing of fluidized beds, using the
multistage configuration to achieve good CO2 capture
performance.

1.1. Swing Adsorption Reactor Cluster (SARC). SARC
is an adsorption-based CO2 capture that employs a cluster of
multistage fluidized bed reactors, each one cycling different
steps to complete capture CO2 from stationary source and
deliver concentrated CO2 ready for storage or utilization
(Figure 1a). The reactors are operated in the bubbling/
turbulent fluidized bed condition facilitating implementing a
hybrid regeneration mode combining temperature and vacuum
swings in addition to efficient heat integration using heat pump
to minimize the energy penalty. This concept removes the
energy released during adsorption using the heat pump and
supplies it to the desorption step (Figure 1b), thus bringing
substantial energy savings22 and cost reductions23 of CO2
capture. A simple perforated plate arrangement was used to
create separated chambers (referred to as multistage fluidized
bed) in each reactor to reduce the extent of back mixing.24

This provides the multistage effect required to delay the
breakthrough of CO2 during adsorption. The SARC
technology is particularly suited for retrofitting in industrial
stationary CO2 sources where large quantities of steam are not
available as it requires only electrical energy input and does not
depend on heat integration with the host process.

Figure 1. Conceptual design of SARC: (a) a SARC cluster composed of four reactors for steady operation; (b) a heat pump transferring heat
between two SARC reactors in the cluster; one under adsorption and the other under desorption. Reprinted from Dhoke et al.,25 page 2, Copyright
2020, with permission from Elsevier.

Figure 2. SARC cycle for the optimal large-scale case simulated in this study.
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An illustration of the SARC cycle in a simulated four-stage
SARC reactor using a PEI-based sorbent is presented in Figure
2 showing the four steps involved (adsorption, evacuation,
desorption, and cooling). In the adsorption step, the sorbent
adsorbs CO2 from the flue gas at atmospheric pressure (1 bar)
and low temperatures (∼60 °C). The N2 accumulated in the
reactor during the adsorption step is evacuated and vented to
the atmosphere in the evacuation step to improve the purity of
CO2. This is done by reducing the pressure to a moderate level
(∼400 mbar). In the desorption step, a temperature swing
using the heat pump is applied combined with a stronger
vacuum to recover the CO2 adsorbed in the first step. Finally, a
cooling and repressurization of the reactor is applied to reduce
the temperature to the level required to start the next SARC
cycle. The SARC proof of concept was demonstrated25 and
suitable sorbents were identified.26

1.2. Novelty of the Study. Previous techno-economic
assessment studies on the SARC technology have revealed
competitive performance in terms of energy efficiency and cost
against benchmarking technologies for capturing CO2 from
both coal20,27 and cement.22,23 However, the SARC reactor
behavior was modeled using several assumptions that have not
yet been validated, introducing significant uncertainty. Thus, it
is necessary to validate these assumptions to determine with
greater confidence whether the SARC concept is suitable for
scale-up. This study presents the required model validation
against recently completed SARC lab-scale demonstration
experiments. Based on this validation exercise, the model is
improved and used to update the economic performance
estimates of the SARC concept applied to CO2 capture from
cement production. An additional novelty in this work is the
introduction of a new heat integration scheme to utilize various
sources of low-grade heat in the SARC plant for raising

vacuum pressure steam to aid in sorbent regeneration.
Productive utilization of this low-grade heat that was rejected
in previous studies improves the SARC energy efficiency and
economic performance. Next to this new process configuration,
another promising opportunity and a key challenge are
identified and quantified. The opportunity revolves around
the experimental finding that equilibrium conversion could be
attained with significantly shorter gas residence times than
assumed in previous simulation studies allowing for a
significant shortening of the reactor. Sorbent durability is the
main challenge identified in this work, and dedicated sorbent
development work is recommended to reduce the attrition
rate.

2. METHODOLOGY

2.1. Experimental Setup. A lab-scale experimental setup
was built to demonstrate the SARC concept as detailed in a
previous study.24 The process flow scheme of the rig is
presented in Figure 3. The setup comprises a multistage
fluidized bed reactor with in-built heat exchanger, the oil and
water circuits controlling the heat exchange, a vacuum pump,
three mass flow controllers, and various thermocouples and
pressure sensors. The details of the experimental setup and
operation are presented in the Supporting Information
included with this paper.

2.2. Experimental Procedure. The experimental cam-
paign composed of breakthrough experiments and full SARC
cycles using a polyethyleneimine-based (EB-PEI) sorbent to
capture around 90% of CO2. Adsorption in the breakthrough
experiment was carried out with a fully regenerated sorbent
while in the SARC cycle it started with a partially regenerated
sorbent. In both the experiments, adsorption was completed at

Figure 3. Process flow scheme of the SARC experimental setup. Reprinted from ref 24 Copyright 2020, with permission from American Chemical
Society.
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60 °C with 12.5% of CO2 in N2 and atmospheric pressure. The
experimental conditions are presented in Table 1.

The overall heat transfer coefficient from each stage (hi) was
measured for all four steps of the SARC concept using eq 1.
The heat transfer coefficient mentioned in this study refers to
the overall heat transfer coefficient.

i
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Here, ṁoil is the mass flow rate of oil (kg/s), cp,oil is the oil
specific heat capacity
(J/(kg K)), Toil

in and Toil
out are the oil inlet and outlet

temperatures (°C), respectively, Tbed is the bed temperature
(°C), and A is the heat transfer area (m2).
The average overall heat transfer coefficient (Hi) in the

different reactor steps (e.g., adsorption or desorption) was then
estimated from the instantaneous heat transfer coefficient and
the heat transfer rate in each stage.

=
∑ ×

∑
H

h q

q

( )
i

i i

i (2)

Here, hi is the instantaneous overall heat transfer coefficient
calculated from eq 1 for ith stage (W/(m2 K)) and qi is the heat
transfer rate for the ith stage (W).
More details about the experimental procedure and

campaign can be found in the previous publication.24 The
results from these two studies were used to validate the reactor
model as described below.
2.3. Reactor Modeling. The multistage SARC reactor is

simulated as a series of continuous stirred tank reactors
(CSTRs) using an in-house Matlab code first introduced by
Zaabout et al.20 and subsequently deployed in several follow-
up studies.22,23,27 Transient mass and energy balances are
solved for each CSTR in series, assuming that thermal and
chemical equilibrium is reached in each CSTR. Gas travels
from one CSTR to the next, whereas the solids phase remains
fixed in each CSTR. Regarding chemical equilibrium, CO2 and
H2O isotherms for the PEI sorbent were derived in a previous
work.26 A typical SARC cycle simulated by this model is
depicted in Figure 2.
In the present study, this CSTR-in-series model will be used

for two purposes: (1) validation against the experimental
results from the lab-scale SARC unit and (2) large-scale
simulations to quantify the change in the energy penalty and
CO2 avoidance cost when implementing the learnings from the
validation exercise in the large-scale SARC simulations.
The most important modification to the model made for the

present work was the inclusion of the previously neglected
hydrostatic pressure gradient in the bed. This will increase the
pressure in the lower reactor stages, increasing CO2 adsorption

and inhibiting CO2 desorption. Due to the shape of the CO2
adsorption isotherm, the negative effect during desorption will
outweigh the positive effect during adsorption, increasing the
energy penalty of the SARC concept.
Furthermore, the description of heat transfer differs

significantly between the reactor simulations for validation
and for large-scale process modeling. In the large-scale cases,
heat transfer is modeled as in our previous studies, assuming a
heat pump with a working fluid condensing and evaporating at
specified constant temperatures when heating and cooling the
reactor. Here, eq 3 shows that the heat transfer is driven by a
constant heat transfer coefficient (h), a heat transfer surface
area (A), and a varying temperature difference between the
condensing or evaporating heat pump working fluid (Twf) and
the bed in each stage of the reactor (Tbed).
In the validation cases, however, the heat transfer was carried

out using heating oil without phase change. Hence, the oil
outlet temperature changed relative to the inlet temperature,
depending on the rate of heat transfer, changing the average
working fluid temperature. In this case, eq 3 was modified on
the assumption that the working fluid temperature is the
average between the inlet and outlet temperatures. Eq 4 shows
the resulting equation, accounting for the finite flow rate of the
heating oil (ṁoil). It is clear that, if the heating oil flow rate
approaches infinity, the denominator approaches unity and eq
4 becomes identical to eq 3 because the heating oil outlet
temperature would be equal to the inlet temperature (Toil

in ).
However, for a finite heating oil flow rate, the heat transfer rate
will reduce because the average heating oil temperature will be
closer to the reactor temperature. If the heating oil flow rate
approaches zero, so does the heat transfer rate.

= −q hA T T( )large wf bed (3)

=
−

+
̇

q
hA T T( )

1 hA
m c

lab
oil
in

bed

2 oil p,oil (4)

The heat transfer coefficient was assumed constant for all
reactor stages in all SARC steps for the large-scale simulations.
However, dedicated heat transfer coefficients were derived for
different stages and steps to maximize accuracy in the lab-scale
simulations. These heat transfer coefficients are specified in the
Results and Discussion section.

2.4. Process Modeling. For the large-scale process
modeling, the reactor model was run to achieve 90% CO2
capture and 96% CO2 purity using 2000 m2 of heat transfer
surface area per reactor and 0.1 bar desorption pressure. These
conditions are identical to case 1 in Cloete et al.,23 which
proved to be the most economical case investigated for CO2
capture from a cement plant.
The reactor model provided the flow rates and compositions

of the streams exiting each step in the SARC cycle, the total
heat transfer rate through the heat pump, the heat pump
evaporation and condensation temperatures, and the evacua-
tion pump pressure. This information was then used in the
process model modeled in Aspen plus to calculate the power
consumption of the heat pump and the two vacuum pumps
(large pump for desorption and small pump for evacuation). In
addition, the power consumption for CO2 compression, the
blower to overcome the pressure drop in the reactor (weight of
the fluidized particles plus 10% for the gas distributor) and
auxiliaries (mainly water pumps) is also calculated from the

Table 1. Experimental Conditions

parameters values

superficial velocity (m/s) during adsorption 0.19
particle density (g/mL) 1.36
particle size (μm) 145
sorbent loading (kg) 11.8
fluidization regime bubbling
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process simulation. The assumptions made in the process
modeling are presented in Table 2.

Two different process schemes for SARC integration with
cement plant were evaluated in this study (Table 3). The
standard scheme was introduced first by Cloete et al.22 for
SARC integration to a cement plant (Figure S2, Supporting
information). This scheme was modified (Figure 4) in this
study to produce the low-pressure stream from the process
itself and use that in the SARC regeneration reactor. The
addition of steam promotes the CO2 desorption during
regeneration by reducing the CO2 partial pressure

26 and can
improve the techno-economic performance.
The modified scheme shown in Figure 4 introduces low-

pressure saturated steam production from three different
sections of the process. First, low-pressure saturated stream is
produced from the surplus heat from the high-temperature
circuit of the heat pump, which was rejected from the low-

temperature circuit of the heat pump in the standard scheme
(Figure S2, Supporting Information). This slightly increases
the heat pump consumption, while providing a considerable
amount of steam. The second location for steam production is
from the intercoolers of the CO2 compression train and the
vacuum pump. A subsequent cooler is still required after each
intercooling boiler to minimize the stream temperature and the
compressor duty. Third, additional steam is produced from
cooling the flue gas stream. The produced steam was then fed
to the desorber where it served to reduce the partial pressure of
CO2 (which allowed the desorption pressure to be increased
from 0.1 to 0.2 bar) and to suppress H2O desorption (which
reduced the required heat duty to drive the endothermic
desorption). The saturated steam was produced 0.2 bar higher
than the desorption pressure to overcome the pressure drop in
the reactor.
These two process models were evaluated for the cases

presented in Table 4. The first five cases were studied with the
standard process scheme (Figure S2, Supporting Information)
while the last two cases were evaluated using the modified
process scheme (Figure 4). From left to right, the cases in
Table 4 can be described as follows: First, the benchmark case
from the earlier techno-economic assessment of SARC23 is
simulated with the current process model for consistency.
Next, the pressure drop is correctly accounted for in the model
and the higher experimentally observed heat transfer
coefficient is reflected. The third case increases the number
of CSTRs in series to investigate the potential benefits of more
inhibition of axial mixing, given the experimentally demon-
strated simplicity of achieving this with perforated plates.
Fourth, a more optimistic heat transfer coefficient (the upper
bound of experimentally observed values) is investigated. The
fifth case investigates the effect of shortening the reactor to
lower the pressure drop and the reactor cost based on
experimental observations24 that the CO2 adsorption is fast
enough to reach equilibrium at only about half the default gas
residence time used in the simulations. Sixth, the effect of
injecting additional steam raised in the modified process
scheme to the adsorption step is investigated. The final case
combines all of the potential positive effects together to
investigate the ultimate potential of the SARC process.

2.5. Process Economics. The methodology used in the
economic assessment is unchanged from our previous work,23

where the SARC concept was benchmarked under consistent
assumptions against several competing technologies previously

Table 2. Assumption Used in Process Modela

SARC process

heat pump compressor isentropic efficiency, % 85
heat pump compressor electric-mechanical efficiency, % 94
vacuum pump isentropic efficiency, % 85
vacuum pump electrical-mechanical efficiency, % 95
vacuum pump intercooling temperature, °C 35
regenerator recycle fan isentropic efficiency, % 80
regenerator recycle fan electrical-mechanical efficiency, % 94

CO2 compression

compressor isentropic efficiency, % 85
compressor electrical-mechanical efficiency, % 95
number of compressor stages 4
intercoolers outlet temperature, °C 35
after-cooler outlet temperature, °C 25
pump isentropic efficiency, % 80
pump electrical-mechanical efficiency, % 95
pressure drop in the intercoolers of compression and
vacuum section

1% of the inlet
pressure

minimum Pinch in the intercooler steam production 5 °C
low-pressure stream produced in modified scheme saturated steam
Aspen property method Peng−Robinson
aThe mainstream data for the modified scheme is presented Table 3
(modified and optimized), while the mainstream data for the standard
scheme is presented in Table S1, Supporting Information.

Table 3. Properties of the Main Streams of the Modified Configuration with Steam Injection Shown in Figure 4 (Ideal Case)

mole fraction

stream T, °C P, bar ṁ, kg/s CO2 H2O N2 O2 NH3

1 130 1.014 88.4 0.22 0.11 0.6 0.07 0
2 145.2 1.13 88.4 0.22 0.11 0.6 0.07 0
3 57.8 1.014 56.7 0.03 0.07 0.81 0.09 0
4 62.6 0.6 2.45 0.10 0.11 0.71 0.08 0
5 68.6 0.2 38 0.48 0.49 0.02 0.01 0
7 24 81.4 26.4 0.96 0.01 0.04 0.01 0
8 97.8 35.5 73.9 0 0 0 0 1
9 73.11 35.5 73.9 0 0 0 0 1
10 54.85 22.9 78.9 0 0 0 0 1
11 54.85 22.9 71 0 0 0 0 1
12′ 97.8 35.5 5 0 0 0 0 1
13 54.85 23.9 78.92 0 0 0 0 1
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assessed in the CEMCAP project.28 This study applies this
established methodology to compare the CO2 avoidance cost
(CAC) resulting from the different cases detailed in Table 4. It
is noted that the cost of large-scale vacuum pumps is an
important uncertainty in this analysis, and we have used the
most conservative option evaluated earlier23 with no
economies of scale beyond a flow rate of 500 (kg h)/kPa
(the cases evaluated in this study would require 11−22 vacuum
pumps at this maximum flow rate). Other important economic
assumptions are detailed in Table 5.

3. RESULTS AND DISCUSSION

The results are presented in two sections. The first section
reports the validation of the reactor model with the
breakthrough experiments and the full SARC cycle, while the
second section disseminates the results from the process and
economic model for the seven cases in Table 4.
3.1. Validation Cases. 3.1.1. Breakthrough Experiments.

The first validation simulation evaluated the accuracy of the
CSTR-in-series assumption. In the experiments, perforated
plates are inserted to separate the reactor into four parts.
However, the perforations are considerably larger than the
particles, allowing for some particle exchange between the four

reactor stages. Because of this additional axial mixing between
stages, it can be expected that the reactor will not show the
ideal behavior expected from four CSTRs in series.
Figure 5 illustrates that this is indeed the case. The

simulation with four CSTRs overpredicts the time before
significant CO2 breakthrough, which is an overly optimistic
result. However, the simulation with three CSTRs achieves a
close match to the experimental results. Given the practical
simplicity of the solution for creating stages within the reactor,
this is a very positive result. It should be simple and cheap to
insert additional perforated plates in the reactor to further
reduce the degree of axial mixing, implying that it may be
possible to approach the ideal breakthrough curve of a fixed
bed while maintaining the high heat transfer coefficients of a
fluidized bed.
The overprediction of the reduction in axial mixing when

four CSTRs are used in the simulation is confirmed in Figure
6. Clearly, the temperature wave takes a longer time to travel
through the reactor in the simulation than the experiment. Due
to the absence of separate pressure probes in each stage, it is
not possible to directly quantify the sorbent distribution in the
reactor, but the four successive peaks clearly indicate the
presence of sorbent in each stage. However, the difference

Figure 4. Modified process scheme with steam injection in SARC desorption step.

Table 4. Summary of Seven Cases Considered in This Study

case original setup PD & 400 W/(m2 K) 8 CSTRs 500 W/(m2 K) half PD steam ideal

desorption pressure (bar) 0.1 0.1 0.1 0.1 0.1 0.2 0.2
heat transfer coefficient (W/(m2 K)) 300 400 400 500 400 400 500
pressure drop (bar) 0.2 0.2 0.2 0.2 0.1 0.2 0.1
hydrostatic pressure included in model no yes yes yes yes yes yes
number of CSTRs 4 4 8 4 4 4 8
steam addition in desorption no no no no no yes yes
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between experimental and simulation results becomes most
apparent in the fourth stage, indicating that the amount of
sorbent in the final two stages may be lower (as opposed to the
constant sorbent loading in each stage assumed in the
simulation). A greater concentration of sorbent in the bottom
three stages offers another explanation for why the simulation
using only three CSTRs produced a more accurate break-
through curve than the simulation with four CSTRs. Figure 6
also shows that the model achieves a reasonable prediction of
the local temperature rise due to the exothermic reaction as the
reaction front moves through the different reactor stages,
heating the bed faster than the cooling oil can remove heat.
Based on these results, the comparison to the full SARC

cycle presented next will be carried out using only three
CSTRs to correctly predict the degree of plug flow achieved in
the experimental setup.

3.1.2. Full SARC Cycle. The most important aspect that the
model must capture is the degree of CO2 capture achieved in
the adsorption step. As shown in Figure 7, the CO2 slippage
during adsorption is accurately predicted. This result is
achieved through a combination of three effects: (1) the
rapid adsorption kinetics that justifies the assumption of
equilibrium conversion in the model, (2) the correct degree of
plug flow achieved by simulating three CSTRs to represent the
experiment four-stage reactor, and (3) accurate heat transfer
predictions to achieve the right temperatures in the different
reactor stages and steps.
When considering the temperature profiles in Figure 8, a

reasonable match is achieved aside from the reactor heating in
the long desorption step (240−1140 s). Heat transfer in the
desorption step was complicated by defluidization of the
lowest reactor stage in the experiments due to an insufficient
rate of CO2 release. This is a self-strengthening effect: less
fluidization causes poorer heat transfer, slowing down the
temperature increase needed to drive the CO2 release required
to fluidize the reactor. Thus, a clear threshold will exist beyond
which this effect is activated and the bed defluidizes.
A constant average heat transfer coefficient was derived from

experimental data for each of the lower three reactor stages:
192, 338, and 343 W/(m2 K) from the bottom to the top. This
result clearly shows the poorer fluidization in the lower stage,
leading to a lower heat transfer coefficient. The second and
third stages show higher heat transfer coefficients, indicating
that they are successfully fluidized, aided by the CO2 release in
lower stages. Heat transfer coefficients in the bottom three
stages for the adsorption and cooling steps were measured as
508 and 393 W/(m2 K), respectively.
For most of the desorption step, the heat transfer coefficient

in the bottom stage was only around 50 W/(m2 K), indicating
very poor fluidization. However, at the start of the desorption
step, the heat transfer coefficient was similar to the second and
third stages due to the faster initial release of CO2 when the
sorbent is still highly carbonated; this results in the average
heat transfer coefficient of 192 W/(m2 K) that was
implemented in the simulation.
The trends in Figure 8 during the desorption step (240−

1140 s) illustrate the effects of this simplification. Initially, the

Table 5. Summary of Key Economic Assumptionsa

plant economic lifetime 25 years

construction period 3 years
capacity factor 91.3%
discount rate 8%
process contingencies
reactors (including heat exchangers) 40% of installed costs
all other equipment 20% of installed costs
plant contingency (all equipment) 12% of installed costs
project contingency 15% of total direct costs
indirect costs 14% of total direct costs
owner’s costs 7% of total direct costs
maintenance, insurance, and taxes 4.5% of total plant costs per year
labor costs 3.2% of total plant costs per year
sorbent cost €15/kg
sorbent lifetime 2 years
electricity costs €58.1/MWh
indirect CO2 from electricity
consumption

262 kg/MWh

aInstalled costs = base cost of fully installed equipment. Total direct
costs = installed costs plus process and plant contingencies. Total
plant costs = total direct costs plus project contingency and indirect
and owner’s costs.

Figure 5. Effect of the number of CSTRs in series on the simulated breakthrough curve, compared to experimental data with and without stage
separators in the reactor.
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first stage (blue lines) temperature rise in the experiments is
much faster than the simulation prediction. This is the result of
the higher heat transfer coefficient observed at the start of the
desorption step when this stage was successfully fluidized. As

the desorption step progresses, the experimental heat transfer
coefficient sharply reduces as the first stage defluidizes and the
simulation catches up due to the average heat transfer
coefficient implemented. Ultimately, the correct final temper-
ature is reached, causing the right degree of desorption in the
simulated SARC cycle.
Figure 8 also shows a delay in the experimental temperature

rise at the start of the desorption step (240 s) and the
temperature fall at the start of the cooling step (1140 s). This
is the result of the delay in switching the heating oil pumps and
displacing the cold oil with the hot oil when switching to
desorption (and vice versa when switching to cooling).
Another observation from the experimentally measured heat

transfer coefficients is that the top stage consistently showed
worse heat transfer performance. During adsorption, desorp-
tion, and cooling, the heat transfer coefficient in the top stage
was, respectively, 46, 34, and 73% lower than in the third stage.
This supports the discussion around Figure 6 that the top stage
contains fewer particles, even during adsorption when the gas
flow rate is relatively high. During cooling, the fluidization
velocity is considerably smaller, causing the bed to become

Figure 6. Comparison between simulated and experimental measurements of temperature in the four reactor stages. The numbers in the legend
indicate the four reactor stages.

Figure 7. Simulated CO2 mol fraction at the outlet of the adsorption step compared to experimental measurements from a full SARC cycle.

Figure 8. Comparison of simulated (Sim) temperature profiles to
experimental (Exp) measurements over a full SARC cycle. The
numbers in the legend indicate the three reactor stages.
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more compact and particles to rain down from the top stage to
the third stage, causing the large observed reduction in the top
stage heat transfer coefficient. These observations provide
further explanation for why the simulation with only three
CSTRs in series provided the best match to experimental
results.
In summary, the key modeling aspects that were successfully

validated over the full SARC cycle in this campaign include:

• Rapid experimentally observed adsorption and desorp-
tion rates led to good CO2 capture performance
predictions from the model based on the assumption
of equilibrium CO2 concentrations in each CSTR.

• The simple perforated plates in the experimental reactor
could closely replicate the behavior of perfectly
separated CSTRs in the modeling. Results suggest that
the primary reason why three CSTRs in the modeling
best approximated the four-stage experimental reactor
behavior was a lower particle loading in the top stage.

• High heat transfer coefficients of up to 500 W/(m2 K)
could be achieved experimentally. Implementation of the
measured heat transfer coefficients led to good model
predictions of the temperature at the end of each step in
the cycle, thus leading to accurate predictions of overall
adsorption and desorption in each step. Desorption was
the only reactor step with poor heat transfer perform-
ance due to insufficient CO2 release in the bottom stage
that resulted in defluidization. Such defluidization can be
prevented by feeding a small amount of recirculated CO2
or vacuum pressure steam raised from heat integration
to the regeneration step.

With these key model assumptions successfully verified via
experiments, the model can now be used to refine a prior
economic assessment of the SARC concept. The cases in Table
4 were defined to explore the implications of the learnings
from this experimental study on the simulated techno-
economic performance of the large-scale SARC process.
These results are presented and discussed in the following
section.
3.2. Economic Implications of Experimental Obser-

vations. The simulations were completed using six new cases
and compared to the original setup as summarized in Table 4.
The CO2 avoidance cost (CAC) for the seven cases is
presented in Figure 9. The CAC with the standard process
scheme based on the original reactor model is €51/ton CO2,
which is €1/ton lower than the previous study23 due to a
change in the CO2 adsorption isotherm. Correctly modeling
the effect of pressure drop (PD and 400 W/(m2 K)) increased
the CAC by 4.8% compared to the original setup case. This
increase in CAC occurred despite increasing the heat transfer
coefficient from 300 to 400 W/(m2 K), indicating the
significant negative effect that higher pressures in the lower
reactor stages have on desorption performance. Figure 10a
shows that this increase is due to a substantial increase in heat
pump power consumption required to drive the larger
temperature swing needed to compensate for the higher
desorption pressures in the lower reactor stages. Figure 10b
shows that the increase in capital cost associated with the
larger ammonia compressor is negligible.
Next, the positive effects of increasing the number of CSTR

in the reactor model and further increasing the heat transfer
coefficient are investigated. Both cases reduced the CAC but it
remained higher by 2 and 2.8% compared to the original setup

case. Both these cases reduce the required temperature swing
and thus the heat pump consumption (Figure 10a), but it is
clear that the gains achievable from further reducing axial
mixing and increasing the heat transfer coefficient are minor.
Halving the reactor height had a considerably larger effect,

reducing the CAC by 9.1% compared to the original setup and
13.3% compared to the case with full pressure drop. This
modification had multiple advantageous effects on the process
economics. First, the consumption of the flue gas blower was
reduced due to the lower reactor pressure drop. Second, heat
pump consumption also reduced due to the reduced negative
effect of the hydrostatic pressure increase in the lower reactor
regions. Third, the cost of the reactor vessels reduced due to
their lower height. Fourth, the sorbent cost was halved because
only half the sorbent is used in the reactor. Figure 10 shows
that the reduction in capital cost is significantly larger than the
reduction in electricity consumption. Sorbent cost reductions
also play an important role by reducing both the sorbent
replacement costs in Figure 9 and the cost of the original batch
of sorbent included in the capital costs (Figure 10b).
An almost similar reduction in CAC (8%) was observed with

the modified process scheme (Figure 4), where the steam is fed
to the SARC desorption step. The reduction in vacuum pump
costs, enabled by an increase in desorption pressure from 0.1
to 0.2 bar, is the major benefit of this case. As shown in Figure
10a, the additional partial pressure swing enabled by the steam
addition allowed the vacuum pump pressure to be reduced
without excessive increases in heat pump consumption,
keeping the total power consumption similar to prior cases.
Without this added partial pressure swing, increasing the
desorption pressure negatively affects the economic perform-
ance of the process.23

When all positive effects are combined in the ideal case, a
large reduction in CAC of 23.7% is observed. This brings the
CAC to €38.7/ton, which is well below the most economical
benchmark (oxyfuel combustion) at €42.4/ton.28 The main
contributors to this large cost reduction are the cheaper
vacuum pump caused by the steam injection, the lower reactor
and sorbent costs from the smaller reactor size, and the
reduced power consumption from the blower.

Figure 9. CO2 avoidance cost for seven cases detailed in Table 4.
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Finally, attention should be drawn to an important economic
uncertainty parameter identified from the experimental
campaign. In the economic assessment, a sorbent lifetime of
2 years is assumed, but the experimental results indicated a rate
of fines elutriation of 0.09%/h, which translates into a lifetime
of only 7.2 weeks at a capacity factor of 91.3%. As shown in
Figure 11a, such a short sorbent lifetime will compromise the
economic competitiveness of the SARC process.
Once commercialized, the ease of retrofitting and

independence of process heat offered by SARC may make it
competitive for some applications even at a CAC of €55/ton.23

When using the default sorbent cost of €15/kg, the sorbent
lifetime should be improved by a factor of 1.6−4.8 over the
observations from this study depending on whether the
combination of steam integration and short reactor height in
the ideal case proves feasible. From a number of studies
reviewed by Thon and Werther,29 mature fluidized bed
catalysts typically have attrition rates in the order of 1 × 108

s−1 under bubbling fluidization, translating to a durability of
about 3.5 years (25× longer than observed in this study).
Substantial gains in mechanical stability can therefore be
expected once this is identified as the primary economic
requirement for SARC and other sorbent-based CO2 capture
processes.
It is therefore clear that the development of a more

mechanically robust sorbent is of high priority for realizing the
great techno-economic potential of the SARC concept shown
in Figure 9. Furthermore, the chemical stability of the sorbent
using real flue gases with high O2 concentrations and traces of
other pollutants must be demonstrated under real SARC
operating conditions. The thermal stability issues of PEI
sorbents are inherently avoided by the SARC process due to its
mild desorption temperatures enabled by the vacuum swing.
Figure 11 also illustrates several other sensitivities to model

parameters varied over a range of ±50%. The effect of sorbent
cost (Figure 11b) increases as the sorbent lifetime reduces
from 2 years to 6 months. This sensitivity reduces for the ideal
case because the shorter bed halves the sorbent inventory in
the reactors. Figure 11c shows that the CAC is only mildly
sensitive to the costs of the two most uncertain units in the
plant: the SARC reactor cluster and the vacuum pump. A

higher sensitivity is observed when the discount rate is varied
between 4 and 12%. The sensitivity to electricity costs in
Figure 11d is similar across the two cases and the three CO2
emissions intensities investigated. The CO2 emissions intensity
of the electricity has a significant effect on CAC because
indirect emissions from electricity consumption reduce the
total avoided CO2, thereby increasing the cost per unit avoided
CO2.

4. CONCLUSION

It is common practice to complete techno-economic assess-
ments of new process concepts using idealized modeling
assumptions such as perfect reactor mixing and chemical
equilibrium. This practice was also followed in previous
publications to assess the potential of the SARC post-
combustion CO2 capture technology. In this study, the reactor
model used in previous works was validated against
experimental data collected from a lab-scale multistage
fluidized bed reactor used to demonstrate the SARC concept.
In general, the comparison showed that the previously

employed reactor model assumptions were reasonable. The
most important correction to the reactor model that proved
necessary was to account for the effect of the hydrostatic
pressure gradient in the lower regions of the reactor which
significantly suppressed desorption, negatively affecting reactor
performance. On the positive side, the previously published
experimental results showed that a substantially higher heat
transfer coefficient could be achieved in practice than originally
assumed in the reactor simulations, that limiting axial sorbent
mixing using simple porous separators was highly effective, and
that the adsorption reaction was fast enough to justify the
modeling assumption of chemical equilibrium.
These learnings from the experimental campaign were used

to revise the reactor model and quantify the impacts of these
revisions on the projected economic performance of the SARC
concept. It was shown that the negative effect of pressure drop
outweighed the positive effect of increased heat transfer to
increase the CO2 avoidance cost (CAC) by 4.8 and 2.8% in the
lower and upper ranges of the observed experimental heat
transfer coefficient, respectively. Capitalizing on the simplicity
of further reducing axial solids mixing to delay the CO2

Figure 10. Breakdown of (a) power consumption and (b) capital cost of the seven cases detailed in Table 4.
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breakthrough only brought small gains by reducing the CAC
by 2.8%. The potential of constructing shorter reactors to
capitalize on the fast adsorption kinetics observed in the
experiments had a much larger effect, reducing the CAC by
13.3%, illustrating the importance of minimizing reactor size
and pressure drop. Optimizing the trade-off between reactor
size and gas-solid contact time is therefore an important
priority for future work.
In addition, a new heat integration scheme was investigated

where very low-pressure steam was raised from several low-
grade heat sources in the SARC plant, still avoiding any need
for heat integration with the host process. This process
integration reduced the CAC almost as much as halving the
reactor size, demonstrating that this relatively simple heat
integration scheme should be the default configuration in
future SARC plants. When this new heat integration layout was
combined with all of the aforementioned potential gains in
economic performance, the optimal CAC emerged to be 23.7%
below the case with the original SARC reactor model. This
CAC of €38.7/ton is significantly below the most economical

solution for new cement plants, oxyfuel combustion,
illustrating the potential of SARC to be the preferred solution
not only for retrofits but for greenfield plants as well.
Finally, attention was drawn to a key uncertainty in the

economic performance of the SARC concept: sorbent
durability. The observed fines generation rate from the
experiments is well above the assumption in the modeling
and would strongly reduce economic performance. The
development of more mechanically robust sorbents should
therefore be a high priority to realize the potential of this
promising post-combustion CO2 capture concept. In addition,
long-term demonstration of chemical stability in real flue gases
is another high sorbent-related priority.
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