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A B S T R A C T

Carbon capture and storage is an effective way to abate CO2 emissions during the transition to zero-
carbon power generation technologies. As renewable electricity sources such as wind and solar photovoltaics
become more prevalent, conventional power generation systems are increasingly required to operate at highly
variable rates in order to balance intermittent renewable power supply. As a result, post-combustion carbon
capture systems integrated with fossil fuel power plants must also operate at variable load. In addition, the
solvent regeneration and CO2 compression in capture plants requires substantial amounts of energy and such
flexible operation can present an opportunity for operators to take advantage of fluctuating electricity prices,
potentially offsetting the cost of carbon capture. This can be achieved through, among others, variable capture
rates and utilization of solvent storage. In this paper, we consider a carbon capture system using ionic liquids
as a chemical absorption solvent. We study the optimal flexible operation of this system when connected to
a natural gas combined cycle power plant under high variable renewable power generation rates. The results
show significant cost savings relative to the case of inflexible capture system operation.
1. Introduction

The emission of greenhouse gases (GHGs), including carbon diox-
ide, has been identified as a primary cause of global warming, with
fossil fuel-based power plants being a significant contributor to this
issue (United States Energy Environmental Protection Agency, 2023).
etrofitting existing power plants with post-combustion carbon cap-
ure units is an efficient and cost-effective way to reduce CO2 emis-
sions (Wu et al., 2014; Zanco et al., 2021). Several technologies
for post-combustion carbon capture have been developed, including
solvent absorption (Rochelle et al., 2011), membrane-based separa-
tion (Kárászová et al., 2020), and solid adsorption (Samanta et al.,
2012). Among these technologies, solvent absorption is the most stud-
ied and widely implemented in industry (Bui et al., 2018).

In recent years, the amount of electricity generated from renewable
sources, including solar photovoltaics (PV) and wind turbines has sig-
nificantly increased. The share of US power generation from renewable
sources is expected to surge from 21% in 2021 to 44% by 2050 (United
States Energy Information Administration, 2022a). This shift towards
renewable energy is a positive development in terms of reducing GHG
emissions and minimizing environmental impacts of the power indus-
try. However, it presents challenges to traditional fossil fuel-based
(dispatchable) generation. ‘‘Dispatchable’’ refers to power generation
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sources that can be easily turned on and off as needed to match changes
in electricity demand on the grid. These sources typically include
fossil fuel-based power plants, which can modify (increase or decrease)
their output to balance changes in electricity demand. However, high
levels of renewable power generation can alter the electricity net-load
curve and impact the ability of dispatchable power systems to balance
supply and demand on the grid (Hou et al., 2019). PV generation
typically peaks during the day, but energy demand typically peaks in
the evening when solar PV supply is reduced. Therefore, integrating
intermittent generation like wind and PV in the power generation
portfolio may force dispatchable power plants to operate on a load-
following or cyclic basis, resulting in highly fluctuating output to meet
variable loads (Gonzalez-Salazar et al., 2018). In order to make the
implementation of carbon capture from power plants both technically
and economically viable, the carbon capture process also needs to be
capable of accommodating rapid and significant load changes (Rúa
et al., 2020).

The energy for solvent regeneration in a carbon capture system is
typically provided by low-pressure steam, which can be diverted from
the power plant. In addition, compression of captured CO2 requires a
significant amount of work, provided by electric motors. High pene-
tration of renewable energy sources can cause volatility in electricity
vailable online 10 July 2023
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prices due to their intermittency and oversupply/curtailment. Fluctua-
tions in demand (often driven by residential users) also cause electricity
prices to vary. Thus, the operating cost of a carbon capture system
installed at a fossil fuel-fired power plant can be reduced by adjusting
its operation in response to the time-varying price of electricity (Bruce
et al., 2016; Hao et al., 2020). Specifically, capture rates (and hence the
energy used for regeneration and compression) can be reduced during
periods of high electricity demand (and hence high price). Conversely,
capture rates can be increased when grid electricity demand is low.

In light of the above, flexibility becomes an important consideration
when designing and operating carbon capture processes for power
plants. Flexibility is promoted by certain design features, such as the
capability to adjust the instantaneous capture level over time while
ensuring that the operating capture level meets, on average, over a
specified time, a given target value (typically 90% of CO2 fed to the
capture process), and the ability to store lean and rich CO2-absorbing
solvent (Errey et al., 2014; Bui et al., 2014; Cohen et al., 2012; Spitz
et al., 2019; Chalmers et al., 2009). The flexibility benefits of such
features can be explained as follows:

• The instantaneous capture level refers to the real-time percentage
of CO2 captured relative to CO2 produced by the power plant
and fed to the capture unit in the flue gas. Allowing for variable
instantaneous capture levels provides flexibility in response to the
grid status. In periods of peak power demand, the instantaneous
capture rate can be decreased to minimize energy consumption,
which is typically diverted from power generation low-pressure
steam and utilized for solvent regeneration. This can be achieved
by either reducing the rate of solvent regeneration or reducing
the amount of steam used, which will result in a richer CO2
loading (higher CO2 content) of the regenerated solvent. This can
be especially advantageous when the power demand on the grid
is high. Conversely, during periods of low power demand, the
instantaneous capture rate can be increased beyond the design
value to offset the decrease in the capture rate during peak
demand periods.

• The solvent storage system comprises two tanks: a rich storage
tank, which collects the solvent as it exits the absorber before it
is regenerated, and a lean storage tank, which collects the lean
solvent after regeneration. The purpose of these tanks is to make
the operation of the combined power plant and carbon capture
system more flexible by decoupling the absorption and desorption
of CO2. For example, the rich solvent is stored during periods of
high electricity prices. During off-peak periods, the rich solvent
from the storage tank is regenerated.

Other strategies, such as a bypass option (Chalmers et al., 2009;
Cohen et al., 2011), can be used. This refers to exhaust gas venting,
which involves temporarily disabling the CO2 capture plant while keep-
ing the power cycle operational. A significant portion of the electricity
penalty associated with the carbon capture process can be eliminated.
The bypass option may be economically advantageous during periods
of high electricity prices. However, this strategy may result in the
unabated emission of all the CO2 produced by the power plant during
the bypass period, and excessive bypassing makes it difficult to achieve
the desired reduction level (e.g. 90%) in long-term time-averaged
emissions. Therefore, this option is not considered in this work.

Previous research on post-combustion carbon capture systems ini-
tially focused on a fixed load operation, with a constant flow of flue
gas treated through the capture system. This means that the power
plant is operating at a fixed load while the rates of CO2 absorption,
regeneration and compression in the capture system are constant at all
times (Rubin et al., 2007; Jockenhoevel et al., 2009; Plaza et al., 2009;
Tsay et al., 2019; Seo et al., 2020). Subsequent studies (Khalilpour,
2014; Bui et al., 2014; Cohen et al., 2011; Cheng et al., 2022; Zantye
t al., 2019; Alie et al., 2016) have investigated the flexible operation of
2

arbon capture systems. However, many of these studies lack thorough
onsideration of process-level decisions and constraints for the carbon
apture process. Although some of the decision variables (e.g., plant
oad, regeneration load, storage level, capture level) can be varied
ynamically in response to fluctuating electricity prices in order to
mprove the economics of the capture process, they mostly relied on
imple linear models relating the process load and the corresponding
ost and CO2 emission level. For example, Cheng et al. (2022) and Zan-
ye et al. (2019, 2021) utilized linear functions to link the partial load
f absorption and desorption columns to their energy consumption.
lthough the linearized models appeared to be accurate, they were
ased on nominal operating conditions (e.g. operating temperature,
ressure, and absorbent CO2 loading), and opportunities for flexibility
ere limited. Zaman and Lee (2015) developed an equilibrium-based
arbon capture process model that incorporated solvent storage and
ariable capture rate as flexibility-enabling components. However, the
perating conditions, such as absorption and regeneration tempera-
ures, were fixed throughout the day, and the objective function did not
onsider detailed capital investment costs, including absorber and stor-
ge size, and were not optimized simultaneously. The overall process
conomics of carbon capture systems are represented nonlinearly by
he combinations of different operating conditions, such as temperature
nd compression load, which need to be optimized simultaneously to
chieve maximum cost efficiency.
Motivated by the above, we propose an optimization framework for

he design and operation of a flexible carbon capture plant. A detailed
ate-based, process-level representation of the post-combustion carbon
apture plant is developed. We simultaneously optimize the design
nd operation of the process in response to variable power loads and
olatile electricity prices. We consider a carbon capture system that is
ntegrated with a natural gas combined cycle (NGCC) power plant. An
onic liquid (IL) that chemically absorbs CO2 is used as the solvent.
Ls have been identified as promising alternatives to aqueous amine
olvents due to their superior properties such as lower heats of absorp-
ion and negligible volatility (Ramdin et al., 2012; Aghaie et al., 2018).
o account for long-term variation in plant load and electricity prices,
e present a scenario-based optimization problem. Subsequently, we
valuate the behavior and costs of the optimal flexible carbon capture
rocess and compare the results with a reference inflexible process.

. CO2 capture process flowsheet model

Fig. 1 depicts a carbon capture process. It involves an absorption
ection and a solvent regeneration section that includes a flash tank.
n the absorption section, CO2 is chemically absorbed in the IL solvent
n a packed-bed absorption column. An intercooling system is used to
nhance absorption efficiency. The CO2-rich solvent is preheated using
ot CO2-lean solvent, and then enters the flash tank for regeneration.
he source of energy for solvent regeneration is steam extracted from
he low-pressure (LP) turbine of a power plant. By reducing the steam
iverted for solvent regeneration, more steam can be used for power
eneration, which can increase the electricity output. For flexible op-
ration, the carbon capture system can adjust solvent regeneration to
ptimize energy consumption and allow for more power generation as
eeded. Finally, the captured CO2 is compressed for storage or further
se. In this study, the IL triethyl-(octyl)phosphonium 2-cyanopyrrolide
[P2228][2-CNPyr]) is used as the chemical solvent due to its favorable
roperties including high absorption capacity, moderate reaction en-
halpy, superior reversibility, and relatively low viscosity (Seo et al.,
014). This IL belongs to the class of aprotic heterocyclic anion (AHA)
Ls. AHA ILs incorporate an amine functionality in the anion, which
ontains azolide-type ring structures (Gurkan et al., 2010). The unique
tructure of AHA ILs enables equimolar chemical absorption of CO2
hile maintaining high reversibility. One notable advantage is that the
iscosities of AHA ILs do not increase significantly after reaction with
O . This is attributed to the absence of free protons in AHA anions,
2
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Fig. 1. Schematic diagram of IL-based carbon capture process. Solvent storage tanks and variable capture rate are used to enable flexibility.
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hich prevents the formation of hydrogen-bonding networks after the
eaction with CO2.
To allow for flexible operation, the process utilizes both variable

apture levels and solvent storage tanks. The capture level can be
electively reduced (in general, during peak hours) by lowering either
he regeneration temperature or the amount of solvent being regener-
ted. This results in a significant reduction in energy consumption for
olvent regeneration and CO2 compression during this period. Solvent
egeneration can also be delayed during peak electricity demand/prices
y storing the rich solvent in a tank. The CO2-rich solvent from the
absorber can be stored to reduce the energy consumption required for
regeneration and compression, allowing the power plant to maximize
electricity output by reducing the steam flow extracted from the LP
turbine of the NGCC. Additionally, CO2-lean solvent from the lean
solvent tank can be used to allow for full load CO2 capture while
deferring the energy consumption for regeneration.

In this paper, we introduce a dynamic model of an IL-based car-
bon capture plant based on the steady-state model developed in our
previous work (Seo et al., 2020). For the sake of brevity, we focus on
presenting the new models (specifically, the process dynamics and the
model for the storage systems) in this section. The complete flowsheet
model including the IL thermophysical properties (Seo et al., 2020),
rate-based absorber model (Seo et al., 2020), and heat exchanger
model (Seo et al., 2021) can be found in our previous work.

2.1. Absorber dynamic model

The mass and energy balances for the absorber are represented
considering the dynamics of the time-varying liquid hold-up volume,
as represented by the equations (Walters et al., 2016a):

1 𝜕
(

𝐹V𝑦𝑖
)

= −𝑁V, 𝑖 = CO2,N2,O2 (1)
3

𝑍abs𝑆 𝜕𝑧 𝑖
∑

𝑦𝑖 = 1, 𝑖 = CO2,N2,O2 (2)
𝜕
(

𝜀L𝐶L𝑖
)

𝜕𝑡
+ 1

𝑍abs𝑆
𝜕
(

𝐹 L𝑥𝑖
)

𝜕𝑧
= 𝑁L

𝑖 , 𝑖 = CO2, IL (3)
∑

𝑥𝑖 = 1, 𝑖 = CO2, IL (4)

here 𝑧 is the normalized axial position and 𝑍abs and 𝑆 are the height
nd cross-sectional area of the column, respectively. 𝐹V and 𝐹 L are
he vapor and liquid molar flowrates, and 𝑦𝑖 and 𝑥𝑖 represent the
apor and liquid phase mole fractions for component 𝑖. 𝜀L is the liquid
old-up in the packing and 𝐶L𝑖 is the molar density for component
. Note that molar hold-up in the vapor phase is much smaller than
n the liquid phase, so the vapor phase dynamics are assumed to be
egligible (Walters et al., 2016a). 𝑁𝑖 refers to the molar transfer rates
per unit volume of bed) of each component 𝑖. The overall mass transfer
oefficient can be derived based on the gas and liquid phase mass
ransfer resistances, accounting for the enhanced mass transfer rate
ue to chemical reaction between CO2 and IL (Seo et al., 2020). An
n-and-out intercooling system is implemented mid-way to minimize
he impact of heat from the exothermic CO2 absorption reaction. The
emi-rich IL solvent is drawn off at the bottom of the upper packing
ection. After passing through the intercooler, the semi-rich solvent is
hen returned to the top of the lower packing section. In addition to the
iquid holdup in the packing, a first-order linear response is assumed
o account for substantial liquid holdup in the absorber sump (Walters
t al., 2016b). We assume that the absorber sump has a residence time
of 𝜏 = 5 min. This allows us to capture the behavior of this unit over
time, accounting for the time that elapses between changes in input
streams and their effects on the output streams:

𝜏
𝜕𝜒sump,out = 𝜒 − 𝜒 (5)
𝜕𝑡 sump,in sump,out
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where 𝜒sump,in and 𝜒sump,out are the relevant inlet and outlet stream
roperties including enthalpy and component mole fractions.

.2. Regeneration flash unit dynamic model

The regeneration flash unit is described by the following material
nd energy balances:

𝐿flash,in = 𝐿flash,out + 𝑉flash,out (6)
𝑥𝑖,flash,in𝐿flash,in = 𝑥𝑖,flash,out𝐿flash,out + 𝑦𝑖,flash,out𝑉flash,out, 𝑖 = CO2, IL

(7)

𝐻flash,in𝐿flash,in = 𝐻L
flash,out𝐿flash,out +𝐻V

flash,out𝑉flash,out −𝑄 (8)

where 𝐿in is the inlet liquid flowrate and 𝑉flash,out and 𝐿flash,out rep-
resent the molar flowrates of vapor and liquid leaving the flash tank,
respectively. 𝑥flash,in, and 𝑥flash,out denote the molar fractions of the
inlet and outlet streams in liquid phase, and 𝑦flash,out denotes the molar
fraction of the outlet streams in vapor phase. 𝐻flash,in, 𝐻flash,out are the
molar enthalpies of the inlet and outlet streams of the flash tank. 𝑄
is the heat duty required for regenerating the IL solvent. Similar to
the absorber sump, a simple dynamic model is used to represent tank
dynamics. This model also assumes first-order response with a time
constant of 5 min (Walters et al., 2016b):

𝜏
𝜕𝜒flash,out

𝜕𝑡
= 𝜒flash,in − 𝜒flash,out (9)

here 𝜒flash,in and 𝜒flash,out represent the inlet and outlet stream prop-
rties of the flash unit.

.3. Solvent storage tank model

The overall mass and heat balances for the solvent storage tanks are
iven by:

𝜕𝑀
𝜕𝑡

= 𝐿in − 𝐿out (10)

𝜕(𝑀𝑥𝑖,storage)
𝜕𝑡

= 𝐿in𝑥𝑖,in − 𝐿out𝑥𝑖,out 𝑖 = CO2, IL (11)

𝜕(𝑀𝐻storage)
𝜕𝑡

= 𝐿in𝐻in − 𝐿out𝐻out (12)

where 𝑀 represents the total number of moles of liquid in the tank,
𝐿in and 𝐿out are the molar flow rates of the input and output streams,
nd 𝑥storage, 𝑥in, and 𝑥out are the CO2 mole fractions of the liquid in
torage, and in the input and output streams, respectively. Similarly,
storage, 𝐻in, and 𝐻out are the molar enthalpies of the stored material,
nd inlet and outlet streams, respectively. The equations assume that
he tank is well-mixed, and that there are no reactions or phase change
aking place.

. Optimization problem formulation

In this section we present an optimization framework used to simul-
aneously make both design and operational decisions for the carbon
apture plant under fluctuations in power load and consequently in
lectricity prices. Electricity prices and the power plant load are con-
idered as uncertain parameters and are represented through a set of
cenarios.

.1. Variable power loads and electricity prices

Fig. 2 shows the selected dataset for three representative scenarios
onsidered in this work. We use day-ahead electricity market prices
n Texas (Electric Reliability Council of Texas, 2022) and output data
rom Wolf Hollow II power station (an NGCC power plant, located
n Granbury, Texas) (United States Environmental Protection Agency,
022). Texas was selected as a representative location because wind
nd solar account for over 20% of the electricity generation within
4

Table 1
Flue gas composition for case B31B (James et al., 2019).
Flue gas component Value (mole%)

Ar 0.89
CO2 4.08
H2O 8.75
N2 74.28
O2 12.00

the local independent system operator (ERCOT) (United States Energy
Information Administration, 2022b) and therefore influence electricity
prices significantly. We assume that the power plant can operate at
or below its capacity (1231 MW), without completely shutting down.
The power plant output varies on a daily basis in response to the grid
demand. Note that the locational marginal price of electricity on the
power grid can experience significant fluctuations under certain cir-
cumstances, such as extreme weather conditions that may cause many
power-generating units to go offline, thereby disrupting the electricity
supply. An example of such a case is scenario 2, in which there is an
extremely high excursion in the electricity price during peak hours.
However, the probability of such events causing extreme volatility in
price is generally low.

The feed composition of the flue gas, as shown in Table 1, is
considered to be constant and equal to that reported in the DOE
baseline case B31B (NGCC plant with a net output of 646 MW) (James
et al., 2019). We assume that water present in the flue gas is removed
from the flue gas during a pretreatment dehydration process (the cost
of dehydration is not considered). This precapture dehydration offers
several advantages. Firstly, it reduces the overall flow rate entering
the downstream carbon capture process, resulting in smaller equip-
ment sizes, lower capital costs, and reduced utility duties. Secondly,
removing water at this stage helps mitigate issues such as corrosion
and hydrate formation, which can lead to additional costs and com-
plications. Additionally, other species in the flue gas apart from CO2,
uch as N2 and O2, are considered inert and it is assumed that they
re not absorbed by the IL, based on experimental findings indicating
egligible absorption (Bennett, 2014; Anthony et al., 2005; Lei et al.,
014; Song et al., 2019).

.2. Cost evaluation

In this study, we perform an economic evaluation of a carbon
apture plant considering detailed capital and operating costs. The
apital cost estimation includes the absorber, heat exchanger, stor-
ge tanks, solvent cooler, regeneration heater, and compressor costs.
he operating cost includes expenses related to regeneration heating,
ooling, gas conveyance by blower, and compression.
The capital cost is annualized based on the purchased equipment

ost (PEC), as suggested in Frailie (2014):

otal annualized capital cost ($/year) = 𝛼 × 𝛽 × PEC ($), (13)

here 𝛼 is a scaling factor that converts PEC to total capital cost and
ncludes direct cost, indirect cost, and working capital, and 𝛽 is the
actor that annualizes capital cost and addresses return on investment,
ax, depreciation, and maintenance. We use the values of 5 and 0.2
or the scaling and annualization factors, respectively, as suggested
y Lin and Rochelle (2014). We also consider the cost of solvent startup,
hich is assumed to be 10 dollars/kg (Mota-Martinez et al., 2018). We
ummarize key correlation models in Tables 2 and 3.
For CO2 compression, to account for the increased capacity needed

o accommodate increased CO2 flow when the extra solvent is being
egenerated, a compressor with variable speed drive is used. The fre-
uency supplied to the drive motor is regulated based on compression
oad. Therefore, the motor can operate at a reduced speed and con-
ume less energy during reduced load (Lüdtke, 2004). This type of
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Fig. 2. Day ahead electricity prices (Electric Reliability Council of Texas, 2022) and power output of the NGCC power station (United States Environmental Protection Agency,
2022). Case 1: moderate, Case 2: high, Case 3: low variability in electricity prices.
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ompressor can handle a maximum allowable load of 105% of its design
apacity (Stewart, 2018). To determine the appropriate size for the
ompressor, we first obtain the maximum load during compression over
he operating hours, which is 100% of the compressor’s design capacity.
e then size the compressor based on the base load. For solvent cool-
ng, a cost of $0.354/GJ for cooling (≥ 30 ◦C) (Turton et al., 2012) and
4.43/GJ for refrigeration (≥ 15 ◦C) are used. The regeneration cost is
alculated based on the equivalent electrical work, which accounts for
he electricity output penalty due to steam extraction from the power
lant (shown in Eq. (30)).

.3. Scenario-based optimization under uncertainty

The scenario-based optimization formulation minimizing the overall
ost for carbon capture is represented as:

in
𝑑,𝑧

∑

𝑘∈𝛺

1
𝑡𝑓

(

𝑤𝑘 ∫

𝑡𝑓

0
𝑓𝑘

(

𝑑, 𝑥𝑘(𝑡), 𝑧𝑘(𝑡), 𝜃𝑘(𝑡)
)

𝑑𝑡
)

s.t. carbon capture plant dynamic model
operating constraints

(33)

where the objective function is the expected annualized cost based on
weighted 24 h operation costs for the scenarios considered. 𝑓 represents
process costs (including capital, operating, and solvent inventory costs)
and is weighted by the probability of each scenario occurring in long-
term operation (represented by the scenario weight, 𝑤𝑘). 𝑘 refers to the
scenarios considered, and 𝛺 denotes the set of scenarios. 𝑑 and 𝑧 are,
respectively, the process design variables (e.g., sizes of unit operations)
and the operating variables (e.g., flowrates, temperature) being opti-
mized. 𝑥𝑘 are process variables and 𝜃𝑘 are time-varying parameters that
represent fluctuations in energy prices and flue gas load. As depicted
in Fig. 3, time-varying parameters and process operating decisions are
treated as piecewise constant, with intervals of one hour. The process
design variables remain fixed over time.

In this study, three specific days in 2020 were chosen as represen-
tative of high, moderate, and low variability scenarios in electricity
5

d

prices (shown in Fig. 2). The power plant outputs from the same days
are used for the corresponding load variation in each scenario. The
scenario weights (𝑤𝑘) are determined by calculating the Euclidean
distance between the electricity prices of each selected day and all the
remaining days in 2020. The corresponding scenario weights for high,
moderate, and low variability cases are 0.0082, 0.3224, and 0.6694,
respectively, based on ERCOT electricity price data from 2020.

The operating constraints implemented for inflexible and flexible
operation are shown in Table 4. In both cases, the heat exchanger
temperature approach must be at least 1 ◦C (Eqs. (35) and (38)) and the
maximum regeneration temperature is 150 ◦C (Eqs. (36) and (39)) (to
avoid solvent degradation) throughout the entire time horizon. We note
that the thermal stability of an IL will depend on the specific choice of
the anion, cation, and their substituents. Long-term stability studies are
require to determine the process operating constraints for a specific IL
choice. A detailed study of the thermal stability of a large number of
ILs has been provided recently by Huang et al. (2021) who find that
he thermal stability of ILs is influenced significantly by the choice of
ation and anion, as well as the specific gaseous environment. Thus, the
pper limit on the regeneration temperature may need to be modified
epending on the circumstances. For the inflexible operation mode,
he CO2 removal rate is kept at a minimum of 90% throughout the
ntire time horizon (Eq. (34)) and the storage tanks are not utilized. In
ontrast, the flexible operation mode allows for adjustments in the CO2
apture level over time, while ensuring that the time-average removal
s at least 90% over the 24 h horizon (Eq. (37)). In addition, constraints
re imposed to ensure that the solvent cannot flow into and out of a
torage tank at the same time (Eq. (40)). The inventory levels in the
ean and rich solvent storage tanks must be at least at their initial values
y the end of the time horizon (Eq. (41)). Solvent inventory levels are
onstrained to be between 20% and 80% of the storage tank volume
Eq. (42)) to ensure efficient and safe operation to prevent operation

isruptions such as potential overfilling.
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Table 2
Purchased equipment costs.
Equipment Correlation Description Source

Packed column

𝑆 =
𝜋𝐷2

packing

4
(14) 𝑆: cross-sectional area of the packing, 𝐷packing:

diameter of the packing, 𝑎p: specific area of the
packing, 𝑍abs: height of the packing section,
𝑡ℎmetal: thickness of the metal shell, 𝜌metal:
density of the metal, 𝑊shell: weight of the metal
shell, 𝐶packing: cost of the packing, 𝐶shell: cost of
the metal shell, 𝐶manhole: cost of the manhole,
𝐶distributors: cost of the liquid distributors,
𝐶auxiliaries: cost of the auxiliaries. PECcolumn
represents the purchased equipment cost of the
packed column.

Tsai (2010)

𝐶packing = (6.36𝑎p + 176.6)
(

𝜋𝐷2
packing

4
𝑍abs

)

(15)

𝑊shell =
𝜋
4
𝐿
(

(𝐷packing + 𝑡ℎmetal)2 −𝐷2
packing

)

𝜌metal

(16)

𝐶shell = 518.2(𝑊shell)0.609 (17)
𝐶manhole = 3, 480𝑍abs (18)
𝐶distributors = 11∕6

(

13, 350𝐷0.176
packing

)

(19)
𝐶auxiliaries = 985.33𝐷packing + 759.33 (20)
PECcolumn($) = 𝐶packing + 𝐶shell +
𝐶manhole + 𝐶distributors + 𝐶auxiliaries

(21)

Storage tank PECflash($) = 264.172𝑉 0.51
storage (22) 𝑉storage represents the volume of the storage tank

in cubic meters. PECflash represents the purchased
equipment cost of the storage tank.

Seider et al.
(2009)

Solvent cooler PECcooler($) = 22.16𝐴 (23) 𝐴 represents the heat transfer area of the solvent
cooler in square feet. PECcooler represents the
purchased equipment cost of the solvent cooler.

Tsay et al.
(2019)

Regeneration heatera
𝐶B = exp(11.0545 − 0.9228ln(𝐴ref) +
0.09861[ln(𝐴ref)]2)

(24) 𝐴 represents the heat transfer area of the regeneration
heater in square feet. 𝐴ref represents the reference heat
transfer area. 𝑃 represents the pressure of the system in
kPa. 𝐶B represents the base cost. 𝐹M and 𝐹P are material
factor and tube-length correlation, respectively. PECheater
represents the purchased equipment cost of the heater.

Seider et al.
(2009)

𝐹M = 1.75 +
(

𝐴ref
100

)0.13
(25)

𝐹P = 0.9803+0.018
(

𝑃
100

)

+0.0017
(

𝑃
100

)2
(26)

PECheater($) =
𝐴
𝐴ref

𝐹M𝐹P𝐶B (27)

Heat exchanger PECheat exchanger($) = 22.16𝐴 (28) 𝐴 represents the heat transfer area of the heat
exchanger in square feet. PECheat exchanger
represents the purchased equipment cost of the
heat exchanger.

Tsay et al.
(2019)

CO2
compressor

PECcompressor($) =
𝑀V

CO2

(

−2.05ln(𝑃 ) + 0.17ln𝑃 2 + 6.76
)

(29) 𝑃 represents the regeneration pressure in bar.
𝑀V

CO2
represents the amount of CO2 captured in

tons. PECcompressor represents the purchased
equipment cost of the CO2 compressor.

Lin and
Rochelle
(2014)

a𝐴ref is 12,000 ft2.
Table 3
Electric equivalent work for steam heating, gas blower, compressor, and pump.

Equipment Correlation Source

Heatinga 𝑊heating(MW) = 𝜂turbine
(

𝑇steam−𝑇sink
𝑇steam

)

𝑄heating (30) Lin and Rochelle (2014)

Gas blowerb 𝑊blower(MW) =
𝐺𝑉 𝛥𝑃

106𝜂blower
(31) Tsai (2010)

CO2 compressorc 𝑊compressor(kW) = 𝐹 V
CO2

(−3.48ln(𝑃 ) + 14.85) (32) Lin (2016)

aTurbine efficiency, 𝜂turbine is assumed to be 0.9. 𝑇steam and 𝑇sink are fixed to 160 and 38 ◦C, respectively. 𝑄heating is regeneration
heat duty.
bBlower efficiency, 𝜂blower is assumed to be 0.75. 𝛥𝑃 is the total pressure drop in Pa. 𝐺𝑉 is the feed gas flowrate in cubic
meters per second.
c𝑃 is the regeneration pressure in bar. 𝐹 V

CO2
is molar flowrate of CO2 compressed in moles per sec.
c
f
s

v
t
t
a
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v
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. Results and discussion

The model described above has ∼6,000 equations and the op-
imization problem is solved using the NLPSQP solver in gPROMS
rocessBuilder and within 15 h of CPU time on a 64-bit Windows
0 PC equipped with an Intel Core i7 processor running at 3.20 GHz
nd 16.0 GB RAM. We note that the solver used will return a local
inimum. The process variables are bounded within physically fea-
ible bounds throughout the time horizon. This avoids solutions that
re physically infeasible, such as negative molar fractions, pressures,
reas, or velocities, while providing some degree of flexibility in the
ystem. However, it is possible that alternative solutions may exist.
lobal optimization strategies such as a reduced-spaced formulation
pproach (Bongartz and Mitsos, 2019) could be used, but this is beyond
he scope of this work. We believe that this could be an important
irection for future work.
We analyze the optimal design and operation of a carbon capture

ystem, focusing on the impact of providing flexibility in the carbon
6

apture system. The results are compared to those of a case without
lexibility, where the carbon capture rate is kept constant (90%) and
olvent storage tanks are not utilized.
Table 5 provides the optimum values for key design and operational

ariables for the carbon capture process, showing the differences be-
ween the flexible and inflexible operation modes. In flexible operation,
he optimal diameter of the column packing for the absorber is larger to
ccommodate the increased (intermittent) liquid flowrates due to the
tilization of the storage system. The lean solvent tank is used to pro-
ide solvent (to the absorber) while the rich solvent tank stores solvent
from the absorber) during peak hours. This behavior is reversed during
ff-peak hours. The maximum inventory level in each tank can vary
ue to the influence of system dynamics. The maximum flows to and
rom storage decrease when there is less fluctuation in the electricity
rices. With the smallest price fluctuation (scenario 3), the nominal
0% overall carbon capture rate is achieved mainly by adjusting the
nstantaneous capture level and regeneration duty, making the use of
olvent storage less important. However, for moderate and high price
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Fig. 3. Schematic illustrations of time-varying parameters, process design variables, and process operating variables over time.
Table 4
A summary of decision variables and process constraints for the optimization problem.

Component Relevant variables and equations

Inflexible operation
Decision variables 𝐹 L, 𝑍abs, 𝐷, 𝑇absorber, 𝑇intercooling , 𝑇heat exchanger,hot,out , 𝑇regeneration

𝐹 V
CO2 ,𝑖𝑛

−𝐹 V
CO2 ,𝑜𝑢𝑡

𝐹 V
CO2 ,𝑖𝑛

≥ 0.9 ∀𝑡 (34)

Process constraints 𝛥𝑇appr, min ≥ 1 ◦C ∀𝑡 (35)
𝑇regeneration ≤ 150 ◦C ∀𝑡 (36)

Flexible operation
Decision variables 𝑍abs, 𝐷, 𝑇absorber, 𝑇intercooling, 𝑇heat exchanger,hot,out , 𝑇regeneration,

𝐿rich,in, 𝐿rich,out, 𝐿lean,in, 𝐿lean,out

Process constraints

∫
𝑡𝑓
0 𝐹 V

CO2 ,𝑖𝑛
𝑑𝑡−∫

𝑡𝑓
0 𝐹 V

CO2 ,𝑜𝑢𝑡
𝑑𝑡

∫
𝑡𝑓
0 𝐹 V

CO2 ,𝑖𝑛
𝑑𝑡

≥ 0.9 (37)

𝛥𝑇appr, min ≥ 1 ◦C ∀𝑡 (38)
𝑇regeneration ≤ 150 ◦C ∀𝑡 (39)
𝐿storage,in𝐿storage,out = 0 ∀𝑡 (40)
𝑀(𝑡𝑓 ) −𝑀(𝑡0) ≥ 0 (41)
0.2𝑉storage ≤ 𝑉solvent inventory ≤ 0.8𝑉storage ∀𝑡 (42)
Table 5
Optimal values of key process design and operation variables.
Decision variables Inflexible Flexible Lower bound Upper bound

Absorber packing height (m) 15.06 14.88 2 40
Absorber diameter (m) 22.8 25.9 1 100
Rich solvent storage max inlet flowrate [𝑘 = 1] (kmol/s) – 0.86 0 10
Rich solvent storage max inlet flowrate [𝑘 = 2] (kmol/s) – 1.20 0 10
Rich solvent storage max inlet flowrate [𝑘 = 3] (kmol/s) – 0.45 0 10
Lean solvent storage max outlet flowrate [𝑘 = 1] (kmol/s) – 0.84 0 10
Lean solvent storage max outlet flowrate [𝑘 = 2] (kmol/s) – 1.57 0 10
Lean solvent storage max outlet flowrate [𝑘 = 3] (kmol/s) – 0.37 0 10
Rich solvent storage capacity (m3) – 26,813 0 50,000
Lean solvent storage capacity (m3) – 23,332 0 50,000
7
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Fig. 4. Optimized instantaneous CO2 capture level, rich solvent storage level, and lean solvent storage level.
ariability scenarios (scenarios 1 and 2), solvent storage becomes more
mportant.
Fig. 4 shows the optimal time-varying CO2 capture levels and

storage tank levels as a function of time for each scenario. The cor-
responding solvent flowrates and CO2 concentrations in the rich-CO2
solvent are show in Fig. 5. Note that the overall (time-average) CO2
capture level over 24 h of operation is maintained at 90% for all cases,
while the instantaneous capture level (the instantaneous percentage of
CO2 captured related to CO2 feed) may exceed 100% due to system
dynamics and intermittent replenishment and/or consumption of rich
and lean solvent inventory. The instantaneous capture rate is mini-
mized during the peak electricity price hours of t = 14 to 16 h for the
moderate (k = 1) and high (k = 2) price variation scenarios, and t = 6
to 8 h for the low variation scenario (k = 3). During periods of lower
electricity cost, the instantaneous capture rate increases to compensate.
In general, a more substantial variation in instantaneous capture rate
is observed when there is a larger fluctuation in electricity prices, as
alluded to above. This variation can be achieved by reducing regener-
ation temperature or storing (thus delaying regeneration of) CO2-rich
solvent (Fig. 5). The CO2-rich solvent is stored during peak electricity
price hours for the moderate (k = 1) and high (k = 2) variation
scenarios. The stored rich solvent is regenerated when the electricity
price is relatively low and power plant load is reduced (t = 4 to 6 h).
The solvent inventory levels at the end of the time horizon returns
to their starting values (see constraints in Table 5). It is important to
8

emphasize that the strategies employed in this work (variable capture
level and the use of storage tanks) provide greater advantages in achiev-
ing the target capture level (overall 90%) compared to the option of
flue gas bypassing. These strategies allow for the delay of regeneration
during peak hours while maintaining continuous CO2 capture while
the bypassing option completely bypasses the CO2 capture. There is
relatively little usage of storage in the low variation scenario (k = 3). In
this scenario, the instantaneous capture rate increases when the power
plant operates at lower output (0 – 6 h, 9 – 10 h). Therefore, modulating
the capture level is sufficient to compensate for peak demand when
the power plant operates at lower capacity and when the electricity
price fluctuations are small. These results indicate that it would be
more efficient to use the storage tanks when the power plant load is
high and when the electricity price fluctuations are significant (storage
level changes significantly). For the low variation scenario, adjusting
the instantaneous capture level can be a more cost-effective solution
than relying on storage tanks.

Fig. 6 compares the regeneration temperature for inflexible and
flexible operation. In the inflexible case, the capture rate is 90% at
all times. In addition, since the storage tanks are not used, the liq-
uid circulation rates are constant. Therefore, the regeneration process
follows power load patterns, and the regeneration temperature for the
inflexible case is similar to the load pattern shown in Fig. 2. On the
other hand, flexible operation offers a more malleable approach. Regen-
eration temperature responds to electricity prices to minimize the heat
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Fig. 5. Optimized solvent flowrate and CO2 concentration of the CO2-rich stream from regeneration flash.
Fig. 6. Optimized regeneration temperature for inflexible (blue solid lines) and flexible (red dashed lines) operations.
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duty required for regeneration during peak times. The instantaneous
capture rate is variable in this case, and the lean solvent inventory can
be used to temporarily compensate for the less lean solvent (higher CO2
oading in the lean solvent) from the lower-temperature regeneration.
his flexibility offers a more cost-efficient solution.
We note that while electricity prices have an impact on some of

he operating variables, there are elements that are not affected by
luctuations in electricity prices. As an example, Fig. 7 shows the
ptimized blower work for inflexible and flexible operation. Although
he operating cost of blower is dependent on electricity prices, the
lower work does not vary in response to electricity prices. This is
rimarily because the blower work is determined by the flue gas feed
lowrate (Eq. (31)), which is a function of power plant load (note
hat we do not allow bypassing of the flue gas because it is difficult
o achieve a reduction in overall CO2 emissions from the process).
herefore, the blower work follows the plant load pattern rather than
lectricity price variations, leading to similar operating patterns for
oth inflexible and flexible operation.
Table 6 and Fig. 8 show the optimal results for the annualized

apital, solvent inventory, and operating costs. In comparison to the
9

nflexible operation case (which has no solvent storage tanks and a f
onstant capture rate), the flexible operation has a 3.6% higher op-
imized annualized capital cost. This is mainly due to the larger size
f the absorber, heat exchanger and compressor, and the addition of
he storage tanks (which increases both solvent storage and solvent
nventory costs). The overall annualized process cost is reduced by
.7% in the flexible case as compared to the inflexible one. This
aving can mainly be attributed to the avoidance of regeneration and
ompression during periods of high electricity prices.
The results show that the total cost savings for each scenario, as

ompared to the inflexible scenario, are 3.6%, 17.8%, and 0.02%. These
indings suggest that a flexible operation would be especially effective
n situations with significant renewable energy penetration. However,
hen the load and electricity variation is relatively low, it may not
e worthwhile to implement a storage system, as this would lead to
dditional costs for solvent storage and inventory.

. Conclusions

As the contribution of variable renewable energy (VRE) to the
ower generation mix increases, dispatchable power plants must make

requent output changes to meet changes in energy demand and VRE
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Fig. 7. Optimized blower work for inflexible (blue solid lines) and flexible (red dashed lines) operations.
Fig. 8. Optimized process operating costs for inflexible (left) and flexible (right) operation.
Table 6
Optimized process costs.

Inflexible flexible

k = 1 k = 2 k = 3 k = 1 k = 2 k = 3

Capital cost item Annualized cost ($M/year)
Absorber 40.7 41.2
Heat exchanger 10.2 10.5
Compressor 19.5 20.9
Pump 1.6 1.6
Blower 1.7 1.7
Cooler 8.2 8.3
Heater 12.1 12.3
Storage - 0.9

Operating cost item
Heating 43.5 122.5 23.6 30.2 76.3 16.5
Total cooling 12.1 18.0 9.0 12.3 17.8 8.3
Total electricity 13.0 46.2 9.6 9.8 32.0 7.3

CAPEX 94.0 97.4
OPEX 68.6 186.7 42.2 52.3 126.1 32.1
Solvent (initial startup + storage inventory) 4.1 3.9 3.8 11.0 10.5 10.3

Total cost 166.7 284.6 140.1 160.7 234.0 139.8
10
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supply. Additionally, electricity prices are inherently volatile due to
varying supply and demand balances. To mitigate large electricity cost
penalties resulting from such fluctuations, flexible operation of carbon
capture plants should be considered.

In this study, we propose a dynamic optimization formulation that
simultanesouly consider the design and operation of a flexible carbon
capture plant that utilizes ian ionic liquid solvent. We introduce flexible
operating components such as solvent storage and variable carbon
capture rate to enable flexible operation. We use a scenario-based
stochastic optimization framework that evaluates the performance of
flexible carbon capture by optimizing the process design and operation
of a carbon capture system connected to a natural gas combined cycle
(NGCC) power plant. While, for illustration purposes, a set of scenarios
is used to represent variations in electricity price and power load at a
specific location, the framework is general. Optimal design and opera-
tional variables are simultaneously obtained for each scenario set. The
analysis considers capital and operating costs, including absorption,
heat exchange, storage, regeneration, and compression systems.

The results provide optimal design and operating conditions for a
carbon capture plant in response to load and electricity price fluctua-
tions. The findings demonstrate that flexible carbon capture systems
offer operational flexibility to the system by temporarily decoupling
CO2 absorption and solvent generation to avoid high regeneration and
compression costs during high load and demand periods. The study
shows that flexible operation provides significant economic savings
over the inflexible operation, as it combines the advantages of both
capture level reduction and solvent storage. The benefits of flexibility
can vary depending on the specific circumstances of operation. In
general, flexible operation can mitigate the effects of intermittent load
and electricity prices and reduce costs related to regeneration and
compression. Regeneration rates track electricity prices while blower
works track power load. However, it is important to note that there
may be situations where the costs of implementing a storage system
and operating in flexible mode outweigh the potential benefits. In such
cases, it may be more cost-effective to use flexible operation without a
storage system, particularly if power demand and electricity prices are
relatively stable.
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