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ABSTRACT: Existing power plants are frequently load-following due to increasing penetration
of the renewables into the grid. For power plants integrated with CO2 capture, optimal operation
of the capture unit at part-load and variable capture conditions can be exploited to reduce the
operating costs. This paper presents insights into the performance of a reference monoethanol-
amine (MEA)-based post-combustion CO2 capture unit under steady-state part-load and variable
capture operations. A rigorous plant-wide model for the capture unit is developed in the Institute
for Design of Advanced Energy Systems computational platform. The contactor model is
validated with the data from a wetted wall column (WWC) and two pilot plants. The plant-wide
model is used for steady-state optimization under part-load operations and variable capture rates
using flue gas similar to pulverized coal and natural gas-combined cycle power plants. Analysis on
the performance of the reference rich/lean amine heat exchanger shows that the hot-end
temperature approach can considerably vary under part-load operations for a given heat
exchanger area. The study shows that if the plant is not optimally operated under part-load and
variable capture operations, there can be a high penalty depending on the deviation of the liquid/gas flowrate with respect to its
optimal value. This study shows that the optimal operation of an existing capture unit is crucial for minimizing the energy penalty
under part-load and variable capture operations.

1. INTRODUCTION

Post-combustion CO2 capture (PCC) can considerably
reduce the amount of CO2 emitted from industrial sources.
PCC using amines is the most commercially mature
technology for retrofitting the existing power stations.1−5

However, integration of the amine-based capture plant with
power plants incurs an energy penalty resulting in as high as
a 22.9% point decrease in the power plant efficiency.6,7 As
power plants cycle more due to increased penetration of
renewables into the grid,8−11 the downstream capture plant
will face considerable disturbances due to rapid and large
changes in the flue gas flowrate and CO2 concentration.

12−14

He et al.14 observed that as the flue gas load varies at high
frequency, it can have a large impact on the CO2 capture
rate. Mac Dowell and Shah15 presented a multiperiod
optimization framework that decouples the operation of the
power plant from the efficiency penalty imposed by the
capture plant. Six distinct operating periods due to electricity
price variation in a day were identified. It was observed that
the power plant operated relatively steadily for longer hours
at a given load factor.
While many of the papers referenced before are focused on

the dynamic operation of the capture plant, the capture plant
can also operate at steady state under part-load and variable
capture conditions. Thus, steady-state optimization can be
helpful for improving the economics of the capture plant.

This work is focused on developing a predictive, steady-state
model and using it for optimization of part-load and variable
capture operations. The literature review provided below
mainly reviews the existing literature from the steady-state
perspective with references to some papers that have
evaluated the dynamic performance as relevant for the
discussion. Sections 1.1, 1.2, and 1.3 review the existing
literature on model complexity, model validation, and
optimization, respectively.

1.1. Model Complexity for Part-Load and Variable
Capture Studies. Many research studies have focused on
developing detailed process models of CO2 capture plants,
with emphasis on the absorber and stripper.13,16,17 In
addition to differences in the properties and reaction kinetic
models in these studies, these models greatly differ in how
mass transfer and heat transfer resistances are represented.
While the nonequilibrium stage model18−20 that considers
spatial variation in mass transfer and heat transfer fluxes in
the films along with chemical reactions21−23 can be very
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accurate, these models can be computationally challenging for
plant-wide optimization. Another approach that provides a
compromise between computational tractability and accuracy
is to model the mass transfer resistance in the gas and liquid
films by considering a linear driving force between the
interface of the films and bulk gas and liquid phases,
respectively, where the mass transfer enhancement due to
chemical reactions is captured by using an enhancement
factor.24 Many authors have used the enhancement factor-
based model for optimization and control applications.14,25−27

Patron and Ricardez-Sandoval25 used an enhancement factor-
based model to design a robust nonlinear model-predictive
controller. The authors noted that an accurate model of the
plant is necessary for obtaining good control performance.
Typically, pseudo-first-order and instantaneous reversible
reactions are assumed for computing the enhancement
factors for absorption and stripping, respectively.28−33

However, these assumptions may not adequately represent
all of the reaction regimes occurring along the packing height
during widely variable absorption and stripping conditions34

expected for part-load and variable capture operations of the
CO2 capture unit. Dang and Rochelle35 have shown that a
more accurate enhancement factor model is required at high
loading. Commonly used enhancement factor models are
those developed by van Krevelen and Hoftijzer36 and Savage
et al.37 The enhancement factor model developed by van
Krevelen and Hoftijzer is given by an implicit equation based
on the assumption that the concentration of the dissolved
unreacted gas in the liquid bulk is zero. Under these
assumptions, the enhancement factor can be explicitly
calculated.38−41 Savage et al.37 improved the model of van
Krevelen and Hoftijzer to account for reversible and
instantaneous reaction regimes. Gaspar et al.34 have presented
a general method (GM) for calculating the enhancement
factor that is superior to the aforementioned methods and
can adequately account for the instantaneous, fast, and
intermediate reaction regimes over wide temperature and
loading ranges; however, the enhancement factor can no
longer be calculated explicitly, instead requiring the solution
of a system of nonlinear equations. Gaspar et al.34 have
recommended the secant method for obtaining the enhance-
ment factor using the GM. In this work, we show that, with
appropriate bounds on the enhancement factor and a step-by-
step initialization routine developed using the Institute for
Design of Advanced Energy Systems (IDAES) Process
Systems Engineering (PSE) computational platform,42 the
GM can be solved reliably for tower design and optimization
under widely varying process conditions. The IDAES
platform is built on Pyomo, an algebraic modeling language,43

with interfaces to several optimization algorithms such as
IPOPT.44 More details on IDAES can be found later in this
paper and at https://github.com/IDAES.
For minimizing the energy penalty of the capture plant, the

balance of plant (BOP), especially the rich/lean solvent heat
exchanger (RL-HX) and the reboiler, plays a key role.
Although little attention is typically given to the rich/lean
solvent heat exchange in most papers, the heat exchanger
type and design are crucial in minimizing the energy penalty
associated with amine-based CO2 capture process45,46 and is
even more significant under part-load and variable capture
operations of the CO2 capture unit. Several authors have
modeled the RL-HX by fixing the hot-end temperature
approach for optimization studies.47−50 However, fixing the

temperature approach of the heat exchanger may not be
suitable for capturing the energy interactions under part-load
operations. The RL-HX is often modeled as a countercurrent
shell and tube heat exchanger;29,51,52 however, in pilot plant
operations, a plate heat exchanger (PHE) is used for rich/
lean solvent heat exchange since the PHE offers low-
temperature approach compared to the conventional shell
and tube exchangers,53 thus helping to reduce the energy
penalty. Lin and Rochelle46 developed a model of a PHE to
minimize the cost of the exchanger by considering the fluid
velocity and log mean temperature difference (LMTD) as the
decision variables. Authors of this paper previously presented
validation studies of a RL-HX model using pilot plant data.
In this work, a rigorous algebraic model of a PHE based on
the effectiveness-number of transfer unit (ε-NTU) approach
is developed and validated with pilot plant data, and used for
plant-wide optimization studies.45

More attention has been given to the reboiler unit
compared to that of the RL-HX as the energy penalty
associated with the amine plant stems primarily from steam
consumption in the reboiler.47,49,54 However, a simple heat
exchanger model is typically used29,31,51 based on the mass
and energy balances along with the vapor−liquid equilibrium
(VLE) for calculating the steam consumption in the reboiler.
A model that includes mass and energy balances along with
the consideration of physical and chemical equilibria by
taking into account the speciation model55 is desired. Arce et
al.56 used the statistical associating fluid theory (SAFT)
thermodynamic model57 incorporating the effect of reactions
in their thermodynamic model. In this paper, a reboiler
model that includes the speciation model in the liquid phase
is presented and validated together with the generalized
column model for various stripper operating conditions.

1.2. Model Validation. Models intended for optimization
under part-load and variable capture conditions should be
validated using data from multiple scales and from broad
operating conditions as would be expected under off-design
conditions.58−61 Most often, models are validated using data
from only one scale, i.e., either from the laboratory or from
the pilot plant scale, but not both. Data from the pilot plant
at the University of Texas, Austin,62,63 that includes two
identical columns (6.1 m height, 0.427 m internal diameter)
have been used by various authors.29,33,52,64,65 Those data
include the effect of variations in solvent and gas flowrates,
lean CO2 loading, stripper pressure, and packing type. Llano-
Restrepo and Araujo-Lopez17 validated their absorber model
using the data presented by Sønderby et al.66 from a pilot
absorber (0.1 m internal diameter and 1.6−8.2 m variable
height) for variable solvent flowrate and CO2 loading.
Tobiesen et al.32,67 presented data from a facility with an
absorber (0.15 m internal diameter and 4.36 m height) and
desorber (0.1 m internal diameter and 4.1 m height) and a
capture capacity of about 10 kg CO2/h and a reboiler with an
18 kW maximum capacity. These data have been used by
various researchers28,56 to validate the columns over a range
of process conditions. Bui et al.68 used the data from the
U.K. Carbon Capture and Storage Research Center
(UKCCSRC) Pilot-scale Advanced Capture Technology
(PACT) pilot plant to validate their models of the absorber
(6.5 m high and 0.3 internal diameter) and stripper columns
(6.1 m high and 0.3 internal diameter). In a recent study, Bui
et al.69 used data from the world’s largest test facility for
carbon capture technologies (Norway’s Technology Centre
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Mongstad, TCM) to validate their model. Pilot plant test
runs are costly and time consuming;70 therefore, the
collection of large amounts of data from pilot plants can be
challenging. Additional data collected from bench-scale
experiments, such as a wetted wall column (WWC) that
has well-quantified contact area,71−75 can be very useful not
only because large amounts of data covering wide operating
regimes can be collected from these lab-scale devices using
considerably less resources but also due to lower uncertainty
in the data. Data from both pilot plants and WWCs can be
utilized to validate models under widely different operating
conditions.55,58,76−79 In this work, the generic contactor
model and the plate heat exchanger model are validated using
data from the National Carbon Capture Center (NCCC)
located in Wilsonville, Alabama, under considerable variation
of the solvent flowrate, gas flowrate, CO2 concentration in
the gas, and reboiler steam flowrate as would be expected
under the part-load operation of the host power plant. The
same contactor model was modified to represent the WWC
and validated using data from Dugas.75 In addition, the
absorber and stripper contactor columns are scaled up and
validated with the TCM pilot data.80

1.3. Optimal Operating Conditions under Part-Load
and Variable Capture Conditions. Capital and operating
costs (OPCs) of capture plants strongly depend on the
configuration.12,81−83 For a given configuration, operating
conditions play a vital role in reducing the operating costs.
Optimal operating conditions can greatly vary under part-load
and variable capture operations of the capture plant
depending on the plant configuration and operational
strategies. Various operating strategies have been proposed
for off-design operations including flue gas venting or
bypassing, solvent storage, and degree of solvent regener-
ation.15,69,82,84−91 Under the flue gas venting/bypassing
option, the CO2 capture plant may vent/bypass the flue gas
completely or partially. Under the solvent storage option,
CO2 capture is accomplished by feeding the absorber from a
lean solvent storage tank while storing the resulting rich
solvent in another tank to be regenerated later, thus saving
steam consumption in the reboiler. The stored rich solvent is
regenerated during periods of low electricity demand. This
strategy maximizes the net electricity available for export
during high demand while maintaining the CO2 removal
target, but additional cost is incurred for solvent inventory,
storage tanks, and larger process equipment items. If the
degree of solvent regeneration is varied under off-design
operation in response to electricity demand, the CO2 removal
target also varies as the reboiler steam rate is adjusted. Ziaii
et al.49 observed that a 10% reduction in the reboiler duty
decreased the CO2 removal target from 90 to 81% with
adjustment of the rich solvent flowrate to the stripper to
maintain a constant lean load leaving the stripper and 80.3%
without the adjustment. In a later contribution, Ziaii et al.90

noted that while flue gas venting is a similar strategy, better
process control can be achieved by varying the degree of
solvent regeneration to keep the capture unit close to the
optimal conditions under part-load operations. Bui et al.69

demonstrated the time-varying solvent regeneration strategy
on a large-scale CO2 capture pilot plant.92 For the transition
from “peak” to “off-peak” period of electricity demand, the
lean loading (mol/mol) was observed to decrease from 0.48
to 0.16 and the CO2 capture rate increases from 14.5 up to
89−97%. Another strategy is to capture a lower amount of

CO2 without bypassing the flue gas. Compared to bypassing/
venting the flue gas, this strategy has the advantage that the
absorber operates under higher CO2 partial pressures when a
lower amount of CO2 is captured, thus reducing the energy
penalty. In this paper, variable capture rates are evaluated at a
target removal rate of 75−90% by an increment of 5%
without considering the transient response. Hence, a steady-
state plant-wide optimization is conducted to determine the
optimum conditions under part-load operations and variable
capture rates.
The optimum conditions also vary considerably depending

on the flue gas flowrate and/or inlet flue gas CO2
composition (e.g., depending on whether the flue gas is
sourced from a natural gas-combined cycle power plant or a
coal-fired power plant). Studies considering the effect of flue
gas CO2 composition on amine-based CO2 capture systems
have been conducted by various authors.47,48,93−100 Mores et
al.101 developed a mathematical model for amine-based post-
combustion CO2 capture and formulated an optimization
problem in the general algebraic modeling system (GAMS)
platform to minimize the total annual cost via simultaneous
optimization of the operating conditions (solvent flowrates,
temperatures, and pressures) and dimensions of the equip-
ment (absorbers, strippers, heat exchangers, pumps, and
compressors); however, the column model was simplified to
use the Murphree efficiency to capture mass transfer
limitations. The optimization was repeated for several CO2
removal targets (70−95%) for a fixed flue gas flowrate (10
kmol/s) and CO2 composition (4.22%). Hasan et al.97 used
the RADFRAC model in Aspen Plus to minimize the total
annualized cost of the CO2 capture process. The optimization
was performed for different flue gas flowrates (0.1−10 kmol/
s) and CO2 compositions (1−70 vol %) to capture at least
90% of CO2. Oh and Kim102 developed an equilibrium-based
model for an monoethanolamine (MEA) solvent in UniSim.
They minimized the energy requirement for different part-
load operations to maintain a 90% capture rate; however,
rate-based models for reactive absorption are preferable for
optimization studies to take into account mass transfer
limitations.18,103,104 Choi et al.105 used Unisim interfaced with
Matlab for modeling the CO2 capture unit and optimizing it
for flue gases from nonpower industries representing a
variation in flue gas flowrate and CO2 content. Feron et al.98

recently presented a study on the technoeconomic perform-
ance for CO2 capture above 90% from a natural gas-
combined cycle plant and a coal-fired power plant. The
model was developed using ProTreat considering a fixed
temperature approach of 20 °C in the rich−lean cross heat
exchanger. The review of the literature on the plant-wide
optimization of CO2 capture plants presented above identifies
the following limitations that this work seeks to address: (i)
CO2 removal rate is set at 90% or varied within a narrow
range, while the capture rate is expected to vary considerably
under variable capture scenario while achieving a cumulative
target capture over a period of time, (ii) simultaneous
variation of the flue gas flowrate, composition, and capture is
typically not considered; however, under part-load and
variable capture operations, it is likely that the power plant
is load-following; thus, both the flowrate and composition of
the flue gas are likely to vary depending on the technology of
the power plant, its design, fuel composition, operational
strategy, etc., (iii) several part-load optimization studies
consider a fixed temperature approach in the lean/rich heat
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exchanger, but the temperature approach is likely to vary
under off-design operations when using an existing heat
exchanger due to the fixed heat transfer area.
This paper focuses on plant-wide model development,

validation with multiscale data, and mathematical optimiza-
tion for variable capture under steady-state part-load
operations. In particular, the main contributions of this
work are as follows:

(a) A generic rate-based packed column model is
developed and validated using the WWC data and
data from NCCC and TCM pilot plants. The contactor
model uses an enhancement factor model that is
superior to the Hatta number approximation and more
accurate for a wide range of operating conditions.

(b) The PHE model is validated with the pilot plant data
and used for simulation and optimization of the plant-
wide model.

(c) The model is implemented in the IDAES framework
with a four-level initialization strategy that aids in
convergence while simulating part-load and variable
capture operations. The framework readily facilitates
equation-oriented, simultaneous optimization of the
plant-wide model using advanced optimization solvers.

(d) The impact of temperature approach in the rich−lean
heat exchanger on the energy penalty under steady-
state part-load operations is accounted for by using a
rigorous plate heat exchanger model that is validated
using the pilot plant data.

(e) Steady-state optimization under part-load and variable
capture operations is performed considering high and
low flue gas compositions that are similar to those from
the pulverized coal and NGCC power plants,
respectively.

The rest of the paper is organized as follows: Section 2
describes the mathematical model of the process units for the
amine plant CO2 capture. Model implementation and
validation are presented in Section 3, while the results and
off-design optimization studies are presented in Section 4.
The summary of findings and future remarks are given in
Section 5. For brevity, the process model equations, property
models, and reconstitution of apparent species from true
species106 are presented in the Supporting Information
document along with the data from NCCC and TCM for
steady-state validation.

2. MODEL DEVELOPMENT OF AMINE CO2 CAPTURE
PROCESS

A typical amine-based CO2 capture plant is shown in Figure
1. In the absorber, CO2 is absorbed from the flue gas into the
lean amine solution. The rich amine solution leaving the
bottom of the absorber is preheated in a rich/lean amine heat
exchanger and sent to the stripper to desorb the dissolved
CO2. Low-pressure (LP) steam extracted from the steam
turbine of the power plant is typically used in the reboiler of
the stripper. The hot lean solvent leaving the stripper is
recycled back to the absorber after being cooled in the rich/
lean crossover heat exchanger followed by a water cooler.
The mathematical models of the main process units are
described in Section 2.1, while the detailed equations are
provided in the Supporting Information. The required
property models of the CO2−MEA−H2O system are
described in Section 2.2 and in more detail in the Supporting
Information.

2.1. Model Description. Considering the packed
columns, reactive absorption and desorption processes are
more adequately described by rate-based (nonequilibrium)
models than traditional equilibrium models.104 In this work, a
generic rate-based model is developed for simulation of both
absorber and stripper columns under the assumption of plug
flow, which is expected to be satisfactory at low pressure and
liquid/gas velocities less than 3 m/s.67 Model equations can
be found in the Supporting Information. The rate-based
column model consists of molar component balances,
enthalpy balances, heat and mass transfer rate equations
(eqs S1−S13), speciation model in the liquid phase due to
reactions, and enhancement factor model. The vapor-side
interface composition of CO2 is calculated by using the
continuity of fluxes and existence of phase equilibrium at the
interface.
The speciation model in the liquid phase due to reactions

and the enhancement factor model are critical to the
evaluation of the column models. The aqueous-phase
chemical reactions for the CO2−MEA−H2O system are
modeled with the following reversible reactions from the
literature.107,108 Morgan et al.108 have noted that the two
reactions in eqs 1 and 2 represent the chemistry of the CO2-
loaded monoethanolamine solution adequately

+ ++ −2MEA CO MEAH MEACOO2 V (1)

Figure 1. Amine plant for the CO2 capture process.
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+ + ++ −MEA CO H O MEAH HCO2 2 3V (2)

Reaction kinetics are included in the liquid film model, while
chemical equilibrium is assumed to prevail in the bulk liquid.
The speciation model comprises eqs 3−8 that determine the
distribution of the true species in the bulk liquid. Equations 3
and 4 are the concentration-based equilibrium expressions,
while the material balances are given in eqs 5−8. A
systematic approach is used for deriving the material balances
via reconstitution of apparent species from true species106

and is described in the Supporting Information. Equation 5 is
the MEA balance, eq 6 is the CO2 balance, eq 7 is the water
balance, and eq 8 is the electroneutrality condition for
charged species in the liquid phase. Ci

t is the true species
concentration of the species in the liquid phase

=
− +

K
C C

C C( )1
MEACOO ,L
t

MEAH ,L
t

CO ,L
t

MEA,L
t 2

2 (3)

=
+ −

K
C C

C C C2
MEAH ,L
t

HCO ,L
t

CO ,L
t

MEA,L
t

H O,L
t

3

2 2 (4)

+ + =− +C C C C a
MEA,L
t

MEACOO ,L
t

MEAH ,L
t

MEA,L (5)

+ =+C C C a
CO ,L
t

MEAH ,L
t

CO ,L2 2 (6)

+ − =+ −C C C C a
H O,L
t

MEAH ,L
t

MEACOO ,L
t

H O,L2 2 (7)

= ++ − −C C CMEAH ,L
t

HCO ,L
t

MEACOO ,L
t

3 (8)

A computationally efficient approximate method to capture
the effect of reaction on the mass transfer rate is to use the
enhancement factor. While use of this approach helps to
reduce the computational cost, typical enhancement factor
approximations37,109 are restricted to a given reaction regime.
Gaspar et al.34 have presented a general method (GM) for
calculating the enhancement factor for all reaction regimes for
reversible reactions under absorption and desorption
conditions. In their approach,34 the set of differential
equations describing mass transport in the liquid film is
transformed into a set of algebraic equations, as shown in eqs
9−16. E and ϒMEA

i are the two unknowns in eqs 9 and 10.
γMEAH+
i , γMEACOO−

i , and γCO2
* are the dimensionless concen-

trations of the reaction products, which depend on γMEA
i

(dimensionless concentration of MEA at the interface), as
given in eqs 11−13. E∞* is the instantaneous enhancement
factor. γCO2

b is a dimensionless concentration driving force,

where for γCO2

b < 1, absorption occurs and for γCO2

b > 1,
desorption occurs. krx is the overall reaction rate constant of
CO2, while Ha is the Hatta number. Di,L is the diffusivities of
the species in the solvent

= + * −
− ϒ
− ϒ∞E E1 ( 1)
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In addition to the generic column model, a model of the
WWC is also developed. WWC is very useful for studying
kinetic and mass transfer characteristics of reactive gas−liquid
systems since it has a well-defined gas−liquid interfacial area.
In this work, the generic packed column model is modified
into a WWC model by considering the volume of the column
based on the volume of the WWC annular space. The WWC
model comprises the same equations as the tower model
except that the packing characteristics such as the interfacial
area and hydraulic diameter are removed while calculating
those parameters based on the dimensions of the WWC.
Another key process unit is the rich−lean cross heat

exchanger (RL-HX), which preheats the rich solvent leaving
the absorber to reduce the reboiler and cooling duties
required for amine-based PCC processes. In this work, the
RL-HX model is developed as a plate heat exchanger (PHE)
model as typically found in pilot plants. The authors45

previously presented a rigorous model of a PHE using the
effectiveness-number of transfer unit (ε-NTU) approach,
which is adopted in this work. A summary of the equations
can be found in the Supporting Information, while more
details can be found in our earlier publication.45

The stripper reboiler is the major energy-consuming unit.
The reboiler is developed as a single-stage equilibrium model
at steady state, as described by eqs S14−S18 in the
Supporting Information. The expressions for the chemical
equilibrium, material balance for the true species, and the
phase equilibrium constraints, which govern the distribution
of the components between the vapor and liquid phases, are
the same as those for the tower models given by eqs 3−8, S9,
and S10. The condenser is also developed as an equilibrium
stage model with a vapor inlet, a vapor outlet, and a liquid
outlet, as described by eqs S19−S21. As shown in Figure 1,
other process units include the cooler, which cools the lean
solvent before entering the absorber and the mixing tank that
combines the cool lean solvent with makeup MEA and water.

2.2. Properties of the CO2−MEA−H2O Capture
System. The accuracy of the process models is strongly
dependent on the quality of the underlying submodels. These
submodels include property models and correlations such as
physical properties (thermodynamic and transport proper-
ties), reaction kinetics, correlations for mass and heat transfer
coefficients, and column hydraulics. The thermodynamic
properties for both the liquid and vapor phases are
summarized in Table 1, while the transport properties for
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the rate-based model are summarized in Table 2 and the
correlations for mass and heat transfer coefficients and

column hydraulics are given in Table 3. Details of the various
property models are in eqs S22−S49 in the Supporting
Information.

3. MODEL IMPLEMENTATION AND VALIDATION
The implementation of the unit models in IDAES is shown
in Section 3.1, and the approach to model validation and the
numerical scheme for initialization are shown in Sections 3.2
and 3.3, respectively.
3.1. Model Implementation in IDAES Framework.

The IDAES computational platform was used for this work.42

IDAES is based on the Pyomo modeling and optimization
language and supports rigorous large-scale process optimiza-
tion. The IDAES platform provides basic modular flowsheet-
ing features with full derivative information that permits the
use of state-of-the-art optimization solvers. In this work, the

unit process models including all property submodels are
implemented in a common simulation environment, where all
variables and parameters are easily accessible. In particular,
the flowsheet for the CO2 capture process is developed using
the general column unit model for absorption/stripping and
other unit models such as PHE, kettle reboiler, and partial
condenser. Figure 2 shows the implementation of a packed

column unit model using the enhancement factor approach to
describe heat and mass transfer across the interface as a
continuous differential contactor (CDC) model. The CDC
model has blocks for property submodels, inlet and outlet
ports, and control volume (denoted as the holdup block in
IDAES), where the performance equations for the vapor and
liquid phases are included.

3.2. Experimental Data for Validation. For model
validation, data from the WWC at the University of Texas,
Austin,75 are used along with the data from the National
Carbon Capture Center (NCCC) pilot plant. In addition, the
absorber and stripper columns are validated with the TCM
pilot plant data80 shown in Tables S20 and S21 in the
Supporting Information. The WWC at the University of
Texas, Austin, consists of a metal cylinder of 1.26 cm outside
diameter and a length of 9.1 cm. The interfacial area is 38.52
cm2, with a specific interfacial area (ae) of 110.79 m2/m3 and
a hydraulic diameter of 1.28 cm. The metal cylinder is
enclosed in a glass tube of 2.54 cm outside diameter. The
reaction zone is enclosed in a heat bath made from a 10.16
cm outside diameter glass tube. A large amount of data from
this system is available75 and is used to validate the WWC
model.
The pilot solvent test unit (PSTU) at the NCCC as

described in Morgan et al.55 has a CO2 capture capacity of 10
tons/day. The configuration of the NCCC absorber, stripper,
and PHE is shown in Figure 3. The equipment sizes and
dimensions for the NCCC process units are shown in Table
4. The absorber has two intercoolers that can remain online
or offline, as desired. The data for the NCCC process units
are shown in Tables S17−S19 in the Supporting Information.

3.3. Initialization Strategy. The general column model
is a 1D rate-based model consisting of differential and
algebraic equations (DAE) and is solved in IDAES using the
interior point algorithm, IPOPT.44 The packed bed model
was discretized using the Pyomo DAE finite difference
method with 20 finite elements resulting in 939 constraints
and 7053 expressions. For aiding in convergence, especially in
the absence of a “good” initial guess, an initialization routine
is developed. Two homotopy/continuation parameters (λ1,λ2)

Table 1. Thermodynamic Properties

property reference/remark

liquid density and molar volume Morgan et al.110

vapor density and molar volume ideal gas
specific heat capacity of liquid (MEA,
H2O)

Hilliard107

specific heat capacity of the CO2-loaded
solution

Agbonghae et al.111

vapor heat capacity Smith112

heat of H2O vaporization Que and Chen113

heat of CO2 absorption Kohl and co-authors114,115

activity coefficient parameters from Morgan et al.108

Henry’s constant Jiru et al.,116 Morgan et al.108

H2O vapor pressure Smith112

concentration-based equilibrium
constants

parameters regressed by Morgan
et al.108

Table 2. Transport Properties

property/correlation reference/remark

viscosity of the liquid solution Morgan et al.110

viscosity of the vapor
components

Sutherland118

vapor viscosity Sutherland,118 Wilke119

liquid thermal conductivity Sato−Riedel correlation,120 Li’s mixing
rule121

vapor thermal conductivity Reid et al.120

binary diffusivity of vapor
components

Seader and Henly,122 Fuller correlation

diffusivity of CO2 in aqueous
MEA

Ying and Eimer117,123

diffusivity of MEA in solution Snijder et al.124

diffusivity of MEAH+ and
MEACOO−

Hoff et al.125

liquid surface tension Asprion,126 Morgan et al.110

Table 3. Correlations for Transfer Rates, Kinetic, and
Column Hydraulics

property/correlation reference/remark

second-order rate constant Luo et al.73

convective heat transfer coefficients Chilton−Colburn analogy
vapor and liquid mass transfer
coefficients

Billet and Schultes,127 Soares Chinen
et al.58

interfacial area Tsai et al.128 Soares Chinen et al.58

Figure 2. Unit model implementation in the IDAES framework
using the control volume 1 dimension (CV 1D) block.
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are employed for the initialization procedure, as shown in
Figure 4. The functions, (g1(X),g2(X),f(X)), describe the
model equations when the homotopy parameters become
zero or unity. The initialization routine for each packed bed
in the column first solves only mass balance equations by
turning off the heat and mass transfer rate equations. Then,
the isothermal chemical absorption continuation parameter,
λ2, is used to turn on the mass transfer equations gradually
with values ranging from 0 to 1. Subsequently, the adiabatic
chemical absorption continuation parameter λ2 is used to
turn on the heat transfer equations gradually with values
ranging from 0 to 1 to finish initializing each packed bed.
The four-stage initialization/solution strategy takes approx-
imately 65 CPU-seconds on an Intel Core i7-6500U
processor to solve the discretized packed bed model.

The absorber column with three packed beds and two
intercoolers is initialized as shown in Figure 5A. Each packed

Figure 3. Configuration of NCCC unit models: (a) absorber with intercoolers, (b) stripper and reboiler, and (c) PHE.

Table 4. NCCC Design Parameters for Unit Model
Validation

parameter value

absorber/stripper diameter (m) 0.64/0.59
absorber/stripper bed height (m) 6.096/6.096
absorber/stripper no. of beds 3/2
absorber/stripper packing type MellapakPlus 252Y
PHE plate length/width (m) 1.657/0.849
PHE plate thickness/gap (m) 0.0006/0.0038
PHE no. of passes/channels per pass 4/12
PHE port diameter (m) 0.3

Figure 4. Packed bed initialization strategy.
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bed is solved sequentially using the strategy outlined to
obtain good estimates of the flow, temperature, and
composition of the intermediate flows. Finally, the three
beds are solved together. Figure 5B shows the initialization
procedure for the stripper and reboiler, where good initial
estimates for the stream entering the reboiler are used to
solve the reboiler model. The vapor generated is then used to
solve the first and second packed beds of the stripper. The
two packed beds and reboiler models are then solved
sequentially to obtain good estimates before solving the three
models together. The initialization procedure is found to
enhance convergence of the plant-wide model when starting
from initial estimates that are far from the solution. Once the
solution of the plant-wide model is obtained, it is saved in a
file for future use to avoid reinitialization.

4. RESULTS AND DISCUSSION

This section is subdivided into two main sections. Section 4.1
presents model validation with the experimental/industrial
data. Section 4.2 presents optimization under off-design
conditions.

4.1. Model Validation. Figure 6 shows the WWC model
predictions and the measured CO2 flux data from Dugas,75

where the model simulation results are in the ±20% range.
The overall agreement with the experimental data is deemed

Figure 5. Initialization strategy: (A) absorber with three beds and (B) stripper with two beds and reboiler.

Figure 6. WWC parity plot.
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adequate with a root-mean-square error of 6.4 × 10−5 mol/
(m2 s).
Considering data from NCCC, the prediction of CO2

percentage in the absorber as shown in Table 5 compares

well with the experimental data, given that the largest
deviation is 4% of CO2 capture when compared with the data
for the gas side. Details of these test runs can be found in the
Supporting Information. It can be observed in Table 5 that
cases 3 and 5 have the highest discrepancies. In an earlier
paper55 written by some of the authors of this paper, where
these data were used for model validation by using an Aspen
Plus-based model, it can be observed that for case 3 (case#
K4 in that paper) and case 5 (case# K6 in that paper), model
predictions were 76.5 and 68.16% CO2 captures, respectively,
using the deterministic model. The deterministic results for
CO2 percentage capture from that study strongly agree with
those obtained in this paper. Interestingly, when the
uncertainty in composition measurement was taken into
consideration in that paper,55 model prediction for case 5
(case# K6 in that paper) became 60.59%, which is very close
to the plant data. In the future, the authors look forward to
incorporating and evaluating the effects of the measurement
and model uncertainties on the predicted results.
Figure 7 shows the predicted liquid-phase temperature

profiles of the absorber compared with NCCC pilot plant
temperature measurements. The predicted temperature
profile of case 3 (Figure 7A), where the L/G ratio is
relatively low (1.75 mol/mol), agrees strongly with the
measured data. In case 2, the L/G ratio is relatively high
(6.25 mol/mol) resulting in the temperature bulge at the
bottom of the column, as shown in Figure 7B, which suggests
an increased absorption rate at this packing height.129

Consequently, reactions in the liquid phase can deviate
from the fast pseudo-first-order zone (where E = Ha) as the
concentration of the free MEA at the interface differs from
the bulk concentration. Hence, setting the enhancement
factor to the Hatta number for absorption operation in this
region can lead to errors as seen in Bed1 of B, where it is
observed that the GM for the enhancement factor calculation
differs significantly from the Hatta number. This behavior has
also been reported by other authors.34,67,73 Overall, the model
prediction shows good agreement with the pilot plant data.

Similarly, the temperature profile of the stripper is
compared with the measured NCCC data for the desorption
of CO2, as shown in Figure 8A. Furthermore, the 2015
baseline data80 of the TCM amine plant shown in Tables S20
and S21 are also used to validate the absorber and stripper
columns, as shown in Figure 8B. The packing type used for
the TCM packed bed is Koch Glitsch Flexipac 2X with a
specific surface area of 225 m2/m3 and void fraction of 0.97.
The temperature profile predicted by the model for both
absorption and stripping operation for this specific test run is
in good agreement with the plant data as shown in Figure 8B.
For the corresponding CO2 loading of the rich solvent
leaving the absorber, the model has an absolute percentage
deviation (APD) of 4.1%.
The RL-HX model predictions for the lean and rich

solvent exit temperatures are consistent with the NCCC pilot
plant data, as shown in Figure 9 (details of these test runs are
in the Supporting Information). A hot-end approach
temperature as low as 4 °C can be obtained as shown in
Figure 9A using PHE. The PHE thermal model based on the
ε-NTU approach converges reliably and is computationally
efficient.

4.2. Part-Load Optimization Studies under Variable
CO2 Capture. To optimize the capture unit under steady-
state part-load operations and variable capture, a reference
plant is first designed. For all of the studies conducted in this
section, the plant is assumed to be at steady state. The goal is

Table 5. Comparison of Absorber Model Predictions for
CO2 Capture Percentage with NCCC Data

case
no

model
prediction

gas-side
NCCC
dataa

liquid-side
NCCC
datab

L/G
(mol/mol)

LLD
(mol CO2/mol

MEA)

1 99.98 99.91 89.45 3.75 0.14
2 99.88 99.49 93.26 6.25 0.25
3 73.89 78.57 70.86 1.75 0.08
4 99.99 99.53 90.69 3.72 0.11
5 67.60 59.03 58.89 3.54 0.35
6 99.97 98.07 93.92 6.67 0.15
7 53.50 55.48 52.30 1.68 0.24

aThe gas-side CO2 capture is defined as the ratio of the difference
between CO2 flowrates at the absorber inlet and outlet gas streams to
the CO2 flowrate at the absorber inlet gas stream. bThe liquid-side
CO2 capture is defined as the ratio of the difference between the CO2
flowrates at the absorber outlet and inlet liquid streams to the CO2
flowrate at the absorber inlet gas stream (see eq S50 in the Supporting
Information).

Figure 7. Comparison of absorber temperature profiles between the
model and the NCCC data for (A) case 3 and (B) case 2 with
Hatta number and GM model for the enhancement factor
calculation.
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to determine the variation of the operating cost of the
reference plant with CO2 percentage capture and flue gas
conditions. Two different flue gas compositions are
considered: one is of higher CO2 concentration similar to
pulverized coal-fired power plants (PC) and another is of
lower CO2 concentration similar to natural gas-fired power
plants (NGCC).
4.2.1. Configuration and Operating Range of Reference

Amine Plant. For the reference plant, the flue gas
compositions considered are similar to that at the CO2
Technology Centre Mongstad (TCM) test facility. The
TCM amine plant has the capacity of treating up to about
60 000 S m3/h of flue gas from either a natural gas turbine-
combined heat and power (CHP) plant or a residual fluidized
catalytic cracker (RFCC) unit.1 The CHP flue gas has a CO2
composition of about 3−4 mol % comparable to NGCC,
while the RFCC flue gas contains a higher CO2 composition
(13−14 mol %) similar to a PC power plant, as shown in
Table 6130,131 The packing height and diameter for the
columns of the reference plant are set to the CHP
configuration of the TCM amine plant. By retaining the
four-pass-four-pass Z-configuration of the NCCC PHE, the
total heat transfer area of the RL-HX for the reference plant
is set to 308 m2, similar to the PHE at the TCM plant.27

This translates to a PHE with 28 channels per pass for each
fluid. The design and operating parameters of the amine plant
for the part-load and variable capture optimization studies are
shown in Table 7.

Hence, given the aforementioned design and operating
conditions of the reference plant, the optimization search
space is defined by the range of operations for flue gas

Figure 8. Comparison of model predictions with (A) NCCC
stripper data and (B) TCM 2015 baseline data.

Figure 9. NCCC PHE predictions: (A) exit temperature and (B)
channel temperature profile for case 2.

Table 6. Typical Composition (mol %) of Flue Gas Stream
at TCM

flue gas conditions O2 N2 + Ar CO2 H2O

high CO2 composition (yCO2
,HIGH) 3.2 77.9 14.7 4.2

low CO2 composition (yCO2
,LOW) 14.4 80.6 3.6 1.4

Table 7. Design and Operating Parameters of the
Reference Plant

design specification value

absorber diameter (m) 3
absorber packing height (m) 24
stripper diameter (m) 1.3
stripper packing height (m) 8
absorber/stripper packing type MellapakPlus 252Y
PHE area of single plate (m2) 1.38
PHE no. of passes 4
PHE channels per pass 28

operating parameters value

MEA concentration (wt %) 30
lean solvent temperature (K) 308.15
absorber/stripper pressure (kPa) 101.3/175
condenser temperature (K) 303.15
flue gas temperature (K) 301.15
flue gas base load (100%) (kmol/s) 0.7049
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flowrate, CO2 capture percentage, lean solvent CO2 loading,
and CO2 composition in flue gas, as given in Table 8

The objective of the part-load optimization is to minimize
the operating cost (OPC) defined in eq 17, which includes
the cost of steam consumed in the reboiler, the cost of
electricity required for pumping the lean and rich solvents,
and the cost of cooling water required in the condenser and
cooler. The pumping duty (Qpump) is computed by assuming
an overall efficiency of 75%. The reboiler duty is computed as
described in Section 2.1. The cooling duty consists of the
condenser and cooler duties. Costs of steam, electricity, and
cooling water, given by cs, ce, and cw, respectively, are shown
in Table 9. These prices are obtained from Turton et al.132

Costs of steam and cooling water are based on only the
operating costs under the assumption that the capital
investment required to build the generation facility has
already been depreciated.132 The selected steam price is
based on the steam extracted from a low-pressure turbine (5
barg, 160 °C) with credit for electricity using a natural gas
fuel source.132 The price of cooling water is the utility cost
for producing cooling water using a cooling tower with a
supply and return temperature of 30 and 45 °C, respectively.
Obviously, these prices will change depending on the cost of
electricity used, location, design, technology, and other
factors. The reader is referred to Turton et al.132 for more
details about the cost basis. The plant is assumed to operate
for 8000 h per year (thr/yr)

= ̇ + ̇ + ̇ ×c Q c Q c Q tOPC (M$/year) ( ) ( )s reb w c e pump hr/yr

(17)

4.2.2. Effect of the RL-HX Temperature Approach on the
Reboiler Duty. Rich solvent leaving the absorber needs to be
efficiently heated for stripping CO2, while lean solvent leaving
the stripper needs to be cooled down to favor absorption.
Thus, preheating the rich solvent in the RL-HX reduces the
reboiler duty. Consequently, it also reduces the cooling duty
for the lean solvent before it is sent to the absorber. As
mentioned in Section 1.1, the hot-end temperature approach
of the RL-HX is assumed to be fixed by several studies
focused on operational optimization. The motivation behind
the study presented in this subsection is to evaluate the
impact of this assumption on the reboiler duty under an off-
design operation scenario. First, we note that during off-
design operations, the CO2 loading in the rich and lean

solvents as well as the solvent flowrate can vary significantly.
However, the RL-HX has a fixed area. It may be possible to
change the heat transfer area by adding or removing plates
but that would require shutdown of the plant and therefore
changing the area of RL-HX is not considered to be feasible
during plant operations. Two largely different operating
conditions are evaluated. Case I considers a case with low
lean CO2 loading, while case II considers a case with high
lean CO2 loading. Other conditions corresponding to these
cases are shown in Figure 10A. For this study, only the

desorption section including the RL-HX is simulated, as
shown in Figure 10A. The simulation is done using the
models from the U.S. DOE’s Carbon Capture Simulation
Initiative (CCSI) toolset available for free download at
https://github.com/CCSI-Toolset/MEA_ssm.
Figure 10B shows the variation of design area with the hot-

end temperature approach and the variation of the reboiler
duty with the hot-end temperature approach. It can be
observed that at low lean solvent loading, a decrease in the
hot-end temperature approach in the range studied here has
only a minor effect on the reboiler duty. This is because at
very low lean loading, the dominant contribution to the
reboiler duty is the heat required for the endothermic
reaction rather than the sensible heat. On the other hand, for
high CO2 lean loading, which leads to higher circulation rate
such as in case II, the reboiler duty varies significantly with
the hot-end temperature approach as the sensible heat

Table 8. Ranges of Key Process Parameters for
Optimization Studies

process parameter low high

flue gas flowrate 60% base load 100% base load
CO2 capture percentage 75% 90%
lean solvent CO2 loading 0.1 0.4
CO2 composition in flue gas (mol %) 3.7 14.7

Table 9. Utility Cost Data (Obtained from Turton et
al.132)

utility cost

steam $2.03/GJ
electricity $0.0674/kWh
cooling water $0.378/GJ

Figure 10. Fixed temperature approach analysis showing (A) PHE
and stripper with operating conditions for two specific cases, (B)
PHE area and reboiler duty with respect to the hot-end temperature
approach for case I: low lean load scenario and case II: high lean
loading scenario.
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requirement for heating the large flow of circulating solvent
constitutes a larger portion of the reboiler duty. In summary,
the study shows that (i) the design area would differ
depending on the design temperature approach and design
operating conditions and (ii) the impact of the given design
area (or the hot-end temperature approach) on the reboiler
duty depends on the operating conditions. This study
motivates consideration of a rigorous RL-HX model with a
given heat transfer area rather than a fixed temperature
approach for optimization under off-design operations.
4.2.3. Optimal Operating Conditions at Base Load. The

L/G ratio is optimized by varying the lean solvent loading
(LLD) to determine the circulation rate required to maintain
the absorber performance at the given capture rate. Figure 11

shows the sensitivity of OPC with respect to the L/G ratio at
a 90% capture of low inlet CO2 concentration flue gas at base
load. The optimal L/G ratio is observed at about 1.78 mol/
mol, and the OPC breakdown into reboiler duty, pumping
duty, and cooling duty is also shown.
For a given capture rate, a lower L/G ratio requires a lower

lean loading to satisfy the desired extent of CO2 capture in
the absorber. Figure 11 shows that as the L/G ratio becomes
smaller than about 1.78 mol/mol, there is a steeper decrease
in the desired lean loading. This leads to a steeper increase in
the reboiler duty and a consequent steeper increase in the
OPC, as shown in Figure 11. As the L/G ratio is increased
beyond the optimal value, the reboiler duty keeps increasing,
mainly due to the increasing requirement of sensible heat.
The cooler/condenser duty follows a similar trend as the
reboiler, i.e., increasing steeply when L/G is lower than
optimal and a gradual increase when the L/G ratio is higher
than the optimal value. Pumping cost monotonically keeps
increasing with a higher L/G ratio as expected. Due to these
cumulative effects, the OPC starts increasing when the L/G
ratio is higher than optimal.
Figure 12 shows the utility costs at a 90% capture for

varying L/G ratio required to treat flue gas with high CO2
inlet concentrations at the base load. A higher optimum L/G
ratio (∼7.4 mol/mol) for treating flue gas with a 14.7 mol %
CO2 inlet concentration is obtained when compared with

that for flue gas with a 3.6 mol % composition. One key
characteristic common to both Figures 11 and 12 is that the
OPC increases steeply below the optimal L/G ratio showing
the impact the L/G ratio has on the energy penalty. The
study shows that operating the capture plant at the optimal
L/G ratio will be highly desired for minimizing the operating
cost.

4.2.4. Effect of Part-Load Operations on the RL-HX
Temperature Approach. The RL-HX is developed as a PHE
with the design parameters given in Table 8. Figure 13 shows

the hot-end temperature approach of the RL-HX under part-
load operations and varying L/G ratio at a 90% capture for
flue gas with high and low CO2 compositions. It can be
observed that the minimum ΔThot end at each part load for
both the flue gas with low and high CO2 contents is similar
for the optimum L/G ratio. Also, a change in the flue gas
load with a high CO2 content from 100 to 60% results in a
change in the minimum ΔThot end from 19 to 16 K, while that
of the flue gas with low CO2 content changed from 16 to 14
K. For other operating points, ΔThot end varies significantly
depending on the lean loading, as explained in Section 4.2.2.
The reduction in the energy penalty of the capture plant as a

Figure 11. Utility cost at a 90% capture for varying the L/G (mol/
mol) ratio at the base load of flue gas with low CO2 inlet
concentrations.

Figure 12. Utility cost at a 90% capture for varying L/G (mol/mol)
ratio at the base load of flue gas with high CO2 inlet concentrations.

Figure 13. RL-HX temperature approach under part-load operations
(60−100% base load) at a 90% CO2 capture.
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result of preheating the rich solvent in the RL-HX has a
higher impact at higher lean loading when the solvent
circulation rate is higher, thus requiring a higher amount of
sensible heat.
4.2.5. Coupled Part-Load and Variable Capture Oper-

ations. The studies conducted here consider steady-state
part-load and variable capture operations. Figure 14 shows a
bar graph for the optimal OPC vs variable capture for flue
gas with low and high CO2 compositions at three distinct
loads of 100, 80, and 60%. Once again, it should be noted
that the optimal OPC reported in Figure 14 is based on eq
17 that only accounts for the total utility consumption. The
optimal OPC reported in Figure 14 is for the corresponding
capture rates. In reality, the desired capture rate would
depend on many factors like carbon tax/credit, environmental
policy, etc. Figure 14 shows that the optimal OPC for the
flue gas with higher CO2 concentrations (Figure 14B) is
considerably higher compared to the corresponding cases for
the flue gas with lower CO2 concentrations (Figure 14A).
This is because of higher utility consumption for the cases
with higher CO2 concentrations as the total amount of CO2
captured is higher compared to the flue gas with low CO2
concentrations. In addition, the optimal OPC keeps
increasing with higher percentage capture for both low-

concentration and high-concentration flue gases as the
amount of CO2 captured increases. Similarly, for a given
percentage capture, the optimal OPC keeps increasing with
higher loads.
Table 10 provides a summary of the optimal L/G ratios for

each load and variable percentage capture. The flue gas with

Figure 14. Optimal operating cost for variable flue gas load and percentage capture for (A) low CO2 inlet composition and (B) high CO2 inlet
composition.

Table 10. Optimal L/G (mol/mol) Ratios under Variable
Flue Gas Loads (60, 80, and 100%) and CO2 Removal
Target (75 and 90%) at Two Different Flue Gas
Concentrationsa

CO2 percentage capture (%)

flue gas load (%) 75 90

60 (yCO2, Low) 1.41 1.74

80 (yCO2, Low) 1.41 1.76

100 (yCO2, Low) 1.42 1.78

60 (yCO2, High) 5.94 7.16

80 (yCO2, High) 6.05 7.29

100 (yCO2, High) 6.49 7.40

ayCO2, Low corresponds to 3.6 mol % CO2 and yCO2, High Is 14.7 mol %.
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a higher CO2 content corresponding to a pulverized coal
power plant requires a higher L/G ratio compared to the
NGCC flue gas with lower CO2 content. For the same
absorber column size and flue gas flowrate, the optimal
required solvent flowrate at a given removal target reduces
when treating flue gas with a lower CO2 composition. It
should be noted that this study has been conducted by
considering the same equipment dimensions for treating both
the high- and low-concentration flue gases and the plant
hardware design is not necessarily optimal. The optimal OPC
is likely to vary if the plant equipment items are optimally
designed by considering the CO2 concentration in the feed
flue gas.

5. CONCLUSIONS
The IDAES computation platform is utilized to develop a
detailed model of an amine-based CO2 capture process. The
initialization routine is found to lead to successful
convergence of this highly nonlinear system starting with
initial guesses that are far from the solution. Model results
compare well with the data from the NCCC pilot plant,
TCM pilot plant, and WWC experiments under considerable
variation of solvent flowrate, gas flowrate, CO2 concentration
in the gas, variable capture rate, and steam flowrate to the
reboiler as would be expected under off-design operations.
The plant-wide model is used for steady-state optimization

of a reference capture unit under part-load operations and
variable capture rates using flue gas similar to a pulverized
coal and natural gas-combined cycle power plants. Analysis
on the performance of the reference RL-HX showed that the
hot-end temperature approach can considerably vary under
off-design operations. Performance evaluation of the amine
reference plant shows that the optimal operating conditions
at base load are suboptimal for part-load and variable capture
operations. The study shows that if L/G ratio keeps
becoming lower than the optimal value, the energy penalty
keeps becoming steeper. If the L/G ratio is higher than the
optimal, the energy penalty also keeps increasing but the
increase is much less steep than when the L/G ratio is lower
than optimal. The optimal L/G ratio is found to be higher
for capturing CO2 from a flue gas with higher CO2
concentration. For a given load, as the percentage capture
is increased, the optimal L/G ratio is generally found to
increase especially for the flue gas with a higher concentration
of CO2. The optimal OPC for the flue gas with higher CO2
concentrations is found to be considerably higher compared
to those for the flue gas with lower CO2 concentrations for
all loads and capture percentages that are evaluated. The
optimal OPC increases as the percentage capture increases at
a given load and as the load increases for a given percentage
capture. These results for the optimal OPC are generated for
a few specific capture percentages, but in an operating
capture plant, there would be a CO2 capture target that the
plant needs to satisfy. It should also be noted that the OPC
results presented are specific to the formulation considered in
this work.
This study shows that the optimal operation of an existing

capture unit is crucial to minimizing the parasitic energy loss
in the capture plant under part-load and variable capture
conditions. The studies conducted here consider the same
equipment size for both low- and high-concentration flue
gases. Furthermore, the equipment designs are not necessarily
optimal. For improving the plant economics further, it will

also be desired to optimally design the equipment items with
due consideration of the part-load and variable capture
operations as well as the CO2 concentration in the incoming
flue gas. Finally, the model described here is available for free
download under https://github.com/IDAES/idaes-pse/tree/
main/idaes/power_generation/carbon_capture/mea_solvent_
system.
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■ NOMENCLATURE
ae effective interfacial area per unit packed volume, m2/

m3

ap interfacial area of packing, m2/m3

A area, m2

C concentration, mol/m3

Ĉp mean specific heat capacity, J/mol • K
cs,ce,cw cost of utilities, s = steam, e = electricity, w = cooling

water
CHP combined heat and power
D Fick diffusion coefficient, m2/s
d diameter, m
E enhancement factor
E∞* instantaneous enhancement factor
F molar flowrate, mol/s
G mass flow velocity, kg/(m2 s)
h heat transfer coefficient, W/(m2 K)
h′ heat transfer coefficient corrected for high mass flux,

W/(m2 K)
He Henry’s constant, Pa m3/mol
Ha Hatta number
k mass transfer coefficient, m/s
k′ mass transfer coefficient, mol/(m2 s Pa)
K concentration-based equilibrium constant, m3/mol
krx overall reaction rate constant, m3/(mol s)
L length, m
OPC operating cost, M$/year
P pressure, Pa
Q̇ heat duty, W
r MEA−H2O ratio
RFCC residual fluidized catalytic cracker
SRD specific reboiler duty, MJ/kg CO2
T temperature, K
u superficial velocity, m/s
x liquid-phase composition
y vapor-phase composition
z axial coordinate, m

■ GREEK SYMBOLS
ρ molar density, mol/m3

ρ̅ density, kg/m3

γ activity coefficient
Υ dimensionless concentration in enhancement factor

model
λ thermal conductivity, W/(m K)
λs latent heat of steam, J/kg
λ1,λ2 homotopy parameters

α lean solvent loading, mol CO2/mol MEA

■ SUBSCRIPTS AND SUPERSCRIPTS
* interface
a apparent specie
b bulk phase
t true specie
V vapor phase
L liquid phase
i component index
tot total
z axial domain
reb reboiler
cond condenser

■ REFERENCES
(1) Hamborg, E. S.; Smith, V.; Cents, T.; Brigman, N.; Falk-
Pedersen, O.; De Cazenove, T.; Chhaganlal, M.; Feste, J. K.;
Ullestad, Ø.; Ulvatn, H.; et al. Results from MEA testing at the CO2
Technology Centre Mongstad. Part II: Verification of baseline
results. Energy Procedia 2014, 63, 5994−6011.
(2) Bui, M.; Adjiman, C. S.; Bardow, A.; Anthony, E. J.; Boston,
A.; Brown, S.; Fennell, P. S.; Fuss, S.; Galindo, A.; Hackett, L. A.;
et al. Carbon capture and storage (CCS): the way forward. Energy
Environ. Sci. 2018, 11, 1062−1176.
(3) Stec, M.; Tatarczuk, A.; Więcław-Solny, L.; Krótki, A.; Spietz,
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