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Simulation and Optimization for Power Plant
Flue Gas CO2 Absorption-Stripping Systems

Hsuan Chang and Chien-Ming Shih

Department of Chemical and Materials Engineering, Tamkang

University, Tamsui, Taipei, Taiwan, Republic of China

Abstract: Performance characteristics and design optimization for industrial-scale

coal-fired and natural-gas-fired power plant flue gas CO2 absorption-stripping

systems, using MEA (monoethanolamine) and mixed-DGA/MDEA (diglycolamine/
methyldiethanolamine) aqueous solutions, are investigated by computer simulation.

A rigorous model adopted from the literature, built on RATEFRAC of Aspen Plus,

is used to simulate the complex reactive absorption behaviors. Column profiles and

mass transfer characteristics as well as the effects of design variables for conventional,

conventional with absorber intercooler and split-flow schemes are analyzed. Major

design variables for each scheme are identified. Both intercooler and split-flow

schemes are beneficial. The split-flow scheme is examined from three aspects for its

applicability. Design optimizations by the logical search plan method are performed

for both coal-fired and natural-gas-fired CO2 recovery systems using MEA aqueous

solution. Compared to practical initial designs, the optimized designs provide cost

reductions of 10% and 26% for intercooler and split-flow schemes, respectively.

Keywords: Power plant, carbon dioxide, absorption, stripping, intercooler, split-flow,

design optimization, logical search plan, alkanolamine

INTRODUCTION

Control of CO2 emission from power plants has become an unavoidable issue that

requires serious attention due to the Global Warming Problem. According to
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IEA’s report (1), compared to other technologies, CO2 absorption using various

amine solutions is most feasible. However, CO2 recovery system places significant

economic impact on the power plant. The increase of electricity cost can be as high

as 75% and the plant efficiency can be lowered by 26�38% (2, 3). At present,

there have been only few industrial recovery plants built and operated, the

oldest plant at Kerr-McGee Chemical Co. located at Trona, California (4).

Acid gas absorption, in particular for CO2 and H2S, using various alkano-

lamine solutions has been a sophisticated technology in refinery and gas indus-

tries (5). There have been in-depth researches in almost all related

fundamental aspects, including chemical kinetics, thermodynamic equili-

brium as well as mathematical model developments (6–11). Although most

of the researches emphasized the absorption process, the theoretical funda-

mentals are equally well applicable to both absorption and stripping.

The reactive absorption behaviors are highly complex in nature because

multiple equilibrium and kinetic reversible chemical reactions are involved in

the heat and mass transfers. The model developed by Pacheco and Rochelle

(11) is built upon RATEFRAC, the rate-based distillation module of Aspen

Plus. User-supplied subroutines for heat and mass transfer coefficients are in-

corporated into RATEFRAC to account for the chemical reaction effects. This

model is highly suitable for simulating the industrial CO2 recovery system due

to the model’s rigorous theoretical fundamentals and the flexibility of Aspen

Plus to incorporating various process configurations.

Compared to the conventional absorber-stripper scheme, adding an

absorber intercooler and using the split-flow arrangement are potential configu-

ration modifications for energy saving (5). Absorber intercooler allows a greater

solute build-up in the rich solvent, and thereby reducing the total solvent circula-

tion rate. With split-flow scheme, the amount of circulated absorber liquor that

requires more stringent regeneration might be reduced. Thompson and King

(12) have investigated the characteristics of absorption-stripping systems that

apply absorber intercooling or split-flow designs. The solute to be absorbed is

CO2 or H2S and the solvent is MEA (monoethanolamine) or DEA (diethanol-

amine) aqueous solution. They concluded that the optimal location of inter-

cooler is near halfway absorption point at absorber and split-flow can only

provide energy savings for absorber-limited systems with constraints on rich

solvent loading. Because CO2 absorption using MEA or DEA is stripper-

limited, there is no energy-saving potential for applying split-flow design.

Considering the significant cost impacts on power plant operations, design

optimization is crucial for the power plant flue gas CO2 absorption-stripping

systems. Despite the complex chemical absorption/stripping, the literature

reported studies on the effects of various design variables used equilibrium

models, such as HYSIM and Aspen Plus, which cannot realistically predict

the performances of the absorber and the stripper (4, 13). This paper presents

the results of performance characterization and design optimization for an

industrial-scale power plant flue gas CO2 absorption-stripping system using
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the above-mentioned model (11). The feed gas conditions listed in Table 1,

illustrated in Desideri and Paolucci (13), for a typical 320 MW coal-fired and

natural-gas-fired steam power plant, are used in this study. The solvents investi-

gated are MEA aqueous solution and 50 wt% DGA/MDEA mixed-amine

aqueous solution; the former is most commonly used mainly due to its high

reactivity and low cost, while the latter gains great attention in recent years

due to its high reactivity and low regeneration energy consumption (5). For per-

formance characteristics study, base cases are defined where the absorber and the

stripper using Pall ring packings are sized according to common engineering

practices. Column profiles, mass transfer characteristics, and design variable

sensitivity analysis are studied for conventional, conventional with absorber

intercooler, and split-flow schemes. For split-flow scheme, its applicability are

examined from three aspects, including feed and design conditions, operation

and equilibrium relations, and reboiler duty dependent characteristics. Because

too many design variables are involved and the system involves complex mathe-

matical models as well as multiple process units, applying pure mathematical

search for the optimization is not feasible. In this study, a systematic search

method, the logical search plan method (14) is adopted for the optimization of

two potentially advantageous configurations, the conventional with absorber

intercooler scheme, and the split-flow with absorber intercooler scheme.

MATHEMATICAL MODEL

The reactive absorption behaviors of the CO2-alkanolamine-H2O system are

highly complex because of the multiple equilibrium and kinetic reversible

reactions. The kinetic reversible reactions involved are:

CO2 þ OH�  !
kOH

HCO�3 KOH ð1Þ

Table 1. Flue gas conditions

Conditions

Fuel

Coal Natural gas

Feed pressure (bar) 1.0 1.0

Temperature (8C) 66.5 66.5

Flow rate (kmol/hr) 4,330 4,330

Composition (mole fraction)

CO2 0.132 0.080

H2O 0.062 0.062

N2 0.758 0.810

O2 0.048 0.048
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for primary or secondary alkanolamines:

CO2 þ H2Oþ R1R2NH !
k2p

R1R2NCOO� þ H3Oþ K2p ð2Þ

for tertiary alkanolamines:

CO2 þ H2Oþ R1R2R3N !
k2t

R1R2R3NHþ þ HCO�3 K2t ð3Þ

The equilibrium reactions involved are:

2H2O()H3Oþ þ OH� Kw ð4Þ

CO2 þ 2H2O()HCO�3 þ H3Oþ KCO2
ð5Þ

CO�2
3 þ H2O()HCO�3 þ OH� Kbic ð6Þ

R1R2R3Nþ H2O()R1R2R3NHþ þ OH� KR3N ð7Þ

In this study, the point model as well as the framework for incorporating

the model into RATEFRAC both developed by Pacheco and Rochelle (11) are

adopted for simulating the packed-tower absorber and stripper. The point

model predicts the enhancement factors and actual mass transfer coefficients

for each segment of the column, while RATEFRAC is the rate-based distilla-

tion module of Aspen Plus that uses the Generalized Maxwell-Stefan approach

to multicomponent mass transfer. The point model uses the approximate

analytical expression for the enhancement factor, which is derived by

DeCoursey (15) for reversible second-order chemical reactions based on the

surface renewal theory (16). Detail formulations and experimental verifica-

tions for the model, for both absorption and desorption, were reported in

Pacheco’s dissertation (17).

Pall ring packings are used in both absorption and stripping columns.

Physical mass transfer coefficients for liquid and vapor as well as the inter-

facial area for Pall ring packings are estimated using Bravo and Fair’s corre-

lation (18). The heat transfer coefficients for liquid and vapor are estimated by

Chilton-Colburn analogy (19). Redlich-Kwong-Soave equation of state (20)

and electrolyte-NRTL (21) models are used to represent the thermodynamic

equilibriums of vapor and liquid, respectively. The methods and correlations

used by Austgen (22) and Pocheco (17) are followed for the estimation of the

physical and transport properties for the CO2-MEA-H2O and CO2-DGA-

MDEA-H2O systems.

SYSTEM PERFORMANCE CHARACTERISTICS ANALYSIS

The performance characteristics analysis focuses on coal-fired flue gas

condition and uses 20 wt% MEA aqueous solution or 25 wt%/25 wt%

DGA/MDEA aqueous solution with lean solvent loadings of 0.15 and 0.1,
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respectively. The loading represents the molar ratio of total CO2 related

species to total amine related species in the solution. The removal efficiency

for CO2 is set at 90%.

Three different system configurations are examined, including the con-

ventional, conventional with absorber intercooler, and split-flow schemes,

as shown in Fig. 1. Heat integration between lean solvent and rich solvent

is included considering counter-current heat exchanger with the minimum

temperature difference of 58C. The temperatures of lean solvent entering

the absorber and of rich solvent entering the stripper are set at 408C and

908C, respectively. The stripper condenser temperature is set at 708C.

Column simulation results from different segment height settings indicate

that column performances do not show distinguishable differences for

segment height less than 60 cm, therefore segment height of 50 cm is used

throughout this study. Column sizing results for 70% flooding are listed in

Table 2.

Conventional Scheme

Basic column profiles for the absorbers are shown in Fig. 2. The bulk of CO2

gas is absorbed near the top of the absorber (Figs. 2-a, 2-d) and consequently

the temperature bulge is located near the top (Figs. 2-b, 2-e) due to the absorp-

tion heat effect. However, when the liquid flow rate is increased, the location

of the bulge will move downward as discussed in Kohl and Nielsen (5). Due to

its lower heat of reaction, the bulge is broader and the vapor and liquid temp-

eratures are lower for the DGA/MDEA solution case as compared to the MEA

solution case. As for the mass transfer resistances, resistances from both liquid

and vapor phases are significant for the MEA solution case (Fig. 2-c), but the

liquid phase resistance is relatively higher. On the other hand, mass transfer

resistance from vapor phase is negligible for the DGA/MDEA solution case

(Fig. 2-f). The liquid phase, vapor phase, and overall mass transfer resistances

are defined as:

RL ¼
1

E � ko
L

ð8Þ

RG ¼
R � T

kG � H
ð9Þ

RO ¼ RL þ RG ð10Þ

In Eq. (8), the enhancement factor (E) is defined as the ratio of the actual

mass transfer flux, which is enhanced by chemical reaction, to the physical

mass transfer flux.

Basic column profiles for the strippers are shown in Fig. 3. Mass transfers

of CO2 are evenly distributed along the entire column, but rates are still higher
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Figure 1. Flow schemes.
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near the top section (Figs. 3-a, 3-d). The temperature profiles are monoto-

nously decreasing from bottom to top of the stripper (Figs. 3-b, 3-e). Mass

transfer resistances from both liquid and vapor phases are significant for

both MEA solution and DGA/MDEA solution cases (Figs. 3-c, 3-f).

However, vapor phase contribution is higher for the former while liquid

phase contribution is higher for the latter.

Sensitivity analysis is conducted to explore the effects of major system

design and operating variables on the stripper reboiler duty and the total

operating cost. The total operating cost includes (1) utility costs from

condenser, reboiler, trim cooler, trim heater, and feed gas compression, and

(2) amine costs due to losses from exit gases from both columns. Pumping

costs are neglected. The unit prices of utilities and amines are listed in

Table 3. The equipment cost is not considered because it is the operating

cost that places significant impact on the electricity generation cost.

Because the utility cost of reboiler dominates the total operating cost,

the effect characteristics are similar as shown in Fig. 4. The variables with

most significant impacts are lean solvent loading, feed gas CO2 mole

fraction, absorber pressure, and stripper pressure. Lowering lean solvent

Table 2. Design conditions for conventional scheme

Conditions

Solution

MEA DGA/MDEA

Flue gas

T (8C) 66.50 66.50

P (bar) 1.0 1.0

Flow rate (kmol/hr) 4,330 4,330

yCO2
0.132 0.132

Lean solvent

T (8C) 40.01 40.00

P (bar) 1.0 1.0

Flow rate (kg/hr) 6,11,645.45 7,04,627.17

WAM (wt%) 20 25/25

als 0.15 0.1

Absorber design

Total packing height (m) 12 10

Total Segment No. 24 20

Diameter (m) 5.4 5.0

Stripper design

Total packing height (m) 14 8

Total Segment No. 28 16

Diameter (m) 4.4 4.0

Condenser temperature (8C) 70.00 70.00
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loading has the greatest effect, but the effect of raising loading is much less.

Feed gas CO2 mole fraction shows linear impact. Raising absorber pressure

provides no advantages due to high compression costs. For DGA/MDEA

solution system, lowering stripper pressure is favorable. However, for the

Figure 2. Absorber column internal profiles—conventional scheme.

(continued)
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20 wt% MEA solution system, an optimal stripper pressure can be found.

Further analysis indicates that for the 30 wt% MEA solution system, the

effect of stripper pressure is similar to that of DGA/MDEA solution

system. Raising operation pressure should result in the relief of pinch

Figure 2. Continued.
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phenomena at the bottom of stripper and consequently reduction of reboiler

duty. The existence of an optimal stripper pressure is resulted from the

solvent loading constraints, which limits the reduction of the vapor-liquid

flow ratio.

Figure 2. Continued.
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Conventional with Absorber Intercooler Scheme

Considering addition of a cooler at an appropriate location for the absorber,

the intercooler location is parameterized by FI, which is defined as the

Figure 3. Stripper column internal profiles—conventional scheme.

(continued)
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degree of lean solvent enrichment up to the intercooler location relative to the

entire column enrichment (12).

FI ¼
aic � als

ars � als

ð11Þ

Figure 3. Continued.

H. Chang and C.-M. Shih888

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 3. Continued.

Table 3. Unit prices of utilities and alkanoamines (5)

Utility/amine Unit cost

Cooling Watera (US$/GJ) 0.16

Steama (US$/GJ) 3.17

MEA (US$/kg) 1.3

DGA (US$/kg) 2.0

MDEA (US$/kg) 3.1

acost per unit amount of heat exchange.
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For the above-mentioned base case at FI value of 0.5 and the liquid

withdrawn is cooled to 408C before returning to the absorber, mass transfer

rate and temperature profiles of absorber are shown in Fig. 5. Compared to

the conventional design, major absorption still occurs at upper sections and

Figure 4. Effects on reboiler duty and total cost—conventional scheme.

(continued)
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mass transfer rates near intercooler are significantly increased for MEA

system. Average temperature reduction is about 10�158C for the column,

and temperature bulge does not exist anymore. Due to the reduction in

required solvent circulation rate, the stripper reboiler duty is reduced and so

Figure 4. Continued.
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is the total operating cost. The effects of intercooler location, expressed by FI,

are shown in Fig. 6. Intercooler located near the bottom provides the highest

benefits because the pinch near the bottom, implied from Fig. 5a and Fig. 5c,

can be relaxed.

Figure 5. Absorber column internal profiles—intercooler scheme.

(continued)
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Split-Flow Scheme

In split-flow scheme, a portion of internal liquid is withdrawn from an inter-

mediate location of stripper and added into an intermediate location of

Figure 5. Continued.
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absorber. Parameters FcA and FcS, defined similarly to FI, are used to express

the split stream adding and drawing locations in the absorber and stripper (12).

FcA ¼
aa � als

ars � als

ð12Þ

FcS ¼
as � als

ars � als

ð13Þ

Figure 6. Effects on intercooler location.
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In this study, it is set that FcA is equal to FcS and Fc is used to denote the side-

draw location.

Split-flow scheme allows portion of absorption liquid to be regenerated

less stringently; however, the required total circulation liquid rate must be

increased. Therefore, the overall impact on stripper reboiler duty, which

dominates the total operating cost, is not always beneficial. The applicability

of split-flow scheme is examined from three aspects in this study, including

feed and design conditions, operation and equilibrium relations, and

reboiler-duty dependent characteristics. The effects of parameters pertaining

to the split-flow on total costs are provided.

Feed and Design Conditions

Feed gas CO2 mole fractions of 0.132 and 0.08, corresponding to coal-fired

and natural-gas-fired flue gases, with removal efficiencies of 90% and 95%

are analyzed. The effects of lean solvent loading on stripper reboiler

duty and total cost are shown in Fig. 7. Split-flow scheme provides greater

benefit when lean solvent loading is set at a more stringent level. Compared

to the conventional scheme, up to about 20% reduction in stripper reboiler

duty and total cost can be obtained for the analyzed cases.

Operation and Equilibrium Relations

Following Thompson and King (12), the characteristics of conventional and

split-flow schemes can be compared via operating diagrams, which include

equilibrium curve, operating curve, and efficiency curve. The equilibrium

curve is determined by the liquid phase composition and its corresponding

temperature at each point of the column. The operating curve represents the

actual compositions of the contacting vapor and liquid streams at each point

of the column. The efficiency curve relates the actual compositions of the

two streams leaving a given point of the column. The distance between

operating and equilibrium curves represents the driving force for mass

transfer, while the distance between efficiency curve and equilibrium curve

reflects the efficiency of vapor-liquid mass transfer. Besides, the slope of

operating curve represents the ratio of vapor and liquid flow rates.

The operating diagrams for both conventional and split-flow schemes are

given in Fig. 8 and Fig. 9. Comparing these two sets of figures, one can find

out that: (1) severe pinch characteristics occur at the bottom sections of both

absorber and stripper, particularly for the stripper; and (2) split-flow scheme

allows different slopes of the operating curve for the top and bottom sections

of the column, which corresponds to the vapor-liquid flow ratios. In split-flow

scheme, the stripper reboiler duty can be reduced due to both the change of

operating curve slope at the top section of the stripper and the reduction of

liquid flow at the bottom section of the stripper from splitting of liquid flow.
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Reboiler Duty Dependent Characteristics

According to the nature of stripper reboiler duty dependent characteristics,

Thompson and King (12) distinguished the absorber-stripper systems into

Figure 7. Effects of feed and design conditions—split-flow scheme.

(continued)
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absorber-limited and stripper-limited. Absorber-limited systems have

strippers that exhibit a minimum steam consumption for the lowest total

solvent flow rate, while stripper-limited systems exhibit an internal-

minimum steam consumption with respect to the total solvent flow rate and

Figure 7. Continued.
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the lean solvent loading. They concluded that split-flow schemes provide

energy savings only for absorber-limited systems with maximum solvent

loading constraints, and all CO2 systems are stripper-limited.

For the base cases analyzed in this study, CO2/MEA and CO2/DGA/
MDEA systems are stripper-limited, as shown in Fig. 10. However, it is

Figure 8. Operating diagrams—conventional scheme.

(continued)
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indicated in Fig. 7 that split-flow schemes are still capable of providing

benefits, in particular for the DGA/MDEA system.

Parameter Studies

The parameters investigated are lean solvent loading, split flow rate, and

location (Fc). The effects on total costs are shown in Fig. 11. Lean solvent

Figure 8. Continued.
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loading shows greatest impact and reducing Fc, i.e., split stream is at a lower

location in the stripper and can result in lower cost. The impact of split flow

rate is less significant than the other two parameters. Comparing base cases

only, the split-flow schemes provide cost reductions of 15% and 12.6% for

MEA and DGA/MDEA systems, respectively.

Figure 9. Operating diagrams—split-flow scheme.

(continued)
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DESIGN OPTIMIZATION

Since schemes with intercooling and split-flow are both beneficial from the

above studies, design optimizations for these two schemes are performed to

find out the design conditions with lowest total cost.

Figure 9. Continued.
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Logical Search Plan Method

The system to be optimized involves many variables and the prediction of

system performance relies on complex modular mathematical model, so a

pure mathematical search approach is not appropriate. In this study, a

Figure 10. Reboiler duty characteristics.
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logical search plan method (14) is used. Starting with an initial design and

defined search increment, an exploratory design search is conducted by

changing each design variable in turn to find out improved design. Pattern

design search is then conducted by changing the design variables in the

conjecture directions based on the exploratory design search. The search

flow diagram is depicted in Fig. 12.

Figure 11. Effects of design variables—split-flow scheme.
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Figure 12. Logical search plan method flow diagrams.

(continued)
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Conventional with Absorber Intercooler Scheme

The absorption-stripping system of conventional with absorber intercooler

scheme for treating coal-fired flue gas with CO2 composition of 13.2% using

MEA aqueous solvent is optimized. The CO2 recovery requirement is set at

90%. Only major design variables, according to the previous studies, are con-

sidered in the optimization. These variables are stripper pressure (PS), amine

concentration (WAM), lean solvent loading (als), intercooler location (FI),

and condenser temperature (TC). The optimization results are summarized in

Table 4. The optimized design uses higher amine concentration, higher lean

solvent loading, and the location of intercooler is located near the bottom of

the absorber. The cost reduction is 10% compared to the initial design.

Split-Flow with Absorber Intercooler Scheme

For the split-flow with absorber intercooler scheme, the absorption-stripping

system for treating natural-gas-fired flue gas with CO2 composition of 8%

using MEA aqueous solvent is optimized. The CO2 recovery is set at 95%.

The major design variables are stripper pressure (PS), amine concentration

(WAM), lean solvent loading (als), intercooler location (FI), split stream

location (Fc), split flow rate (Lside), and condenser temperature (TC). The

Figure 12. Continued.
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optimized design is shown in Table 5. The optimized design uses higher

stripper pressure, higher amine concentration, higher condenser temperature

(due to higher stripper pressure), and the locations of both intercooler and

split flow are near the bottom of the absorber and the stripper. The cost

reduction is 26% compared to the initial design.

CONCLUSIONS

Typical industrial-scale coal-fired and natural-gas-fired power plant CO2

absorption-stripping systems have been conveniently simulated via a

rigorous model built on RATEFRAC of Aspen Plus. The model which

allows the complex reactive absorption/stripping behavior of the CO2-Alka-

noamine-H2O system has been accounted for.

The performance characteristics analysis has been conducted for three

schemes, including conventional, conventional with absorber intercooler,

Table 4. Optimized design for conventional with intercooler scheme

Parameters

Design case

Initial design Optimized design

PS (bar) 1.0 1.0

WAM (wt%) 20 30

als 0.15 0.18

FI 0.551 0.860

TC (8C) 70.0 77.5

Total cost (US$/hr) 284.3 254.55

Table 5. Optimized design for split-flow with intercooler scheme

Parameters

Design case

Initial design Optimized design

PS (bar) 1.0 1.5

WAM (wt%) 20 30

als 0.10 0.12

FI 0.66 0.918

FC,A/FC,S 0.481/518 0.141/0.136

Lside 1,30,000 1,30,000

TC (8C) 70.0 82.5

Total cost (US$/hr) 260.5 191.94
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and split-flow. The analysis reveals the column internal profiles of temperature

and compositions as well as the relative significance of vapor and liquid phase

mass transfer resistances. For both absorber and stripper of the MEA system as

well as the stripper of DGA/MDEA system, mass transfer resistances from

both vapor and liquid phases are equally important. For the absorber of

DGA/MDEA system, mass transfer resistance from vapor phase is negligible.

The most significant design and operating variables, identified via sensitivity

studies, are lean solvent loading, feed gas CO2 mole fraction, absorber

pressure, and stripper pressure. Intercooler scheme is beneficial and its appro-

priate location is near the bottom of the absorber. Analyses from three aspects

indicate that split-flow is beneficial, and when the lean solvent loading is more

stringent, greater cost reduction can be obtained.

Logical search plan method has allowed the complex system to be

optimized. The optimized designs of intercooler scheme and split-flow with

intercooler scheme provide cost reductions of 10% and 26% compared to

the initial practical designs.

NOMENCLATURES

E Enhancement factor

EFF Efficiency curve

EQ Equilibrium curve

FI Intercooler location parameter

FcA Split-flow location parameter for absorber

FcS Split-flow location parameter for stripper

H Henry’s constant

K Equilibrium constant

kG Gas phase mass transfer coefficient

kL8 Liquid phase physical mass transfer coefficient

Lside Flow rate of split-flow stream

OP Operating curve

PA Absorber pressure

PS Stripper pressure

R Gas constant

RG Gas phase mass transfer resistance

RL Liquid phase mass transfer resistance

RO Overall liquid phase mass transfer resistance

T Temperature

TC Condenser temperature

TG,in Inlet gas temperature

Tls Lean stream temperature

WAM Amine concentration

yCO2
Mole fraction of CO2 in inlet gas
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aA Split-flow stream solvent loading for absorber

aS Split-flow stream solvent loading for stripper

als Lean solvent loading

ars Rich solvent loading

hCO2
Absorption efficiency of CO2
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