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Reducing carbon dioxide (CO2) emission is one of the major challenges for the world’s steel industries.  
Carbon capture and storage (CCS) is now widely recognized as an option that could contribute almost 20% 
to the total emissions reductions.  Among the several existing technologies for carbon capture, chemical  
absorption was chosen to capture CO2 from the hot stove gas at China Steel (CSC).  A self-designed carbon 
capture pilot plant has been constructed and tested at CSC.  The capture efficiency and capture capacity of 
CO2 have achieved the design targets; however, the energy consumption for carbon capture are still above the 
directive of the European Union issued in 2005.  Five absorbents, comprising 20%AMP+10%PZ solution, 
20%DETA+10%PZ solution, 23%DETA+20%PZ solution, 20% MEA solution and 30% MEA solution, were 
chosen to investigate their CO2 capture properties and to search for the optimal operating parameters to  
reduce the regeneration energy of CO2 capture.  At the present stage, the optimal reboiler duty can be   
reduced to 5.3 GJ/ton CO2 by using 23%DETA+10%PZ solution as the absorbent at a solvent flow rate of 
100 kg/hr.   
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1. INTRODUCTION 

Global warming has become a global concern for 
environmental, scientific, political and economic   
issues.  Carbon dioxide is regarded as the largest con-
tributor to the greenhouse effect among all the green-
house gases.  The concentration of CO2 in the atmos-
phere has increased by approximately 100 parts per 
million by volume (ppmv) over the past 100 years, 
having stood at 280 ppmv in 1860(1,2). The International 
Energy Agency (IEA) publication Energy Technology 
Perspectives 2010 (ETP) projects that in 2050, energy- 
related CO2 emissions will be two times the 2007 level 
in the absence of any new energy policies or supply 
constraints, due primarily to increased fossil fuel usage 
and a rise in the carbon intensity of primary energy(3).  
According to the Fourth Assessment Report of the  
Intergovernmental Panel on Climate Change (IPCC), 
the global CO2 emissions in 2050 should be reduced at 
least 50% compared with the 2000 level in order to 
achieve an atmospheric temperature drop below around 
2oC and an emissions reduction of 450 ppmv-CO2eq

(4).  
Carbon Capture and Storage (CCS) is now widely  
recognized as an option that could contribute almost 
20% to the total emissions reductions, in addition to 
other measures like energy efficiency improvements, 

the use of renewable energy sources, and nuclear energy 
(5,6).  The typical cost of creating an emission reduc-
tion through the use of CCS is currently around 50~100 
US$/ton CO2

(7). The cost is higher than the current 
price of the carbon market; however, the expected or 
desirable carbon price is much higher than the cost of 
CCS for achieving emission reductions. 

Power generation from fossil fuel-fired power 
plants (e.g., coal and natural gas) is the single largest 
source of CO2 emissions in Taiwan, followed by the 
petrochemical industry and the steel industry.  The 
Taiwan Environmental Protection Administration 
(EPA) has decreed that the CO2 emissions in 2020 
should be reduced to the 2005 level and that the CO2 
emissions in 2025 should be reduced to the 2000 level 
as the targets for CO2 reduction in Taiwan. China Steel 
(CSC) is the biggest steel-making corporation in   
Taiwan and produces approximately 10 million tonnes 
of crude steel annually, adding 20 million tonnes of 
CO2 emissions to the atmosphere annually. Reducing 
CO2 emission has became one of the major challenges 
for CSC.   

CCS has been promoted and announced to be one 
of the government projects.  CSC is one of the key 
members for performing National CCS projects and is 
responsible for the carbon capture research.  Several 
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existing technologies, such as chemical absorption, 
physical absorption, physical adsorption, and the use of 
membranes, have been proposed to capture CO2 from 
gases(1).  Among these technologies, the chemical 
absorption method using amine based absorbents is the 
most applicable to the post-combustion CO2 capture 
process in thermal power station.   

Traditional amines such as monoethanolamine 
(MEA) and amine blends such as potassium carbonate 
(K2CO3)/piperazine (PZ) and methyldiethanolamine 
(MDEA)/PZ have been investigated extensively for this 
application(8-10).  Amines can be classified as primary, 
secondary or tertiary depending on the degree of sub-
stitution of the nitrogen atom.  Primary and secondary 
alkanolamines react rapidly with CO2 to form car-
bamates. Tertiary alkanolamines do not possess a  
hydrogen atom attached to the nitrogen atom.  There-
fore, they facilitate a CO2 hydrolysis reaction to form 
bicarbonates. The heat of reaction involved with bicar-
bonate formation is lower than that of carbamate for-
mation and thus tertiary amines like MDEA are often 
blended with primary or secondary amines to reduce 
solvent regeneration costs.  Sterically hindered amines 
are primary and secondary amines modified to reduce 
regeneration costs(1).   

The biggest point at issue of chemical absorption 
is the high regeneration of energy.  To make this 
process more practical in the near future, it is essential 
to reduce the regeneration energy(11).  Many of the 
research groups have attempted to develop new types 
of chemical absorbents for the enhancement of conven-
tional alkanolamine absorbents, especially MEA.  
Therefore, the objective of this study was to develop 

new absorbents to reduce regeneration energy in the 
carbon capture process. 

2. EXPERIMENTAL METHOD 

2.1 Construction of CO2 capture pilot plant 

A self-designed carbon capture pilot plant has been 
constructed and tested at CSC. This pilot plant based on 
chemical absorption is the first CO2 capture pilot plant 
in Taiwan and is set up beside the #3 BF hot stove at 
CSC.  The CO2 capture process consists of an ab-
sorber, a stripper and a cross heat exchanger.  Its flow 
sheet was shown in Fig.1.  The BF hot stove gas was 
chosen to perform the CO2 capture experiments.  Its 
temperature and pressure are about 400 K and 0.1 MPa, 
respectively.  This gas stream contains about 28.4 
vol% of CO2, 70 vol% of N2, 1.3 vol% of O2, 22 ppm 
of SOx, and 16 ppm of NOx, all in dry basis.  The 
CO2 content emitted from a steel plant is obviously 
different from that in the flue gases of power plants, 
which vary from 3 to 15 vol% depending on the fossil 
fuel used.  In the steel plant situation, there is a need 
to develop a CO2 capture process specifically suitable 
for the treatment of hot stove gas.   

Currently, the feed gas from the #3 BF hot stove is 
put into contact with a lean solvent in an absorber unit.  
Gas with a reduced CO2 content is emitted from the top 
of the absorption tower, while the rich solvent, loaded 
with CO2, remains at the bottom of the tower from 
where it is then heated in a cross heat exchanger before 
being sent to the stripper for CO2 stripping from the 
solvent.  The CO2 is released at the top of the stripper 
while the lean solvent is recycled back to the absorber.  
A current recorder was installed in the pilot plant to 

 

 
Fig.1. CO2 capturing process flow sheet. 
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store input energy for calculating the reboiler duty.  
The pilot plant can capture 100 kg CO2/day with the 
efficiency higher than 90%. 

2.2 Development of MEA model 

MEA solution is an effective solvent that has been 
widely used commercially in CO2 removal plants.  
Simulation of a dynamic MEA absorption process 
model is necessary to simulate and optimize the 
MEA-based CO2 capture system.  In this study, simu-
lations were performed using the ASPEN software.  
The reactive absorption of the CO2–MEA–H2O system 
is complex because of the multiple equilibrium and 
kinetic reversible reactions. The equilibrium reactions 
included in this model are:  

MEA + H3O
+  MEAH+ + H2O (amineoprotonation) 

CO2 + 2H2O  H3O
+ + HCO3

- 

 (bicarbonate formation) 

HCO3
- + H2O  H3O

+ + CO3
2-   

(carbonateformation) 

MEA + HCO3
-  MEACOO- + H2O 

 (carbamate formation) 

2H2O  H3O
+ + OH-  (water hydrolysis) 

The reaction model to be used in the absorber and 
the stripper is made consistent with the Electrolyte- 
NRTL thermodynamic model and the reactions were 
the same as in the base case. 

Equilibrium reaction: 

2H2O  H3O
+ + OH- 

HCO3
- + H2O  H3O

+ + CO3
2- 

MEA + H3O
+    MEAH+ + H2O

 

Kinetic reactions: 

CO2 + OH- → HCO3
-  (Reaction 1) 

HCO3
- → CO2 + OH-  (Reaction 2) 

MEAH+ + HCO3
- → CO2 + MEA + H2O  

 (Reaction 3) 

MEACOO- + H3O
+ → CO2 + MEA + H2O  

 (Reaction 4) 

The kinetic expression defined in ASPEN Plus is 
temperature-dependent and can be expressed as follows: 
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The kinetic parameters for the above reactions are 
summarized in Table 1. 

An ASPEN Plus design specification measured the 
CO2 flow rate in the stack stream and adjusted the lean 
solvent flow rate to ensure that a target recovery of 
90% was achieved.  However, the effect of SOx and 
NOx on reboiler duty was not considered in the simula-
tion. 

2.3 Parametric optimization of various absorbents in 
CO2 capture system 

Concentrated aqueous PZ, classified as a tertiary 
amine, has been identified as a better solvent for CO2 
capture than other amines due to its greater rate of CO2 
absorption and greater CO2 capacity.  However, PZ 
has certain disadvantages as a CO2 absorbent.  Pure 
PZ is only soluble in water up to 1.9 mol/kg water.  
Freeman et al. have shown that, for 8 m PZ at room 
temperature, precipitation occurred when CO2 loading 
is less than 0.2 mol CO2/mol alkalinity (One mol amino 
group is equivalent to 1 mol alkalinity)(12). In addition, 
2-amino-2-methyl-1-propanol (AMP) was considered 
as an efficient CO2 absorbent due to its advantages over 
conventional amines.  In comparison to MEA, AMP 
has a higher loading capacity of 1 mol of CO2/mol of 
AMP.  However, AMP is not a stable absorbent and its 
degradation rate strongly depended on O2 partial pres-
sure and CO2 loading(13).  In order to improve the  
disadvantages of PZ and AMP, different amines are 
blended to form mixture solutions which are expected 
to exhibit lower reboiler duty in CO2 capture than MEA. 

Five absorbents, comprising 20%AMP+10%PZ 
solution, 20%DETA+10%PZ solution, 23%DETA+  
20% PZ solution, 20% MEA, and 30% MEA, were 
chosen to investigate their CO2 capture properties.  
Various operating parameters including solvent flow 
rate, stripper temperature, and stripper pressure, were 

 
Table 1  Kinetic parameters (Activity based) 

Parameter Reaction 1 Reaction 2 Reaction 3 Reaction 4 

k 4.32E+13 2.38E+17 9.77E+10 2.18E+18 

n 0 0 0 0 

E (KJ/Kmol) 1.32E+04 2.95E+04 9.86E+03 1.41E+04 

T0 (K) 298 298 298 298 
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investigated to search for the optimal reboiler duty.  
All experiments performed in this study were based on 
at least 90% CO2 capture efficiency.  All chemicals  
employed in this study were of analytical reagent grade 
and used as supplied without further purification.   

3. RESULTS AND DISCUSSION 

3.1 Simulation of MEA absorption model  

Figure 2 presents the influence of MEA concentra-
tion and solvent flow rate on reboiler duty at a stripper 
pressure of 1 atm calculated by ASPEN software with 
an equilibrium model.  Simulation results show that the 
reboiler duty decreases with an increase of MEA con-
centration.  A higher MEA concentration can capture 
more CO2 than a lower MEA concentration over the 
same absorption time and solvent flow rate even though 

the former need more energy to regenerate the same 
volume of solvent.  In addition, simulation results also 
depict that an optimal reboiler duty exists at certain 
flow rate for a certain MEA concentration.  As shown 
in Fig.2, the increase in the reboiler duty to the left of 
the optimal solvent flow rate is related to the high 
amount of stripping energy needed to obtain the re-
quired low lean loading. The increase in the reboiler 
duty to the right of the optimal solvent flow rate is due 
to the energy requirement to heat up the higher solvent 
flows.  The simulation results show that the optimal 
reboiler duty for 20% MEA is approximately 8.9 
GJ/ton CO2 at a solvent flow rate of 210 kg/hr while it 
is 4.5 GJ/ton CO2 at a solvent flow rate of 134 kg/hr 
for 30% MEA. 

Figure 3 shows the influence of the stripping pres-
sure on reboiler duty.  The reboiler duty of the stripper 

 

       
Fig.2. Influence of MEA concentration and solvent flow rate on reboiler duty. (Stripper pressure: 1 atm) 

 
Fig.3. Simulated results of reboiler duty at various stripper pressures for 30% MEA. 
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decreases with an increase of the stripper pressure from 
1 to 5 atm.  The energy provided to the reboiler is 
employed to heat the rich MEA solution  entering the 
stripper, to drive the MEA–CO2 desorption reaction 
and to vaporize water to generate stripping vapor 
(steam).  The stripping column at CSC is normally 
operated in 1 atm, at a temperature of around 101~105oC 
depending on the MEA concentration.  As the strip-
ping pressure is increased, the operating temperature 
also increases. As the stripper operating temperature 
increases, the ratio of the partial pressure of water to 
that of CO2, (PH2O/PCO2), in equilibrium with the MEA 
solution decreases and results in a decreased stripping 
vapor (steam) requirement.  Since, in this case, the 
stripping vapor is steam, an increased stripper pressure 
results in a decrease in the total reboiler duty(12).  This 
tendency was also found in several published litera-
tures(14,15). 

3.2 CO2 capture of MEA 

The CO2 capture experiments performed in the  
pilot plant are discussed in this section.  The operating 
parameters, comprising solvent flow rate, stripper tem-
perature, and stripper pressure, are set up with refer-
ence to the simulation data. 

3.2.1 Effect of MEA concentration on reboiler duty 

Referring to the simulated results as discussed in 
Fig.2, various close to optimal solvent flow rates were 
chosen to investigate the effect of MEA concentration 
on reboiler duty and the experimental results are shown 
in Fig.4. These results indicated that the lowest reboiler 
duty appears at the solvent flow rate of 210 kg/hr for 
20% MEA, while the lowest reboiler duty appears at 
the solvent flow rate of 105 kg/hr for 30% MEA.  In 
this study, the lowest reboiler duty for 20% MEA and 
30% MEA were found to be 8.2 and 5.8 GJ/ton CO2, 
respectively. 

3.2.2 Effect of stripper pressure on reboiler duty 

As discussed in section 3.1, stripping pressure is 
one of key factors associated with the reboiler duty.  
Table 2 presents the variations of reboiler duty under 
the stripping pressures from 1 to 1.5 atm.  In this study, 
30% MEA was used as the absorbent and its flow rate 
was set up at 105 kg/hr.  Experimental results show 
that the optimal reboiler duty obviously decreased from 
6.28 to 6.02 GJ/ton CO2 with an increase of stripping 
pressure from 1 to 1.5 atm.  The results predict that 
raising the stripping pressure is highly  effective in 
reducing the reboiler duty for the CO2 capture process.   

3.3 Effects of absorbent types on reboiler duty  

Figure 5 shows the effect of various absorbents on 
the reboiler duty.  The experimental results show that 
the reboiler duty of 20%DETA+10%PZ and 23%DETA 
+10%PZ solutions are superior to MEA solution.  This 
implies that the blending of different amines can reduce 
reboiler duty. In addition, the 23%DETA+20%PZ solu-
tion exhibits a lower reboiler duty than the 20%DETA+ 
10%PZ and 20%AMP+10%PZ solutions.  In the pre-
sent work, the optimal reboiler duty can be reduced to 
5.3 GJ/ton CO2 by using 23%DETA+10%PZ solution 
as the absorbent at a solvent flow rate of 100 kg/hr. 

4. CONCLUSIONS 

CSC has designed and constructed the first CO2 
capture pilot plant in Taiwan.  The capture efficiency 
and the capture capacity of CO2 have achieved the  
design targets; however, the energy consumption for 
carbon capture are still above the directive of the 
European Union in 2005.  The reduction in energy 
consumption for carbon capture needs investigated 
further by the development of new absorbents.  Five 
absorbents, comprising 20%AMP+10%PZ solution, 
20% DETA+10%PZ solution, 23%DETA+20%PZ  
solution, 20% MEA, and 30% MEA solutions, were 

 

 
Fig.4. Experimental results of reboiler duty versus various flow rates with 20% and 30%.(stripper pressure:1 atm) 
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chosen to investigate their CO2 capture properties and to 
search for the optimal operating parameters to reduce the  
regeneration energy of CO2 capture.  The experimental 
results show that the reboiler duty decreases with the 
increase of MEA concentration and that the optimal  
reboiler duty exists at a certain flow rate.  The optimal 
reboiler duty for 20% MEA and 30% MEA are 8.2 and 
5.8 GJ/ton CO2, respectively.  In addition, the optimal 

reboiler duty clearly decreased from 6.28 to 6.02 GJ/ton 
CO2 with an increase of stripper pressure from 1 to 1.5 
atm.  Moreover, the experimental results demonstrated 
that the blending of different amines is effective for  
reducing reboiler duty.  At the present stage, the opti-
mal reboiler duty can be reduced to 5.3 GJ/ton CO2 by 
using 23%DETA+10%PZ solution as the absorbent at a 
solvent flow rate of 100 kg/hr.   

Table 2 Influence of stripping pressure on reboiler duty for 30% MEA 

Operation condition and results No.1 No. 2 No. 3 

Stripper pressure (atm) 1.054 1.303 1.504 

CO2 concentration at the inlet of absorber (%) 24.2 25.7 27.0 

CO2 concentration at the outlet of absorber (%) 2.57 3.50 3.62 

Flue gas temperature (oC) 27.0 32.0 28.7 

Absorbent flow rate (kg/hr) 105 105 105 

Absorber temperature (top) (oC) 34.8 35.9 34.6 

Absorber temperature (bottom) (oC) 46.9 48.7 48.1 

Heat exchanger temperature (oC) 75.2 79.1 81.0 

Reboiler (kW) 7.86 7.82 8.10 

Flue gas (m3/hr) 11.2 11.2 11.2 

Absorber pressure (atm) 1.01 1.01 1.00 

Stripper temperature (top) (oC) 70.6 71.3 73.3 

Stripper temperature (bottom) (oC) 101.5 106.8 111.2 

CO2 capture amount (kg/day) 108.1 109.9 116.2 

CO2 capture efficiency (%) 92 90 90 

Reboiler duty (GJ/ton CO2) 6.28  6.15  6.02  

 
 

 
Fig.5. Influence of various absorbents on reboiler duty with different solvent flow rate. 
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