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1. Introduction 

Carbon dioxide (CO2) emission causes many environmental problems, such as global 

warming, which results in the rise of sea level. Currently, it is a mission for the whole world 

to control and reduce the emission of CO2. There is a great amount of CO2 being released 

from coal-fired power plants. Coal is expected to continue to be a prominent fuel for 

electricity production in the future (IEA, 2003; Thitalamol et al., 2007). CO2 mitigation 

options include energy efficiency improvements, the switch to less carbon-intensive fuels, 

nuclear power, renewable energy sources, enhancement of biological sinks, reduction of 

non-CO2 greenhouse gas emissions and CO2 capture and storage (CCS). CCS has the 

potential to reduce overall mitigation costs and increase flexibility in achieving greenhouse 

gas emission reductions. The widespread application of CCS would depend on technical 

maturity, costs, overall potential, diffusion and transfer of the technology to developing 

countries and their capacity to apply the technology, regulatory aspects, environmental 

issues and public perception (IPCC, 2005). 

In order to mitigate the CO2 emission from coal-fired power plants, there are three main 

methods of CCS technologies such as post-combustion capture, pre-combustion capture and 

oxy-fuel combustion. Among them, the post-combustion method is the easiest method for 

the retrofitting of the current existing power plants. Limestone has been viewed as a 

potential sorbent for CO2 capture process because of its low-cost and easy access. The basic 

process of CO2 capture systems using lime was first outlined by Shimizu et al. (1999). 

2. Related work 

2.1 Modeling of CaO based CO2 capture process 

There have been extensive researches on the post-combustion systems incorporated with 

carbonation/calcinations looping cycle, involving the reaction kinetics, modeling and so on. 

Microscopic modeling mainly focuses on the particle or a small group of particles. The 

random pore model (RPM) (Khinast et al., 1996; Adanez et al., 2000; Stanmore and Gilot, 

2005), grain model (Garcia-Labiano et al., 2002; Stanmore and Gilot, 2005; Garea et al., 2005) 

and homogeneous particle model (Garcia-Labiano et al., 2002; Abanades et al., 2004) all 

belong to this catalogue. On the other hand, the macroscopic modeling focuses on the 

reactors where those processes take place. The core reactors used for calcination and 
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carbonation are either bubbling fluidized bed reactors or circulating fluidized bed reactors. 

It is therefore necessary to examine the models of those reactors in order to analyze the lime 

based CO2 capture system. The first approximation to the modeling of a fluidized bed 

carbonator reactor has been proposed and the efficiency of CO2 capture is analyzed (Alonso 

et al., 2009). The KL fluid bed model (Kunii and Levenspiel, 1990) has been used to interpret 

the experimental CO2 concentration profiles measured inside the bed during the fast 

reaction period in literatures (Abanades et al., 2004; Romano, 2009). 

2.2 Integration of CaO based CO2 capture process with power plants 

Experiments in a pilot-scale fluidized-bed reactor have been carried out to investigate the 
carbonation reaction of CaO, as a potential method for CO2 capture from combustion flue 
gases at high-temperatures. The heat requirements for calcium looping cycle have been 
developed (Rodriguez et al., 2008). The carbonate looping processes of post-combustion CO2 
capture for coal-fired power plants have been studied (Strohle et al., 2009; Hawthorne et al., 
2009). The carbonate looping process was integrated after the flue gas desulphurization unit 
of an existing power plant. The energy penalty is about 2.75%, much lower than that of 
other CO2 capture technologies (Strohle et al., 2009). The retrofitted steam cycle which 
includes an air separation unit (ASU) and integrated CO2 conditioning unit with interstage 
cooling increases the net generated power from 1052 MWe to 1533 MWe, resulting in an 
overall electric efficiency of 39.2% (Hawthorne et al., 2009). One kind of possible integrations 
of a power plant with CaO-based CO2 capture process has been studied by Romeo et al. 
(2008). 

2.3 Contributions of our work 

For the modeling of carbonator, the parameters that may affect the carbonation process 

haven’t been fully analyzed in the previous research. We built the model of carbnator  

which can be used to examine the effects of the parameters on the carbonation process. For 

the integrations of CO2 capture process and power plants, few papers have been  

focused on the effects of the CaO-based CO2 capture process to the reference plant which 

vents its CO2 to the atmosphere. We examined the possible integrations of the power  

plant with the CO2 capture process.  

In this chapter, a one-dimension model of CaO-based CO2 capture process has been built. 

Based on this model, the effects of superficial gas velocity, the particle diameter and the 

calcinations/carbonation cycle on the carbonation process have been discussed. In addition, 

five cases for the possible integration with the reference plant which vents its CO2 to the 

atmosphere are considered. Three possible methods for the utilization of the recovered heat 

from the CO2 capture process are used in these integrations. In addition, thermal 

performance evaluation of these cases has been investigated. 

3. Carbon capture process based on CaO 

3.1 System description 

CO2 capture plant as shown in Fig.1 is composed of two fluidized bed reactors. One reactor 

is the calciner, operating at about 900 °C, using oxygen obtained from the air separation unit 

(ASU); the other one is the carbonator, operating at around 650 °C. For the simplicity of the 

study, sulphation has been taken as undesirable reaction and been neglected in our analysis. 
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Fig. 1. General layout of CaO-based CO2 capture cycle 

In the carbonator the main reaction is: 

2 3CaO CO CaCO+ →  

In the calcinator the main reaction is: 

3 2CaCO CaO CO→ +  

Pipes and cyclones are used to exchange particles between the calciner and carbonator. 
Ideally, the process can take place continuously without refilling fresh limestone. However, 
the reactivity of the sorbent decays as the process goes on. Therefore, used lime needs to be 
purged out of the carbonator and new lime needs to be added to maintain these reactions. 

3.2 Modeling of the carbonator 

The carbonator as shown in Fig.1 is one key reactor in the CO2 capture process, where the 
carbonation takes place. The dense bed height of the carbonator is about 1.5m. In order to 
interpret the carbonation process, the model of the carbonator has been built. It is composed 
of three sub-models: the CO2 mass balance sub-model, the hydrodynamics sub-model and 
the microscope carbonation sub-model. The CO2 mass balance sub-model (KL fluid bed 
model) was first proposed by (Kunii and Levenspiel, 1990), and then it has been used in 
literatures (Abanades et al., 2004; Romano, 2009). The main equations for hydrodynamics 
sub-model are semi-experimental equations from previous research. The microscopic 
carbonation sub-model describes the carbonation rate of the process. 
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The CO2 mass balance sub-model 
Assumptions have been made for the CO2 mass balance sub-model. It is assumed that there 
are two phases in the reactor as the bubble phase and the emulsion phase. The carbonation 
reaction takes place only in the emulsion phase, assuming that the bubble phase is particle 
free. 

Equilibrium CO2 concentration in the carbonation/calcination process 2,CO eqC  at about 

650°C was given by (Baker, 1962). 

 
11

2,

1.46210
exp( 19130 / )CO eqC T

T
= −  (1) 

Where, T is the temperature of carbonation. 
CO2 mass balance in bubble phase (Kunii and Levenspiel, 1990): 

 2
2 2, 2 2( ) ( )bCO

b b a r bCO CO eq be bCO eCO

dC
u f K C C K C C

dz
γ∗− = − + −  (2) 

CO2 mass balance in emulsion phase (Kunii and Levenspiel, 1990): 

 2
2 2, 2 2(1 ) (1 )(1 ) ( ) ( )eCO

mf mf a r eCO CO eq be bCO eCO

dC
u f K C C K C C

dz
δ δ ε δ− − = − − − − −  (3) 

Where, 2bCOC  is CO2 concentration in the bubble phase; 2eCOC  is CO2 concentration in the 

emulsion phase; mfu  is Minimum fluidization velocity; mfε  is Bed porosity at minimum 

fluidization; δ  is Bubble fraction in the fluidized bed; bγ  is Volume of solids in bubble 

phase divided by the volume of bubbles. 

The hydrodynamics sub-model 
As mentioned before, the hydrodynamics sub-model has been built based on previous  
semi-experimental equations. The main factors to describe the hydrodynamics are minimum 
fluidization velocity, the equivalent volume diameter, the absolute velocity of the  
bubble, bubble fraction in the fluidized bed and effective gas velocity in bubble phase. 
The minimum fluidization velocity can be defined as the velocity at which the bed just 
becomes fluidized. The minimum fluidization velocity can be obtained by solving the 
following equations (Grace, 1992; Basu, 2006): 

 2 0.5Re [27.2 0.0408 ] 27.2
mf p g

mf

U d
Ar

ρ

μ
= = + −  (4) 

The bubble diameter bd  can be estimated using the expression given by Darton et al. 

(Darton et al., 1977): 

 0.4 0.8 0.2
00.54( ) ( 4 )b mfd U U Z A g−= − +  (5) 

The absolute velocity of the bubble bU  has been developed by Davidson and Harrison 

(Davidson and Harrison, 1963) as 

 ( ) 0.711b mf bU U U gd= − +  (6) 
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Bubble fraction in the fluidized bed δ  (Kunii and Levenspiel, 1990): 

 
0

2

mf

b mf

u u

u u
δ

−
=

+
 (7) 

Effective gas velocity in bubble phase bu ∗  (Kunii and Levenspiel, 1990): 

 
0 (1 ) mf

b

u u
u

δ
δ

∗ − −
=  (8) 

 3b b mfu u u∗ = +  (9) 

The microscopic carbonation sub-model 
In the microscopic carbonation sub-model, the key parameters are: the overall gas interchange 
coefficient between bubble and emulsion phases, carbonation reaction rate constant, overall 
carbonation rate constant of particles in the emulsion phase, fraction of active CaO in the 
carbonator and maximum carbonation conversion of CaO to CaCO3 in the Nth cycle. 
Overall gas interchange coefficient between bubble and emulsion phases Kbe (Kunii and 
Levenspiel, 1990): 

 4.5 /be mf bK u d=  (10) 

Carbonation reaction rate constant riK  (Kunii and Levenspiel, 1990): 

 , 0 2/3(1 )b N CaO
ri s

CaO

X S
K k X

M

ρ
= −  (11) 

The correlation for the Sherwood number Sh  (Turnbull and Davidson, 1984) has been listed 
as Eq.12, in which the CO2 mass transfer coefficient towards the carbonating particles gk  
can be estimated. 

 0.5 0.32 2 0.95ReCO
mf mf

g p

D
Sh Sc

k d
ε= = +  (12) 

Overall carbonation rate constant of particles in the emulsion phase 
r

K  (Abanades et al., 2004): 

 
1

1

6

r
p

g ri

K
d

k K

=
+

 (13) 

Fraction of active CaO in the carbonator af : 

 ,a b Nf X X= −  (14) 

With the development of research, the equation for the maximumum carbonation 
conversion of CaO to CaCO3 in the Nth cycle has been improved. 
Firstly, Abanades (Abanades, 2002) fitted an empirical model: 
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 1N
NX f b+= +  (15) 

Where f=0.782 and b=0.174 are constant. 
Then, Abanades and Alvarez (Abanades and Alvarez, 2003) developed an analytical model 
in terms of change in porosity, as: 

 , (1 )N
b N m w wX f f f= − +  (16) 

Where, mf =0.77, wf = 0.17. 
Later, Wang and Anthony (Wang and Anthony, 2005) presented a model based on only one 
parameter: 

 
1

1
NX

kN
=

+
 (17) 

Finally, considering a residual conversion, Xr, of about 7-8%, Grasa and Abanades (Grasa 
and Abanades, 2006) proposed a semi-empirical model based on one parameter: 

 
1

1

1

N r

r

X X
kN

X

= +
+

−

 (18) 

N is defined as the number of calcination/carbonation cycle, with N=1 the first carbonation 
reaction using fresh CaO. The fresh CaO is obtained from the calcination of limestone. 

4. Integration and evaluation of a power plant with a CaO based CO2 capture 
process 

4.1 System description 
The basic layout of CaO-based CO2 capture process has been shown in Fig. 1. Table 1 shows 
the main variable of the capture plant. 
 

Oxygen mass flow (kg/s) 78.5 
CaCO3 mass flow (kg/s) 89.7 
Coal mass flow (kg/s) 38.4 

Coal composition (% wet basis) 
Carbon 66.9 
Ash 13.9 
Hydrogen 3.7 
Nitrogen 1.6 
Oxygen 6.5 
Sulphur 0.7 
Moisture 6.8 
LHV(kJ/kg) 25200 
Purge mass flow (kg/s) 64.5 
Low CO2 concentration flue gases (kg/s) 540.1 
CO2 to compression, captured (kg/s) 230 

Table 1. Capture process main variables 
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Gross power output (MW) 600 
Flue gases mass flow (kg/s) 647.6 
Flue gases composition (% vol)  
CO2 12 
N2 73.7 
H2O 8.3 
O2 5.5 
SO2 0.5 
Coal composition (% wet basis)  
Carbon 42.2 
Ash 23.5 
Hydrogen 2.7 
Nitrogen 0.7 
Oxygen 7.0 
Sulphur 4.8 
Moisture 19.1 
LHV(kJ/kg) 15854 

Table 2. Main operating conditions of Reference plant which vents its CO2 to the atmosphere 

Boiler HP IP LP LP

Generator

HTR7 HTR6 HTR5

Deaerator

Feed

water 

turbine
HTR4 HTR3 HTR2 HTR1

Pump

Condenser

W-t/h

P-kPa

H-kJ/kg

118.0

6127

3062.9

162.8

4123

2976.5

68.4
1851

3373.1

86.9
930.3

3183.0

108.5
930.3

3180.0

90.5

381.1

2968.8

44.7

115.8

2729.1

58.1

56.99

2616.6

13.0

18.85

2494.3
1402.0

1724

205.7

1784.6

24200

3396.0

1237.0
959.7
3181.6

T-278.6

H-1222.8

1474.4

4251

2976.5

T-257.7

H-1223.5

T-214.1

H-916.3

T-187.8

H-797.8

T-106.6

H-446.8

T-87.42

H-366.1

T-61.59

H-257.7

T-55.71

H-233.1

108.5

13.18

2527.8

T-oC

H-kJ/kg

11.8kPa

A

B

(1) (2) (3) (4) (5) (6) (7) (8)

 
 

* (1)-(8) denote the stream conditions. 

Fig. 2. Steam layout of a 600MW supercritical power plant 

The main operating conditions of the existing power plant are shown in Table 2 with the 
typical composition of flue gas and coal composition referred to that in the literature 
(Romeo et al., 2008). The typical widely used 600MW reheated steam cycle system in recent 
power industry has been shown in Fig. 2. The combustion of coal takes place in the boiler. 
The unsaturated boiler feedwater from the condenser enters into the boiler after going 
through four low-pressure reheaters (HTR1, HTR2, HTR3, HTR4), three high pressure 
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reheaters (HTR5, HTR6, HTR7) and a deaerator (Deaerator). The outlet superheated steam 
from the boiler is transported to the high pressure cylinder to produce power, and then the 
exhaust steam drives intermediate pressure and lower pressure cylinders after being 
reheated in the boiler. In the end, the final exhaust is condensed in the condenser. It can be 
seen from Figure 2 that the extractions from different positions of the cylinders ((1)-(8)) are 
used to heat the feedwater via feedwater reheaters. 

4.2 Integration methods 
The carbonation process is exothermic, i.e. a great amount of heat will be released during 
this reaction. It can be seen from Figure 1 that there are mainly three parts of recoverable 
heat from the CO2 capture process as heat from the carbonator (Q1), heat from 650 °C clean 
flue gas (Q2) and heat from 900 °C CO2 stream (Q3). Theoretically, these three parts of heat 
can be recovered and utilized. In the carbonator, Q1 is related to three items: reaction heat 
released from the carbonation with about 168.5kJ per mol CaCO3 produced; heat recovery 
from the 900 °C solid particles of 1227kg/s and heat consumed by heating the flue gas to 650 

°C. Q1 can be calculated by adding the first two items and deducting the last item. The 
maximum Q1 is calculated to be about 389MW with flue gas temperature of 150 °C. 
There are three possible methods for the utilization of the recovered heat from the CO2 
capture process, as follows (Yang et al., 2010): 
1. Use the recovered heat to produce steam in order to replace the extracted steam from 

turbines (as shown (1)-(8) in Figure 2). The produced steam will be used to provide heat 
for the high-pressure heaters, deaerator or low-pressure heaters as the original 
extracted steam does; 

2. Use the recovered heat to provide part of the boiler heat load; 
3. Use the recovered heat to produce superheated steam, which can be then used to 

generate electricity in the turbines. 
Based on the above three methods of heat utilization, five possible cases have been 
considered to integrate the CO2 capture process with the power plant.  
The basic heat transfer equation used in the calculation is as follows: 

 2 1( )pQ C M T T= −  (19) 

Where, Cp is the specific heat capacity, depending on the temperature, pressure and 
composition of the gas. Once the temperature, pressure and composition of the gas are 
defined, Cp can be calculated using MTDATA software which predicts the phases forming at 
equilibrium in systems containing many components and many phases. 

Case 1: Use the recovered heat to replace extracted steam from the turbines 
It can be seen from Figure 2 that there are eight steam extraction streams from turbines ((1)-
(8)) used to heat the feedwater. In Case 1, the feedwater is initially pressurized via a series of 
pumps to the defined pressure values of the original extractions from the turbines. If the 
total mass flow of the extracted steam from the turbines decreases, there will be more 
electricity generated. 
In Case 1, the condensed water from Point A (as seen in Figure 2) is divided into eight 
streams respectively. The recovered heat from the 650 °C clean flue gas is used to heat six 
feedwater streams; while the recovered heat from the 900 °C CO2 stream is used to heat two 
feedwater streams. The total recovered heat from the CO2 capture process is about 498.3MW 
with 342.3MW from the 650°C clean flue gas and 156MW from the 900 °C CO2 stream. The 
parameters of the steam heating system in Case 1 are the same with those in Figure 2. The 
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total increased power output for the power system due to having less steam extractions is 
about 148.8MW. 

Case 2: Use the recovered heat to replace part of the boiler heat load 
It has been calculated that the recovered heat can account for about 50% of the boiler load. 
However, it should be pointed out that the quantity of fuel for the boiler, the CO2 releasing 
and the operating load for the CO2 capture process will all reduce with part of the boiler’s 
load replaced by the recovered heat. Therefore, the above factors should be considered 
when designing the heat recovery method in this case study. 
It is assumed that the load of the CO2 capture process is linear with the CO2 emission. The 
heat replacement ratio is defined as: 

 1 2 3

1 2 3 0

Q Q Q
X

Q Q Q Q

+ +
=

+ + +
 (20) 

Where 1Q  is recoverable heat from the carbonator; 

       2Q  is recoverable heat from the clean flue gas; 

       3Q  is recoverable heat from CO2 stream; 

       0Q  is heat consumed by the boiler in the original steam system; 

Based on the data from Table 1 & 2, the heat replacement ratio for the system is about 43.1% 
if all recovered heat is used to assume part of the boiler’s load. 
In Case 2, the 650 °C clean flue gas is used to heat the feedwater of 438.6t/h from 278.6 °C to 

566 °C, while its own temperature decreases from 650 °C to 279 °C. The 900 °C CO2 stream is 

used to heat the feedwater of 145.5t/h from 278.6 °C to 566 °C, while its own temperature 

decreases from 900 °C to 279 °C. The recovered heat from the carbonator is used to heat the 

feedwater of 366.6t/h from 278.6 °C to 566 °C. The total recovered heat is about 1008.8MW, in 

which 465.4MW is from the 650 °C clean flue gas, 154.4MW from the 900 °C CO2 stream and 

389MW from the carbonator. 

Case 3: Use the recovered heat to replace the extracted steam from the turbines and part of 
the boiler heat load 
It can be found that in Case 1, when the extractions from turbines are all replaced by the 

recovered heat, there is still part of the recoverable heat not being utilized. In addition, when 

the heat is all used to replace part of the boiler’s load in Case 2, it is not desirable for the 

stable operation of the system. Therefore, in this case, the recovered heat will be utilized to 

replace the steam extractions from the turbines and part of the boiler heat to make full use of 

the recoverable heat from the CO2 capture process. 

It is assumed that the load of the CO2 capture process is linear with the CO2 emission. The 
new heat replacement ratio is defined as: 

 1 2 3 4

1 2 3 0

Q Q Q Q
X

Q Q Q Q

+ + −
=

+ + +
 (21) 

Where, 4Q  is the heat used to replace the extractions from turbines. 

In Case 3, the condensed water from Point A is divided into eight streams respectively. 

Approximately, 25% of the boiler heat load is assumed by the recovered heat from the 

carbonator and CO2 stream. The recovered heat from the carbonator can replace part of the 
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boiler load, and the 900 °C CO2 stream is used to replace the other part of the boiler load. The 

650 °C clean flue gas is used to produce steam with the same parameters as the eight 

extractions ((1)-(8)) in Figure 2. The total recovered heat is about 905.8MW, in which 

498.3MW is from the 650 °C clean flue gas, 115.8MW from the 900 °C CO2 stream and 

291.8MW from the carbonator. The output power increase due to less steam extractions is 

about 148.8MW. 

Case 4: Use the recovered heat to build a heat recovery steam generator and produce 
steam to drive new turbines 
In Case 4, a new steam driven process is built to generate electricity based on the amount of 

the recoverable heat. It has been calculated that the heat recovered from the CO2 capture 

process is able to heat the feedwater of 1255t/h from 278.6 °C to 566 °C, which is enough for 

a 400MW steam turbine cycle.  

In this case, the 650 °C clean flue gas is used to heat the feedwater of 726.5t/h from 278.6 °C 

to 566 °C, while its own temperature decreases from 650 °C to 279 °C. In addition, the 

recovered heat from the carbonator is used to heat the feedwater of 528.5t/h from 278.6 °C to 

566 °C. The 900 °C CO2 stream is used to reheat the steam from the high-pressure turbine. 

The total recovered heat is about 906.6MW, in which 438.6MW is from the 650 °C clean flue 

gas, 149MW from the 900 °C CO2 stream and 319MW from the carbonator. 

Case 5: Use part of the heat to build a heat recovery steam generator and produce steam to 
drive new turbines, the other part to replace the extracted steam in the new steam cycle 
In Case 5, a new steam driven process is built to generate electricity with all the extractions 

from the turbines replaced by recovered heat. It has been calculated that the heat recovered 

from the CO2 capture process is able to heat the feedwater of 1025t/h from 248.8 °C to 537 °C, 

which is enough for a 300MW turbine cycle, while all the extractions from the turbines are 

replaced by steam generated via recovered heat. 

In this case, the 650 °C clean flue gas of 204kg/s is used to provide the desired steam to 

replace the extractions from the turbines and the 650 °C clean flue gas of 336.1kg/s is used to 

heat the feedwater of 502.7t/h from 248.8 °C to 537 °C. Additionally, and the recovered heat 

from the carbonator is used to heat the feedwater of 522.3t/h from 248.8 °C to 537 °C. The 900 

°C CO2 stream is used to reheat the steam from the high-pressure turbine. The total 

recovered heat is about 777.5MW, in which 303.5MW is from the 650 °C clean flue gas, 

158.8MW from the 900 °C CO2 stream and 315.3MW from the carbonator. 

4.3 Thermal performance evaluation 

Power output, thermal efficiency, heat consumption rate and coal consumption rate are 

used as the four indicators in this evaluation, as follows: 

1. Power output  

The turbine can be divided into different stages, and the real power delivered excluding 

losses is: 

 ( )out in stage in stage in outW F e H F e H H= × ×Δ = × × −  (22) 

 

Where, inH  is the inlet steam enthalpy; outH  is the outlet stream enthalpy; outW  is the 

outlet power per unit; and HΔ is the enthalpy change in the stages. 
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2. Thermal efficiency 

Thermal efficiency is defined as the ratio of net power generated to the total lower heating 

value of the consumed fuel. 

3. Heat consumption rate 

The heat consumption rate is defined as the heat needed to generate one kWh of electricity. 

In all the above cases, the heat needed can be calculated based on the heat supplied by the 

boiler and the heat consumed in the carbonator. 

4. Coal consumption rate 

The coal consumption rate is defined as the quantity of coal consumed to generate one kWh 

of electricity. There are various kinds of coal with different heat values, for example, the 

lower heating values of the two kinds of coal shown in Table 1&2 are different. In order to 

analyzed and compare the total amount of coal consumed, the standard coal needs to be 

defined. It is defined here that the lower heating value of the standard coal is 29306kJ/kg 

(7000 kcal/kg) (Tian, 2001; You and Xu, 2008). This definition is especially useful when 

calculating the cost of the different fuel later in the paper. In all the above cases, the coal 

consumed should take into account the coal consumption for both the boiler and the 

calciner. 

The conditions of CO2 streams after heat recovered can be seen from Figures 3. to 7.  

In all the cases, CO2 streams will be compressed from atmospheric pressure, at which  

point it exists as a gas, up to a pressure suitable for pipeline transport (110bar),  

at which point it is in either the liquid or ‘dense phase’ regions, depending on its 

temperature. Therefore, CO2 undergoes a phase transition somewhere between these  

initial atmospheric pressure and final pressure (110bar). Compression of the CO2 to  

110 bar will require around 0.4 GJ/tCO2 (IEA GHG, 2004; IPCC, 2005). In this  

study, the energy consumption for CO2 is assumed to be the same for the cases, about 92 

MW. 

In Table 3, the reference plant which vents its CO2 to the atmosphere refers to the 600MW 

power plant without any CO2 capture process and the reference plant with CO2 capture but 

no heat recovery refers to the power plant with a CO2 capture process but without 

recovering heat from the CO2 capture process. The gross power output refers to the power 

output without deducting the power consumed by the O2 separation and CO2 compression 

processes; while the net power output is the power output excluding the power consumed 

by the O2 separation and CO2 compression processes. The coal consumption rate results in 

Table 3 are based on the standard coal’s heating value. 

It can be seen from Table 3 that Case 4 has the most power output, the highest efficiency, 

lowest heat consumption and lowest total coal consumption rate. Case 2 has the lowest 

power output. If cases 1 to 5 are compared with the reference plant with CO2 capture but no 

heat recovery, their efficiencies increase by 30.4%, 75.8%, 80.4%, 89.7% and 87.1% 

respectively; while their heat consumptions and their total coal consumptions reduce by 

30.4%, 75.8%, 80.4%, 89.7% and 87.1% respectively. The same trend is because there are fixed 

links among the efficiency, the heat consumption and total coal consumption rate. However, 

the efficiencies of cases 1 to 5 are much lower than that of the reference plant which vents its 

CO2 to the atmosphere due to the large amount of energy consumed by the oxygen 

separation and CO2 compression processes. Even for the highest efficiency case among the 

five cases (Case 4), its efficiency is still 3.8% lower than that of the reference plant which 
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vents its CO2 to the atmosphere. The net power outputs of cases 4 and 5 are higher than that 

of the reference plant which vents its CO2 to the atmosphere. 

 

 

Reference plant 
which vents its 

CO2 to the 
atmosphere 

Reference plant 
with CO2 

capture but no 
heat recovery 

Case 1 Case 2 Case 3 Case 4 Case 5 

Gross power 
output (MW) 

600 600 748.8 600 748.8 1000 989.3 

Net power 
output 

600 446 594.8 446 594.8 846 835.3 

Efficiency (%) 40.6 19.4 25.3 34.1 35 36.8 36.3 

Heat consumption
 rate (MJ/kWh) 

8.87 18.56 14.21 10.56 10.28 9.78 9.91 

Total coal 
consumption 
rate (g/kWh) 

303 634 485 361 351 334 339 

Table 3. Comparison of the thermal evaluation results from different cases 

4.4 Conclusions 

Five cases for the possible integration of a power plant with CaO-based CO2 capture process 

have been considered in this paper. Several main conclusions can be drawn as follows: 

1. If cases 1 to 5 are compared with the reference plant with CO2 capture but no heat 

recovery, their efficiencies increase by 30.4%, 75.8%, 80.4%, 89.7% and 87.1% 

respectively; their heat consumptions and total coal consumptions share the same trend 

with the efficiencies, because of the fixed links between the efficiency, the heat 

consumption and total coal consumption rate.  

2. Case 4 has the most net power output of 846MW, the highest efficiency of 36.8%. 

3. Case 2 recovers the most total heat, about 1008.8MW but it has the lowest net power 

output of 446MW and the second lowest of efficiency of 34.1%. This implies that the 

integrated system’s performance depends both on the amount of heat recovery and the 

type of heat utilization. 

4. Case 2 recovers the most heat from the carbonator, while Case 1 recovers the least heat 

from the carbonator. Case 3 recovers the most heat from the clean flue gas, while Case 5 

recovers the least heat from the clean flue gas. Case 5 recovers the most heat from the 

CO2 stream, while Case 3 recovers the least heat from the CO2 stream. 

Although the cases in this paper might not be the optimal one in their own category, 

theoretical factors have been considered in the design of the heat recovery in each case. The 

optimization of the integration will be included in further study. 

5. Conclusions and future work 

In this chapter, firstly, CO2 capture processes based on CaO has been analyzed from the 

microscopic angle. Secondly, the integrations of CO2 capture processes based on CaO with 
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power plants have been discussed. Five cases for the possible integration of a 600MW power 

plant with CaO-based CO2 capture process have been discussed. When the system is 

configured so that recovered heat is used to replace part of the boiler heat load (Case 2), 

modeling shows that this is the system recovering the most heat of 1008.8MW but also 

results in the system with the lowest net power output of 446MW and the second lowest of 

efficiency of 34.1%. 

In future work, a dynamic model of the carbonator will be built to analyze the effect of 

reaction time. The analysis of the integrations has been performed only on a 600MW power 

plant under base load in this chapter. Power plants with different capacities, for example, 

300MW and 1000MW will be taken as the base cases in future research. In addition, the 

integrations under different working conditions of power plants will be studied as well. 

6. Acknowledgement 

The work presented here is funded by the Program for 973 Project ‘Spatio-temporal 

Distribution & Evaluation Method & System Integration of Energy Consumption at Overall 

Working Conditions for Large-scale Coal-fired Power Generating Unit’ (No.2009CB219801), 

China National Natural Science Fund Project (No. 50776028 and No.50606010). Program for 

Changjiang Scholars and Innovative Research Team in University (IRT0720). 

7. References 

Abanades, JC., 2002. The maximum capture efficiency of CO2 using a 

carbonation/calcination cycle of CaO/CaCO3. Chem. Eng. J.. 90, 303-306. 

Abanades, JC. and Alvarez, D., 2003. Conversion limits in the reaction of CO2 with lime. 

Energy and Fuels. 17, 308-315. 

Abanades, JC., Anthony, EJ., Lu, DY., Salvador, C. and Alvarez, D., 2004.  

                Capture of CO2 from Combustion Gases in a Fluidized Bed of CaO. AIChE J.. 50, 

1614-1622. 

Abu-Zahra, M.R.M., Schneider, L.H.J., Niederer, J.P.M., Feron, P.H.M., Versteeg, G.F., 2007. 

CO2 capture from power plants Part I. A parametric study of the technical 

performance based on monoethanolamine. International journal of greenhouse gas 

control. 1, 37 – 46. 

Adanez, J., Garcia-Labiano, F. and Fierro, V., 2000. Modelling for the high-temperature 

sulphation of calcium-based sorbents with cylindrical and plate-like pore 

geometries. Chem. Eng. Sci.. 55, 3665-3683. 

Abanades, J.C., Grasa, G., Alonso, M., Rodriguez, N., Anthony, E.J., Romeo, L.M., 2007. Cost 

structure of a Postcombustion CO2 capture system using CaO. Environmental 

Science Technology. 41(15), 5523-5527. 

Alonso, M., Rodriguez, N., Grasa, G. and Abanades, JC., 2009. Modelling of a fluidized bed 

carbonator reactor to capture CO2 from a combustion flue gas. Chem. Eng. Sci.. 64, 

883–891. 

Baker, EH., 1962. The calcium oxide-carbon dioxide system in the pressure range 1-300 

atmospheres. J. Chem. Soc.. 3, 464-701. 

www.intechopen.com



 Paths to Sustainable Energy 

 

496 

Basu, P., 2006. Combustion and gasification in fluidized beds. Taylor & Francis Group, CRC 

Press, United States. 

Darton, RC., LaNauze, RD., Davidson, JF.and Harrison, D., 1977. Bubble growth due to 

coalescence in fluidized beds. Trans. Instn chem. Engnrs.. 55, 274-280. 

Davidson, JF. and Harrison, D., 1963. Fluidised particles. Cambridge University Press, New 

York. 

Dennis, JS. and Hayhurst, AN., 1987. The effect of CO2 on the kinetics and extent of 

calcination of limestone and dolomite particles in fluidised beds. Chem. Eng. Sci.. 

42, 2361 - 2372. 

Desideri, U., Paolucci, A., 1999. Performance modelling of a carbon dioxide removal system 

for power plants. Energy Conversion Management. 40, 1899–1915. 

Garcia-Labiano, F., Abad, A., de Diego, LF., Gayan, P. and Adanez, J., 2002. Calcination of 

calcium-based sorbents at pressure in a broad range of CO2 concentrations. Chem. 

Eng. Sci.. 57, 2381-2393. 

Garea, A., Marques, JA. and Irabien, A., 2005. Modelling of in-duct desulfurization reactors. 

Chem. Eng. J.. 107, 119–125. 

Grace, JR., 1992. Fluidized bed hydrodynamics. In: G. Hetsroni, Editor,  

Handbook of multiphase systems. Washington Hemisphere Publishing, 

Washington. 

Grasa, GS. and Abanades, JC., 2006. CO2 capture capacity of CaO in long series of 

carbonation/calcination cycles. Ind. Eng. Chem. Res.. 45, 8846 - 8851. 

Grasa, GS., Abanades, JC., Alonso, M. and Gonzalez, B., 2008. Reactivity of highly cycled 

particles of CaO in a carbonation/calcination loop. Chem. Eng. J.. 137, 561–567. 

Hawthorne, C., Trossmann, M., Galindo Cifre, P., Schuster, A. and Scheffknecht,  

G., 2009. Simulation of the carbonate looping power cycle. Energy Procedia. 1, 

1387-1394. 

Huilin, L., Guangbo, Z., Rushan, B., Yongjin, C., Gidaspow, D., 2000. A coal combustion 

model for circulating fluidized bed boilers. Fuel. 79, 165-172. 

IEA. Annual Energy Outlook 2003. DOE/IEA-0383, January 2003. 

IEA GHG, 2004: Improvements in power generation with postcombustion capture of CO2, 

report PH4/33, Nov. 2004, IEA Greenhouse Gas R&D Programme, Cheltenham, 

UK. 

IPCC Special report on carbon dioxide capture and storage, 2005. 

Kakaras, E., Doukelis, A., Giannakopolous, D., Koumanakos, A., 2007. Economic  

implication of oxyfuel application in a lignite-fired power plant. Fuel. 86,  

2151-2158. 

Khinast, J., Krammer, GF., Brunner, Ch. and Staudinger, G., 1996. Decomposition of 

limestone: the influence of CO2 and particle size on the reaction rate. Chem. Eng. 

Sci.. 51, 623 - 634. 

Kunii, D. and Levenspiel, O., 1990. Fluidized reactor models. 1. For bubbling beds of fine, 

intermediate, and large particles. 2. For the lean phase: freeboard and fast 

fluidization. Ind. Eng. Chem. Res.. 29, 1226-1234. 

Mimura, T.,  Simayoshi, H., Suda, T., Iijima, M., Mituoka, S., 1997. Development of energy 

saving technology for flue gas carbon dioxide recovery in power plant by chemical 

www.intechopen.com



CaO-based CO2 Capture Technology and Its Application in Power Plants   

 

497 

absorption method and steam system. Energy Conversion and Management. 38, 

S57– S62. 

Porta, F.L., 2006. Technical and economical analysis of future perspectives of solar thermal 

power plants, Università di Padova. 

Rao, A.B. and Rubin, E.S., 2002. A technical, economic and environmental assessment of 

amine-based CO2 capture technology for power plant greenhouse gas control. 

Environmental Science Technology. 36(20), 4467-4475. 

Rodriguez, N., Alonso, M., Grasa, G., Abanades, J.C., 2008. Heat requirements in a calciner 

of CaCO3 integrated in a CO2 capture system using CaO. Chemical Engineering 

Journal. 138, 148-154. 

Romano, M., 2009. Coal-fired power plant with calcium oxide carbonation for 

postcombustion CO2 capture. Energy Procedia. 1, 1099-1106. 

Romeo, LM., Abanades, JC., Escosa, JM., Pano, J., Gimenez, A., Sanchez-Biezma,  

A. and Ballesteros, JC., 2008. Oxyfuel carbonation/calcination cycle for  

low cost CO2 capture in existing power plants. Energy Convers. Manage.. 49, 2809-

2814. 

Rubin, E.S., Chen, C., Rao, A.B., 2007. Cost and performance of fossil fuel power plants with 

CO2 capture and storage. Energy Policy. 35, 4444-4454. 

Shimizu, T., Hirama, T., Hosoda, H., Kitano, K., Inagaki, M. and Tejima, K., 1999. A twin 

fluid-bed reactor for removal of CO2 from combustion processes. Trans. IChemE.. 

77, 62- 68. 

Silcox, GD., Kramlich, JC.and Pershing, DW., 1989. A mathematical model for the flash 

calcination of dispersed CaCO3 and Ca( OH)2 Particles. Ind. Eng. Chem. Res.. 28, 

155 - 160. 

Stanmore, BR. and Gilot, P., 2005. Calcination and carbonation of limestone during  

thermal cycling for CO2 sequestration. Fuel Processing Technology. 86,  

1707-1743. 

Strohle, J., Galloy, A., Epple, B., 2009. Feasibility Study on the Carbonate Looping Process 

for Post-Combustion CO2 Capture from Coal-Fired Power Plants. Energy Procedia. 

1, 1313–1320. 

Sun, P., Grace, JR., Lim, CJ. and Anthony, EJ., 2007. The effect of CaO sintering on cyclic CO2 

capture in energy systems. Environmental and Energy Engineering. 53(9), 2432-

2442. 

Thitakamol, B., Veawab, A. and Aroonwilas, A., 2007. Environmental impacts of  

absorption-based CO2 capture unit for post-combustion treatment of flue  

gas from coal-fired power plant. Int. J. Greenhouse Gas Control. 1,  

318-342. 

Tian, J., 2001. Economic feasibility of heat supply from simple and safe nuclear plants. 

Annals of Nuclear Energy. 28, 1145-1150. 

Turnbull, E. and Davidson, J.F., 1984. Fluidized combustion of char and volatiles from coal. 

AIChE J.. 30, 881-889. 

Wang, J. and Anthony, E.J., 2005. On the decay behavior of the CO2 absorption capacity of 

CaO-based sorbents. Ind. Eng. Chem. Res.. 44, 627 - 629. 

www.intechopen.com



 Paths to Sustainable Energy 

 

498 

Yang Y.P., Zhai R.R. and et al. 2010, Integration and evaluation of a power plant with a CaO-

based CO2 capture system, International Journal of Greenhouse Gas Control, 4(4), 

603-612; 

You, C. and Xu, X., 2008. Utilization of ventilation air methane as a supplementary fuel at a 
circulating fluidized bed combustion boiler. Environment Sci Technology. 42, 2590-
2593. 

www.intechopen.com



Paths to Sustainable Energy

Edited by Dr Artie Ng

ISBN 978-953-307-401-6

Hard cover, 664 pages

Publisher InTech

Published online 30, November, 2010

Published in print edition November, 2010

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

The world's reliance on existing sources of energy and their associated detrimental impacts on the

environment- whether related to poor air or water quality or scarcity, impacts on sensitive ecosystems and

forests and land use - have been well documented and articulated over the last three decades. What is

needed by the world is a set of credible energy solutions that would lead us to a balance between economic

growth and a sustainable environment. This book provides an open platform to establish and share knowledge

developed by scholars, scientists and engineers from all over the world about various viable paths to a future

of sustainable energy. It has collected a number of intellectually stimulating articles that address issues

ranging from public policy formulation to technological innovations for enhancing the development of

sustainable energy systems. It will appeal to stakeholders seeking guidance to pursue the paths to sustainable

energy.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Rongrong Zhai and Yongping Yang (2010). CaO-based CO2 Capture Technology and Its Application in Power

Plants, Paths to Sustainable Energy, Dr Artie Ng (Ed.), ISBN: 978-953-307-401-6, InTech, Available from:

http://www.intechopen.com/books/paths-to-sustainable-energy/cao-based-co2-capture-technology-and-its-

application-in-power-plants



© 2010 The Author(s). Licensee IntechOpen. This chapter is distributed

under the terms of the Creative Commons Attribution-NonCommercial-

ShareAlike-3.0 License, which permits use, distribution and reproduction for

non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same

license.


