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Ref BackCap

Total energy from fuel [TJ/year] 8599.8

► Coal 4846.6

► NG 368.4

► Biomass 3384.8

Total electric energy output [GWhe/year] 990.5 525.4

► Coal (efficiency: 44.56%) 600.0 -

► NG (efficiency: 60%) 61.4 -

► Biomass (efficiency: 35%) 329.1 -

Total CO2 emission [kton/year] 491.4 -258.7

► Coal 470.9
24.6

► NG 20.5

► Biomass - -283.28

Average Efficiency 41.46% 21.99%

Specific CO2 emission [kgCO2/MWhe] 496.1 -492.4

Heat rate [MJ/MWhe] 8682.5 16368.1

SPECCA [MJ_LHV/kgCO2] 7.77

Carbonator island Calciner island

Inlet temperature [°C] 550 Outlet temperature [°C] 920

CO2 capture efficiency [%] 95 O2 in oxidant stream [%vol] 50%

FCa/FCO2 (Feed) 1.36 O2 concentration in CO2-rich gas [%vol] 5%

F0/FCO2 (Makeup) 0.33 Recycle gas temperature [°C] 500

Auxiliaries

Cyclones solids efficiency  [%] 95% Oxygen purity [%vol] 95%

Fans isentropic efficiency [%] 80% ASU Electric consumption [kWh/tO2] 160

Fans el-mech efficiency [%] 94% CPU Electric consumption [kWhe/tCO2] 115.8
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Components list
PCPP: power block
COM: natural gas combustor
CPU:   CO2 compression and

purification unit
ASU:    air separation unit
Drier:  solid fuel dryer
Hydr:   CaO hydrator

Surface heat exchangers
a. Carbonator offgas-flue 

gas/combustion air

Cyclone heat exchangers
b. 1 stage Carbonator offgas

cooler/solids preheater
c. 1 stage looped air Solids

cooler/solids preheater
d. Four stage solid cooler/air 

heater
e. Four stage calciner offgas

cooler/solid preheater
f. Four stage solid cooler/air 

heater

g. Heat availability

h. Heat consumption

i. Wasted heat
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Figure 1. Block-flow diagram of the CaL strategy for CCS in back-up power plants.

Figure 2. T-Q diagram for the Carbonator and Calciner Islands. Q4 also includes condensation 

of water for temperatures below the dew point

PLANT MODEL - MAIN ASSUMPTIONS
The reference coal fired USC power plant is characterized by a total thermal input equal to

1677 MWLHV, a net electric power output of 747 MWel and CO2 emissions of 162.9 kg/s. In

this work, it is considered that the plant operates at a backup regime, with a capacity factor of

10% on an 8030 h/y availability time.

Figure 1 depicts the CaL scheme, as suggested in [1] that has been implemented in Aspen

Plus V11. Carbonator has been modelled as a stoichiometric reactor adopting a two-step

reaction based on full dehydration of Ca(OH)2 followed by the carbonation of the nascent

CaO up to a 70% conversion (OH)2 is thus resulting in a slightly exothermic process that

does not require internal heat transfer to avoid over temperature but implies an additional

consumption of natural gas. The calciner was calculated assuming biomass complete

combustion and full CaCO3 decomposition. The system also includes lumped parameter

components for air separation unit (ASU) for oxygen production and CO2 compression and

purification unit (CPU). Ca(OH)2 is produced trough hydration of CaO with liquid water:

water is feed in excess to control the temperature of the reaction at around 100°C and the

excess water is vaporized and condensed back and returned into the process, so that makeup

water is only needed to compensate the reacting portion.

The most significant assumptions used to estimate the energy balance of the CO2 capture

process are reported in Table 1.

RESULTS AND CONCLUSIONS
The main results are reported in Table 3 and show that the adoption of Ca(OH)2 negatively impacts the

plant energy performance due to the penalty associated to the storage of the sorbent at ambient temperature.

On the other side, it allows to implement a low CAPEX CO2 capture process, that in turn may result in

positive economic indicators for low-capacity factor plants. The following aspects can be highlighted:

• The design of a compact and simple entrained flow carbonator reactor for the carbonator has been

numerically validated and confirms the potential of using Ca(OH)2 as sorbent.

• The heat available is used to generate additional power: 21.2 MWe and 8 MWe from the carbonator and

calciner islands respectively, that are however not sufficient to balance the auxiliaries consumptions

(mainly ASU and CPU compressors). Overall power output decreases (-12.4%) from 600 GWhe for

PCPP to 525.4 GWhe for BackCap in spite of the additional consumption of natural gas and coal thus

leading to a strong efficiency loss (-50%, from 44.6% in PCPP to 22% in BackCap).

• The calculated SPECCA index is 7.8 MJLHV/kgCO2, considering negative emissions from biomass oxy-

combustion in the calciner. This value is higher than in plants with conventional CaL systems, where

SPECCA=2.1-2.3 MJLHV/kgCO2 are reported in the literature.

ENTRAINED FLOW CARBONATOR DESIGN
Solids and PC boiler flue gas enter the carbonator at different temperatures, but they reach the

mixing temperature on timescales of milliseconds, thanks to the very high heat transfer area due to

the small particle diameter (5µm) and the assumed Nu=0.1 [2]. The temperature of solids and gas

then rises along the reactor by around 72°C due to the mild exothermic overall reaction. Figure 3

depicts the main results of the carbonator analysis carried out with a discretized 1D model

implementing dehydration and carbonation reaction kinetics from literature. Figure 3.a depicts the

conversion of Ca(OH)2 to CaO (XCaO), which is limited to 1 (full dehydration) and the conversion of

Ca(OH)2 to CaCO3 (XCaCO3) limited to conversion of 0.7 because of deactivation due to sintering

and layering of CaCO3 that inhibits further reaction in the grain [3],[4]. Full dehydration is obtained

after around 3-4 seconds, which is also the reaction time required for reaching a carbon capture

efficiency of 95% (Figure 3.a), which is limited by the amount of sorbent fed to the carbonator.

Figure 3.b reports the molar flow rate of the different chemical species vs time. Considering a gas

velocity of around 12 m/s, a length of 60 m is sufficient to reach the desired carbon capture

efficiency ensuring a low cost entrained flow carbonator design

Table 3. BackCap key performance indicators.

Table 1. Assumptions for the CaL system components.

INTERNAL HEAT RECOVERY - POWER PRODUCTION
Heat recovery and integration is performed on the

carbonator and calciner islands separately because of

the difference in capacity factor and operation period.

In both cases, the aim is to enhance the internal reuse

of heat for streams preheating in order to minimize

fuel consumption, namely: natural gas for gas

preheating before the carbonator and biomass in the

calciner.

Additional heat is also available on the carbonator

island, (Q1) exploiting the cooling of CaCO3-rich

solids with air: such heat could be integrated into the

feedwater preheaters in the existing power plant to

reduce steam bleeding from the turbine. Similarly, in

the calciner island, waste heat could be used for power

generation in a single or two-level ORC power cycle.

Table 2 presents the power balance for the process.

PCPP Carbonator Calciner

Capacity Fact. [%], [h/y] 100%, 803 100%, 803 10%, 8030

Fuel consumption [kg/s]

Coal [kg/s] 66.61 - -

Biomass [kg/s] 0 - 8.66

NG [kg/s] 0 2.56 -

CO2 from fuel [kg/s] 162.9 7.09 9.8

Power balance [MW]

Fuel LHV [MW_LHV] 1677 127.4 117.1

Heat available [MW] - 177.86
24.2 >150°C

62.3<150°C

Emitted CO2, kg/s 162.9 8.5 -9.80

Electric Power Balance [MW]

Fans consumption [MW] -21.80 -0.15

Power available [MW] - 22.20
4.84 >150°C

3.11 <150°C

ASU [MW], CPU [MW] - - -4.8, -12.3

Net power output [MW] 747.2 -0.61 -9.23

Table 2. Power balance of the PCPP + CaL plant.

MOTIVATION AND SCOPE
Calcium looping (CaL) is a promising technology for power plants having a low-capacity factor thanks to the

possibility to store solids and to decouple the operation of carbonator and calciner islands. In addition, the use of

Ca(OH)2 as a sorbent gives the possibility to simpler and lower cost entrained flow carbonator design, thanks to the

fast kinetic and the short residence time (<5s) to achieve high CO2 capture efficiency. This work focuses on the

integration of CaL technology based on Ca(OH)2 for CO2 capture from an existing low-capacity factor (10%) coal

fired power plant used for back-up power generation in electric grids dominated by renewables.

Figure 3. All the variables plotted in this chart are referred to time of reaction [s]. 

a. XCaO, XCaCO3, and CO2 capture efficiency. b. Molar flows of the reacting species [kmol/s].
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