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1. Introduction 
 

This work aims at assessing the performance and costs of the different Calcium Lopping (CaL) 

configurations for CO2 capture in cement plants. This work only evaluated the performance of the 

calcium looping process without its integration with cement kiln.  

In Calcium Looping process two fluidized bed reactors are coupled. In the first reactor 

(carbonator) occurs the reaction of lime (CaO) with CO2, forming calcium carbonate (CaCO3). In the 

second one (calciner) occurs the reverse reaction, producing a rich-CO2 gas stream and calcined lime.  

A schematic of Calcium Looping process is shown in Fig.1. Because of the endothermic nature of 

the calcination reaction, normally the fuel combustion under oxy conditions is considered. However, 

these conditions require pure oxygen production that takes place in an Air Separation Unit (ASU). In 

order to avoid an ASU, the fuel combustion with air was also simulated. However, the fuel combustion 

cannot occur only within the calciner because this result in a low final CO2 concentration to storage. 

Thereby, in order to obtain a higher final CO2 concentration, a fraction of external coal combustion (EC) 

was considered, ensuring the heating of solids entering in the calciner. The resulting combustion gases 

was recirculated to the carbonator. In these alternative approaches, also a fraction of internal coal 

combustion (IC) of 10% and 5% was considered, in order to ensure the fluidization within the calciner. 

Thus, the following design alternatives of CaL were simulated in Aspen Plus: 

1. Coal combustion under oxy-fuel conditions (Oxyfuel)  

Folder: Simulações_final – O2 – O2_1.apw 

2. Coal combustion with air (Air_100IC); 

Folder: Simulações_final – Air – Air.apw 

3. Coal combustion with air, where 10% of coal combustion occurs within the calciner (Air_10IC); 

Folder: Simulações_final – Air – 10IC_1.apw 

4. Coal combustion with air, where 5% of coal combustion occurs within the calciner (Air_5IC); 

Folder: Simulações_final – Air – 5IC.apw 
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Figure 1 – Schematic of Calcium Looping Process. 

 

2. Model Integration of calcium looping-cycle technology with 

Cement plant for CO2 capture 
 

The coal used is called Pittsburgh No. 8 whose composition is shown in Table 1[1]. The 

composition of the flue gas existing the cement plant, which is driven to the CaL cycle, is detailed in 

Table 2 [2].  

Table 1 – Coal Pittsburgh No.8 Composition [1].  

Proximate 
analysis  

%weight 
 (as received) 

%weight 
(dry) 

Ultimate 
analysis 

%weight  
(as received) 

%weight 
(dry) 

Moisture 5.2 - Moisture 5.2 - 

Fixed carbon 48.1 50.7 Ash 8.6 9.1 

Volatile 
matter 

38.1 40.2 Carbon 70.2 74 

Ash 8.6 9.1 Hydrogen 4.8 5.1 

HHV (BTU/lb) 12540 13228 Nitrogen 1.5 1.6 

 
 

 Chlorine 0 0 

Sulfur 2.2 2.3 

Oxygen 7.5 7.9 
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Table 2 – Flue gas composition of reference cement plant [2]. 

Component Flow (t/h) 

N2 3139320 

CO2 1264935 

H2O 333937 

O2 677224 

CO 5694 

SO2 342 

NO2 1645 

N2O 16 

 

2.1. Carbonator  
 

In the Carbonator, the CaO particles entering from the calciner (at a flow rate FR) and those 

already present in the bed (NCa) react with CO2 from cement plant and, if there is, CO2 from external coal 

combustion. The operating carbonator temperature is set to 650ºC and it works at atmospheric 

pressure.  

After the development of carbonator model in Excel (Folder: CARB - Romano_Iterations_Final - 

com difusao e Cimpor & WMP MACRO.xlsm), sensitivity analysis was carried out (Folder: CARB – 

equação final 1.xlsx) by varying primary input parameters of the model and also by varying the quantity 

of ash and sulfur – an increase in theses variables (ash and sulfur) result in a higher make-ups, recycles 

and inventories [3]. The primary input parameters of the model are: 

• Make-up and purge flows: an increase in the variable Fo/FCO2 (specific make-up flow rate) results 

in a higher sorbent average activity along with lower amounts of ash and CaSO4. On other hand, 

a higher fraction of coal must be burned; 

• Solid recycle flow: an increase in the variable FR/FCO2 (specific recycle flow rate) leads to lower 

sorbent average conversions and higher kinetics in the carbonator. This also results in increased 

heat input in calciner; 

• Solid inventory in the carbonator: an increase in Ws affects the sorbent availability in the 

reactor; 

In sensitivity analysis performed, specific make-up flow rate and specific recycle flow rate were 

varied and solid inventory in the carbonator was fixed at 625 tons. The ranges of Fs/FCO2 and Fash/FCO2 

result from preliminary balances performed in Aspen Plus.    

• 10 < Specific make-up flow rate (F0/FCO2) < 20 

• 0.01 < Specific recycle flow rate (FR/FCO2) < 0.09 

• 0.006 < Specific sulfur flow rate (FS/FCO2) < 0.072 

• 0.012 < Specific ash flow rate (Fash/FCO2) < 0.013 

After this sensitivity analysis, the parameters were correlated in order to get an equation for the 

CO2 capture efficiency. The carbonator model in Aspen Plus was based in this equation, using the 
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“Calculator” on “Flowsheeting Options” – Fig.2. For any simulation, a CO2 capture efficiency of 90% was 

set by varying the specific make-up flow rate (F0/FCO2). Specific recycle flow rate was always fixed at 10.   

 

Figure 2 – CO2 capture efficiency equation in Aspen Plus. 

As can be seen in Fig.1, the flue gas (FGPLANT) is compressed by a fan and fed to the fluidized 

bed carbonator, to compensate the pressure loss across the reactor (about 100 mbar). In addition to the 

compressed flue gas from cement plant (FG-PLAN2), the solid recycle (CARB-IN2) from the calciner and 

the flue gas (GASCOMB5) from the external coal combustion also enter in the carbonator. The heat 

produced in the exothermic carbonation reaction (Q-CARB) and the sensible heat of the almost free CO2 

gas stream that exits the carbonator (FGOUT1) are used in a steam cycle for electricity generation. In 

order to reduce the energy penalty, a heat exchanger (SOLIDSHX) between the solids leaving the calciner 

(CARB-IN1) and the solids entering in the calciner (CYC2-S1) was inserted. When external combustion 

occurs, these solids (CYC2-S3) pass through another heat exchanger (HX2), where solids exchange heat 

with external combustion gases (GASCOMB3). However, even after this heat exchange, the combustion 

gases need to be cooled to ensure a temperature of 650 °C at the carbonator inlet. The sensible heat 

recovered is also used in the steam cycle. 

2.2. Calciner  
 

The operating calciner temperature is set to 950ºC and it works at atmospheric pressure. 

Calcination efficiency was assumed to be complete as predicted by models when calciner is operated 

under similar conditions [4]. For the calcination reaction to be fully achieved sufficiently fast in the 

calciner at atmospheric pressure under high CO2 partial pressure, it must be operated at temperatures 

over ~930ºC. At this temperature, which is 30-50ºC above the calcination equilibrium temperature, full 

calcination of the solids is achieved in short residence times [1].  
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Regarding coal combustion, as a previous step, coal decomposition (DRY-COAL) into its 

elemental components (IN-CALC) is introduced in the simulation model. For the simulation of coal 

combustion, a model based on chemical and phase equilibrium through Gibbs´ free energy minimization 

methods is used.   

The regenerated CaO particles are recovered at the exit of the calciner by a cyclone and 

circulated back into the carbonator (CARB-IN1). Also, a purge of solids is carried out in the calciner zone 

(PURGE1) to eliminate ashes and deactivated solids. The gas stream at the outlet of the calciner (CYC1-

G), with a high CO2 content, goes to compression train. The sensible heat of this stream is transferred to 

the steam cycle.  

2.3. Steam Cycle 
 

The CO2 capture process produces a significant amount of heat energy, which is recovered 

through electrical power production. In this light, a steam cycle with a single reheat is implemented in 

order to produce supercritical steam. A schematic of steam cycle is shown in Fig.3. 

 

Figure 3 – Schematic of steam cycle. 

The produced superheated steam is achieved by taking advantage of the heat produced by the 

exothermic carbonation reaction (STGEN1). The final thermodynamic characteristics of the produced HP 

steam are 290 bar and 600ºC. The steam reheating takes place at a heat exchanger (HX4), which utilizes 

the heat energy of the CO2 rich flue gas exiting the calciner at a temperature equal to around 950 ºC. In 

“Air_10IC” and “Air_5IC”, the sensible heat from external combustion gases was also used for steam 

reheating. The final thermodynamic characteristics of the reheated steam are 48.5 bar and 600ºC. Both 

condensate stream (VAP9 to VAP11) and preheating steam (VAP12 to VAP2) are preheated without any 

steam extraction from Steam Turbines. 

2.4. Compression Train 
 

The pure-CO2 stream is compressed up to 120 bar, conforming with the requirements for 

pressure to be equal to the appropriate delivery pressure for storage. The pure CO2-stream is 

compressed with a ratio of 3.3 and passes through three inter-cooled stages. At each inter-stage, the gas 

is cooled down to 60ºC in order to reduce the energy penalty. The supercritical outlet gas is also cooled 

down to 90ºC. A schematic of compression train is shown in Fig.4.  
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Figure 4 - Schematic of Compression Train 

2.5. Main Assumptions 
 

The main assumptions used for the calculation of the mass and energy balances of the different 

CaL configurations are resumed in Table 3, as well as reference plant without CO2 capture data.  

Table 3 – Main Assumptions for the simulation of the cement kiln with integrated CaL.  

Clinker production process   

Clinker production [t/year] [2] 1545717  

Cement/clinker ratio [tcement/tclk] [2] 1.24  

Raw meal consumption [tRawMeal/tclk] [2] 1.74  

Electric consumption of auxiliaries [MWhe/tclk] [2] 0.11  

Fuel consumption [GJLHV/tclk] [2] 3.65 

Cooling water consumption [m3/tclk] [2] 0.09 

Ammonia consumption [kgNH3/tclk] [2] 1.26 

Auxiliary systems   

Coal handling systems [kJe/kgcoal] [4] 30 

Limestone handling systems [kJe/kglimestone] [4] 90 

Ash handling systems [kJe/kgash] [4] 100 

Auxiliaries for heat rejection [kJe/kJthermal power dissipated] [5] 0.008 

Carbonator   

Operating temperature [ºC] [1] 650 

CO2 capture efficiency [%] [4] 90 

Inventory [t]  625 

Pressure losses in cyclones, bar  0.00325 

Calciner   

Operating temperature [ºC] [4] 950 

Calciner efficiency [%] [4] 100 

Pressure losses in cyclones, bar  0.00325 

ASU   

Oxygen purity [vol%] [4] 95 

Electric consumption [kWh/tO2] [4] 200 

Heat Recovery steam cycle   

Superheated steam pressure [bar] [6] 290 

Superheated steam temperature [°C] [6] 600 

Reheated steam pressure [bar] [6] 48.5 

Superheated steam temperature [°C]  600 
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Condensation pressure [bar] [1] 0.1 

Deaerator pressure [bar] [6] 7 

Feedwater pump mechanical/electric efficiency [%] [4] 90 

Minimum ΔT in the heat exchangers [°C] [1] 10 

CO2 compression    

Intercooling temperature [ºC]  60 

Minimum ΔT in the heat exchangers [°C] [1] 10 

Compressors isentropic efficiency [%] [1] 85 

Pressure ratio [6] 3.3 

Final CO2 pressure [bar]  120 

Final CO2 temperature [ºC]  90 

 

2.6. Design of Heat Exchanger Networks 
  

The objective of heat integration is to reduce the utilities by increasing the energy recovery 

between the hot streams and the cold streams involved in the process. The pinch method is used to 

identify the best possible degree of heat recovery as a function of the minimum temperature difference 

in the heat exchangers, ΔTmin. This method determines the amount of heat that can be transferred 

between the heat and cold streams in the system and the minimum energy requirements (MER), 

heating or external cooling requirements that must be supplied to the system. 

Once the pinch methodology has been applied and MER has been calculated, the next step is to 

choose the most suitable HEN among those which satisfy the MER. In Lara, 2013 [6] , 4 different 

configurations with the same MER are proposed for the integration of a Ca-looping CO2 capture system 

with a supercritical steam cycle. The best configuration (Thickoff rule priority) obtained through a multi-

criteria comparison (considering energy, economic and exergy analyses) was applied in this project.   

For the design of the heat exchanger networks, hot streams were ranked according to their initial 

temperature, while cold ones according to their objective temperature, in descending order – Fig.5. The 

main idea of Thickoff rule priority (TRP) configuration is to pair the CS with the highest objective 

temperature, the most difficult to match, and the HS with highest temperature. When several streams 

are available for pairing, this case prioritizes the matching of those streams that can be exhausted in just 

one heat exchange. If the amount of energy required for the CS could be satisfied with several HS, the 

CS was split.  
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Figure 5 - Ranked Streams. 

The design of heat exchanger networks was performed in Aspen Energy Analyzer. The energy 

and mass balances closure of the base cases define a set of hot and cold streams - Fig.6-9.  In all design 

alternatives, the same inlet and outlet temperatures were maintained for all streams.  

 

Figure 6 - Global system streams (Oxyfuel case). 

 

Figure 7- Global system streams (Air case). 
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Figure 8- Global system streams (Air_10IC case). 

 

Figure 9 - Global system streams (Air_5IC case). 

 Fig. 10-13 show the Grand Composite Curve (GCC) of the global system for all design 

alternatives. In “Oxyfuel” and “Air” cases, there is a remaining heat which needs to be cooled by 

external utilities. In “Oxyfuel” case, the minimum energy requirements (MER) is 14.8 MW, which 

corresponds to 98% energy savings compared to the process without heat integration (770.4 MW). In 

“Air” case, a higher MER (220.9 MW) and a lower energy savings (80%) were obtained compared to 

“oxyfuel” case. In “Air_10IC” and “Air_5IC” cases, external heating is required. In an optimal process 

situation, there would be no need for external heating as this would imply higher fuel consumption. 

External heating can be avoided by changing the steam cycle operating parameters, however these 

parameters have been kept the same for all design alternatives so that they can be compared. Thus, in 

“Air_10IC” case, the MER is 15.4 MW (hot utilities), which corresponds to 99% energy savings compared 

to the process without heat integration (1685.50 MW). In “Air_5IC” case, the MER is 35.14 MW, which 

corresponds to 98% energy savings compared to the process without heat integration (1835.06 MW). 



13 
 

  

 

Figure 10 - Grand Composite Curve (Oxyfuel case).  

 

Figure 11- Grand Composite Curve (Air case). 
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Figure 12- Grand Composite Curve (Air_10IC case). 

 

Figure 13 - Grand Composite Curve (Air_5IC case). 

  Fig. 14-17 show the design of heat exchanger networks, applying the TRP configuration. Split 

flow ratios were optimized using the “Optimization options” in Aspen Energy Analyzer, selecting the 

objective function as “Minimize total Annualized Cost” and selecting the optimization variable as “split 

flow ratios”. 
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Figure 14 – Design of Heat Exchanger Network (Oxyfuel case). 

 

Figure 15 - Design of Heat Exchanger Network (Air case). 
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Figure 16 - Design of Heat Exchanger Network (Air_10IC case). 

 

Figure 17 - Design of Heat Exchanger Network (Air_5IC case). 

2.7. Results 
 

The main results of the mass and energy balances are reported in Table 4. All the cases involve 

an increased fuel consumption compared to the reference cement kiln without CO2 capture. The 

“Oxyfuel” case has the lowest increase (+165%), followed by the “Air” case (+242%), the “Air-10IC” case 

(+511%) and the “Air-5IC” case (562%). These results demonstrate the advantage of using O2 as oxidant 

instead of air. Since the N2 component is not heated, coal combustion is reduced, and higher flame 

temperatures are possible. In addition, oxyfuel combustion allows the production of a CO2 rich flue gas 

ready for sequestration, meaning a final CO2 concentration of 95% to storage. Using air as oxidant only a 

final CO2 concentration of 28% was obtained. The oxyfuel combustion also has the advantage of 

reducing the mass of flue gas, with a reduction of 81%. Since the mass of the flue gas is reduced, less 
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heat is lost in the flue gas and the size of the equipment will be smaller. These results also demonstrate 

the lower efficiency of external heating compared to internal heating, since there is an increase in coal 

consumption with decreasing % internal combustion. However, despite the high increase in coal 

consumption for these configurations, it was possible to achieve higher final CO2 concentrations (73-

84%) compared to the internal combustion configuration using air as oxidant (28%).  

 The carbon capture ratio (CCR), computed as the ratio between the CO2 to storage and the total 

CO2 generated by fuel combustion and limestone calcination, is higher in “Oxyfuel” and “Air” cases (93-

94%) compared to configurations with external combustion (91%) because of 2 reasons. The first one is 

that, in the “Air-10IC” and “Air-5IC” cases, the carbonator treats more CO2 since it treats the gases 

coming from the external combustion. Since CO2 capture efficiency is the same for all configurations 

(ECO2 = 90%), more CO2 will be lost to the atmosphere when more CO2 is treated in the carbonator. In the 

configurations with only combustion inside the calciner, the generated CO2 is captured with 100% 

efficiency (Ecalciner = 100%). The second reason is related to the higher fuel consumption of the 

configurations with external combustion, which determines of a higher CO2 flow rate in the calciner and 

therefore, a higher CO2 loss from the compression train. Therefore, also the direct CO2 emission 

reduction is lower in the “Air-10IC” and “Air-5IC” cases (74-71%) compared to the “Oxyfuel” and “Air” 

cases (90%).  

 As for the power plant, a general result is that the higher the total fuel consumption in the CaL 

system, the higher the thermal power recovered by the steam cycle. Therefore, the “Air-5IC” 

configuration is the configuration with the highest steam turbine power (383.43 MW), which overcomes 

the electric consumption related to the CO2 capture section (mainly associated to CO2 compression) and 

to the conventional cement plant auxiliaries (19.03 MW), obtaining a net electricity production of 

288.28 MW. In the “Air-10IC” configuration also a very high net electricity production was obtained (250 

MW). In the “oxyfuel” configuration, the plant also becomes net exporter of electricity (72.59 MW). Only 

in the “Air” configuration, the plant remains net importer of electricity: steam turbine power is the same 

of the “oxyfuel” configuration (132.81 MW), which is high enough to compensate the CO2 capture island 

auxiliaries and part of the conventional cement plant consumptions, but not enough to export electricity 

to the grid.  
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Table 4 – Main results from the mass and energy balances of CaL cement kilns and of the cement kiln without CO2 capture.  

  Cement 
kiln w/o 
CaL 

Cement 
kiln + 
Oxyfuel CaL 

Cement kiln + 
Air CaL 

Cement kiln + 
Air 10IC CaL 

Cement kiln + 
Air 5IC CaL 

IC,% - 100 100 10 5 

CO2 final, %molar 16% 95% 28% 73% 84% 

F0/FCO2 - 0.071 0.071 0.082 0.083 

FR/FCO2 - 10 10 10 10 

Direct fuel consumption, MWLHV 178.70 474.09 610.92 1091.75 1182.87 

Direct fuel consumption increase, % - 165% 242% 511% 562% 

Oxygen Input, t/day - 1884.15 - - - 

Air Input, t/day - - 13093.37 27389.85 30122.17 

CO2 generated , kg/s 40.08 67.59 79.02 121.16 129.37 

Captured CO2 to storage, kg/s - 62.87 74.47 110.05 117.38 

CCR, % - 93% 94% 91% 91% 

Direct CO2 emission, kg/s 40.08 4.01 4.01 10.52 11.57 

Direct CO2 emission reduction, % - 90% 90% 74% 71% 

Power Balance           

Steam Turbines, MW - 132.81 132.81 348.77 383.48 

Condensate extraction pump, MW - -0.06 -0.06 -0.16 -0.18 

Boiler feedwater pump, MW - -2.90 -2.90 -7.61 -8.37 

Flue gas blower, MW - -3.22 -3.22 -3.22 -3.22 

Coal handling, MW - -0.29 -0.42 -0.89 -0.98 

Limestone handling, MW - -0.58 -0.58 -1.77 -1.97 

Ash handling, MW - -0.08 -0.12 -0.26 -0.28 

Condenser auxiliaries, MW - -1.45 -1.45 -3.82 -4.20 

CO2 compression, MW - -28.24 -113.00 -61.99 -56.96 

ASU, MW - -4.36 - - - 

Cement plant auxiliaries, MW -19.03 -19.03 -19.03 -19.03 -19.03 

Net electricity production, MW -19.03 72.59 -7.97 250.00 288.28 

 

Energy and environmental performance are evaluated though the key performance indicators in 

the following equations. Equivalent specific primary energy consumption (qclk,eq) is computed with Eq.1, 

as the sum of direct (qclk) and indirect (qel,clk) specific primary energy consumption. 

Equation 1 

𝑞𝑐𝑙𝑘,𝑒𝑞(𝑀𝐽 𝑡𝑐𝑙𝑘⁄ ) = 𝑞𝑐𝑙𝑘 + 𝑞𝑒𝑙,𝑐𝑙𝑘 

The direct specific primary energy consumption is the amount of energy (lower heating value), 

supplied in the form of fuel (coal or natural gas), that is used per ton of clinker (Eq.2): 
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Equation 2 

𝑞𝑐𝑙𝑘(𝑀𝐽 𝑡𝑐𝑙𝑘⁄ ) =
𝑚𝑓𝑢𝑒𝑙 ∗ 𝐿𝐻𝑉𝑓𝑢𝑒𝑙

𝑚𝑐𝑙𝑘
 

The indirect specific primary energy consumption is the amount of energy consumed by the 

generation of power required per ton of clinker (Eq.3): 

Equation 3 

𝑞𝑒𝑙,𝑐𝑙𝑘(𝑀𝐽 𝑡𝑐𝑙𝑘⁄ ) =
𝑃𝑒𝑙,𝑐𝑙𝑘

𝜂𝑒𝑙
 

Equivalent CO2 emission (eclk,eq) is computed with Eq.4, as the sum of direct emissions from the 

cement kiln (eclk) and indirect (eel,clk)  emissions.  

Equation 4 

𝑒𝑐𝑙𝑘,𝑒𝑞(𝑘𝑔 𝑡𝑐𝑙𝑘⁄ ) = 𝑒𝑐𝑙𝑘 + 𝑒𝑒𝑙,𝑐𝑙𝑘 

 Indirect emissions, associated to the electricity imported from the electric grid, can be 

calculated using the eq.5: 

Equation 5 

𝑒𝑒𝑙,𝑐𝑙𝑘(𝑘𝑔 𝑡𝑐𝑙𝑘⁄ ) = 𝑒𝑒𝑙 ∗ 𝑃𝑒𝑙,𝑐𝑙𝑘 

  Where Pel,clk is the specific power consumption per unit mass of clinker produced and eel is the 

CO2 emissions associated with each unit of electric power consumed. It must be noted that when the 

steam cycle generates electricity in excess compared to the auxiliaries, the cement plant becomes a net 

electricity producer (Pel,clk <0), leading to negative indirect fuel consumptions and emissions [7].  

For the calculation of the indirect fuel consumption and emissions, a reference power 

generation scenario must be defined with the related electric efficiency (ηel) and carbon intensity (eel). In 

this work, the average EU-28 non-CHP energy mix of year 2015 scenario was considered (ηel = 45.9% and 

eel = 262 kg/MWhe) [8].  

 The specific primary energy consumption for CO2 avoided (SPECCA) evaluates the primary 

energy used to avoid CO2 emissions to the atmosphere. The SPECCA is computed with Eq.6, as the 

difference in equivalent primary energy consumption of the cement plant with and without CO2 capture, 

divided by the difference in equivalent CO2 emissions without and with capture [8].  

Equation 6 

𝑆𝑃𝐸𝐶𝐶𝐴 =
𝑞𝑐𝑙𝑘,𝑒𝑞 − 𝑞𝑐𝑙𝑘,𝑒𝑞,𝑟𝑒𝑓

𝑒𝑐𝑙𝑘,𝑒𝑞,𝑟𝑒𝑓 − 𝑒𝑐𝑙𝑘,𝑒𝑞
 

  

 In Table 5, the key performance indicators of the assessed design alternatives are reported. 
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Table 5 – Key performance indicators of the CaL cement kilns and the reference cement kiln without CO2 capture. 

 Ref.  
Cement 
plant 

Oxyfuel Air Air 
10%IC 

Air 5%IC 

Direct fuel consumption (qclk), MJLHV/kgclk 
 

3.65 9.68 12.47 22.29 24.15 

Direct CO2 emission (eclk), kgCO2/tonclk 
 

818.35 81.81 81.81 214.81 236.25 

Net electricity consumption (Pel,clk), kWhe/tonclk 
 

107.95 -411.68 45.22 -1417.81 -1634.88 

Indirect fuel consumption (qel,clk), MJLHV/kgclk 
 

0.85 -3.23 0.35 -11.12 -12.82 

Equivalent fuel consumption (qclk, eq), MJLHV/kgclk 
 

4.49 6.45 12.83 11.17 11.33 

Indirect CO2 emission (eel,clk), kgCO2/tonclk 
 

28.28 -107.86 11.85 -371.47 -428.34 

Equivalent CO2 emission (eclk,eq), kgCO2/tonclk 846.63 -26.05 93.65 -156.66 -192.09 

Equivalent fuel consumption increase, % 
 

- 44% 185% 148% 152% 

Equivalent CO2 emission reduction, % 
 

- -103% -89% -119% -123% 

SPECCA, MJLHV/kgCO2 
 

- 2.24 11.07 6.65 6.58 

 

Negative indirect fuel consumption and CO2 emissions are obtained in the “Oxyfuel”, “Air_10IC”, 

“AIR_5IC” cases, thanks to the net power export. Therefore, equivalent fuel consumption and emissions 

are lower than the direct ones. Inclusively, negative equivalent CO2 emissions are obtained, since the 

absolute value of indirect CO2 emissions is greater than the value of direct CO2 emissions. On the 

contrary, equivalent fuel consumption and emissions of the “Air” case are higher than the direct 

consumptions and emissions because of the net electricity import. Equivalent emissions reductions 

becomes higher in the “Air_5IC” case compared to the other cases, however the equivalent fuel 

consumption is one of the highest despite the effect of power export.  

 The best SPECCA is obtained for “Oxyfuel” case (2.24 MJLHV/kgCO2). For the alternative designs 

with external combustion, SPECCA of 6.65 MJ/kgCO2 and 6.58 MJLHV/kgCO2 was calculated for the 

“Air_10IC” and “Air_5IC” cases, respectively.  These SPECCA values are about 3x higher than the SPECCA 

value obtained for the “Oxyfuel” case. 
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3. Economic Analysis 
 

 The method for the economic analysis performed in this work was defined in the framework of 

the CEMCAP project [7]. An Excel spreadsheet was developed for the calculation of the cost of cement 

(COC) and the cost of CO2 avoided (CAC) according to the CEMCAP method (Folders: Simulações_final – 

Análise Económica – Economic model_Oxyfuel.xls/ Economic model_Air.xls/ Economic 

model_10IC.xls/ Economic model_5IC.xls).  

 The cost estimation consists of 2 main parts: estimation of the capital costs (CAPEX) which is 

expressed in terms of total plant cost (TPC) and the operating costs (OPEX).  

3.1. Capital Costs 
 

For the estimation of total plant cost (TPC), express in eq.7, a Bottom-Up approach was used – 

Fig.18.   

 

Figure 18 -The Bottom-Up approach for estimation of total plant costs. Adapted from [7]. 
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Equation 7 

𝑇𝑃𝐶 = 𝑇𝐷𝐶 ∗ (1 + 𝐼𝑁𝐶𝐹 + 𝑂𝐶𝐹 + 𝐶𝐹𝑝𝑟𝑜𝑗𝑒𝑐𝑡) 

TPC is estimated by increasing the total direct costs (TDC) by the indirect cost factor (INCF), the 

owner´s cost factor (OCF) and the project contingencies factor (CFproject). INCF are set to 14% of the total 

direct costs (TDC) and include cost elements such as yard improvement, service facilities, engineering 

and consultancy cost as well as building and sundries. OCF and CFproject are set to 7% and 15% of the TDC, 

respectively, following the AACE cost estimates guidelines. These assumptions for the calculations of 

CAPEX are reported in Table 6. 

Table 6- Assumptions for the calculation of CAPEX. 

CAPEX 

Indirect costs factor (INCF), %TDC 14 

Owner´s costs factor (OCF), %TDC 7 

Project contingencies factor (CF
project

) 15 

 

Total direct costs (TDC) are estimated with eq.8, as the sum of the equipment cost (EC), the 

installation cost (IC), increased by process contingency factor (CFprocess).  

Equation 8 

𝑇𝐷𝐶 = (𝐸𝐶 + 𝐼𝐶) ∗ (1 + 𝐶𝐹𝑝𝑟𝑜𝑐𝑒𝑠𝑠) 

The equipment costs (EC) (Folder: Simulações_final – Análise Económica – Custo de 

Equipamento_1.xlsx) were estimated for each main basic equipment using the equations reported in 

Table 7. The equipment costs were updated for current year, using CEPCI (Chemical Engineering Plant 

Codex Index) – eq.9. The TDC of the existing cement plant is based on estimations from the IEAGHG [9] 

for a cement plant with an identical clinker capacity as the reference plant. Assumptions of installation 

costs and process contingency are listed in Table 8 [8, 10]. 

Equation 9 

𝐶𝑜𝑠𝑡2019

𝐶𝑜𝑠𝑡𝑖
=

𝐶𝐸𝑃𝐶𝐼2019

𝐶𝐸𝑃𝐶𝐼𝑖
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Table 7 – Assumptions for the calculation of the equipment cost. 

Item EC function [M€2019]  

Existing cement plant 157.60  [9] 

Limestone grinding 
plant  

𝐸𝐶 = 1.3 ∗ (
𝑚𝑅𝑎𝑤𝑚𝑒𝑎𝑙 [𝑡𝑝ℎ]

30
)

0.67

∗
𝐶𝐸𝑃𝐶𝐼2019

𝐶𝐸𝑃𝐶𝐼2014
 [8] 

Carbonator 𝐸𝐶 = 16591 ∗ 𝑄𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑜𝑟
0.67 ∗  10−6  [10] 

Calciner 𝐸𝐶 = 13140 ∗ 𝑄𝑐𝑎𝑙𝑐𝑖𝑛𝑒𝑟
0.67 ∗ 10−6 [10] 

Cyclones 𝐸𝐶 = ( 3.98 ∗ 10−9 ∗ (𝐷𝑐𝑦𝑐𝑙𝑜𝑛𝑒[𝑚𝑚])
2

+ 2.73 ∗ 10−6 ∗ 𝐷𝑐𝑦𝑐𝑙𝑜𝑛𝑒[𝑚𝑚] + 1.6 ∗ 10−2) ∗
𝐶𝐸𝑃𝐶𝐼2019

𝐶𝐸𝑃𝐶𝐼2014
 [8] 

Fans 𝐸𝐶 = 103193 ∗ (
𝑃𝐹𝑎𝑛[𝑘𝑊]

445
)

0.67

∗ 10−6 [10] 

ASU 𝐸𝐶 = 22 ∗ (
𝑚𝑂2[𝑡𝑝𝑑]

432
)

0.6

∗
𝐶𝐸𝑃𝐶𝐼2019

𝐶𝐸𝑃𝐶𝐼2014
 [8] 

Steam turbines 𝐸𝐶 =  33.7 ∗ (
𝑃𝑠𝑡𝑒𝑎𝑚 𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠  [𝑀𝑊]

200
)

0.67

∗
𝐶𝐸𝑃𝐶𝐼2019

𝐶𝐸𝑃𝐶𝐼2013
 [11] 

Heat Exchangers 𝐸𝐶 = 2546.9 ∗ 𝐴𝐻𝑒𝑎𝑡 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟
0.67 [𝑚2] ∗ 𝑝𝐻𝑒𝑎𝑡 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟

0.28 [𝑏𝑎𝑟] ∗  10−6 [10] 

Pumps 𝐸𝐶 = (8000 + 240 ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑙𝑜𝑤 0.9 [𝑙 𝑠⁄ ]) ∗ 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑒 €
$⁄

∗  
𝐶𝐸𝑃𝐶𝐼2019

𝐶𝐸𝑃𝐶𝐼2010
∗ 10−6 [12] 

Condenser 𝐸𝐶 = 12300 ∗ (
𝑃𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 (𝑘𝑊)

50
)

0.76

∗
𝐶𝐸𝑃𝐶𝐼2019

𝐶𝐸𝑃𝐶𝐼2013
∗ 10−6 

 

[11] 

Cooling Tower 𝐸𝐶 = 32.3 ∗ 𝑄𝑐𝑜𝑜𝑙𝑒𝑟  [𝑘𝑊] ∗ 10−6 [10] 

Compressors 𝐸𝐶 = (580000 + 20000 ∗ 𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
0.6  [𝑘𝑊]) ∗ 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑒 €

$⁄
∗  

𝐶𝐸𝑃𝐶𝐼2019

𝐶𝐸𝑃𝐶𝐼2010
∗ 10−6 [12] 

Flash Columns Calculated with Aspen Tech, 2016  
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Table 8 - Assumptions for the calculation of total direct costs.  

Item Installation cost 
factor  

[% of EC] 

Process 
contingencies factor 
(maturity) 
 [% of EC+ IC] 

Process 
contingencies factor 
(details of equipment 
list item) 
 [% of EC+ IC] 

Existing cement 
plant 

- - - 

Limestone grinding 
plant 

0 (included in EC) 0 5 

Carbonator 110% 20 12 

Calciner 107% 20 12 

Cyclones 166% 0 5 

Fans 5% 0 5 

ASU 0 (included in EC) 0 5 

Steam turbines 0 (included in EC) 0 5 

Heat Exchangers 5% 0 5 

Pumps 0 (included in EC) 0 5 

Condenser  0 (included in EC) 0 5 

Cooling Tower 0 (included in EC) 0 5 

Compressors 0 (included in EC) 20 12 

Flash Columns 0 (included in EC) 0 5 
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3.2. Operating Costs 
 

An overview of the elements of the included operating costs is given in Fig.19.   

 

 

Figure 19 – Elements of operating costs. Adapted from [7]. 

 Fixed OPEX, which include maintenance, insurance and labor costs are based on assumptions for 

material replacement and factor approach. The annual maintenance cost is taken as 2.5% of the TPC and 

includes cost of preventive and corrective maintenance as well as maintenance labor cost. Maintenance 

labor cost corresponds to 40% of the total annual maintenance cost. The annual insurance and location 

taxes are set to 2% of TPC. Labor costs include costs for operating, administrative and support labor. 

Costs for operating labor are calculated from assumptions on number of employees, 100 persons in the 

cement plant and 20 persons in the CO2 capture plant, with an annual fully burdened cost per employee 

of 60 k€/person. Costs for administrative and support labor are assumed to be 30% of the operating and 

maintenance labor cost. These assumptions for the calculations of fixed OPEX are reported in Table 9. 

Table 9 - Assumptions for the calculation of fixed OPEX. 

Fixed OPEX  

Insurance and local tax, %TPC/year 2 

Maintenance cost, %TPC/year 2.5 

Number of employees in cement kiln 100 

Number of employees in CO2 
capture plant  

120 

Cost of labor, k€/y per person 60 

Maintenance labor, % of 
maintenance cost  

40 

Administrative and support labor, % 
O&M labor cost 

30 
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 Variable OPEX, which include fuel and raw material costs, utilities and other consumables, are 

primarily based on process simulations. A carbon tax of 8 €/tCO2 is considered in the calculation of 

variable OPEX. The unit cost of all materials and utilities considered in the cost analysis are listed in 

Table 10. 

Table 10 - Assumptions for the calculation of variable OPEX. 

Variable OPEX  

Raw material price, €/t 3.012 

Coal, €/GJLHV 3 

Electricity, €/MWhe 58.1 

Cooling water, €/m3 0.39 

Carbon tax, €/tCO2 8 

 

 

3.3. Economic Indicators 
 

The main financial assumptions are reported in Table 11 [8].  

Table 11 - Main financial parameters. 

Main Financial Assumptions  

Capacity factor, % 91.3 
Tax rate, % 0 
Operational life, years 25 
Construction time for CO

2
 capture 

plant, years 
3 

Percentage of TPC depreciated, % 100 
Inflation rate, % 0 
Discount rate, % 8 

 

 The cost performance of the capture technology is evaluated by the cost of clinker (eq.10) and 

the cost of CO2 avoided (eq.12). The COC are calculated as the breakeven selling price leading to a net 

present value of the project equal to 0 [7].  

• Cost of clinker (COC): this is calculated by summing the contributions of the annualized 

CAPEX (CCAP), of the fuel cost (Cfuel), of the raw material costs (CRM), of the electricity cost 
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(Cel), of the other operating and maintenance cost (CO&M), and of the cost of the CO2 

emitted as consequence of the carbon tax (CCtax). All these variables are expressed per 

ton of clinker produced (€/tclk). In case the cement plant has a net power export, 

revenues for electricity export to the grid are considered and Cel becomes negative. 

Eq.11 was used to calculate the CCtax, as consequence of the carbon tax (ctax), expressed 

as € per ton of fossil CO2 emitted. 

Equation 10 

𝐶𝑂𝐶 (€ 𝑡𝑐𝑙𝑘⁄ ) = 𝐶𝑐𝑎𝑝 + 𝐶𝑓𝑢𝑒𝑙 + 𝐶𝑅𝑀 + 𝐶𝑒𝑙 + 𝐶𝑂&𝑀 + 𝐶𝐶𝑡𝑎𝑥 

Equation 11 

𝐶𝐶𝑡𝑎𝑥 (€ 𝑡𝑐𝑙𝑘)⁄ = 𝑐𝑡𝑎𝑥 ∗ 𝑒𝑐𝑙𝑘,𝑒𝑞 = 𝑐𝑡𝑎𝑥 ∗ (𝑒𝑒𝑙,𝑐𝑙𝑘 + 𝑒𝑐𝑙𝑘) 

• Cost of CO2 avoided (CAC): this is evaluated based on the cost of clinker and the 

equivalent specific emissions of the assessed cement plant and the reference cement 

plant without CO2 capture.  

Equation 12 

𝐶𝐴𝐶 (€ 𝑡𝐶𝑂2) =
𝐶𝑂𝐶 − 𝐶𝑂𝐶𝑟𝑒𝑓

𝑒𝑐𝑙𝑘,𝑒𝑞,𝑟𝑒𝑓 − 𝑒𝑐𝑙𝑘,𝑒𝑞
⁄  

3.4. Results 
 

In table 13, the total direct costs are reported for the CaL plants. In all cases, the largest cost is 

associated to the carbonator. In the configurations with external combustion, this cost represents more 

than 50% of TDC.   

The carbonator results to be more expensive than calciner, because it includes the heat transfer 

surface to keep the reactor at the target temperature of 650ºC by steam generation. Although the 

configurations with external combustion have no costs associated with ASU, these configurations results 

in a higher Capex compared to the “Oxyfuel” configuration, because of the higher amount of fuel 

burned in the CaL calciner and the consequent higher cooling duty of the carbonator. Thus, it is 

concluded that despite the high cost of implementing an ASU, this cost is offset by the lower amount of 

fuel burn required when compared to the “Air-10IC” and “Air-5IC” configurations.  



28 
 

Table 12 - Total direct costs with process contingencies (TDC) of the CaL CO2 capture plants. 

 Oxyfuel Air  
 

Air 10%IC Air 5%IC 

CO2 capture direct costs, M€ 

Limestone grinding plant 1.15 1.15 2.43 2.61 

Carbonator 104.66 104.66 256.17 280.55 

Calciner 21.27 27.25 44.30 47.13 

Cyclones 1.34 2.15 2.76 2.87 

Fans 0.43 0.43 0.43 0.43 

ASU 60.38 0.00 0.00 0.00 

Steam turbines 29.05 29.05 55.48 59.12 

Heat Exchangers 16.68 13.47 29.01 29.92 

Pumps 0.05 0.05 0.09 0.09 

Condenser  7.11 7.11 14.81 15.91 

Cooling Tower 6.16 6.16 16.19 17.80 

Compressors 25.97 55.49 39.69 37.88 

Flash Columns 0.25 0.76 0.51 0.51 

Total TDC, M€ 274.50 247.73 461.85 494.82 

 

In table 14, the breakdown of the total plant cost is reported. A total plant cost of 842.5 and 

887.3 M€ was obtained for “Air-10IC” and “Air-5IC” configurations, respectively.  The lowest total plant 

cost was obtained for the “air” configuration (551.3 M€), followed by the “oxyfuel” configuration (587.7 

M€). Compared to “oxyfuel” configuration, the “Air-10IC” and “Air-5IC” configurations represent an 

increase of 143% and 151% of total plant cost, respectively.  

Table 13 - Breakdown of the total plant cost (TPC) of the CaL CO2 capture plants. 

 Oxyfuel Air  
 

Air 10%IC Air 5%IC 

Total CO2 capture plant 
cost, M€ 

373.32 336.91 628.12 672.95 

Existing cement plant cost, 
M€ 

214.34 214.34 214.34 214.34 

Total plant cost, M€ 587.65 551.25 842.46 887.29 
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 The cost of the clinker cost is reported in Table 15. Cost of clinker for the reference plant 

without CO2 capture is 58.1 €/t. For CaL plants, the highest cost of clinker was obtained for “air” 

configuration, due to the high variable Opex. In fact, the “air” configuration is the capture plant with the 

highest variable Opex, thanks to the need to import electricity unlike the other configurations.  

The “Air-5IC” configuration has the lowest variable OPEX, thanks to the highest revenues from 

the net electric power sold to the grid. When compared to the “Air-10IC” configuration, the lower 

variable operating costs compensate the higher Capex and fixed Opex, resulting in a slightly lower cost 

of clinker. Compared to the “Oxyfuel” configuration, the lower variable operating cost does not 

compensate the higher Capex and fixed Opex but attenuates the differences of cost of clinker. The 

“oxyfuel” configuration has the lowest cost of clinker – 81.2 €/t.  

 Except for the “Air” configuration, in all CaL plants the highest contribution to the cost of clinker 

derives from the capital expenditures. Fixed Opex also increase significantly compared to the reference 

plant, being linked to the Capex. The variable costs are also significant and are mainly driven by cost of 

fuel and cost of electricity.  

Table 14 - Breakdown of the clinker costs for the cement kilns with and without CaL system. 

 Reference 
plant 

Oxyfuel Air  
 

Air 10%IC Air 5%IC 

Raw meal, €/tclk 5.25 5.64 5.64 6.46 6.60 

Fuel, €/tclk 10.95 29.04 37.42 66.87 72.45 

Electricity, €/tclk 6.27 -23.92 2.63 -82.37 -94.99 

Steam, €/tclk 0.00 0.00 0.00 2.21 5.04 

Carbon tax  
(direct emissions), 
€/tclk 

6.55 0.65 0.65 1.72 1.89 

Carbon tax 
(emissions from 
power gen.), €/tclk 

0.23 -0.86 0.09 -2.97 -3.43 

Carbon tax 
(emissions from 
steam gen.), €/tclk 

0.00 0.00 0.00 0.00 0.00 

Cooling water, €/tclk  0.03 0.99 1.99 2.36 2.59 

Other variable costs, 
€/tclk 

1.16 1.16 1.16 1.16 1.16 

Variable Opex, €/tclk 30.43 12.70 49.59 -4.42 -8.33 

Labour, €/tclk 5.99 7.88 7.81 8.43 8.52 

Insur. and loc. tax, 
€/tclk 

3.04 8.33 7.82 11.94 12.58 

Maintenance cost, 
€/tclk 

3.80 10.41 9.77 14.93 15.72 

Fixed Opex, €/tclk 12.82 26.63 25.39 35.30 36.83 

Cement kiln, €/tclk 14.80 15.26 16.57 16.68 16.69 
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CO2 capture system, 
€/tclk 

0.00 26.58 26.05 48.88 52.40 

Capex, €/tclk 14.80 41.84 42.62 65.55 69.08 

Cost of Clinker 
(COC), €/tclk 

58.05 81.17 117.60 91.17 92.03 

 

In Table 16, CO2 avoided cost breakdown is reported. Total CCA of 34.5 €/t was obtained for the 

oxyfuel configuration, which is the lowest CCA value obtained for the CaL cases assessed. In all the 

cases, the Capex is the highest responsible for the total CCA. In all configurations, significant cost is 

associated to fuel consumption, with this cost increasing as the greater is the %external coal 

combustion. However, except for the “Air” case, this cost is totally compensated by the favorable 

contribution of the electric balance thanks to power export. This contribution is responsible for the 

reduction of the total CCA, obtaining negative for variable Opex in all configurations, except for the “Air” 

case.  

Table 15 - Breakdown of costs of CO2 avoided for the different CaL cases assessed. 

  Oxyfuel Air Air 10%IC Air 5%IC 

Fuel, €/tCO2 20.73 35.16 56.85 61.87 

Electricity, €/tCO2 -34.59 -4.84 -90.11 -101.86 

Steam, €/tCO2 0.00 0.00 2.25 5.07 

Other variable costs, 
€/tCO2 

1.55 3.13 3.59 3.93 

Variable Opex, €/tCO2 -12.31 33.44 -27.43 -30.99 

Fixed Opex, €/tCO2 15.82 16.69 22.85 24.15 

Capex, €/tCO2 30.98 32.40 46.24 49.03 

Cost of avoided CO2 
(CAC), €/tCO2 

34.49 82.54 41.67 42.18 

 

 In Fig.20, the sensitivity of the cost of cement on the carbon tax is shown. The dependency of 

the COC with the carbon tax is much higher in the case without CO2 capture, reaching to 110 €/tcem for a 

carbon tax of 100 €/tCO2. For the plants with CO2 capture, COC is relatively insensitive to the carbon tax.  
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Figure 20 - Cost of cement for the different configurations as function of the carbon tax. 

 In Fig.21, the sensitivity of the COC on the price of electricity is shown for a carbon tax of 8 

€/tCO2. For the case without CO2 capture and the “Air” case, COC is negatively affected by higher 

electricity price. All the other configurations are net electricity exporters and therefore benefit from 

high electricity price, resulting in negative slopes. External combustion configurations are the ones that 

benefit most from high electricity price and a ± 50% variation of electricity price could lead to a COC 

variation of over ± 50%. In the other configurations, COC is relatively insensitive to the electricity price.  

 

 

 

Figure 21 – Cost of cement for the different configurations as function of the price of electricity. 
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In Fig.22, the sensitivity of the COC on the price of fuel is shown. All the configurations are 

negatively affected by an increase of the fuel price compared with the reference cement kiln, due to 

their higher specific fuel consumption. A variation of the price of coal of ± 50% leads to a maximum COC 

variation of ± 39% (Air-5IC configuration) and a minimum variation of ± 16% (Air configuration).  

 

 

Figure 22 – Cost of cement for the different configurations as function of the price of coal.  

 In Fig.23, the sensitivity of the COC on the CAPEX is shown. CAPEX is varied in the -15%/+35% 

range compared with the CAPEX calculated. A similar impact on the COC is obtained for the 

configurations with external configurations: -15/35%. For the “Oxyfuel” and “Air” configurations, a 

lower impact on the COC is obtained: -11%/27% and -8%/18%, respectively. 

 

Figure 23 – Cost of cement for the different configurations as function of CAPEX. 
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 Finally, in Fig.24, the sensitivity of the COC on the operational life is shown. For all 

configurations, COC is positively affected with increased operational life, however there is a more 

significant decrease in COC between 8 and 15 years of operational life. Between 15 and 25 years of 

operational life, COC is more insensitive to the operational life.  

 

Figure 24 – Cost of cement for the different configurations as function of operational life. 

 

4. Conclusions 
 

 This work presents the techno-economic comparison of different configurations of Calcium 

looping processes for CO2 capture in cement plants. The differences of the compared configurations are 

related to the combustion of the fuel that provides heat to the endothermic calcination reaction. In one 

of the configurations, the combustion of coal occurs under oxy-fuel conditions and within the calciner. In 

the other 3 configurations, coal combustion occurs using air as oxidant, differing only in the internal 

combustion fraction. The study allows to achieve the following main conclusions: 

• 100% Internal Combustion using air as oxidant is unpracticable, resulting in a final CO2 

concentration of 28%; 

• The oxyfuel configuration resulted in a final CO2 concentration of 95%. The “Air-5IC” 

configuration was the alternative to oxyfuel configuration which resulted in the highest 

final CO2 concentration (84%); 

• Heat integration is an important achievement with global reduction of 98-99% of the 

initial requested thermal utilities;  

• All the configurations involve a significant increase of fuel consumption. However, such 

increase is much more significant in configurations with external combustion. Fuel 

consumption increase is lower in Oxyfuel configurations (+165%); 
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• The additional fuel consumption in the CaL process generate high temperature heat that 

must be recovered in a steam cycle to generate power. The higher the fuel 

consumption, the higher the power generated. In all configurations, except in the “Air” 

configuration, the cement plant becomes a net electricity exporter; 

• Specific primary energy consumption for CO2 avoided (SPECCA) has been calculated 

considering the indirect fuel consumptions and CO2 emissions associated to the 

electricity imported or exported by the cement plant. A lower SPECCA is obtained for 

“Oxyfuel” case (2.24 MJLHV/kgCO2); 

• All the configurations are capital intensive. In “Oxyfuel” and “Air” configurations, the 

estimated total plant costs of the capture plant are slightly higher than the cost of the 

conventional cement plant. In “Air-10IC” and “Air-5IC” configurations, there is a 

significant increase in the estimated total plant costs of the capture plant.  

• Cost of clinker of 81.2 €/tclk have been calculated for the Oxyfuel configuration. A slightly 

values of 91.2-92.0 €/tclk have been obtained for the configurations with external 

combustion. The cost of CO2 avoided is about 34.5 €/tCO2 and 41.7-42.2 €/tCO2 for the 

oxyfuel case and the configurations with external combustion, respectively.  
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