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A B S T R A C T   

The cement industry produces around 6–7% of the global anthropogenic CO2 emissions. This sector, therefore, 
needs to be decarbonized to meet the international goals on greenhouse gas emissions. In a cement plant, 
however, around 60% of the CO2 emissions are hard-to-abate because they come from the calcination of the raw 
materials. Carbon capture is thus needed to perform deep decarbonization of the cement production process. 
Among all the carbon capture technologies proposed in the literature, Calcium looping (CaL) is one of the most 
promising ones. This work analyses on novel solar-driven CaL process for carbon capture in a cement plant. In the 
system proposed, the energy required for the CO2 sorbent regeneration is fully supplied by a heliostat field. The 
performances of the overall system were evaluated through detailed process modelling and energy analyses. 
Primary energy consumption and CO2 emissions (sum of both direct process emissions and indirect emissions due 
to electricity consumption) were assessed considering different grid electricity mixes and integration levels (IL) 
between the carbon capture system and the clinker kiln. We estimate that the integration of a solar-driven CaL in 
a cement plant could be able to reduce over 90% of the plant CO2 emissions. Furthermore, this solution could 
potentially decrease the plant fuel consumption thanks to the reuse of the exhausted sorbent in the production 
process. On the other hand, a large heliostat field will be required to feed energy to the CaL process. Both the 
carbon intensity of the grid electricity mix and the IL impact on the system energy and carbon balance, as shown 
by the obtained values for the specific primary energy consumption for CO2 avoided (SPECCA) index. Obtained 
SPECCA indexes vary between a maximum of 2.17 MJ/kgCO2, obtained for an IL of 20% and grid electricity 
produced entirely from renewables, and a minimum of 0.57 MJ/kgCO2, estimated for an IL of 80% and grid 
electricity produced from state-of-the-art pulverized coal.   

1. Introduction 

Cement production is one of the most energy consuming and CO2 
emitting industry sectors worldwide. It accounts for 6–7% of global 
anthropogenic GHG emissions, around 1.4 Gt of CO2 emissions per year 
(Carbone et al. 2022). Therefore, efficient decarbonization measures 
should be carried out to meet the international goals in global green-
house gas emissions reduction. 

Cement production comprises three main steps: (i) raw material 
extraction and preparation; (ii) clinker production; (iii) cement mixing 
and milling. Among those, the clinker production process is the most 
energy and carbon intensive step. The process raw material is a fine 
powder, called “raw meal”, that consists mainly of calcium carbonate 
(CaCO3) with the addition of oxides of Si, Fe, and Al. In the clinker 

production step, the raw meal is burned in a kiln (clinker kiln) reaching 
sintering temperature. The CaCO3 contained in the material is calcined 
and reacts with SiO2, Fe2O3 and Al2O3 forming clinker (the main con-
stituent of cement). Cement is eventually obtained by milling the clinker 
together with gypsum and other additives. 

One characteristic of the cement production, and in detail of the 
clinker production step, is that only around 40% of CO2 emissions come 
from fuel combustion while the remaining 60% are associated with 
calcination processes and thus hard-to-abate (De Lena et al., 2017). The 
most common decarbonization measures include: (i) clinker and raw 
meal substitution with alternative materials; (ii) reducing of the clinker 
to cement ratio; (iii) fuel shifting from conventional fuel to less carbon 
intensive fuels; (iv) improvements in energy efficiency (Fennell et al., 
2021). These techniques, however, are estimated to reduce the sector’s 
CO2 emissions by only 20–25% by 2050 (Hills et al., 2016). Carbon 
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Capture and Storage (CCS) technologies need to be implemented to 
perform deep decarbonization of the cement industry sector (IEA, 2021), 
(Plaza et al., 2020). Post-combustion carbon capture and oxy-fuel 
combustion are the most promising because they can abate also the 
CO2 produced from the raw meal calcination. Regarding 
post-combustion carbon capture technologies, they usually rely on ab-
sorption processes (e.g., amine-based processes), adsorption processes 
(e.g. Calcium Looping – CaL), or membrane separation (Gardarsdottir 
et al., 2019). The integration of amine scrubbing systems, a 
post-combustion carbon capture technique employing amine solvents, 
has been extensively analysed in the literature. This technology already 
reached commercial-scale for coal power plants applications (IEAGHG, 
2015), and will soon reach this milestone also for cement industry ap-
plications (Carbone et al. 2022), (Plaza et al., 2020). 

CaL, instead, is an adsorption process based on the reversible reac-
tion between CaO and CO2 usually employing two fluidized bed re-
actors: a carbonator and a calciner. CO2 reacts with CaO forming CaCO3 
in the carbonator while in the calciner the CaCO3 is decomposed into 
CaO and CO2. One application of this process is as a carbon capture 
system using calcium oxide as a CO2 sorbent (CC-CaL) where the energy 
necessary for sorbent regeneration is usually supplied with fossil fuel 
oxy-combustion taking place directly inside the calciner. Alternative 
systems with separated combustion and indirect calciner heat supply are 
also reported in literature (Jayarathna et al., 2017), (Abanades et al., 
2005). CC-CaL is considered one of the most promising carbon capture 
techniques for decarbonization of power production and 
carbon-intensive industry. The integration of CC-CaL with cement pro-
duction is particularly interesting as cement plants already possess the 
infrastructure necessary for solid materials handling (Carbone et al. 
2022), (De Lena et al., 2017). Furthermore, the high temperatures 
reached in the CaL process allow the recovery of part of the chemical 
energy supplied at the calciner that can be converted into electric energy 
thus potentially reducing the cement plant grid electricity consumption. 
Part of the solid recirculating in the CC-CaL needs to be purged to 
guarantee an acceptable adsorption capacity of the CO2 sorbent, which 
decreases with the number of carbonation and calcination cycles. 
However, this mineral, which consists mainly of CaO, can be used in the 
clinker production process in substitution of typical raw material, 
reducing the kiln CO2 emissions related to calcination processes. The 
CC-CaL process is usually integrated in the clinker production process as 
an end-of-pipe system (Tail-End CaL) (De Lena et al., 2017), (Atsonios 
et al., 2015), (Cormos and Cormos, 2017), some authors also proposed a 

fully integrated system (Integrated CaL) where the CaL oxy-calciner 
replace the pre-calciner of the traditional plant, and the carbonator 
capture the CO2 produced in the rotatory kiln (De Lena et al., 2019). 
CC-CaL was already demonstrated in several pilot projects (Chang et al., 
2014), (Arias et al., 2017) and it recently reached TRL 7 (Carbone et al. 
2022), (Jordal et al., 2017). 

CaL was also studied as a Thermo-Chemical Energy Storage system 
(TCES) for integration in concentrated solar power plant (CSP-CaL) 
(Chacartegui et al., 2016), (Ortiz et al., 2019). In this system, a heliostat 
field supplies thermal energy to the calciner that is then stored in 
chemical form (CaO) and sensible form as compressed CO2. The stored 
energy is then released by the carbonator and used for power 
production. 

Some authors proposed innovative solar-driven CaL systems for 
carbon capture in a coal power plant. Here, the energy needed for sor-
bent regeneration is supplied totally or partially from a heliostat field 
(Zhang and Liu, 2014)– (Khosravi et al., 2022). Zhang et al. (Zhang and 
Liu, 2014) and Zhai et al. (2016) analysed a co-driven CaL system for 
carbon capture applications in coal power plants, where the energy 
needed at the calciner is supplied both by coal oxy-combustion and solar 
energy. In this configuration, coal is used during night-time and to 
integrate the energy supplied by the heliostat field when needed. 
Khosravi et al. (2022), instead, proposed a full solar-driven CaL system 
avoiding additional fuel consumption for CO2 capture. In this configu-
ration, the calciner works only during daytime and two solid reservoirs 
are needed to store CaO and CaCO3 for night-time operation. To our best 
knowledge, no similar configurations were proposed for carbon capture 
applications in other industries other than power production from coal 
combustion. 

Regarding cement production, Gonzalez et al. (Gonzalez and Flam-
ant, 2014) and Moumin et al. (Moumin et al.) proposed a hybrid solar 
and coal co-driven clinker production process where a solar calciner is 
utilized in the raw meal calcination. The configurations they proposed, 
however, are able to abate the CO2 emissions due only to coal com-
bustion in the traditional pre-calciner, which Moumin estimated around 
21% of the total. 

The focus of this work is the application of a novel solar-driven CaL 
system for carbon capture in the cement production process. The system 
proposed and described is an end of pipe system able to abate the CO2 
emissions due both to coal consumption and calcination without com-
porting additional fossil fuel consumption. Furthermore, the reuse of the 
CaL purged sorbent in the production process reduces the amount of 

Notation 

ACeq Equivalent avoided CO2 
ACR Avoided-Captured CO2 Ratio 
BREF Bat Reference document 
CaL Calcium Looping 
CC Carbon Capture 
CCS Carbon Capture and Storage 
CCR Carbon Capture Ratio 
CC - CaL Carbon capture system based on CaL 
CSP Concentrated Solar Power 
CSP - CaL Concentrated Solar Power with CaL thermochemical 

energy storage system 
DNI Direct Normal Irradiance 
Ecarb Carbonator CO2 capture efficiency 
Eeq Carbonator CO2 capture efficiency at equilibrium 

conditions between CaO and CO2 
F0 Molar flow of CaCO3 makeup in the CaL system 
FCO2 Molar flow of CO2 in the clinker flue gas 
FR Molar flow of CaO entering the carbonator 

IL Integration level 
SPECCA Specific Primary Energy Consumption 
She Heliostat field size 
Tcarb Carbonator temperature 
TCES Thermochemical Energy Storage system 
Xave Average sorbent activity 
eclk Specific clinker direct CO2 emissions 
eclk,eq Specific clinker total CO2 emissions 
pcarb Carbonator pressure 
pCO2,eq CO2 partial pressure at equilibrium condition between CaO 

and CO2 
qclk Specific clinker primary energy consumption 
sfhe Heliostat field size factor, ratio between the field area and 

the minimum required area 
ηref Heliostat reflectivity 
ηclc Heliostat clean factor 
ηfld Heliostat field efficiency 
ηinc Incidence factor 
ηCPC Parabolic concentrator efficiency 
ηcal Rotatory calciner efficiency  
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CaCO3 calcined in the clinker kiln, thereby reducing its coal 
consumption. 

2. Process description and assumptions 

The process proposed in this work, shown in Fig. 1, comprises the 
following sub-systems.  

• Clinker kiln: the state-of-the-art process for clinker production as 
described in the European Best Available Techniques Reference 
(BREF) report for the manufacture of cement.  

• Solar-driven calcium looping: CaL post-combustion carbon capture 
system driven by solar energy.  

• Heliostat field: heliostat field that harvests the solar energy used for 
the regeneration of the CO2 sorbent. 

• Rankine cycle: power production cycle for the recovery and valor-
isation of the heat produced at the carbonator.  

• CO2 compression system: compression system that brings the 
captured CO2 at the pressure needed for long distance network 
transportation. 

2.1. State-of-the-art clinker kiln 

The state-of-the-art clinker kiln, as described in the BREF report, 
comprises a preheater, a pre-calciner, a rotatory kiln and a clinker cooler 
(Schorcht et al., 2013). The main characteristics of the process and the 
compositions of the coal and the raw meal are reported in supplemen-
tary material. The raw meal is first sent to the preheater, where it is 
heated in a series of five vertical cyclones by contact with the hot kiln 
exhaust gas. The heated minerals are then fed to the pre-calciner, placed 
at the bottom of the preheater, where around 96.5% (Fidaros et al., 

2007) of the limestone is calcined producing lime and CO2. The obtained 
material is then burned in the rotatory kiln where it reaches sintering 
temperatures (around 1400 ◦C) (John, 2020). The calcination is 
completed, and the main components of the clinker are formed. CaO 
reacts with SiO2, Al2O3, and Fe2O3 forming dicalcium silicate or belite 
(Ca2SiO4, or C2S as in cement chemistry notation), tricalcium aluminate 
(Ca3Al2O6, or C3A), tetracalcium alumino-ferrite (Ca4Al2Fe2O10, or 
C4AF), and tricalcium silicate or alite (Ca3SiO5, or C3S) (De Lena et al., 
2017). 

In our calculations, small amounts of C2S, C3S, C3A and C4AF are 
assumed to form already in the pre-calciner coherently with the results 
published by De Lena et al. (De Lena et al., 2017). To meet the process’ 
energy demand, required to drive the endothermic reactions and to heat 
the minerals coal is burned in the pre-calciner and the rotatory kiln (De 
Lena et al., 2017), (Schorcht et al., 2013) (coal composition is reported 
in supplementary material). The obtained hot clinker is finally cooled 
down using ambient air, which is then used as combustion air in the 
pre-calciner and rotatory kiln (Schorcht et al., 2013). 

2.2. Solar-driven calcium looping 

The CC-CaL process is characterized by a very high emission abate-
ment potential. This system normally employs two fluidized-bed re-
actors: a carbonator and a calciner. In the carbonator, operating at 
approximately 650 ◦C, CO2 reacts with CaO, here used as CO2 sorbent, 
following the exothermic carbonation reaction described in R. 1. 

CaO + CO2⇌CaCO3 + ΔH, ΔH0
ref = ±179

kJ
mol

R. 1 

The obtained CaCO3 is then regenerated into CaO in a second reactor 
working at around 900–950 ◦C, called calciner, following the reverse 
endothermic reaction (calcination) releasing CO2. The thermal energy 
needed to drive the calcination is usually provided by oxy-combustion of 

Fig. 1. Integration of a solar calcium looping in the cement production process.  
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traditional fossil fuels, carried out directly inside the calciner, producing 
high purity CO2. An advantage of this technology is that, thanks to its 
high working temperature, part of the energy supplied to drive the CaL 
process can be recovered and easily converted into electricity with the 
aid of a traditional steam Rankine cycle (De Lena et al., 2017). 

Regarding the application of CaL as thermochemical energy storage 
in CSP, solar energy coming from a heliostat field is utilized to drive the 
CaCO3 calcination in a solar calciner. The released CO2 is cooled, 
compressed, and sent to a pressurized storage tank, while the obtained 
CaO is cooled down to near ambient temperature and transported to a 
solids’ reservoir. The solar energy is therefore stored in both sensible 
and chemical forms as compressed CO2 and CaO. In the discharge phase, 
the CO2 is first expanded in a turbine and then sent to the carbonator, 
where it is recombined with CaO, releasing heat, which is used for power 
production (Chacartegui et al., 2016). In this regard, different power 
cycles are proposed in the literature such as: closed CO2 Brayton Cycles, 
supercritical CO2 Brayton Cycles and steam Rankine cycles (Ortiz et al., 
2019), (Ortiz et al., 2017). To maximize the energy storage efficiencies, 
two different heat exchanger networks (HENs) are placed before the 
carbonator (HEN1) and calciner (HEN2) to preheat the incoming 
streams while recovering heat from the outcoming flows (Ortiz et al., 
2019). 

The system configuration proposed and analysed in this work (Fig. 1) 
is a novel solar-driven CaL-based process for post combustion carbon 
capture in a cement plant. The system’s main operating parameters 
assumed for the process modelling are summarized in Table 1. The flue 
gas exiting the clinker kiln is sent to the carbonator, where the CO2 is 
captured by the solid sorbent (CaO). Before being released into the at-
mosphere, the CO2 lean flue gas is cooled down to 430 ◦C and sent to the 
raw meal mill to provide the energy required for the raw meal drying 
(De Lena et al., 2017). The CO2 rich sorbent, composed of CaCO3 and 
unreacted CaO, is fed to a solid reservoir. To maximize the heat recov-
erable from the reactor, the incoming flue gas and CaO are preheated in 
the HEN1 using the hot outcoming solid and gas streams. 

During daytime, the CO2 rich sorbent is fed to the solar calciner 
where CaCO3 is divided back into CaO and CO2. The calciner working 
temperature is set at 920 ◦C (35–40 ◦C above equilibrium temperature) 
ensuring complete calcination (De Lena et al., 2017). The obtained CaO 
is sent to a second solid storage, while the CO2 is sent to the compression 
unit. To minimize the amount of heat required in the calciner, the re-
actor’s incoming solid stream is preheated in the HEN2 recovering heat 
from the outcoming CO2 and CaO streams. 

Considering the high temperature needed for calcination, a tower 

mounted solar receiver configuration is the most appropriate to be used. 
This kind of system can reach maximum temperatures of 1000 ◦C or 
over, depending on the type of receiver employed (Merchán et al., 
2022). It should be noted that the efficiency of the solar plants is highly 
dependent on the receiver performance and that particle receiver tech-
nology, needed for solar CaL applications, is still under development 
(TRL 4–5) (Ortiz et al., 2021). In this regard, different technical solutions 
were proposed in the past such as: falling particle, centrifugal particle, 
fluidized bed and rotary kiln receivers (Ortiz et al., 2019), (Zsembinszki 
et al., 2018). Among those, solar calciners comprising a rotatory kiln 
receiver and a Compound Parabolic Concentrator (CPC) are the ones at 
the highest stage of development (Tesio et al., 2020). 

The sorbent purged from the CaL process can be fed to the raw meal 
mill to partially replace the limestone supplied to the clinker kiln (Plaza 
et al., 2020). Because the average raw meal particle size is normally in 
the range of 10–20 μm, while the CaL carbonator operates with larger 
particle sizes of around 100–200 μm, the purge is milled before feeding 
to the production process. 

The degree of integration between the carbon capture and the clinker 
production sections strongly influences on the overall system energy 
balance. In this work, we define the degree of integration through the 
Integration Level (IL) parameter, calculated as the ratio between the 
CaCO3 fed to the CaL process and the total CaCO3 consumed by the 
cement plant (Eq. (1)). At increasing IL values, the limestone that is 
calcined in the clinker production process decreases, thus reducing the 
kiln’s coal consumption and CO2 production. Different values of IL are 
considered: 20%, 40%, 60% and 80%. 

IL=
CaCO3 input to CaL

CaCO3 input to the plant
Eq. 1 

The energy balance of the system described was obtained consid-
ering a carbonator CO2 capture efficiency (Ecarb), defined as the fraction 
of CO2 removed from the flue gas in the carbonator, equal to 90%. Ecarb 
can be obtained from the reactor mass balance as a function of the molar 
flows of CO2 (FCO2) and CaO (FR) entering the carbonator. 

Ecarb =min
(

FRXave

FCO2

,Eeq

)

Eq. 2  

Where Eeq represents the carbonator CO2 capture efficiency that can be 
potentially achieved when equilibrium conditions between CaO and CO2 
are reached and depends on the CO2 equilibrium partial pressure (pCO2, 

eq), which can be obtained from the carbonator operating pressure 
(pcarb) and temperature (Tcarb) following Eq. (3) (Chacartegui et al., 
2016). Xave, instead, indicates the average fraction of active CaO 
reacting with CO2 to form CaCO3 that can be calculated as shown in Eq. 
(4) (Zhai et al., 2016), (Khosravi et al., 2022). 

pCO2,eq = 4.137 • 107 exp
(

−
20474
Tcarb

)

Eq. 3  

Xave =
fm(1 − fw)F0

F0 + FR(1 − fm)
+ fw Eq. 4  

Where F0 and FR are the molar flow rate of the CaCO3 make-up and the 
CaO entering the carbonator. The values for fm and fw empirical pa-
rameters are set to 0.77 and 0.17, as reported in literature for natural 
limestone and typical fluidized bed reactors’ working conditions (Aba-
nades et al., 2005), (Zhai et al., 2016), (Khosravi et al., 2022). 

2.3. Heliostat field 

The heliostat field is composed of many sun-tracking mirrors that 
concentrate the solar radiation to a tower-mounted receiver (that co-
incides with the solar calciner) providing the energy required for the 
decomposition of CaCO3 (Khosravi et al., 2022), (Ortiz et al., 2018). The 
solar radiation collected by the heliostat field and hitting the receiver’s 

Table 1 
Main assumptions for the CaL and the CO2 compression.  

Parameter Value Unit Reference 

Carbonator outlet temperature 650 ◦C De Lena et al. 
(2017) 

Calciner outlet temperature 920 ◦C De Lena et al. 
(2017) 

Pressure losses in carbonator, cyclones, 
and filters 

20 kpa De Lena et al. 
(2017) 

Carbonator CO2 capture efficiency - 
Ecarb 

90 % De Lena et al. 
(2017) 

Fans isoentropic efficiency 82 % De Lena et al. 
(2017) 

Cyclones’ efficiency 99 % Zhai et al. (2016) 
Number of intercooled compression 

stages 
5 n◦

stages 
Posch and Haider 
(2012) 

Intercooling temperature 25 ◦C Posch and Haider 
(2012) 

CO2 compressors’ isoentropic 
efficiency 

75 % Atsonios et al. 
(2015) 

Compression delivery pressure 120 bar Posch and Haider 
(2012) 

HENs minimum temperature 
difference 

15 ◦C Tesio et al. (2020)  
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concentrator (Qrec) can be estimated from the Direct Normal Irradiance 
(DNI) and the heliostat field area (She) as follows (Zhang and Liu, 2014), 
(Zhai et al., 2016): 

Qrec = ηref • ηclc • ηfld • ηinc • DNI • She Eq. 5  

Where ηref, ηclc, ηfld and ηinc are reported in Table 2 and represent, 
respectively, the heliostat reflectivity, the heliostat clean factor, the 
heliostat field efficiency, and the incidence factor. Assuming a solar 
calciner composed of a rotatory kiln receiver and a CPC, the net amount 
of energy used in the calciner (Qcal) can then be obtained from the 
concentrator efficiency (ηCPC) and the receiver’ efficiency (ηcal) (Tesio 
et al., 2020). 

Qcal = ηCPC • ηcal • Qrec Eq. 6 

The rotatory kiln receiver technology was recently tested at the pilot 
scale by Wu et al. (Wu, Trebing, Amsbeck, Buck, Pitz-Paal) who obtained 
a ηcal value of around 75% for an outlet solids’ temperature of 900 ◦C, 
the same efficiency value was then assumed in this work. Furthermore, 
according to the literature (Tesio et al., 2020), the minimum operating 
thermal power of this type of calciner corresponds to 20% of the nominal 
power. It should also be noted that this component maximum size was 
reported to be 55 MW (Tesio et al., 2020), therefore, multiple calciners 
in parallel will be needed. 

2.4. Power production cycle 

The thermal energy produced in the carbonator side of the system is 
recovered to produce electricity in a steam Rankine power cycle. This 
technology is the commercial standard for CSP power plants (Liu et al.) 
and it was often proposed for both CC-CaL and CSP-CaL applications (De 
Lena et al., 2019), (Ortiz et al., 2017). 

Fig. 2 shows a schematic of the power production cycle considered in 
this work, i.e., a reheat steam Rankine cycle with regeneration in three 
pre-heaters. A series of steam extractions are performed in the high- and 
low-pressure steam turbines and fed to the three pre-heaters: two 
countercurrent heat exchangers (R1-2) and one total mixer exchanger 
type (DEA). An additional low temperature economizer is placed after 
the low-pressure pump to permit the efficient recovery of the sensible 
heat contained in the solid sorbent exiting the carbonator. The Rankine 
main operational parameters, reported in Table 3, were chosen from 
data suggested by Ortiz et al. (2017) for CSP-CaL applications. Turbine 
and pump efficiencies were set to 0.9, and a exchangers minimum 
temperature difference of 10 ◦C was considered. A 1% pressure drop was 
assumed in all heat exchangers apart from the steam generator evapo-
rator where it was considered negligible (see Table 3). 

3. Methods 

The mass and energy balances were solved with the aid of the process 
simulator Aspen Plus v10.0, where the CaL solar calciner was modelled 
in its average working condition (average power and mass flows). For 
the clinker kiln, and the Calcium Looping section, the Peng Robinson 
equation of state was used, while for the Rankine cycle the IAPWS 
formulation 1995 (IAPWS-95) was selected. The main system process 

units, rotary kiln, CaL system, Rankine cycle, and CO2 compressors were 
represented with one or more Aspen Plus blocks. The reactions taking 
place in the production and carbon capture processes were modelled 
with standard models based on the minimization of Gibbs free energy 
when possible, otherwise fixed reaction rates were assumed as reported 
in Table 1 and Table S1 in supplementary material. 

The minimum required heliostat field size (She,min) was then esti-
mated considering a constant solar calciner energy consumption (MJth/ 
kgCaO), seasonal solids storage and site hourly irradiation data. The DNI 
data were obtained from the open access tool PVGIS (PVGIS, 2019) and 
represent the typical meteorological year for the Augusta cement pro-
duction plant located in Sicily, Italy. Fig. 3 shows the corresponding 
daily irradiation (kWh/m2). This region was already selected in past CSP 
projects. In 2010, for example, the “Archimede” CSP plant was inau-
gurated near Syracuse in Sicily (Enel, 2010). 

It should be noted that a heliostat field with a dimension equal to She, 

min will require a very large solid storage that may be difficult to realize. 
However, the dimensions of the storage could be reduced by oversizing 
the heliostat field. This will result in a large excess of heat during 
summer, but a lower deficit of CaO production during winter and a 
lower requirement for CaO long time storage. A sensitivity analysis was 
then performed to investigate the size of the CaO solid storage at 
different values of the heliostat field factor (sfhe), defined as the ratio 
between the actual size of the heliostat field (She) and She,min (sfhe = She/ 
She,min). 

3.1. Thermal integration 

Optimizing the heat recovery from an integrated industrial process 
such as the one under investigation is crucial to achieve high energy and 
environmental performances. In the analysed system gas-gas, gas-solid 
and solid-solid heat exchangers will be needed. To avoid direct contact 
between CaO and CO2, which could lead to undesired sorbent carbon-
ation, innovative indirect gas-solid heat exchangers should be employed 
(Ortiz et al., 2017). In this regards different solutions were proposed in 
the literature such as: heat transfer plates, shell-tubes and moving 
packed-bed based heat exchangers (Chacartegui et al., 2016), (Ortiz 
et al., 2019), (Jordison et al., 2007). The solid-solid heat exchangers 
could then be realised by coupling two solid-fluid indirect heat ex-
changers (Chacartegui et al. (2016) proposed using two heat transfer 
plates exchangers) with an intermediate heat-transfer fluid that is 
recirculated within the two sides. 

Two HENs (see Fig. 4 and Table 4), i.e. one for the system carbonator 
side and one for the calciner side, were designed applying the pinch 
analysis method with the aid of package Aspen Energy Analyser v10.0, 
considering a minimum temperature difference of 15 ◦C. On the car-
bonator side, the flue gas and the CaO entering the reactor will need to 
be pre-heated, to maximize the heat available for power production. 
However, thermal energy can be recovered from the decarbonized gas 
and the carbonated sorbent. The decarbonized gas can be cooled down 
to 430 ◦C before being sent to the raw meal mill, while the carbonated 
sorbent needs to be cooled to near ambient temperature before being 
sent to the solid storage. Likewise, on the calciner side, the sorbent 
should be preheated before entering the reactor to minimize heat 

Table 2 
Main assumptions for the heliostat field and solar calciner.  

Parameter Symbol Value Unit Reference 

Heliostat reflectivity ηref 93 % (Zhang and Liu, 2014), (Zhai et al., 2016) 
Heliostat clean factor ηclc 95 % (Zhang and Liu, 2014), (Zhai et al., 2016) 
Heliostat fields efficiency ηfld 76 % (Zhang and Liu, 2014), (Zhai et al., 2016) 
Incidence factor ηinc 99 % (Zhang and Liu, 2014), (Zhai et al., 2016) 
Parabolic concentrator efficiency ηCPC 97 % (Tesio et al., 2020), (Wu, Trebing, Amsbeck, Buck, Pitz-Paal) 
Rotatory kiln receiver efficiency ηcal 75 % Tesio et al. (2020) 
Calciner cut in power – 20 % Tesio et al. (2020)  
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consumption. On the other hand, the hot CO2 and the calcined sorbent 
need to be cooled down before being sent to the CO2 compression and 
the solid storage. 

3.2. Key performance indicators 

The energy performances of the system were evaluated through the 
calculation of some Key Performance Parameters (KPIs), which are 
defined as follows.  

• Specific primary energy consumption - qclk [MJ/tclk]: 

qclk = qfuel,clk + qel,clk + qsol,clk Eq. 8  

Where qfuel,clk [MJLHV/tclk] represents the primary energy consumption 
for fuel combustion; qel,clk [MJLHV/tclk] is the net primary energy con-
sumption due to the electricity exchanged with the grid; and qsol,clk 
[MJth/tclk] is the solar contribution. The term qel,clk is obtained from the 
specific power consumption Pel,clk [MJel/tclk] and the electric generation 
efficiency of the electricity mix considered ηel [%], qel,clk =

Pel,clk
ηel

. The 
value of qsol,clk was calculated using the “physical energy content 
method” (EUROSTAT, 2022) that in case of solar thermal assumes the 
primary energy consumption equal to the useful thermal energy pro-
duced by the solar plant.  

• Specific CO2 emissions - eclk,eq [kgCO2/tclk]: defined as the sum of 
direct emissions coming from combustion and calcination in the 
clinker kiln eclk [kgCO2/tclk] and the indirect emissions due to electric 
energy consumption eel,clk, estimated through the CO2 emission 
factor for electric generation associated to the electricity mix 
considered, eel. 

eclk,eq = eclk + Pel,clk • eel Eq. 9 

Table 5 reports the electric generation efficiencies and CO2 emission 
factors used. Four possible scenarios were considered: reference sce-
nario, referred to the Italian 2019 electricity mix; scenario 1, electric 
production from a state-of-the-art coal power plant (same fuel as 
traditional cement plants); scenario 2, generation efficiency and CO2 
emission factor typical of the Italian thermoelectric power plants; and 
scenario 3, electricity generation from renewable sources.  

• Carbon Capture Ratio - CCR [%]: ratio between the amount of 
captured CO2, mCO2,capt [kgCO2/tclk], and the total amount of CO2 
generated by the plant, mCO2,gen [kgCO2/tclk]. 

CCR=
mCO2 ,capt

mCO2 ,gen
Eq. 10   

• Equivalent Avoided CO2 - ACeq [%]: the total avoided CO2, consid-
ering both direct emissions and indirect emissions from electricity 
consumption. 

Fig. 2. Rankine cycle for power production.  

Table 3 
– Assumption for the Steam Rankine cycle (Ortiz et al., 2017).  

Parameter Value Unit 

HP turbine inlet pressure 160 bar 
HP inlet temperature 540 ◦C 
LP turbine inlet pressure 45.5 bar 
LP turbine inlet temperature 540 ◦C 
Condensation pressure 0.09 bar 
HP and LP turbine isoentropic efficiency - ηt 0.9 – 
HP and LP pump efficiency - ηp 0.9 – 
Heat exchangers’ pressure drop 1% % 
Heat exchangers’ minimum temperature difference 10 ◦C  

Fig. 3. Daily irradiance [kWh/m2] for the selected site.  
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ACeq =
eclk,eq,ref − eclk,eq

eclk,eq,ref
Eq. 11  

Where eclk,eq,ref is the equivalent CO2 emissions for the reference non 
decarbonized clinker kiln and eclk,eq is the equivalent CO2 emissions for 
the production plant integrated with the carbon capture system.  

• Avoided-Captured CO2 Ratio - ACR [-]: ratio between the effective 
amount of total avoided CO2 and the respective amount of captured 
CO2. 

ACR=
eclk,eq,ref − eclk,eq

mCO2 ,capt
Eq. 12    

• Specific Primary Energy Consumption for CO2 Avoided – SPECCA 
[MJ/kgCO2]: represents the primary energy consumed to avoid the 
emissions of a mass unit of CO2 in the atmosphere. It is defined as the 

ratio between the increase in the plant’s primary energy consump-
tion of the production and the amount of avoided CO2. 

SPECCA=
qclk − qclk,ref

eclk,eq,ref − eclk,eq
Eq. 13  

Fig. 4. Heat exchanger network for the carbonator side (a) and the calciner side (b).  

Table 4 
Details of the heat exchanger networks for IL 20%: heat exchangers type, size, 
and logarithmic mean temperature difference (LMTD).  

Heat exchanger Type Size [MWth] LMTD [◦C] 

HEN1 - Carbonator side 
HE1 solid-solid 53.4 15 
HE2 gas-solid 5.8 17 
HE3 gas-gas 10.0 20 
HEN2 - Calciner side 
HE4 solid-solid 80.4 23 
HE5 gas-solid 25.9 37  

Table 5 
– Electric generation efficiencies and CO2 emission factor for the generation mixes 
considered. Renewable energy sources’ contribution was estimated through the 
“physical energy content method” (EUROSTAT, 2022).  

Scenario Electricity mix Electric 
efficiency 
ηel 

CO2 

emission 
factor eel 

Reference 

[%] [gCO2/ 
kWh] 

Ref. Scenario Italian electricity mix 
(2019) 

53.0 277.3 ISPRA 
(2020) 

Scenario 1 100% state-of-the-art 
pulverized coal 

44.2 770.0 CEMCAP 
(2017) 

Scenario 2 Average of Italian 
thermoelectric 
power plants (2019) 

45.5 415.5 ISPRA 
(2020) 

Scenario 3 100% Renewables 100 0 CEMCAP 
(2017)  

Fig. 5. Primary energy consumption and total CO2 emissions for the reference 
production plant without carbon capture and the decarbonized system at 
different Integration Levels. Indirect CO2 emissions and primary energy con-
sumptions are estimated considering the Italian grid electricity mix. 
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4. Results and discussion 

4.1. Performance of the analysed system configurations 

Fig. 5 and Table 6 show the specific primary energy consumption, 
CO2 emission and the detailed energy and mass balances for the refer-
ence plant and the solar CaL integrated system considering different 
integration levels. In our calculations, the Italian grid electricity mix 
(reference year 2019) was taken as the reference scenario. This mix is 
characterized by around 67% thermoelectric, 16% hydroelectric, 15% 
wind and solar and 2% of geothermal generation (ISPRA, 2020). The 
integration of solar CaL in the traditional clinker kiln allows a deep 
decarbonization of the system reducing the total CO2 emissions from 
882 kgCO2/tclk (reference kiln) to 60-52 kgCO2/tclk (solar CaL IL 20%– 
80%), corresponding to values of ACeq of 94.1–93.2%. These latter high 
values, higher than the carbonator efficiency (90%), are a characteristic 
of CaL carbon capture systems. They are a consequence of the reuse of 
the purged CO2 sorbent in the production process and the on-site elec-
tricity production from the Rankine cycle. The purged CO2 sorbent, 
indeed, is composed of CaO produced at the solar calciner where the CO2 
from the calcination process is completely captured. This is reflected in 
the CCR indexes that reach values of 91.2%–96.2% (IL 20%–80%). 
Furthermore, the on-site power production reduces the amount of 
electricity absorbed from the grid, decreasing the indirect CO2 emis-
sions. In this regard, for low values of IL, the amount of electricity 
produced is greater than the plant’s electricity consumption. The elec-
tricity surplus can therefore be exported to the grid, resulting in negative 
net indirect emissions. On the contrary, at high values of IL, the elec-
tricity production from the Rankine Cycle is not enough to cover all the 
electricity consumption, and power still needs to be imported from the 
grid. 

Primary energy consumption, on the other hand, increases from 

4′488 MJ/tclk (reference clinker kiln) to 5′535–4′973 MJ/tclk (IL 20%– 
80%) due to the additional thermal energy need of the solar calciner, 
resulting in SPECCA values of around 1.25–0.59 (IL 20%–80%). It 
should be noted that the convention used for the primary energy 
calculation associated with the solar energy consumption does not 
consider any conversion losses of the solar plant. 

The supply of coal, which amounts to around 80% of the primary 
energy consumption of the reference plant for an IL of 20%, decreases 
with the integration of the solar CaL and it is further reduced at 
increasing values of IL. The CaO, purged from the carbon capture system 
and reused in the production process, indeed, is produced using 
renewable energy, decreasing the amount of coal necessary for raw meal 
calcination. At IL equal to 80% the fuel consumption amount to 1′465 
MJLHV/tclk, 41% of the reference plant consumption. 

For the same reasons, the amount of CO2 produced from combustion 
processes decreases in the solar CaL integrated configurations. This re-
sults in amounts of avoided CO2 greater than the amounts of captured 
CO2 and values of ACR higher than one around 1.13–1.25 (IL 20%– 
80%). In typical CC-CaL systems, instead, the regeneration of the solid 
sorbent is carried out with oxy-combustion of coal, resulting in amounts 
of avoided CO2 lower than the amounts of captured CO2 and ACR values 
lower than one: values of ACR around 0.6 can be estimated from data 
reported in the literature (De Lena et al., 2017). Therefore, lower energy 
consumption for CO2 compression, transportation and storage should be 
expected for solar-driven CaL systems with respect to typical CC-CaL 
systems. 

A sizing of the heliostat field was also performed. The estimated field 
area necessary to provide the required thermal energy to the solar 
calciner is around, 0.94–0.83 km2 (IL 20%–80%), slightly larger sizes 
are estimated for low IL values. At high IL values, indeed, the CO2 
produced at the clinker kiln is reduced, and at the same time higher 
values of Xave are reached, which reduce the amount of solid looping in 

Table 6 
Plant mass and energy balance and KPIs for different IL. Indirect CO2 emissions and primary energy consumptions are estimated considering the Italian grid electricity 
mix.  

Parameter Symbol Reference plant IL 20% IL 40% IL 60% IL 80% Unit 

Average clinker production  118 118 118 118 118 tclk/h 
Coal consumption  15.28 12.67 10.45 8.34 6.23 tf/h 
Pre-calciner  10.14 7.51 5.35 3.29 1.23 tf/h 
Rotatory kiln  5.14 5.16 5.10 5.05 4.99 tf/h 
Power consumption  15.5 ¡7.9 ¡0.6 6.9 14.6 MWel 

Clinker kiln auxiliaries  15.5 15.5 15.5 15.5 15.5 MWel 

CaL auxiliaries   6.0 5.7 5.4 5.2 MWel 

CO2 compression   8.9 8.6 8.3 7.9 MWel 

Rankine cycle   − 38.2 − 30.4 − 22.3 − 14.0 MWel 

Solar calciner average heat consumption   98 94 91 87 MWth 

Solar calciner maximum heat consumption   401 385 369 353 MWth 

Heliostat field size She,min  0.938 0.900 0.863 0.825 km2 

Cooling demand   66.1 55.3 43.9 32.4 MWth 

CO2 compression   15.2 14.7 14.2 13.6 MWth 

Rankine cycle   50.9 40.5 29.7 18.8 MWth 

Total CO2 emissions  103.9 6.2 6.4 6.7 7.1 tCO2/h 
Direct emissions  99.6 8.3 6.6 4.8 3.0 tCO2/h 
Indirect emissions  4.3 − 2.2 − 0.2 1.9 4.1 tCO2/h 
Captured CO2   87 84 81 78 tCO2/h 
Total CO2 produced   95 90 86 81 tCO2/h 
Specific primary energy consumption qclk 4′488 5′535 5′312 5′137 4′973 MJ/tclk 

Coal qfuel,clk 3′595 2′981 2′459 1′961 1′465 MJ/tclk 

Electricity qel,clk 894 − 454 − 37 400 843 MJ/tclk 

Thermal energy from solar qsol,clk  3′008 2′889 2′776 2′665 MJ/tclk 

Specific CO2 emissions eclk,eq 882 52 55 57 60 kgCO2/tclk 

Direct emissions eclk 846 71 56 41 26 kgCO2/tclk 

Indirect emissions eel,clk 36 − 19 − 1 16 34 kgCO2/tclk 

Carbonator average CaO conversion Xave  27.7 46.5 61.8 71.8 % 
Specific CO2 captured mCO2,capt  738 713 686 659 kgCO2/tclk 

Specific CO2 produced mCO2,gen 846 808 769 727 685 kgCO2/tclk 

Carbon Capture Ratio CCR  91.2 92.7 94.4 96.2 % 
Equivalent Avoided CO2 ACeq  94.1 93.8 93.5 93.2 % 
Avoided-Captured CO2 Ratio ACR  1.13 1.16 1.20 1.25 - 
Specific Primary Energy Consumption for CO2 Avoided SPECCA  1.26 0.99 0.79 0.59 MJ/kgCO2  
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the CaL. Estimated values of Xave range from 27.7% at IL 20%–71.8% at 
IL 80% and are in agreement with experimental data reported in liter-
ature (Stendardo and Foscolo, 2009). For these reasons, low IL config-
urations present a reduced thermal energy consumption at the solar 
calciner. On the other hand, the amount of heat produced at the car-
bonator, and thus electricity produced in the Rankine Cycle, decreases 
with increasing IL values. In conclusion, systems with high integration 
levels seem to be more efficient from an energy point of view, having 
lower values of SPECCA and higher values of ACR. The reduction of the 
electricity production, however, results in overall higher indirect CO2 
emissions and, therefore, slightly lower values of ACeq. 

4.2. CaO solid storage size 

Fig. 6 shows the reduction of the CaO storage size over increasing 
heliostat field area for different values of IL. Overall, the size of the 
storage is higher for lower IL indexes, and similar decreasing trend with 
increasing sfhe values was observed for all the IL values considered. The 
maximum value obtained, of around 550′000 tCaO was found for IL =
20% and sfhe = 1, which can be reduced to 360′000 tCaO increasing the 
value of sfhe to 7.5. However, for IL = 80% the estimated dimensions of 
the CaO solid storage are much smaller and range from 170′000 tCaO 
(sfhe = 1) to 110′000 tCaO (sfhe = 7.5). Configurations with higher IL 
seem, therefore, to be more advantageous also regarding land occupa-
tion, as they require smaller solid storages with similar heliostat field 
dimensions. 

4.3. Electricity mix 

Fig. 7 and Table 7 show the influence of the grid electricity mix on 
the main KPIs. In detail, Fig. 7 a shows the influence of the grid elec-
tricity mix and IL on the SPECCA index, while Fig. 7b and Fig. 7c shows 
the corresponding ACeq and ACR values. 

Moving from a higher carbon intensive electricity production to a 
less one, the reduction of the indirect emissions due to on-site power 
production from the Rankine cycle decreases, resulting in higher 
SPECCA and lower ACR values (Fig. 7a and Fig. 7c). For example, 
considering a 100% electricity production for renewable (Scenario 3), 
the SPECCA is around 2.17 MJ/kgCO2 for IL equal to 20%, while it de-
creases down to 0.62 MJ/kgCO2 for IL equal to 80%. For a higher carbon 
intensive electricity mix, lower SPECCA values and a lower variation 
over the IL are observed. In Scenario 1 (electricity production from coal) 
the SPECCA values varies from 0.84 MJ/kgCO2 at IL equal to 20% to 0.57 
MJ/kgCO2 at IL equal to 80% (Fig. 7a). 

Regarding the ratio between the avoided and captured CO2 (ACR 
index) we obtained an increasing trend with the IL value for the 

reference scenario, scenario 2 and scenario 3. In scenario 3, for example, 
the ACR index increases from a minimum of 1.05 obtained at IL 20% to a 
value of 1.24 estimated at IL 80%. A different trend is obtained for 
scenario 1, where ACR varies slightly between 1.26 at IL equal to 20% 
and 1.25 at IL equal to 80% (Fig. 7c). 

Fig. 7 b shows, instead, how the grid electricity mix influences the 
CO2 emissions reduction. In detail, while for Scenario 3 the value of ACeq 
increases from 91,6% (IL equal to 20%) to 97% (IL equal to 80%), an 
opposite trend is observed for all the other electricity mix considered. 
For example, in Scenario 1 a value of ACeq of 97.9% is reached for IL 
equal to 20%, and an ACeq value of 87.2% is obtained for IL equal to 
80%. 

Fig. 6. Sensitivity of the CaO storage size with respect the heliostat field size.  

Fig. 7. Variation of the SPECCA, ACeq, and ACR considering the different 
electricity mix and IL values (20–80%). 
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5. Conclusions 

In this work, the decarbonization of a cement plant was assessed by 
looking at the integration between CaL and CSP within the cement 
production process. We considered different levels of integration be-
tween the carbon capture system and the state-of-the-art clinker kiln and 
compared the energy and environmental performances of such system 
configurations. Results show a reduction of around 90%, or more, of the 
CO2 emissions at the expense of an increased consumption of primary 
energy (+41%/+10% depending on the IL and grid electricity mix). The 
use of solar energy in the CaL, however, avoids the consumption of 
additional fossil fuel for the regeneration of the CO2 sorbent. Further-
more, the reuse of the purged sorbent in the cement kiln reduces the 
energy required for limestone calcination in the clinker kiln, thus 
decreasing the overall coal consumption in the plant and the amount of 
CO2 produced during the whole cement production process. For these 
reasons, the CO2 emissions reduction is higher than the captured CO2 
(ACR >1), differently from typical CC-CaL systems (ACR <1). On the 
other hand, the integration of a solar-driven CaL system requires a large 
heliostat field (0.94–0.83 km2 for a plant located in Sicily, Italy), to 
supply the amount of thermal energy needed for sorbent regeneration. It 
is also required the installation of components today still at a low TRL 
(4–5), such as: solar calciners, indirect gas-solid heat exchangers and 
solid-solid heat exchangers. 

Thanks to the CaL carbonator’s high operating temperatures, part of 
the energy supplied at the solar calciner can be recovered to produce 
electricity through a Rankine cycle. The power produced can be used in 
the cement plant reducing the electricity supplied from the grid, and, 
therefore, the indirect plant CO2 emissions. For low IL, furthermore, the 
electricity produced is higher than the consumption and the surplus can 
be exported to the grid. 

Furthermore, a sensitivity analysis was performed to investigate the 
size of the CaO storage at different values of sfhe and IL. Configurations 
with higher IL require much a smaller CaO storage: considering sfhe = 1, 
a storage dimension of around 170′000 tCaO were obtained for IL = 80% 

against a value of 550′000 for IL = 20%. The storage size can then be 
further reduced by oversizing the heliostat field (increasing the sfhe). 
However, the optimal sizes of the solid storage and the solar field will 
need to be obtained through dedicated techno-economic analysis and 
should be investigated in future studies. 

The evaluation of the main KPIs was performed considering different 
grid electricity mixes at different carbon intensities. When generation 
from pulverized coal or traditional fossil power plants with high CO2 
emission factors is assumed, on-site electricity production has a positive 
impact on the system’s primary energy consumption and total CO2 
emissions. In these scenarios, configurations with low IL enable a deeper 
decarbonization of the process at the expense of higher SPECCA values. 
On the other hand, when 100% electricity production from renewable 
sources is considered, on-site production does not reduce the process 
indirect CO2 emissions, resulting in overall higher SPECCA indexes. In 
this scenario configurations with high IL are preferred both in terms of 
energy consumption and CO2 emissions. 

Credit author statement 

Daniele Ferrario: Conceptualization, Methodology, Writing – orig-
inal draft preparation, Writing – review & editing. Andrea Lanzini: 
Methodology, Writing – original draft preparation, Writing – review & 
editing, Supervision, Funding acquisition. Stefano Stendardo: Method-
ology, Writing – original draft preparation, Writing – review & editing, 
Supervision, Funding acquisition. Vittorio Verda: Supervision, Funding 
acquisition. 

Declaration of competing interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
Stefano Stendardo reports financial support was provided by Govern-
ment of Italy Ministry of Sustainable Economic Development. 

Table 7 
Primary energy consumption, total CO2 emissions and estimation of SPECCA, ACeq and ACR for different electricity mixes.  

Parameter Symbol Reference plant IL 20% IL 40% IL 60% IL 80% Unit 

Reference Scenario - Italian electricity mix 
Specific primary energy consumption qclk 4′488 5′535 5′312 5′137 4′973 MJ/tclk 

Specific CO2 emissions eclk,eq 882 52 55 57 60 kgCO2/tclk 

Specific Primary Energy Consumption for CO2 Avoided SPECCA  1.26 0.99 0.79 0.59 MJ/kgCO2 

Equivalent Avoided CO2 ACeq  94.1% 93.8% 93.5% 93.2% % 
Avoided-Captured CO2 Ratio ACR  1.13 1.16 1.20 1.25 –  

Scenario 1 - State-of-the-art pulverized coal 
Specific primary energy consumption qclk 4′667 5′444 5′305 5′217 5′141 MJ/tclk 

Specific CO2 emissions eclk,eq 947 19 52 86 121 kgCO2/tclk 

Specific Primary Energy Consumption for CO2 Avoided SPECCA  0.84 0.71 0.64 0.57 MJ/kgCO2 

Equivalent Avoided CO2 ACeq  97.9% 94.5% 90.9% 87.2% % 
Avoided-Captured CO2 Ratio ACR  1.26 1.26 1.25 1.25 –  

Scenario 2 – Italian traditional fossil power plants 
Specific primary energy consumption qclk 4′636 5′460 5′306 5′203 5′112 MJ/tclk 

Specific CO2 emissions eclk,eq 900 43 54 65 77 kgCO2/tclk 

Specific Primary Energy Consumption for CO2 Avoided SPECCA  0.96 0.79 0.68 0.58 MJ/kgCO2 

Equivalent Avoided CO2 ACeq  95.2% 94.0% 92.7% 91.4% % 
Avoided-Captured CO2 Ratio ACR  1.16 1.19 1.22 1.25 –  

Scenario 3–100% Renewable energy sources 
Specific primary energy consumption qclk 4′068 5′748 5′329 4′949 4′577 MJ/tclk 

Specific CO2 emissions eclk,eq 846 71 56 41 26 kgCO2/tclk 

Specific Primary Energy Consumption for CO2 Avoided SPECCA  2.17 1.60 1.09 0.62 MJ/kgCO2 

Equivalent Avoided CO2 ACeq  91.6% 93.4% 95.2% 97.0% % 
Avoided-Captured CO2 Ratio ACR  1.05 1.11 1.17 1.24 –  
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