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Abstract

In this work the integration of the Calcium-Looping (CaL) process, used as a post-combustion CO, capture system,
into a cement kiln was analyzed by means of process simulations. The results show that capture efficiencies of about
90% can be achieved with operating conditions of CaL reactors similar to those for power generation applications.
The integration of the CaL process increases the fuel consumption of the cement kiln, but the additional primary
energy introduced for sustaining this CO, capture process can be efficiently exploited for raising HP steam and
producing electricity in a Rankine cycle.
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1. Introduction

Cement production is a highly energy-intensive industry and in 2015 was responsible for about 8% of the world's
anthropogenic CO; emissions [1]. Greenhouse gas emissions for the cement production come from fossil fuel
combustion and limestone calcination: about 60% of the CO, emissions in a cement kiln comes from the calcination
of the limestone contained in the raw material, whereas the remaining 40% is generated by the combustion of fossil
fuels needed for sustaining limestone calcination and clinker production.

Nomenclature

€co2 Specific CO, emissions [kgcoa/teik]

Pe Net plant absorbed power [MW,]

q Specific fuel consumption [MJpnv/teik]
Subscripts

carb Carbonator

cem Cement

clk Clinker

e Electric

eq Equivalent

ref Referent plant (without CO, capture system)
th Thermal

Greek letters

n Efficiency

Acronyms

ASU Air separation unit

CaL Calcium-Looping

CCS Carbon capture and storage

CFB Circulating fluidized bed

CPU CO; purification unit

ECRA European Cement Research Academy
IL Integration level

LHV Lower heating value

SPECCA Specific primary energy for CO; avoided [MJLuv/kgco2]

Several methods have been proposed to reduce CO» emissions in the cement industry: (i) the use of low carbon
fossil fuels (e.g. natural gas), (ii) the use of carbon neutral fuels (e.g. biomass), (iii) improvements in thermal
efficiency (e.g. increasing the number of preheating stages), (iv) reduction of the clinker/cement ratio by increasing
the content of additives in the final cement [2]. However, the CO, emission reduction potential of these measures is
limited because they do not tackle the issue of the emissions derived from limestone calcination. Therefore, Carbon
Capture and Storage (CCS) techniques are necessary to achieve significant cuts in CO, emissions in a cement
production process [3].

In the cement sector, several CO; capture technologies have been investigated so far, including oxy-combustion,
post-combustion absorption, membranes and Calcium-Looping [3—7]. This work focuses on the process integration
of the Ca-Looping (CaL) process into a cement kiln and summarizes the study presented by De Lena et al in [8]. This
capture technology is one of the most promising ones for CO, capture in cement kilns [9—12]. The CaLl concept was
originally proposed by Shimizu et al (1999) [13] and it is based on the reversible reaction between CaO and CO; at
high temperature. CO»-rich gases come into contact with CaO-rich solids in the carbonator (Fig. 1) where the
exothermic carbonation reaction occurs (Eq. (1)). Solids containing the CaCO3 formed by the carbonation reaction are
sent to a second reactor (the calciner, Fig. 1) for regeneration at a temperature of 920°C. The high temperatures
required to withstand the calcination reaction in a CO,-rich environment are guaranteed by the combustion of coal
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with an oxygen-rich mixture, so as not to nullify the carbon separation. This CaL process has been successfully
demonstrated up to 1-2 MWy, scale [14,15] in operating conditions representative of the integration in coal-fired power
plants, where flue gas has lower CO; concentration compared to cement kilns.

Ca0 + CO, = CaCO; AH,gx = —178.8 kJ/mol (1)

One of the inherent advantages of this technology is that most of the fuel chemical energy introduced into the
calciner can be recovered as high temperature heat (650°C) in the cooled carbonator and potentially converted into
electricity with high efficiency. However, a continuous make-up of fresh limestone is needed for (i) avoiding the
build-up of inert species (ash and CaSO, generated by coal combustion) and (ii) keeping a proper activity of the
sorbent. When the CaL technology is integrated into the cement production process, this disadvantage is compensated
by the large availability of on-site limestone, which is first used as sorbent for the CaL process, and then for the
production of clinker. For the same reason, cement kilns are often proposed as sinks for the spent CaO from CaL units
integrated in power plants, where the CaL purge can be valorized by producing clinker with lower CO; emissions and
lower fuel consumption without significant modifications to the cement kiln equipment [16].

2. Process description

The “Tail-End”, configuration object of this work is presented in Fig. 1. The CaL system is integrated downstream
of the clinker production process, to capture the CO, generated in the clinker burning process [6,8,12,17—-19]. This
CaL application has been recently demonstrated in two different experimental facilities, at 30 kW, and 200 kW, scale
[20,21].
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Fig. 1. Integration of the Tail-end CaL process in a cement kiln

The clinker production process is designed on the Best Available Technique (BAT) standard as defined in the
European BREF document for the manufacture of cement [22]. This process constitutes the core of the reference
cement kiln without CO» capture, and it remains practically unchanged when integrated with the CaL process. The
cement kiln considered in this work has a production capacity of around 3000 t/d (which is a representative size for a
European cement kiln) and it is made up of (i) clinker cooler, (ii) rotary kiln, (iii) pre-calciner, (iv) five-stage
suspension preheater. The main process assumptions used for carrying out the simulation are reported in Tab. 1 and
have been defined according to the model developed by the German Cement Works Association VDZ for the European
Cement Research Academy (ECRA) [23] and the IEA Greenhouse Gas R&D Programme [3]. More details on the
process model are available in the public document [24].

Raw meal used for clinker production consists mainly of CaCOj3 and oxides of Si, Fe e Al, which are introduced
through additional raw materials in order to achieve the targeted composition given in Tab. 2. The raw material is fed
into the top of the preheater and preheated by direct contact with hot gases from the pre-calciner.

The preheated solids are fed to the pre-calciner, where about 94% of the CaCO; contained in the raw meal is
converted into CaO and CO,. Energy needed for this endothermic reaction is provided by the combustion of coal (Tab.
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2). The almost totally calcined solids coming out of the pre-calciner at about 860°C, enter the rotary kiln. In the rotary
kiln the CaCOjs calcination is completed and, as the solids moves towards the rotary kiln burner, the different clinker
phases are formed thanks to the high temperature. The hot clinker reaches a temperature of about 1450°C at the end
of the kiln before being discharged to the clinker cooler, where the clinker is rapidly cooled down to minimize the
formation of undesired crystalline phases.

Tab. 1. Main assumptions used for the process simulations

Clinker production process CaL System

Ambient temperature [°C] 15 Carbonator outlet temperature [°C] 650
Clinker production [tpd] 2825 Carbonator solid inventory [kg/m?] 1000
Clinker/cement ratio [-] 0.737 Gas superficial velocity at carbonator inlet [m/s] 5
Electric consumption of auxiliaries [kWhe/teem] 97 Ap gas in the carbonator [kPa] 20
Coal input to pre-calciner [MJiuv/kge] 0.84 Calciner outlet temperature [°C] 920
Coal input to rotary kiln [MJpuv/kgax] 1.21 Recycle gas temperature [°C] 400
Pre-calciner outlet temperature [°C] 861.8 Oxygen concentration in oxidant flow [%vol.] 50
Rotary kiln gas outlet temperature [°C] 1078.5 Oxygen preheating temperature [°C] 150
Clinker temperature at rotary kiln outlet [°C] 1457.0 Oxygen concentration in calciner off-gas [%vol.] 5
Clinker temperature at clinker cooler outlet [°C] 114.9 ASU

Calcination degree at pre-calciner outlet [%] 94.2 Oxygen purity [%vol.] 95
Steam cycle Electric consumption [kWhe/to,] 226
Steam pressure at turbine inlet [bar] 100 CPU

Steam temperature at turbine inlet [°C] 530 CO; purity [%vol.] >95%
Condensing pressure [bar] 0.07 Electric consumption [kWhe/tco,] 112
Steam turbine isentropic/ mechanical-electric efficiency [%]  85.7/97 | CO, delivery pressure [bar] 150

Tab. 2. Composition of coal and raw meal

Coal composition [%owt.] Raw meal composition [%owt.]

C 69.00 CaCOs 79.08
H 4.00 Sio, 13.77
S 0.50 ALO; 3.33
N 0.48 Fe,05 2.01
(o) 9.00 MgCO; 1.53
Moisture 0.50 Moisture 0.28
Ash 16.50

Lower Heating Value [MJ/kg] 27.15

Exhaust gas exiting the preheater at about 330°C is fed to the CFB carbonator of the CaL system, where 90% of
the CO: is captured by the exothermic carbonation reaction between CaO and CO,. The carbonator is a cooled reactor
operating at a temperature of 650°C [16]. The CaCOs-rich solids exiting the carbonator are sent to the calciner, where
calcination at a temperature of 920°C is sustained by oxy-combustion of coal [25]. A cryogenic Air Separation Unit
(ASU) produces 95% pure oxygen to be used as oxidant in the CaL calciner. The CO,-rich stream, generated in the
calciner of the CaL process, is cooled down and sent to a CO,, purification and compression unit (CPU), which allows
achieving a CO; purity of >95% at a pressure of 110 bar. The main assumptions adopted for these two components
are reported in Tab. 1.

The decarbonized flue gas stream exiting the carbonator is cooled down and sent to the raw mill section for drying
coal and raw meal.
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The CaL purge is also cooled down and sent to the raw mill, where it is mixed and grounded with the raw meal.
This operation is necessary because the particles coming from the CaL system, have a size of about 200 um, much
larger than that typically used in cement kilns (about 30 um). The Integration Level (IL) is defined as the percentage
of Ca entering the clinker burning process with the CaL purge with respect to the total Ca fed to the plant.

Given both the amount and the temperature level of the waste heat available in the CaL system, the most efficient
and cost-effective technology for electricity production is a Heat Recovery Steam Cycle. In this way, it is possible to
generate electricity to partly compensate the electric consumption of the cement kiln and CO, capture section
auxiliaries (ASU, CPU, fans, etc.).

3. Methodology and key performance indicators

Heat and mass balances have been calculated with the Polimi in-house code GS (Gas-Steam cycle) [26]. The CO»
capture efficiency in the carbonator is calculated with the model developed by Romano (2012) [27].

The performances of the cement kiln with and without CO, capture system are evaluated by the following key
performance indicators:

o Direct fuel consumption (q) [MJav/tax]: the primary energy consumed through coal combustion in the cement
kiln per unit of clinker produced.

o [Indirect fuel consumption (q.) [MIruv/tci]: the primary energy consumption associated to the net electric
consumption in the cement kiln (P.). This index depends on the reference electrical efficiency (Nref,c), which
depends on the technology and fuel used for the power generation (Eq. (2))

Pe
Je = E (2)

o Equivalent fuel consumption (qeq) [MJLuv/tax]: the sum of the direct (q) and indirect (qc) fuel consumptions.

o Direct CO; emissions (ecoz) [kgcor/tax]: the amount of CO, directly emitted at the stack of the cement kiln per
unit of clinker produced.

o [ndirect CO; emissions (ecoz.) [kgcoo/tek]: CO, emissions associated to the production of the electricity
consumed in the full process (P.) per unit of clinker produced (Eq. (3)).

ecoze = P Cref.e 3)

where the term e refers to the specific emissions of the reference power generation scenario considered.

o Equivalent CO; emissions (ecoz.eq) [kgcoo/teik]: the sum of the direct (ecoz) and the indirect (ecoz,) emissions.

e Specific Primary Energy Consumption for CO; Avoided (SPECCA, Eq. (4)) [MILuv/kgcoz], indicates the
additional equivalent primary energy consumption to avoid the emission of a unit mass of equivalent CO, with
respect to the reference cement kiln without CO, capture system.

SPECCA = —Tea—dearel )

€cozeqref—€cozeq

4. Results

Details of the results for the case with IL 50%, inventory of solids in the carbonator of 1000 kg/m? and efficiency
of the carbonator 90% are given in Tab. 3, which also shows the results for the reference case without CCS.

The total fuel thermal input increases by about 120% compared to the reference case. Fuel consumption in the
rotary kiln remains roughly constant, whereas the pre-calciner fuel consumption is reduced by about 58% with respect
to the reference cement kiln, because of the replacement of CaCO3 in the raw meal with CaO from the CaL solid
purge. The fuel consumption in the calciner of the CaL process accounts for 30% of the total fuel consumption of the
plant. This large increase in the total fuel consumption is due to the fact that the CO, from the pre-calciner undergoes
a second calcination in the calciner of the CaL system, after the first calcination in the pre-calciner of the cement kiln.
Fig. 2 shows the trends of primary energy consumption and electrical consumption (negative if there is a net
production of electricity) for different integration levels.
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Tab. 3. Main results of the simulation for the case with IL 50%

Cement kiln without CCS Case 1L50-W1000
Total heat input (q), MWy — MILav/kgeik 105.4 3.22 230.9 7.06
Heat input in rotary kiln, MWppy — MIiav/kgex 40.0 1.22 39.7 1.21
Heat input in pre-calciner, MWy — MJuv/kgeik 65.3 2.00 27.5 0.84
Heat input in CaL calciner, MWy — MJiav/kgex - - 163.7 5.01
Power balance
Gross steam turbine electricity production, MW, — kWhe/te - - 41.58 353.2
Net electricity consumption, MW, — kWh/t 15.49 131.6 5.72 48.6
Net electricity consumption, kWhe/teem 97.0 35.8
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Fig. 2. Electricity consumption and direct fuel consumption of cement kiln without CCS and with CO, capture by CaL process with different values
of IL

For the cases with IL between 15 and 25%, there is a net power production (respectively 65 e 170 kWhe/teem)
exported to the grid. In contrast, for cases with IL of 50 and 80% a net electricity consumption of 36 € 95 kWhe/tcem
respectively is obtained. These values are comparable to the power consumption of the cement kiln without CCS (97
kWhe/teem).

Finally the key performance indicators defined in Section 3 are reported in Tab. 4 for the reference case and for the
CaL case with IL 50%. The analysis includes two different scenarios for the power production: (i) a state of the art
pulverized coal ultra-supercritical power plant and (ii) the European energy mix [28].

Direct CO, emissions are reduced by 91.2% with respect to the cement kiln without CCS. For the case selected,
the Tab. 4 shows positive indirect CO, emissions, associated with a net power consumption. This results in a reduction
of equivalent CO, emissions between 88.3% and 90.1%, which is lower than direct emission reduction.

SPECCA between 3.70 and 3.93 MJ/kgcoz have been obtained.
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Tab. 4. Key performance indicators for the case with IL 50% under two different reference scenarios for electricity production

Cement kiln without CCS Case IL 50%-Ws 1000
Direct fuel consumption (q), MWruy — MIav/kgex 105.4 322 230.9 7.06
Direct CO, emission (ecoz), kg/s — kgcor/te 28.3 865.2 2.5 76.3
Direct emission reduction, % - 91.2%
State of the art pulverized coal ultra-supercritical power plant (1. = 44.2%, eco: = 770 kgco/MWh,)
Indirect fuel consumption (qe), MWrnv — M av/kgex 35.0 8.98 12.9 0.39
Equivalent fuel consumption (qeq), MWy — MIpnv/kgei 140.4 4.30 243.8 7.45
Indirect CO, emission (€coz,), kg/s — kgcoa/teik 33 101.3 1.2 37.2
Equivalent CO, emission (€co2,eq), k&/S — kgcoo/teik 31.6 966.6 3.7 113.5
Equivalent emission reduction, % - 88.3%
SPECCA, MJuv/kgcoz - 3.70
Energy mix (2015) EU-28 non-CHP (1. = 45.9%, eco> = 262 kgco/MWh,)
Indirect fuel consumption (qe), MWrnv — MIav/Kgeix 33.7 8.65 12.3 0.38
Equivalent fuel consumption (qeq), MWLy — MJnv/kge 139.1 4.26 243.2 7.44
Indirect CO, emission (€coz,e), kg/s — kgcoo/teik 1.1 34.5 0.4 12.6
Equivalent CO; emission (€coz,eq), kg/s — kgcoa/teik 29.4 899.7 2.9 88.9
Equivalent emission reduction, % - 90.1%
SPECCA, MJuv/kgcon - 3.93

5. Conclusions

In this work, the integration of a tail-end Calcium looping (CaL) process into a cement kiln is assessed, where the
CaL carbonator is used as an end-of-pipe unit to capture the CO produced in the clinker production process. The
results obtained have shown that the system provides direct CO, emission reductions at the cement kiln of more than
90%. However, this process requires intrinsically high fuel consumptions, due to the double calcination needed for
the CO; originating from limestone decomposition. The heat recovered by the CaL system makes it possible to produce
electricity, which in case with integration level of 50% offsets the power consumption of the ASU and CPU. The
results show that SPECCA is between 3.70 e 3.93 MJiuv/kgco2. More details on balances, scenarios and retrofitting
possibilities can be found in [8].

Acknowledgements

This project has received funding from the European Union's Horizon 2020 research and innovation Programme
under grant agreement no 641185 (CEMCAP).

References

[1] J.G.J. Olivier, G. Janssens-Maenhout, M. Muntean, J.A.H.W. Peters, Trends in Global CO2 Emissions: 2016 Report, 2016.
http://edgar.jrc.ec.europa.eu/news_docs/jrc-2016-trends-in-global-co2-emissions-2016-report-103425.pdf.

[2] IEA, Cement Technology Roadmap 2009: Carbon emissions reductions up to 2050, (2009) 36. doi:978-3-940388-47-6.

[3] International Energy Agency Environmental Projects (IEAGHG), Deployment of CCS in the Cement Industry, Ieaghg. (2013) 139.
http://ieaghg.org/docs/General _Docs/Reports/2013-19.pdf.

[4] T. Hills, D. Leeson, N. Florin, P. Fennell, Carbon Capture in the Cement Industry: Technologies, Progress, and Retrofitting, Environ.

Sci. Technol. 50 (2016) 368—377. doi:10.1021/acs.est.5b03508.
[5] C.A. Scholes, M.T. Ho, A.A. Aguiar, D.E. Wiley, G.W. Stevens, S.E. Kentish, Membrane gas separation processes for CO2capture



(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]
[19]

[20]

(21]

(22]

(23]

[24]
[25]

[26]
[27]

(28]

E. De Lena et al. / Energy Procedia 148 (2018) 186193 193

from cement kiln flue gas, Int. J. Greenh. Gas Control. 24 (2014) 78-86. doi:10.1016/j.ijggc.2014.02.020.

K. Vatopoulos, E. Tzimas, Assessment of CO2capture technologies in cement manufacturing process, J. Clean. Prod. 32 (2012) 251—
261. doi:10.1016/j.jclepro.2012.03.013.

International Energy Agency, Carbon Dioxide Capture in the Cement Industry, (2008) 1-180.
http://hub.globalccsinstitute.com/sites/default/files/publications/9575 1/co2-capture-cement-industrypdf.pdf.

E. De Lena, M. Spinelli, I. Martinez, M. Gatti, R. Scaccabarozzi, G. Cinti, M.C. Romano, Process integration study of tail-end Ca-
Looping process for CO2 capture in cement plants, Int. J. Greenh. Gas Control. 67 (2017) 71-92. doi:10.1016/].ijgge.2017.10.005.

J.C. Abanades, B. Arias, A. Lyngfelt, T. Mattisson, D.E. Wiley, H. Li, M.T. Ho, E. Mangano, S. Brandani, Emerging CO2capture
systems, Int. J. Greenh. Gas Control. 40 (2015) 126—166. doi:10.1016/].ijggc.2015.04.018.

A. Bosoaga, O. Masek, J.E. Oakey, CO2 Capture Technologies for Cement Industry, Energy Procedia. 1 (2009) 133-140.
doi:10.1016/j.egypro.2009.01.020.

C.C. Dean, J. Blamey, N.H. Florin, M.J. Al-Jeboori, P.S. Fennell, The calcium looping cycle for CO2capture from power generation,
cement manufacture and hydrogen production, Chem. Eng. Res. Des. 89 (2011) 836—855. doi:10.1016/j.cherd.2010.10.013.

M. Spinelli, I. Martinez, E. De Lena, G. Cinti, M. Hornberger, R. Spérl, J.C. Abanades, S. Becker, R. Mathai, K. Fleiger, V. Hoenig,
M. Gatti, R. Scaccabarozzi, S. Campanari, S. Consonni, M.C. Romano, Integration of Ca-Looping Systems for CO2 Capture in Cement
Plants, Energy Procedia. 114 (2017) 6206—-6214. doi:10.1016/j.egypro.2017.03.1758.

T. Shimizu, T. Hirama, H. Hosoda, K. Kitano, M. Inagaki, K. Tejima, A twin fluid-bed reactor for removal of CO2from combustion
processes, Chem. Eng. Res. Des. 77 (1999) 62—68. doi:10.1205/026387699525882.

B. Arias, M.E. Diego, J.C. Abanades, M. Lorenzo, L. Diaz, D. Martinez, J. Alvarez, A. Sanchez-Biezma, Demonstration of steady state
CO2capture in a 1.7MWthcalcium looping pilot, Int. J. Greenh. Gas Control. 18 (2013) 237-245. doi:10.1016/j.ijggc.2013.07.014.

J. Stréhle, M. Junk, J. Kremer, A. Galloy, B. Epple, Carbonate looping experiments in a 1 MWth pilot plant and model validation, Fuel.
127 (2014) 13-22. doi:10.1016/j.fuel.2013.12.043.

1. Martinez, G. Grasa, J. Parkkinen, T. Tynjild, T. Hyppénen, R. Murillo, M.C. Romano, Review and research needs of Ca-Looping
systems modelling for post-combustion CO2capture applications, Int. J. Greenh. Gas Control. 50 (2016) 271-304.
doi:10.1016/j.ijggc.2016.04.002.

K. Atsonios, P. Grammelis, S.K. Antiohos, N. Nikolopoulos, E. Kakaras, Integration of calcium looping technology in existing cement
plant for CO2capture: Process modeling and technical considerations, Fuel. 153 (2015) 210-223. doi:10.1016/j.fuel.2015.02.084.

E.R. Martinez Vera, Patent Application Publication Pub. No.: US 2017/0139001 A1, 2017. doi:10.1016/j.(73).

D.C. Ozcan, H. Ahn, S. Brandani, Process integration of a Ca-looping carbon capture process in a cement plant, Int. J. Greenh. Gas
Control. 19 (2013) 530-540. doi:10.1016/j.ijggc.2013.10.009.

B. Arias, M. Alonso, C. Abanades, CO2 Capture by Calcium Looping at Relevant Conditions for Cement Plants: Experimental Testing
in a 30 kWth Pilot Plant, Ind. Eng. Chem. Res. 56 (2017) 2634-2640. doi:10.1021/acs.iecr.6b04617.

M. Hornberger, R. Sporl, G. Scheffknecht, Calcium Looping for CO2 Capture in Cement Plants - Pilot Scale Test, Energy Procedia.
114 (2017) 6171-6174. doi:10.1016/j.egypro.2017.03.1754.

F. Schorcht, I. Kourti, B.M. Scalet, S. Roudier, L.D. Sancho, Best Available Techniques (BAT) Reference Document for the
Production of Cement, Lime and Magnesium Oxide, 2013. doi:10.2788/12850.

V. Hoenig, H. Hoppe, K. Koring, J. Lemke, ECRA CCS Proect- Report on Phase III, (2012) 107. https://www.ecra-
online.org/fileadmin/redaktion/files/pdf/ECRA_Technical Report CCS_Phase IIL.pdf.

DA4.1: Design and performance of CEMCAP cement plant without CO2 capture, (2016). www.sintef.no/projectweb/cemcap/results/.

1. Martinez, G. Grasa, R. Murillo, B. Arias, J.C. Abanades, Modelling the continuous calcination of CaCO3in a Ca-looping system,
Chem. Eng. J. 215-216 (2013) 174-181. doi:10.1016/j.cej.2012.09.134.

Gecos, GS software [www document], 2013. (n.d.). http://www.gecos.polimi.it/software/gs.php.

M.C. Romano, Modeling the carbonator of a Ca-looping process for CO2capture from power plant flue gas, Chem. Eng. Sci. 69 (2012)
257-269. doi:10.1016/j.ces.2011.10.041.

D3.2: CEMCAP preliminary framework for comparative techno- economic analysis of CO2 capture from cement plants, (2017).
www.sintef.no/projectweb/cemcap/results/.



