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Introduction 

In addition to alternative ways of reducing the greenhouse gas emissions (e.g. the use of renewable energies), Carbon Capture and Utilization (CCU) technology is increasingly envisaged at large scale to decrease significantly the CO2 emissions from major industrial CO2 emitters such as the cement industry. Regarding the CO2 capture step, the post-combustion process using amine-based chemical absorption is the most developed technology. Nevertheless, due to the highly energy consuming solvent regeneration step, new developments are still necessary in order to reduce its operating costs. An alternative to this process is the oxy-fuel combustion which uses pure O2 instead of air in order to obtain a CO2-rich flue gas which must be further purified. This technology requires a large amount of high purity oxygen conventionally supplied by cryogenic distillation, which is clearly the higher energy penalty of this technology. The present study considers an hybrid approach called “partial oxy-fuel combustion” which consists of capturing CO2 by an amine-based post-combustion process but applied to flue gases from cement kilns working under O2-enriched combustion which leads to a CO2-concentrated cement flue gas (yCO2 between 30% and 70%). This is claimed to allow a reduction of the process energy consumption (see for example in [1-3]) in comparison with a conventional process (yCO2 between 20% and 30%). Indeed, thanks to a more CO2-concentrated flue gas, the choice of an adequate solvent and the fact that less O2 is needed compared to full oxy-fuel conditions, this hybrid process allows respectives reduction of the regeneration energy in the amine plant and of the energy costs for the Air Separation Unit (ASU). The interest of this technology has already been proved for the power plant case [1] and the aim of this work is to confirm its potential for the cement industry by carrying out screening tests of different solvents at a micro-pilot scale (absorption-regeneration micro-pilot unit) and considering high CO2 contents (yCO2,in up to 60 vol.%). Considering MEA 30 wt.% solvent as benchmark, Aspen HysysTM simulations of the absorption-regeneration micro-pilot tests were also carried out and calculated performances were compared to the experimental ones. The same simulation model was also used to simulate an industrial unit (namely the CASTOR/CESAR European Project unit), considering an actual flue gas coming from the Norcem Brevik cement plant  (Norway).
Experimental and simulations results

For different values of the CO2 content in the gas to treat (yCO2,in from 20 to 60 vol.%), several solvents were tested during absorption-regeneration tests in a micro-pilot unit (packed columns of one meter high and reboiler heat duty of 2 kW): Monoethanolamine (MEA, primary alkanolamine), Diethanolamine (DEA, secondary alkanolamine), 2-amino-2-methyl-1-propanol (AMP, sterically hindered amine) and Piperazine (PZ, cyclical di-amine), this last one being used alone or as absorption activator. The experimental and the simulation results are illustrated on Fig. 1.
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Figure 1: Micro-pilot experimental values of Eregen (relative to PZ 10 wt.%, yCO2,in = 20% value) as a function of yCO2,in for different solvent (left) and comparison between experiment and simulations for MEA 30 wt.% (right)
It can be seen from the micro-pilot scale results on Fig. 1 (left) that for each solvent, the regeneration energy (Eregen) is lower when the CO2 content of the gas to treat is higher. More specifically, when yCO2,in is equal to 40 and 60%, the activated solutions of DEA and AMP by PZ presents lower Eregen in comparison with MEA 30% and PZ 10%. This trend of lower Eregen at higher yCO2,in values was confirmed with the Aspen HysysTM simulations of the absorption-regeneration micro-pilot tests considering MEA 30 wt.% as solvent (see Fig. 1 (right)) with a maximum relative deviation of 6.9% between the experimental and the simulation values. As this modeling method was validated thanks to our experiments, it was also used to simulate the industrial unit, showing that an increase of yCO2,in from 20% to 60% leads to a decrease of 32% of the MEA 30 wt.% regeneration energy (from 3.4 to 2.3 GJ/tCO2). These results confirm the interest of the partial oxy-fuel combustion in terms of solvent regeneration energy.
Conclusions and future works
In the context of the application of the post-combustion CO2 capture process to flue gases coming from conventional and partial oxy-fuel cement kilns, different solvents were screened in a micro-pilot unit to compare their absorption-regeneration for increasing CO2 contents into the gas phase (from 20 to 60 vol.%). As also confirmed with Aspen HysysTM simulations of the micro-pilot apparatus and of an industrial unit, a high CO2 content in the gas to treat allows a significant decrease of the solvent regeneration energy (up to 32% when yCO2,in reaches 60%). The particularly high absorption-regeneration performances of PZ-activated solutions of AMP and DEA solutions were also highlighted. Screening tests and simulations with other solvents (e.g. other activated solutions or demixing solvents) are still under progress in order to propose an optimized CO2 capture process allowing a significant reduction of the costs in comparison with the current technologies.
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