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Section 1. Process modelling of reference CO: capture schemes
S.1.1. Amine scrubbing

The process flowsheet proposed by Madeddu et al. (2019) [1] for industrial scale plants was adopted
to model the reference amine scrubbing-based carbon capture scheme. The system
thermodynamics was described according to the Electrolyte Non-Random Two Liquid (Elec-NRTL)
model and the Redlich-Kwong Equation of State to account for non-idealities of the liquid and gas
phases, respectively.

The flue gas was pre-treated to reduce the concentration of contaminants (e.g., SOx, NOx, HF) that
can be detrimental to process operation due to solvent poisoning [2]. NOy is present in flue gas
streams from both ceramic and cement manufacturing plants, as a typical pollutant of combustion
processes. As per Table 4 in the main text, SOx was assumed to be present in both applications,
resulting from the S content in the fuel (cement manufacturing) or in the raw material/additives used
in tunnel kilns (ceramic manufacturing). Lastly, HF was assumed to be present only in the ceramic
context, as a result of the heat treatment of F-containing clay materials [3]

Specifically, the concentration of SOx, NOx and HF in the gaseous stream entering the amine
scrubbing process was reduced to a maximum of respectively 10 ppmv (at 6% O-), 20 ppmv (at 6%
0:) and 5 mg/Nm? [2—-4]. In case of ceramic manufacturing, the SOx and HF removal was considered
by increasing the Ca(OH), consumption in the flue gas desulfurization (FGD) system already present
in the hard-to-abate facility [5]. A newly installed selective non-catalytic reduction (SNCR) process
operating with ammonia as solvent was considered to reduce NOy concentration to the acceptable
limit. Focusing on the large-scale cement plant, SOx were abated by flue gas scrubbing with a 50%
NaOH solution in the direct contact cooler (see process section colored in blue in Figure 2a of the
main paper), whilst an increased quantity of ammonia was computed to account for the reduction of
NOx in the already installed SNCR unit [6].

The Aspen Plus RadFrac block was employed to model reactive CO; absorption and stripping
columns. Both pieces of equipment were specified as packed columns, being the latter able to
provide high contact areas while minimizing pressure losses [1]. The packing chosen was the
structured Flexipac 2.5X and Mellapak 250Y for respectively the absorber and the stripper [7].
Column diameters were calculated imposing a gas velocity of 80% of the value leading to column
flooding [8].

A 30 wt.% monoethanolamine (MEA) aqueous solution was chosen as the solvent to be employed
for CO, absorption [8,9]. The packing height of the absorber was evaluated with respect to an
effective flow rate of solvent of 1.2 times the minimum solvent flow rate for an infinite height packed
column [1].

On the other hand, the stripper packing height was computed as the greatest value guaranteeing
the reference CO; removal while maintaining a temperature gradient throughout the column always
higher than 1 K/m [1]. The operating pressure in the stripping column was defined as the highest
value ensuring a reboiler temperature lower than the temperature at which thermal degradation of
the solvent starts taking place.

The heat exchanger interconnecting the two columns was designed to heat the stripper feed as much
as allowed by the respect of a temperature approach. The water-wash section at the top of the
absorber was designed with the minimum packing height leading to a reduction of MEA
concentration in the exhaust gas below the TLV-TWA (Threshold Limit Value — Time-Weighted
Average) of 3 ppm [1]. Table S.1 summarizes key parameters associated with the process design of
the amine scrubbing process for ceramic and cement manufacturing.



Table S.1. Key data for the amine scrubbing process retrofitting ceramic and cement plants.

Parameter Ceramic Cement
Absorber

Operating pressure (bar) 1.2 1.2
Concentration of MEA in lean solvent 30 30
(Wt%)

Lean solvent flow rate (kg/s) 12 464
Lean loading at the inlet 22 22
(molcoz/molvea-%)

Rich loading at the outlet 45 47

(molcoz2/molvea-%)
Rich/lean heat exchanger

Minimum temperature approach (°C) 10 10
Stripper

Operating pressure (bar) 1.8 1.8
Reboiler temperature (°C) 121 121
Condenser temperature (°C) 50 50
Auxiliaries

Blower isentropic efficiency (%) 85 85
Pump isentropic efficiency (%) 80 80
Overall process

MEA make-up (kg/h) 1.69 x 10" 2.54
Process water make-up (kg/h) 1.27 x 103 3.40 x 10*
Heating demand (Steam) (MW) 2.57 103
Cooling demand (Cooling water) 1.78 78.0
(MW)

Electric power demand (MW) 2.17 x 10" 3.03

S.1.2. Calcium looping

The reference scheme for carbon capture by calcium looping (CalL) was modelled by a two
interconnected reactors system where the reversible carbonation-calcination reaction (CaO + CO;
= CaCaO0:;) takes place [10,11]. Process simulation of the CalL technology was based on the Redlich-
Kwong-Soave equation of state [12]. SOx, NOx and HF emissions were assumed to be fully abated
once the flue gas enters the carbonate looping system [13]. The carbonator and the calciner were
modelled by the RStoic reactor block of Aspen Plus, which assumes that chemical transformations
progress stoichiometrically according to specified extents of reactions. The calcination reaction was
set to be complete [11], whilst the conversion rate of CO» to CaCOs in the carbonator (Xcars) can be
computed as follows:

Xearb = 77—~
b (FR/FCOZ) (1)

where Eco2, Fr and Fcoz represent respectively the CO. capture efficiency assumed in the analysis,
the molar flow rate of inlet solid sorbent and the molar flow rate of CO. present in the inlet flue gas.
The modelling approach proposed by Alonso et al. (2009) [14] was implemented to retrieve a set of
optimal parameters for the carbonate looping system. Coal was considered for oxy-fuel combustion
in the calciner [15]. Table S.2 reports the physical and chemical properties of the type of coal
assumed for process simulation.



Table S.2. Physical and chemical properties of the bituminous coal considered [16,17].

Ultimate analysis (wt%)

C 72.3
H 4.11

O 5.93
S 0.58
N 1.70
Cl 0.00
Ash 15.38
Lower Heating Value, LHV (MJ/kg) 27.2
Proximate analysis (wt%)

Moisture 8.00
Volatile Matter 2495
Fixed Carbon 59.67
Ash 15.38
Sulphur sources analysis (Wwt%)

Sulphate 0.26
Pyritic 0.26
Organic 0.06

The waste heat originating in the carbonation-calcination reactors system was assumed to be
recovered in the high temperature coolers (see Figure 2b of the main paper) through the production
of high-pressure steam for electricity generation [2]. Table S.3 resumes the main process data
associated with process flowsheets based on CalL technology.



Table S.3. Key data for the calcium looping process retrofitting ceramic and cement plants.

Parameter Ceramic Cement
Carbonator

Operating temperature (°C) 600 650
Operating pressure (bar) 1.01 1.01
Solid sorbent inventory (kg/m?) 1000 1000
Average gas superficial velocity (m/s) 5 5
Calciner

Operating temperature (°C) 920 920
Operating pressure (bar) 1.01 1.01
Solid sorbent inventory (kg/m?) 1000 1000
Average gas superficial velocity (m/s) 5 5
Oxygen concentration in the oxidant 50 50
stream (vol%)

Oxygen concentration in the calciner 5 5
off-gas (vol%)

Oxygen supply

Oxygen purity (vol%) 95 95
Heat recovery by steam generation

Evaporation pressure (bar) 129 129
Auxiliaries

Blower isentropic efficiency (%) 85 85
Overall process

Specific sorbent circulation, Fr/Fcoz 5 5
(mO|Cao/mO|Coz)

Specific limestone make-up, Fo/Fco2 0.20 0.68
(molcacos/molco?)

Coal demand (kg/h) 8.83 x 10? 5.15 x 10*
Oxygen demand (kg/h) 2.10 x 103 1.23 x 10°
Cooling demand (Cooling water) 4.17 x 10 1.93 x 10°
(MW)

Electric power demand (MW) 2.24 x 10" 3.99
Electric power generation (Steam 1.87 105

cycle) (MW)

S.1.3. Pressure swing adsorption

The reference pressure swing adsorption process for CO, capture modelled in the analysis was
based on two parallel fixed beds operating according to a four-step Skarstrom cycle: (i)
pressurization of the adsorber by the inlet flue gas; (ii) CO. adsorption; (iii) depressurization; (iv)
adsorber purge for CO- recovery [18]. The SRK thermodynamic method was used to describe the
gas phase in each process step. For the sake of simplicity, a binary CO»-N, system was assumed in
the study to model gas mixtures, as suggested by Ho et al. (2008) [19].

The same abatement extents specified in section S.1.1 for amine scrubbing were assumed for the
pre-treatment of SO, NOx and HF. The contaminants were removed by increasing lime supply to
the already installed FGD unit (for SOx and HF) and by implementing a SNCR system (for NOy),
analogously to the amine scrubbing case (see section S.1.1). The flue gas is then cooled and sent
to a separator, where the condensed liquid is reunited with the water coming from downstream
separation steps and conveyed to treatment (red-colored process section in Figure 2¢ of the main
paper). When considering cement manufacturing, NOx was removed in the SNCR unit already
provided with the industrial facility. Case-specific process modifications colored in blue shows the
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flue gas being sent to a direct contact cooler system with caustic soda injection, which ensures the
simultaneous flue gas cooling, desulfurization, and water removal up to saturation conditions [20].
Purge liquid from direct contact cooling is then sent to wastewater treatment together with
downstream separated water.

After further cooling and separation stages, the processed gas is then completely dehydrated by a
two-bed carbon molecular sieves system [19], in order not to deplete adsorbent performance [21].

The shortcut method originally proposed by Chung et al. (1998) [22] was implemented to model the
PSA unit, being able to yield a robust system performance quantification based on limited process
input data [19,23]. Zeolite 13X was selected as adsorbent since it results particularly suitable for CO-
capture from post-combustion flue gases [21]. The design features of the PSA system (e.g., number
of parallel adsorber-desorber trains, length and diameter of each adsorber vessel, mass of adsorbent
bed) were assessed imposing the reference CO- capture efficiency and considering specific design
constraints, i.e., allowable pressure drop [24], vessel length-to-diameter ratio [1]. Table S.4
summarizes the main parameters for process modelling of CO, capture by pressure swing
adsorption.

Table S.4. Key data for the pressure swing adsorption process retrofitting ceramic and cement
plants.

Parameter Ceramic Cement
PSA system

Operating temperature (°C) 40 40
Adsorption pressure (bar) 6.00 6.00
Desorption pressure (bar) 1.01 1.01
Number of parallel PSA units 1 5
Bulk bed density (kg/m?) 750 750
Bed porosity 0.348 0.348
Fixed-bed volume (m?) 15.82 62.32
Auxiliaries

Blower isentropic efficiency (%) 85 85
Overall process

Cooling demand (Cooling water) 2.36 26.9
(MW)

Electric power demand (MW) 1.81 25.4

Section 2. CO: capture cost modelling

The economic performance assessment of carbon capture entails the quantification of capital and
operating costs. A bottom-up approach was employed to evaluate capital expenditures [25-27].
Figure S.1 schematizes the workflow for capital cost quantification.
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Figure S.1. Flowchart of the approach adopted for the assessment of CO; capture capital costs.

The direct cost (Cq) of the CO, capture system was computed by summing up equipment and
installation costs associated to its constituting equipment units. The process contingency represents
an added cost contribution resulting the higher the lower the technological maturity of the given CO3
capture option and the available level of detail on the process equipment involved. Such cost
component can be calculated as a percentage of the direct cost of CO, capture, according to the
process contingency factors reported in Table S.5.

Table S.5. Process contingencies assumed for the CO; capture technologies considered in the
analysis.

Technology Process contingency (% Cq) Source
Amine scrubbing 18 [25]
Calcium looping 32 [25]
Pressure swing adsorption 15 [20]

Adding the other cost items (i.e., indirect and owner costs, project contingency) to the direct cost
including process contingency (Cq,c) ultimately yields the quantification of the overall capital cost
(Cecap) of CO2 capture.

The operating cost of the system consists of fixed and variable components. Fixed OPEX can be
distinguished in insurance and local taxes, maintenance (i.e., labor and others) and labor (i.e.,
operating, administrative and support) [28]. Operating labor cost was computed assuming a total of
20 employees in the CO; capture plant [25]. Table S.6 summarizes the cost data used for evaluating
the overall OPEX of CO. capture.



Table S.6. Assumptions used for the operating cost quantification of CO; capture.

Operating cost item Value Source
Fixed OPEX
Insurance and local taxes (% Cecap) 2 [25]
Maintenance
Maintenance labor (% Ccap) 1 [25]
Other maintenance costs (% Ccap) 1.5 [25]
Labor
Operating (k€/yr per employee) 60 [25]
Administrative and support (-) 30% (Operating + 40% [25]

Maintenance labor)
Variable OPEX

Coal (€/GJrnv) 3.3 [25]
Electricity (€/MWh) 85.9 [29]
Natural gas (€/MWh) 23.8 [30]
Steam (€/MWh) 27.8 [25]
Cooling water (€/m?®) 0.43 [25]
Process water (€/m?) 7.30 [25]
Amine (€/t) 1592 [25]
Limestone (€/t) 20.5 [25]
Oxygen (€/1) 87.8 [25]
Zeolite 13X (€/t) 5183 [19]
Carbon molecular sieves (€/t) 4032 [25]
Calcium hydroxide for SO abatement (€/t) 70.0 [31]
(ceramic manufacturing)

Sodium hydroxide for SO4 abatement (€/t) 406.3 [25]
(cement manufacturing)

Ammonia for NOy abatement (€/t) 143.0 [25]

Section 3. Data for CO2 capture environmental impact assessment

Table S.7 reports the values assumed for specific cumulative energy demand (SCED) of raw
materials in the context of environmental sustainability assessment of CO; capture.



Table S.7. Specific cumulative energy demand (SCED) data evaluated for the raw materials involved

in the reference CO: capture technologies.

Raw material

SCED (MJ/kg)

Production process

Source

Monoethanolamine (MEA)

Process water

Limestone (CaCOs)

Oxygen

Coal

Zeolite 13X

Carbon Molecular Sieve

(CMS)

NaOH

Ca(OH)

NHs

66.81

0.001061

0.2976

14.23

27.87

59.40

131.9

15.73

4.040

41.19

Monoethanolamine
production;
technology mix;
production mix, at
plant; 100% active
substance

Water production,
decarbonized, DE
Calcium carbonate
production;
technology mix;
production mix, at
plant; 100% active
substance
Oxygen production;
technology mix;
production mix, at
plant; 100% active
substance

Hard coal mix;
technology mix;
consumption mix,
to consumer
Zeolite production,
powder, RER
Activated carbon
production,
granular from hard
coal, RER
Sodium hydroxide
production;
technology mix;
production mix, at
plant; 100% active
substance
Calcium hydroxide
production;
technology mix;
production mix, at
plant; 100% active
substance
Ammonia, as 100%
NHs production;
technology mix;
production mix, at
plant; 100% active
substance

ecoinvent
database [32]

ecoinvent
database [32]
ecoinvent
database [32]

ecoinvent
database [32]

Sphera/Thinkstep

database [33]

ecoinvent
database [32]
ecoinvent
database [32]

ecoinvent
database [32]

ecoinvent
database [32]

ecoinvent
database [32]
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